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ABSTRACT

The power transformer is a significant asset in any electrical power transmission and
distribution network. A reliable condition monitoring scheme must therefore be
adopted to avoid any catastrophic failure to this asset. This is especially true because
the global fleet of power transformers commenced service more than three decades
ago and, due to their age, are now more prone to imminent failure.

One of the most critical types of failure within the power transformer is a mechanical
fault. This can be prevented by applying a proper condition monitoring technique.
Frequency Response Analysis (FRA) is one such technique and is widely accepted as
the most reliable method for detecting transformer mechanical deformation.
However, although the FRA measurement technique is well developed, interpretation
of the FRA signature remains a challenge. This is because there is not yet a widely
accepted and published interpretation standard, and a highly specialised person must
be brought in to carry out the interpretation. This can lead to inconsistency in
interpretation, because the same FRA signature can be interpreted differently by
different experts. Furthermore, the current FRA technique is not able to detect
incipient and minor winding deformation. This is another major drawback of using
the FRA technique, because mechanical deformation is highly progressive in nature
and a problem can quickly become serious without exhibiting any warning.

This research introduces a new application, which aims to improve the current
approach to interpretation of the FRA signature. In contrast to current FRA practice
— which relies mainly on the magnitude of the measured FRA signature, paying
little attention to the measured phase angle — the newly proposed application
integrates both magnitude and phase angle into one polar plot that encompasses most
characteristics of the measured response signal. Various Digital Image Processing
(DIP) techniques are implemented to enhance detection accuracy of incipient

mechanical faults, and to automate and standardise the FRA interpretation.
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Chapter 1 Introduction

1.1 Background

Power transformers are indispensable to the electrical power system. Therefore, the
health condition of these assets is a major concern to electricity utilities worldwide.
Statistical studies reveal that the vast majority of the power transformer fleet
commenced service before 1980, and many have already exceeded service life
expectancy [1, 2]. Additional stress has been placed on the in-service power
transformers by an increased demand for load power, particularly from developed
and industrialised countries, and also by an increasing demand for nonlinear loads,
such as electrical vehicles and power converters. Combined with the age of the
transformers, these stresses mean the likelihood of transformer failure grows,
subsequently leading to degradation of the transformer insulation system, loosening
of the transformer winding clamping pressure, and a diminished capacity to
withstand short circuit forces.

A survey conducted by KEMA [3], over a 13-year period between 1996 and 2008,
examines the ability of 102 transformers to withstand Short Circuit (SC) forces. As

illustrated in Figure 1-1, data analysis shows that around 30% of the collected



samples are not able to resist the stresses of SC current [3]. Further studies show that

SC faults are the most common reason for transformer failure [4].
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Figure 1-1 The 13-year survey of transformers’ ability to withstand SC faults [3]

Transformer mechanical failure may occur as a result of SC faults, careless
transportation, earthquakes, lightning or heavy rains [5].

As the majority of mechanical faults are of a progressive nature, it is important for a
failure to be detected at an early stage for the purpose of corrective action [6, 7]. If
not attended to, minor deformations may develop rapidly with catastrophic
consequences [5]. Transformer failure can not only cause service interruption, but
may also result in disastrous consequences such as devastating fires, serious injuries
(including death), subversive activities, and high expense. A reliable, sensitive and
economic diagnostic technique is therefore required to continuously monitor
transformer health condition and allow timely and proper maintenance to be
conducted (if required).

Although several Condition Monitoring and Diagnosis (CMD) techniques have
recently been developed and accepted by the industry to inspect various chemical,
electrical, thermal and mechanical failures in power transformers, FRA is still
recognised as the most reliable tool to diagnose mechanical deformation [8].

The FRA technique was first studied by Dick and Erven during the 1970s, while the
inaugural publication concerning the use of this technique for detecting transformer
mechanical deformation was released in 1975 [9]. As a result, the UK’s Central
Electricity Generating Board (CEGB) accepted the FRA technique for application on
transmission power transformers in 1980 [10]. From 1988 onwards, the FRA

technique and its equipment were well-described, resulting in an enormous amount
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of publications and professional studies that discuss the impact of various mechanical
faults on the FRA response.

The FRA technique is an offline test conducted by taking the investigated
transformer out-of-service and then applying a sweep frequency AC voltage of low
amplitude to one terminal of a transformer winding. The response signal is then
measured across the other terminal of the same winding with reference to the earthed
tank [11]. The measured FRA signature can be plotted in the form of winding
impedance, admittance, or transfer function (Voutput/Vinput in dB) as a function of a
wide frequency range (typically between 10 Hz and 2 MHz). The main concept of
the FRA technique depends on a comparative analysis between the measured FRA
signature and the reference (fingerprint) signature to identify any variation. A
variation between the FRA signatures of the same transformer winding indicates
unusual winding deformation.

As FRA results rely on graphical analysis, interpretation of the FRA signature is a
highly specialised area. Researchers are motivated to investigate the impact of
various mechanical windings deformations on the FRA signature in order to establish
a reliable code for fault identification and quantification. This is also because
incipient mechanical faults are hard to detect using the current analysis approach of
the FRA technique.

The majority of studies to date on this subject are conducted using simulation
analysis, which mimics the transformer’s real operation [12]. Several mechanical
deformation failures such as axial displacement [13, 14], radial deformation [15, 16]
and disk space variation [17] are discussed in the literature. However, there is little to
no discussion regarding the need to establish a reliable application in order to
automate and standardise the FRA interpretation process. Minor mechanical fault
levels are not investigated in most studies published in the literature, due to the
inability of the current FRA approach to detect such minor faults [18-21].

This research aims to develop a reliable, automated, rapid and economic tool that is
based on advanced technologies including Digital Image Processing (DIP)
techniques. The newly developed application will automatically identify and quantify
an existing fault, even in its early stages (at minor levels), as well as determine its
location.

The FRA technique is generally adopted to detect transformer mechanical failures.

Few studies report that the FRA signature is also affected by other non-mechanical
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faults, such as insulation system degradation and bushing faults [22-24]. The newly
developed application in this research shows that not all variations between two FRA
signatures are linked to mechanical faults, but can also be related to bushing faults or
a degradation of the transformer insulation system. In fact, the statistics show that a
high percentage of transformer failures are attributed to transformer bushings and the
insulation system [25-27]. To correctly understand the impact of transformer bushing
defects and oil insulation degradation on the transformer FRA signature further

investigation should be carried out.

1.2 Thesis Objectives

This thesis aims to improve the current interpretative approach for the power
transformer’s FRA technique. The substantial objectives of the thesis are listed
below:

e Utilise a computer-based technique to accurately simulate a 3D Finite
Element Analysis (FEA) transformer model in order to mimic the real
operation of the power transformer under various conditions

e Implement mathematical and numerical approaches to model power
transformer for FRA studies

e Develop a new approach for representing the power transformer’s FRA
signature by combining magnitude and phase angle responses into one polar
plot

e Improve detection accuracy of the FRA interpretation process, using DIP
techniques to automatically identify and quantify failures if they exist

e Investigate the accuracy of the proposed approach, when detecting minor
mechanical deformations, through extensive simulation analyses and
experimental measurements

e Investigate the impact of non-mechanical failures such as transformer

bushing defects and oil insulation degradation on the proposed signature
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1:3 Significance

This thesis introduces a different approach to FRA interpretation, so that both
mechanical and non-mechanical failures of the power transformer can be detected
automatically. The proposed approach will determine fault type, identify fault
location, and also quantify incipient fault levels. This thesis aims to overcome the
many drawbacks of the current interpretation process of the FRA technique, which
have not yet been addressed in the literature. The new application applies DIP
techniques to a FRA response signal, based on an amalgamation of measured
magnitude and phase angle signatures (polar plots). The new application is easy to
build within any commercial frequency response analyser and, as detailed in this

thesis, characterised by its reliability, accuracy, simplicity and speed.

1:4 Thesis Outline

Chapter 1 presents the general background, main objectives and significance of the
chosen thesis topic.

Chapter 2 presents a general review of various CMD techniques, including their
pros and cons.

Chapter 3 describes the various causes and different types of mechanical faults
within power transformers. Details of FRA measurements and interpretation
techniques are also presented.

Chapter 4 demonstrates the methodologies available for modelling, simulating and
representing the high-frequency power transformer for the purpose of FRA studies.
The FEA technique for simulating power transformers is described. Details of two
methods electrical circuit and numerical representation are also demonstrated.
Chapter 5 investigates the impact of several mechanical and non-mechanical faults
on the current FRA technique for the transformers under study. A better
understanding is reached regarding each fault’s impact on the current approach, and
the inability of the current technique to detect minor mechanical deformation is
demonstrated.

Chapter 6 presents the newly proposed signature and the utilisation of DIP

techniques to automate and standardise the FRA interpretation process. All case
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studies in Chapter 5, which used the current FRA practice, are re-examined to
demonstrate the superiority of the newly proposed automated technique over the
current approach. This chapter also looks at the feasibility of the newly proposed
application, based on a number of experimental measurements.

Chapter 7 provides the conclusion of this thesis alongside recommended future
research directions that may be considered to extend work on the newly proposed

application.
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Chapter 2 Power Transformer
Condition Monitoring and
Diagnosis Techniques

2:1 Introduction

The overall condition of the power transformer governs the integrity of the whole
electricity chain. In order to maintain transformer reliability during its expected
operational life, there have been several studies dedicated to a better understanding
of power transformer behaviour during various operating and health conditions.
Various CMD techniques have been developed as part of these studies, which cannot
detect any incipient fault as early as it emerges. Careless attendance to minor fault
levels can lead to future catastrophic consequences, but an adopted CMD technique
can precisely identify the failure type, level and also its location, allowing timely
remedial action to be taken and hence avoiding any further consequences. Power
transformer catastrophic failures will not only cause extended outages, but may lead
to costly repairs, potentially serious injury, fire and/or fatality. Construction of the
power transformer relies on several components, including the core, windings,

insulation system and tank. Transformer components should be carefully studied to



understand the real reaction of these elements during both healthy and faulty

circumstances. This would facilitate the selection of a proper CMD technique and

help developers improve current techniques.

2:2 Transformer Components

The main components of a power transformer (as shown in Figure 2-1) are illustrated

in Figure 2-2 and briefly stated below.

Active parts: are the laminated core, and the coaxial low voltage and high
voltage windings. The active parts should be designed to withstand high
electromagnetic stresses to avoid unexpected failure.

Insulation system: is made up of solid elements (cellulose) and liquid
insulation (transformer oil). Oil is substituted for air and cast resin in a dry-
type transformer. Solid insulation, such as paper or pressboard, is
predominantly used to isolate transformer windings, and the liquid insulation
(commonly mineral oil) is used as a dielectric and cooling agent.
Accessories: include:

= Electrical bushing — an important insulation component in the

power transformer, structured to allow an electrical conductor to
pass (via a central insulated duct) through the main transformer
tank.

Tap changer — a dynamic component within the transformer,
used to regulate the voltage at the required level by adding or
subtracting winding turns.

Cooling system — consists of fans, oil pumps and water-cooled
heat exchangers, designed to reduce the high temperatures caused
through operation and energy loss.

Transformer tank — made out of metal to protect the
transformer’s active parts and insulation system, and also to
support the transformer’s accessories and control panels. The
transformer tank should withstand surrounding environment

stresses, such as severe rain, humidity, wind and heat.
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= Transformer mechanical structures — includes clamping, coil
blocking and lead support, maintaining the transformer’s active

parts firm against any mechanical stresses.

High-voltage
bushing

Low-voltage
bushing

Low-voltage
coils

High-voltage
coils

Figure 2-1 Schematic diagram of transformer components [28]

Power transformer components

v Y ¥
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e Solid Transformer .
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? ll- :
Cooling Tank
system
A 4
Mechanical
structures

Figure 2-2 Classification of transformer components

Several global surveys have been conducted to identify the reliability of power

transformers within electrical power distribution and transmission networks. In order

to understand the full picture of when a transformer fails, there are three areas that

should be investigated: 1) failure location, 2) failure cause, and 3) failure mode [29].
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In [29], a survey conducted in Germany and South Africa collected statistical data
from the period between 1996 and 2006 regarding the location, cause and mode of
transformer failure. This data was then processed and analysed by CIGRE to provide
a detailed study of transformer failure. As can be seen in Figure 2-3, transformer
failure location was found in most cases at its protection parts, next at the tap
changer and bushing, and then at the transformer windings. Figure 2-4 shows that the
causes of transformer failure are firstly attributed to inherited deficiency, then to the
environment or a system event, then to abnormal deterioration. Based on Figure 2-5
and several other studies [30], the largest detected classified failure was due to
mechanical fault.

30%

25%

20%

15%

10%

5%

Uo/o - I l I - I I:

Winding Bushing Tap changer Insulation Mechanical Cooling tank Protection Other Unclasified
strature system

Failure location

Figure 2-3Failure locations of power transformers [30]
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deterioration application deficiency deficiency

Failure causes

Figure 2-4 Failure causes of power transformers [30]
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Figure 2-5 Failure modes of power transformers [30]

2:3 CMD Techniques

Several power transformer CMD techniques have been developed and accepted by
the industry to investigate the health condition of various components within the
transformer. Electrical power utilities and other stakeholders are interested in
adopting such cost-effective CMD techniques in order to minimise maintenance
costs, maximise service life expectancy and reduce life-cycle costs, all of which can
be achieved by implementing a condition-based maintenance scheme rather than a
routine servicing (time-based maintenance) scheme. A survey conducted by Hartford
Steam Boiler over a period of more than a decade (exactly 13 years) collected
significant data surrounding the common reasons behind power transformer failure
[31]. Analysis of the collected data revealed that several factors can lead to
transformer failure; these are:

e Instantaneous short circuits

e Extraordinary lightning and earthquake

¢ Inadequate maintenance

e Poor workmanship

e Deteriorated insulation systems

e Overloaded operations

e Moisture migration

e Loose connections
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The use of CMD techniques significantly improves the diagnosis process by
accurately analysing the obtained data and correctly reporting the health of the
investigated transformer. Current CMD techniques can be administered on both
energised transformers (on-line) and de-energised transformers (off -line), the choice
of which depends on the nature of the test and its requirements [19]. Figure 2-6

shows some of the tests that can be conducted under each of these two categories.

Condition monitoring

| diagnosis techniques — 1

(CMD)
Online tests Offline tests

v v ¥ v
Dissolved gas o . Degree of

. Vibration analysis
analysis (DGA) o o polymerization Power factor (PF)

y L] ¥ ¥

. . Short circuit Frequency response
Ext 1t li Ultrasonic (Acoustic i
xiemnal tempretures k& (Acoustia) impedance analysis (FRA)
A 4 A A
External physical Internal physical
inspection inspection

Figure 2-6 Transformer CMD techniques based on test’s nature

Several CMD techniques can be found in the literature review. The following

subsections briefly highlight the most common techniques:

2:3:1 Dissolved Gas Analysis (DGA)

DGA is a powerful tool that analyses the dissolved gases within the transformer’s
insulating oil. Due to high electrical and thermal stresses, the insulation system
within the power transformer (oil and paper) decomposes, releasing characteristic
gases that dissolve into the oil and decrease its dielectric strength [32]. Detection of
these gases using DGA means that various electrical and thermal faults —such as
partial discharge, arcing and overheating — can be identified based on the identity
and quantity of released gases [33].

The type and quantity of a particular gas, along with its rate of generation, is
attributed to a particular fault and severity. DGA measurements can be conducted in
a laboratory environment using the chromatography technique, or online [34, 35]. As
shown in Figure 2-7, various interpretation techniques have been developed to

analyse DGA results.
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Figure 2-7 DGA interpretation techniques

2:3:2 Vibration Analysis (VA)

The energised transformer emits vibrations and noises. This is due to the windings’
electromagnetic forces, the core magnetostrictive forces, the cooling fan’s
mechanical wave, the on-load tap changer (OLTC), and also fluid excitations from
the pump [36, 37]. The vibration analysis technique was introduced in 1894 by
Remington, who studied the vibration behaviour and electromagnetic properties of an
air-core transformer [37, 38]. Many studies have since monitored the mechanical
integrity of the power transformer’s core and windings by using the measured
vibration signal of the transformer tank. However, especially in the case of low
vibrations, this technique still requires further investigation to ensure a failure is
identified correctly [37, 39].

The vibration signals of the transformer’s core and windings travel through the
insulation system (transformer oil) to strike the transformer wall that should be fitted
with accelerometers for measuring emitted signals. The vibrations are formed as a
series of decaying bursts; an individual burst consists of a group of decaying
sinusoidal waveforms. Vibration analysis can also monitor the transformer’s OLTC
[36]. This is an essential part (and the only dynamic part) of the transformer that
allows regulation of the transformer’s output voltage — through the addition or
subtraction of winding turns — without interruption of load current. Transformer
OLTC failures can be caused due to poor connection, weak springs, or a damaged

driving mechanism inside the tap changer.
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2:3:3 Partial Discharge (PD)

PD is a small area of localised dielectric collapse within the insulation system. It is
caused by a lack of dielectric strength to withstand electric field stresses. PD creates
a surge between the insulation system of the transformer conductors and the ground
[40, 41]. Consistent discharge over time erodes the insulation system and, if not
corrected, will have significant consequences, eventually leading to complete
transformer failure [42]. The strength of PD can be defined during PD measurement
and is based on a pre-defined voltage value from which discharge is supposed to start
[43]. PD can be classified into four categories:

e Internal discharge — due to the cavities and voids inside the solid and oil
dielectric materials that can be attributed to poor workmanship or ageing.
Constant discharge on solid dielectric materials can form discharge channels
within the dielectric materials and cause an internal discharge.

e Surface discharge — due to the contact between the boundaries of different
dielectric materials, e.g. the surface of gas or liquid in contact with a solid.

e Corona discharge — due to discharge of gases attributed to divergent fields
in the air or other gases.

e Floating discharge — due to electrical floating potentials related to gaseous
dielectrics.

Several techniques have been adopted by the industry to detect PD activities,
including the use of optical fibre sensors, piezoelectric sensors, or ultra-high
frequency (UHF) sensors [44, 45].

2:3:4 Thermal Analysis (TA)

As the majority of faults within the power transformer change its thermal behaviour,
a thermal monitoring method is required to observe transformer health condition.
The ageing process of the transformer insulation system is accelerated due to thermal
effects within the transformer [46]. Thermal stresses can be detected through Hot
Spot Temperature (HST) and thermography analysis [47]. Thermal stresses within
the power transformer can be identified using two industrial standards (NEMA and

ANSI), which define several insulation materials under various temperature ratings
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[48]. Although TA techniques are highly effective, some studies report that its
sensitivity is still unable to detect rapidly developing faults [49, 50].

2:3:5 Power Factor (PF)

PF, which is also known as dielectric dissipation factor measurement, is applied to
the transformer to monitor oil resistivity. In the case of new oil, resistivity measured
at temperatures up to 20° should be greater than 10x10** Q.metres [51, 52]. Oil
resistivity is important when identifying the health condition of a power transformer,
because it measures the ability of the insulation system to conduct electricity. A PF
test is used to identify whether or not the transformer oil is contaminated (e.g. by
moisture), which then reduces its resistivity [53, 54]. The voltage value applied to the
oil sample during the test is commonly less than the rated voltage of the investigated
transformer; however, the voltage value should be enough to detect contaminants in
the insulation oil [55, 56].

2:3:6 FRA Test

The FRA test is the most reliable diagnostic technique for detecting mechanical
deformation within the power transformer. The main concept of the FRA technique
is that mechanical failures cause a change to the equivalent electrical parameters of
the transformer, consequently leading to a change in the frequency response
signature of the defected winding. A comparison process should be conducted
between the measured FRA signature and the reference (fingerprint) signature to
detect any variation. A healthy transformer’s fingerprint can be acquired prior to
connecting the power transformer into service. If reference signatures are not
available, another comparison technique should be adopted, such as phase to phase
or an identically constructed transformer comparison. Alternatively, the reference for
a healthy transformer (especially an old transformer) can be obtained through a
Finite Element Analysis (FEA) technique, which is based on the transformer’s
physical dimensions and structural design.

The FRA technique was developed from the idea that all transformer elements

(including its active parts and insulation system) can be modelled as a cascaded
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network of resistive and inductive/capacitive reactance components [57]. As these
components are frequently dependent on each other, any particular variation in the
physical structure and/or insulation system of the transformer will change the
component’s value in a unique way [8, 12]. The FRA test is conducted by taking the
investigated transformer out-of-service and applying a sweep frequency voltage of
low amplitude (10 V) to one terminal of the transformer winding, and then by
measuring the response across the other terminal of the winding with reference to the
earthed tank [58]. The measured FRA signature is provided as a magnitude, and also
as phase angle plots of the winding impedance, admittance, or transfer function
(Voutput/ Vinput in dB) in a wide frequency range (up to 2 MHz). Several mechanical
failures — such as short-circuit faults, axial displacement, disk space variation and
radial deformation — as well as some non-mechanical failures — including
transformer oil degradation and bushing collapse — can be detected by applying the
FRA test. Interpretation of the FRA technique, however, remains challenging,
because it relies on graphical analysis by a person with high-level qualifications and
expertise, often causing inconsistent results for the same FRA signature. Also,
because failure of the transformer introduces only a slight variation to the FRA
signature, the impact of incipient faults on the FRA signature is not easily detected
by a visual inspection (naked eye).

The subsequent chapter investigates the condition monitoring of the transformer

winding mechanical deformation using FRA technique.
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Chapter 3 Monitoring Transformer
Mechanical Deformation using FRA
Technique

3:1 Introduction

The mechanical integrity of active parts within the power transformer should be
maintained at a normal condition during its entire service period. This is because the
nature of a mechanical fault is often progressive [59]. While a transformer can still
work under a minor mechanical fault condition, significant consequences can arise if
the fault is not attended to at an early stage [60]. If left unattended, the fault could
create a catastrophic collapse of the power transformer, in turn causing detrimental
impact to the environment, loss of revenue, or serious injury to the operating and
maintenance teams.

Mechanical deformation of the active parts within the power transformer can be
attributed to many different factors [61]. The most common reason for mechanical
deformation in the winding is the short circuit (SC) current [62]. As it flows through
the transformer winding, it generates massive electromagnetic forces (EMF) over a

short period of time, leading eventually to its deformation and displacement [63]. A



short circuit current can occur in a transformer winding for many reasons, such as an
external short circuit fault (due to a lightning strike hitting the power line), or
damage to a poorly manufactured winding during a factory-performed short circuit
withstanding test [64]. Careless transportation of large power transformers (LPT) can
also affect the transformer’s mechanical integrity [12]. Many studies have
investigated the impact of transportation procedures on power transformers, because
all transformers are shipped when installed, relocated or repaired, and there are high
costs associated with its proper configuration within the energy network [65]. In
[66], a survey was conducted on a number of LPT case studies, looking at the
consequences of careless shipping and the expense of attending to any mechanical
deformations.

Another reason for mechanical deformation, which should not be overlooked, is
unforeseen circumstances, such as earthquakes, lightning or heavy rains [67, 68].
These conditions can cause several forms of mechanical fault that could destroy the
in-service transformers.

The FRA technique is the most reliable test for monitoring mechanical deformation
in the transformer. However, it is inefficient in its detection of minor (incipient)
faults, and also there is currently no trusted global standard that can be used to
interpret the FRA results. To overcome some of these recognised drawbacks, the

FRA test requires further technical and professional study.

