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Abstract

A novel approach for inspecting the condition of porcelain insulators
based on statistical analysis of electromagnetic radiations of live
insulators is demonstrated in this thesis. Physical defects such as
puncture and contamination can degrade the insulators performance
and result in power outages, potentiating costs to utilities. Therefore,
condition assessment of line insulators has always been one of the
most important aspects of maintenance programs in power networks.
Realistic replicas of punctured and contaminated insulators were created
in the High Voltage Lab at University of Manitoba, following the
IEC standards. These defective insulators were tested under high
voltage stress while the electromagnetic radiations originated from
the partial discharge activities on the insulators were captured using
electromagnetic sensors. During the experimental part of this thesis,
a multitude of tests were conducted and resulted in measuring and
recording a total of 410,000 cycles of discharge activities. = The
feature extraction algorithm, developed as part of this thesis, calculates
the statistical features of the phase resolved interpretation of partial
discharge (PD) pulses. The results of analyzing the extracted features
from the radiated signature of defective insulators indicate that the scale

and shape parameters of a two sided Weibull distribution function fit to



the recorded measurement entail distinct information about the source
of discharges that can be used to identify the source of defects. Based
on the library of features extracted from the recorded electromagnetic
radiations, a support vector machine (SVM) classifier, developed as
part of this thesis, can successfully classify the radiation signature of
punctured and contaminated insulators. Therefore, the main outcome
of this research was introducing a novel porcelain insulator inspection
technique that can remotely differentiate the defective punctured and
contaminated insulators using their electromagnetic radiation signature
in a laboratory environment. By utilizing the signature of common
discharge activities present in the recorded signature of all tested
insulators, a gating algorithm was developed which improved the
successful classification rate from the 51 % to 75%. The inspection
technique proposed in this research can eliminate the safety hazards
involved in the live maintenance of line insulators, lower the maintenance
costs, and improve the inspection efficiency considering the conventional

labour intensive live maintenance assessments.
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Synopsis

1.1 Introduction

With the emergence of new technologies and higher demand for the reliable
transmission of electric power, utilities are facing economical and technical challenges
to reduce the duration of line outages and keeping their lines energized that make
live line maintenance services a more desirable option. In any power network, the
condition assessment of line insulators is one of the most important maintenance
services. Physical defects, such as punctures and contamination, can degrade the
insulators performance. Line insulators should be checked regularly to ensure
maximum service reliability. However, due to the large number of insulators on
the transmission and distribution network, this is a daunting task. For example, in
North America there are more than 150 million porcelain insulators in service where
some are 50 years old [1].

A number of inspection methods ranging from close contact tools to acoustic,

ultraviolet, and infrared methods have been proposed by industrial companies and



1.2 Problem Statement

scientists for insulators condition assessment. There has always been a trade-off
between the reliability of these inspection tools and how convenient they are for
linemen to use. A comparison of the successful rate of detection of faulty insulators
for different tools shows that the inspection methods which require close contact
to the insulators are far more accurate compared to remote inspection methods.
However, remote inspection methods can assess the insulators condition from a
distance and without the need to climb towers. Considering the importance of
avoiding an outage and the convenience and safety of using remote assessment
tools, the remote inspection tools are a better and more desirable solution to the
maintenance of line insulators. Moreover, the recent progress made in digital signal
processing has significantly increased the reliability and successful detection rate
of the remote inspection methods. Remote detection methods need to capture a
symptom of faulty insulators without making physical contact. These methods
will monitor the variations of certain parameters depending on the nature of their
detection algorithm. For example, acoustic methods monitor the sound wave
parameters originating from faults on the insulators or infrared detection tools focus
on the thermal distribution along a string of insulators. Each inspection method

has its own advantages and drawbacks which are discussed in Chapter [3

1.2 Problem Statement

The motivation for this PhD thesis is the need of utility companies and the power
system industry to employ innovative methods for the remote detection of defective
porcelain insulators. The objective of the research was not only to detect the

abnormal signature of a defective insulator, but also to distinguish and classify



1.3 Objectives

the source of the behaviour, a novel approach for condition assessment of outdoor
porcelain insulators. Therefore, the main focus of my research was to remotely
inspect and classify defective porcelain line insulators in a lab environment, taking
into consideration the two most common types of defects on porcelain insulators;

puncture and contamination [2, [3] [4].

1.3 Objectives

The main objective of this PhD thesis is to study and characterize the
electromagnetic radiation signature of partial discharges from defective insulators.
Defective insulators had to be made in the lab according to the available standards.
Due to the randomness of partial discharge behaviour, a time domain statistical
analysis platform was developed to separate the radiation signature of different
defects. The research was conducted inside a laboratory using a clean fog chamber
that was built to duplicate a realistic environment for testing the insulators.
At the High Voltage Laboratory of the University of Manitoba, punctured and
contaminated insulators were made and tested. Obtaining accurate and reliable
measurements was one of the most important aspects of this research. To analyse
the raw measurement data obtained in the lab, a MATLAB graphical user interface
(GUI) was developed to calculate statistical features of captured partial discharge
activities. A classifier was also developed to differentiate and classify the radiation

signature of contaminated and punctured insulators.
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1.4 Research Outcomes and Contributions

