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Abstract

Power transformers are important components of power systems, as their failure can result in major
losses to electric utilities. Transformer windings are responsible for approximately 30% of
transformer failures. A principal cause of these failures is winding insulation failure due to partial
discharge (PD). When PD occurs in power transformers, the insulation system is damaged in two
ways: by gases created from the oil and paper, and by degradation of its solid insulation. Solid
insulation degradation is correlated with the PD apparent charge value, which is usually measured by
conventional PD detectors. However, conventional PD detectors are not suitable for use in a
transformer environment due to noise interference and the transformer’s complex internal design. In
addition to PD apparent charge, identifying the nature of the PD is essential for assessing the
transformer winding insulation condition. Due to the difficulties associated with PD measurement in a
transformer environment, PD severity assessment is still performed by dissolved gas analysis, which
does not provide enough details about the PD’s crucial characteristics and hence the transformer
insulation condition. To address these shortcomings, this research develops two distinct modules: PD
detection and PD severity assessment. Using the leakage current measured at the transformer neutral,
the detection module determines the PD charge, PD location, and PD source type in the transformer
winding insulation. The severity assessment module then uses this information to assess the

transformer winding insulation condition.

In the PD detection module, the leakage current measured at the transformer neutral undergoes
three modules: PD source classification, PD localization, and PD charge determination. The
techniques used for PD source classification and localization are based on designing feedforward
neural network classifiers using the statistical features extracted from leakage current signals,
corresponding to different origins, sources or locations. The developed modules are tested on a three-
phase transformer. The selection of the proper feature combination to in designing the neural
networks results in better recognition of PD source type and location. In the PD charge determination
module, the PD charge is calculated from the PD current injected into the transformer winding during
a PD event, using both the corresponding leakage current and the winding transfer function. For the
transformer under test, a bank of transfer functions from all possible locations along the winding to
the transformer neutral is developed and used in the charge calculation module. The error between the

measured and calculated charges is 10% or less.
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In the PD severity assessment module, a fuzzy logic system maps the PD characteristics, charge
and source, into a quantitative index called the partial discharge index (PDI). Based on the damage
caused to the insulation system by the PD charge and source, the PDI is used to classify the
transformer condition into one of five categories: normal, questionable, harmed, critical, and

dangerous. This PDI can also be used in transformer health index calculations.
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Chapter 1

Introduction

1.1 General Overview

Power transformers are integral components of transmission and distribution systems. However, they
are expensive, and their outages can result in major losses for electric utilities. To avoid unnecessary
costs and prevent unplanned outages, power companies generally rely on condition-based
maintenance, which monitors certain operational parameters to detect transformer faults before they

become failures [1].

The integrity and reliability of power transformers depend mainly on the correct operation of their
insulation system, which is always electrically, mechanically, and thermally stressed [2]. A serious
problem that may arise due to electrical stresses is partial discharge (PD) [3]. PD deteriorates the
insulation system materials, resulting in a reduction of their dielectric strength and subsequently of
the transformer’s lifetime. It may even lead to a complete failure. According to IEC standard 60270,
“partial discharge is a localized electrical discharge that only partially bridges the insulation system
between the conductors and may or may not occur adjacent to a conductor”. PD occurs in high
voltage insulation systems as a consequence of a field increase in the weak portions of the insulation
materials. The existence of cracks, voids, irregularities, and contamination in the insulation system

increases the probability of PD [4].

Power transformer windings are responsible for approximately 30% of transformer failures, so they
are the main target of this research [5]. One of the primary causes of these failures is PD. Research
into several techniques for PD detection and severity assessment in power equipment using multiple
electrical and non-electrical detection methods (e.g., high frequency antennas, acoustic sensors, and
conventional PD detectors) has shown that not all methods are suitable for detecting PD in
transformer windings or can be used in a transformer environment [6, 7]. Moreover, most research is
performed using controlled experiments on transformer insulation components and not actual
transformers. Therefore, the applicability of these experiments’ conclusions to the evaluation of real

transformers’ condition is debatable.

The transformer health index (THI) is an assessment technique used to estimate the condition of the
whole transformer by combining various transformer test results, including dissolved gas analysis

(DGA), furfural analysis (FFA), oil quality analysis (OQA), dielectric dissipation factor, frequency
1



response analysis (FRA), insulation resistance, and polarization index (PI) [8]. Despite the importance
of PD testing in power transformers, it is only implicitly considered in THI calculations using the

dissolved gas analysis test, due to the difficulties associated with the PD detection [9].

This thesis is designed to address the shortcomings discussed above. In the present chapter, I
discuss the incentives that motivated me to conduct the research and the objectives established to

achieve these motivations. This chapter also describes the organization of the thesis chapters.

1.2 Research Motivation

Partial discharge continuously degrades transformer winding insulation systems, and without
detection and treatment ultimately leads to catastrophic failures. Historically, monitoring PD in
transformers has been very limited since utilities depend mainly on DGA tests. DGA is an offline
technique that does not provide any details about PD type, location, apparent charge, or severity. The
availability of these details may assist in the detection of up to 21% of transformer vessel problems
and up to 14% of high voltage bushings problems [10]. Therefore, the main motivation for this thesis
is the need for reliable online PD detection and severity assessment modules for transformer winding
insulation. The aim is to provide a solid understanding of the PD phenomena inside winding
insulation systems and help determine optimum maintenance solutions. Hopefully, this knowledge

base will lead to better transformer designs that avoid or reduce PD.

When PD occurs in power transformers, the insulation system is damaged in two ways: by gases
created from the oil and paper, and by degradation of the solid insulation [11]. The amount of gas
generated in the oil is investigated by the DGA test. The erosion of the solid insulation resulting from
the treeing or tracking of paper requires visual inspection of the solid insulation, which is not
possible. However, the solid insulation degradation is related directly to the PD apparent charge
value. Conventional PD detectors are usually used for measuring the PD apparent charge, as in IEC
60270, but they are not convenient in a transformer environment due to noise interference and the
heavy weight of the equipment [6, 7]. A few studies ( [12, 13]) have attempted to relate PD charge to
other sensor outputs, but these investigations mostly use the terminal PD signal received by the sensor
and are greatly affected, attenuated, and suppressed by the propagation path from the PD location to
the measuring terminals. Another motivation for this research is to develop a technique for measuring
the internal PD charge injected into the winding during the PD event. The PD charge determination

technique depends mainly on modeling the transformer windings by transfer functions. The PD



current and charge injected into the transformer winding during the PD event can be calculated using

these transfer functions and the leakage current measured at the transformer neutral.

Power transformer winding insulation has a very complex structure that may contain multiple PD
sources that degrade the transformer insulation system in different ways. Hence, identifying the PD
source is important for evaluating the insulation system’s condition. Thus, another motivation for this
research is to develop a PD source identification module for the transformer winding insulation

system.

For years, researchers have relied on the PD apparent charge to evaluate the destructive effects of
PD inside a power transformer. A threshold of 500 pC is suggested by the IEC standard as an
acceptable criterion for PD detected in a power transformer, but the techniques for choosing this
number are not clearly stated [14]. Therefore, multiple studies have comprehensively investigated the
effects of different PD sources with various PD charge ranges on the transformer insulation
components, using controlled experiments outside the transformer [11, 14]. However, because the
relationship between these experiments and the actual transformer insulation condition is unclear, the
PD charge thresholds suggested by these studies cannot be used to assess the transformer insulation
condition. Yet another motivation for this thesis is to develop a PD severity assessment module based
on the comprehensive studies of PD’s damaging effects on the insulation system and to use the output
of this assessment module to evaluate the transformer condition directly. Instead of relying solely on
the PD charge in the transformer condition assessment, the PD source is also considered in the
severity assessment module. The output of this module is a numeric index that is used to classify the
transform condition based on the PD features. Additionally, this index can be used in the transformer

health index calculations.

Simultaneous measurement of multiple PD characteristics requires different equipment and
methods, making such measurements complicated, expensive and time-consuming; in some cases,
they are not even possible. These difficulties motivated me to design an easy on-line PD detection and
severity assessment modules that require only one PD signal. In the transformer manufacturing
company, these PD modules can be developed and a microcontroller can be programmed with these
modules and integrated with the transformer. This microcontroller will only need the leakage current
measured at the transformer neutral and will produce multiple PD details, such as the PD charge,

source, and location. This microcontroller will also enable power transformer winding condition



assessment based on PD activity; and ultimately provide easy, reliable, inexpensive and fast PD

detection and severity assessment.

1.3 Research Objectives

There are two main goals for this research: designing and developing PD detections module and a
condition assessment technique based on PD for transformer winding insulation. Various objectives

to achieve each goal are summarized in the following sections.

1.3.1 Objectives for PD Detection Modules

The PD detection module has three different modules: PD source classification, PD localization, and

PD charge determination. These three modules are developed using the following steps:

1.3.1.1 PD Source Classification and Localization Modules

e Design experiments for injecting different PD sources into tap locations of the transformer
windings and measuring the related output signals.
e  Design neural network classifiers that are trained and tested by the statistical features extracted

from the measured signals.

1.3.1.2 PD Charge Determination Module

e Design experiments to measure the winding frequency response from each tap of the
transformer winding to the neutral.

e  (Calculate transfer functions corresponding to each frequency response.

e  Perform PD charge calculations using the transfer function and leakage current.

e  Verify results by injecting different PD signals with measured charge levels. Then, the PD
charges of these signals are calculated using the developed module and compared to their

measured values.

1.3.2 Objectives for Transformer Winding Condition Assessment

Transformer winding condition assessment based on PD characteristics has two main steps:
developing the PD severity assessment module (partial discharge index (PDI)) and power transformer

winding condition evaluation based on the PDI. These steps are addressed using the following steps:

e Designing a fuzzy logic system to calculate the PDI;
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e Developing a correlation between the PDI values and the transformer winding insulation

condition.

1.4 Thesis organization

This thesis has seven chapters. The remaining six chapters are organized as follows:

e Chapter 2 reviews the literature of transformer maintenance plans, failure modes, different
tests, and health condition assessment techniques such as the power transformer health index.
Methods for calculating the transformer health index reported in the literature are also
discussed in this chapter. A brief overview of PD types, detection methods, and signal
processing approaches is provided as well.

e Chapter 3 discusses the research gaps that motivated me to conduct this research. The
philosophy behind choosing certain detection, pattern recognition, and modeling techniques
is explained in this chapter, and an overview of the entire thesis is given at the end.

e Chapter 4 describes the PD detection and pattern recognition modules, source classification,
and localization. Detailed explanations are provided for laboratory experiments, signal
processing, and classifier training and testing.

e Chapter 5 develops a module for determining the PD charge in a transformer winding
insulation using the leakage current and winding transfer function. This chapter thoroughly
explains the experiments conducted to measure the winding frequency response, calculates
the corresponding winding transfer functions, and computes the PD charge using these
calculated transfer functions and leakage currents measured at transformer neutral.

e Chapter 6 introduces PD severity assessment inside transformer winding insulation via
calculating the PDI, using a Mamdani fuzzy logic system. Steps for constructing the fuzzy
variables” MFs and rules are described in detail. The transformer winding insulation
classification is developed based on this PDI.

e Chapter 7 highlights the conclusions and contributions of the thesis, and offers suggestions

for future research directions.

1.5 Summary

In this chapter, I have presented a general overview of PD severity effects on transformer insulation
systems and the complications and the shortcomings associated with the present PD detection and

assessment techniques. Research motivations, objectives, and thesis organization were also presented.
5



Chapter 2

Literature Review

2.1 Introduction

Power transformers are considered among the most significant and expensive components in power
grids. Failures and forced outages of transformers cause electric utilities and their customers huge
losses, so transformer defects need to be detected and treated in order to avoid these failures. In this
chapter, transformer failure analysis is presented to highlight transformer windings, which is the
component most likely to contribute to transformer failures. Various transformer maintenance plans
are discussed, including condition-based maintenance, which depends on applying proper
maintenance actions based on monitoring certain transformer operational parameters and diagnostic
tests. PD detection in transformer winding insulation is the primary focus of this research; therefore,
different insulation condition monitoring diagnostic tests are presented here as well. Comprehensive
details about PD-specific phenomena, such as PD types, PD detection techniques, and power

transformer condition assessment by the transformer health index (THI) is discussed.

2.2 Transformer Failure Types

Transformer failure means that the transformer is no longer able to perform its function. This failure
can be a failure with forced outage that causes transformer immediate removal from service, a failure
with scheduled time outages decided by the operator, or defects that be treated without taking the
transformer out of service [15]. Although various root causes in the design, manufacturing process, or
operation of the transformer can cause the transformer components to fail (Table 2.1) [16],
transformers are most likely to fail due to their insulation system breakdown [17]. Power transformer

insulation systems are constantly exposed to various stresses, such as:

e Electrical stresses caused by transient or sustained over-voltages, lightning or switching
surges, PD caused by defects due to poor design , contaminations or excessive moisture

content [17].

e Mechanical stresses caused by the vibration during normal operation or the force during a
fault condition, resulting in winding deformation and hence reduction of the electrical

clearance, which can eventually breakdown the insulation electrically [17].



e Thermal stresses caused by extended periods of transformer overloading, failure of the
cooling system, or excessive ambient temperature, resulting in cellulose degradation until it

fails under the mechanical and electrical stresses [17].

Different components of transformers have different deterioration and failure rates. Figure 2.1
shows the failure analysis of transformers, as reported by CIGRE [18]. Other transformer failure
surveys are reported in [19]. If the load tap changer and the bushings are considered independent
components, transformer windings make the highest contribution to transformer failures by

percentage [18].

With proper transformer maintenance, these failure causes can be detected and treated before they

become failures, resulting in better transformer performance and longer life.

M Load Tap Changer (40%)
B Winding (30%)

M Bushing (14%)

M Tank(6%)

M Relay(5%)

m Core(5%)

Figure 2.1: Transformer failure as reported by CIGRE [2]



Table 2.1: Transformer failure modes and causes [16]

Component Function Failure mode Failure Failure Causes
Event
Core Carry magnetic flux | Loss of the Mechanical |e DC-magnetism
transformer’s fault * displacement of the
. core steel during the
efficiency . 8
construction
Winding Carry current Short circuit Mechanical |e Poor design
damage e Transient overvoltage
e Movement of the
winding
Insulation e Insulation material
breakdown contamination
e Excessive water
e Winding deformation
e Hot spot
Tank Contain and protect Leakage Tank e Mechanical due bad
the transformer damage handling or high
. pressure by excessive
materials .
gas generation
e Material corrosion
Bushings Connect the Short Circuit Insulation e Contamination
transformer winding damage » Water penetration
to the power system * Cracks )
e Bad handling
and isolate the
winding from the
tank
Tap Changer | Change the voltage No voltage Mechanical Corrosion
level regulation




2.3 Power Transformer Maintenance Plans

Power transformers usually remain in service for 25 to 30 years, but suitable maintenance can extend
a transformer’s life to 60 years [17]. Transformer maintenance plans can be categorized into three

types: corrective, preventive, and reliability-centered (Figure 2.2).

Power
Transformer
Maintenance
Plans
| |
Corrective Preventive Reliability
; ) Centered
Maintenance Maintenance .
Maintenance
|
Time-Based Condition-Based
Maintenance Maintenance

Figure 2.2: Transformer maintenance plans

e Corrective maintenance programs
Corrective maintenance programs are employed after a failure occurs and thus are applied only to certain
transformer accessories defects that do not have important impacts on the system. Although corrective
maintenance programs are less expensive than other methods and save manpower, they cannot be used as
primary maintenance programs for transformers, as some defects may be irreparable or lead to a complete

shutdown [17].

e Preventive maintenance programs
Preventive maintenance programs are mainly used to prevent failures and are classified into two
categories: time-based and condition-based. Time-based preventive maintenance is applied at

regularly scheduled time intervals, regardless of transformer condition. The length of the interval is
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crucially important: if it is too long, unexpected events may occur and cause problems; if it is too

short, unnecessary outages may occur and result in a waste of manpower, time, and costs [17].

Condition-based preventive maintenance depends on detecting faults before they become failures
by monitoring certain parameters in a transformer. These parameters are determined based on a
transformer’s past history, including working factors, diagnostic test results, and external conditions.
Although this method does sometimes save money and manpower, it can be expensive when

monitoring a large number of parameters [17].

e Reliability -centered maintenance
The aim of reliability-centered maintenance is to maintain transformer operation at a reasonable cost
by optimizing maintenance based on risk analysis, which is performed by classifying the failure
modes of the transformers based on their impact on the system. This form of maintenance requires the

availability of huge amounts of transformer information and system data [20].

Previously, time-based preventive maintenance was applied to transformers. However, due to the
necessity of reducing maintenance costs, the time-based approach was replaced by condition-based

preventive maintenance, which depends on transformer condition monitoring [17].

2.4 Transformer Condition Monitoring

Transformer condition assessment is essential for providing transformers with appropriate
maintenance actions and thereby preventing their failure. The form of assessment depends on

monitoring the parameters that initiate thermal, mechanical, environmental, and electrical transformer
aging [21].