3:2 Mechanical Faults within Transformer
Windings

A short circuit current subjects the transformer winding to a huge EMF, which
deforms and displaces the windings [69]. Depending on the magnitude and direction
of the EMF, deformation and displacement can occur in several different locations
and from many different directions. The essential parameter used to calculate the
EMF is the transient current, which flows into the transformer windings. Within
three-phase, the short circuit fault generally produces a transient current of a very
high magnitude. This short circuit current (Is-) is measured approximately as follows
[63, 70]:

Isc(t) = Ioe_% + V2 (cos(wt +Y—@)— 9_%[005( Y- fP)]) (3.1)
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where:

L v _ 4 wL
T= Ll = ———— ¢ =tan" ' ——! (3.2)
eq ,Req2+w2Leq2 eq

Is¢ and lss are the short circuit current and its steady state value, respectively, t is
time, ¥ is the voltage angle when fault is occurred, lg is the initial current, Reg and Leg
represent the total series resistance and inductance of the windings, respectively, and
V., is the maximum voltage. The short circuit current (Ig.) at maximum peak value is

calculated by:

t
Isc(t) = Iye =+ V—mcos(wt —) (3.3)

}Req2+w2Leq2

The electromagnetic forces, which are imposed on the coils, increase significantly
during an attending short circuit fault. They are calculated by combining the transient

current and the leakage flux [71] as shown below:
F=UxB (34
where F is the EMF, the current intensity vector is represented by I, | is the

conductor length, and B represents the magnetic flux density.

Magnetic flux density in a transformer is the main parameter of the EMF calculation.
It is made up of two directional components: the radial forces adopted on axial
components, and the axial forces adopted on radial components [71, 72]. The axial
forces compress both the HV and LV windings on the centre side axially, which
causes vertical movement of the winding, completely (axial displacement (AD)) or
partially (disk space variation (DSV)). This may either bend the windings or break
the clamping structure [73]. The radial forces, however, push the internal winding
inward, causing compressive stress (forced radial deformation) and pushing the
external winding outward by the tensile stress (free radial deformation). Figure 3-1
shows the EMF as perpendicular to the magnetic flux density within the two
windings of the transformer. In this figure, both the EMF and magnetic flux density
are comprised of two components: vertical (Fy and By) and horizontal (Fx and Bx),
where Bx and By create Fy and Fx, respectively.

Since the leakage flux field depends on the winding current as expressed in Equation
(3.4), it can cause transient electromagnetic forces and increase the temperature
inside the transformer, which then leads to winding deformation and displacement
[71].
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Figure 3-1 Schematic diagram showing the flux field and EMF of two windings of the transformer

3:2:1 Axial Forces Deformation

Axial displacement (AD) and Disk Space Variation (DSV) are the two most common
modes of axial force that influence transformer windings. As the current inside the
HV and LV windings flows in opposite directions, axial forces are imposed on both
windings in inverse directions simultaneously, forming a symmetric distribution. A
short displacement in a single winding alters the symmetric distribution of the forces
between the windings, and increases the axial forces [74]. When a clamping force is
unable to withstand the axial forces, the transformer winding is perpendicularly
moved upwards or downwards as illustrated in Figure 3-2 (a). Significant axial forces
can cause immediate damage to the transformer winding, as well as to parts of the
clamping structure, such as the press plate and pressure ring [75]. Axial forces can
also create a DSV, which only partially moves the transformer winding. These lesser
forces are not able to displace the entire winding but are able to move some disks
within the winding as shown in Figure 3-2 (b).
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Figure 3-2 Schematic diagram of axial forces deformation of HV winding: (a) AD and (b) DSV

3:2:2 Radial Forces Deformation

As stated above, radial forces on transformer windings are generated when short
circuit currents and magnetic flux interact. Upon exceeding certain limits, these
forces may lead to winding radial deformation [1, 76]. Excessive radial forces
generate a tensile stress that pushes the outer winding towards the tank (free radial
buckling), while the inner winding is subjected to compressive stress that pushes the
winding inward (forced radial buckling) [76]. Figure 3-3 (a) illustrates the impact of
free radial buckling on an HV winding, and Figure 3-3 (b) shows how forced radial
buckling influences the LV winding. Forced radial buckling causes the conductor to
bend in alternate spans, while free radial buckling causes a bulge on one or more

edges of the conductor [76].

(@ (b)
Hv Lv Core v Hv
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Figure 3-3 Schematic diagram of radial forces deformation of HV and LV windings: (a) free and (b) forced
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3:2:3 Other Mechanical Faults within Transformer

Windings

In addition to the above-mentioned mechanical faults, which are formed due to axial

and radial forces, transformer windings can experience other mechanical faults,

including short circuit turn (inter-turn) faults. The main reason for winding turn to

short circuit is the collapse of the insulation between the adjacent conductors in the

transformer windings. As can be seen in Figure 3-4, the short circuit inside the

transformer leads to overheating of the winding, while the deteriorating mechanical

strength of the insulation causes short-circuiting in the winding conductors [77, 78].

Consequences of the winding overheating include fusion of the surrounding

components, which are manufactured using copper [64].
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Figure 3-4 Schematic diagram of SC faults in HV winding

HV

3:3 CMD Techniques for Mechanical Faults

Mechanical faults in the transformer can be detected using several techniques,

including:

e Transformer excitation current (TEC) test

e Leakage inductance (LI) test

e Winding capacitance (WC) test

e Frequency response analysis (FRA) test
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From the above tests, the FRA test is the most reliable for identifying various
transformer winding faults. This is because it is sensitive enough to detect all
existing mechanical faults, whereas the TEC, LI and SC tests detect only certain
mechanical faults (usually radial deformation) [60, 79-81]. Table 3-1 summarises the

advantages and disadvantages of the FRA technique [12].

Table 3-1 Advantages and disadvantage of the FRA technique

Advantages

Disadvantages

Simple configuration and fast responses
obtained

Difficult to detect minor levels of

mechanical failure

Sensitive in detecting mechanical winding
deformation

Difficult to interpret FRA responses due
to lack of standard codes

Sensitive in detecting non-mechanical
deformation (transformer bushing
failures and transformer oil degradation)

Service outages, as FRA is offline test

The FRA test is conducted at three points during the transformer’s lifecycle: 1)
before service commencement, when a reference measurement is obtained either at
the factory or on site, 2) any time a transformer is relocated, when the test looks
specifically for any transportation damages, and 3) any time a transformer shows
signs of requiring maintenance. The FRA response for transformer windings relies
on the equivalent high frequency (HF) transformer model, which is comprised of a

cascaded network of resistive, inductive and capacitive reactance components.

Low Voltage Winding

High Voltage Winding

Ry

Core
e yTTTTTTTTTTTTTTTTT

Uif

Figure 3-5 Equivalent circuit of transformer winding (one disk/turn)

Figure 3-5 shows the most common representation of an HF transformer. It is based
on the parameters of a RLC equivalent circuit [70, 76], which include winding
resistance and inductance (Rs, Ls), winding insulation capacitance and conductance

(Csh, Gen), capacitance and conductance of the insulation between the windings (Cpy,
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Gno), coil mutual inductance (M), and insulation capacitance and conductance
between the HV/LV windings and the earthed tank/core (C,, Go).

Mechanical deformation of a transformer’s physical geometry leads to changes in the
values of RLC parameters and consequently the FRA response. The FRA test detects
the change by taking the investigated transformer out-of-service, applying a sweep
frequency voltage of low amplitude to one terminal of a transformer winding, and
then measuring the response across the other terminal of the winding with reference
to the earthed tank [58]. The measured FRA signature is plotted in a wide frequency
range as magnitude and phase angle of the winding impedance, admittance, or

transfer function (Vout/Vinput in dB).
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Figure 3-6 The methodology of an FRA test on a three-phase power transformer (input and output
voltages are shown only at the power frequency)

As shown in Figure 3-6, the FRA signature of the transformer is obtained by
connecting a low-amplitude AC voltage source (10 V) of a variable frequency (Vin)
at one terminal of the transformer winding, and then by measuring the response
signal at the other terminal of the same winding (Vo). Other phases are left open-
circuited. The transfer function of each phase within the HV and LV transformer

windings is calculated in a wide frequency range (up to 2 MHz) and plotted as
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magnitude (in dB) using Equation 3.5 and phase angle (in degrees) using Equation
3.6.

[TF|= 20logyo (-2 (35)
input

LTF=tan™ (“22Yy (3.6)

input
All commercial FRA analysers are able to obtain an FRA response in the form of
magnitude and phase angle plots, however currently only the magnitude signature is
used to analyse the health condition of the transformer winding (conventional
approach). The conventional approach (current FRA practice) requires two FRA
signatures, determining any variation between the two. One of these two signatures is
the reference (fingerprint) signature, which is measured at the test of acceptance
before a transformer commences service. The second signature shows the current
condition of the transformer under study. FRA testing is strongly recommended for
new transformers prior to connection to the network, so a reference dataset can be
acquired. It is expected that a pool of reference datasets will be readily available for
standard power transformers in the future.

For old transformers, it is important to note that the healthy reference dataset
acquired from FRA practical measurement may reflect an already-developed internal
fault within the transformer. In this instance, another comparison technique is
necessary for diagnosis, such as the use of an FRA signature for an identically
constructed transformer or the adoption of a phase-to-phase transformer. It is
expected that all phases within the same transformer will have almost identical FRA
signature, and any significant deviation among these signatures is considered
indication of a fault. The FRA reference signature of the transformer winding can
also be obtained through a 3D finite element model of the investigated transformer,

which is based on its physical dimensions.

3:4 Configuration and Setup of the FRA Test

In order to correctly measure the response signals, the FRA test requires some
preparation surrounding configuration and setup of the analyser equipment. There are
four different configurations that can be adopted for connecting the FRA analyser to
the transformer terminals [18, 82, 83]. These are as follows:
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e End-to-end open circuit test
e End-to-end short circuit test
e Capacitive inter-winding test

e Inductive inter-winding test

3:4:1 End-to-End Open Circuit Test

The end-to-end open circuit test can be conducted on either HV or LV windings by
connecting the FRA analyser to the terminal of the suspected winding, injecting a
low amplitude voltage (10 V) with a variable frequency (up to 2 MHz), and then
measuring the response signal across the other terminal of the same winding. As the
terminals of the unexamined winding are floating (i.e. the terminals are left open),
this test is conducted as an open circuit test. The configuration of this test is
commonly applied to obtain the FRA signature of the transformer winding because it
is particularly sensitive to winding failure, more so than the other configuration
connections [12]. It is also considered a very simple test because the windings are
examined individually [81]. Configuration of the end-to-end open circuit test on both

HV and LV windings is illustrated in Figures 3-7 and 3-8, respectively.
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Figure 3-7 End-to-end open circuit test of the three-phase transformer HV winding (delta connection) 50 Q
co-axial cables used to connect FRA analyser with transformer winding
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500

Figure 3-8 End-to-end open circuit test of the three-phase transformer LV winding (Wye connection)

3:4:2 End-to-End Short Circuit Test

The end-to-end short circuit configuration is very similar to the open circuit test,
except here the terminals of the other winding are connected simultaneously (i.e.

short circuited).

Figure 3-9 End-to-end short circuit test of the three-phase transformer HV winding

This excludes the impact of the core’s electromagnetic inductance on the frequency
response. The short-circuited terminals of the untested winding can assist in

understanding the source of failure, i.e. if it was the core or not [12]. The
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configuration of the end-to-end short circuit test on the HV winding is illustrated in
Figure 3-9.

3:4:3 Capacitive Inter-Winding Test

In the capacitive inter-winding test, unlike in the previous configurations, the FRA
analyser injects the signal at the terminal of one winding, and then the response
signal is measured across the same phase on the other winding [12]. Also, in this test,
the input signal should be injected into the HV winding. The LV winding is used to
measure the output signal and vice versa. This test has been reported as inadequate,
due to the difficulties associated with understanding the frequency response [24].
Implementation of this test configuration on the HV winding is shown in Figure 3-
10.

500

Figure 3-10 Capacitive inter-winding test of the three-phase transformer HV winding

3:4:4 Inductive Inter-Winding Test

The inductive inter-winding test is similar to the capacitive inter-winding test and is
the last configuration test option. In this configuration, the other terminals of the HV

and LV winding are connected to ground. This test can be used to measure the turns
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ratio of the winding based on a low frequency response as discussed in [12]. The
configuration of inductive inter-winding test is shown in Figure 3-11.
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Figure 3-11 Inductive inter-winding test of the three-phase transformer HV winding

3:5 Current Methodologies for Analysing FRA
Signature

As noted in the literature, the FRA technique uses well-developed and standardised
equipment and methods for measurement. However, the inconsistency in
interpretation of the FRA responses remains unaddressed. This is because there is no
official interpretation system. In the following sections, several implemented projects

that use the FRA technique are reviewed:

3:5:1 CIGRE Booklet

In April 2008, WG (A2.26) of CIGRE, which is the International Council on Large
Electric Systems, released a booklet to assess mechanical conditions in transformer
windings using frequency response analysis (FRA). This project concentrated on
three main objectives as follows [12]:
e To help those individuals and organisations, who are interested in the
transformer’s monitoring field, understand the impact of mechanical

windings failure on the FRA signature.
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e To review the conducted practices for mechanical failure detection based on
the FRA technique, also provide important suggestions for the analysis
process.

e To support current studies through the introduction of an improvement guide
to developing FRA interpretation approaches.

The WG (A2.26) booklet recommends setting up the configuration of the FRA
analyser and transformer winding as an end-to-end open circuit connection [12]. It
also suggests that the reference (fingerprint) signature, which is to be compared with
the measured FRA signature, is obtained using time-based, type-based and
construction-based measurements [12]. The WG (A2.26) booklet also discusses the
use of statistical indicators to interpret the FRA responses. It has been noted,
however, that this proposed method is unable to determine the indicator values
required for distinguishing between a healthy and faulty condition [12]. Further
studies should be conducted on the statistical indicators method in order to
investigate its reliability prior to being adopted [12].

Several statistical indicators can be used to interpret the FRA responses, including
the Standard Deviation (SD), Correlation Coefficients (CC), and the Absolute Sum
of Logarithmic Error (ASLE). These indicators are based on the following

Equations: 3.7, 3.8 and 3.9, respectively [12].

. ngl((xi—f)—(yi_inz

— (3.7)

CC: Zgl XiYi (38)
[Eaxaz S 2

ASLE=ZELX (3.9)

where Xi and Yi are the i"" elements of the reference and healthy signatures,
respectively, while n is the total number of selected points in the frequency response
signature.

Some studies in the literature apply the proposed statistical method using the above
indicators: CC, SD and the ASLE [84-86]. However, the use of these statistical
indicators can result in incorrect interpretation. The use of CC indicators in certain
circumstances can lead to an incorrect correlation between the two investigated
signatures and is considered an inadequate parameter for FRA interpretation [86]. SD

fails to reflect the information scattered around the low magnitudes of the FRA
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signature, so only the peak differences between the two investigated signatures are
shown in the calculated value [86, 87]. The ASLE was introduced to realise a full
logarithmic-scaled comparison between two FRA signatures [88]. However the
reliability of using the ASLE indictor for FRA interpretation is in question, and it

requires further investigation [89].

3:5:2 IEC Principle

In July 2012, the International Electro-Technical Commission (IEC) released part of
series (IEC 60076-18-2012), which defines the measurement technique and
measurement equipment required in the FRA test. The aim of this publication was to
offer assistance during FRA examination [90]. However, it did not provide any
guidance with the interpretation of the results, which would have helped form an
understanding of the FRA signature [90]. In IEC 60076-18:2012, the frequency
domain is divided into four areas, based on the factors illustrated below.
e Low-frequency range — less than 2 kHz, and influenced by the health
condition of the transformer core.
e Middle-frequency range — between 2 kHz and 20 kHz, and affected by the
interaction between transformer windings.
e High-frequency range — between 20 kHz and 1 MHz, and controlled by the
winding structure failure.
e Very-high-frequency range — higher than 1 MHz, and influenced by the
earthling connection and measurement set-up.
It is worth mentioning, however, that the above subdivision is not perfect. This is
because the characteristic FRA can vary among the fleet of power transformers based
on several factors, including their size, rating, winding structure and insulation

system [90].

3:6 The Impact of Transformer Winding Faults
on FRA

FRA signatures within power transformers are affected by both mechanical and non-

mechanical failures. Of the many transformer components, it is the windings that are

Page | 31



subjected to the majority of mechanical failures, including axial displacement (along
with disk space variation), radial buckling (forced and free deformation) and short
circuit faults. FRA signatures are also influenced by both transformer bushing
failures and transformer oil degradation (non-mechanical failures). It should be noted
that a change in the FRA signature is not necessarily associated with a transformer
mechanical fault. In order to distinguish between a mechanical and non-mechanical
failure, it is imperative to understand each one’s individual impact on the response of
the FRA. To achieve this understanding, experimental measurements or simulation
analysis should be conducted. The majority of studies in the literature use the
simulation analysis approach, which can be attributed to the following benefits:
e The simulation analysis approach can mimic the real operation of a physical
transformer but is only acceptable when a proper software tool is utilised.
e The implementation of simulation analysis is easy, fast, and the least
expensive option.
e The implementation of physical faults on an operating transformer for
research purposes is not possible.
As long the transformer is accurately simulated, the influence of transformer failures
on the FRA signature is understood correctly. As a result, the interpretation process
can be properly developed to identify and quantify failures.
In the following chapter, several HF power transformers are modelled using
simulation analysis, in order to obtain FRA signatures for the purpose of discussion

and research.
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Chapter 4 High Frequency
Transformers Modelling

4:1 Introduction

When studying FRA, it is essential to develop a reliable high frequency (HF)
transformer model. This is because it gives interested parties a better understanding
of how both mechanical and non-mechanical faults impact the FRA signature of the
power transformer. As mentioned in the previous chapter, components of the
transformer (i.e. its core, windings and insulation system) can be modelled as a
cascaded network of elements (R, L, and C). When the elements’ values change, due
to a mechanical or non-mechanical fault, the FRA signature changes accordingly.

As previously stated, professional research studies on power transformers can be
conducted using simulation modelling. One of the most reliable simulation methods
is the Finite Element Analysis (FEA) techniques. FEA is a computerised technique
used for solving multi-physics problems of real systems. In order to find a solution, it
analyses the system’s surrounding fields, such as the electromagnetic field [15, 63,
91, 92]. The majority of simulation-based analysis studies on power transformers
have been conducted using FEA [15, 92]. This is due to the ability of this technique



to effectively mimic the genuine operation of the transformer [93]. The power
transformer can be built using the FEA technique, first, by modelling it in a three-
dimensional (3D) design. The design is analysed in magneto-static, electro-static and
eddy current solvers, and then Maxwell’s equations are used to extract the
inductance, capacitance and resistance matrices of the transformer’s equivalent
electrical circuit. However, in order to obtain the actual FRA signature of the
simulated transformer model, two common approaches can be used. These are: 1) the

electrical distributed parameters circuit, and 2) numerical representation.

4:2 Finite Element Analysis

FEA is an advanced numerical technique, developed to solve factual problems of real
systems that are surrounded by various physical fields. By modelling the geometrical
complexities and nonlinear material characteristics of a system, an accurate solution
can be found [94, 95]. Several studies have recommended applying the FEA
technique to simulate the power transformer for various purposes, including design
and manufacturing, improvement of its performance, and improvement of condition
monitoring methods. The FEA technique is an ideal choice for solving
electromagnetic fields problems, modelling complicated designs, and studying
characteristic materials [71, 93]. However, although many FEA computer-based
techniques can be applied to simulate HF transformers, ANSYS Maxwell is the most
reliable computer-aided engineering platform [96, 97]. ANSYS Maxwell is a
powerful, accurate, high-performance tool that uses the FEA technique for
modelling, designing, simulating and analysing electromagnetic  and
electromechanical systems, such motors and transformers. It also solves problems
with static, frequency-domain, and time-varying electromagnetic and electric fields.
The ANSYS Maxwell platform uses four of Maxwell’s equations to solve problems
defined by the user. These equations are listed below:
e Ampere’s Law of current
VxH=]+D (4.1)
e Gauss’s Law of electricity
V-D=p (4.2)

e Faraday’s Law of induction
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VXE=-B (4.3)
e (Gauss’s Law of magnetism
V-B=0 (4.4)
where:
B: magnetic flux density
H: magnetic flux intensity
E: electrical field
D: electric flux density
Based on the given requirements, the above-mentioned equations, and in line with
the capabilities of the ANSYS Maxwell platform, the most valid solution for the

simulated system is automatically selected.

4:3 Transformer Windings Simulation using
FEA

The simulation analysis studies in this thesis are conducted using the ANSYS
Maxwell platform. As shown in Figure 4-1, this technique is applied to the design
and model of two three-phase power transformers, each with different ratings (10
kVA and 40 MVA), physical dimensions and winding structures. Figure 4-2 shows
in millimetres (mm) the 3D schematic diagrams of the two transformers under study.
In the 10 kVA transformer, the windings are designed in a rectangular shape. The
HV winding comprises of six disks with 1134 turns per disk, while the LV winding
is a continuous layer of 140 turns. The transformer windings of the 40 MVA are, in
comparison, structured in a circular form. The HV winding consists of ten disks with
1200 turns per disk, and the LV winding is designed as a continuous layer of 200
turns. The specifications, physical dimensions and insulation system characteristics

for both transformers are listed in Tables A-1, A-2 and A-3 in the appendix.
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Figure 4-1 FEA transformer 3D structures: (a) 10 kVA and (b) 40 MVA
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Figure 4-2 Schematic diagrams with dimensions in mm: (a) 10 KVA and (b) 40 MVA

4:4 Transformer Insulation System

The insulation system of a power transformer consists of paper immersed in either
mineral- or vegetable-type insulating oil. Mineral oil is the most popular fluid used
for insulating electrical equipment, such as the power transformer [98]. Researchers
have recently attempted to improve the technical attributes of mineral oil to
overcome some of its drawbacks. These drawbacks include its non-eco-friendly
nature, and due to the shortage of petroleum-based products, its anticipated

forthcoming price increase [98, 99]. The dielectric property of the insulation system
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is characterised by two fundamental factors: permittivity and conductivity.
Permittivity affects the behaviour of the insulation system during electrical transient
conditions, while electrical conductivity plays an essential role in specifying the
dielectric strength of the insulating system [100, 101]. As depicted in Figure 4-3, the
model of the transformer’s insulation system can be implemented using complex
capacitance (Cinsuiation), represented as double conductive layers of paper with oil

in-between [102, 103].

Paper Oil

Parallel plate capacitor

Figure 4-3 Constructive model of the main insulation system
The main insulation systems, located between the HV and LV windings of the
investigated 10 kVA and 40 MVA transformers, are shown in Figures 4-4 (a) and
(b), respectively.
@) (b)

Figure 4-4 Main insulation system: (a) 10 kVA model and (b) 40 MVA model

The calculation of Ciysuiation depends on both the complex permittivity (e,) and the
electrical conductivity (o). The complex permittivity of the transformer insulation

system is calculated as follows:

Page | 37



Ooil
€x.0il = + &0 4.5
x.0il J€0 0i1-@ r.oil ( )

Opaper
Ex.paper =

+ Er.paper (4-6)

Jj-€o0.paper-@
where, €., &., and g, refer to the complex, relative, and vacuum permittivity,
respectively. o is the electrical conductivity (s.m") and w is the frequency (rad.s™).
The equivalent capacitance that represents transformer insulation system can be
calculated based on (4.7) below:

_ €0.0il-Ex.0il , €0.paper-Ex.paper
Cinsulation =A [ d. + d (4-7)
oil paper

where A and d, are respectively the plate area and thickness of the insulation.

The main insulation system of the two transformers under investigation can be
represented by an average complex capacitance. Its value is affected by moisture
content, which significantly accelerates the insulation aging process [104].

As shown in Figure 4-5, the FEA technique is used to evaluate the correlation in both
transformers between the total transformer oil capacitance and the percentage
increments in oil complex permittivity and electrical conductivity. As also can be
seen in this figure, the increase in &, and o, which can be used to simulate
deterioration of the insulation system [23], leads to an increase in the total
capacitance of the transformer’s insulation system. The results of Figure 4-5 show
that, due to dielectric factor variation, vegetable oil exhibits more changes to
capacitance than mineral oil. It can also be observed that the increase in insulation
capacitance of the 40 MVA transformer is more than that of the 10 kVVA transformer.

This is attributed to the volume of the insulating oil in both transformers.

-
=

Total capacitance variation (")

S = 2 W = A & -0 @ S

1% 2% 3% 4% 5%

Dielectric variation (%)

Figure 4-5 Correlation of dielectric factors increases with capacitance of transformer’s main insulation
system
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4:5 Transformer Bushing Simulation using FEA

As shown in Figure 4-6, an oil-filled condenser (otherwise known as an oil-
impregnated paper (OIP) bushing) is constructed by winding impregnated paper

around a central core and then immersing it in insulation oil.