The published literature related to the topic of this research have reported similar
efforts on classification of partial discharges captured from contaminated insulators
[, 6l [7, [8]. However, most of the methods for capturing the partial discharges are
based on leakage current waveform taken from the ground lead. Also, the signal
processing and classification algorithm reported in each research is different, but
it mainly involves time-frequency algorithms. One of novel ideas presented in this
research is the use of electric field sensors to remotely capture the electromagnetic
radiations, a technique never used for PD detection of line insulators. Also, although
performing statistical analysis on PD pulses have been reported in the literature,
the mixture Weibull distribution developed as part of signal processing of this
research has not been used before. Moreover, research on PD signature of realistic
samples of punctured insulators (created in the High Voltage lab) have never been
reported in this extent before. Another advantage of this research compared to
the published literature is the partial discharge database developed throughout
the lab measurements. During this project, a multitude of tests were conducted
and resulted in an excessive amount of measured data for a meaningful statistical
analysis. A total of 410,000 cycles of radiated partial discharge activities from
normal (clean and healthy), punctured, and contaminated insulators were captured
and recorded. Further, methodologies and procedures were developed to perform
remote measurements of insulators electromagnetic radiation.

A MATLAB based GUI has been developed that performs statistical analysis on
recorded measurements and classifies recorded signatures. The classifier uses unique

statistical features (output of the GUI) to separate the signatures of punctured



1.4 Research Outcomes and Contributions

and contaminated insulators, considering the baseline signatures of healthy and
clean insulators. Based on a number of classifications performed in various
feature domains, the shape and scale parameter of a fitted Weibull distribution
in the negative half cycle of the voltage is proved to have distinct information to
differentiate partial discharge activities on contaminated and punctured insulators.

This novel remote assessment tool utilizes unique statistical features of partial
discharge activities to differentiate the type of defects on porcelain insulators. The
results obtained from the measurements and analysis of samples tested in a high
voltage laboratory, indicate the successful use of feature domains to classify radiation
signatures. This innovative remote assessment tool, using statistical processing
kernels, can help utilities rank the condition of porcelain insulators in service and
determine the proper maintenance program, based on the remote assessment results.

The outcomes of this research have been published in a conference paper and
one journal paper [9, [I0]. A second journal paper is in preparation that will be

submitted soon.



Outdoor Insulators

2.1 Introduction

Overhead transmission lines are responsible for delivering electric power from
generators to industrial and residential customers. The energized conductors on
the overhead transmission lines have to be attached to the tower while they are
electrically insulated from the grounded towers. The device that can hold the
weight of the conductors while it provides electrical insulation between the line
and the tower is called an insulator. Insulators are able to handle electrical and
mechanical stresses when the line is energized. Most of the insulators have outdoor
applications where they are subjected to environmental conditions such as moisture,
high temperature, contamination, and icing. To choose the right type of insulator

before the installation, the environmental conditions of the site has to be studied.



2.2 Insulator Types

2.2 Insulator Types

Insulators are mainly composed of a dielectric material, electrodes, and end fittings.
Outdoor insulators can be classified either by the dielectric material that is used in
them or by their application. By application, they can be divided into four groups;
suspension, post, interphase, and bushing [I1], 12]. In this research, we mainly focus
on suspension outdoor insulators. Insulators can also be classified by the type of
dielectric material that has been used in them. The three main dielectric materials
that are mostly used in outdoor insulators are polymer, glass, and porcelain. In
some documents, these insulators might be called by other names; for example,
porcelain insulators are also known as ceramic insulators or polymer insulators are
also known as non-ceramic or composite insulators. Polymer insulators have recently
become very popular in high voltage transmission line applications because of their
lower weight, easier installation, higher resistance to vandalism and their excellent
performance in polluted environments. Surveys also show that the maintenance
costs for non-ceramic insulators are lower [I3]. The manufacturing technique for
these insulators has a minimum amount of waste and sheds can be produced using
a single mold. However, polymer insulators have not been in the service for a long
time and therefore, it is not clear how they would perform after being used for
more than 50 years, whereas toughened glass insulators have been in service since
1947. Around 10 million of them have been reported in service in North America.
Inspection of these insulators is quite easy. Any defect on the insulator string will
cause the glass shell to shatter and only the stub remains on the string. Although
simple detection of faulty glass insulators makes them a good option for 500 kV

transmission line, they are quite heavy and also a very good target to vandal.



2.3 Design and Manufacturing

Porcelain insulators have been in the market since 1910. More than 150 million
of these insulators are now in service in North America. They are by far the
most commonly used outdoor insulator in service. Apart from the problems due to
vandalism or poor quality control from some manufacturers, they have served very
well in high voltage transmission systems for the past 50-60 years. For maintenance
purposes, these insulators have to be checked from a close range which involves
either taking them down from the line (random sampling) or climbing the tower to
attach the measurement probes to the cap ends. The weight of porcelain insulators
used to be a problem, but the newer generations do not suffer from the weight issue
anymore [14].

The main focus of this research is on porcelain suspension insulators since
Manitoba Hydro, the industrial sponsor of this research, has a large number of

these insulators currently in service.

2.3 Design and Manufacturing

Pin type insulators and cap-and-pin type insulators are the two most commonly used
suspension porcelain insulators in service. The main challenge in manufacturing
these insulators is the cement connection between the metal pin and porcelain.
Most of the failures of porcelain insulators are due to cracks and punctures caused
by expansion of the cement joint [I5]. Depending on the line voltage, the porcelain
composition could be different. In North America, a combination of Quartz, ball
clays, and silica is used in lower voltages such as distribution networks. Alumina
on the other hand, which is high-strength porcelain, is used in manufacturing

of porcelain insulators in transmission line networks. Glazing is the last step in



2.4 Electrical and Mechanical Performance

manufacturing porcelain insulators which adds more features such as high strength
and self-cleaning ability to the insulators. The type of cement used in gluing
the metal pin to porcelain is an important parameter in manufacturing porcelain
insulators. Portland cement is the most common type of cement that is used in
manufacturing suspension porcelain insulators. The cement should be designed to
handle the mechanical stress as well as the electrical stress. Figure shows the

cross section of a typical porcelain suspension insulator [12].