The proper operation of transformers depends mainly on the correct operation of their insulation
systems [2]. The main diagnostic tests used for monitoring the condition of transformer insulation are

presented in this section, including the PD test, which is the main focus of this thesis.

2.4.1 Dissolved Gas Analysis

The dissolved gas analysis (DGA) technique is extensively employed for fault detection in power
transformers. Approximately one million DGA are carried out annually by more than four hundred
laboratories around the world [22]. DGA is based on detecting certain soluble gas components in oil,
resulting from insulation oil and paper degradation, and hence warns about certain corresponding

problems [23]. Determining the amount of gases (e.g., hydrogen, methane, acetylene, ethylene,
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ethane, carbon monoxide and carbon dioxide) in the insulating oil can effectively and reliably help
detect faults such as PD, thermal heating, and arcing [24]. Multiple techniques, including the
Doernenburg Ratio, Roger’s Ratio, Key Gas and Duval Triangle, are applied to interpret transformer
faults from the measured dissolved gases [24]. In each of these techniques, concentrations of the
stated combustible gases or relations between certain gas concentrations are compared to the

threshold values that correspond to a healthy transformer [25].

2.4.2 Degree of Polymerization (DP)

The life of a transformer relies on its solid insulation life, paper, pressboard [26]. Insulation papers
are sheets manufactured from wood pulp that contains 90% cellulose, 6-7% lignin, 3-4%
hemicelluloses, small amounts of metallic particles, and absorbed water. The average number of
glucose monomer elements in the cellulose is called the degree of polymerization (DP), and the DP of
papers in new transformers ranges between 1000 and 1500. During their service lifetime, insulation
papers degrade and their DP decreases [24]. DP can be used as an indication of a transformer’s end of
life, since a DP less than 200 implies that the paper tensile strength is halved [27]. Unfortunately, DP
testing is destructive, as it requires an insulation paper sample from the transformer, thus damaging

the insulation [20]. For this reason, DP testing is generally avoided in favor of furan testing.

2.4.3 Furan Analysis

Although insulation paper degradation cannot be measured by direct inspection, it can be assessed by
measuring its deterioration by-products. Under high temperatures and in the existence of oxygen, acid
and moisture, insulation papers degrade, producing glucose or degraded products of glucose. These,
in turn, deteriorate, producing furan products, water, and gases. In furan testing, the oil is sampled
and the amounts of soluble furan products are investigated. There are multiple furan products,
including 2-furaldehyde, 5-methyl-2-furaldehyde, 5-hydroxymethyl-2-furaldehyde, 2-acetyl furan,
and 2-furfurol, but the dominant component of furan products is 2-furaldehyde (2FAL). Furan
analysis has gained significant attention since its introduction 20 years ago, as it can be used as an
indication of the condition of transformer solid insulation [28]. The direct relationship between furan
products and DP has been thoroughly investigated [29, 30]. In ASTM D5837 and IEC 61198, an oil
sample is analyzed using one of three methods. Each method describes a relationship between DP and

furan products, and compares the furan by-product levels to known threshold level values.
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2.4.4 Insulation Power Factor

Insulation power factor, or dissipation factor, testing provides a strong indication of the losses in
transformer insulation materials [8]. Insulation materials can be represented by a capacitance in
parallel with a resistance, as a simulation of the ideal insulation behavior and electrical losses,
respectively (Figure 2.3). The ratio of the resistive current to the capacitive current (tan J) is called the
dissipation factor, whereas, the ratio of the resistive current to the total leakage current (cos ¢) is the
insulation power factor [17]. Good insulation materials have very low resistive current, and hence, the
dissipation factor and power factor have the same values, which should be very low. Transformer arm

or shearing bridges are usually used to measure power factor of the between the [31]:
e high voltage winding and ground,
e high voltage and low voltage windings,
e high voltage and tertiary voltage windings,
e low voltage and ground ,
e Jow voltage and tertiary voltage windings, and
e tertiary voltage winding to ground [31].

According to [17], a good insulation power factor should be less than 1%; a questionable insulation

power factor is between 1-2 %; an action should be taken if the insulation power factor exceeds 2%.

Y

Y

Figure 2.3: Insulation material modeling and the corresponding phasor diagram

12



2.4.5 Water Content

Increased water content in power transformers results in increased insulation conductivity, which can
lead to several problems. Water in transformer insulation systems reduces PD inception voltage and
may even form bubbles, thus deteriorating the insulation system and increasing the transformer aging
rate [24]. In [32], the researchers concluded that the transformer thermal aging rate is directly
proportional to the insulation water content, such that when the water content is doubled, the
mechanical strength of the transformer solid insulation is halved. Several methods are reported in the
literature for measuring the dissolved or non-dissolved water content in transformers, the most
common of which is the Karl Fischer method, as explained in ASTM D1744. In Karl Fischer
methods, Volumetric Method or Coulometric Method, a reagent of known concertation is added to
the insulating oil to react with the water content, resulting in a non-conductive chemical material.
Water content determination using Volumetric Method or Coulometric Method depends on the
determination of the quantities of the added reagent or the current required converting the water into
the non-conductive chemical material, respectively. According to IEC 60814, the limit of the water

content in transformer oil is 25ppm [33].

2.4.6 Acidity

Acids are formed in transformer oil either internally by oxidation or externally by contamination.
Increased acid content hastens the rate of insulation degradation, especially in the presence of water,
as together they can cause iron rusting. The acidity problem should be treated because otherwise
sludge is formed. Oil acidity is represented by a number that expresses the number of milligrams of
potassium hydroxide (KOH) in the oil. For safe oil acidity levels, the acidity number should not
exceed 0.25mg KOH/g. Various methods can be used to interpret the acidity level in the insulating
oil, as stated in ASTM D1902, ASTM D 1534, and IEC 296 [34].

2.4.7 Partial Discharge

According to IEC standard 60270 [35], "Partial discharge is a localized electrical discharge that only
partially bridges the insulation system between the conductors and may or may not occur adjacent to
a conductor." PD occurs in high voltage insulation systems as a result of field enhancement in weak

zones in the insulation materials, such as fractures, bubbles, irregularities, and contaminations [4].

PD constantly degrades the insulation systems, influencing their dielectric strength and may

eventually lead to their breakdown [4]. Oil-filled power transformers have immensely complex
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insulation structures that can experience various PD defects, such as internal discharges, surface
discharges, coronas, and electrical trees [4]. This section presents a brief overview of PD types and

their detection techniques inside transformer insulation.

2.4.7.1 Types of Partial Discharge

Various PD may occur in the transformer insulation system, including internal, surface, and PD due
to sharp edges and floating particles [36]. Internal PD occurs at the location of insulation system
contaminations, such as gas voids, papers, textile fibers, and other particles, which are created during
the manufacturing process or normal transformer operation. The dielectric strength of these
contaminants is less than that of the surrounding insulating substance, resulting in electric field
localized enhancement [4], which depends on the contaminant type, dimensions, and shape. If this
localized enhanced field exceeds the withstand electric field of the contaminant, a localized
breakdown, PD, occurs. After a PD, the voltage builds up again and the process is repeated, as in the
case of a gas void. Multiple discharges release heat that carbonizes the surrounding material
insulations, reducing its thickness. The remaining insulation material will be electrically and
mechanically over-stressed, increasing the probability of more discharges that potentially lead to a

complete breakdown [37].

At weak locations (e.g., irregularities and cracks) of the insulation surface, the tangential electric field
is enhanced, causing ionization of the surroundings and resulting in discharge. The presence of
contamination and moisture increases the probability of this process. Repeated discharges create
lower-resistance tracks in which leakage currents flow, dehumidifying the surface and forming tiny
islands. The ‘islands’ stop the flow of leakage currents, resulting in discharge due to the concentration
of the voltage drop across the formations. These discharges burn the insulation surface, producing
conductive carbonized tracks that become the new weak points on the insulation surface, thereby

guaranteeing surface discharge continuity until the whole surface is bridged [37].

Around high voltage conductors in gases or fluids, especially around sharp edges, the electric field
enhancement and distortion cause PDs [38]. These PDs cause power loss, insulation deterioration,
and toxic by-products. Their polarity can be either positive or negative based on the polarity of the
high voltage conductor [39]. Researchers in [38] use a point-plane electrode arrangement to study
positive and negative PDs around sharp edges. In both types, the electric field is enhanced around the
sharp-point high voltage electrode, accelerating the surrounding free electrons, which then start an

avalanche process. In positive PD, the free electrons are attracted to the electrode and the positive
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ions are repelled. Thus, the density of the free electrons in a positive PD is less than that of a negative
one. The production of secondary electrons in the positive PD is mainly dependent on the photon
emission that results from recombination processes and liberates electrons from the fluid. In a
negative PD, the free electrons are repelled from the active electrode and the positive ions are
attracted to it. The secondary process depends on the photoelectric effects that cause electron

emissions from the electrode surface.

2.4.7.2 PD Detection Methods

PD effects, such as gases (ozone and nitrogen), light, heat, and electromagnetic and mechanical
waves, can be detected using electrical and non-electrical methods [40]. Electrical PD detection
methods, including conventional PD detectors, radio frequency (RF) antennas and high frequency
current transformers (HFCTs), are used to measure electrical PD pulses [40]. The conventional PD
detection method is described in IEC 60270 [35]. In [35], different circuit configurations are
employed to detect multiple PD features, such as the apparent charge, pulse repetition rate, pulse
repetition frequency, phase angle, time of occurrence within the voltage cycle, inception voltage, and
extinction voltage. The components common in all configurations are the coupling capacitor,
measuring system, high voltage supply, data storage oscilloscope, and connections. Due to the weight
of the equipment and background noise sensitivity, the use of conventional PD detectors in
transformer environments may not be appropriate [6, 7]. HFCTs are ring-shaped ferrite core current
transformers whose frequencies range from a few tens of kilohertz to several hundreds of megahertz
[41]. HFCTs are lightweight, portable, and low-cost devices. However, when the rise time of PD
current is very short, multiple HFCTs may be required [41, 42]. RF antennas are used to detect
electromagnetic waves emitted from a PD source. Due to a transformer’s complex structure, PD
electromagnetic waves attenuate and take more time to migrate from the PD source to the RF

antennas, so an RF antenna array may be required [43].

Acoustic sensors are used to detect the mechanical waves resulting from this explosion, converting
the waves into electrical signals [44]. Such sensors are inexpensive and immune to electric
interference, and thus are suitable for PD detection in a transformer environment [45]. However, due
to a transformer’s structural complexity, the acoustic PD signals are attenuated, necessitating the use

of amplifiers.
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2.5 Power Transformer Condition Assessments

The objective of performing condition assessments is to provide transformers with the maintenance
needed to prevent failures and unwanted outages [46]. Transformer condition is assessed based on
multiple factors, such as diagnostic test results, operation and maintenance history, transformer age,
and environmental condition. The transformer health index (THI) is a technique used to assess
transformer condition by combining multiple operational transformer factors and providing a

quantitative value that represents the condition.

The THI calculation is a multi-step process that includes determining, scoring, and weighting a
transformer’s operational factors, and then combining them into one quantitative value. In [8],
multiple test result parameters, such as the DGA, furfural analysis, oil quality, and power factor, plus
operational loading and maintenance data are used in the THI calculation. For each parameter, a score
from zero to four is given based on the parameter’s test analysis or condition, with zero representing a
very poor condition and four representing a good one. The weights for the parameters related to the
transformer and tap changer are 40% and 60%, respectively. The THI is calculated by adding the

normalized weighted scores.

In [47], the parameters are classified into two tiers. The first-tier parameters are the oil quality
analysis, DGA and furfural analysis, power factor and excitation current tests, along with load and
maintenance history, and transformer in-service age. The second tier parameters are the turns-ratio
test and frequency response analysis (FRA). Scores and weights are given to each parameter and the
weighted scores of each tier are then summed. The THI is computed by subtracting the results of tier
two from those of tier one. The THI ranges between ten and zero, with ten representing a good

condition and zero representing a poor one.

Artificial intelligence techniques are also used to calculate the THI. In [1], a feed-forward neural
network with four hidden layers is used to calculate the THI for real working transformers. The input
variables to the neural networks are the available test results, and the output is the THI. The THI
ranges from zero to one, corresponding to a new transformer condition and a very poor transformer
condition, respectively. In [48], a Mamdani fuzzy logic system is used to calculate the THI for
transformers under 69 kV. The inputs to the fuzzy logic system are the moisture content, acidity
number, oil breakdown voltage, dissipation factor, dissolved combustible gases, and 2-furfuraldehyde
content. The membership function for the inputs and the THI are developed based on transformer

testing standards and previous research results.
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Despite the importance of PD effects on transformer health, PD test results are explicitly
considered in only a few studies. In [9], transformer operational parameters are classified into three
tiers. The first-tier parameters are the DGA, oil quality analysis, furan analysis, physical condition
analysis, and operating performance; the second tier parameters are the measurements of turns-ratio,
winding resistance, dissipation factor, excitation current, insulation resistance, and polarization index;
and the third tier parameters are the frequency response analysis (FRA) and PD measurement. First,
the THI is calculated using only the first tier parameters. If the transformer condition is not classified
as normal, the second tier parameters are considered in the calculations. The same concept applies to
the tier-three parameters. The PD is not considered an essential test, according to [49], despite being a

significant indicator of solid insulation condition.

2.6 Summary

In this chapter, a survey of transformer failure analysis and various maintenance plans have been
presented. One of the primary maintenance plans is the condition-based maintenance, which relies on
applying proper maintenance actions based on monitoring certain transformer operational parameters
and diagnostic tests. PD detection in transformer winding insulation is the main focus of this research;
hence different insulation condition monitoring diagnostic tests were presented in this chapter. A
comprehensive review about PD phenomena such as types, detection techniques, and signal
processing was also discussed in this chapter. Assessing a transformer’s condition by using the

transformer health index (THI) was also presented.
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Chapter 3
Power Transformer Winding Insulation Condition Assessment

Based on Partial Discharge Detection

3.1 Introduction

Power transformers are critically important components of power systems, as they are expensive and
their failure results in major losses to electric utilities. Transformer windings cause approximately
30% of transformer failures [5], the main cause of which is winding insulation failure due to partial
discharge (PD) [50]. PD testing provides a good indication of the electrical, thermal, mechanical, and
environmental aging of transformer’s winding insulation. Therefore, finding effective PD detection

techniques has been a subject of interest for more than 80 years [51].

In general, testing high voltage equipment for PD is usually performed for three purposes: design,
quality assurance, and diagnostics. These tests are done to guarantee that PD levels are within
permitted thresholds, as well as to identify the PD defect type and to ensure that equipment still has
the expected lifetime. The design PD testing is performed to guarantee either that the PD levels for
new transformers’ designs are within the permitted values or do not exist; the quality assurance PD
measurements are performed to guarantee that no PD defects were created in the transformer during
manufacturing; the diagnostic tests are performed to investigate transformer insulation conditions

under various stresses during operation [51].

When PD occurs, a transformer’s insulation system can be damaged in two ways: by gases created
from the oil and paper, and by the degradation of the systems’ solid materials [11]. The amount of gas
generated in the oil is investigated by the dissolved gas analysis test. The erosion of solid insulation
resulting from the treeing or tracking of paper requires a visual inspection, which is not possible;

however, this solid insulation degradation is directly related to the PD apparent charge value.

During complex PD events, energized electrons and ions bombard insulation surfaces, causing
permanent damage. The amount of damage caused to an insulation system depends on both the
number and the energy of these particles. Measuring the PD charge can indicate the number of
energized particles, which can then be used to predict the damage caused to the solid insulation [52].
Conventional PD detectors are usually used, as in [EC 60270, for measuring the PD apparent charge.

However, they are not suitable for a transformer environment due to noise interference and the heavy
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weight of the equipment [6, 7]. Furthermore, the standardized conventional PD detection method
described in IEC 60270 has a limited frequency range of up to 400 kHz. In other words, it can only
detect the low frequency components of PD signals but not the high frequency components that carry
important information for PD pattern recognition [52]. The conventional method depends mainly on
the calibration process, which tends to be influenced by multiple factors, such as calibration charge,
pulse wave shape, upper and lower cut-off frequencies, amplifier gain, and test set-up. Recalibration
is thus required if one of these parameters is changed. Moreover, these parameters have a high

integration error and low sensitivity if the wave shape has an increase in rise time or duration [12].