Layer/Foil
Flange
|“ h J_ KPotentlal tap
i -
\ ' )
Central Main L Tlﬂlt’.
Conductor Insulation nsulation
C2
C
/ : \ l
e~ HHHHHHHHHI— |—_L
-

Figure 4-6 Constructive design of an OIP condenser bushing

To equalise the electrical field within the bushing, the insulation of an OIP bushing is
made up of several conductive layers. The bushing’s earthed flange is connected to
the outer conductive layer, while the second outer layer is connected to a potential
tap that is used to measure power factor and capacitance of the bushing [105].
Bushing integrity is assessed based on its dielectric capacitance, and any change in
capacitance indicates a defect within the bushing [23]. In Figure 4-7, the equivalent
electrical circuit of a bushing is represented as a T-shaped model, in which C;
indicates main insulation capacitance and C, represents the capacitance of the two
layers close to the flange [105, 106]. The central conductor of the bushing is

represented by series resistance and inductance, Rsand Ls, respectively.
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Figure 4-7 Equivalent electrical circuit of OIP condenser bushing

The 3D model of the transformer bushing is simulated using FEA as shown in Figure

4-8.

Figure 4-8 3D model of OIP condenser bushing
Figure 4-9 depicts the percentage increase in both capacitive components (C; and
C,), attributed to the percentage increment in the insulation dielectric factors (e,
and o). It shows a greater effect on C; than C, [23], meaning that the variation of
bushing capacitive components in the 40 MV A transformer is slightly higher than the
corresponding variation in the capacitive components of the 10 kVA transformer.
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Figure 4-9 Correlation of dielectric factors increment with bushing capacitive components

4:6 Transformer Parameters Calculation using

FEA

Magneto-static and electro-static solvers, using Maxwell equations, are applied to the
3D models of the 10 kVA and 40 MVA transformers, in order to extract the

capacitance and inductance matrices of the relevant transformer components. The

resistance and conductance calculations are carried out by applying eddy current and

electric DC conduction solvers as illustrated below:

The capacitive components calculation is carried out using the electro-
static solver, where a voltage v is applied to one conductor and maintained
at zero in the other. The electrostatic field energy (w) between the two

conductors can be calculated as follows [63, 71]:

1
where Wj; is the electrical field energy between the conductors i and j, D;
is the electrical flux density of conductor i, and E; is the electrical field
intensity of conductor j.
The capacitance C between two conductors i and j is then calculated as:

2Wj;

Inductive components are calculated using the average of magnetic field
energy (W,,) and the corresponding peak current that passes through the

winding (I,) as shown below [63]:

W,y =1 [ BxHdm  (4.10)
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L= (411)
Ip

where B is the magnetic field density, H is the magnetic field intensity, and
m is the conductor volume.

e Resistive components are calculated based on power loss (P,ss), Which
depends on conductor conductivity (o) and current density (J), as given in
(4.10) and (4.11) below:

Ploss = 5 J,J.]dm (4.12)

l:)OSS
The equivalent circuit parameters of the two transformers, including the
capacitance, inductance and resistance components, can be then readily

calculated and are listed in Table A-4 in the appendix.

4:7 Transformer Representations

The two most commonly used methods for representing the power transformers are
electrical circuit representation (ECR) and numerical representation (NR). These

methods are described in the following subsections.

4:7:1 ECR Method

The ECR method is frequently used to model power transformers in the form of
RLC-lumped or -ladder electric circuits. As previously shown in Figure 3-5, the
transformer’s equivalent electrical system parameters — including resistance,
self/mutual inductance, capacitance and conductance — are connected to represent a
single turn or disk. An overall model of the transformer winding can be simulated by
connecting the equivalent circuit of winding turns or disks in series. Several
electrical computer-based programs — such as ANSOFT Simplorer, MATLAB
Simulink and P-Spice — can be used [89]. In [70, 76], Ansoft Simplorer has been
recommended for power transformer modelling and design, because of its proven

accuracy in simulating such complex circuits.
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4:7:2 NR Method

NR relies on solving a set of first order differential equations that represent
transformer windings as a multi-conductor transmission line (MTL) [107]. The MTL
technique has been used to study partial discharge and transient voltage distribution
within power transformers [108, 109]. For the purpose of FRA study, transformer
windings can be simulated as a MTL [110].

MTL modelling of the transformer winding can be described using telegraphic
equations in a frequency domain as follows [107, 111]:

0 =
E(V(Z'h))=—2 (z,h) (4.14)

2 (Izh)=-T7V(zh) (415)

where V (z) and I(z) represent the voltage and current vectors of a transmission line
h, respectively, while Z and Y refer to self and mutual impedance and admittance
matrices, respectively, that can be defined as:

Z =R+ jwL (4.16)

Y=G+jwC (417)
As depicted in Figure 4-10, the MTL technique is used to model the transformer
winding as a combination of transmission lines and two ports that send and receive
electrical signals
The admittance Y-matrix, representing the transformer winding, can be expressed as:

Is] [ Ysll _Yslz] [Vs]
= 418
[u Yoy Y |y 418)

where:
A A
Y511=Y,2,= Y (5) Coth (€) and
AL
Yo1o=¥er= Y () Csch ()

I;, Vi, I, and V,. are the current and voltage vectors of the sending and receiving
terminals. € and A represent the eigenvectors and eigenvalues of matrix ZY to
calculate Yg;4, Y512, Y21 @nd Y,.,,. The winding conductor length I is represented as a

diagonal matrix of a dimension equal to the number of turns.
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Figure 4-10 MTL model for transformer winding

The transformer winding with (n) number of turns is based on (4.18) and represented

as:
_Isl_ _Vsl_ _Vsl_ _Isl_
Is; Vs Vs Is,
Ion | _ Von | <=\ Ven | _ 1y, In
L4 - [Yp]ZnXZn Vi Vi - [Yp ]2n><2n = (4'19)
Ir2 Vr Vr Ir2
—Irn— —Vrn— —Vrn— —Irn—

The input and output voltages “Vg, and V,.,” of the transformer winding are shown in
Figure 4-10 and can be easily calculated based on (4.19) as:

Vo1 = Yi1 X Iy + Yion X Iy (4.20)

Vin = Yon1 X Isa + Yopon X Iy (4.21)
FRA practical testing employs input/output co-axial cables of 50Q, which can be
taken into account in the numerical representation (4.22) below:

by =2 (4.22)

By inserting the solution to equation (4.22) into equations (4.20) and (4.21), the FRA
response of the transformer winding modelling, based on NR in the form of transfer

function (Voutput! Vinput), €an be calculated as:

_ ! ! Vrn
VS]. —_ Yl,l X ISl + Y1,2n X E (423)
Vi
— ! ! TN
Vin = Yona X Is1 + Yopon X 5 (4.24)
h _ Vout _ YZIn,lxso (4 25)
Vs1 Vin Y1’,150+Y1,,1XY21n,2n+Y2’n,1Xyll,Zn .
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4:8 FRA Signatures for the Investigated
Transformers

The FRA technique is conducted on the simulation models of two investigated
transformers (10 kVA and 40 MVA) by connecting a sweep frequency AC voltage
source of low amplitude (10 V) at one terminal of a transformer winding, and then
measuring the response signal at the other terminal of the same winding with respect

to the earthed tank. This is illustrated in the case studies below.

4:8:1 Case Study 1: 10 kVA Transformer

As shown in Figure 4-11, the measured transfer function of the 10 kVA transformer
for each phase within the HV and LV windings is plotted as a magnitude (dB) and
phase angle (degrees) against a wide range of frequency (Hz). In this figure, the
transformer simulation model is based on the application of the ECR method using
ANSOFT Simplorer.
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Figure 4-11 Healthy FRA signature of 10 kVA transformer using ECR method

Page | 45



To assess the robustness of the ECR method, a simulation model based on the NR
method is used to obtain the FRA signature for the transformer (as shown in Figure
4-12). The NR method is applied by developing a programming code under the
MATLAB coding platform to readily solve the MTL technique equations.
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Figure 4-12 Healthy FRA signature of 10 kVA transformer using NR method

As shown in Figures 4-11 and 4-12, the 3-phase FRA signature is characterised by
resonance and anti-resonance frequencies along the entire frequency range. As the
frequency increases, space harmonics build up in the winding. At a low frequency
range, and because flux penetration to the core is significant at this low range, the
signature is characterised by the transformer’s inductive components. At a high
frequency range, the distributed capacitive components tend to shunt the winding
inductance. This is shown by the phase angle, which fluctuates around +90°. Both
figures show identical FRA signatures for all three phases within the LV and HV
windings, except for the middle phase (red plot) that tends to shift toward the left in
the low frequency range. This may be attributed to the slight difference in the
magnetic flux of the central limb (phase B), compared to the other two limbs (phases
A and C).
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Figure 4-13 shows a comparison between the ECR and NR methods, used to obtain
FRA signatures for the HV and LV windings of the 10 kVA transformer. As can be
seen in this figure, the two methods produce an identical FRA signature in the mid
and high frequency range. In the low frequency range, the signature obtained, using
NR, shifts slightly to the left. This may be because, in NR modelling, the mutual
inductance representation is in most cases lumped with the self-inductance
representation [8]. Although both methods are eligible to represent the transformer
simulation model, several studies prefer the ECR method. This is due to the
professional capabilities of ANSOF Simplorer [70, 76]. This thesis strongly agrees
with this idea, because there is better consistency when maintaining simulation
modelling analysis (ANSYS Maxwell) and the ECR method (Simplorer) within one-
package platform (ANSFOT).
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Figure 4-13 Healthy FRA magnitude signature of 10 kVA transformer using ECR and NR methods
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4:8:2 Case Study 2: 40 MVA Transformer

As shown in Figure 4-14, the simulated ECR model of the 40 MVA is used to obtain

the FRA fingerprint for the HV and LV windings.
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Figure 4-14 Healthy FRA signature of 40 MVA transformer using ECR method
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The overall trend of the 40 MVA transformer’s simulated healthy signature is similar

to that of the trend of the healthy signature in the 10 k\VA simulation model.

Several mechanical and non-mechanical failures can be modelled, using simulation

modelling alongside the ECR method, in order to study the impact of these failures

on the FRA responses, and also to understand the pros and cons of applying the FRA

technique. This idea will be elaborated upon in the following chapter.
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Chapter 5 Detection Accuracy of
Current FRA Practice

5:1 Introduction

As per previous discussions in Chapters 3 and 4, the FRA signature of a transformer
is sensitive to several mechanical and non-mechanical faults. A comprehensive study
should, therefore, be conducted in order to determine the accuracy of current FRA
practice. This can be achieved by developing a precise simulation model of several
power transformers to allow a better understanding of a fault’s impact on the FRA
signature. Current FRA practice has many shortcomings to be addressed. It relies on
an expert technician to interpret the graphical representation, and it uses only the
magnitude signature, neglecting the information contained within the phase angle
plot. Furthermore, it can be seen that when current FRA practice is applied to detect
minor (low) fault levels, its sensitivity should be robustly improved. In this chapter,

several mechanical and non-mechanical faults are simulated on two three-phase



power transformer FEA models using the ECR method to examine the accuracy of
current FRA practice. This study considers the type, level and location impacts of the
following faults:

e Short circuit turns

o Radial deformation (free and forced buckling)

e Axial deformation (axial displacement and disk space variation)

e Transformer insulation degradation

e Transformer bushing faults
The simulation studies of the above-mentioned faults create a better understanding of
both the advantages and disadvantages of using the FRA technique based on current
FRA practice.

5:2 Case Study 1. SC Turns Faults

Using the FEA technique based on ANSYS Maxwell, various fault levels of SC turns
within the 10 kVA and 40 MVA transformers’ LV and HV windings are simulated
by short-circuiting a portion of the selected transformer winding. The SC turns fault

level is calculated using the equation below:

Number of short circuited turns

% SC fault level = x 100 (5.1)

Total number of turns

5:2:1 LV Winding of the 10 kVA Transformer

Figure 5-1 shows the impact of five minor SC fault levels (1% to 5%) and an
exaggerated fault level (40%) within phase A of the LV winding using the current
FRA approach. As previously discussed, the current FRA approach only considers
the 10 kVA transformer’s FRA magnitude signature. Figure 5-1 also reveals that the
impact of minor SC fault levels on the FRA magnitude signature is difficult to detect
using visual inspection. The impact of an exaggerated SC level can, however, be
easily distinguished.
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Figure 5-1 Impact of SC faults using current FRA practice on the 10 kVA transformer’s LV winding phase
A

5:2:2 HV Winding of the 10 kVA Transformer

FRA signatures are also obtained when SC faults of various levels (1% to 5%, and
40%) are applied to phase A of the HV winding. Based on the winding structure of
the 10 kVA, previously discussed in Chapter 4, this type of fault is assumed to take
place in several different places within the HV winding: in the top disk (Disk 1),

middle disk (Disk 3), and bottom disk (Disk 6).
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Figure 5-2 Impact of SC turns faults using current FRA practice on the 10 KVA transformer’s HV winding
phase A in the top disk (Disk 1)
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Figure 5-3 Impact of SC turns faults using current FRA practice on the 10 kVA transformer’s HV winding
phase A in the middle disk (Disk 3)
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Figure 5-4 Impact of SC turns faults using current FRA practice on the 10 kVA transformer’s HV winding
phase A in the bottom disk (Disk 6)

The impact of an SC fault at various levels (1% to 5%, and 40%) and in different
locations (top, middle and bottom disks) is shown in Figures 5-2, 5-3 and 5-4,
respectively. The above figures reveal that current FRA practice is unsuccessful in
identifying and quantifying the levels and locations of minor SC faults (less than
5%).
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5:2:3 LV Winding of the 40 MVA Transformer

This subsection considers the impact of the transformer’s rating, size, and winding
structure. Using the FEA technique and ECR method, a simulation model of SC turn
faults on a higher transformer rating (40 MVA) is conducted. The same SC fault
levels (1% to 5%, and 40%) are implemented on phase A of the 40 MVA
transformer’s LV winding to obtain the FRA signatures shown in Figure 5-5.

Just as in previous observations, the impact of minor SC fault levels on the LV
winding of the 40 MVA transformer are hard to detect when applying current FRA
practice. Once again, the exaggeration level is readily detected by a visual inspection.
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Figure 5-5 Impact of SC turns faults using current FRA practice on the 40 MVA transformer’s LV
winding phase A

5:2:4 HV Winding of the 40 MVA Transformer

According to the information given in Chapter 4, regarding the specifications and
dimensions of the transformers under study in this thesis, the HV winding of the 40
MVA transformer consists of 10 disks per phase. The SC fault of various levels is
applied to the top disk (Disk 1), middle disk (Disk 5) and bottom disk (Disk 10). The
impact of the different fault levels and locations using the FRA technique based on

current practice is illustrated in Figures 5-6 (SC fault is located in the top disk), 4-7
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(SC fault is located in the middle disk) and 4-8 (SC fault is located in the bottom

disk).

Just as in the previous case studies, the detection of incipient SC fault levels at

different locations is extremely hard to detect using current FRA practice, as shown

in the following figures.
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Figure 5-6 Impact of SC turns faults using current FRA practice on the 40 MVA transformer’s HV

winding phase A in the top disk (Disk 1)
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Figure 5-7 Impact of SC turns faults using current FRA practice on the 40 MVA transformer’s HV

winding phase A it the middle disk (Disk 5)
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Figure 5-8 Impact of SC turns faults using current FRA practice on the 40 MVA transformer’s HV
winding phase A it the bottom disk (Disk 10)

5:3 Case Study 2: Radial Faults

Radial forces on transformer windings are generated by the interaction of SC
currents and magnetic flux. Upon exceeding certain limits, these forces may lead to
winding radial deformation [1, 76]. Excessive radial forces generate a tensile stress
that pushes the outer winding towards the tank (free radial buckling). The inner
winding is subjected to compressive stress that pushes the winding inward (forced
radial buckling) [76]. As a result of forced radial buckling, the conductor bends in
alternate spans, while free radial buckling causes a bulge at one or more edges of the
conductor [76]. Buckling deformations are simulated on the two investigated

transformers using FEA, as shown in Figures 5-9 and 5-10, respectively.

(@ (b)

Figure 5-9 Top view of healthy and forced radial buckling on the LV winding: (a) 10 kVA, (b) 40 MVA
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Figure 5-10 Front view of healthy and free radial buckling on the HV winding: (a) 10 kVA (Disk 3) and (b)
40 MVA (Disk 5)

The fault levels of forced and free radial buckling, which are shown in the above

figures, are calculated based on the following equations:

area of deformed section (AA)

. . 0

Forced radial buckling = healthy oross section area (&) x 100% (5.2)
. . __ Radial length (AL) 0

Free radial buckling = sk longth (O X 100% (5.3)

5:3:1 Forced Radial Buckling (10 kVA Transformer)

The FEA technique is used to simulate five minor fault levels (1% to 5%) and an
exaggerated fault level (40%) of forced radial buckling within phase A of the 10
KVA transformer’s LV winding.

The impact of the investigated fault levels on the LV winding based on current FRA
practice is shown in Figure 5-11. It reveals the difficulty in identifying minor fault
levels of forced radial buckling. The impact of 40% fault level, however, is clearly

distinguishable from the healthy signature.

Page | 56



-10 AR R IR R A A A 4 R

=20~

[TF|(dB)

Frequency (Hz)
@ Healthy ®1% RB ®2% RB ® 3% RB ® 4% RB 5% RB @® 40% RB

Figure 5-11 Impact of forced radial buckling faults using current FRA practice on the 10 kVA
transformer’s LV winding phase A

5:3:2 Free Radial Buckling (10 kVA Transformer)

Using FEA, free radial buckling faults are simulated on phase A of the 10 kVA
transformer’s HV winding at three different locations, including the top disk (Disk
1), middle disk (Disk 3) and bottom disk (Disk 6), and also at various fault levels
(1% to 5%, and 40%).
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Figure 5-12 Impact of free radial buckling faults using current FRA practice on the 10 kVA transformer’s
HV winding phase A in the top disk (Disk 1)

Page | 57



[TF| (dB)

120
-140
_16(} i i ii" F i iiiiiii. i R T A A i I
10" 10° 10° 10° 10° 10°
Frequency (Hz)
@ Healihy @1% RE @2%RB @3%RB @ 4% RB 5% RE @ 40% RB

Figure 5-13 Impact of free radial buckling faults using current FRA practice on the 10 kVA transformer’s
HV winding phase A in the middle disk (Disk 3)
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Figure 5-14 Tmpact of free radial buckling faults using current FRA practice on the 10 kVA transformer’s
HV winding phase A in the bottom disk (Disk 6)

As can be seen in Figures 5-12 (fault in top disk), 5-13 (fault in middle disk) and 5-
14 (fault in bottom disk), the impact of such minor fault levels using current FRA
practice reveals the drawbacks of this approach when identifying the incipient fault’s

location as well as its level.
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5:3:3 Forced Radial Buckling (40 MVA Transformer)

The impact of the transformer’s rating, size and winding structure, along with forced
radial buckling faults on phase A of the 40 MVA transformer’s LV winding, is
investigated by simulating five minor levels (1% to 5%) and an exaggerated fault
level (40%) using the FEA technique and ECR method (Figure 5-15). As has been
observed in all previous case studies, current FRA practice is incapable of detecting

minor fault levels up to 5%.
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Figure 5-15 Impact of forced radial buckling faults using current FRA practice on the 40 MVA
transformer’s LV winding phase A

5:3:4 Free Radial Buckling (40 MVA Transformer)

In this case study, free radial buckling at various fault levels is simulated on the top
disk (Disk 1), middle disk (Disk 5) and bottom disk (Disk 10) of the 40 MVA HV
winding. As can be seen in Figures 5-16, 5-17 and 5-18, it is difficult to report the

level and location of free radial buckling at low fault levels.
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Figure 5-16 Impact of free radial buckling faults using current FRA practice on the 40 MVA transformer’s
HV winding phase A in the top disk (Disk 1)
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Figure 5-17 Impact of free radial buckling faults using current FRA practice on the 40 MVA transformer’s
HV winding phase A in the middle disk (Disk 5)
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Figure 5-18 Impact of free radial buckling faults using current FRA practice on the 40 MVA transformer’s
HV winding phase A in the bottom disk (Disk 10)

5:4 Case Study 3: Axial Displacement Faults

Axial displacement (AD) of the transformer winding may be a result of imbalanced
magnetic forces between the HV and LV windings due to short circuit faults [1, 58,
112]. The FEA technique is employed to simulate AD and DSV faults on the 10 kVA
and 40 MVA transformer models. Figure 5-19 shows a schematic diagram for the
AD fault within phase A of the HV and LV windings of both investigated
transformers. Figure 5-20 shows the configuration for a DSV fault within the HV
winding of both transformers. The level of AD and DSV faults are calculated using

(5.4) and (5.5), respectively.

Axial displacement length (AH)

0 —
Y% AD Fault level = Winding helght ()

X 100%  (5.4)

Disk space variation length (Ah) X 100% (5.5)

% DSV Fault level = Disk height ()
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Figure 5-19 Front view of healthy and AD fault conditions of HV and LV windings: (a) 10 kVA and (b) 40
MVA
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Figure 5-20 Front view of healthy and DSV fault conditions of HV winding: (a) 10 kVA and (b) 40 MVA
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5:4:1 Axial Displacement (10 kVA Transformer)

Five minor levels (1% to 5%) of AD fault within phase A of the 10 kVA
transformer’s HV and LV windings are simulated using the FEA technique. The
impact of these faults using current FRA practice is shown in Figures 5-21 and 5-22,
respectively. These figures also reveal the difficulty of the current FRA approach to

detect such minor AD faults.
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Figure 5-21 Impact of AD faults using current FRA practice on the 10 kVA transformer’s LV winding
phase A
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Figure 5-22 Impact of AD faults using current FRA practice on the 10 kVA transformer’s HV winding
phase A
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5:4:2 Axial Displacement (40 MVA Transformer)

AD faults with five minor levels (1% to 5%) are simulated using FEA on phase A of
the 40 MVA transformer’s LV and HV windings. The FRA signature obtained for
each fault level is shown in Figures 5-23 and 5-24, respectively. Just as in previous
case studies, the impact of minor AD fault levels within the 40 MVA transformer’s

LV and HV windings are extremely hard to detect using the current FRA approach.
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Figure 5-23 Tmpact of AD faults using current FRA practice on the 40 MVA transformer’s HV winding
phase A
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Figure 5-24 Impact of AD faults using current FRA practice on the 40 MVA transformer’s HV winding
phase A
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5:4:3 Disk Space Variation (10 kVA Transformer)

A DSV fault is simulated at different locations within phase A of the 10 kVA
transformer’s HV winding. Three locations, including in the top disk (Disk1), middle
disk (Disk 3) and bottom disk (Disk 6), as well as five minor fault levels (1% to 5%)
are simulated using the FEA technique and ECR method.
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Figure 5-25 Tmpact of DSV faults using current FRA practice on the 10 kVA transformer’s HV winding
phase A in the top disk (Disk 1)
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Figure 5-26 Impact of DSV faults using current FRA practice on the 10 kVA transformer’s HV winding
phase A in the middle disk (Disk 3)
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Figure 5-27 Impact of DSV faults using current FRA practice on the 10 kVA transformer’s HV winding
phase A in the bottom disk (Disk 6)
Figures 5-25, 5-26 and 5-27 show the impacts of the investigated DSV fault levels
and locations on the 10 kVA transformer using current FRA practice. Just as in the
AD case studies, minor DSV faults are extremely difficult to identify and quantify

using the current approach.