Figure 2.1: Cross section of a porcelain insulator.

2.4 Electrical and Mechanical Performance

Electrical properties of insulators come from the dielectric that they are made of. In
order to study the electrical properties of porcelain insulators, dielectric properties of
porcelain should be studied. It should be noted that there are two dielectric property
measures; volume dielectric property and surface dielectric property. When there is
a puncture or void inside the porcelain, the dielectric strength of the insulator drops.

The electric field in that area will be magnified and partial discharge will take place
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in that region which may eventually cause a failure within the insulator (Appendix
provides more details on this topic) [16]. Surface dielectric property relates to the
conductivity of the surface of the shells. Under humid and contaminated conditions,
the surface conductivity rises which may cause a discharge arc on the surface of the
shell. These failures are called surface flashovers which are the results of the air
breakdown around the shells [17, [1§].

The mechanical performance of insulators on the overhead transmission lines is
as important as the electrical performance. The conductors will fall if the insulators
fail mechanically resulting in disastrous consequences. The mechanical properties of
insulators, such as internal attachment of the metal pins to the dielectric, are mainly
concerned during the manufacturing process. The electrical properties of porcelain

insulators will be the main focus of our work.

2.5 Standard Quality Tests

Before installing porcelain insulators, they have to pass standard tests to ensure their
good performance in service. In order to perform these tests in lab environment,
the conditions inside the lab should be similar to the actual outdoor environment.
Electrical (and even mechanical) sources and monitoring instruments are also needed
to perform the tests. In order to get consistent test results for a certain insulator in
different labs, standard tests have been developed. Standard tests can be divided
into two main categories; sample tests and type tests. For sample tests, random
samples of insulators are selected and tested to verify the quality of the material
and manufacturing process consistency. Type tests are usually performed on new

products, either changing the design or the materials. These tests are aimed to
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identify the main characteristics of the insulators for each unique design. For most
of the sample and type tests, it is more desirable to have both the mechanical and
electrical stress on the insulator to duplicate the real operating conditions.
Routine tests, which are one of the most important transmission line maintenance
tests, guarantee the performance of insulators during the service. Some of these tests
are performed at a higher voltage (ie. puncture tests are performed at 500 % of the
rated voltage)than transmission line’s rated voltage to guarantee the performance
of insulators under short overvoltage periods such as lightening, surges, or icing
[19]. Contamination tests will determine the performance of the insulators in heavy
contaminated environments. Contamination tests conducted inside a fog chamber
will produce more realistic results as they can resemble the environmental conditions

in real environment[20)].

2.6 Failures of Porcelain Insulators

Porcelain insulators can fail due to a variety of reasons. Prior to the installation,
some insulators might get physically damaged during shipping and transportation.
Vandalism is another reason of porcelain insulators failure. However, glass insulators
are by far a better target when it comes to vandal. Gun shots break the surface of
porcelain shells which increases the chance of flashovers under wet conditions. Poor
manufacturing and low quality control are two other reasons of porcelain insulators
failures.

The expansion of Portland cement used in cap-and-pin insulators causes radial
cracks on insulator’s shell. The expansion mostly happens under wet condition

when the cement absorbs the moisture. Cement expansion decreases the strength
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of porcelain and increases the chance of surface cracks [21].

Punctures can develop inside the porcelain insulators when there is an
overvoltage due to lightning on the transmission line. Puncture paths mostly develop
inside the cap and in the area between the cement connections of cap and pin to
the porcelain. Cracks develop over time inside porcelain shells when the quality of
manufacturing is poor. During the manufacturing, there is a layer called ‘Bitumen
layer’ which is laid on top of the cement joints. When the quality of this layer is
poor, it will dry out over time and causes internal cracks inside the porcelain [21] 22].

Continuous corona is another reason of porcelain failure. Corona usually happens
between the cap and porcelain or pin and cement. In both cases, over time, the
strength of dielectric drops and it eventually breaks [23]. Contamination is another
reason of porcelain failures. Heavy contamination under moist conditions will
increases the leakage current which will ultimately result in hardware erosion. High
leakage current can also cause flashovers [0, 8, 24]. More details on contaminated

insulators will be presented in the following section.

2.7 Contamination of Insulators

Contaminated insulators under humid and moist conditions can cause contamination
flashover and eventually system outages. Some of the contaminants that can be
found on the polluted insulators are salt from the sea, dust and rubber particles from
the nearby highways, bird secretions, desert sand, and industrial pollution from the
factories. Type of contaminants near the sea is different from contaminants in desert
or near industrial sites. Contaminants are mostly salt (NaCl), Gypsum (CaSOy,)

and some type of sand (SiO3). The speed of accumulation of these contaminants
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on the surface of insulators depends on speed of the wind, direction of the wind,
type of insulators, and transmission lines orientation. Over time, the contaminants
will accumulate on the surface of the insulators, however, they also get washed off
by rain and heavy winds. The top surface of insulators is usually cleaner than
the bottom ribs. The bottom ribs on the vertical oriented insulators (known as I
formation) accumulate more contaminant compared to the horizontal and V oriented
insulators. The contaminants on the insulators will become conductive when they
are exposed to moisture. When the contamination layer becomes conductive, the
magnitude of the leakage current through the string increases [25]. Contamination
level is one of the key parameters in insulator design. Insulators should be tested
for performance under contamination prior to installation.