Due to the importance of measuring the PD charges and the difficulties associated with
conventional PD detectors in the transformer environment, considerable research has been invested in
finding the correlation between different PD sensors and the PD apparent charge. In [12], the output
voltage signal (mV) of HFCT is used to calculate the PD apparent charge by calculating the transfer
function of the HFCT, with the mV considered to be the sensor output and the leakage current to be
the sensor input. Using the measured output and sensor transfer function, the leakage current (and
hence the charge) can be calculated by integrating this PD current. Multiple attempts have also been
made to correlate the output of high frequency antennas and the PD apparent charge [13, 53]. Most
studies use the terminal PD signal received by the sensor at the transformer tank or neutral terminal to
calculate the PD charge. However, these terminal PD signals are greatly affected, attenuated, and
suppressed by the propagation path from the PD location to the detection terminals [54]. Therefore,
the PD charges calculated using these signals are much lower than the original PD charge. In [54], an
intensive study was conducted to investigate the attenuation caused to PD signals by the propagation
path, mainly through the transformer winding. It was found that the degree of attenuation depends on
multiple factors, including the PD location along the winding and the PD wave shape. Specifically,
the PD signals injected at the middle and end of the winding are attenuated to a greater degree

compared to those injected into other locations.

For years, researchers have relied on the PD apparent charge to evaluate PD destructive effects
inside power transformers. Although the PD apparent charge is a powerful indication of the
transformer insulation condition, it provides only partial information. Hence, it is essential to identify
the nature of the PD in order to evaluate the transformer condition. Oil-filled power transformers have

highly complex insulation structures that can have PD defects capable of causing PD phenomena such
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as internal discharge, surface discharge, corona, and electrical trees. Various types of defects have

different levels of severity [55].

The existing research recognizes the critical role of PD detection inside the transformer winding
insulation. The main challenge is the complexity of such insulation systems. Research on PD
detection inside transformer winding insulation has been mostly limited to conducting controlled PD
experiments outside transformers, obtaining data from these experiments, and processing the signal
data for PD pattern recognition. Because there is still a considerable level of uncertainty concerning
the conclusions drawn from these controlled experiments and their applicability to real working
transformers, the relationship is still unclear. For instance, the recommended PD apparent charge by
the IEC 60270 standard is 500 pC, whereas the recommended PD apparent charges in are much
larger. The authors in have comprehensively investigated the destructive effects of PD on different
components of transformer insulation, such as oil, Kraft paper, and pressboard. These destructive
effects have been expressed as the length of the carbonized track caused on insulation paper and
number of papers damaged. Each one of these studies suggests ranges, with some overlap, for the PD
apparent charge based on the level of damage caused to the insulation under test. Correlations

between these studies and real transformer insulation structures are indeterminate.

In order to address the research gaps discussed above, the research detailed in this thesis has
developed a novel module for partial detection and a module for PD severity assessment inside
transformer winding insulation systems. For the same-structured transformers, by using the developed
PD detection module, the PD source, location and charge can be identified. These PD characteristics
are then used in the developed PD severity assessment in order to evaluate the condition of
transformer winding insulation. Moreover, the severity assessment output can be used to represent the
PD test in transformer health index calculations. In transformer factory, these modules can be
developed for each class of transformer. A microcontroller can be programed with these modules and

integrated with each transformer.

3.2 PD Detection Module

The PD detection module uses a detected PD signal from a transformer in order to determine the PD
source, PD location and charge inside the transformer winding insulation (Figure 3.1). The PD

localization module is also used in the PD charge calculation module, as shown in the next section.
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The PD source classification and PD localization depend mainly on PD signal pattern recognition.

The steps for developing both modules are introduced together in the following section.

PD Source
N PD Source Classification
Module
‘3 PD ,
PD Signal PD Location
Detection PD Localization Module
Device
v
o PD Charge
N PD Charge Determination
Module

Figure 3.1: The developed PD detection module

3.2.1 PD Source Classification and Localization Modules in Power Transformer
Winding

Power transformer winding insulation systems are highly complex and different PD sources may exist
anywhere within the structure. Partial discharge source identification and localization in the
transformer winding insulation is a cost-effective method that provides a transformer with needed
maintenance to prevent catastrophic failures. However, it is a complicated task, as there is no access
to the transformer winding insulation. Therefore, most PD pattern recognition techniques are based on
PD signals measured at the transformer’s outer parts, tank, or neutral terminals. These measured

signals are attenuated and distorted by the PD propagation path through transformer materials and
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background noise. The terminal-measured PD signals still carry crucial information and features.
Partial discharge pattern recognition is an excellent tool to determine the location and the source of
these PD signals in the transformer winding. PD pattern recognition depends mainly on the
assumption that PDs of the same origin are subjected to the same attenuation and distortion, and
hence can be recognized [56]. PD pattern recognition involves two steps: PD detection and PD signal

processing, both discussed in detail below.

i. PD Detection
Conventional and non-conventional methods are used to detect the PD in power transformers.
However, not all these methods can be used for the detection of PD occurring in transformer winding
insulation. For instance, ultra-high frequency antennas and acoustic techniques are immune to
background noise and hence very effective in PD pattern recognition for PD occurring in the
transformer tank. These methods use an array of sensors fixed on a transformer tank. Depending on
the time PD signals arrive at each sensor of the array, the shortest passage from the PD origin to the
sensor can be calculated, along with the PD location. Transformer insulation systems are very
complex; therefore, the high frequency and acoustic PD signals are greatly attenuated and scattered
through their propagation path from the winding to the sensors mounted on the transformer tank,
causing errors in signal arrival time. Therefore, they are not suitable for PD pattern recognition when

the PD exists in the transformer winding insulation [56].

In contrast, electrical PD detection methods have proven to be very effective in PD pattern
recognition for PD sources inside transformer winding. These methods depend mainly on detecting
PD current pulse signals at transformer neutral or bushing terminals. The detected PD current
waveform contains useful information that enables the classification of PD sources coming from the
same origin, source, or location [56]. For these reasons, the electrical method is used in this research

for detecting the PD in transformer winding insulation.

ii. PD Signal Processing

In general, PD signals detected from transformers are processed in four steps (Figure 3.2):
e signal de-noising,
e multiple-source pattern separation,
e feature extraction, and

e pattern recognition.
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The detection of PD signals in a transformer environment is complicated by the existence of
interference from noise disturbances, harmonics, or pulses. PD signal de-noising is performed either
online in hardware or by signal processing techniques using digital filtering, based on the Fourier

transform [57].

The detection of PD signals in a transformer environment is complicated by the existence of
interference from noise disturbances, harmonics, or pulses. PD signal de-noising is performed either
online in hardware or by signal processing techniques using digital filtering, based on the Fourier

transform [57].

Multiple PD defects may exist simultaneously in transformer insulation systems, and therefore the
detected PD waveform is composed of multiple PD signals coming from these defects. Various
techniques are employed to separate the PD signals, including phase-resolved PD techniques and

artificial neural networks.

For PD pattern recognition, the remarkable features are then extracted from PD signals, as each PD
class, source, or location produces a signal with distinct features (e.g., wave shape, repetition rate, rise
time, and apparent charge) [58]. Using a feature extraction process reduces the complexity and the
time of the computation process. Three types of features can be extracted from PD signals: basic
quantities, deduced quantities, and statistical operators. The basic quantities include the PD apparent
charge, the inception voltage, and the location of the PD in the voltage cycle. The deduced features
are the integrated quantities of the basic quantities observed over a much longer time span. The
statistical features are related to the waveform’s shape and include factors such as variance, skewness,
and kurtosis [59]. Skewness and kurtosis have proven to be very effective in the PD pattern
recognition process, as they are not affected by attenuation caused to the PD signals by the

propagation path through the winding [60].

When the extracted features corresponding to different patterns are completely separable, they can
be used as a pattern classification method. However, for the most part, interference exists between the
features of the different classes. Therefore, to enhance recognition-process efficiency, these features
are used as input features for pattern recognition classifiers, such as fuzzy logic, expert system, and
PD fingerprint. Although these classifiers have succeeded in PD pattern recognition for various cases,

they depend mainly on human expertise [61].

23



Recently, artificial neural networks have been proved to be particularly useful for multiple PD
pattern recognition applications [62]. Neural networks are similar to the human brain, in that they are
composed of a number of parallel processing elements called neurons. These neurons are connected
together with weighted connections similar to brain synapses. The neurons are arranged in input,
hidden, and output layers which are connected through synaptic weights (Figure 3.3). Each neuron is
a small processor that takes the summation of its weighted inputs and maps them using an activation
function. The activation function can be a sigmoid, signum, step, or linear function [63]. In this
parallel computing process, neural networks are trained with system input-output data to adjust their
weights and represent this system. After training the neural networks, they can identify the system
output for new inputs [60]. For their convenience in PD pattern recognition, feedforward neural
network classifiers are used in this research, both for PD source identification and for PD localization

inside power transformer winding insulation [64].
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Figure 3.2 : PD signal processing steps
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Input Layer Hidden Layer Output Layer

Figure 3.3: Feedforward neural networks

iii. PD Source Identification and Localization Modules
PD pattern recognition modules for same-structure transformers require the construction of a
knowledge base of different classes of PD input-output signals. To develop this knowledge base,
various PD sources are simulated and injected into multiple locations along transformer windings.
Based on the above discussion, electrical PD detection is highly suitable for PD occurring in
transformer winding insulation. Hence, the leakage current at the transformer neutral is measured and
used in the PD pattern recognition module developed in this thesis. In this module (Figure 3.4),
statistical features, including variance, skewness, and kurtosis, are extracted from the leakage current
signals measured at the transformer neutral. They are then used for training and testing feedforward
neural networks with different topologies. Various combinations of features are used as input vectors
to the different topologies’ neural networks — first individually, then in twos, and finally all three. To
determine the best neural network, a recognition rate is computed in each case. The recognition rate is

the ratio of correctly recognized PD signals to the total number of PD tested signals [3].
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Figure 3.4: Steps for developing the PD source classification and localization modules

3.2.2 PD Charge Calculation Determination Module

To avoid underestimating the damage caused to transformer insulation, I develop a module for
calculating the PD charge corresponding to the PD current injected into the transformer winding
during a PD event and not the PD terminal measured leakage current (Figure 3.5). The injected PD
current is calculated by reflecting the leakage current measured at the transformer neutral terminal
back to the PD injection point using a winding model. Different approaches can be used to model
transformer windings (Figure 3.6), such as circuit, mathematical, or hybrid modeling. The first

approach is modeling the transformer winding as [64]:

i.  apure capacitive model,
ii.  alumped circuit model,
iii.  a continuous parameter model, or
iv.  amulti-conductor transmission line model.

The capacitive network model covers a narrow frequency range, which is difficult to determine for

some winding types [64].

The lumped circuit model is acceptable over a frequency range of several kHz to 1MHz, which
does not cover the frequency range for all propagated PD signals through the transformer winding

[64].

The maximum frequency for a continuous parameter model is limited to several kHz, restricting its

applicability to PD detection [64].
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The multi-conductor transmission line model (MTLM) is acceptable over a larger frequency
spectrum, which is adequate for PD detection. However, for large transformers, the computations

become very complex, limiting the application of this approach in the industry [64].

The second approach is modeling the transformer winding mathematically with differential
equations (DE), a frequency response (FR), or a transfer function [65]. Modeling the transformer
winding with a frequency response is a well-known non-destructive transformer condition assessment
technique used especially in evaluating the mechanical integrity of a transformer after faults [66]. The
winding frequency response depends mainly on the winding circuit elements, i.e., resistance,
inductance, conductance and capacitance, which depend on the winding structure. Therefore, any
deformation in transformer windings can be identified by comparing the transformer winding current
frequency response with the original one [67]. The hybrid techniques use the frequency response to
build a winding circuit model that is used to estimate the transfer function [68]. Due to the frequency
limitations and calculation difficulties inherent in the circuit modeling of transformer windings, this

research focuses on a mathematical approach to transformer modeling.
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Figure 3.5: PD current injected into transformer winding and the corresponding leakage current at

transformer neutral
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Figure 3.6: Transformer winding different modeling approaches

3.2.2.1 Mathematical Modeling of Transformer Winding

A physical system is a group of hardware parts that convert a group of input signals into a group of
output signals. The system can be analog or discrete, depending on the type of input and output
signals, and it can be linear or nonlinear, depending on the relationship of the system input and
output. A linear system satisfies the superposition principle which states that if two input signals are
linearly injected into the system, the resulting output is the linear combination of their expected
individual outputs. Systems can either be time-variant or time-invariant. If a delayed input signal is
injected into a time-invariant system, the output would be the expected one, delayed with the same

time shift as the input with no other changes.

To investigate system behavior, a physical system can be modeled in the time or frequency
domains. In the time domain, a linear time-invariant (LTI) system can be entirely modeled by one
function called the impulse response, which has a very short duration. Delta functions are commonly

used for analog systems, and Kronecker delta functions are used for discrete systems. The system
28




impulse response is the system output corresponding to an impulse signal input. Due to linearity and
time-invariant properties, if the system impulse response is identified, the system output resulting
from any other input can be calculated. Since any input entered into the system can be decomposed
into the summation of scaled and time-shifted impulse signals (Equation 3.1), the output would then
be the summation of all scaled time shifts of the system impulse response, as shown in Equations 3.2
and 3.3 for discrete and analog systems. For transformer windings, if their impulse response is

known, the output of any input (or vice versa) — including the PD signal — can be identified.

x[n] = > x[k]8[n —K] 3.1
y[n] = > x[k]h[n —K] 3.2
yo = | " x(Oh(t— 1) 3.3

where, h[n] is the system's impulse response.

The above equations demonstrate the convolution theory, which stipulates that for any input signal
to an LTI system, the system's output is equal to the corresponding input signal convoluted by the
system's impulse response. The convolution of the two signals expresses the amount of overlap
between a function and a time-inverted version of another function as a function of the time delay
between them. The convolution theorem also states that a convolution of two signals in one domain
(time) is a product in another domain (frequency or Laplace), and vice versa. While numerical
convolution is possible, it is sometimes complex and time-consuming, since the computation process
has multiple steps. The Fourier transform can be used to transfer the system’s differential equations
into algebraic equations in the frequency domain, at which point the convolutions become algebraic
multiplications (Figure 3.7). In this research, the transformer winding is modeled using the frequency

response and transfer function techniques.
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Figure 3.7: Convolution in the time, frequency, or Laplace domains
i.  Transformer Winding Frequency Response

The impulse response of the LTI system in the frequency domain is called the system frequency
response. This response is usually plotted as a Bode plot in a logarithmic scale. A Bode plot is a graph
of the magnitude (in dB) or phase of the frequency response versus frequency. Utilizing the
logarithmic scale is helpful for showing the signal transferable intensity over a broad range of

frequencies.

Transformer windings are considered as LTI systems. The transformer winding frequency response
has general sub-band regions dominated by different transformer components that are frequency-
dependent. At very low frequencies, the winding frequency response is dominated by the core,
whereas at higher frequency bands, the winding frequency response is dominated by the winding
inductance. Then, with higher frequency values, the winding capacitive inductance dominates the
frequency response, and at very high frequencies, the transformer equivalent circuit consists mainly
of the shunt and series capacitance, which reaches very low values and can be neglected. Thus, the

test configuration and connection cable determine the behavior of the circuit [69, 70, 71].

According to the power supply nature, the winding frequency response can be measured by two
methods: impulse response or sweep frequency. In the impulse frequency response measuring
method, an impulse function is injected into the transformer winding input terminal, and the impulse
response is detected from the output terminal. The frequency response can then be obtained using

Fourier transform.
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In the sweep frequency response method, a sinusoidal signal with a voltage magnitude (in Volts)
from one to twenty RMS and a sweep frequency from a few Hz to a few MHz is used to excite the
transformer input. The corresponding output is measured from the transformer output terminals. The
frequency response magnitude is calculated as the ratio of the output signal magnitude to the input
signal magnitude, and the angle is calculated as the difference between their angles. The
recommended frequency range differs according to the standard used, with the lower frequency
ranging from 10 Hz up to 1 kHz and the upper frequency ranging from 1 up to 10 MHz [72]. The

upper frequency is limited by the test setup and connection cables [73].

The impulse response method and sweep frequency method are compared in [74], which concluded
that the impulse response method is fast and that multiple transfer functions can be measured
simultaneously. However, the frequency resolution is the same over the entire frequency range,
making this method not only imprecise at lower frequencies but rendering the detection of faults
related to lower frequencies difficult. This method also requires multiple devices, and filtering out the

noise from the measured signals is complicated.

Sweep frequency analysis is slower than the impulse response method, as only one measurement at
a time is made at each frequency. However, compared to the impulse response method, the sweep
method has a much better signal-to-noise ratio, a broader frequency response range, and controllable
frequency resolution; it also has an easier reproduction of results and requires fewer pieces of

equipment [74, 75]. Thus, based on its merits, the sweep frequency method is used in this research.