5:4:4 Disk Space Variation (40 MVA Transformer)

DSV at minor fault levels are simulated in various locations of the 40 MVA
transformer’s HV winding, including in the top disk (Disk 1), middle disk (Disk 5)
and bottom disk (Disk 10). As shown in Figures 5-28, 5-29 and 5-30, the same
difficulty with applying the current FRA approach to detect minor DSV faults can be

recognised.
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Figure 5-28 Impact of DSV faults using current FRA practice on the 40 MVA transformer’s HV winding
phase A in the top disk (Disk 1)
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Figure 5-29 Impact of DSV faults using current FRA practice on the 40 MVA transformer’s HV winding
phase A in the middle disk (Disk 5)
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Figure 5-30 Impact of DSV faults using current FRA practice on the 40 MVA transformer’s HV winding
phase A in the bottom disk (Disk 10)

5:5 Case Study 4. Bushing Faults

Bushing failures are commonly attributed to the deterioration of a transformer’s
interior insulation materials [26]. As stated in Chapter 4, the moisture content of the
10 kVA and 40 MVA transformers’ interior bushings can be changed by increasing
the dielectric factors (permittivity and conductivity) [23]. Using the FEA technique,
small bushing faults levels are simulated by increasing the bushing insulation’s
complex permittivity and electrical conductivity by 1% to 5%. These simulations are
based on the obtained correlation illustrated in Chapter 4 (Figure 4-9). Figures 5-31
and 5-32 show the impact of changing complex permittivity and electrical
conductivity on the FRA signature of the 10 kVA and 40 MVA transformers’ HV
windings. While a slight change in the FRA signature is observed within the high
frequency range, interpretation of such a change is challenging. Furthermore,
misinterpretation may refer this change to a different fault type or location.
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Figure 5-31 Impact of minor fault levels on 10 kVA transformer’s HV bushing using current FRA practice
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Figure 5-32 Impact of minor fault levels on 40 MVA transformer’s HV bushing using current FRA
practice

5:6 Case Study 5: Insulation System
Degradation

This case study investigates the impact of the insulating oil type/degradation on the
transformer using the FRA technique. This is because the FRA technique has
previously been shown as sensitive to the health condition and type of insulating oil

used within the transformer [23]. Using the FEA technique, various insulating
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mineral and vegetable oil degradation levels are simulated by changing the oil

dielectric factors ¢, and o from 1% to 5% based on the obtained correlation illustrated

in Chapter 4 (Figure 4-5). The impact of minor mineral and vegetable oil fault levels

on the 10 kKVA and 40 MVA transformers’ HV windings using current FRA practice

Is shown in Figure 5-33 to 5-36.
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Figure 5-33 Impact of minor mineral oil degradation levels on the 10 kVA transformer’s HV winding using

current FRA practice
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Figure 5-34 Tmpact of minor vegetable oil degradation levels on the 10 kVA transformer’s HV winding

using current FRA practice
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Figure 5-35 Impact of minor mineral oil degradation levels on the 40 MVA transformer’s HV winding
using current FRA practice
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Figure 5-36 Impact of minor vegetable oil degradation levels on the 40 MVA transformer’s HV winding
using current FRA practice

Although the current FRA approach does show slight variations in the high
frequency range due to insulating oil degradation, it is extremely difficult to analyse
and refer to these variations as oil degradation. This is because the impact of a

bushing fault shows a similar trend at this frequency range.

Page | 71



5.7 Challenges of Current FRA Practice

According to the above case studies, current FRA practice is unable to distinguish
between healthy and fault signatures with minor fault levels (up to 5%). The results
obtained clearly show the limitations of using the current FRA approach to identify
and quantify minor mechanical and non-mechanical faults within power transformer
windings. Moreover, the obtained FRA signatures must still be interpreted by expert
personnel. This may lead to different conclusions for the same FRA signature. The
aim of the new approach is to overcome some of these drawbacks and limitations,

and this will be discussed in the following chapter.
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Chapter 6 Proposed Approach for
Detecting Mechanical and Non-
Mechanical Faults

6:1 Introduction

As stated in previous chapters, the main drawbacks and limitations of the FRA
technique, which include its incapability with detecting minor fault levels and the
absence of a standard interpretation code for the measured FRA signature, have not
yet been addressed. The proposed approach in this thesis takes advantage of recent
technological advancements in Digital Image Processing (DIP) techniques. Three
DIP techniques are developed to manipulate measured FRA signals and describe the
pictorial information by extracting key unique features of the images. These features
are analysed using numerical computer-based subroutines to calculate three DIP
metrics used to automate and standardise the FRA interpretation process. In order to

develop the proposed application accurately, the FRA response signals need to be



represented in a new format. All commercial FRA analysers can measure the transfer
function of the FRA test in the form of magnitude and phase angles against a wide
frequency range. However, this thesis proposes the use of DIP techniques to form a
new FRA signature by combining these magnitude and phase angle plots into one
polar plot. This new approach will provide an automated and detailed report,
including the fault type, level and location (if the fault exists).

6:2 Polar Plot Approach

As demonstrated in Chapter 4, the FRA technique is applied to the 10 kVA and 40
MVA transformer simulation models to measure the transfer function for each phase
within the HV and LV windings. The measured TF is then plotted as magnitude (dB)
and phase angle (degrees) in a wide frequency range (Hz) as illustrated in Chapter 4
(Figures 4-11 and 4-14). These two figures describe the healthy FRA signatures for
both simulation models of the 10 kVA and 40 MVA transformers, which are
identified by resonance and anti-resonance frequencies over the entire frequency
range. These resonance frequencies are influenced by the transformer’s inductive
components in the low frequency range. They are also affected by the capacitive
components in the high frequency range, which can be observed in the phase angle
plot that fluctuates around +£90°.

Current FRA practice relies only on the FRA magnitude signature for fault diagnosis
by comparing it with the transformer fingerprint. If the fingerprint is not available,
the FRA magnitude signature is compared to the signature of a sister transformer, or
phase to phase comparison is used. As this approach relies on visual graphical
analysis, the process is not always consistent and, when analysed by different
personnel, may lead to different conclusions for the same FRA signature.

To standardise, automate and improve the detection accuracy of current FRA
practice, a new approach is proposed based on the incorporation of the magnitude
and phase angle signatures in one polar plot as shown in Figure 6-1. By definition,
the polar plot of a transfer function TF(j2af) is constructed with polar coordinates,

and based on its magnitude |TF(j2af)| and phase angle £TF(j2xf) as the frequency f
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fluctuates from zero to infinity [113-115]. The points on the proposed polar plot
provide three different types of information regarding the measured FRA signature:
1) the magnitude 4+, which is measured from the origin O, which is a fixed point of
reference for the geometry of the surrounding space in the polar plot at zero
frequency, 2) the phase angle 0, which is measured with respect to the x-axis, and 3)
a particular frequency value f (varying from 10 to 1 MHz) [113, 114]. While the
polar plot is constructed in a 2D plane, the frequency is inherently represented by this
set of values: the transfer function magnitude and the phase angle at a specific
frequency value as illustrated in Figure B-1 and Table B-1 in the appendix. The
proposed polar plot image exhibits more features than the magnitude plot image.
This means an improvement in detection accuracy, also facilitating the use of DIP
techniques that will enable the automation and standardisation of FRA interpretation.
Figure 6-1 reveals that the polar plots of the three phases within the HV and LV
windings each have a similar total area and contour perimeter. In the case of the HV
windings, they are increasing, which may be attributed to the difference in the design
of the LV and HV windings. It can be also seen that the 40 MVA transformer is
characterised by a larger total area and a longer contour than that of the 10 kVA

transformer. This is due to differences in the transformers’ ratings and physical

dimensions.
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Figure 6-1 Polar plot signatures for a healthy transformer condition: (a) 10 kVA and (b) 40 MVA
transformers
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6:3 Digital Image Processing Techniques

Digital image processing (DIP)-based techniques are gaining more popularity in
application, due to their ability to significantly enhance interpretation accuracy of
pictorial information [116, 117]. In such techniques, a digital image [A] is
represented as a 2D matrix (Mx=N), which is comprised of a finite number of digital
values (pixels). Any point on the proposed polar plot is represented as a(i, j), where
|a] represents the image intensity at (a) point, which has a spatial location of (i,j) in
respect to the (X)Y) coordinates. To automate and standardise the proposed
technique, the obtained FRA polar plots (Figure 6-1) are manipulated using various
DIP techniques. Unique features are then extracted, which can be used to
characterise the transformer’s polar plot signature [117].

In this thesis, image features — such as geometric dimensions, invariant moment,
and texture analysis — are extracted from the polar plot image using DIP techniques
as per the flow chart in Figure 6-2 [118-120].

Preparatlon | Image Acquisition I
stage T
| Image pre-processing I
4
PI‘OCBSSll'lg | Image segmentation I
stage 1
| Features extraction I
¥
| Features analysis |
Classification ;
stage N
No re metrics within Yes
healthy ranges? l
A
| Report faulty condition | | Report healthy condition |
L
¥
| Report fault type/location/ level |

Figure 6-2 Flow chart of the proposed DIP technique
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In the flow chart of Figure 6-2, the pre-processing stage is aimed at adjusting image
dimension size, colour format, and extension type to assist the image sensor in
electronic systems [117, 121].

A segmentation process is used to divide the image into several parts, eliminating
unwanted effects, such as image noise and background, and revealing the required
object within the image using edge detection algorithms, such as the improved Canny
edge detector [122, 123]. The detected FRA polar plot is manipulated to extract four
geometric dimension features and 11 combined features using invariant moment and
texture analysis techniques [118, 120]. The extracted features are analysed to
calculate three unique metrics: city-block distance (CBD), root mean square (RMS)
and image Euclidean distance (IED) as below [124].

CBD = Y}, |faulty feature; — healthy feature;| (6.1)

RMS=\/11—1 11 feature? (6.2)

IED = /Y (faulty feature; — healthy feature;))>  (6.3)
Similar to the current FRA approach, the three metrics are to be calculated for all
new transformers and used as a reference dataset for future comparison.
The classification process shown in Figure 6-2 is aimed at identifying fault type,
level, and location within the investigated transformer through comparing polar plot
extracted features with the reference dataset [124].
The geometric dimension technique extracts four features from the polar plot image,
including entire area (g1), outer contour perimeter (gz), centroid coordinates (gs), and
the length of minor and major axes of the outer contour (g4). These features are based
on the equations listed in Table C-1 in the appendix [117, 119, 125, 126].
The invariant moment is a powerful DIP technique as the seven extracted features are
independent of the image scale, rotation, and translation [120, 127]. The seven
features of the invariant moment technique are measured from order moment (my),
central moment (upg), and normalised moment (77,4) of the image function f(x,y)
based on Equations (6.4), (6.5) and (6.6), respectively [120, 128, 129]. The formulas
used to calculate the invariant moment features are listed in Table C-2 in the

appendix.
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Mpq = [, xPy? f(x,y)dxdy (6.4)

where: (p + q)™: order moment my, Of the image function f(x, y)

Mg = JI (x = ©P(y — 99 f(x,y)dxdy (6.5)
U
npq:fgz (6.6)
c g o= M0 5 _ M1 _ Ptd
Where.x—moo, V= Y =73 +1

The texture analysis technique can provide information about the intensity of the
investigated polar plot signature. Four texture features are extracted from the
processed image, including 1) the correlation feature (z;), which measures the
correlation between the pixel and its neighbours over the entire image, 2) the
homogeneity feature (r,), which measures the spatial closeness of the image
distribution elements to the diagonal elements, 3) the contrast feature (z3), which
calculates the contrast between the pixel and its neighbour over the entire image, and
4) the energy feature (z,), which measures entire image uniformity [118, 130, 131].
Table C-3 in the appendix lists the equations of the texture analysis technique.

The FRA polar plot signatures of the healthy HV and LV windings of the two
investigated transformers (Figure 6-1) are manipulated using the developed DIP
techniques. Geometric dimension, invariant moment and textures analysis techniques
are used to extract four physical features and 11 combined features, as listed in
Tables 6-1 and 6-2, respectively. The four geometric dimension features are used to
calculate the CBD metric, while the 11 combined features are used to calculate the
other two metrics, RMS and IED, based on Equations (6.1), (6.2) and (6.3).

Table 6-1 Geometric dimension features of healthy HV and LV windings in both transformers

10 kVA transformer 40 MVA transformer
Feature

HV LV HV LV
01 30443 9600 66091 47692
02 878.70 493.15 1837.44 1473.07
X-axis 358.85 339.95 673.65 673.10
% Y-axis 289.88 289.91 612.83 560.22
Major 374.85 221.58 834.53 642.54
% Minor 109.41 59.24 199.37 127.23

Page | 78



As shown in Table 6-1, the four extracted features, which represent the physical
dimensions of the investigated polar plot of the HV winding, are higher than the
corresponding features of the LV winding within both transformers. Table 6-2 shows
that the 11 combined features of the HV winding are, in contrast, less than the
corresponding features of the LV winding. This is the case in all features except for
featuret,, which is always greater, and &, which always equals zero and hence is
omitted from the upcoming calculations. Tables 6-1 and 6-2 indicate that all features
of the 40 MVA transformer are higher than the corresponding features of the 10 kVA

transformer.

Table 6-2 The 11 extracted features for healthy HV and LV windings in both transformers

10 kVA transformer 40 MVA transformer
Feature
HV LV HV LV

@, 0.2929 0.4745 0.6207 0.8109

= D, 0.0000 0.0000 0.0000 0.0000
§ D 0.0016 0.0017 0.0070 0.0072
g @D, -0.0054 -0.0077 -0.0320 -0.0377
'g Ds 0.6358 1.7363 3.1864 5.2993

E [ 0.0975 0.4392 1.0943 2.3430

D; 0.5423 1.4437 2.5769 43172

2 T4 0.0779 0.0611 0.0573 0.0521

g T, 1.9611 1.9694 19714 1.9740

g T3 1.8222 1.8588 1.8664 1.8789

E T, 0.4876 0.5075 0.5295 0.5301
RMS 0.863598 1.091791 1.538326 2.345671

The reliability, accuracy and capability of the proposed DIP technique to identify
fault type, level, and location are each assessed by re-examining all previous case
studies of mechanical and non-mechanical faults (Chapter 5), using the proposed

polar plot signature along with the developed DIP code.

6:4 Case Study 1. SC Turns Faults

As previously mentioned in Chapter 5, the various levels and different locations of
SC turns within both the 10 kVA and 40 MVA transformers’ LV and HV windings
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are simulated to apply the proposed DIP approach. The FRA polar plot signatures of
all SC fault cases are obtained through a computer-based algorithm that has been
developed to combine the FRA signature’s magnitude and phase angle into one polar
plot. The obtained polar plots are processed using the developed DIP technique to
extract 15 features (four geometric dimensions, seven invariant moment and four
texture analyses) and calculate the three unique metrics (CBD, RMS and IED) as

discussed below.

6:4:1 LV Winding (10 kVA Transformer)

As shown in Figure 6-3, the impacts of five minor SC fault levels (1% to 5%) as well
as an exaggerated fault level (40%) on the proposed polar plot signatures are
obtained within phase A of the 10 kVA transformer’s LV winding. Although it is still
difficult to identify the faulty signature through visual inspection, the polar plot
approach has the advantage of comprising more image features than the magnitude
plot. It also facilitates the utilisation of various DIP techniques, which aid in the
standardisation and automation of the FRA technique’s interpretation process.
20 100

Healthy

1% S.C.

2% S.C.

3%S.C.

4% S.C.

5%S.C.

40% S.C.

Figure 6-3 Impact of 10 kVA transformer’s LV winding SC faults on FRA polar plot signature
The polar plot geometric dimension features of the studied fault levels are extracted
and listed in Table 6-3. These results reveal that the area and perimeter features
decrease gradually along with the increase in fault level. The other three features
only change slightly with the change in fault level. As shown in Table 6-3 and Figure
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6-4, the calculated CBD value of the extracted geometric dimension features
increases with the increase in fault level. In the case of the exaggerated fault level
(40%), the increase in CBD value is significant. CBD minimum and maximum
threshold levels to indicate the severity of the SC fault within the investigated

transformer’s LV winding are shown in Figure 6-4.

Table 6-3 Geometric dimension features of 10 kVA transformer’s LV winding SC faults

Fault level
Feature
1% 2% 3% 4% 5% 40%
gl 9598 9549 9529 9493 9457 7985
92 491.71 490.88 489.71 488.29 487.71 439.91
X-axis 339.74 339.57 339.64 339.56 339.60 338.37
93
Y-axis 289.59 289.89 289.49 289.81 289.37 289.58
Major 219.02 220.24 219.03 218.97 217.55 159.74
g4
Minor 60.48 59.48 59.77 59.52 59.91 55.72
CBD 7.76 55.24 78.24 115.23 154.02 1735.51
155 Max
130
o 108
2 g
e
55
30 Mi
5
104 204 305 40% 0%
Fault level

Figure 6-4 CBD trend for various SC fault levels on the 10 kVA LV winding

The 11 polar plot features of the investigated short circuit fault levels are extracted
and listed in Table 6-4. Features, 1, 5, 6, 9, 10 and 11, increase with the increase in
fault level. However, Features, 3, 4, 7 and 8, decrease with the increase in fault level.
Feature 2 is maintained at zero value. It can also be seen in this table that the RMS
and IED values of the 11 features increase with the increase in fault level. The
increase in these two metrics is significant in the case of the 40% SC fault. As shown
in Figures 6-5 and 6-6, the maximum and minimum threshold levels for the two

parameters can be chosen.
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Table 6-4 The 11 extracted features of 10 kVA transformer’s LV winding SC faults

Fault level

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®4) 0.4881 0.4916 0.4934 0.4966 0.5067 0.5512
- 2(dy) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
=
E 3(Ps) 0.0016 0.0015 0.0014 0.0013 0.0012 0.0008
o
,E 4(Dy) -0.0074 -0.0075 -0.0074 -0.0073 -0.0072 -0.0063
@
= 5(®s) 1.7372 1.7374 1.7375 1.7378 1.7379 1.8154
>
= 6(Ps) 0.4428 0.4436 0.4452 0.4463 0.4471 0.5652
7(®7) 1.4431 1.4429 1.4427 1.4426 1.4425 1.2151
“ 8(ty) 0.0609 0.0607 0.0606 0.0605 0.0604 0.0512
>
= 9(t,) 1.9901 1.9905 1.9906 1.9912 1.9919 2.6527
©
g 10(z3) 1.8592 1.8593 1.8595 1.8597 1.8599 2.4621
E 11(ty) 0.5078 0.5079 0.5082 0.5083 0.5085 0.6134
RMS 1.096004 1.096265 1.096447 1.096784 1.097390 1.309861
IED 0.025059 0.027559 0.029095 0.031932 0.040158 0.960447
1.0976 Max
1.0973
1.0970
w
Z 1.0967
24
1.0964
Min
1.0961
1.0958
1% 209 kL) 409 509

Figure 6-5 RMS trend for various SC fault levels on the 10 kVA transformer’s LV winding
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Figure 6-6 IED trend for various SC fault levels on the 10 kVA transformer’s LV winding
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6:4.2 HV Winding (10 kVA Transformer)

As shown in Figure 6-7, the FRA polar plot signatures for phase A of the 10 kVA’s
transformer’s HV winding are obtained when SC faults of various levels (1% to 5%,
and 40%) occur in the top disk (Disk 1), middle disk (Disk 3) and bottom disk (Disk
6). The proposed DIP technique is applied to the measured polar plot signatures to
extract four features using the geometric dimension technique, and 11 features using

the invariant moment and textures analysis techniques, as listed in Tables 6-5

through 6-10, respectively.

Figure 6-7 Impact of 10 kVA transformer’s HV winding SC faults on phase A of polar plot signature (a)

Table 6-5 Geometric dimension features of 10 kVA transformer’s HV winding SC faults (Disk 1)

Healthy

1%S.C.
2% S.C.
3%S.C.
4% S.C.
5% S.C.

40% S.C.

Ll

%

top (Disk 1), (b) middle (Disk 3), and (c) bottom (Disk 6)

Fault level
Feature
1% 2% 3% 4% 5% 40%
gl 30440 30433 30425 30412 30408 30098
92 876.60 876.11 875.79 875.23 874.90 787.20
X-axis 358.91 358.83 358.84 358.85 358.82 353.42
e Y-axis 289.74 289.80 289.87 289.76 289.70 287.73
Major 375.12 374.79 374.84 374.79 374.77 237.43
ck Minor 109.39 109.38 109.35 109.35 109.31 106.78
CBD 5.59 12.78 21 34.71 39.19 584.13
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As in the case of the LV winding and as shown in Figure 6-8, the geometrical
features and calculated CBD value increase with the increase in fault level. The
increase is, however, not as significant as in the LV winding. This may be attributed

to the type of winding.

180 Bmax
150 Bottom S -0
disk o *
- - S :*
e Ve Mmax
o 90 disk
© Mmi --—E--'--‘--‘
60 gp ot Tmax
10 Top disk
Tmin
0
1% 209 309 499 504

Fault level

Figure 6-8 CBD trend for various SC fault levels at different locations on the 10 KVA transformer’s HV
winding

Table 6-6 Geometric dimension features of 10 kVA transformer’s HV winding SC faults (Disk 3)

Fault level
Feature
1% 2% 3% 4% 5% 40%
gl 30395 30382 30371 30366 30358 30067
92 874.47 874.13 873.90 873.56 873.26 763.96
X-axis 358.80 358.83 358.88 358.92 358.87 352.82
e Y-axis 289.82 290.01 289.73 289.65 289.73 286.31
Major 374.63 374.82 374.96 374.86 374.90 235.61
o Minor 109.30 109.30 109.29 109.29 109.29 105.78
CBD 52.67 65.86 77.21 82.57 90.78 643.21

Table 6-7 Geometric dimension features of 10 kVA transformer’s HV winding SC faults (Disk 6)

Fault level
Feature
1% 2% 3% 4% 5% 40%
gl 30353 30333 30329 30310 30288 30021
92 872.96 872.60 872.37 872.11 871.87 742.91
X-axis 358.89 358.90 358.90 358.89 358.85 351.11
s Y-axis 289.84 289.77 289.75 289.86 289.80 285.22
Major 374.75 375.03 375.08 374.90 374.90 233.92
& Minor 109.28 109.17 109.15 109.10 109.01 104.29
CBD 96.05 116.68 121 140.01 162.36 716.24
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Table 6-8 The 11 extracted features of 10 kVA transformer’s HV winding SC faults (Disk 1)

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®,) 0.2953 0.2957 0.2959 0.2961 0.2963 0.3017
- 2(®,) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
% 3(®s) 0.0015 0.0014 0.0012 0.0011 0.0010 0.0008
,E 4(Ds) -0.0047 -0.0046 -0.0045 -0.0043 -0.0041 -0.0032
'g 5(®s) 0.6715 0.6737 0.6748 0.6761 0.6782 0.7026
E 6(Ps) 0.0977 0.0978 0.0979 0.0980 0.0981 0.1015
7(®7) 0.5405 0.5402 0.5397 0.5396 0.5393 0.5262
“ 8(ty) 0.0769 0.0767 0.0766 0.0764 0.0762 0.0735
? 9(ty) 1.9613 1.9615 1.9616 1.9618 1.9619 2.0025
§ 10(z3) 1.8547 1.8548 1.8549 1.8551 1.8552 1.9017
5 11(zy) 0.4932 0.4944 0.4966 0.4987 0.4999 0.5623
RMS 0.872592 0.872863 0.873072 0.873352 0.873590 0.895439
IED 0.048710 0.050597 0.051866 0.053401 0.055358 0.135846

Table 6-9 The 11 extracted features of 10 kVA transformer’s HV winding SC faults (Disk 3)

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®,) 0.2964 0.2966 0.2967 0.2969 0.2972 0.3029
- 2(®,) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
% 3(®s) 0.0014 0.0012 0.0011 0.0010 0.0009 0.0006
é 4(Ds) -0.0039 -0.0037 -0.0036 -0.0035 -0.0032 -0.0022
'% 5(®s) 0.6825 0.6847 0.6852 0.6875 0.6896 0.7053
E 6(Ps) 0.0983 0.0984 0.0986 0.0987 0.0989 0.1017
7(®7) 0.5389 0.5387 0.5386 0.5385 0.5384 0.5243
2 8(ty) 0.0758 0.0757 0.0756 0.0755 0.0753 0.0728
g 9(t,) 1.9622 1.9624 1.9625 1.9626 1.9629 2.0037
g 10(z3) 1.8553 1.8554 1.8556 1.8557 1.8558 1.9024
E 11(z,) 0.5023 0.5034 0.5047 0.5068 0.5087 0.5679
RMS 0.874080 0.874349 0.87451 0.874825 0.875160 0.896264
IED 0.059371 0.061483 0.062357 0.064866 0.067228 0.141436

For all fault locations, the RMS and IED values increase with the increase in the
short circuit fault level as shown in Figures 6-9 and 6-10. The three metrics show the
ability of the proposed approach to identify the SC fault’s level and location within

the transformer winding.
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Table 6-10 The 11 extracted features of 10 kVA transformer’s HV winding SC faults (Disk)

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®,) 0.2973 0.2974 0.2977 0.2978 0.2979 0.3032
- 2(®,) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
=
E 3(®s) 0.0013 0.0012 0.0011 0.0009 0.0007 0.0005
o
g 4(Ds) -0.0029 -0.0027 -0.0025 -0.0023 -0.0021 -0.0011
©
'% 5(®s) 0.6918 0.6941 0.6952 0.6975 0.6986 0.7095
>
= 6(Ps) 0.0991 0.0992 0.0994 0.0996 0.0998 0.1019
7(®7) 0.5381 0.5379 0.5377 0.5375 0.5374 0.5233
2 8(ty) 0.0749 0.0748 0.0746 0.0743 0.0741 0.0720
=
= 9(ty) 1.9631 1.9633 1.9635 1.9636 1.9638 2.0058
@®©
g 10(z3) 1.8561 1.8562 1.8563 1.8565 1.8567 1.9031
8 11(z,) 0.5121 05132 0.5144 0.5167 0.5188 0.5691
RMS 0.875582 0.875858 0.87606 0.8764 0.876669 0.897149
IED 0.070316 0.072627 0.074044 0.076883 0.078710 0.145453
0.8770 Bottom 'B-m:n.
086 5 disk, . = *
e = = Mmax
L Middle -
= 0874 i = = = s BB emm T
* 0575 @ =4- Tmax
- Top disk
0.8730 |-Tmin
0.8722
1% 209 309 409 509

Fault level

Figure 6-9 RMS trend for various SC fault levels at different locations on the 10 kVA transformer’s HV

winding
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Figure 6-10 IED trend for various SC fault levels at different locations on the 10 kVA transformer’s HV

winding
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As shown in Figures 6-9 and 6-10, different threshold levels can be chosen to
simulate different SC fault levels. These thresholds indicate the minimum and
maximum limits of the minor SC fault level at each location without any overlapping

between the limits.