The main problem under heavy contamination conditions is the contamination
flashover [26]. Dry band arcs form over the wetted and contaminated surfaces,
increasing the total surface conductivity and eventually the chance of contamination
flashover. Details on formation of dry bands will be presented in next section. To
standardize the contamination level, the ESSD (equivalent salt deposit density)
parameter is defined. According to [20] , “ESDD is the amount of sodium
chloride that, when dissolved, gives the same conductance as that of the natural
deposit removed from a given surface of the insulator divided by the area of
this surface; generally expressed in mg/cm?2.” Therefore, ESDD can be used to
classify the contamination level of insulators. Although soluble contaminants have
a higher effect on the performance of insulators, in order to precisely classify the
contamination level, non-soluble contaminants should also be taken into account.
Non-Soluble Deposit Density (NSSD) is a measure for evaluating the level of non-

soluble contaminants like sand and dirt. To precisely study the contamination profile
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of installation sites, ESDD and NSDD paramters should be taken into account [27].
However, the impact of NSSD is very small compared to ESDD.

According to IEC standards, contamination tests inside the lab can be conducted
in three ways; salt-fog tests, wet-contaminant tests, or clean fog test. For the salt fog
tests, the voltage is kept constant during the whole test and the string of insulators
is exposed to a salty fog condition where its salinity can be anywhere between 2.5
kg/m? and 224 kg/m? depending on the desired contamination severity. During
the wet-contaminant test, the insulators are sprayed with the polluted suspension
and the voltage is applied to the string shortly after the contamination process is
over, while the insulators are still wet. The voltage is then raised until the flashover
occurs. In case of a clean fog test, the insulators will first go under the contamination
process and will be put aside to dry. The string will be hung inside a clean fog
chamber and the voltage will be applied on the wetted contamination layer. This
technique resembles the actual environmental conditions much better than the other

test methods [27].

2.8 Formation of Dry-Band Arcs

One of the most important stages of contamination flashover is the formation of
dry-band arcs. There have been several studies to investigate the formation and
behavior of dry bands [28]. The leakage current starts flowing through the string
of insulators when the polluted surface gets exposed to moisture. The behavior
of this current depends on the how this conductive electrolyte behaves under high
voltage stress. The electrical properties of a common electrolyte solution, such as

NaCl solution, depend on the concentration of ions, ion charges, and the mobility of
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the ions. The viscosity of water drops quickly when the temperature goes up which
speeds up the movement of water ions [14]. High electric field will also make the ions
move faster. Therefore, the conductivity of NaCl solution on the surface of insulators
under the high voltage tends to increase. The increase in the leakage current under
the high electric field stresses will increase the temperature and eventually will cause
the water on the surface of insulators to evaporate, forming high surface resistivity
areas known as Dry Bands. Dry bands will then experience recurring discharge
activities where the surface electrical properties of both the dried and wet parts
determine the magnitude of the leakage current [14], 29]. It should be noted that the
sinusoidal part of the leakage current has more contribution to the water evaporation
compared to the arcs and small bursts [14]. In order to investigate this behavior
in one of the published studies [29], pollution layers were deposited on strips of
glass while the high voltage was applied across the strip. The pollution layer was
wetted inside a clean fog chamber and the voltage was measured using coupling
capacitors attached to the structure. Figure shows the steps of this observation.
After wetting the strip, the dry bands appear on the surface until one dry band
dominates (Figure .c). The arcs appear on this dry band and extend throughout
the strip until they completely bridge the strip (Figure f). Not all the arcs can
extend to the whole strip and completely bridge the strip. Survival of the arcs from
extinguishing to propagate along the strip, requires a minimum electric field which
is calculated and formulated in [14].

The leakage current can be calculated knowing the voltage drop across the dry
bands and the resistance of the wet polluted layer in series with it. Not all of the
initial dry bands will survive to spark over. If the resistance of the band is too high,

the arcs will extinguish. Further wetting will drop the resistance of dry bands and
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Figure 2.2: (a) Wetting the pollution layer

(

(b) Formation of dry bands

(¢) Dominance of one dry band

(d) Sparks on the dry band

(e) Extension of arc on the surface

(f) Complete propagation of the arc along the strip (flashover)
eventually can increase the length of dry bands. When the surface contamination is
high, the resistance drops significantly after wetting and therefore the arcs start to
grow and bridge the insulation. In case of low surface contamination, the resistance
of dry bands is quite high and local arcs continue to happen but they will extinguish
eventually. The results of the study presented in [28] proves that dry contamination

is harmless to the insulators. However, light contamination under wet conditions

can cause continuous arcing and eventually insulation degradation and aging.