Various standards exist for sweep frequency response testing of power transformer windings, such
as the Chinese Standard DL 911/2004, CIGRE WG A2.26 Brochure, IEC 60076-18, and IEEE
C57.149. Each of these standards recommends the test configuration and problem interpretation

approach using frequency response. Some of the recommended test configurations are (Figure 3.8):

e End-to-end open circuit test
The input signal is injected into one terminal of the winding under test, and the response is measured

from the other terminal of the winding, while all other terminals are left open [76, 77].

e End-to-end short circuit test configuration
This test configuration is similar to the previous circuit test, but the secondary terminals are

connected to each other and are short-circuited. The secondary short-circuiting removes the influence
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of the core’s magnetizing inductance from the response so that the only characterizing impedance in

the low frequency range is the leakage inductance of the winding [76, 78].

e (Capacitive inter-winding test
The input is injected into a winding terminal and the output is measured at the secondary, while all
the other terminals are left open. Because the capacitance between the winding affects the response,

this test is not recommended for certain transformers [76].

e Inductive inter-winding test
This test configuration is similar to the capacitive one, except that non-measuring secondary terminals
are grounded. Various methods of fault interpretation are recommended under these standards. One of
the most widely accepted methods is the one recommended by the CIGRE WG A2.26 brochure,
which suggests that the latest frequency response of the winding be compared to a reference
frequency response. This reference frequency response can be a previous healthy frequency response
of the same winding, a frequency response of another phase of the same transformer, or a frequency

response of an identical transformer (e.g., a sister unit) [76].
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Figure 3.8: Frequency response test configurations: (a) End-to-end open circuit, (b) end-to-end short

circuit, (¢) inter-winding (capacitive), and (d) inter-winding (inductive) [76]
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ii.  Transformer Winding Transfer Function

Although various standards exist for measuring the frequency response of transformers; interpreting
transformer problems from the frequency response is usually done by “human expertise”, limiting the
application of the frequency response technique to only the assessment of the mechanical deformation
of winding. Therefore, researchers have been developing numerical techniques for interpreting
transformer problems from frequency response. These numerical techniques can be classified into two
categories: statistical and transfer function. Statistical indicators are used to correlate before-and-
after-fault transformer frequency responses [79], while the transfer function method is based on
replacing the frequency response with a rational function so that if any change occurs to the

transformer, the parameters of the function will be changed.

The transfer function of a linear system is the ratio of the Laplace transform of the system output to
the Laplace transform of the system input, assuming zero initial conditions. Equation 3.4 shows the
general form of the transfer function, and Equation 3.5 shows the factorization of the transfer function
numerator and denominator into the zero-pole-gain form. The poles and zeros of a system are also
called the resonance and anti-resonance frequencies. The system has an infinite gain at the pole
positions, making it resonate with zero damping. At the zero positions, the system output is zero, and
these frequencies are completely cut out of the output signals. Therefore, studying system poles and

zeros is important for investigating system stability. The transfer function is given by:

H(s) bys®+b;s"™ 1 +-+b,_;s+b, 34
s) = .
sh+a;s" 4+ +a,_s+a,

_ M2, (s-2Zi)
H(s) = k—l'[i“:l(s—pi) 3.5

The frequency response and transfer function represent the impulse response of a system in different
domains. They can be calculated from each other using multiple methods, including visual inspection
and vector fitting. Visual inspection is based on the concept that, at the frequencies related to the pole
or zero, the slope of an asymptotic diagram changes. At frequencies lower than pole or zero
frequencies, the asymptote slope is flat. At the pole or zero frequencies (break points), the asymptote
slope starts to change. At frequencies higher than the break points, the asymptote slope becomes 20 or
-20 dB/decade for a single zero or a single pole, respectively. For double zeros or poles, the

asymptote slope becomes 40 or -40 dB/decade at the high frequencies. In the case of two complex
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poles (underdamped response), the asymptote slope is flat in the lower frequency range; the system
resonates at the natural frequency of the system; the asymptote slope is -40 dB/decade in the high
frequency region [76]. This method is difficult to use with complex systems such as transformer
winding. However, it can be used for an initial evaluation of the poles and the zeros of the
transformer winding. The complete analysis of the winding transfer function will be done using the
vector fitting techniques after completing the initial evaluation stage.

The vector fitting technique fits the vector frequency response vector with a rational function
approximation by converting complex frequency responses into a polar-residue rational transfer
function, which then uses the least square method to optimize process errors [80]. This method is
robust and convenient for fitting high-order system responses such as transformer windings [80]. It
has been used in multiple studies for PD detection in transformer winding insulation. In [81], the
effect of the PD propagation path through the winding of a transformer is investigated and removed
by measuring the winding frequency response from 0 to 10 MHz, and calculating the transfer function
using vector curve fitting techniques. In [82], this method is used for PD localization in a dry-type
transformer. The convenience of this method in estimating the transformer winding transfer function

(TF) makes it highly suitable for use in this research.

The winding transfer function is considered a powerful diagnostic technique for evaluating power
transformer winding condition, as well as for testing insulation coordination, detecting inter-turn short
circuits, identifying insulation defects, detecting mechanical deformations, investigating surge
overvoltages, and determining the PD location and charge along the winding [83]. Since the PD
signal path from a source to a detection point has unique characteristics, the transfer function concept
is applied to detect and localize PD in winding insulation systems. In [84], a multi-step module is
introduced for PD localization inside a transformer winding, specially prepared with multiple access
locations. The sectional winding transfer functions (SWTFs) are measured using a network analyzer
and then calculated using impulse response measurement for verification. Other classification and
localization techniques, such as neural networks and distance functions, are used invalidating the
results. In [85], the lumped circuit parameters model is used for estimating SWTFs, which are used
for PD localization inside a disk-type transformer winding. In this model, the transformer winding is
grouped into sections of disks, with each disk being represented by an R-L-C unit. The PD input
signal is simulated by a current source, and the output signal is detected from the bushing and the
neutral via detection impedances. Two transfer functions are calculated at different locations along

the winding, from the PD injection point to the bushing and to the neutral. These calculated transfer
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function can be used to determine the PD current and PD location. In [64], a similar technique is used,
but the ratio of the transfer function from the PD source to the bushing to the transfer function to the
neutral is calculated. This ratio is used to train and test one hidden layer neural network for location

recognition.

3.2.2.2 PD Charge Determination Module

Based on the above discussion, the input /output of the transformer winding can be calculated from
the corresponding output/input and winding transfer function. Specifically, the PD current (and
charge) injected (input) into the transformer winding during a PD event can be calculated using the
corresponding leakage current and the winding transfer function from the PD location to the
transformer neutral terminal. Therefore, constructing the PD charge determination module requires
the developing of two components (Figure 3.9): a PD localization module for selecting a certain
transfer function corresponding to the PD location, and a bank of transfer functions from all
accessible points along the transformer winding. These transfer functions can be calculated from the

corresponding winding frequency response.

During a PD event, the leakage measured at the transformer neutral terminal undergoes the
localization module (introduced earlier in this chapter) to select the transfer function corresponding to
the PD location. Using the leakage current and the selected transfer function, the input PD current can
be calculated in either the time or frequency domain. The PD charge is calculated by integrating the

input current waveform (Figure 3.9).
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Figure 3.9: PD charge determination module
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3.3 Transformer Winding Condition Assessment Based on Partial Discharge

Detection

Transformer insulation assessment based on PD activity is usually performed using PD apparent
charges measured at transformer terminals, neglecting the effects of the propagation path and other
PD characteristics. Moreover, the justifications for using certain PD charge values, such as 500 pC by
IEC, as acceptance criteria are not clear in terms of the damage caused to insulation systems. On the
other hand, studies that have comprehensively investigated the damage caused to oil-paper insulation

do not correlate their conclusions to the insulation systems of real transformers [11, 14].

To overcome these shortcomings, I have developed a new transformer condition assessment
technique that uses multiple PD features. In a comprehensive study, the damage caused to an
insulation system is correlated to real transformer insulation conditions. The developed assessment
technique has two main components: a PD severity assessment module and a condition assessment of

power transformers based on the PD severity assessment

i.  PD Severity Assessment Module
The uncertainty arising from the PD ranges suggested in various studies is dealt with using fuzzy
logic. Fuzzy logic is very similar to the human inference process; in fact, the theory was first
presented by Professor L. A. Zadeh as an extension to classic logic theory. Unlike classic logic
theory, however, in which space elements’ degree of membership to a classic set is either one or zero,
fuzzy logic sets are more flexible and allow the elements to have a partial degree of membership. This
partial degree of membership can be any value between zero and one, with zero representing no
membership and one representing full membership to the set. This flexibility suits many real-life
applications and problems that cannot be solved by classical logic. With its highly random nature, PD

is certainly one of these applications

Fuzzy inference is a five-step module that involves input variable fuzzification, fuzzy-logic-
operator application, implication method application, aggregation method application, and output
defuzzification (Figure 3.10). In the fuzzification step, the degree of belonging of each input to each
fuzzy set is determined based on the variables’ membership function. Membership functions (MFs)
express the degree of membership of each element in a space to the fuzzy sets. Different types of
waveforms are used for constructing MFs, such as triangular, trapezoidal, bell-shaped, sigmoidal, and
S-curve waveforms. Determination of the membership function waveform depends on the nature of

each variable. For each rule, there are a number of values that represent the degree of membership of
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each element to the fuzzy set in that rule. The fuzzy operators AND and OR are applied to select one
of these values for the consequent output function via the implication method. For each rule, the
output of the implication method is a fuzzy set. All of the rules’ output fuzzy sets are then combined
into one set, using an aggregation method. In the defuzzification step, this set is converted back into a
crisp value that represents the output of the fuzzy logic. Various methods can be used for the
defuzzification process, including the mean of maximum (MOM), the center of gravity (COG), and
height methods [63]. Figure 3.10 shows the steps for the fuzzy inference process, where DOMnk is
the degree of membership of element (k) to the set in rule (n); DOMn is the degree of membership
function selected to represent this rule after applying the fuzzy operators; FCSn is the nth fuzzy

consequent set resulting from applying the implication method; and FOS is the fuzzy output set.
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Figure 3.10: The fuzzy inference process

Due to the random nature of PD and the uncertainty of its detection techniques, fuzzy logic is
convenient for PD classification and assessment applications. In [86, 87], a fuzzy logic system is used
to categorize the PD sources (i.e., air voids, surface discharge, oil-corona, and corona). In [86], the
inputs to the fuzzy system are the time of PD occurrence in the voltage cycle, the number of PD
pulses, and the PD apparent charges. In [87], besides classifying the PD sources, the authors add two
more output categories: invalid data and noise. Fuzzy logic systems are also used to classify the same
PD type into different categories, as in [88], where fuzzy logic separates void defect sizes into three
categories with regard to five PD waveform shape features (apparent charge, rise time, fall time,

width and area).
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As the PD charge and source type have a direct relationship with the damage caused to the
insulation system, they are used to assess the transformer winding insulation condition based on PD
activity. A Mamdani fuzzy logic system is used to develop the PD severity assessment module
(Figure 3.11). The inputs to the fuzzy system are the skewness value of the measured leakage current
pulse, which is an indication of the PD source type, and the PD charge, whereas the output is the
PDI, which reflects the number of damaged papers under certain PD activity as reported in [11]. In

this thesis, the fuzzy MFs and rules are determined based on laboratory experiments and the existing

literature.
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Figure 3.11: Transformer condition assessment

ii.  Transformer Winding Insulation Condition Assessment Based on PD Detection

Transformer condition assessment based on PD activity is performed by correlating the insulation
damage classification based on the number of damaged papers reported in [11] with the transformer
insulation classification reported in [89]. The first assessment is based on control experiments, and
the second is based on the terminal PD charge. To correlate the assessments, various PD sources are
injected into transformer windings at multiple locations. By measuring the input PD current and
output PD current, and then calculating the corresponding PD charges, attenuation factors are
formulated, as in Equation 3.6. This attenuation factor is used to verify that the condition
classification used in [89] is valid for this study. The input-output data is already available from the
knowledge base of the PD source and localization module.

_ PD Charge (input)

= 3.6
PD Charge (output)
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3.4 Thesis Outline

Based on the discussion provided in this chapter, PD detection and PD severity assessment modules
are developed for transformer winding insulation (Figure 3.12). The PD detection module is
composed of PD source classification, PD localization, and PD charge determination modules. The
techniques used for PD source classification and localization modules are presented in Chapter 4. To
develop the PD detection modules for a transformer, different PD sources, such as air bubbles, sharp
edges, and surface discharge, are simulated and injected into different locations (taps) along the
windings of a three-phase transformer. The corresponding leakage current signals are then measured
at the transformer neutral terminal. Statistical features such as variance, skewness and kurtosis are
extracted from the measured signals and are used to train and test feedforward neural networks with
different topologies. Each neural network has one hidden layer, and the number of neurons is
changeable. Different combinations of features are used as input vectors to the neural networks — first
individually, then in twos, and finally in all three. The average recognition rate is calculated in each

casc.

In the PD charge determination module developed in this thesis, the leakage current, measured at
the transformer neutral, undergoes the localization module to select the transfer function
corresponding to the PD location and form a bank of transfer functions. Using the leakage current
(output) and the selected transfer function, the PD input current and corresponding charge can be
calculated. Therefore, developing this PD charge determination module for a transformer requires
developing a localization module and a bank of transfer functions from all possible locations to the
transformer neutral. These transfer functions are then calculated from the corresponding measured

frequency responses by means of vector fitting.

In calculating a PDI that is suitable for assessing transformer insulation conditions and also to be
included in the transformer health index calculations, the PD severity assessment utilizes fuzzy logic
to formulate the PD charge and features associated with the PD source. These are calculated using the
PD charge determination as well as the PD source classifier. The fuzzy membership function and
rules are determined based on the experiments done in this study and the existing literature. Finally, a
correlation between the findings of controlled experiments on the transformer winding insulation
materials and transformer condition classification is made by calculating the attenuation factors

between injected and measured PD charges.
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PD Detection Module

Figure 3.12: The developed PD detection and severity assessment modules

3.5 Summary
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In this chapter, I discussed the research gaps that motivated me to develop the PD detection and the

PD severity assessment modules for power transformer insulation winding. The reasons for choosing

certain techniques to address the PD discharge detection in a transformer were discussed in details, a

brief overview of the techniques was provided, and the thesis outline was highlighted

For a transformer under study, the PD detection modules: source, localization and charge

determination, are developed in Chapter 4 and 5. The severity assessment module is developed in

Chapter 6.
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Chapter 4
Partial Discharge Detection and Localization in Power Transformer
Winding

4.1 Introduction

Power transformers are the backbone of power systems, so their sudden outage or failure can cause
huge losses for electric utilities and their customers. Most power transformer failures occur due to
insulation system breakdown. PD is a major cause of transformer insulation deterioration. Early
detection of the nature and location of the PD within the transformer insulation can help prevent or

mitigate losses associated with transformer failure.

Transformer windings are responsible for approximately 30% of transformer failures [5]. One of
the primary causes is insulation failure due to PD, so continuous online monitoring of PD in
transformer winding insulation is the main focus of this research. Winding insulation systems of oil-
filled power transformers are highly complex structures that can contain various defects that cause PD
such as internal discharge, surface discharge, corona, and electrical trees. Because different types of
defects have different severity impacts on insulation systems, identifying the source type is essential
for evaluating the transformer insulation condition. Moreover, localization of PD defects within the
transformer winding is important for applying the correct maintenance action [90]. In this research,
PD localization is used in the PD charge determination module. Multiple electrical and non-electrical
techniques can be used for PD detection in power transformers, including conventional PD detectors,
high frequency antennas, acoustic sensors, high frequency current transformers, and optical sensors.
Acoustic sensors and high frequency antennas are suitable for detecting PD occurring in the
transformer tank, whereas electrical PD detection is useful for detecting PD occurring in transform

winding insulation [56].

PD signals coming from the same origin (a source or location are exposed to the same kinds of
distortion and attenuation and hence have unique features that enable them to be distinguished from
signals of different origins. Statistical features are not affected by attenuation caused by the PD signal
propagation path through the transformer winding [60], so they can be used to recognize PD signals
coming from different origins, even though the features might overlap. Therefore, a pattern

recognition method would be highly useful for enhancing the classification process. To this end,
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feedforward neural networks have been proven to be beneficial in PD pattern recognition applications
[58].

This chapter develops PD source identification and localization modules as a part of the detection
module shown in Figure 4.1. Three PD sources are created and injected into different locations along
the windings of a real transformer under study, and the corresponding leakage currents are measured
from the transformer neutral. The statistical features- variance, skewness, and kurtosis- are extracted

from the measured signals and are used to design feedforward neural networks for PD pattern

recognition purposes.
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Figure 4.1: PD source classification and localization modules as part of the developed PD detection

module

4.2 PD Pattern Recognition in Transformer Windings

The modules for PD source classification and PD localization in transformer windings involve several
steps: creating multiple PD sources, injecting the sources into different locations along the

transformer winding, measuring the corresponding leakage currents from the transformer neutral,

42



extracting the statistical features, and training and testing feedforward neural networks (Figure 4.2).

This section discusses the details of these steps and their applicability to a 45 kVA transformer.
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Figure 4.2: Steps for developing the PD source classification and PD localization modules

4.2.1 PD Signal Creating and Injecting into Transformer Winding and Measuring

Leakage Current Measurement (setup)

Three types of PD — air bubble, sharp edge, and surface discharge — are created using a needle-plane
electrode arrangement in a cell filled with air, oil, and oil and Kraft paper, respectively [84]. A high
voltage is applied to the needle electrode using a discharge-free transformer while the plane electrode
is connected to the winding of the real transformer under test (Figure 4.3). In real-life applications, it
is difficult to physically access a transformer’s winding to monitor PD activities, but it is relatively
easy to reach the winding tap locations. Therefore, in this research, the laboratory experiments and
hence PD pattern recognition modules are based on injecting PD signals into every tap of each

winding of the transformer.