6:4:3 LV Winding (40 MVA Transformer)

In the 40 MVA transformer, SC faults of minor levels (1% to 5%) and one
exaggerated level (40%) are applied on phase A of the LV winding. The polar plot
for each fault level is obtained and processed using the proposed application to
extract the proposed image features as listed in Tables 6-11 and 6-12. As can be seen
in these two tables, the impact of various SC faults on the extracted features of the
LV winding is similar to the previous case study; however, the magnitudes of the 40
MVA transformer’s features are larger than the corresponding features of the 10
kKVA transformer. On the other hand, the calculated values for CBD, RMS and IED
reveal a similar trend to the corresponding values of the 10 kVA transformer as
shown in Figures 6-11, 6-12 and 6-13. These figures also show the proposed

threshold levels for this case study.

Table 6-11 Geometric dimension features of the 40 MVA transformer’s LV winding SC faults

Fault level
Feature

1% 2% 3% 4% 5% 40%

gl 47685 47665 47652 47643 47631 46210
92 1471.88 1470.76 1468.62 1465.54 1462.42 1429.41
X-axis 672.85 672.77 672.64 672.57 672.34 668.32

& Y-axis 559.68 559.5 559.46 559.32 559.12 539.52
Major 642.67 642.67 642.52 642.43 642.33 641.85

o Minor 125.67 124.32 122.72 120.98 119.63 112.37
CBD 11.53 34.26 60.32 77.44 82.44 1567.81
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Table 6-12 The 11 extracted features of the 40 MVA transformer’s LV winding SC faults

Fault level

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®,) 0.8234 0.8428 0.8587 0.8694 0.8721 0.9103
- 2(d,) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
=
E 3(®s) 0.0057 0.0053 0.0045 0.0042 0.0039 0.0021
o
g 4(Ds) -0.0465 -0.0482 -0.0518 -0.0534 -0.0564 -0.0582
©
s 5(®s) 5.5237 5.5357 5.5526 5.5617 5.5829 5.6147
>
= 6(Ps) 2.3528 2.3542 2.3565 2.3571 2.3588 2.3614
7(®7) 4.3169 4.3143 43132 43124 43115 4.2889
g 8(ty) 0.0518 0.0512 0.0496 0.0492 0.0488 0.0413
=
= 9(t3) 1.9770 1.9752 1.9762 1.9774 1.9786 1.9852
@®©
g 10(z3) 1.8818 1.8812 1.8833 1.8842 1.8865 1.8947
E 11(z,) 0.5341 0.5385 0.5419 0.5465 0.5548 0.5632
RMS 2.395078 2.397821 2.402206 2.404642 2.409629 2.415435
IED 0.225213 0.239225 0.258882 0.270315 0.292433 0.335456
100
Max
85
70
:E'_‘ 55
" w0
25 Min
10
1% 3% 4% 509

Figure 6-11 CBD trend for various SC fault levels on the 40 MVA transformer’s LV winding
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Figure 6-12 RMS trend for various SC fault levels on the 40 MVA transformer’s LV winding
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Figure 6-13 IED trend for various SC fault levels on the 40 MVA transformer’s LV winding

6:4.4 HV Winding (40 MVA Transformer)

As the HV winding of the 40 MVA transformer consists of 10 disks per phase, SC
faults of various levels are applied to the windings on the top disk (Disk 1), the
middle disk (Disk 5) and the bottom disk (Disk 10). The proposed DIP application is
used to obtain the polar plot signatures of all studied cases. The signatures are then
processed to extract geometric dimension, invariant moment and texture analysis
features as listed in Tables 6-13 through 6-18, respectively. Values of CBD, RMS
and IED are calculated for each fault level and location as given in Figures 6-14, 6-
15 and 6-16.

Table 6-13 Geometric dimension features of the 40 MVA transformer’s HV winding SC faults (Disk 1)

Fault level
Feature

1% 2% 3% 4% 5% 40%

gl 65995 65981 65972 65961 65949 65284
g2 1822.72 1819.84 1813.84 1806.97 1802.02 1743.95
X-axis 671.82 671.51 671.14 671.08 671.02 594.32

e Y-axis 609.95 609.11 608.82 608.25 608.03 601.85
Major 831.91 831.78 831.52 831.43 831.18 825.01

& Minor 197.32 197.28 196.85 196.62 196.14 191.67
CBD 120.1 138.3 154.65 173.47 191.43 1008.02
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Table 6-14 Geometric dimension features of the 40 MVA transformer’s HV winding SC faults (Disk 5)

Fault level
Feature

1% 2% 3% 4% 5% 40%

gl 65688 65667 65651 65632 65604 65113
g2 1796.35 1794.76 1792.57 1791.61 1790.94 1735.21
X-axis 670.92 670.71 670.58 670.41 670.27 593.49

e Y-axis 606.72 606.54 606.11 605.92 605.61 601.31
Major 830.96 830.81 830.67 830.51 830.32 823.11

e Minor 195.93 195.81 195.65 195.42 195.15 191.22
CBD 459.94 483.19 502.24 522.95 552.53 1191.48

Table 6-15 Geometric dimension features of the 40 MVA transformer’s HV winding SC faults (Disk 10)

Fault level
Feature
1% 2% 3% 4% 5% 40%
gl 65482 65461 65449 65434 65408 65034
g2 1779.18 1776.27 1775.55 1773.73 1771.91 1719.37
X-axis 669.83 669.75 669.58 669.41 669.26 592.95
93
Y-axis 603.82 603.54 603.13 602.83 602.41 601.24
Major 828.83 828.52 828.13 827.78 827.56 822.02
ol
Minor 193.95 193.76 193.52 193.37 193.12 189.63
CBD 691.21 715.98 729.91 747.70 776.56 1289.61
0.0700
Bottom Bmax
0.0600 . —
Bmin _ _ Wk .. .- *
0.0500 @ = =" -
a lIl_ddle Mmax
= 00400 Npmin_____ sk e *
0.0300 9~
Tmax
0.0200 Top disk
IEEE._-—-*"’""ﬂ-d-—ﬂ_ﬂ.
0.0100
129 209 399 4049 5040
Fault level

Figure 6-14 CBD trend for various SC fault levels at different locations on the 40 MVA transformer’s HV
winding

As shown in these tables and figures, the CBD of the geometric dimension features,
the RMS, and the IED of the 11 invariant moment and texture analysis techniques

increase along with the increase in fault level. On the other hand, when the short
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circuit fault moves toward the bottom of the HV winding, the CBD, RMS and IED

values consistently increase.

Table 6-16 The 11 extracted features of the 40 MVA transformer’s HV winding SC faults (Disk 1)

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®,) 0.6215 0.6222 0.6228 0.6231 0.6237 0.6915
- 2(?,) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®3) 0.0069 0.0068 0.0065 0.0064 0.0063 0.0038
g 4(Ds) -0.0324 -0.0325 -0.0326 -0.0327 -0.0328 -0.0825
'§ 5(®s) 3.1912 3.1914 3.1915 3.1917 3.1918 3.4196
E 6(Pe) 1.0952 1.0954 1.0955 1.0957 1.0958 1.1014
7(®7) 2.5682 2.5676 2.5653 2.5636 2.5628 2.3521
z 8(ty) 0.0568 0.0566 0.0564 0.0563 0.0562 0.0537
? 9(t,) 1.9722 1.9737 1.9754 1.9767 1.9783 2.0004
§ 10(z3) 1.8711 1.8725 1.8743 1.8756 1.8774 1.9002
E 11(zy) 0.5301 0.5308 0.5312 0.5317 0.5322 0.5623
RMS 1.538625 1.538962 1.53907 1.539185 1.539514 1.562502
IED 0.011122 0.012646 0.015784 0.018224 0.020432 0.340019

Table 6-17 The 11 extracted features of the 40 MVA transformer’s HV winding SC faults (Disk 5)

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®1) 0.6406 0.6412 0.6417 0.6425 0.6434 0.6929
- 2(®,) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
% 3(®s) 0.0058 0.0056 0.0054 0.0052 0.0051 0.0036
*E 4(Ds) -0.0421 -0.0435 -0.0439 -0.0441 -0.0448 -0.0854
'g 5(®s) 3.2105 3.2112 3.2119 3.2121 3.2124 3.5215
E 6(Ps) 1.0961 1.0963 1.0964 1.0966 1.0967 1.1026
7(®7) 2.5479 2.5462 2.5457 2.5451 2.5447 2.3401
= 8(t4) 0.0558 0.0556 0.0555 0.0553 0.0552 0.0534
? 9(ty) 1.9802 1.9838 1.9841 1.9862 1.9879 2.0006
§ 10(z3) 1.8805 1.8809 1.8812 1.8819 1.8821 1.9011
§ 11(zy4) 0.5411 0.5416 0.5421 0.5426 0.5432 0.5641
RMS 1.542315 1542711 1.542879 1.543209 1.543488 1.581651
IED 0.048348 0.051277 0.052494 0.054192 0.055787 0.424005
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Table 6-18 The 11 extracted features of the 40 MVA transformer’s HV winding SC faults (Disk 10)

1% 2% 3%

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®,) 0.6611 0.6617 0.6621 0.6627 0.6633 0.6946
- 2(®,) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
=
E 3(®3) 0.0047 0.0046 0.0045 0.0043 0.0042 0.0022
o
g 4(Dy) -0.0631 -0.0637 -0.0642 -0.0645 -0.0648 -0.0877
(]
'g 5(®s) 3.3201 3.3208 3.3213 3.3218 3.322 3.6407
>
= 6(Ps) 1.0973 1.0974 1.0975 1.0977 1.0979 1.1031
7(®7) 2.5386 2.5371 2.5359 2.5348 2.5342 2.3321
z 8(ty) 0.0549 0.0547 0.0546 0.0543 0.0542 0.0531
>
= 9(t3) 1.9911 1.9925 1.9948 1.9971 1.9985 2.0008
@
2 10(z3) 1.8901 1.8906 1.891 1.8919 1.8922 1.9014
,“_>§ 11(zy) 0.5507 0.5510 0.5513 0.5518 0.5525 0.5664
RMS 1.565419 1.565591 1.565853 1.566205 1.56641 1.605177
IED 0.152844 0.15443 0.155825 0.157359 0.158306 0.527682
1.5430
Bottom B_mzk
1.5420 -Bmin — disk  _.o-="7"
"""" Mmax
o 1. Middle disk __--m==""7
g 1.5410 1{_!&----""""’-35‘--
& 1.5400

Fault level

Figure 6-15 RMS trend for various SC fault levels at different locations on the 40 MVA transformer’s HV

winding
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Figure 6-16 IED trend for various SC fault levels at different locations on the 40 MVA transformer’s HV

winding
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6:5 Case Study 2: Radial Faults

In this section, radial faults are investigated using the proposed DIP application by
re-examining the same fault’s case studies simulated in Chapter 5, which were

previously examined using the conventional FRA signature.

6:5:1 Forced Radial Buckling (10 kVA Transformer)

Using the proposed approach, the impacts of five minor levels (1% to 5%) and one
exaggerated level (40%) of forced radial buckling on the polar plot signatures are
investigated within phase A of the 10 kVA transformer’s LV winding. The 15
extracted features of the obtained polar plots are measured and listed in Tables 6-19
and 6-20. These include four features using the geometric dimension technique and
11 features using the invariant moment and textures analysis techniques,
respectively. The results reveal that all geometric dimension features decrease along
with the increase in fault level. In the case of the 40% fault level, the decrement is
significant. The geometric features are also used to calculate the CBD metric. As can
be seen in Table 6-19 and Figure 6-17, the CBD value increases along with the

increase in fault level.

Table 6-19 Geometric dimension features of the 10 kVA transformer’s LV winding forced buckling

Fault level
Feature

1% 2% 3% 4% 5% 40%

gl 9387 9362 9359 9344 9336 8793
g2 486.82 486.43 486.11 485.79 485.63 472.73
X-axis 338.86 338.59 338.52 338.47 338.28 337.12
e Y-axis 288.96 288.78 288.57 288.44 288.38 288.07
Major 220.18 219.54 218.63 217.82 216.91 214.21

& Minor 59.22 59.21 59.19 59.18 59.16 58.44
CBD 222.8 249.29 253.82 270.14 279.48 617.47
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Table 6-20 The 11 extracted features of the 10 kVA transformer’s LV winding forced buckling

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®,) 0.4751 0.4754 0.4758 0.4761 0.4767 0.4801
- 2(®,) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
=
g 3(®s) 0.0016 0.0014 0.0013 0.0012 0.0011 0.0008
o
,g 4(Dy) -0.0074 -0.0071 -0.0067 -0.0061 -0.0058 -0.0033
(]
5 5(®s) 1.7428 1.7431 1.7438 1.7452 1.7464 1.7892
>
= 6(Ds) 0.4427 0.4438 0.4453 0.4466 0.4482 0.4816
7(®7) 1.4322 1.4317 1.4311 1.4309 1.4305 1.4293
= 8(ty) 0.0605 0.0601 0.0597 0.0592 0.0586 0.0580
>
= 9(t,) 1.9725 1.9736 1.9757 1.9778 1.9789 1.9806
@
g 10(t3) 1.8627 1.8633 1.8667 1.8679 1.8681 1.8723
E 11(ty) 0.5086 0.5094 0.5103 0.5118 0.5129 0.5174
RMS 1.092663 1.093005 1.094014 1.094845 1.095310 1.103955
IED 0.014615 0.015973 0.019156 0.021878 0.024046 0.026640
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Figure 6-17 CBD trend for the 10 kVA transformer’s LV winding forced buckling

1.0955

1.0950
1.0945
[}
= 1.0940
=
1.0935
1.0930

1.0925
1% 2% 3% 4% 5%
Fault level

Figure 6-18 RMS trend for the 10 kVA transformer’s LV winding forced buckling
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Figure 6-19 IED trend for the 10 kVA transformer’s LV winding forced buckling

Table 6-20 shows that while features @1, @s, @, 12, 73, and 74 increase along with the
increase in fault level, features @;, @4, @7, and 7; decrease, and feature @; is
maintained at zero. The 11 combined features in Table 6-20 are used to calculate the
RMS and IED. As can be seen in Figures 6-18 and 6-19, both RMS and IED values

increase along with the increase in fault level.

6:5:2 Free Radial Buckling (10 kVA Transformer)

When a free radial buckling fault takes place on phase A of the 10 kVA
transformer’s HV winding, the impacts of various fault levels (1% to 5%, and 40%)
and locations (top disk (Disk 1), middle disk (Disk 3), and bottom disk (Disk 6)) are
obtained. The polar plot signatures of the case studies are manipulated using the
developed DIP code to extract 15 geometric dimension, invariant moment and
textures analysis features as listed in Tables 6-21 through 6-26, respectively. In all of
these tables, the trend of all features is found to be similar to that of the forced radial
buckling case study.

The 15 extracted features are used to calculate the three metrics (CBD, RMS and
IED). Similar to the case study mentioned above, results show that the three metrics
increase along with the increase in fault level. Figures 6-20, 6-21 and 6-22 reveal that
the three metrics also increase when the fault moves toward the bottom of the HV

winding.
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Table 6-21 Geometric dimension features of 10 kVA transformer’s HV winding free buckling (Disk 1)

Fault level
Feature
1% 2% 3% 4% 5% 40%
gl 30278 30265 30259 30251 30249 30232
g2 871.46 871.29 871.11 870.98 870.72 870.21
X-axis 357.75 357.59 357.37 357.24 357.19 356.92
e Y-axis 288.83 288.79 288.64 288.56 288.47 288.31
Major 373.98 37381 373.75 373.63 373.54 373.42
e Minor 109.32 109.29 109.17 109.11 109.08 108.81
CBD 175.35 188.92 195.65 204.17 206.69 225.02

Table 6-22 Geometric dimension features of 10 kVA transformer’s HV winding free buckling (Disk 3)

Fault level
Feature
1% 2% 3% 4% 5% 40%
gl 30226 30221 30217 30210 30205 30197
g2 870.53 870.24 870.06 869.96 869.78 869.53
X-axis 356.97 356.92 356.88 356.83 356.79 356.69
& Y-axis 288.40 288.38 288.34 288.29 288.25 288.03
Major 373.50 373.48 373.41 373.37 373.32 373.12
o Minor 108.87 108.81 108.79 108.72 108.68 108.63
CBD 230.42 235.86 240.21 247.52 252.87 261.69

Table 6-23 Geometric dimension features of 10 kVA transformer’s HV winding free buckling (Disk 6)

Fault level
Feature
1% 2% 3% 4% 5% 40%
gl 30190 30184 30175 30163 30157 30149
92 869.43 869.28 869.03 868.86 868.65 868.31
X-axis 356.64 356.41 356.35 356.28 356.15 364.96
g Y-axis 287.83 287.64 287.42 287.35 287.22 287.01
Major 372.93 372.78 372.62 372.53 372.11 371.96
& Minor 108.60 108.52 108.43 108.35 108.11 107.98
CBD 269.26 276.06 285.84 298.32 305.45 317.69
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Table 6-24 The 11 extracted features of 10 kVA transformer’s HV winding free buckling (Disk 1)

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®1) 0.2949 0.2951 0.2954 0.2957 0.2962 0.2965
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
% 3(®3) 0.0015 0.0014 0.0013 0.0012 0.0011 0.0007
,E 4(D4) -0.0048 -0.0046 -0.0044 -0.0043 -0.0041 -0.0040
'g 5(D5) 0.6461 0.6463 0.6464 0.6465 0.6468 0.6484
E 6(D6) 0.0976 0.0977 0.0980 0.0982 0.0983 0.0984
(D7) 0.5319 0.5317 0.5315 0.5313 0.5311 0.5310
“ 8(ty) 0.0768 0.0765 0.0763 0.0762 0.0761 0.0760
? 9(ty) 1.9622 1.9627 1.9635 1.9637 1.9641 1.9642
§ 10(t3) 1.8412 1.8413 1.8415 1.8417 1.8419 1.8420
5 11(ty) 0.4881 0.4883 0.4884 0.4886 0.4887 0.4889
RMS 0.867664 0.867804 0.868018 0.868114 0.868265 0.868428
IED 0.024130 0.024453 0.024860 0.025220 0.025718 0.026645

Table 6-25 The 11 extracted features of 10 kVA transformer’s HV winding free buckling (Disk 3)

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®1) 0.2967 0.2972 0.2975 0.2977 0.2979 0.2980
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(@3) 0.0013 0.0011 0.0009 0.0007 0.0005 0.0003
g 4(D4) -0.0039 -0.0037 -0.0035 -0.0033 -0.0032 -0.0030
'g 5(®@5) 0.6571 0.6575 0.6577 0.6578 0.6579 0.6580
E 6(D6) 0.0985 0.0987 0.0988 0.0991 0.0993 0.0991
7(D7) 0.5298 0.5297 0.5296 0.5295 0.5291 0.5286
“ 8(t4) 0.0759 0.0757 0.0755 0.0754 0.0752 0.0750
? 9(ty) 1.9648 1.9652 1.9658 1.9663 1.9667 1.9669
g 10(t3) 1.8422 1.8425 1.8426 1.8428 1.8429 1.8430
E 11(x,) 0.4893 0.4894 0.4895 0.4897 0.4899 0.4901
RMS 0.869144 0.869327 0.869492 0.869653 0.869756 0.869806
IED 0.032377 0.033010 0.033398 0.033774 0.034196 0.034605
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Table 6-26 The 11 extracted of 10 kVA transformer’s HV winding free buckling (Disk 6)

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®1) 0.2981 0.2982 0.2984 0.2986 0.2988 0.2990
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
=
g 3(®3) 0.0012 0.001 0.0007 0.0006 0.0003 0.0002
o
,E 4(D4) -0.0027 -0.0026 -0.0025 -0.0022 -0.0021 -0.0019
@
= 5(®5) 0.6682 0.6684 0.6685 0.6687 0.6689 0.6691
>
= 6(D6) 0.0993 0.0994 0.0996 0.0997 0.0999 0.1000
(D7) 0.5187 0.5182 0.5179 0.5175 0.5171 0.5167
“ 8(ty) 0.0748 0.0745 0.0744 0.0743 0.0741 0.0740
=
= 9(ty) 1.9673 1.9679 1.9682 1.9686 1.9691 1.9692
©
£ 10(t3) 1.8431 1.8433 1.8434 1.8437 1.8439 1.8441
f_'i 11(ty) 0.4904 0.4911 0.4915 0.4917 0.4922 0.4925
RMS 0.870091 0.870277 0.870377 0.870526 0.870692 0.870765
IED 0.046231 0.046895 0.047286 0.047905 0.048521 0.049063
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Figure 6-20 CBD trend for the 10 kVA transformer’s HV winding free buckling
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Figure 6-21 RMS trend for the 10 kVA transformer’s HV winding free buckling
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Figure 6-22 IED trend for the 10 kVA transformer’s HV winding free buckling

6:5:3 Forced Radial Buckling (40 MVA Transformer)

As listed in Tables 6-27 and 6-28, the impacts of forced radial buckling with fault
levels of 1% to 5% and 40% on the polar plots of phase A of the 40 MVA
transformer’s LV winding are obtained and processed to extract the features, using
the DIP techniques employed in this thesis.

As observed in the previous case study, the trend of all features is found to be similar
to the trend of all features in the 10 kVA transformer. It can also be seen that the
value of the extracted features is larger in the case of the 40 MVA transformer than
in the case of the 10 kVA transformer. As shown in Tables 6-27 and 6-28 as well as
Figures 6-23, 6-24 and 6-25, the three metrics, CBD, RMS and IED, increase along
with the increase in fault level, displaying values higher than those obtained from the
10 kVA transformer.