2.9 Summary

In this chapter, a brief description of transmission line insulators with their
application in power networks was presented. Various types of insulators as well as
advantages and drawbacks in using each type of insulator was explained. Because of

a large number of porcelain insulators that are currently in service in Manitoba and
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North America, this thesis focuses on condition assessment of porcelain insulators
only. A short background on failure mechanism of porcelain insulators was also
presented. Also the flashover mechanism due to surface contamination on the

porcelain insulators was briefly discussed.
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Condition Assessment of Porcelain

Insulators—A Literature Review

3.1 Introduction

Enhancing reliability of power networks has recently become a very serious challenge
for power companies. Considering the continuous electricity demand mainly due to
manufacturing industries, network failures and power outages due to equipment
failure can be very costly for power utilities [30, BI]. On the other hand, all the
equipment installed in power networks have a limited life span and they need to be
replaced before they fail in service. That is why condition assessment of all high
voltage equipment, including high voltage insulators, is a very important regular
maintenance in power networks. In case of transmission line insulators, defective
units have to be identified and replaced before they fail. Among different types of
insulators, detecting defective toughened glass insulators is very easy as the glass

shell shatters when it becomes defective. In case of porcelain insulators however, the
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defects cannot be identified simply by performing visual inspections. These defects
can be developed either before or after the installation. The defects developed prior
to installation are mostly caused during shipping, handling, and transportation.
Cracks, voids, and flaws inside porcelain shells are defects that are invisible to
visual monitoring and can cause failures after the insulators are installed [12]. Many
inspection methods to identify faulty porcelain insulators have been reported in the
literature. These methods can be classified based on their application. One way
to categorize these methods is based on the symptom they detect from a faulty
unit For example, thermal inspection methods identify the defective insulators by
analyzing the heat distribution along a string of insulators. In case of acoustic
detection methods, faulty units are detected based on the sound propagation and
reflections from the insulators. Cracks inside the shells change the reflection and
propagation of the incident sound wave.

Considering the electrical properties of defective porcelain insulators, they
have lower resistance, can undertake lower voltage, will let a higher current to
pass through them, and have a distorted electric field distribution along the
string. Detection methods which use these symptoms to identify a faulty unit are
categorized as electrical detection methods. The Buzz method, using DC resistance
or electric field meters, and leakage current measurement techniques are examples
of this method. These detection methods either need a close physical contact to
the insulators or they can remotely inspect them. Methods which need a physical
contact of the measuring instrument to the insulators are quite dangerous especially
when a live maintenance is needed. Although remote detection methods are very
convenient and safe for linemen to use, the remote detection methods that have been

proposed so far are not reliable enough to substitute the widely used close contact
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techniques such as DC impedance meters [4], 32].

3.2 Detection of Defective Insulators

There are different detections methods to identify defective insulators. Each method
has advantages and drawbacks. Depending on the application, one might do
better than the other. In this section, a brief summary of the most commonly
used inspection tools for condition assessment of porcelain line insulators will be

presented.

3.2.1 Close Contact Methods

One of the most commonly used techniques by linemen to identify faulty insulators
is inspecting each insulator shell by connecting a resistance measuring instrument
across the shell. The two popular instruments that are developed based on this
concept are the Buzz meter and the DC resistance meter. This method of inspection
is considered to be a quite low-tech detection tool for linemen to use. As shown
in Figure 3.1} in the Buzz method, two sharp pins on the inspection rod will be
connected across each shell. If the shell is not defective, a breakdown will occur
between the pins because of the high voltage across the pins and a Buzz noise can
be heard. But if the shell is damaged, there would be no significant voltage drop
across the pins and the breakdown will not happen. This method can only be used
for porcelain insulators as they have the metallic cap and pin that the rod can
connect to [12].

The resistance of the shells should ideally be very high if they are not

damaged [33]. When they become defective, the resistance drops and the current
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Figure 3.1: Detection of defective insulators using the Buzz method.

starts flowing through them. Another simple method to inspect porcelain insulators
is to connect a DC resistance meter to the string and measure the resistance of
each shell. Defective shells show a lower resistance on the meter compared to the
healthy shells. This method is also very effective in detecting internal conductive
paths inside the insulating material. However, using this inspection tool on live lines
is not as convenient as the remote detection methods. Moreover, the low resistance
can also be a result of high contamination on the surface of insulators and the DC
resistance meter is not able to determine the possible reasons of the low resistance

readings [34].

3.2.2 Acoustic Detection Methods

Detecting acoustic emissions from a faulty insulator is one of the inspection methods

than can be used to identify the defective insulators. Partial discharge activities on
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defective insulators make an audible noise as well as electromagnetic radiations in
the ultrasound band. These radiations can be captured by ultrasonic microphones.
When there are surface discharges on the insulators, electrons start to move more
rapidly which will ultimately create an acoustic wave. This acoustic wave travels
in the ultrasound band and its frequency is centred at 40 Khz [35]. Although
this method has been used in detection of faulty outdoor insulators, it has more
applications in detecting and locating the PD inside the transformers [36]. The main
difficulty with the acoustic PD detection on outdoor insulators is the relatively high

background noise levels near the live insulators in service.

3.2.3 Ultraviolet and Infrared Detection Methods

Partial discharges also emit light that can be captured and analyzed to assess
insulators conditions. There are commercially available UV cameras that can be
used for imaging and monitoring outdoor insulators. However, sun light and other
ultraviolet waves that exist during the day time will affect the performance of these
cameras. Because of these interferences during the day, inspection of insulators
using these cameras are mostly carried out during the night. Light emissions due to
partial discharge activities inside voids were the topic of one of the recent studies
[37]. It was shown that there is a good correlation between the light emissions and
the magnitude of partial discharge pulses. For the measurement setup, a 7 kV square
pulses was used as a source of electric stress and a wideband Photomultiplier tube
was used to capture the light emissions. The captured signals were fed to a 5 GS/sec
and 500 MHz oscilloscope and then transferred to the computer for further analysis.