The transformer under study is a 45 kVA three phase transformer that has six tap position, T1, T2,
T3, T4, S2 and F1(Figure 4.4). The winding’s number of turns and the resistance associated with each
tap connection are shown in Table 4.1. During this research, tap S2 is connected to tap F1, permitting

5 tap locations for PD injection. Seventy PD signals of each type are injected into each tap.

Figure 4.3 shows the experimental setup used in these experiments. The input and output PD
signals are measured as voltage drop signals across two 150 Q resistors, using a four-channel

Tektronix digital storage oscilloscope (TDS5104/1P/16). The input resistance is connected between
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the plane electrode and the transformer tap connection under test. The output resistance is connected
between the transformer neutral and the ground. As the input resistance is not connected directly to
the ground, the voltage across it is measured as the difference between its terminal-to-ground

voltages. Typical input and output voltage signals for the PD air bubble are shown in Figure 4.5.

Transformer Winding

Bushing

MNeedle-Plane
) Hv Electrode
Input Signal I | Arrangement

ut Signal

Neutral

(b)

Figure 4.3: Experimental setup. (a) The laboratory equipment, (b) The schematic diagram
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Figure 4.4: Transformer winding under study

Table 4.1: Tap positions and associated number of turns and resistance

Tap Position Tap Connection Turns Resistance (Ohms)
S2-F1 3188 126.96
T3-F1 3112 123.94
T3-T2 3036 120.91
T4-T2 2960 117.88
T4-T1 2884 114.86
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Figure 4.5: Air bubble PD: (a) Input PD signal, (b) output PD signal

4.2.2 Statistical Feature Extraction

Instead of dealing with complete PD measured waveforms, informative features are extracted and

used in the pattern recognition process. In this research, statistical features such as variance,

46



skewness, and kurtosis are extracted from the normalized PD output signals. The statistical features

are defined as [91]:

2 SN e i)

Variance: 0° = =—F——— 4.1
T f0x)
o N e’
Skewness: S, = o SN T 4.2
Kurtosis: k, = PIIETM 3 4.3
R T ot yN o ‘

Where, N is the number of phase windows in a half cycle, and u is the mean value.

4.2.3 Artificial Neural Network Classifiers

The statistical features extracted from the PD output signals are used to train and test one hidden-
layer feedforward neural network for PD source classification and localization purposes (Figure 4.6).
To determine the best network, the number of neurons is increased from two to twenty, in increments
of two. For each neural network, sixty percent of the available data is used for training and forty
percent for testing. Five different combinations of the available training and testing data values are
used, and the average recognition rate is calculated for this input vector. The recognition rate is
calculated as the number of correctly classified signals with respect to the total number of tested

signals.

Figure 4.6: Feedforward neural network with one hidden layer
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4.2.4 Results and Discussion

4.2.4.1 PD Source Type Classification Module Results

Using MATLAB, the statistical features are extracted from the leakage current signals corresponding
to the three types PD defects: air bubbles, sharp edges, and surface discharges. The histograms of
variance, skewness, and kurtosis are shown in Figures 4.7 through 4.9. In order to investigate the
overlap between the features corresponding to different PD sources, the frequencies of the histograms
are normalized by dividing them by the maximum frequency of each feature. The extracted features
corresponding to the air bubble PD signals are entirely separable from the features of the other two
types, except for a few skewness values. For sharp edge and surface discharge PD defects, there is
interference in their features, especially in the variance values. Therefore, feedforward neural
networks with different topologies are trained and tested using these features to enhance the

networks’ recognition capabilities.

The number of neurons in the hidden layer is increased from two to twenty, in increments of two.
For each neural network, sixty percent of the available data is used for the training and forty percent
for the testing. For every input vector, five different arrangements of the available training and testing
data values are used, and the average recognition rate is calculated. The statistical features are used
individually, in twos, and finally all of them together to train and test the neural networks. For
different input vectors, the neural networks with the best average recognition rate are shown in

Table 4.2.

The best recognition rate is obtained when kurtosis and skewness are used together as input feature
vectors. Combining these vectors with the variance results in the recognition rate reduction, which is
expected as the values for the variance for the sharp edge PD and surface PD are in the same range

(Figure 4.7).
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Figure 4.7: Histograms of variance values of the air bubble, sharp edge, and surface PD

I Air Bubble
91 | T sham Edge
08l I surface PD

0.6

0.5

0.4

Normalized Frequency

0.3+

0.2

01F

-2 -1.5 -1 05 0 05 1 1.5 2
Skewness

Figure 4.8: Histograms of skewness values of the air bubble, sharp edge, and surface PD
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Figure 4.9: Histograms of kurtosis values of the air bubble, sharp edge, and surface PD

Table 4.2: Neural network results for PD source classification

Input Feature/s Best Average Recognition Number of Hidden
Rate Neurons
Variance 45% 14
Skewness 79% 10
Kurtosis 76% 18
Variance and Skewness 85% 8
Variance and Kurtosis 83% 16
Skewness and Kurtosis 97% 18
Variance, Skewness, and 94% 20
Kurtosis
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4.2.4.2 Localization Module Results

Seventy PD signals of each type are injected into the five tap locations in each phase of the
transformer winding, and the corresponding leakage currents are measured at the transformer neutral.
The statistical features extracted from the measured signals corresponding to each tap location are
used to train and test neural network classifiers for PD localization purposes. Because the tap
locations in the same phase are close to each other (only 76 turns between them), the effect of the
winding propagation path on the injected PD signals may be comparable. Furthermore, as the tap
location distribution in all three phases is identical, the signatures of the different windings on the PD
signals occurring at the same tap position may be indistinguishable. Therefore, the PD source is

localized within the taps of the same phase and within the same taps of different phases.

i.  Localization of PD within taps of the same phase
The best average recognition rates for the localization of PD sources within each phase of the
transformer are shown in Tables 4.3 through 4.5. Recognition rates of 60% to 70% are achieved when
using the variance individually; however, when combined with skewness or kurtosis, the recognition
rate rises to 96% in some cases. Combining the three features results in the best recognition rates,

unless the variance affects the efficiency of the classification module.

Table 4.3: Neural network results for localizing air bubble PD in three phases

Input Feature/s Best Recognition Best Recognition Best Recognition
Rate (Phase 1) Rate (Phase 2) Rate (Phase 3)
Variance 69% 61% 62%
Skewness 80% 76% 78%
Kurtosis 96% 92% 95%
Variance and Skewness 87% 83% 85%
Variance and Kurtosis 94% 92% 94%
Skewness and Kurtosis 96% 94% 96%
Variance, Skewness, 97% 96% 95%
and kurtosis
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Table 4.4: Neural network results for localizing sharp edge PD in three phases

Input Feature/s Best Recognition Rate | Best Recognition Rate | Best Recognition Rate
(Phase 1) (Phase 2) (Phase 3)

Variance 57% 59% 61%
Skewness 87% 86% 88%
Kurtosis 83% 83% 87%
Variance and Skewness 81% 81% 83%
Variance and Kurtosis 86% 87% 91%
Skewness and Kurtosis 94% 95% 94%
Variance, Skewness, 96% 98% 99%

and Kurtosis

Table 4.5: Neural network results for localizing surface PD in three phases

Input Feature/s Best Recognition Rate | Best Recognition Rate | Best Recognition
(Phase 1) (Phase 2) Rate (Phase 3)

Variance 73% 71% 72%
Skewness 84% 83% 85%
Kurtosis 95% 92% 95%
Variance and Skewness 90% 89% 91%
Variance and Kurtosis 96% 94% 97%
Skewness and Kurtosis 94% 92% 94%
Variance, Skewness, 97% 96% 98%

and Kurtosis
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ii.  Localization of PD signals occurring at the same tap in different phases

To ensure that the leakage current signals corresponding to PD sources occurring at the same tap
location in the three phases are recognizable, statistical features are extracted from twenty signals
corresponding to tap locations T1 and T2 in phases (1) and (2). Figure 4.10 shows a three-
dimensional distribution of variance-skewness-kurtosis for these signals. For T1 and T2 in both
phases, the variance values for the two locations overlap, although there is less overlap in the kurtosis
and skewness values. To enhance the recognition process, these statistical features are used in
different combinations to train and test feedforward neural networks. Compared to the results
obtained for the recognition of a tap location within the same phase, higher recognition rates are
achieved (Table 4.6). Using the variance alone as the input vector in the training and testing process
results in 76%- 81% recognition rate, while combining the three features results in 100% recognition

rate.

Table 4.6: Neural network results for localizing different PD source for the taps (T1 and T2) in

different phases.

Input Feature/s Air Bubble PD Sharp Edge Surface Discharge
Variance 76% 79% 81%
Skewness 86% 88% 91%
Kurtosis 85% 86% 89%

Variance and Skewness 93% 93% 95%

Variance and Kurtosis 92% 93% 94%

Skewness and Kurtosis 96% 98% 99%

Variance, Skewness, 99% 100% 100%
and Kurtosis
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Figure 4.10: Three- dimension distribution of the variance- skewness- kurtosis for measured signals

that result from air bubble PD injected in tap1 and 2 in first and second phase

4.3 Summary

In this chapter, leakage currents measured at a transformer neutral terminal have been used to
construct the database required for developing the PD source classification and localization modules
for a transformer under study. Three PD types were created and injected into each tap of a 45 kVA
transformer. The corresponding leakage currents were then measured from the transformer neutral.
The statistical features- variance, skewness, and kurtosis- were extracted from the measured signals
and used to train and test feedforward neural networks of different topologies. Combining features in

the training process resulted in better recognition rates.
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Chapter 5

PD Charge Determination in Transformer Winding Insulation

5.1 Introduction

Transformer windings are responsible for approximately one-third of all transformer failures [5], and
one of the principal causes of winding insulation failures is partial discharge (PD) [50]. The damage
caused by PD to insulation is directly related to the PD charge [11, 14]. Although conventional PD
detectors are usually used for measuring PD apparent charge, it is not possible to use them in a
transformer environment. However, due to the importance of measuring PD charge, several studies
have investigated the relationship between the output of other sensors, such as high frequency
antennas and high frequency current transformers (HFCTs), and PD charge. The analysis in these
studies is based on the terminal measured signals, which are greatly attenuated by the transformer

materials, leading to undervaluation of the damage caused to the insulation system.

In this chapter, I develop a module for PD charge determination in transformer winding insulation
as a part of the PD detection module (Figure 5.1). The charge calculated in this module is not the
terminal charge but the internal PD charge injected into the transformer winding during a PD event.
This charge is calculated using the transformer winding transfer function, and the leakage current

measured at the transformer neutral, as shown in Figure 5.2.
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Figure 5.1: PD charge part of the developed PD detection modules
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Figure 5.2: PD current injected into the transformer winding and the corresponding leakage current at

the transformer neutral
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5.2 PD Charge Determination Module

The PD charge determination module developed in this chapter is based on two main steps. The first
step is creating a bank of transfer functions of the transformer winding for all possible winding
configurations. The second step is the calculation of PD charge using transformer winding transfer

function.

The measured leakage current at a transformer neutral undergoes the localization module
developed in the previous chapter to determine the PD location along the winding. Hence, the transfer
functions of the transformer winding configuration that corresponds to the location of the PD is
selected; this is the transfer function selection process shown in Figure 5.3. The PD charge is then
calculated using the selected transfer function; this is the PD charge calculation process shown in

Figure 5.3.

The transfer functions are calculated by the vector fitting of the corresponding current frequency
responses. The sweep frequency response method is used to measure the frequency response of the
transformer winding by applying the end-to-end short circuit test (Figure 5.4), whereas the PD charge
calculation module uses the selected transfer and the measured leakage current to calculate the PD

current injected to the windings. The PD charge is calculated by integrating this injected current.

It is important to note that this method is applied only to PD signals with frequency content of up to
10 MHz. In higher frequency ranges, the winding frequency response is strongly affected by the setup
configuration and connection cables, not the transformer structure. The frequency of PD occurring in
transformer winding can range from tens to hundreds of kHz for surface discharges, and from
hundreds of MHz to a few GHz for some bubble voids. However, the latter type has minimal
capabilities to damage an insulation system [92]. Therefore, the frequency range of the developed

method is suitable for calculating the PD charge of dangerous PD types.

Because the only accessible points along the winding of real transformers are tap locations, this
study is limited to PD events occurring at these locations. However, if a similar transformer unit is
specially manufactured with multiple access points along the transformer windings, more locations
could be investigated. Another suggestion to overcome this limitation is to use the circuit model
approach for calculating transfer functions. This approach depends mainly on R-L-C parameter

calculations that require the availability of transformer-type materials and dimensions. For older
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transformers that are still in service, this information would not be available. In such cases, the

winding frequency response could be used to build the circuit model of the transformer winding.
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Figure 5.3: PD charge determination module
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Figure 5.4 : End-to-End short circuit test [76]

5.3 Developing PD Charge Module for a Three-Phase Transformer

Developing the PD charge calculation module for a transformer involves creating a localization

module, a bank of transfer functions, and a charge calculation module. The PD localization module

for the real transformer under test has been developed in Chapter 4 using neural network classifiers.

The only accessible points along the windings are the tap locations, five per phase (Figure 5.5). A
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transfer function bank that contains the corresponding fifteen current transfer functions is constructed

in this section, followed by the charge calculation module.
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Figure 5.5: (a) Transformer under test, (b) schematic diagram of the winding

59



5.3.1 Constructing a Transfer Function Bank

The bank of current transfer functions contains all current transfer functions from the taps of each
phase of the transformer to the neutral. The transfer functions are calculated from the current
frequency response corresponding to each of the taps, and the sweep frequency response method is
used to measure the frequency response. In order to measure the current frequency response
associated with a certain tap location, the input to the tap and the corresponding output at the neutral
are measured with an oscilloscope as voltage signals across resistances. The resistance used to
measure the output current is connected between the transformer neutral and the ground, while the
resistance used to measure the input signal is connected between the voltage supply and the tap
location (Figure 5.6). The voltage across the resistance corresponding to the input current cannot be
directly measured by an oscilloscope, as it is not directly connected to the ground. Therefore, an

indirect method is employed to measure the voltage corresponding to the input current.

The current frequency response can be calculated as follows:

_Vi-V;
IInput ~— TR 5.1
_V
Ileakage - R 5.2
lleakage 1
Ilnput - %—% 53
3 V3

Where, V; is the supply voltage, V, is the voltage at the transformer taps, and V5 is the output voltage.

\ v
To calculate the taps’ current frequency response, I have measured V—l and V—2 for each tap. The
3 3

equations for the corresponding transfer functions are then calculated by means of vector fitting

techniques.

5.3.2 Frequency Response Measurement Set-up

The sweep frequency response method, using end-to-end short circuit configuration, is used to

. \Y \Y . lleak .
measure the two frequency response signals V—1 and V—2 for each tap. The desired g is then
3 3 input

. . . \ v
calculated using Equation 5.3. Figure 5.6 shows the arrangement used for V—l and V—Z measurement.
3 3
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Two equal resistors (50 Ohms) are used for measuring the voltage signals corresponding to the
input and output current. A computer program called LV Bode controls a function generator and

oscilloscope that respectively inject variable-frequency sinusoidal waves and measure V,, V, and V;
at each frequency value. These signals are then used to calculate the frequency vectors X—; and X—z .
The user interface for LV Bode, shown in Figure 5.7, illustrates how the user determines the
frequency range and the number of measuring points. In this research, the frequency range is
determined to be from 10 Hz to 10 MHz; and the number of measuring points is 1000. The function
generator used in this study is an Agilent 33220A function/arbitrary, which can generate ten
waveform shapes with a frequency of up to 20 MHz (Figure 5.8). The oscilloscope is a 2-channel

Agilent 2000 series digital storage oscilloscope with 100 MHz bandwidth (Figure 5.9).
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Figure 5.6: Schematic diagram of transformer winding frequency response measurement and

calculation
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Figure 5.9: The digital storage oscilloscope used in this study
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The measured current frequency response magnitudes from each tap of each phase to the
transformer neutral are shown in Figures 5.10 to 5.12. In the middle-frequency range, the
fundamental resonance of the frequency responses occurs almost at the same frequency for all the
taps, except that some taps have with higher magnitudes. The anti-resonance in the higher frequency
band is not exactly the same. The current frequency response shows that only partial discharge signals
of frequency content from 10 kHz to 1 MHz are detected from the transformer neutral; any other
frequency content will be attenuated by the propagation path. The signals with frequency content

ranging from 15 kHz to 3 kHz are the least attenuated.