Table 6-27 Geometric dimension features of 40 MVA transformer’s LV winding forced buckling

Fault level
Feature

1% 2% 3% 4% 5% 40%

gl 45989 45975 45964 45948 45932 45325
g2 1419.82 1418.63 1417.24 1416.53 141477 1393.29
X-axis 659.73 659.61 659.56 659.52 659.43 638.24

s Y-axis 528.73 528.66 528.57 528.53 528.48 513.91
Major 640.71 640.63 640.55 640.39 640.24 638.82

& Minor 109.24 108.62 107.53 106.71 105.38 101.45
CBD 1820.93 1837.01 1850.71 1868.48 1887.86 2557.45
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Table 6-28 The 11 extracted features of 40 MVA transformer’s LV winding forced buckling

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®1) 0.9382 0.9423 0.9462 0.9517 0.9578 0.9736
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®3) 0.0019 0.0018 0.0017 0.0016 0.0015 0.0009
g 4(D4) -0.0604 -0.0612 -0.0635 -0.0657 -0.0663 -0.0689
@©
s 5(®S) 5.6224 5.6237 5.6255 5.6269 5.6283 5.6426
E 6(D6) 2.3627 2.3641 2.3659 2.3676 2.3683 2.3742
7(®7) 4.2668 4.2666 4.2665 4.2663 4.2662 4.2444
“ 8(ty) 0.041 0.0408 0.0407 0.0405 0.0404 0.0398
? 9(ty) 2.0005 2.0007 2.0009 2.0011 2.0013 2.0047
g 10(t3) 1.9002 1.9004 1.9006 1.9008 1.9011 1.9052
E 11(ty) 0.5661 0.5663 0.5664 0.5666 0.5668 0.5683
RMS 2.416197 2.416745 2.417445 2.418095 2.418698 2.419927
IED 0.355873 0.35875 0.36214 0.36584 0.36964 0.393519
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Figure 6-23 CBD trend for the 40 MVA transformer’s LV winding forced buckling
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Figure 6-24 RMS trend for the 40 MVA transformer’s LV winding forced buckling
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Figure 6-25 IED trend for the 40 MVA transformer’s LV winding forced buckling

6:5:4 Free Radial Buckling (40 MVA Transformer)

Table 6-29 Geometric dimension features of 40 MVA transformer’s HV winding free buckling (Disk 1)

Fault level
Feature

1% 2% 3% 4% 5% 40%

gl 65287 65266 65253 65248 65234 64983
g2 1758.76 1756.31 1755.21 1753.84 1751.45 1721.88
X-axis 643.82 643.67 643.52 643.38 643.21 593.41

9 Y-axis 599.83 599.64 599.42 599.37 599.11 596.82
Major 824.81 824.64 824.52 824.37 824.19 819.41

& Minor 192.76 192.59 192.42 192.34 192.17 189.81
CBD 941.84 965.97 980.73 987.52 1004.69 1344.49

Table 6-30 Geometric dimension features of 40 MVA transformer’s HV winding free buckling (Disk 5)

Fault level
Feature

1% 2% 3% 4% 5% 40%

gl 65192 65173 65160 65145 65123 64732
92 1748.31 1746.47 1744.82 1742.26 1740.91 1720.76
X-axis 642.76 642.61 642.52 642.38 642.19 592.37

9 Y-axis 598.76 598.53 598.48 598.31 598.71 596.42
Major 823.76 823.58 823.41 823.33 823.12 818.25

& Minor 191.84 191.63 191.54 191.41 191.29 189.53
CBD 1051.39 1073 1088.05 1106.13 1129.6 1599.49
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Table 6-31 Geometric dimension features of 40 MVA transformer’s HV winding free buckling (Disk 10)

Fault level
Feature

1% 2% 3% 4% 5% 40%

gl 65086 65062 65045 65027 65018 64598
g2 1737.89 1736.37 1735.62 1733.45 1731.92 1719.83
X-axis 641.92 641.75 641.61 641.43 641.22 591.21

e Y-axis 597.94 597.78 597.63 597.45 597.32 596.13
Major 822.86 822.65 822.48 822.22 822.09 817.17

e Minor 190.91 190.84 190.67 190.51 191.32 189.22
CBD 1171.3 1197.43 1215.81 1236.76 1246.95 1737.26

Free radial buckling faults with five minor fault levels (1% to 5%) and one
exaggerated fault level (40%) are simulated on the top disk (Disk 1), middle disk
(Disk 5) and bottom disk (Disk 10) of the 40 MVA transformer’s HV winding in
order to investigate their impact on the proposed polar plot signatures. The polar
plots of each fault level and location are processed, and the 15 image features are
extracted to calculate the proposed three metrics as listed in Tables 6-29 through 6-

34. These are plotted in Figures 6-26, 6-27 and 6-28.

Table 6-32 The 11 extracted features of 40 MVA transformer’s HV winding free buckling (Disk 1)

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®1) 0.6723 0.6745 0.6767 0.6783 0.6791 0.7015
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(@3) 0.0038 0.0036 0.0035 0.0032 0.0031 0.0013
é 4(D4) -0.0712 -0.0719 -0.0723 -0.0728 -0.0734 -0.0816
'% 5(®S) 3.4179 3.4267 3.4376 3.4496 3.4576 3.6175
E 6(D6) 1.0983 1.0985 1.0986 1.0987 1.0989 1.1064
7(®7) 2.4389 24371 2.4363 2.4354 2.4322 2.4087
z 8(ty) 0.0539 0.0537 0.0535 0.0534 0.0531 0.0498
E 9(ty) 2.0002 2.0005 2.0008 2.0011 2.0016 2.0053
g 10(t3) 1.8934 1.8938 1.8955 1.8967 1.8989 1.9682
E 11(ty) 0.5531 0.5549 0.5562 0.5571 0.5578 0.5889
RMS 1.57215 1.573873 1.576275 1.578795 1.580303 1.619634
IED 0.281049 0.28993 0.300165 0.311271 0.320055 0.488266
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Table 6-33 The 11 extracted features of 40 MVA transformer’s HV winding free buckling (Disk 5)

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®1) 0.6827 0.6834 0.6858 0.6878 0.6892 0.7045
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
% 3(®3) 0.0029 0.0027 0.0026 0.0023 0.0022 0.0012
,E 4(D4) -0.0735 -0.0741 -0.0748 -0.0752 -0.0758 -0.0837
'g 5(D5) 3.4672 3.4762 3.4873 3.4969 3.5173 3.6375
E 6(D6) 1.0992 1.0994 1.0995 1.0997 1.0999 1.1073
T7(D7) 2.4276 2.4255 2.4249 2.4235 24217 2.4054
“ 8(ty) 0.0528 0.0526 0.0524 0.0523 0.0522 0.0483
? 9(ty) 2.0023 2.0025 2.0026 2.0027 2.0029 2.0061
g 10(t3) 1.9012 1.9024 1.9056 1.9067 1.9089 1.9782
5 11(ty) 0.5619 0.5635 0.5649 0.5669 0.5685 0.5929
RMS 1.582195 1.583944 1.586586 1.5886 1.592824 1.624762
IED 0.331635 0.340728 0.351494 0.361095 0.380253 0.510495

Table 6-34 The 11 extracted features of 40 MVA transformer’s HV winding free buckling (Disk 10)

Fault level
Feature
1% 2% 3% 4% 5% 40%
1(®1) 0.6909 0.6928 0.6943 0.6962 0.6987 0.7078
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
% 3(@3) 0.0019 0.0018 0.0017 0.0015 0.0014 0.0011
é 4(D4) -0.0761 -0.0767 -0.0772 -0.0779 -0.0784 -0.0854
'% 5(®5) 3.5274 3.5371 3.5483 3.5567 3.5696 3.6482
E 6(®6) 1.1002 1.1004 1.1005 1.1006 1.1009 1.1085
7(®7) 24191 2.4176 2.4158 24142 2.4126 2.4026
2 8(ty) 0.0517 0.0516 0.0515 0.0513 0.0511 0.0475
g 9(ty) 2.0032 2.0034 2.0036 2.0037 2.0035 2.0068
g 10(t3) 1.9162 1.9167 1.9179 19181 1.9182 1.9882
E 11(ty) 0.5736 0.5736 0.5765 0.5772 0.5791 0.5978
RMS 1.595576 1.597488 1.599812 1.601428 1.603986 1.628125
IED 0.391897 0.401446 0.412775 0.421305 0.434006 0.52456

As observed in the previous case study, the three parameters increase along with the
increase in fault level. They also increase when the fault moves toward the bottom of
the windings. The results reveal that the fault level and location can be identified and
quantified using the proposed approach.
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Figure 6-26 CBD trend for the 40 MVA transformer’s HV winding free buckling
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Figure 6-27 RMS trend for the 40 MVA transformer’s HV winding free buckling
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Figure 6-28 IED trend for the 40 MVA transformer’s HV winding free buckling

6:6 Case Study 3: Axial Displacement Fault

Using the FRA technique, this section investigates the impact of axial displacement

at minor levels and is based on the proposed DIP application.
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6:6:1 Axial Displacement (10 kVA Transformer)

The impact of axial displacement is obtained at 1% to 5% fault levels on the FRA

polar plot signature of the 10 kVA transformer’s HV and LV windings. For all minor

levels of axial displacement, polar plots are analysed using the developed DIP

techniques to extract various image features as given in Tables 6-35, 6-36, 6-37 and

6-38.

Table 6-35 Geometric dimension features of 10 kVA transformer’s HV winding axial displacement

Fault level
Feature
1% 2% 3% 4% 5%
gl 30514 30534 30548 30557 30568
g2 881.06 881.15 881.27 881.39 881.48
X-axis 361.21 361.75 362.34 362.83 363.24
e Y-axis 291.03 291.14 291.26 291.35 291.46
Major 377.13 377.84 378.26 378.92 379.73
& Minor 110.32 110.37 110.41 110.49 110.55
CBD 80.06 101.56 116.85 127.29 139.77

Table 6-36 Geometric dimension features of 10 kVA transformer’s LV winding axial displacement

Fault level
Feature

1% 2% 3% 4% 5%

gl 9784 9813 9846 9886 9916
g2 494.71 495.08 495.66 496.29 496.71
X-axis 340.07 340.25 340.38 340.46 340.68
e Y-axis 291.21 291.84 292.06 292.52 292.93
Major 222.03 222.31 222.45 222.67 222.89

ok Minor 60.76 60.92 61.09 61.21 61.34
CBD 188.94 219.56 253.8 295.31 326.71

Tables 6-35 and 6-36 show that the four geometric dimension features increase along

with the increase in fault level. Tables 6-37 and 6-38 show that, along with the

increase in fault level, Features 1, 5, 6, 9, 10 and 11 decrease and Features 3, 4, 7,

and 8 increase. Feature 2 is maintained at a constant zero value.
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Table 6-37 The 11 extracted features of 10 kVA transformer’s HV winding axial displacement

Fault level
Feature
1% 2% 3% 4% 5%
1(®1) 0.2684 0.2651 0.2627 0.2594 0.2563
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
% 3(®3) 0.0018 0.0022 0.0023 0.0024 0.0025
,E 4(D4) -0.0083 -0.0085 -0.0087 -0.0088 -0.0089
'g 5(D5) 0.6195 0.6186 0.6172 0.6161 0.6153
E 6(D6) 0.0948 0.0934 0.0921 0.0913 0.0905
(D7) 0.5481 0.5483 0.5485 0.5487 0.5489
2 8(ty) 0.0824 0.0829 0.0835 0.0838 0.0844
g 9(t,) 1.9282 1.9275 1.9261 1.9253 1.9226
S 10(t3) 1.7895 1.7883 1.7872 1.7864 1.7851
5 11(xy) 0.4683 0.4675 0.4655 0.4646 0.4631
RMS 0.848081 0.847514 0.846757 0.846234 0.845222
IED 0.058820 0.061957 0.065626 0.068768 0.073257

Table 6-38 The 11 extracted features of 10 kVA transformer’s LV winding axial displacement

Fault level
Feature
1% 2% 3% 4% 5%
1(®1) 0.4679 0.4661 0.4572 0.4537 0.4513
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
% 3(@3) 0.0018 0.0020 0.0021 0.0022 0.0023
é 4(D4) -0.0078 -0.0079 -0.0081 -0.0082 -0.0084
'g 5(®5) 1.6813 1.6673 1.6446 1.6371 1.6257
E 6(P6) 0.4182 0.4172 0.4158 0.4143 0.4127
7(D7) 1.4529 1.4545 1.4572 1.4584 1.4595
z 8(ty) 0.0621 0.0624 0.0629 0.0631 0.0634
g 9(ty) 1.9689 1.9673 1.9666 1.9651 1.9637
£ 10(t3) 1.8568 1.8557 1.8535 1.8522 1.8513
E 11(t,) 0.5058 0.5043 0.5022 0.5010 0.5004
RMS 1.083577 1.081200 1.077424 1.075844 1.073861
IED 0.060020 0.073880 0.097497 0.105916 0.117762

The CBD, RMS and IED values are calculated based on the extracted features and
are depicted in Figures 6-29 through 6-34. As can be seen in these figures, the CBD
and IED metrics increase, while the RMS metric decreases, along with the increase
in the axial displacement level, which can be used to quantify the fault level. The
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figures also show the proposed threshold limits for the three metrics in which a
minor axial displacement is considered only if at least one of the three metrics lies
between its designated minimum and maximum limits. If any metric exceeds its
designated maximum limit, a major AD may be reported. All calculated metrics

should be less than the minimum limit to report an insignificant fault level.
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Figure 6-29 CBD trend for the 10 kVA transformer’s HV winding AD
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Figure 6-30 CBD trend for the 10 kVA transformer’s LV winding AD
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Figure 6-31 RMS trend for the 10 kVA transformer’s HV winding AD
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Figure 6-33 IED trend for the 10 kVA transformer’s HV winding AD
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Figure 6-34 1ED trend for the 10 kVA transformer’s LV winding AD

6:6:2 Axial Displacement (40 MVA Transformer)

An AD fault with five minor levels (1% to 5%) is simulated using FEA on phase A
of the 40 MVA transformer’s HV and LV windings, and the corresponding FRA
polar plot signature for each investigated fault is obtained.
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Table 6-39 Geometric dimension features of 40 transformer’s MVA HV winding AD

Fault level
Feature
1% 2% 3% 4% 5%

gl 67226 67432 67588 67694 67791
g2 1895.09 1895.28 1895.37 1895.64 1895.75
X-axis 745.34 746.52 747.67 748.28 749.73

% Y-axis 622.76 623.86 624.37 625.18 626.59
Major 846.28 846.46 846.69 847.22 847.57

& Minor 210.14 210.39 210.58 210.74 210.96
CBD 1296.79 1505.69 1663.86 1772.24 1872.78

Table 6-40 Geometric dimension features of 40 MVA transformer’s LV winding AD

Fault level
Feature
1% 2% 3% 4% 5%

gl 48854 48886 48917 48967 48993

g2 1476.13 1476.32 1476.48 1476.67 1476.92

X-axis 675.07 675.48 675.83 676.27 676.85

% Y-axis 565.41 565.52 565.63 565.77 565.94
Major 645.34 646.27 647.15 648.52 649.86

& Minor 129.16 129.37 129.46 129.71 129.83
CBD 1176.95 1210.8 1243.39 1295.78 1324.24

Table 6-41 The 11 extracted features of 40 MVA transformer’s HV winding AD
Fault level
Feature
1% 2% 3% 4% 5%

1(®d4) 0.5992 0.5974 0.5958 0.5931 0.5907

- 2(®2) 0.0000 0.0000 0.0000 0.0000 0.0000
% 3(d3) 0.0124 0.0176 0.0226 0.0289 0.0319
g 4(y) -0.0458 -0.0468 -0.0473 -0.0482 -0.0494
'g 5(®s) 3.1684 3.1675 3.1664 3.1652 3.1638
E 6(Ps) 1.0895 1.0884 1.0876 1.0861 1.0838
7(P7) 2.5952 2.5968 2.5976 2.5985 2.5992

2 8(tq) 0.0643 0.0657 0.0662 0.0673 0.0684
§ 9(t,) 1.9624 1.9622 1.9617 1.9611 1.9605
§ 10(z3) 1.8625 1.8621 1.8618 1.8615 1.8611
E 11(zy) 0.5121 0.5118 0.5116 0.5114 0.5111
RMS 1.534702 1.534581 1.534301 1.533930 1.533434
IED 0.042565 0.046361 0.049857 0.055179 0.059580
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Table 6-42 The 11 extracted features of 40 MVA transformer’s LV winding AD

Fault level
Feature
1% 2% 3% 4% 5%
1(®) 0.8076 0.8012 0.7986 0.7932 0.7907
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
% 3(®s) 0.0157 0.0189 0.0208 0.0235 0.0276
,E 4(Dy) -0.0414 -0.0422 -0.0445 -0.0457 -0.0467
'g 5(®s) 5.2764 5.2742 5.2731 5.2722 5.2708
E 6(Ps) 2.3386 2.3375 2.3364 2.3342 2.3321
7(®7) 4.3237 4.3256 4.3282 4.3327 4.3358
“ 8(ty) 0.0559 0.0589 0.0612 0.0656 0.0687
§ 9(z,) 1.9592 1.9581 1.9573 1.9555 1.9524
g 10(z3) 1.8679 1.8663 1.8658 1.8631 1.8617
E 11(zy) 0.5287 0.5276 0.5252 0.5245 0.5231
RMS 2.340710 2.340067 2.339962 2.339837 2.339454
IED 0.032238 0.038028 0.042318 0.050006 0.057177

The signatures are analysed using the developed DIP techniques to extract 15

features of the polar plot image as given in Tables 6-39, 6-40, 6-41 and 6-42. The

trend of the 40 MV A transformer’s extracted features is similar to the trend of the 10

kVA transformer’s extracted features, however, the extracted features are larger in

the case of the 40 MVA transformer. The threshold minimum and maximum levels

of the three calculated metrics are illustrated in Figures 6-35 through 6-40. These

figures show that while the CBD and IED metrics increase along with the increase in

fault level, the RMS metric decreases. This is similar to the trend seen in the case of
10 kV A transformer.
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Figure 6-35 CBD trend for the 40 MVA transformer’s HV winding AD
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Figure 6-36 CBD trend for the 40 MVA transformer’s LV winding AD

Min
1% 2% 3% 4% 5%
Fault level

Figure 6-37 RMS trend for the 40 MVA transformer’s HV winding AD

1.5347
1.5344

£ 1.5341

=

& 15338
1.5335

1.5332

Max
Mi b
in
1% 2% 3% 4% 5%

Fault level
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Figure 6-40 IED trend for the 40 MVA transformer’s LV winding AD

6:6:3 Disk Space Variation (10 kVA Transformer)

Table 6-43 Geometric dimension features of 10 kVA transformer’s HV winding DSV (Disk 1)

Fault level
Feature
1% 2% 3% 4% 5%
gl 30450 30453 30455 30457 30458
g2 879.02 879.04 879.05 879.06 879.08
X-axis 358.92 358.94 358.95 358.97 358.98
% Y-axis 290.02 290.03 290.05 290.07 290.08
Major 375.14 375.16 375.17 375.19 375.2
& Minor 109.42 109.43 109.45 109.47 109.48
CBD 7.83 10.91 12.98 15.07 16.13

Table 6-44 Geometric dimension features of 10 kVA transformer’s HV winding DSV (Disk 3)

Fault level
Feature
1% 2% 3% 4% 5%
gl 30462 30464 30465 30467 30469
g2 879.13 879.14 879.16 879.18 879.19
X-axis 359.02 359.03 359.05 359.06 359.08
. Y-axis 290.10 290.13 290.15 290.17 290.19
Major 375.23 375.25 375.26 375.28 375.29
o Minor 109.51 109.52 109.54 109.56 109.58
CBD 20.3 22.38 23.47 25.56 27.64

The impacts of a disk space variation fault of the same levels and locations as in

Chapter 5 are obtained from the proposed polar plot signature. Using the developed
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DIP techniques, the geometric dimension features and the 11 combined features of
invariant moment and texture analysis techniques are extracted as shown in Tables 6-
43 through 6-48. These tables indicate that the extracted features in this case study
follow a similar trend to that of the AD fault where CBD and IED values increase

and the RMS metric decreases along with the increase in DSV fault level.

Table 6-45 Geometric dimension features of 10 kVA transformer’s HV winding DSV (Disk 6)

Fault level
Feature
1% 2% 3% 4% 5%
gl 30471 30473 30475 30478 30479
92 879.23 879.24 879.25 879.27 879.29
X-axis 359.11 359.12 359.15 359.17 359.19
% Y-axis 290.22 290.24 290.25 290.28 290.29
Major 375.31 375.33 375.35 375.37 375.38
o Minor 109.60 109.62 109.64 109.66 109.69
CBD 29.78 31.86 33.95 37.06 38.15

Table 6-46 The 11 extracted features of 10 kVA transformer’s HV winding DSV (Disk 1)

Fault level
Feature
1% 2% 3% 4% 5%
1(®) 0.2921 0.2919 0.2918 0.2917 0.2916
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®s) 0.0017 0.0019 0.0021 0.0022 0.0023
g 4(Ds) -0.0052 -0.0055 -0.0056 -0.0058 -0.0059
'g 5(®s) 0.6357 0.6356 0.6355 0.6354 0.6353
§ 6(Ps) 0.0978 0.0976 0.0975 0.0973 0.0972
7(®7) 0.5424 0.5426 0.5428 0.5429 0.5431
“ 8(ty) 0.0781 0.0783 0.0784 0.0786 0.0788
§ 9(ty) 1.9608 1.9607 1.9605 1.9603 1.9602
§ 10(z3) 1.8220 1.8219 1.8217 1.8216 1.8215
E 11(zy4) 0.4863 0.4859 0.4855 0.4847 0.4842
RMS 0.863410 0.863348 0.863249 0.863143 0.863081
IED 0.001631 0.002131 0.002666 0.003524 0.004133
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Table 6-47 The 11 extracted features of 10 kVA transformer’s HV winding DSV (Disk 3)

Fault level
Feature
1% 2% 3% 4% 5%
1(®4) 0.2897 0.2892 0.2886 0.2881 0.2877
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®s) 0.0025 0.0026 0.0027 0.0028 0.0029
g 4(Ds) -0.0061 -0.0062 -0.0064 -0.0065 -0.0066
'g 5(®s) 0.6348 0.6346 0.6345 0.6344 0.6341
E 6(Ps) 0.0969 0.0968 0.0966 0.0965 0.0963
7(P7) 0.5434 0.5436 0.5437 0.5439 0.5442
2 8(t4) 0.0793 0.0794 0.0797 0.0798 0.0799
? 9(t,) 1.9598 1.9596 1.9595 1.9593 1.9592
g 10(z3) 1.8212 1.821 1.8208 1.8206 1.8202
E 11(z,) 0.4839 0.4837 0.4836 0.4834 0.4832
RMS 0.862852 0.862745 0.862662 0.862562 0.862438
IED 0.005696 0.006332 0.006994 0.007633 0.008311
Table 6-48 The 11 extracted features of 10 kVA transformer’s HV winding DSV (Disk 6)
Fault level
Feature
1% 2% 3% 4% 5%
1(®d4) 0.2865 0.2854 0.2837 0.2831 0.2819
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®s) 0.0031 0.0032 0.0034 0.0035 0.0036
g 4(Dy) -0.0068 -0.0069 -0.0071 -0.0072 -0.0074
'g 5(®s) 0.6337 0.6335 0.6334 0.6332 0.6330
E 6(Pe) 0.0957 0.0956 0.0954 0.0952 0.0951
7(®7) 0.5446 0.5447 0.5449 0.5452 0.5453
2 8(tq) 0.0803 0.0805 0.0806 0.0809 0.0811
g 9(t,) 1.9587 1.9586 1.9584 1.9582 1.9581
e [ 10) 1.8197 1.8196 1.8194 1.8193 1.8191
E 11(z,) 0.4829 0.4827 0.4826 0.4824 0.4821
RMS 0.862181 0.862091 0.861959 0.861875 0.861758
IED 0.009898 0.010932 0.012455 0.013274 0.014516

As shown in Figures 6-41, 6-42 and 6-43, the value of the CBD and IED metrics

increase, while RMS decreases, when the fault moves toward the bottom of the

winding. These figures also show the proposed threshold limits that can be used to
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identify the location and level of minor DSV faults, and reveal the ability of the
proposed approach to identify the DSV fault location within the HV winding without
any overlapping among the obtained metric trends. The results of the DIP technique
show the same trend for the two investigated fault types (AD and DSV). However for
the same fault level, the value of the CBD and IED is higher for the AD fault than for
the DSV fault, and the RMS value is less for the AD fault. This is a key factor for
distinguishing the two fault types.
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Figure 6-41 CBD trend for the 10 kVA transformer’s HV winding DSV
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6:6:4 Disk Space Variation (40 MVA Transformer)

The polar plot signatures of the DSV fault are obtained from five minor fault levels
(1% to 5%) and at various locations including the top disk (Disk 1), the middle disk
(Disk 5), and the bottom (Disk 10) of the 40 MVA transformer’s HV winding. These

signatures are then processed to extract the features for this case study as given in
Tables 6-49 through 6-54. As shown in Figures 6-44, 6-45 and 6-46, the three

metrics (CBD, RMS and IED) are calculated to identify the minimum and maximum

threshold limits for each level/location of the DSV fault within the HV winding.