Voids with different geometries were tested and the relation between the dimension
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of the voids and the corresponding light emissions was studied. In another study on
non-ceramic insulators [38], UV cameras were utilized to identify and locate different
types of corona. Corona can be present at the live end fittings especially when the
corona ring is not used. Newer UV cameras can detect the light emissions even
during the day. These cameras can detect certain frequency components that are
still below the frequency of natural daylight. They are capable of filtering daylight
emissions and also enhancing the image resolution.

Infrared cameras are capable of detecting the temperature distribution on the
insulators. Insulators temperature can rise due to corona, leakage current on the
surface, arcs on the dry-bands, and even punctures inside the insulation. In one of
the latest studies on detection of faulty insulators on live lines, Infrared cameras
were used to double check the results obtained from acoustic receivers [39]. The
pictures taken by the camera still need to be interpreted by trained personnel in
order to evaluate the condition of insulators. The camera is also very sensitive to
the environmental condition such as local weather, season, and illumination. In
order to have an accurate reading from the camera, the maximum and minimum
temperature should be entered manually into the camera considering the ambient
temperature. The pictures can also be transferred to a computer to detect high
temperature spots and further analysis.

In summary, Although the pictures taken by these cameras contain valuable
information about insulators condition, a successful assessment of their condition

requires additional testing and investigation.
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3.2.4 Leakage Current Analysis

Monitoring the leakage current waveform can reveal useful information about
insulators condition, especially in evaluating the contamination level of insulators.
One way to classify the contamination severity of porcelain insulators is using the
ESDD method which will be discussed in more detail in Section £.2.6.1l However
in order to determine the contamination level of an insulator using ESDD method,
the unit has to be taken down to the lab for the measurements. In other words, this
method cannot be used for live line maintenance purposes. The alternative method
for measuring the contamination severity of insulators is monitoring the leakage
current. There are quite a few parameters in the leakage current pulse that can be
monitored in order to prevent a contamination flashover. Maximum value of the
leakage current, number of pulses and location of the highest peak of the pulses are
examples of these parameters [40, [41]. To properly study the leakage current pulses,
time domain and frequency domain characteristics of the waveform should be taken
into account. The leakage current can go through three stages before the actual
flashover takes place. These three stages are security, forecast, and danger stages.
The leakage current is much larger during the forecast and danger stages compared
to the security stage. However, the duration of the pulses are shorter in those stages.
If the possibility of a contamination flashover is detected in early stages, there would
be enough time to avoid it. Most of the research on leakage current monitoring is
focused on time domain analysis of the pulses. Some recent studies have been focused
on the frequency domain parameters and how monitoring other harmonics can lead
to an early diagnosis of a contamination flashover [42]. The effect of RTV (room

temperature vulcanization) silicone coating on the long term withstand performance
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of porcelain insulator been investigated in another study by monitoring the leakage
current [6]. The relation between the ESDD level of contaminated insulators and
the flashover voltage has also been studied while monitoring the leakage current [5].

Contamination along with the operating voltage and environmental conditions
are the three important factors in developing a flashover. Environmental factors are
mostly the temperature and relative humidity. However, the impact of humidity is

much higher than the temperature on the development of a flashover.

3.2.4.1 The Effect of Humidity

High ambient humidity and heavy surface contamination are the two most common
reasons for high leakage current. Properly distinguishing the source of this increase
in leakage current can be quite challenging. High leakage current due to high ambient
humidity is a false positive output when using this method. In [24], to properly
distinguish the source of high leakage current, two tests were conducted. During
the first test, already contaminated insulators were kept inside a fog chamber and
the humidity inside the chamber was varied in order to study the effect of humidity.
During the second experiment, the contamination level of insulators was changed
throughout the tests where the humidity of the chamber was kept constant. The
results of these measurements were used to distinguish the effect of humidity and
contamination level on the leakage current waveform, reducing the number of false

alarms in detecting contaminated insulators.

3.2.4.2 Leakage Current Monitoring

To duplicate the realistic environmental conditions during contamination tests, a fog

chamber is required. The leakage current waveform can be monitored through the

- 95 -



3.2 Detection of Defective Insulators

ground wire that connects the insulators to the ground. To take samples from
the ground wire, two methods can be used. The current signal can be either
measured from the voltage drop across a resistor in series with the ground wire or
can be measured using current sensors such as Rogowski coils. The contamination
distribution on the surface of insulators in the service is a function of different
parameters such as wind direction, elevation, and etc. For the lab tests, however,
a uniform distribution of the contamination layer on the surface of insulators is
assumed. To make artificially contaminated insulators, a salty suspension will be

sprayed on the insulators. Details of this procedure will be discussed in Section

1261

3.2.4.3 Frequency Domain Analysis of Leakage Current

Frequency domain analysis of leakage current is basically monitoring the power of
different harmonics. It has been shown that by increasing the relative humidity
and contamination severity, the amplitude of the 60 Hz component of the leakage
current has the most significant increase. Also the amplitude of the third and fifth
harmonics change significantly when the contamination is high [43]. In another
study [7], the leakage current waveform is classified into six stages before the
occurrence of flashover. The classification is based on the frequency spectrum of
the leakage current waveform. The experiments showed that the insulators with
heavy contamination will ultimately have a flashover. On a heavy contaminated
insulator, the leakage current waveform was captured and monitored [7]. In time, the
leakage current waveform shows some distortions compared to the smooth sinusoidal
waveform that was captured at the beginning. After 12 minutes of testing the

heavy contaminated insulator, the leakage current waveform started experiencing
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all the six stages starting from a smooth and low amplitude sinusoidal waveform to
a distorted waveform with relatively high power harmonics [24]. It was reported that
in all cases that contamination flashover ultimately happened, the third harmonic
amplitude of the leakage current spectrum exceeded - 40 dBA. They also reported
that the information in the fifth and seventh harmonics cannot predict whether the
flashover is happening or not. This conclusion came from the observation of leakage
current power spectrum during the test where those two components remained

almost unchanged from the beginning of the test until the flashover occurred.