One of the fault interpretation techniques from the winding frequency response is to compare a
faulty phase response with that of a healthy phase from the same transformer. The measured input
impedance frequency responses from the same tap location (T4) in the three phases (Figure 5.13)
prove the applicability of this interpretation method to the transformer under study. The input
impedance frequency responses of the three taps are extremely close to each other. Any structural
changes occurring in the winding of the three phases would alter the winding impedance frequency
response and can be recognized by comparing the phase after-fault frequency response with another

healthy phase frequency response.

At very low frequency regions (e.g., from 10 Hz up to 500 Hz), the input impedance is mainly
resistive. However, at low frequency bands, from 500 Hz to 2 kHz, the inductive reactance of the
winding is greater than the capacitive reactance, hence, the Bode diagram shows a rising trend. In
this frequency band, the impedance curve for T4 is higher than that of T1. This indicates a higher
inductance value, as the number of turns included from T4 to the neutral is greater than those
included in the winding from T1 to the neutral (Figure 5.14). Then, as the impedance frequency
response approaches its fundamental resonance at the middle frequency range, the capacitive
reactance of the winding becomes comparable to the inductive reactance, and the frequency response
is affected by their interaction. Finally, at very high frequencies, the transformer equivalent circuit
consists mainly of the shunt and series capacitance, which reach extremely low values and can thus be
neglected; therefore, the test configuration and connection cable determine the behavior of the circuit

[69, 70, 71].
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5.3.3 Transfer Function Estimation by Vector Fitting

The numerical representation of the frequency response is valuable in fault interpretation. In this
thesis, the transfer function approximation of the measured frequency response is calculated and used
in the PD calculation module. As the vector fitting method has proven to be highly suitable for fitting
the measured frequency response of transformer winding, the MATLAB toolbox function

“rationalfit” is used in this research.

The “rationalfit” function fits the frequency response vector and corresponding frequency values in
a pole-residue rational function shown in [93]. The accuracy of the estimated function is controlled by
changing either one or both of two values: “error tolerance” and “number of iterations”. The error in
this function is the root mean square error between two successive iterations. Moreover, because the
number of poles and zeros in a system is dependent only on the system structure, the system order
should not be affected by changing the error. However, because the transfer function method is a
mathematical approximation of the system frequency response, the orders of the transfer functions are

affected by changing the minimum required error. The smaller the error, the higher the transfer
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function order and computation complexity are. The default error value used in the matlab function

“rationalfit’ is -40 dB.

For estimating the winding taps transfer functions corresponding to the measured frequency
response, using this value (-40 dB.) results in a transfer function with very high orders that would
complicate any further calculations. Therefore, the error used in this research in “rationalfit’ has to be
properly evaluated. To estimate these errors, for each frequency response, first, an estimate of the
function orders is done by visual inspection of the break points and asymptote slopes as described in
Section 3.2.2.1 (i). Second, in “rationalfit”, the error set is changed over a wide range and the
corresponding transfer function is calculated. At each error value, the transfer function order is
compared with the estimated order; the frequency response is calculated from the calculated transfer
function and compared to the measured frequency response; the calculated transfer function and
leakage current are used to calculate the input PD charges for test PD signals, and hence the charge,
and then compared to measured PD charge values. The error values used in calculating the transfer
function of each tap are shown in Table 5.1. Moreover, the number of iterations is changed as well

and, for all taps, after a certain number of iterations (20), the transfer function order does not change.

Table 5.1: Errors used in estimating the transfer functions from the corresponding frequency response

of each tap in the three phases

Error(dB)
Phase (1) Phase(2) Phase(3)
T1 -20 -18 -18
T2 -14 -17 -18
F1 -16 -18 -16
T3 -14 -18 -14
T4 -20 -18 -18
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The approximated transfer functions from each tap of the transformer winding to the neutral
terminal are shown in Tables 5.2 to 5.4. The approximated transfer functions are in ordinary rational
form as shown in Equation 5.4. For each tap, the frequency response is calculated from the chosen
transfer function and compared to the measured frequency response (Figures 5.15 to 5.25 ). In these
figures, the curve in red is the measured current frequency response (at 1000 points over the
frequency spectrum 10 Hz to 10 MHz) , and the blue curve is the frequency response calculated from
the approximated corresponding transfer functions. The measured and calculated frequency responses

are found to fit each other quite closely.

The magnitude of the calculated frequency response that corresponds to the winding section from
tap T1, in phase (1), to the neutral terminal closely fits the corresponding measured frequency
response, except at the very low frequency region and the anti-resonance region (Figure 5.15).
However, the frequencies corresponding to the resonance and anti-resonance are almost the same in
the calculated and measured ones. The calculated frequency response that corresponds to T1, in phase
(2), has a better fit than the calculated frequency response of T1 in phase (1) in the low frequency
region (Figure 5.20). The calculated frequency response of T1 in the third phase has a much better fit,
in low and high frequency regions, than the calculated frequency responses of tap T1 in the other two
phases (Figure 5.25).The calculated frequency responses for tap T2 in the transformer’s three phases
closely fit the measured ones except at 5*105 Hz. Around this frequency, the measured frequency
response has slight oscillations, which are neglected in the fitted one (Figures 5.16, 5.21, and 5.26 ).
The calculated frequency response of tap F1 in phase (1) is very close to the measured one except at
the anti-resonance region. At the anti-resonance region, the measured frequency response has two
peaks; however, in the calculated frequency response, there is only one peak with a lower magnitude
(Figure 5.17). For tap F1 in the second and third phases, the calculated frequency responses have a
better fit to the measured frequency responses than the calculated frequency response that
corresponds to F1 in phase(1) (Figures 5.22 and 5.27). The calculated frequency responses for taps T3
in the three phases strongly fit the measured frequency responses, except in the low frequency region
(Figures 5.18, 5.23, and 5.28). For T4 in the three phases, the calculated frequency response precisely
fit the corresponding measured ones (Figures 5.19, 5.24, and 5.29). In general, the deviations occur
either in the very low or very high frequency regions, which are not of interest to this study. The
harmful PD types usually exist in the middle region, so these approximations are suitable for PD

applications.
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where,

B = [bg’ bl’ e 'b‘l’l—l ,bn], A= [1, Ay, .. , Ay ,an].

Table 5.2: Calculated transfer functions for winding taps in phase (1)

Tap Transfer Function

T1 | B=[7.367 «x10°, —2.566 * 102 , 1.205 * 10'°, —1.859 * 10?3, —-6.458 * 10?7,
—7.773 % 1032 ,2.964 * 103%]

A=[1,1.188+107, 2.649 * 103, 1.92 x 10'°,1.307 = 10?4, 7.682 * 10%%, 1.056 *
1033,2.772 * 10%7]

T2 | B=1[6.194+10° ,—-2.568 + 10'* ,1.015 * 10"° , —3.323 * 10%* ,1.993 * 10?7 ,
—5.752 % 1032 ,6.617 * 1034]

A=1[1,1.095 %107 ,2.139 * 10%3 ,1.555 = 10'°, 8.358 * 10%3,4.43 x 1028, 5.449 *
1032,1.637 * 10%7]

F1 | B = [4.41 % 10% —1.545  10'2,1.01 * 10*° , —2.567 * 10%® , —2.178 * 10?7 , —7.179 *
1032, 2.444 x 10%]

A=[1,6.301%10°%,2.232 % 10'3,1.639 » 10'° ,9.458 * 1023 ,5.56 * 10?8, 6.97 *
1032,1.964  10%7]

T3 | B=[5.315%10° ,—9.771 * 10! ,9.409 = 108, —2.808 * 1023, —2.814 * 10%°, -5.999 «
1032, -1.33 % 10%°]

A=[1,8725%10°, 2.375% 103, 1.296 = 10'° ,7.099 = 103 ,3.715 * 10?8 ,4.549 *
1032,1.285 * 10%7]

T4 | B=1[6.127 *107,1.777 * 10 ,6.914 * 108 ,5.697 * 10%*, —2.001 * 10%° ,—2.378 =
103, —4.409 * 103 ,10*]

A=1[1,1.111%107,3.236 * 10'3,2.281 * 10*°,1.07 * 10?° , 5.19 * 10%°, 3.101 *
1034 ,3.84 + 1038 ,1.004 * 103*]
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Table 5.3: Calculated transfer functions for winding taps in phase (2)

Tap Transfer Function

Tl | B=1[6.251%10°, 2.257 « 10*3 ,1.584 = 10*® 3.588 » 1025, —1.92 * 102° , —2.282 *
103* ,—1.165 = 103%,—6.703 * 10*3 ,1.478 = 10*°]
A =[1,1.442 % 107,6.353 * 1013,1.082 * 102°, 5.708 « 1025, 5.227 « 1030 ,2.141 «
1035, 8.753 * 103%, 1.071 10** ,2.475 = 10*?]

T2 | B=[7.581%10° ,-3.116 = 10*2,1.13 * 10'%,—3.52 * 10?3 ,4.68 * 10%°, —6.594 *
1032 ,1.406 * 103%]
A=[1,1.348 107, 2.585 * 10'3,1.867 * 10'°,1.023 = 10%4,5.97 * 1028, 7.064 =
1032,1.997 = 1037]

F1 | B =[4.947 «10° ,—1.796 = 102 ,1 « 10%° ,—3.2 x 10%* ,1.876 * 10?7 ,—5.935 =
1032 ,1.296 * 1037]
A=1[1,7.423%10° ,2.393 % 10%3,1.688 * 10'°, 8.391 * 102%3,4.907 * 10?8 ,5.815 *
1032,1.627 * 10%7]

T3 | B=1[6.016 + 10° ,—9.043 = 10*,9.2054 * 1018,
—7.13 10?2 ,—-7.351 * 1027 , —3.856 * 1032 ,—2.378 x 1037, 5.379 * 1038]
A=[1,1.047 107, 2.817 * 10*% ,1.405 = 10%°,1.248 « 10?* ,5.281 * 10,
2.217 103 ,2.818 = 1037 ,6.118 * 10*']

T4 | B =[6.141%10° 1.574 = 10'? 6.499 = 10'® 5.027 « 10%* — 1.929 = 10° 5.805 *

1032 —3.721 % 1038 3.998 » 10*°]
A=1[1,1.087 107 , 3.057 = 10'3,2.261 * 10'° ,9.625 = 10?*, 4.157 102 , 2.527 *
103* , 2.877 = 1038 ,8.026 = 10*?]
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Table 5.4: Calculated transfer functions for winding taps in phase (3)

Tap

Transfer Function

T1

B =[5.783 * 10°,—2.01 * 10'%,8.515 * 10'® , —1.347 * 10%® , —4.071 = 10?7 , —4.093 *
1032 ,9.253 % 1034]

A =11, 9.44 x10° ,2.178 » 1013 ,1.37 x 10%°, 9.79 x« 10%3,4.983 x 10?8 , 6.513 =

1032 ,1.604 * 10°7]

T2 | B =[7.841%10° ,—3.343 * 10'?,1.059 * 10, —2.715 * 10?* , —=1.596 *
10?7, -6.288 » 10°* 1.014 = 10%]
A=[1,1393%107, 2.464 * 10'%,1.757 x 10'° , 1.079 » 10**,5.776 = 10?®, 7.44 «
10%% ,1.959 = 10°7]

F1 | B=[4471%10°, —1.736 « 10', 8.277 * 10'8, —2.03 « 10%®, —2.252 «
10% ,—4.162 * 103, 1.117  10°°]
A =1, 6507 » 10°, 2.073 * 10'%,1.396 * 10'°,7.726 = 102%,4.039 * 10?® ,5.015 *
10%2,1.315 % 10%7]

T3 | B =[5.938+10°% —1.539 = 10'%,8.696 10" , —2.322 » 10%* , —9.233 «
10%¢,-4.327 * 10°%, —7.367 * 10**]
A=[1,1.025%107,2.44 x 10'3,1.313 * 10%°, 7.553 * 1023 ,3.613 * 10?8, 4.45 «
10%2,1.093 % 10%7]

T4 | B =[6.315*10°—3.036  10'2 ,8.759 » 10'® ,—3.6 » 1023, 1.762 107 ,—5.917 *

1032, 7.958 % 1034]
A=[1,1.011 %107, 2.093 * 10'%,1.423 * 10'°, 6.374 * 10?®,3.726 * 10, 4.261 *
1032, 1.22 x 10%7]
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Figure 5.15 : Measured and calculated frequency response for tap T1 in phase 1
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Figure 5.21: Measured and calculated frequency response for tap T2 in phase 2
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Figure 5.22: Measured and calculated frequency response for tap F1 in phase 2
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Figure 5.24: Measured and calculated frequency response for tap T4 in phase 2

76



Magnitude (dB)

Magnitude (dB)

T1-Phase (3)

10 ¢ FFE FFFFFEE I F FFFFEFE
Measured FR
’;\ Calculated FR
0
\b‘c"'""\
‘\ ﬂ‘!l:"
N T
-10 /
/
/
/
-20 / \/
-30 (/
,!
/
/
/
-40 %
'\..4""::
'50=1 2 “”3 i ”""4 T =e
10 10 10 10 10 10 10

Frequency (Hz)

Figure 5.25: Measured and calculated frequency response for tap T1in phase 3

T2-Phase (3)

10« FFE F FFFFIE F_F F FFFFFE
Measured FR
/\ Calculated FR
0
o~
>\ =
\\ 4
10 / \j
-20
-30 "
/
/
-40 /
'50=1 2 “”3 4 5 =6
10 10 10 10 10 10 10

Frequency (Hz)

Figure 5.26: Measured and calculated frequency response for tap T2 in phase 3
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Figure 5.27: Measured and calculated frequency response for tap F1 in phase 3
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Figure 5.28: Measured and calculated frequency response for tap T3 in phase 3
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Figure 5.29: Measured and calculated frequency response for tap T4 in phase 3

5.3.4 PD Charge Calculation

The PD charge is the integration of a PD current waveform over time. To avoid the effect of a
propagating path on the PD signals through the transformer winding, the PD charge is calculated from
the PD input current injected into the transformer winding during a PD event. The PD input current
waveform is obtained using a measured leakage current signal and tap winding transfer function. A
specific transfer function is selected based on the localization module. The PD input current
calculation can be performed either in the time, frequency, or Laplace domains. In the time domain,
the transfer function is converted to the time domain, and the input current is calculated using
convolution. In the frequency or Laplace domains, the leakage current signal is converted either to the
frequency domain or Laplace domain by Fourier transform or Laplace transform, respectively. The

input current is then calculated using mathematical operations.

In this study, all the calculations are done in the frequency domain. Fourier transform is used to

convert the leakage current into the frequency domain, in which Equation 5.6 is used to calculate the
79



input PD current. The inverse Fourier transform is then used to convert the calculated PD current
from the frequency domain to the time domain. The PD charge injected into the winding during the

PD event is the integration of this PD input current waveform.

. Ipp leak
Transfer Function = ————£% 5.5
PD input
I PD leakage
| . = g 5.6
PD input Transfer Function

For verification of the charge calculation module, test PD signals are injected into the winding tap
locations using the arrangement shown in Figure 4.3, in which the PD input current and the
corresponding leakage currents are measured. The measured leakage currents and winding tap
transfer functions are used to calculate the PD input currents. The measured and computed PD
currents for one of the taps are shown in Figures 5.30 and 5.31, for air void PD and sharp edge PD,

respectively.

The measured signals are more damped than the calculated ones because the resistance used in the
PD injection circuit is higher than that used in the transfer function calculation circuit. For the air void
PD current, the time lag is longer in the measured one due to the use of the high voltage transformer.
The frequency content of the sharp edge PD is higher than the air PD signal, and is thus less affected
by the change of system, as in the higher frequency region the capacitance of the transformer winding

becomes dominant.

The PD charge is calculated from the measured and calculated PD input currents for PD test
signals injected into different tap locations. For the air PD current shown in Figure 5.30, the measured
charge is 7.4 nC and the calculated charge is 7 nC, with a percentage error of 5.7%. For the sharp
edge PD current shown in Figure 5.31, the measured charge is 4.45 pC and the calculated charge is
4.27 pC, with a percentage error of 4%. The percentage error between the measured and calculated
charge for the test PD signals is 10% or less. The transformer insulation condition assessment based
on the PD charge is usually performed by specifying certain PD ranges corresponding to different
transfer conditions, such as the classifications reported in [11, 89]. Usually, error values of a
maximum of 10% will not affect the condition evaluation of the transformer insulation unless PD

charges are at the edge of a certain range.
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5.4 Summary

In this chapter, I have developed a PD charge detection method for PD charge determination in the
transformer winding insulation using the leakage current measured at the transformer neutral and
winding transfer function. In this chapter, detailed explanations were provided for the experiments
conducted to measure the winding frequency response for the transformer under test, the calculation
of the winding current transfer functions from the measured frequency response, and the calculation
of the PD charge using these transfer functions and the leakage current measured at the transformer

neutral.
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Chapter 6
Transformer Condition Assessment based on Partial Discharge

Detection

6.1 Introduction

The integrity of power transformers depends mainly on the correct operation of their insulation
systems [94], which constantly experience various types of stresses and defects. Detecting these
defects early and providing the transformer with suitable maintenance actions are crucial for
preventing sudden transformer failures. One of the most powerful indications of existing defects in a
transformer insulation system is partial discharge (PD). PD continuously degrades the system,
affecting its correct operation and potentially leading to a complete breakdown [50]. Transformer
insulation deterioration rate and intensity due to PD activity depend on multiple PD features, such as

the apparent charge, defect type, location, energy, and duration.