Table 6-49 Geometric dimension features of 40 MVA transformer’s HV winding DSV (Disk 1)

Fault level
Feature
1% 2% 3% 4% 5%

gl 66101 66103 66105 66106 66108
g2 1838.21 1838.74 1839.17 1839.58 1839.93

X-axis 674.82 675.82 676.82 677.82 678.82

s Y-axis 613.01 613.24 613.35 613.63 613.75
Major 835.11 835.56 835.87 836.24 836.86

o Minor 200.04 200.28 200.37 200.45 200.52

CBD 13.37 17.82 21.76 249 29.06

Table 6-50 Geometric dimension features of 40 MVA transformer’s HV winding DSV (Disk 5)

Fault level
Feature
1% 2% 3% 4% 5%

gl 66110 66113 66116 66117 66119
92 1840.03 1840.57 1840.86 1842.12 1842.78
X-axis 680.65 681.65 682.65 683.65 684.65

e Y-axis 614.14 614.26 614.43 614.57 614.82
Major 837.19 837.77 838.05 838.63 838.97

o Minor 200.63 200.83 201.12 201.47 201.69

CBD 33.82 39.26 44.29 48.62 53.09
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Table 6-51 Geometric dimension features of 40 MVA transformer’s HV winding DSV (Disk 10)

Fault level
Feature
1% 2% 3% 4% 5%

gl 66122 66124 66125 66128 66129
g2 1843.1 1843.64 1844.89 1844.07 1844.62
X-axis 691.65 692.65 694.65 695.65 698.65

% Y-axis 615.13 615.32 615.46 615.68 615.91
Major 839.07 839.18 839.34 839.49 839.82

& Minor 201.73 201.96 202.17 202.23 202.55

CBD 63.86 67.93 72.69 76.3 81.73

Table 6-52 The 11 extracted features of 40 MVA transformer’s HV winding DSV (Disk 1)

Fault level
Feature
1% 2% 3% 4% 5%

1(®,) 0.6205 0.6204 0.6203 0.6202 0.6201
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
=
§ 3(®s) 0.0072 0.0073 0.0074 0.0075 0.0076
o
g 4(Dy) -0.0351 -0.0352 -0.0353 -0.0355 -0.0356
@©
s 5(®s) 3.1859 3.1858 3.1856 3.1854 3.1853
>
= 6(Ps) 1.0938 1.0937 1.0935 1.0933 1.0931

7(®7) 2.5772 25774 2.5775 2.5776 2.5778
g 8(ty) 0.0575 0.0576 0.0577 0.0578 0.0579
>
f_g 9(t,) 1.9712 19711 1.9709 1.9708 1.9707
[+
g 10(z3) 1.8662 1.8661 1.866 1.8659 1.8658
E 11(ty,) 0.5293 0.5292 0.5291 0.529 0.5289

RMS 1.538193 1.538169 1.538093 1.538029 1.537999
IED 0.003231 0.003428 0.003685 0.004044 0.004326

This confirms the ability of the proposed approach to detect the level and location of
the DSV fault without overlapping the proposed limits. Similar to the analysis of the
DSV fault for the 10 kVA transformer, the same trend for the calculated metrics is
observed for each level and location, with larger values in the case of the 40 MVA

transformer.
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Table 6-53 The 11 extracted features of 40 MVA transformer’s HV winding DSV (Disk 5)

Fault level
Feature
1% 2% 3% 4% 5%
1(®,) 0.6199 0.6198 0.6197 0.6196 0.6195
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®s) 0.0081 0.0082 0.0084 0.0085 0.0087
g 4(Ds) -0.0362 -0.0363 -0.0364 -0.0366 -0.0368
'g 5(®s) 3.1848 3.1847 3.1845 3.1844 3.1842
E 6(Ps) 1.0928 1.0926 1.0925 1.0924 1.0922
7(®7) 2.5782 2.5784 2.5785 2.5787 2.5789
“ 8(ty) 0.0581 0.0583 0.0584 0.0586 0.0587
? 9(ty) 1.9699 1.9698 1.9696 1.9695 1.9693
g 10(z3) 1.8656 1.8655 1.8654 1.8653 1.8652
E 11(zy) 0.5287 0.5286 0.5284 0.5283 0.5282
RMS 1.53782 1.53779 1.537718 1.537695 1.537635
IED 0.005492 0.005827 0.006196 0.006589 0.007080

Table 6-54 The 11 extracted features of 40 MVA transformer’s HV winding DSV (Disk 10)

Fault level
Feature
1% 2% 3% 4% 5%
1(®,) 0.6188 0.6187 0.6186 0.6184 0.6182
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®s) 0.0093 0.0095 0.0096 0.0097 0.0098
g 4(Ds) -0.0372 -0.0374 -0.0375 -0.0376 -0.0377
'g 5(®s) 3.1839 3.1838 3.1837 3.1835 3.1834
E 6(Ds) 1.0917 1.0916 1.0915 1.0914 1.0912
7(®7) 2.5793 2.5795 2.5796 2.5797 2.5799
“ 8(ty) 0.0592 0.0593 0.0594 0.0596 0.0597
g 9(ty) 1.9688 1.9686 1.9685 1.9684 1.9683
£ 10(z3) 1.8649 1.8648 1.8647 1.8645 1.8644
E 11(z,) 0.5279 0.5278 0.5276 0.5275 0.5273
RMS 1.537483 1.537448 1.537407 1.537335 1.537298
IED 0.008360 0.008804 0.009119 0.009513 0.009920
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Figure 6-46 IED trend for the 40 MVA transformer’s HV winding DSV

In the case of overlapped values in any of the calculated metrics, the DSV fault
location can be still identified as within the top, middle or bottom section of the
winding. The chance of error when identifying the exact faulty disk within the
winding is very small, because the height of each winding is also relatively small
(14.14 x 3 cm in the case of the 10 kVA transformer and 40 x 3 cm in the case of the
40 MVA transformer).
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6.7 Case Study 4: Bushing Fault

The previous case studies in Chapter 5, which investigated the impact of bushing
faults within the 10 kVA and 40 MVA simulated transformer models using current
FRA practice, are re-examined using the proposed DIP application. The FRA polar
plot signatures for the same case studies are obtained and manipulated using the
developed techniques to extract the proposed 15 image features as listed in Tables 6-
55, 6-56, 6-57 and 6-58.

Table 6-55 Geometric dimension features of thel0 KVA HV winding with bushings failure

Fault level
Feature
1% 2% 3% 4% 5%
gl 30671 30673 30675 30677 30678
g2 925.84 926.03 926.37 926.68 926.97
X-axis 368.56 368.89 369.05 369.48 369.81
s Y-axis 297.46 297.79 298.12 298.56 298.93
Major 397.14 397.32 397.48 397.61 397.78
& Minor 120.78 121.09 121.24 121.56 121.83
CBD 7.95 11.29 14.43 18.06 20.49

Table 6-56 Geometric dimension features of the 40 MVA HV winding with bushings failure

Fault level
Feature
1% 2% 3% 4% 5%

gl 66465 66467 66469 66472 66474
g2 2043.45 2043.89 2044.31 2044.62 2044.97

X-axis 702.81 703.04 703.24 703.57 703.76

e Y-axis 644.88 645.11 645.34 645.57 645.71
Major 882.12 882.33 882.46 882.58 882.71

o Minor 235.06 235.31 235.52 235.74 235.92

CBD 41.42 44.78 47.97 52.18 55.17

As can be seen in these tables, when complex permittivity and electrical conductivity

increase from 1% to 5%, the four geometric features and seven invariant moment

features for the two investigated transformers increase, while the four texture

analysis features decrease.
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Table 6-57 The 11 extracted features of the 10 kVA HV winding with bushings failure

Fault level
Feature
1% 2% 3% 4% 5%
1(®,) 0.3062 0.3069 0.3073 0.3077 0.3085
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®s) 0.0031 0.0032 0.0034 0.0036 0.0037
g 4(Ds) -0.0111 -0.0114 -0.0115 -0.0116 -0.0118
'g 5(®s) 1.1031 1.1045 1.1057 1.1069 1.1077
E 6(Ps) 0.1012 0.1013 0.1015 0.1017 0.1018
7(®7) 1.0006 1.0009 1.0012 1.0013 1.0017
“ 8(ty) 0.0755 0.0751 0.0748 0.0746 0.0745
? 9(ty) 1.9539 1.9538 1.9536 1.9533 1.9532
g 10(z3) 1.8178 1.8176 1.8174 1.8173 1.8171
E 11(z,) 0.4795 0.4794 0.4793 0.4792 0.4791
RMS 0.938078 0.938217 0.938309 0.938381 0.938471
IED 0.506414 0.507839 0.509076 0.510227 0.511152

Table 6-58 The 11 extracted features of the 40 MVA HV winding with bushings failure

Fault level
Feature
1% 2% 3% 4% 5%
1(®,) 0.6232 0.6234 0.6235 0.6237 0.6239
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®s) 0.0083 0.0085 0.0086 0.0087 0.0089
g 4(Ds) -0.0432 -0.0434 -0.0436 -0.0437 -0.0438
'g 5(®s) 3.2005 3.2013 3.2019 3.2021 3.2022
E 6(Ds) 1.1842 1.1856 1.1863 1.1871 1.1884
7(®7) 2.7629 2.7632 2.7638 2.7643 2.7649
z 8(t4) 0.0958 0.0956 0.0955 0.0953 0.0951
g 9(ty) 1.9626 1.9623 1.9620 1.9618 1.9615
g 10(z3) 1.8647 1.8644 1.8643 1.8641 1.8639
E 11(z,) 0.5277 0.5275 05273 0.5271 0.5269
RMS 1.574975 1.575200 1.575407 1.575535 1.575683
IED 0.207094 0.208063 0.208979 0.209820 0.210971

The three proposed metric, CBD, RMD and IED, are calculated to detect any
anomaly in the fingerprint features for each transformer. As can be observed in
Tables 6-55 and 6-56, the CBD metric increases almost linearly along with the
increase in bushing fault level. Also, at a given fault level, the CBD metric is
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significantly higher in the case of the 40 MVA transformer compared to the case of
the 10 kVA transformer. Tables 6-57 and 6-58 show that the two remaining metrics
(RMS and IED) increase only slightly along with the increase in fault level. It can
also be observed that while the RMS values are higher in the case of the 40 MVA
transformer, in the case of the 10 kVA transformer, the IED values are higher. Figure
6-47 shows the individual impacts of the 10 kVA and 40 MVA transformers with
bushing failures on the CBD metric, which increases with the increase of the

dielectric material level.
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Figure 6-47 CBD metric trend for the 10 kVA and 40 MVA transformers with bushing fault levels

6:8 Case Study 5: Insulation System
Degradation

As discussed in Chapter 5, the obtained FRA signature shows slight variation in the
high frequency range due to insulating oil degradation. This variation, however, is
extremely difficult to attribute to oil degradation, because it shows a similar trend to
the impact of bushing faults in this frequency range. Using the same levels of mineral
and vegetable oil degradation as Chapter 5, the proposed technique is used to
manipulate the obtained polar plot signatures of the investigated transformers in
order to extract the simulated 15 image features as shown in Tables 6-59 through 6-
66.
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Table 6-59 Geometric dimension features of the 10 kVA HV winding with mineral oil degradation

Fault level
Feature
1% 2% 3% 4% 5%
gl 31026 31028 31031 31033 31035
g2 947.13 948.34 949.41 950.07 951.62
X-axis 377.04 377.37 377.69 378.28 378.89
% Y-axis 304.31 304.79 305.08 305.57 305.93
Major 406.27 406.58 406.86 407.05 407.12
& Minor 125.03 125.19 125.27 125.38 125.51
CBD 412.95 417.44 422.48 426.52 431.24

Table 6-60 Geometric dimension features of the 40 MVVA HV winding with mineral oil degradation

Fault level
Feature
1% 2% 3% 4% 5%

gl 67027 67031 67033 67035 67038
g2 2107.06 2108.15 2109.27 2110.43 2111.52
X-axis 732.54 732.67 732.79 732.86 732.98

% Y-axis 689.07 689.46 689.88 690.11 690.36
Major 906.03 906.12 906.36 906.48 906.56

& Minor 248.46 248.89 249.11 249.42 249.67
CBD 778.26 784.39 788.51 792.4 797.19

Table 6-61 The 11 extracted features of the 10 k\VA HV winding with mineral oil degradation

Fault level
Feature
1% 2% 3% 4% 5%
1(®,) 0.3142 0.3152 0.3167 0.3182 0.3191
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®s) 0.0051 0.0052 0.0053 0.0055 0.0057
g 4(Ds) -0.0189 -0.0191 -0.0193 -0.0195 -0.0197
'g 5(®s) 1.1249 1.1256 1.1262 1.1267 1.1273
E 6(Ds) 0.1539 0.1542 0.1544 0.1546 0.1548
7(®7) 1.0317 1.0325 1.0336 1.0349 1.0362
“ 8(tq) 0.0711 0.0709 0.0706 0.0704 0.0702
? 9(t,) 1.9527 1.9525 1.9523 1.9521 1.9518
§ 10(t3) 1.8146 1.8143 1.8139 1.8137 1.8135
E 11(z,) 0.4764 0.4762 0.476 0.4758 0.4756
RMS 0.943418 0.943508 0.943613 0.943763 0.943887
IED 0.542963 0.544035 0.545174 0.546317 0.547528
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Table 6-62 The 11 extracted features of the 40 MVA HV winding with mineral oil degradation

Fault level
Feature
1% 2% 3% 4% 5%
1(®,) 0.6452 0.6468 0.6477 0.6485 0.6494
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®s) 0.0102 0.0104 0.0105 0.0106 0.0107
g 4(Ds) -0.0568 -0.0572 -0.0575 -0.0579 -0.0583
'g 5(®s) 3.3762 3.3764 3.3765 3.3767 3.3768
E 6(Ps) 1.4351 1.4354 1.4358 1.4361 1.4366
7(®7) 29771 2.9773 2.9775 2.9778 2.9782
2 8(ty) 0.0548 0.0546 0.0542 0.0537 0.0532
? 9(ty) 1.9550 1.9547 1.9545 1.9542 1.9536
g 10(z3) 1.8461 1.8458 1.8456 1.8453 1.8447
E 11(z,) 0.5069 0.5067 0.5063 0.5058 0.5055
RMS 1.657792 1.657875 1.657936 1.657998 1.658020
IED 0.562476 0.563002 0.563541 0.564146 0.564928

Table 6-63 Geometric dimension features of the 10 kVA HV winding with vegetable oil degradation

Fault level
Feature
1% 2% 3% 4% 5%
gl 31334 31337 31341 31345 31348
g2 962.22 963.35 964.71 965.85 966.44
X-axis 382.13 382.22 382.35 382.49 382.58
% Y-axis 306.75 306.86 307.09 307.28 307.43
Major 409.62 409.75 409.92 410.15 410.34
& Minor 127.78 128.05 128.18 128.24 128.36
CBD 558.34 563.07 569.09 574.85 578.99

Table 6-64 Geometric dimension features of the 40 MVA HV winding with vegetable oil degradation
Fault level
Feature
1% 2% 3% 4% 5%
gl 67548 67550 67553 67555 67557
g2 2110.11 2111.28 2112.37 2113.49 2114.12
X-axis 734.28 734.35 734.41 734.55 734.68
s Y-axis 690.36 690.86 691.12 691.49 691.76
Major 908.56 908.83 909.04 909.34 909.68
o Minor 249.17 249.25 249.35 249.46 249.59
CBD 856.26 860.35 865.07 869.11 872.61
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Table 6-65 The 11 extracted features of the 10 kVA HV winding with vegetable oil degradation

Fault level
Feature
1% 2% 3% 4% 5%
1(®,) 0.3422 0.3425 0.3428 0.3431 0.3433
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®s) 0.0065 0.0066 0.0067 0.0068 0.0069
g 4(Ds) -0.0229 -0.0231 -0.0232 -0.0234 -0.0235
'g 5(®s) 1.3413 1.3426 1.3435 1.3447 1.3459
E 6(Ps) 0.2134 0.2136 0.2137 0.2138 0.2139
7(®7) 1.1013 1.1015 1.1016 1.1018 1.1019
“ 8(ty) 0.0656 0.0655 0.0653 0.0652 0.0651
? 9(ty) 1.9219 1.9212 1.9209 1.9206 1.9202
g 10(z3) 1.7978 1.7976 1.7974 1.7972 1.7969
E 11(zy) 0.4427 0.4426 0.4425 0.4423 0.4422
RMS 0.967716 0.967750 0.967792 0.967880 0.967923
IED 0.105856 0.107295 0.108286 0.109588 0.110880

Table 6-66 The 11 extracted features of the 40 MVA HV winding with vegetable oil degradation

Fault level
Feature
1% 2% 3% 4% 5%
1(®,) 0.6717 0.6722 0.6728 0.6731 0.6734
- 2(D2) 0.0000 0.0000 0.0000 0.0000 0.0000
g 3(®s) 0.0153 0.0155 0.0156 0.0157 0.0159
g 4(Ds) -0.0846 -0.0849 -0.0852 -0.0854 -0.0857
'g 5(®s) 3.6472 3.6475 3.6478 3.6481 3.6483
E 6(Ds) 1.8501 1.8504 1.8511 1.8518 1.8521
7(®7) 3.2163 3.2164 3.2166 3.2169 3.2171
z 8(t4) 0.0115 0.0114 0.0112 0.0109 0.0107
g 9(ty) 1.9262 1.9256 1.9244 1.9232 1.9225
g 10(z3) 1.8276 1.8275 1.8273 1.8271 1.8269
E 11(z,) 0.4848 0.4846 0.4845 0.4844 0.4842
RMS 1.779009 1.779055 1.779093 1.779136 1.779154
IED 0.182957 0.183576 0.184646 0.185776 0.186443

As can be observed from the above tables, the trend of the geometric features is
similar to the case of the bushing faults. However, the values of the four geometric
features are higher in the case of oil deterioration than in the corresponding features

obtained for bushing failure. The results also show that while a slight increase can be
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observed in the invariant moment features, when the oil degradation level increases,
there is a decrease in the texture analysis features. The values of the 11 texture
analysis and invariant moment features are higher than the corresponding features of
the bushing failure. In order to investigate the effect of oil type on the proposed polar
plot technique, the impact of insulating vegetable oil degradation based on the
obtained correlation in Chapter 4 (Figure 4-5) is implemented using FEA on both
investigated transformers. The impact of various mineral and vegetable oil
degradation levels (1% to 5%) on the 15 features extracted from the polar plot
images is found to have a similar trend to the case of mineral oil degradation, except
with higher values in all features. The three metrics (CBD, RMS and IED) are
calculated using the extracted features to assist with the classification of oil
degradation as listed in Tables 6-59 through 6-66. These tables show that the
increase in oil degradation level results in an observable increase in the CBD value,
and a slight increase in the RMS and IED values. The increasing range of these
parameters is higher in the case of vegetable oil degradation than that of mineral oil.
To distinguish the impact of bushing failure from insulating oil degradation on the
proposed polar plot, the two case studies investigated above can be compared. The
extracted features show that the geometric dimensions and invariant moment features
are higher in the case of oil degradation than the corresponding features obtained in
the case of bushing failure. Vegetable oil degradation is recognised by the higher
value of the extracted features from the geometric dimension and invariant moment
analyses. On the other hand, the four texture features are found to be highest in the
case of bushing failure, followed by mineral oil degradation, then vegetable oil
degradation. Figure 6-48 shows the individual impacts of mineral and vegetable oil
degradation on the CBD metric. At the same fault level, the CBD value for vegetable
oil degradation is much higher than the corresponding value of mineral oil
degradation.
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Figure 6-48 CBD metric trend for the 10 kVA and 40 MVA transformers with mineral and vegetable oil
degradation levels

6:9 Case Study 6: Practical Validation

To investigate the feasibility of the proposed approach and validate the above
simulation results, several practical measurements, based on the required test, fault
type and availability, are conducted in the laboratory using different power

transformers as illustrated below.

6:9:1 Practical Validation for Short Circuit Turns

A three-phase 7 kVA, 440/55V, 50Hz dry-type test transformer, which has several
winding tap positions to facilitate a short circuiting portion of the winding, is
simulated using finite element modelling and used for experimental measurements. A
turn-to-turn short circuit is created at levels 1%, 3% and 5% within the low-voltage
winding. A frequency response analyser is used to measure the healthy FRA
signature along with the signature for each investigated short circuit fault level.
Figure 6-49 shows the measured FRA signatures along with the FRA signatures
obtained from the finite element model of the healthy investigated transformer when
three short circuit levels (1% to 3%) take place within the LV winding. It can be seen
that the practical and simulated results are in agreement. The slight difference

between the practical and simulated results in both the mid and high frequency range
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is attributed to the inaccuracy of the transformer’s parameters used in the FEA

simulation.
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Figure 6-49 Impact of LV winding SC faults on conventional FRA signature (practical and simulated
results of 7 kVA dry-type transformer)
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Figure 50 Impact of LV winding SC faults on polar plot signature (practical and simulated results of 7
kVA dry-type transformer)

As can be observed in Figure 6-49, it is extremely difficult to visually distinguish
between the healthy and faulty signatures. Polar plot signatures (Figure 6-50) have
been obtained and processed using the developed DIP code to extract image features.
The geometric dimensions along with the 11 features of the invariant moment and
texture analysis are extracted for experimental measurements and simulation
analysis. They are respectively shown in Tables 6-67, 6-68, 6-69, and 6-70. Analysis
of the extracted features indicates that the trend of the three metrics (CBD, RMS and

IED) is similar to that of the two simulation case studies discussed above (Case

Study 6.4).
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Table 6-67 Geometric dimension features of the 7 kVA dry-type transformer’s LV winding (practical)

Fault level
Feature Healthy

1% 3% 5%

gl 5635 5614 5601 5572
g2 392.84 391.87 389.31 387.21
X-axis 339.83 339.21 339.12 339.04
e Y-axis 284.84 283.47 282.41 281.86
Major 152.16 151.78 150.32 149.63

e Minor 48.5 47.45 46.64 45.21
¢cesb ] - 25.39 44.37 78.22

Table 6-68 Geometric dimension features of the 7 kVA dry-type transformer’s LV winding (simulated)

Fault level
Feature Healthy

1% 3% 5%

gl 5382 5373 5358 5337
g2 378.87 377.17 375.76 373.24
X-axis 339.29 338.94 338.72 338.46
e Y-axis 281.37 280.74 280.67 280.63
Major 148.64 146.06 144.23 142.13

& Minor 47.13 46.18 4491 43.35
¢cesb - 15.21 35.01 62.49

Table 6-69 The 11 extracted features of the 7 KVA dry-type transformer’s LV winding (practical)

Fault level
Feature Healthy o . —
1(®) 0.9585 0.9613 0.9629 0.9659
- 2(®,) 0.0000 0.0000 0.0000 0.0000
% 3(®s) 0.0012 0.0011 0.0008 0.0006
g 4(Ds) -0.0105 -0.0103 -0.0101 -0.0090
'g 5(ds) 6.5234 6.5235 6.5237 6.5239
E 6(Ds) 3.1971 3.1972 3.1974 3.1977
(D7) 5.6516 5.6514 5.6510 5.6507
“ 8(tq) 0.0505 0.0499 0.0496 0.0491
g 9(t,) 1.9747 1.9750 1.9755 1.9757
g 10(t3) 1.8813 1.8815 1.8819 1.8821
E 11(z,) 0.5449 0.5452 0.5458 0.5461
RMS 2.913508 2.913621 2.913723 2.913859
IEb - 0.002921 0.004779 0.007989
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Table 6-70 The 11 extracted features of the 7 kVA dry-type transformer’s LV winding (simulated)

Fault level
Feature Healthy m— — m—
1(®,) 0.9819 0.9822 0.9861 0.9883
- 2(®,) 0.0000 0.0000 0.0000 0.0000
g 3(®s) 0.0013 0.0012 0.0007 0.0003
g 4(Dy) -0.0100 -0.0099 -0.0092 -0.0085
'§ 5(®s) 6.9486 6.9492 6.9494 6.9497
E 6(Ds) 3.5143 3.5146 3.5149 3.5154
7(®7) 6.0362 6.0358 6.0356 6.0352
z 8(tq) 0.0498 0.0496 0.0493 0.0490
Tg 9(z,) 1.9751 1.9754 1.9758 1.9762
g 10(z3) 1.8828 1.8831 1.8836 1.8838
E 11(z,) 0.5494 0.5502 0.5504 0.5506
RMS 3.101078 3.101216 3.101418 3.10156
IED 0.001257 0.004731 0.007206

6:9:2 Practical Validation for Radial Deformation

The proposed approach is validated through experimental measurements on a 50Hz
single phase 2 kVA, 250/120V dry type transformer. The transformer is also
subjected to a practical forced radial buckling at fault levels of 3% and 8%.