3.2.4.4 Phase Angle Analysis

Studying the time domain parameters of the leakage current waveform can reveal
important information about the contamination severity of the insulators. There
are numerous studies on the rise time, duration, amplitude, and other time-domain
parameters of the leakage current waveform [44] [45]. The phase angle between
the voltage and the current is one of the important time domain characteristic of
the leakage current waveform. During clean and dry conditions, applied voltage and
leakage current resemble an RC circuit where the current leads by almost 70 degrees.
This relation stays the same for the case of dry polluted insulators. But in case of
wet contaminated insulators, the phase difference is significantly lower (almost 30
degrees) and also the amplitude of the leakage current is higher [8]. The pollution
layer becomes conductive when it is exposed to the moisture and therefore the phase
angle decreases. Under heavy contamination the phase difference could be as low
as 5 degrees. This means that under wet contamination, the overall system acts
more like a resistive circuit. By just inspecting the phase difference, the clean dry

insulator can be distinguished from a wet contaminated insulator. But as soon as
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the phase angle drops due to wetting, it is very challenging to identify the reason of
further phase angle drop. In case of a dry polluted insulator, there are few stages
before the contamination flashover happens. The phase drop is significant when the
pollution layer gets exposed to the moisture, but during the development of short
dry-band arcs and the growth of those arcs to long arcs and even the flashover, the
drop is not that significant and therefore it is very hard to assess insulators condition
in those stages by just measuring the phase difference. The other difficulty in using
this method is differentiating humidity and the pollution as they both increase the

conductivity of the surface and result in a phase drop.

3.2.4.5 Time—Frequency Analysis

Wavelet is a time-frequency analysis tool that can be very useful in analyzing
the leakage current. The application of wavelet is not limited to the leakage
current and it can be used in a wide range of applications to analyze the captured
information. In [8], using a discrete wavelet transform (DWT) and multiresolution
signal decomposition (MRSD) techniques, the time-frequency characteristic of the
leakage current was studied. A standard single disc cap and pin porcelain insulator
was put under 11 kV rms, 50 Hz voltage source to assess the contamination level.
The insulator was hung vertically inside a 1.5m x 1.5m x 1.5m clean fog chamber.
The leakage current is sampled through a resistor in series with the ground wire.
The leakage current was then sampled and stored on a computer for further analysis.
The leakage current was decomposed into seven levels using wavelet functions. The
standard deviations and the mean of each decomposed signal in each level was
studied. The distortion ratio is defined as the ratio of standard deviation value of

detailed components # 3, 4 and 5 to fundamental component # 6. The distortion
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ratio increases considerably when the short arcs appear and it decreases when the
arcs start to grow into long arcs. Plots of standard deviation versus decomposition
level are presented in this work to explain the behavior of each detailed component
at different flashover stages. The fifth detailed component also changes quite
significantly during different stages which can be used towards stage identification.

In another recent study [46], a flat glass sheet was used to model an outdoor
insulator. This structure was proved to be a very good laboratory model for an
outdoor insulator. Two electrodes were mounted on a flat glass sheet to generate
electrical stress. The source is a 50 kVA /300 kV RMS, 50 Hz transformer. The
surface of the glass was sprayed with a salty solution and different salinities in order
to study various contamination levels. Frequency domain tools were applied on
the sampled data in order to study the spectrum behavior of recorded data. For
analyzing the voltage waveform, however, a continuous wavelet transform and a
complex Morlet wavelet transform were used. The behavior of wavelet coefficients

in different contamination levels was studied.

3.2.5 Electric Field Measurement

Electric field distribution along the insulators string is one of the important
parameters that should be considered during insulators design. High electric
field stress on the string can cause audible noise, partial discharge activities,
and eventually deterioration of the dielectric material. Studying the electric field
distribution around the insulators can avoid the occurrence of flashovers. It has
been shown in [I4] that when the surface electric field component is sufficiently

low, the flashover will not occur. Electric field distribution along the insulators
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string can also be used to detect defects on each unit. Instead of solving the
complicated structure of insulators string to obtain an analytical solution, computer
aided simulation software can be utilized [47]. Many computer aided simulation
projects based on different numerical methods such as, finite element method,
finite difference method, or boundary element method have been conducted to
calculate the electric field distribution and electric potential graphs along the string
of insulators [48], 49, [50), 51]. The modelled electric fields have also been compared
to the measurement data taken from electric fields along the insulators string in
service. Figure [3.2 shows a test setup for measuring the electric field of energized
suspension insulators. The DL-1 electric field sensor mounted on the top of a rod
has to get close to the energized insulators and capture the fields [52]. The captured
data will be transferred to a data logger using a coax cable or a fiber optic link for
further analysis. The electric field probe slides along the string and measures the
RMS electric field. Some simple methods just use the electric field along the axis on
the string to make the decisions of the insulators condition. However more advanced
methods take into the account both the radial electric field component(£,) and the
electric field component along the axis of the string (E,). The electric field method
has been reported to have a very good accuracy in detecting conductive defects
[52]. The electric field is low near the shells close to the low voltage conductor
and starts rising smoothly when it gets closer to the shells near the high voltage
conductor. Having a defect in one of the shells, causes a sudden drop in the electric
field value close to that defect. Electric field graphs from the string with defects
can be compared to the graphs with a string of all healthy insulators to locate the
faulty shells. Differences in the graphs are more obvious when the defects are closer

to the high voltage conductor. It is harder to identify the defects close to the low
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voltage conductor. It should be also noted that when a corona ring is used at the
high voltage side, it will be very hard to identify even the defects close to the high

voltage conductor [47].