Several studies have investigated the relationship between these features and the degree of
deterioration in an insulation system. However, most of the investigations are limited to conducting
controlled PD experiments on transformer insulation components and not on a real transformer [11,
14], so the correlation between the findings of these experiments and actual transformer insulation
behavior is not clear. For instance, some studies suggest that PDs in orders of 104 pC are not harmful,
based on the number of Kraft papers damaged in their experiments, whereas the accepted PD level

recommended by IEC standards is 500 pC.

The transformer health index (THI) is a technique used to assess transformer condition by
combining multiple operational transformer factors and providing a quantitative value that represents
the condition. The THI calculation is a multi-step process that includes determining, scoring, and
weighting a transformer’s operational factors, and then combining them into one quantitative value.
These operational factors include multiple test result parameters, such as the DGA, furfural analysis,
oil quality, and power factor, plus operational loading and maintenance data. Despite the importance

of PD effects on transformer health, PD test results are explicitly considered in only a few studies.

In this chapter , I develop a PD severity assessment in order to assess the transformer winding
insulation system based on the PD detected characteristics, source and charge, using the modules

developed in Chapters 4 and 5 (Figure 6.1). This module is based on comprehensive experiments
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performed in the literature and experiments done in Chapter 4 of this thesis. A fuzzy logic system is
used to develop the PD severity assessment, in order to overcome discrepancies in PD levels across
various studies. The input variables to this fuzzy system are the PD charge value and the leakage
current pulse skewness, which is an indication of the PD source type. The output is the PDI, which

ranges from 0 to 100, with O representing a very good condition and 100 representing a dangerous

condition.

The correlation between the calculated partial discharge index (PDI) and transformer condition is
then developed based on the transformer condition classifications suggested in [11, 89]. The
validations for adopting these classifications are performed using the input-output PD signals
measured in Chapter 4, by calculating attenuation factors. Based on the calculated severity assessment
output (PDI) for a transformer, the transformer insulation condition is classified into one of five
categories: normal, questionable, harmed, critical, and dangerous. In addition to assessing the
transformer winding insulation condition, the PDI can be included in the transformer health index

calculation, even though PD test results are explicitly considered in only a few studies [9].

PD Detection Module
PD Charge
Determination
Module
PD
S— Localization Location
$He Module
' 4 , Transformer Insulation
*7‘“' \/ Condition Assessment
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sidal PD. Signal PD Charge Charge
SUERI | Detection Calculation PD f
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Figure 6.1: PD detection and PD severity assessment modules
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6.2 PD Severity Assessment Module

The objective of the PD severity assessment is to provide a quantitative evaluation of the damage
caused to an insulation system based on PD characteristics. Due to the random nature of PD and the
uncertainty of its detection techniques, fuzzy logic is suitable for PD applications. Therefore, a
Mamdani fuzzy logic system is used to construct the PD severity assessment module, using the
MATLAB fuzzy logic toolbox. Figure 6.2 shows the steps for the fuzzy inference process, where
DOMnk is the degree of membership of element (k) to the set in rule (n); DOMn is the degree of
membership function selected to represent this rule after applying the fuzzy operators; FCSn is the nth
fuzzy consequent set resulting from applying the implication method; and FOS is the fuzzy output set.
The inputs to the PD severity assessment module, the fuzzy system, are the skewness value of the
measured leakage current pulse, which is an indication of the PD source type, and the PD charge;
whereas, the output is the PDI, which reflects the severity of the PD effects on the winding insulation

(Figures 6.3 and 6.4).

This section discusses the steps for constructing a fuzzy logic system for the PD severity
assessment module, including variable fuzzification, logic operators, implication method,

aggregation, and output defuzzification.

Logic
Operators

R
Fuzzification — P ——
DOMI1 DOM_ FCs 1
Rule(t) DOMk o
Implication Aggregation Defuzzification [ —— Ospst
(DOMal |DOMa
Rule(n) DOMgH FCSa
1 —— _____ —
\, J
Input(1) Input(k)

Figure 6.2: The fuzzy inference process
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Figure 6.4 : PDI calculation via Mamdani fuzzy logic system

6.2.1 Variable Fuzzification

Variable fuzzification is performed through their membership functions. In this section, the

membership function of each variable (input or output) is constructed.
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6.2.1.1 Membership Function PD Source

Power transformer insulation systems have a highly complex structure that can contain different PD
sources. However, some sources are more dangerous than others, so it is essential to include the
source type in the assessment module. In this assessment, two types of PD defects (sharp edge and
surface discharge) are considered, since they have very destructive effects on insulation systems [11].
The MFs of the PD source type are constructed using the skewness values obtained based on the

laboratory experiments conducted in Chapter 4. The process for constructing these MFs is shown in

Figure 6.5.
) 4 N d 3 I { 3 ' 3
Injecting PD I
Creating Sorgrclfis igto Measuring ; Extractin Constructin
Various Hp Neutral |1 acting &
|$ Locations D Statistical |$ the PD
PD Leakage ||
along the Features source MFs
Sources Current ||
Transformer
Windings I
. v, \ vy \_ J \_ _/
Experimental Steps Signal Processing Steps

Figure 6.5: Steps for constructing MFs for leakage current skewness

For the transformer under study, the leakage current measurements obtained in the experiments
conducted for source type identification module are used in this section (Figure 6.6 ). In these
experiments, seventy PD signals of each source type (i.e., air bubble, sharp edge and surface
discharge) are injected into each tap of the transformer. The statistical features (variance, skewness,
and kurtosis) are extracted from the normalized corresponding leakage current waveforms measured
at the transformer neutral. The histograms of the three statistical features for all the signals are shown
in Figures 6.7 to 6.9. The variance values of the sharp edge and surface discharge are completely
overlapped, and thus the variance values cannot be used as an indication of source type. The highest-
frequent kurtosis regions of the sharp edge source are overlapped with the second-highest region of
the surface discharge source. The skewness of the PD waveform is chosen to indicate the PD source

type because the highest-frequent values of both types are different.
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Figure 6.6: Schematic diagram for setup used in PD injection into different transformer taps and

leakage current measurements
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Figure 6.7: Histograms of variance values of air bubble, sharp edge and surface PD
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Figure 6.8: Histograms of skewness values of air bubble, sharp edge, and surface PD
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Figure 6.9: Histograms of kurtosis values of air bubble, sharp edge, and surface PD
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The membership functions (MFs) of the skewness values related to the two PD types are
constructed based on their histograms. The MFs for skewness that relates to the PD type are
constructed by converting Figure 6.10 into a continuous curve as shown in Figure 6.11. The skewness
MFs are determined to be Gaussian-type waveforms, with means and standard deviations calculated
from the mean and standard deviation of the skewness values of the measured leakage current signals.
The mean and standard deviation for surface discharge are 0.9419 and 0.1343, respectively, whereas

the mean and standard deviation for sharp edge discharge are 1.233 and 0.1655, respectively.

[ sharp Edge
I Surface PD

Normalized Frequency

0.2 0.4 06 0.8 1 1.2 1.4 1.6 1.8
Skewness

Figure 6.10: Histograms of skewness values for sharp edge and surface PD
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Figure 6.11: Skewness MFs

6.2.1.2 PD Charge MFs

The second input to the fuzzy logic system is the PD charge (Figure 6.1). Based on the damage they
cause to oil-impregnated paper insulation, the PD charge values are classified into four categories
(MFs): small, moderate, high, and very high. In [11], experiments are conducted to investigate the
damage caused by the PD to the oil-impregnated paper in three different models: a simple electrode-
plane arrangement, a transformer model, and a real transformer. In these experiments, the one-minute
voltage withstand test is followed directly by eight-hour tests at reduced voltages. The maximum
value of the charge during each test is recorded, and the number of papers damaged under the same

condition is examined.

The relationship between the PD charge and number of damaged papers is shown in Figure 6.12. It
is concluded that PD charges in the orders of 10° pC are harmful, those in the orders of 10° pC cause
considerable damage, and those greater than 10° pC create extreme damage to the insulation system.

Therefore, it is recommended that the PD charge value not exceed 10* pC.
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The MFs for the PD charge are constructed based on this investigation. The minimum considered
charge is 10° pC (small), and the maximum charge is 10° pC (very high). Figure 6.13 shows four
Gaussian MFs: small, moderate, high, and very high. The mean value for the small PD charge MF is
10> pC as it is considered not harmful by the study; the mean of moderate MF is 5* 10" pC as no
paper is damaged at this value but the paper is about to degrade (Figure 6.12); the mean value of the
high MF is 3* 10° pC as charges of this order cause considerable damage to the paper (almost half of
the paper number corresponding as the extreme damage case); and the mean value of the very high

MEF is 10° pC, as any charge values greater than this value cause extreme damage to the insulation.

25

Number of damaged Kraft papers

/’/
5 ~
/
//
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Figure 6.12: Relationship between the number of damaged Kraft papers and maximum apparent

charge [11]
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Figure 6.13: PD charge MFs, where S is small, M is moderate, H is high, and VH is very high

6.2.1.3 PDI MFs

PDI is a quantitative value that represents the damage caused to the paper insulation based on certain
PD sources with certain PD levels. PDI MFs are constructed based on the number of papers damaged
by PD activity (Figure 6.12), as reported in [11]. The PDI ranges from 0% to 100%, with 0%
representing no damage to the insulation system (a normal insulation condition) and 100%
representing complete damage (a dangerous condition). In Figure 6.12, the damage caused to the
insulation system or the number of damaged papers can be divided into the three zones of no damage,
critical and dangerous, corresponding to the slope change of the lines. Three Gaussian MFs (low,
high, and very high) are used to describe the winding insulation condition based on these three zones
(Figure 6.14). The mean values of the three MFs are 0, 56 and 100, whereas the standard deviation
values are 10, 18 and 19, respectively. These numbers are calculated based on the number of damaged
papers. Specifically, the normal condition is related to a state of no damaged papers, the critical

condition is related to 4 damaged papers, and the dangerous condition is related to 7 damaged papers.
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Figure 6.14: PDI MFs

6.2.2 Fuzzy System Operators, Implication, Aggregation and Defuzzification Methods

Different methods are tested, and a min, max, min, max, and centroid are selected for the fuzzy

operator, AND and OR, implication, aggregation and defuzzification methods, respectively.

6.2.3 Fuzzy Rules

The rule base has eight rules, the skewness has two linguistic values, the charge has four linguistic
values (Table 6.1), and all of the rules have equal weight. The rules are formatted as follows: If the
source is (surface, sharp edge) and the charge is (low, moderate, high, or very high), then PDI is (low,
high, and very high). The rules are structured based on the cases reported in [11], where, at different
voltage levels, the surface PD with charge levels of 3 * 10°, 106, and 3 * 10° pC damages 2, 7, and
24 papers, respectively. Sharp edge defect-related charge values are less damaging to the insulation
system than the same surface PD charge, a sharp edge source with a 10* pC charge values causes no
serious damage to the insulation system. Figure 6.15 shows the PDI surface generated in adherence
with the eight fuzzy rules. It is evident that the PDI values related to charges resulting from surface

discharges are higher than those related to charges resulting from sharp edge PD.
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Table 6.1: Fuzzy system rules

Rule Inputs Output
IF PD charge is And Source Then PDIis
(skewness) is

1 Small Surface Low
2 Moderate Surface High
3 High Surface Very high
4 Very High Surface Very high
5 Small Sharp Edge Normal
6 Moderate Sharp Edge Low
7 High Sharp Edge High
8 Very High Sharp Edge Very high

PDI

PD Source(Skewness)

4

PD Charge

Figure 6.15: Fuzzy system surface
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6.3 Classification of Transformer Winding Insulation Condition Based on the
PDI

The developed PD severity assessment module is constructed based on controlled experiments. The
PD charge values used earlier in this chapter are not the terminal PD charge measured at the
transformer neutral but the internal PD charge injected into the transformer winding during a PD
event. Most transformer condition classifications in the literature are based on the terminal measured
PD charge level, such as in [89]. In this classification, a transformer main insulation condition can be
classified as either free of faults, normal, requires clarification, faulty, possibly has irreversible
damage, or dangerous. The PD charge levels associated with these condition classes are less than 100
pC, 10% to 10° pC, 10° to 25%10° pC, from 5*10° to 25*%10° pC , 25*10° to 10° pC, respectively. As the
PD charge values for the classes “require clarification” and “faulty” overlap, using fuzzy logic in the

severity assessment module developed in this thesis is beneficial.

The PD levels suggested in this classification are much smaller than those used in the developed
severity assessment module in [11], as the first levels are the terminal measured PD charges and the
second levels can be considered the ones injected from the PD source into the transformer winding.
The PD signals measured at the transformer terminals are smaller than the PD signals injected into the
windings, due to the attenuation caused by the propagation path. The severity assessment module and
the winding condition classification can be correlated if the attenuation effect caused by the
propagation path through the transformer winding is known. The attenuation caused by the
propagation path can be investigated by injecting various types of PD signals into different locations
along the transformer winding and measuring the output from the transformer neutral. By calculating
the PD charge of the injected and measured PD signals, the attenuation caused by the propagation
path can be estimated, using an attenuation factor (AF). For each PD signal, the attenuation factor is

identified as the PD charge input signal divided by the PD charge of the output signal (Equation 6.1).

PD Charge (input
AF = ge (input)

" PD Charge (output) 6.1

The propagation path attenuation factors for the windings of the transformer under study
(Figure 6.16) are calculated using the experiments described in Chapter 4 (Figure 6.6). In these

experiments, three PD types are created, and seventy signals of each type are injected into each tap of
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the transformer windings. The input PD current signals and the corresponding leakage current signals
are measured. The PD charges that correspond to input and output are calculated by integration and
used to calculate the attenuation factors (Table 6.2). The average attenuation factors are calculated for
each PD source and each PD tap in phase 1 of the transformer under study (Figure 6.16). As the tap
locations are very close to each other, the attenuations caused to the PD signals injected into all of
them are very close. However, the attenuations caused to the PD signals injected into the tap location
nearer to the ground (T1) are more attenuated than those injected into other locations. These findings

completely agree with the findings of [54].

Transformer Bushing

T4 T4 T4
T3 T3 T3
52-F1 52-F1 52-F1
T2 T2 T2
T1 T1 T

Transformer Neutral

Figure 6.16: Schematic diagram for windings of the transformer under study
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Table 6.2: The attenuation factors corresponding to the tap positions in phase 1 of the transformer

under study

Air Bubble Sharp Edge Surface Discharge
T1 4.43 533 5.52
T2 4.36 5.30 5.50
S2-F1 4.29 5.29 4.97
T3 4.25 5.26 4.94
T4 4.24 5.23 491

In order to correlate the transformer condition classification suggested by [89] and my severity
assessment module, the charge levels mentioned in [89] are multiplied by the maximum obtained
attenuation factor (5.33), since the PD charge source or location are not mentioned in this study
(Table 6.3). The first two columns of Table 6.3 show the transformer condition classes and the
corresponding maximum PD charges levels suggested in [89]; the third column maps these maximum
terminal PD levels into their corresponding maximum internal PD charge levels by multiplying them
by the maximum attenuation factor ; the fourth column provides the classification of the mapped
internal PD charge values based on the investigation performed in [11]. To differentiate the two
classes of “requires clarification” and “faulty”, their charge levels are considered to be from 10° pC to
5*10° pC and from 5 *10° pC to 25%10° pC, respectively. The two classifications in this table totally
agree with each other, as a transformer condition is classified as free of faults, normal, requires
clarification, faulty, possibly has irreversible damage, or dangerous based on [89], and the
corresponding classifications based on [11] are not harmful, not harmful but causing degradation,

harmful, causes considerable damage, and causes extreme damage.

The validations behind choosing the PD levels reported in [89] for transformer insulation are not

mentioned. Therefore, before using this classification in my study, this transformer condition
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classification is validated by comparing it to another transformer classification based on the dissolved
gas analysis. In [48], the PD apparent charge and dissolved gas analysis are measured for seven
transformers with different deterioration levels (Table 6.4). In (Table 6.4), the condition of each one
of these seven transformers is evaluated based on both the detected PD charge and total dissolved
gasses according to the classification provided in [89] and [48], respectively. Both classifications
agree, except for one transformer (number 4). For this transformer, the condition assessment based on

the PD charge is normal while the condition based on the dissolved gases is moderate-bad.