A commercial sweep frequency response analyser is used to measure the FRA
signatures both prior to and after the staging of investigated faults. Furthermore, a
3D-model of the investigated transformer is simulated using FEA to compare the
simulated and practical results. Using practical measurements and FEA simulation,
Figure 6-51 shows the FRA signatures of the investigated transformer in a healthy
condition and when 3% and 8% levels of radial buckling take place within the LV
winding. This figure also shows agreement between the practical and simulated
measurements. The results also reveal the difficulty of identifying the fault using the

current FRA approach. The polar plot signatures are obtained and processed using
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the proposed DIP code. The 15 features of the practical measured and simulation
analysis signatures are obtained and used to calculate the three proposed metrics as
listed in Tables 6-71 and 6-72.
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Figure 6-51 Conventional FRA signature using practical measurement and simulation analysis for the 2
kVA dry type transformer

Similar to the previous case study (Case Study 6.5), these metrics are increase when
the radial buckling level increases. It can also be observed that the metrics values
using practical measurement and simulation analysis are very close, revealing the

feasibility of the proposed approach.

Table 6-71 Geometric dimension features of the 2 kVA dry type transformer’s LV winding radial buckling
(practical and simulated)

Practical Simulated
Feature

Healthy 3% 8% Healthy 3% 8%

gl 3246 3240 3159 3267 3261 3182
g2 231.21 230.31 224.55 238.36 237.25 231.32
X-axis 248.69 247.21 241.03 252.21 251.71 245.44
e Y-axis 193.44 192.74 187.92 197.64 196.66 191.75
Major 108.31 107.64 104.95 112.42 111.41 108.69

& Minor 32.32 31.41 30.62 36.64 35.12 34.23
ceBDb | - 10.66 11129 - 11.12 110.84
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Table 6-72 The 11 extracted features of the 2 KVA dry type transformer’s LV winding radial buckling
(practical and simulated)

Practical Simulated
Feature
Healthy 3% 8% Healthy 3% 8%
1(®1) 0.2453 0.2492 0.2511 0.2481 0.2547 0.2593
- 2(®,) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
% 3(®s) 0.0038 0.0033 0.0021 0.0042 0.0035 0.0023
g 4(Ds) -0.0566 -0.0452 -0.0404 -0.0578 -0.0541 -0.0504
]
= 5(®s) 2.4636 2.4654 2.4692 24721 2.4743 2.4787
E 6(Ds) 1.8947 1.8961 1.9004 1.9071 1.9089 1.9109
(D7) 3.2856 3.2841 3.2801 3.3356 3.3333 3.3312
“ 8(tq) 0.0732 0.0702 0.0652 0.0786 0.0752 0.0714
? 9(t3) 2.1209 2.1217 2.1278 21311 2.1331 2.1362
§ 10(z3) 1.9062 1.9085 1.9143 1.9145 1.9216 1.9315
E 11(z,) 0.5621 0.5628 0.5682 0.5927 0.5932 0.5989
RMS 1.62287344 1.62336673 0.012972664 1.637731718 1.638873316 1.640952876
IED | - 1.62512635 0.024647515 |  ------ 0.011718788 0.025815887

6:9:3 Practical Validation for Axial Deformation

To investigate the practical feasibility of the proposed approach and validate the
simulation results of Case Study 6-6, a practical 5% AD fault is implemented on
phase A of the LV winding of a scaled-down three phase delta-wye 7 kVA, 440/55V,
50Hz dry type transformer. The FRA polar plot signature is measured using a
commercial frequency response analyser in both healthy and faulty winding
conditions. The hardware transformer model is also simulated using FEA to compare
the practical and simulated results. The obtained polar plots, using practical
measurement and simulation analysis, are processed using the DIP code to extract the
proposed 15 image features. These features are used to calculate the three proposed
classification metrics. As can be observed in Tables 6-73 and 6-74, the trend of the
three metrics (CBD, RMS and IED) is found to be similar to that of the 10 k\VA and
40 MVA transformers investigated in Case Study 6-6.

Page | 132



Table 6-73 Geometric dimension features of the 7 kVA dry type transformer’s LV winding AD (practical
and simulated)

Practical Simulated
Feature

Healthy 5% Healthy 5%

gl 5635 5641 5382 5388
g2 392.84 393.75 378.87 379.54
X-axis 339.83 340.21 339.29 339.95
% Y-axis 284.84 285.65 281.37 282.17
Major 152.16 152.87 148.64 149.02

o Minor 48.5 48.91 47.13 47.87

ceb | @00 - 922 1 @ - 9.25

Table 6-74 The 11 extracted features of the 7 kVA dry type transformer’s LV winding AD (practical and

simulated)
Practical Simulated
Feature
Healthy 5% Healthy 5%

1(®,) 0.9585 0.9579 0.9819 0.9811

- 2(®,) 0.0000 0.0000 0.0000 0.0000

% 3(®s) 0.0012 0.0016 0.0013 0.0019

é A(Dy) -0.0105 -0.0113 -0.01 -0.0108

'g 5(®s) 6.5234 6.5225 6.9486 6.9475

= 6(s) 3.1971 3.1965 3.5143 3.5134

7(®7) 5.6516 5.6521 6.0362 6.0368

2 8(ty) 0.0505 0.0512 0.0498 0.0508

g 9(t,) 1.9747 1.9741 1.9751 1.9748

£ 10(z3) 1.8813 1.8808 1.8828 1.8822

E 11(t,) 0.5449 0.5445 0.5494 0.5488
RMS 2.913507859 2.913263348 3.101078441 3.10078643
IED | - 0.001959592 | = - 0.00241454

6:9:4 Practical Validation for Bushing Oil Degradation

Moisture distribution within the transformer’s insulation is of a dynamic nature
because of the continuous water migration process between solid insulation and oil.

This means that it is difficult to develop a consistent mathematical correlation
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between moisture content in insulating oil and moisture content in its dielectric
permittivity [23]. To prove that by increasing the relative permittivity of insulating
oil causes various oil degradation levels, practical measurements have been
conducted. The measurements study the correlation between moisture and
permittivity of transformer oil over 5 years as shown in Figure 6-52 [23]. The figure
shows that the correlation between moisture content and oil relative permittivity is
almost linear, and simulating moisture in oil by increasing its relative permittivity is

an acceptable assumption.

i

Maoisture (P1° M)
=

3 14 15 L6 17 1B L9
Relative permittivity (z)

Figure 6-52 Practical measurement of the correlation between moisture and oil relative permittivity [12]

To validate the simulation results, obtained using the proposed polar plot signature,
practical FRA measurement is conducted on a three-phase 132 kV, 35 MVA power
transformer at an ambient temperature of 25°C. The transformer bushing’s insulating
oil is tested, and a 3% moisture content is detected in the HV bushing of phase A. As
shown in Figure 6-52, FRA measurement is conducted on this phase and compared
with the FRA signature of the same phase but with new oil.

Figure 6-53 reveals, where resonance peaks are slightly shifted to the left, that the
impact of the bushing oil’s moisture content on the conventional FRA signature is
obvious in the high frequency range. The shift is attributed to the increase in
insulation capacitance, due to the existence of moisture. Consequently, all resonance
frequencies in the high frequency range decrease where the capacitive components
dominate the FRA characteristic. The practical measurements, shown in Figure 6-52,
agree with the simulated results shown in Case Study 6-7. The proposed healthy and
faulty (3% moisture content in HV bushing) polar plot signatures for the 35 MVA

transformer are obtained from practical FRA measurements.
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Figure 6-53 Impact of 3% moisture content in the HV bushing oil of 35 MVA transformer

The polar plots are then manipulated using the developed DIP codes to extract the

proposed 15 image features. Similar to the simulation analysis, the same trend is

observed in all features extracted from the practical signatures. These features are
then used to calculate the three metrics (CBD, RMS and IED). The trend of these

metrics is also similar to that of the modelled 10 kVA and 40 MVA transformers

(Case Study 6-7) as can be seen in Figure 6-54.
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Figure 6-54 CBD, RMS and IED metrics for 3% moisture content in the bushing oil of 10 kVA, 35 MVA
and 40 MVA transformers

Page | 135



6:10 Comparison Analysis

The threshold levels for the three classification metrics (CBD, RMS and IED) in all
fault cases investigated in this thesis are proposed in the above sections where:
Healthy signature: reported only if all three measured metrics are less than the
minimum threshold of the minor fault level, which is 1%.

Minor fault: reported if at least one metric is located between the proposed minimum
and maximum threshold limits.

Major fault: reported if at least one metric violates the maximum threshold level.
The following tables compare the threshold levels proposed for all investigated case
studies for the LV and HV windings of the 10 kVA and 40 MVA transformers. As
shown in these tables, there is no overlapping between the threshold bands of the
three metrics within each case study. In some cases, the metrics of faults overlap, so
in order to correctly identify and quantify the various faults, the three metrics should
be combined. However, as discussed above, various faults can be distinguished by

looking at the extracted features individually.

Table 6-75 Threshold levels for minor SC faults levels (1% to 5%) in 10 kVA and 40 MVA transformers

Short circuit turns faults
Fault location CBD RMS IED
Min Max Min Max Min Max

LV 7.76 154.23 1.096004 1.097390 0.025059 0.040158

<>( HV/Top 5.59 39.19 0.872592 0.873590 0.048710 0.055358
é HV/Middle 52.67 90.78 0.874080 0.875160 0.059371 0.067228
HV/Bottom 96.05 162.36 0.875582 0.875160 0.070316 0.078710

LV 11.53 82.44 2.395078 2.409629 0.225213 0.292433

<>( HV/Top 120.10 191.43 1.538625 1539514 0.011122 0.020432
g HV/Middle 459.94 552.53 1.542315 1.543488 0.048348 0.055787
HV/Bottom 691.21 776.56 1.565419 1.097390 0.152844 0.158306
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Table 6-76 Threshold levels for minor AD and DSV faults levels (1% to 5%0) in 10 kVA and 40 MVA

transformers
AD
Fault location CBD RMS IED
Min Max Min Max Min Max
<>.: LV 188.94 326.71 1.083577 1.073861 0.060020 0.117762
é HV 80.06 139.77 0.848081 0.845222 0.058820 0.073257
<>( LV 1176.95 1324.24 2.340710 2.339454 1.534702 1.533434
S HV 1296.79 1872.78 0.032238 0.057177 0.042565 0.059580
DSV
Fault location CBD RMS IED
Min Max Min Max Min Max
HV/Top 7.83 16.13 0.863410 0.863081 0.001631 0.004133
% HV/Middle 20.30 27.64 0.862852 0.862438 0.005696 0.008311
= HV/Bottom 29.78 38.15 0.862181 0.861758 0.009898 0.014516
HV/Top 13.37 29.06 1.538193 1.537999 0.003231 0.004326
<§( HV/Middle 33.82 53.09 1.537820 1.537635 0.005492 0.007080
< HV/Bottom 63.86 81.73 1.537483 1.537298 0.008360 0.009920

Table 6-77 Threshold levels for minor forced and free radial buckling faults levels (1% to 5%) in 10 kVA
and 40 MVA transformers

Radial buckling
Fault location CBD RMS IED
Min Max Min Max Min Max

LV 222.80 617.47 1.092663 1.103955 0.014615 0.026640

<>( HV/Top 175.35 206.69 0.867664 0.868265 0.024130 0.025718
é HV/Middle 230.42 252.87 0.869144 0.869756 0.032377 0.034196
HV/Bottom 269.26 305.45 0.870091 0.870692 0.046231 0.048521

LV 1820.93 1887.86 2.416197 2.418698 0.355873 0.369640

<>( HV/Top 941.84 1004.69 1.572150 1.580303 0.281049 0.320055
g HV/Middle 1051.39 1129.60 1.582195 1.592824 0.331635 0.380253
HV/Bottom 1171.30 1246.95 1.595576 1.603986 0.391897 0.434006

Page | 137



Table 6-78 Threshold levels for minor insulation faults levels (1% to 5%o) in 10 kVA and 40 MVA
transformers

Non-mechanical faults on HV winding
Fault location CBD RMS IED
Min Max Min Max Min Max
Bushing faults 7.95 20.49 0.938078 0.938471 0.506414 0.511150
% Mineral oil 412.95 431.24 0.943418 0.943887 0.542963 0.547528
= Vegetable oil 558.34 578.99 0.967716 0.967923 0.105856 0.110880
- Bushing faults 41.42 55.17 1.574975 1.575683 0.207094 0.210971
§ Mineral oil 778.26 797.19 1.657792 1.658020 0.562476 0.564928
S Vegetable oil 856.26 872.61 1.779009 1.779154 0.182957 0.186443
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Chapter 7 Conclusions and Future
Works

7:1 Summary

This thesis presents a new, automated and cost effective approach for detecting
mechanical and non-mechanical faults within the power transformer. This proposed
approach is based on Digital Image Processing (DIP) techniques that are applied to a
simulated power transformer’s FRA signature. As previously discussed, current FRA
practice relies predominantly on the measured FRA signature’s magnitude plot with
little to no attention given to the phase angle plot. The new proposed signature,
however, uses a commercial response analyser to integrate the magnitude and phase

angle plots into one polar plot.



7:2 Main Conclusions

The key conclusions drawn from this thesis are summarised below:

Finite element analysis is an effective software tool for simulation of the real
operation of the power transformer. It can also be used effectively to simulate
the impacts of real faults on the FRA signatures of transformer windings,
which are extremely hard to stage on real operating transformers

Variation in the FRA signature is not always attributed to mechanical
deformations within the transformer. Both simulation and practical results
show that the signature is also impacted by non-mechanical faults, such as
transformer oil degradation and bushing faults, in particular in the high
frequency range.

The main drawbacks of current FRA practice are its requirement to be used
offline and its inability to detect minor fault levels. Also, because an
acceptable interpretation code for fault identification and quantification is not
yet available, it can lead to inconsistent interpretation of the same FRA
signature.

To date, there is no real application taking advantage of the rapid
advancement in DIP technology to automate, enhance and standardise the
interpretation process of the FRA signature. The results presented in this
thesis demonstrate a step towards that goal.

The key motivation behind the proposed polar plot, as a new FRA fingerprint
for power transformers, is to facilitate the application of DIP and, by
integrating all measured features in one plot, increase detection accuracy.
Both the simulated and practical results of the proposed approach show its
ability to detect minor fault levels. Fault type and location can be identified
by extracting certain DIP features from the proposed polar plot. These
features include geometric features, invariant moment and texture analysis,
which are then used to calculate three unique classification metrics: CBD,
RMS and IED. The trend of these metrics is found to systematically increase

or decrease, depending on the fault type, level, and location.
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Results show that short circuit turn faults at minor levels lead to a slight
increase in the area and perimeter features of the geometric dimension values,
and the calculated CBD metric increases along with the increase in fault level.
On the other hand, the invariant moment and texture analysis features show
no consistent trend; some features increase, some features decrease, and two
features are maintained at zero values. The RMS and IED metrics also
increase along with the increase in fault level. As the fault moves toward the
bottom of the winding, the three DIP metrics of short circuit turn faults
increase without any overlapping between the proposed maximum and
minimum threshold limits.

In contrast to short circuit turn faults, radial buckling faults at minor levels
lead to a slight decrease in all geometric features along with the increase in
fault level. The calculated CBD, however, increases along with the increase
in fault level. Similar to the SC case, there is no consistent trend in the other
11 features. The increase in fault level leads to an increase in the calculated
RMS and IED metrics. When a radial buckling fault moves toward the
bottom of the windings, the values of CBD, RMS and IED increase.

When the level of an axial displacement and disk space variation fault
increases, there is also an increase in the four geometric dimension features.
The calculated CBD also increases along with the increase in fault level. The
RMS metric decreases, while the IED metric increases, along with the
increase in fault level. The same trend is observed in the DSV fault except
with less magnitude than in the AD fault. When the DSV fault moves toward
the bottom of the windings, the RMS decreases while the CBD and IED
increase.

In the case of transformer oil degradation and bushing faults, there is an
increase in the 15 features of the geometric dimension, invariant moment and
texture analysis techniques when the insulation dialectic properties increase.
The three DIP metrics increase along with the increase in fault level. In the
case of oil degradation, the extracted features are higher than the

corresponding features of a bushing failure. Vegetable oil degradation shows
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the highest extracted features using geometric dimension and invariant
moment analyses. In the case of bushing failure, the four texture features are
found to be the highest, followed by the mineral oil degradation features, then
the vegetable oil degradation features.

The transformer’s rating and physical dimensions lead to the same trend as in
the proposed classification metrics at different magnitudes.

Implementation of the proposed DIP application is readily achievable using
any commercial FRA analyser and will improve the performance of the
apparatus by automating and standardising the power transformer’s
interpretation process.

7:3 Future Works

The proposed DIP application in this thesis can be extended for future study as

follows:

To improve the performance of other CMD techniques, such as partial
discharge detection, taking advantage of the rapid advancement in DIP
application and based on the research work presented in this thesis.

To implement a new online technique for detecting mechanical deformation
within operating transformers without causing interruption to the electricity
chain.

To extend the application for the FRA technique to detect mechanical faults
within rotating machines (such as doubly fed induction generator broken
bars), misalignment, eccentricity, drivetrain stresses, broken teeth, or
contaminated lubricant oil within the gear box.

To adopt more classification features to improve the accuracy of the
developed DIP technique.

To build the developed technique within a commercial response analyser and

test it on operating transformers.
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Table A-1 Specifications and dimensions of the 10 kVA power transformer

Parameter Value
Phase, frequency [Hz] 3, 50
Rated power [KVA], current density [A/mm?] 10, 1.284
Primary/secondary voltage [KV], current [A] 0.238/11.55, 13.9/0.3
Primary/secondary winding resistance [Q] 0.194/458.95
Primary/secondary turns [Turn], Length [mm] 140/1134, 435.2/647.5
Core leg, winding height [mm] 90x90, 424.3
Distance of yoke-to-yoke, leg-to-leg [mm] 366, 340
Inner, outer diameter of HV/LV winding [mm] 130/100, 162/110.1

Table A-2 Specifications and dimensions of the 40 MVVA power transformer

Parameter Value
Phase, frequency [Hz] 3,50
Rated power [MVA], Impedance %] 40, 13.79
Primary/secondary voltage[KV],resistance [mQ)] 11/66, 12.07/123.7
Primary/secondary turns [Turn] 200/1200
Height of taps, HV winding, LV winding [mm] 912/834, 1074, 1136
Distance of taps to yoke [mm] 187/226
Distance of HV/LV to upper, lower yoke [mm] 106/75, 86/55
Core cross-section, insulation diameter [mm] 560, 579
Inner diameter of HV/LV winding/ taps [mm] 826/613/1071

Table A-3 Characteristics of insulation system for both transformers

Mineral oil Value
Dielectric Breakdown [KV] 30/85
Relative Permittivity at 25°C 2.1/2.5
Viscosity at 0°, 40°, 100° C [mm?.s™] <76, 3/16, 2/2.5
Pour, flash, fire point [°C] -30/-60, 100/170, 110/185
Density at 20°C [kg.m%] 0.83/0.89
Thermal Conductivity [W.m™. K] 0.11/0.16
Expansion Coefficient [10™.K™] 7/9
Electrical Conductivity [S.m™] 1.5x10%°
Kraft paper Value
Relative Permittivity at 25°C 4.4
Electrical Conductivity, S.m™ 2.4x10

Table A-4 Equivalent circuit parameters for the investigated transformers (Equivalent parameters)

Transformer 10 kVA 40 MVA
parameters HV LV HV LV
L [uH], Rs[Q] 40,1 20,05 10,1 10.5, 0.25
Can [pF] 2.35 37.27 393.4 127.67
Gih [US] 6.45 260.89 196.7 63.835
C, [pF] 20 718 61.192 115.53
G, [uS] 140 5026 30.596 57.765
Ch [pF], Gre [MS] 50, 350 89.283, 44.65

Page | 155



Table B-1 Samples of transfer function for the 10 kVA transformer’s HV winding

f (Hz) [TF| (dB) LTF ()

20 -78.89 -89.78
4.5k -45.58 -02.45
11.8k -115.14 +60.01
25.5k -60.03 +05.00
200k -64.70 -72.02
1000k -46.95 +89.00
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Figure B-1 Sample points of transfer function for the 10 kVA transformer’s HV winding (a) magnitude

plot, (b) phase angle plot, and (c) polar plot
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Table C-1 Geometrical dimensions features equations

Feature Formula

_ yX-1yY-1
Area 91 =2x=0 y=0aFRApp(x'y)

Arrapy the processed image

P Z§;3 Arrap,(X,Y)  if Axory(x,y) =0

92= { 0 otherwise

Perimeter

1

x
R gS = _ 1 _ _
Centroid Yy=7 X YX20 §:5y X Appapp (X, ¥)
FRA_PP
Agpga pp’ the area (_gl)

X—-1yY-1
Arnare X =0 2y=0X X Qpga,, (X, ¥)

Major = x; + x,
94 =

Minor = \/(x% + x3) — f2'
X1anaz: The distance from each focus to any point
f : The distance between Foci

Axes length

Table C-2 Seven invariant moment features equations

Feature Formula
Dy 1204702
D, (1120'1102)2"'411112
Ds (1130-31712)°+ (31]21-103)°
Dy (1130+1112)2+(1121+1103)2

(130-30112) (@130 112) (W30 1112)*-3 (M +1903) ]+

)]
° (3121-1703) (1121 1703) [3(10+1712) - (21+7005)°]
@ (M20102) (W30t 1712)*- (a1 +1903) 1+
41 11(30+112) @211 703)
@, (3M21703) (0 112) [ (W30 +1912)>-3 (1 +1903) -
(M30-31712) (1121 1703) [3(130+1712)~ (21+7705)°]
Table C-3 Texture analysis features equations
Feature Formula
YX20 BySo (X~ x) X (Y—Hy) XarRApp (X¥)
OxOy
T1 iy and p: the means
oyand o,: the standard deviation
X—1 yY—1 3FRapp (XY)
7, x=0 Ly=0 1+|x—y\-
appa,,: the processed image
T3 o ;,(;(}(X -y)?x apra, X Y)
Ty b ﬁé alZJRApp xy)
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