Table 6.3: Transformer condition assessment based on terminal and internal PD charges

Condition Maximum Terminal Corresponding Condition
Assessment PD Charge Maximum Internal Assessment
According to [89] (MTPDC) PD Charge According to [11]

©O) (MTPDC *AF)
(C)
Free of Fault 10° 553 Not harmful
Normal 10° 5.53*10° Not harmful but close
to the harmful level.
Requires clarification 5%10° 27.65 *10° Harmful
Faulty 25%10° 1.39%10° Cause considerable
damage
Critical or Dangerous 10° 5.53*10° Cause extreme
damage
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Table 6.4: Transformer condition assessment based PD charge and DGA

Transformer DGA (ppm) PD Assessment Assessment
Based on PD | Based on DGA
(pC)
Charge
1 5042 1800 Harmful Bad
2 4105 1250 Harmful Bad
3 2784 600 Normal Bad
4 1102 300 Normal Moderate-bad
5 816 500 Normal Moderate
6 152 30 No fault Normal
7 44 20 No fault Normal

In this research, based on both of the classifications reported in [11, 89], the condition of the
transformer winding insulation is classified into five categories: normal, questionable, harmed,
critical, and dangerous. Table 6.5 shows the PDI ranges associated with each condition and also
compares this transformer insulation winding condition classification and the classifications

recommended in [11, 89].

The “normal” condition means that the PD levels are very low and there is no damage caused to the
insulation system. According to [11], the normal condition is associated with maximum internal PD
charge of 10° pC. In [89], the maximum terminal PD charge associated with transformer normal
condition is 10° pC, which is much larger than the 500 pC suggested by the IEC standard.
Furthermore, the attenuation factors are calculated only for the windings tap locations, which are
located in the middle of the windings and very close to each other. If a PD occurs in insulation near

the bottom of a winding, the 10’ pC should be multiplied by larger attenuation factors. Therefore, the
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normal condition is chosen to be lower than the limit recommended by the IEC standard but higher
than the fault-free recommended in [89]. As an example of the normal insulation condition
(Figure 6.17), the PDI is calculated for a PD with a charge value of 10° pC and a skewness value of
1.22. A charge of 10° pC has a full membership to the small membership function and a partial
membership to moderate and high membership functions, while the skewness value (1.22) has a full
membership to the sharp edge membership function, and a partial membership to the surface
discharge source membership function. These conditions would fire all the rules. The Mamdani
minimum, as a logic operator and an implication method, is applied to find the area under the
corresponding PDI membership functions associated with each rule. The rules’ outputs are aggregated
using the maximum method, and the centroid method is then used to defuzzify the aggregated
membership function. For this specific example, the rules most influencing rules are rules 5 and 6,
which state that if the PD charge is small or moderate and the PD skewness is a sharp edge, the PDI
would be low or high, respectively. The PDI calculated for this PD is 44%, which indicates normal

operation.

The “questionable” condition represents the grey area between normal and deteriorated conditions,
meaning that the PD charge is high but more details are required in order to assess the condition of
the winding insulation. In Figures 6.18 and 6.19, the PDI is approximately 55% in both cases;

however, the PD in the first case is more harmed than the PD in the second one.

The “harmed” condition means that PD activity deteriorates the winding insulation system
(Figure 6.20). In Table 6.5, the questionable and harmed transformer conditions have the same internal
maximum PD charge (5*10* pC) limit. The difference between them is the PD source. Neither of the
classifications in [11, 89] can differentiate between these two cases. However, by considering the
source in this developed assessment, these two classes can be recognized from their associated PDI

values.

The “critical” condition means that the insulation system is deteriorating very fast due to PD
activity (Figure 6.21). As recommended by [11], PD charges in orders of 10° pC cause considerable
damage to insulation materials, and 3*10° pC burns almost half (4) the number of papers associated
with extreme damage (7). Therefore, the PDI values associated with this PD charge range are

correlated to the critical condition.

The “dangerous” condition means that the winding insulation is extensively damaged due PD

activity (Figure 6.22). In [11], PD charges in the orders of 10° pC cause extreme damage to the
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insulation system, so the PDI values corresponding to values from 3*10° to 10° pC are considered to

represent a dangerous condition.

For all the condition example figures, the PD charge value, the PD skewness value, the fired rules,

the most effective rules, the PDI value, and transformer condition are summarized in Table 6.6.

Table 6.5: Insulation condition classification based on the PDI

PDI Condition According to [89] According to [11]
Charge Condition | Charge Condition
PO PO
0to45% Normal ~200 Normal 1000 Not harmful
45% to 55% Questionable ~10* Faulty 5%10° Depending on
the source
55% to 65% Harmful ~10* Faulty 5%10° Depending on
the source
65% to 75% Critical ~6*10° Faulty 3%10° Cause
considerable
damage
> 75% Dangerous 2*%10° Critical or 10° Cause extreme
Dangerous damage
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Table 6.6: Various PD characteristics and their associated PDI and condition assessment

Example | PD Charge | Skewness | Fired Rules Most PDI Condition
Affectin
(pC) &
Rules
Figure 6.17 10° 1.22 All 56 44 Normal
Figure 6.18 10* 0.954 All 1,2,4 54.9 Questionable
Figure 6.19 5%10° 1.25 All 6 55.4 Questionable
Figure 6.20 5%10° 0.941 All 2,4 63.9 Harmed
Figure 6.21 7*10° 0.954 All 4 80.8 Critical
Figure 6.22 10° 0.941 All 4 85.2 Dangerous
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Figure 6.18: PDI value related to a questionable condition
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6.4 Including PDI in THI Calculations

Transformer health index (THI) calculation process involves:
e selecting the transformer factors to be used in the calculation,
e representing each factor by a numerical value (score) based on the factor’s associated data,
e weighting each factor according to its importance, and
e combining the weighted scores.

Most of the research conducted in the area of THI emphasizes that partial discharge test in a
transformer is a very important test. However, it is usually implicitly considered in THI calculations
using the dissolved gas analysis test [9]. The fact that there is not a single number that represents the
results of the transformer PD testing limits including the PD test in the THI calculations. The only
number that is accepted by the researchers to represent the PD severe effects is the PD charge, which
is hard to be measured in the transformer environment. Also, PD charge provides incomplete

information to the classification of the transformer health without the knowledge of the source type.

In this research, I designed the PDI as a numeric value (score) that combines multiple important PD
characteristics, including PD source and PD internal injected charge into a transformer winding. The
PDI (score) ranges from ranges from 0 to 100, with O representing a very good condition and 100
representing a dangerous condition. However, this scoring system can be modified to suit any THI
scoring system. The PDI can be then weighted and combined with other transformer tests in order to

calculate the THI.

6.5 Summary

In this chapter, | have developed a technique to assess transformer winding insulation condition based
on PD activity. In this technique, multiple PD characteristics, source and charge, were combined and
mapped into one quantitative value called the PDI. A Mamdani fuzzy logic system was used to
calculate the PDI, using the MATLAB fuzzy logic toolbox. The inputs to the fuzzy system were the
skewness value of the measure leakage current pulse, which was an indication of the PD source type,
and the PD charge value. The output was the PDI, which reflected the winding condition. The fuzzy
MFs and the fuzzy rules were determined based on laboratory experiments and the existing literature.
A transformer winding insulation condition classification was also provided based on the PDI values

obtained for different PD cases. Furthermore, the PDI in this form can be used in THI calculations.
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Chapter 7

Summary

7.1 Conclusions

The main objectives of this research were to develop online PD detection and PD severity assessment
modules for transformer winding insulation so that insulation condition can be assessed and correctly
maintained. To achieve these objectives, modules for determining the PD source, location, and charge
were developed. Depending on the detected features, PD severity can thus be assessed using the
designed severity assessment module, and the transformer winding insulation condition can be
evaluated. Among various detection techniques, the electrical PD detection method is the most
suitable method for detecting PD in power transformer windings. Therefore, it was used in this thesis

to provide the database required for all modules.

The PD detection module has three distinct modules: PD source classification, PD localization, and
PD charge determination. The PD localization module is used in the PD charge determination

process.

In developing the PD source classification modules, neural network classifiers were designed using
the statistical features extracted from the leakage current corresponding to different PD sources.
Various PD sources, such as an air bubble, a sharp edge, and a surface discharge, were simulated and
injected into different locations along the windings of a transformer under test. The leakage current
signals, corresponding to each PD source and location, were measured at the transformer neutral.
Statistical features such as variance, skewness, and kurtosis were then extracted from the measured

signals.

Statistical features corresponding to the air bubble were completely separable from the features
corresponding to the other two PD sources. The features corresponding to the sharp edge and surface
discharge overlapped and their variance values were nearly in the same range. Different combinations
of the extracted statistical features were used to train and test feedforward neural networks with
different topologies. Using the variance alone resulted in a very low recognition rate, whereas
combining the skewness and kurtosis for the neural network testing and training resulted in the best

recognition rate (97%).
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For the PD localization module, combinations of features extracted from the PD signals
corresponding to tap locations were used to train and test feedforward neural networks that localized
the signals coming from taps of the same phases or the same tap locations in different phases.
Combining the three features produced a very high recognition rate to localize the PD within the same

phase or three phases, reaching 100% in some cases.

To avoid underestimating the PD charge and corresponding insulation damage, 1 calculated the
charge from the PD current injected into the winding during a PD event. The PD current was obtained
using the developed transformer winding transfer function and the leakage current measured at the
transformer neutral. Transformer windings were modeled using frequency response and transfer
function techniques, and the sweep frequency response method was used to obtain the current
frequency responses of all the accessible locations (taps) along the transformer winding by applying
an end-to-end short circuit configuration. Transfer functions approximations were calculated from the
measured frequency responses obtained using the MATLAB toolbox function “rationalfit”.To verify
the PD charge calculation module, PD signals were injected into the different tap locations of the
transformer under study, and the input and output PD currents were measured. The percentage error
between the charge calculated from the measured and calculated input current by integration for the

test PD signals was 10% or less.

The ultimate goal of any PD detection in transformer windings is to estimate the damage PD cause
to to insulation systems. The fact that the winding insulation system is complex and cannot be
visually examined significantly complicates this estimation process. To overcome the problem of
overlapping ranges for PD characteristics that cause certain levels of insulation damage, a Mamdani
fuzzy logic system was used to develop the PD severity assessment module, using the MATLAB
fuzzy logic toolbox. The inputs to the fuzzy system are the skewness value of the measured leakage
current pulse, which is an indication of the PD source type and the PD charge level. The output is the

PDI, which is an indication of the number of damaged insulation papers.

For the transformer under test, the fuzzy MFs and rules were determined based on laboratory
experiments and the existing literature. PD charge attenuation factors, between the input and output
signals, were calculated for multiple PD sources. The maximum attenuation was then used to
correlate the damage caused to the insulation papers, PDI, and a transformer classification based on
the terminal apparent charge in the transformer main insulation. With this correlation, the transformer

insulation system condition can be classified into one of five categories (i.e., normal, questionable,
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harmed, critical or dangerous) and the quantitative PDI can be used in transformer health index

calculations.

7.2 Contributions

For PD inside transformer winding:

I have developed online, non-destructive and easy-to-use techniques for PD detection in
transformer winding insulation. For each class of transformers, developing these techniques
requires constructing a knowledge base of the transformer winding signatures on various PD
types and the current frequency response measurement from all possible accessible locations
to the transformer neutral. Once these modules are created, they require an online leakage
current measurement to determine the PD source type, location, and charge level. The
availability of these PD data may assist in the detection of 21% of transformer vessel

problems [10].

I have created a PD charge calculation technique to replace conventional PD detectors, which
are very hard to use in a transformer environment. To avoid underestimating transformer
insulation damage, the PD charges calculated using the developed technique are the PD
charges injected into the transformer winding during a PD event and not the terminal PD
charges, avoiding the attenuation effect of the PD propagation path through the transformer

winding.

I have correlated the conclusions drawn from experimenting on transformer insulation
components and the transformer condition using the attenuation factor concept. The PD
charges measured at transformer terminals are lower than those injected into the transformer
winding during a PD event. The attenuation factors calculated in this thesis for different PD

sources can be used to relate PD charge terminal measurements and internal PD charges.

Alternative to the use of the dissolved gas analysis method (which is an offline method and
does not provide any details about the PD characteristics), [ have developed in this thesis a
winding condition assessment tool that is directly related to PD features. Moreover, instead of
considering only the PD charge to evaluate insulation condition, the PD source type was also
considered in this severity assessment technique. The developed severity assessment
technique combines PD charge level and source type into one index, called the PDI. This

index is related directly to the transformer insulation classification.
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e [ have provided a technique to consider PD test results explicitly in transformer health index
calculations. As the PDI is in quantitative form, it can be scored and weighted for THI

calculations.

e | have developed an algorithm for functional representation of the winding frequency
response, providing an easier method for fault interpretation. The algorithm developed for
calculating the current transfer functions from the frequency response can be used for the
calculation of any other transfer function type. Moreover, the calculated transfer functions

can be used for winding fault interpretation directly.

7.3 Future Work Suggestions

To build on the work presented in this thesis, suggestions for possible future work are as follow.

7.3.1 Using Other PD Features and Pattern Recognition Classifiers

The PD location and source classifiers presented in this thesis use statistical features extracted from
the leakage current to train and test neural networks. Features such as waveform shape characteristics
and frequency content can also be used for the training and testing of the neural networks. Other
classification techniques can be used as well, such as fuzzy logic and wavelet transform. In [86, 87], a
fuzzy logic system is used to categorize PD sources into four types: air voids, surface discharges, oil-
coronas, and coronas. The wavelet transform is a powerful tool that allows multi-resolution signal
analysis. It has been widely used in pattern recognition, signal de-noising, and image processing. In
[95], the resulting insulation degradation caused by PD voids was investigated by decomposing PD
acoustic waveforms using Mexican hat and Gaussian wavelets. In [96], the wavelet packet transform
was used to study four types of PD: coronas in air, internal discharges in oil, floating discharges in

oil, and surface discharges in air, using the Symmlet and Daubechies wavelets.

7.3.2 Simulating More PD Sources and Injecting Them Simultaneously

More PD sources, such as a floating particle, can be considered in the assessment module. To
simulate the existence of multiple PD sources in a transformer insulation system, various sources can
be injected simultaneously into multiple locations. Because PD sources are characterized by different
features, pattern separation techniques can be used to extract different PD patterns. A variety of

techniques can be employed to separate PD signals, such as using phase-resolved features, along with
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neural networks or a support vector machine, Fourier transform, wavelet analysis, and time-

frequency mapping [58].

7.3.3 PD Localization Using Winding Transfer Functions

A bank of transfer functions from each tap to its phase bushing can be constructed. Using this bank
together with the one constructed in this thesis, PD can be localized, as in [64, 97]. For PD sources
existing in the winding insulation, PD signals can be calculated and compared using the
corresponding signals measured at the transformer bushing and neutral, and then used with all the
corresponding transfer functions from different locations along the winding to the bushing and
neutral, respectively. The PD signal occurring at a certain location should be calculated correctly
from both ends. In [85], the PD is localized using a sectional winding transfer function calculated to
the bushing and neutral of a disk-type transformer. The PD is simulated by a current source, and the
output signal is detected from the bushing and the neutral via detection impedances. Two transfer
functions are calculated at different locations along the winding, from the PD injection point to the
bushing and to the neutral. By comparing the PD current calculated using these transfer functions, the
PD location can be determined. In [64], a similar technique is used, but the ratio of the transfer
function from the PD source to the bushing to the transfer function to the neutral is calculated. This

ratio is used to train and test one hidden-layer neural network for location recognition.

7.3.4 PD and Dissolved Gas Analysis

The dissolved gas analysis (DGA) is one of the most extensively employed techniques for fault
detection in power transformers. The main disadvantages of using the DGA for PD detection and
severity assessment is that it is an offline method and does not provide any details about PD
characteristics, such as the PD charge and source type. A comprehensive laboratory experiment
exploring the relationship between different PD sources with different charge levels would be
beneficial for confirming the usefulness of the DGA as an assessment tool for PD activity. Few
studies have investigated the correlation between certain PD characteristics and gases generated in the
oil. In [98], a canonical correlation between various PD sources and dissolved gases in oil was
established. Different PD sources were simulated using transformer insulation oil and pressboard.
This study, however, investigated only dissolved gases associated with pressboard and oil, not

insulation paper. Also, the effect of PD intensity on the amount of dissolved gases is not clear.
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7.3.5 PD Detection Module for Whole Transformer

The PD detection and assessment modules presented in this thesis are for oil-impregnated paper
winding insulation. If a transformer is divided into various internal zones, similar modules can be
developed for each zone. Combining the results for all transformers’ zones can provide an assessment
of PD activity inside the whole transformer, leading to correct maintenance-action selection and

better transformer design.

7.3.6 Transformer Winding Fault Interpretation Techniques Using Transfer Functions

Winding faults are usually interpreted from the frequency response by experts in the field. Different
faults have different effects on the winding structure and hence result in changes in magnitude and the
shifting of poe and zero locations in the frequency response. Establishing a database of the effects of
various faults on the transfer function of the winding can provide a useful fault interpretation
technique. This database can be constructed by applying various faults and correlating the coefficients

of before-fault and after-fault transfer functions.
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