Field Meter

sl1o3je|nsu| uje|ad4od

Transformer

Figure 3.2: Electric field measurement of porcelain insulators.

3.2.6 RF Radiation Detection Method

Partial discharges result from fast movement of electrons. The movement of electrons
not only creates the leakage current, but it also creates electromagnetic waves that
will radiate. Rapid changes in the current due to the fast movement of electrons
extend the spectrum of this waveform to a higher frequency region (around 200 MHz
[53]). Using proper antennas designed for the appropriate frequency range, partial
discharge radiated pulses can be captured. In one study [54], radiations from a

spark gap breakdown were captured using disk-cone antennas. An optimization on
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the location of antennas for receiving the best radiation was also performed. The
sharp risetime of partial discharge pulses can be easily detected using high frequency
sampling and time domain analysis. In another study [55], antenna arrays were
mounted on a vehicle to make a mobile RF emission detector. The signals received
through the antennas were fed into a 2.5 GS/sec oscilloscope with a bandwidth
of 1 GHz. The antenna arrays have a flat frequency response between 100 MHz
and 3 GHz. The oscilloscope has a segmented memory feature which allows storing
multiple PD pulses without storing the dead time in between them. To analyze the
received signals, two diagnosis methods were used; Bearing calculation and RMS
time delay error. Bearing calculation method calculates the angle of the incident
radiation using wave propagation constant and arrival time delay. When there are
just two antennas for receiving the radiations, it is not possible to know if the angle
is above the antenna plane or below. This issue can be resolved by using four
antennas. RMS time delay method locates the source of radiation more accurately.
One of the four antennas was considered to be the reference antenna and the time

delay for a signal to travel from the source to each antenna was defined as,

T = /(o= 2+ (= 0+ G 202 (31)

where (zg, ys, zs) are the coordinates of the source and (2, Yn, 2,) with n € {1,2,3,4}
are the coordinates of the antennas. Knowing the reference antenna, the delay time

differences can be calculated as

Tnl = Tn - T1 (32)
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The error function is also defined as,

€s = \/(T21 —m1)% - (T ;)731)2 = (T —11)? (3.3)

where 7,; is the measured time delay between the antenna array m and 1. By
sweeping the location of the source and minimizing the error function, the defective
unit can be located. As for the field measurement, the researcher took the mobile RF
emission detector to a reportedly high RF radiation area near an electrified railway
and a 132 kV transmission line. The source of radiations was unknown. The vehicle
was parked in two different positions for one hour at each position and gathered 371
samples at each location. Six imaginary sources of radiation were assumed to be at
the location of each high voltage string of insulators on the transmission line. The

source of radiation was identified by minimizing the error function.

3.3 Classification of Partial Discharge

Modern insulation systems can have different types of insulations such as solid,
liquid, or gas insulating materials. Partial discharge in any of type of these insulating
materials can degrade the insulation performance and eventually cause system
failures. Understanding the partial discharge mechanism helps developing inspection
tools to detect and locate the source of partial discharges, one of the essential stages
in insulation system monitoring. Signal processing techniques play a big role in
this stage by finding unique behaviors in time domain, frequency domain or time-
frequency domain parameters of the captured data. A lot of effort has gone into
classifying the partial discharges based on the behavior of one or more of these

parameters. Studies have shown [56, 57, 58] that because of the randomness of a
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partial discharge process, statistical analysis can be a great tool for classification of
this random phenomenon. Identifying the source of PD pulses can be summarized
into a two stage procedure; extracting the unique information from the captured
PD pulses followed by classification and recognition of the source. A survey on
partial discharge classification [59] has put to together a wide range of classifiers,
feature extraction techniques and pattern recognition methods. Classifiers can be
categorized based on the decision function that they use. In the rest of this chapter,

classifiers with different decision functions will be briefly discussed.

3.3.1 Distance Function Classifiers

These PD classifiers have a reference library for each class of PD sources. For
each unknown measurement, a distance function will be defined and the unknown
measurement will be assigned to one of the library reference classes based on the
decision made by the distance function [60]. Two examples of these classifiers will

be discussed here.

3.3.1.1 Minimum Distance Classifier

This classifier calculates the distance between the vector of unknown PD
measurements and the library references [61]. For example, if there are M possible
PD sources, then Py, Ps,---, Py are predefined vectors corresponding to each class.
If x is an unknown PD measurement, the distance of x from the library reference ¢

can be defined as,

1 & .
dﬁﬁj;|wj—mz‘j 1=1,2,M (3-4)
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where N is the size of vector . The classifier finds the lowest d; and assigns x to

the it" library.

3.3.1.2 Polynomial Classifier

This classifier converts the measurement vector x to a single score value using a
decision function [62]. The decision function is made out of sets of polynomials.
The simplest classifier in this group is the linear classifier. The decision function for

its ith class is calculated as

di = W0 + Wi1T1 + WinXg + - + W;NTN (35)

where w;; represents the coefficients of the polynomial in the decision function and

x is the measurement vector. The matrix representation of this classifier would be

D=WxX (3.6)

where W is the weighting matrix with M rows and N +1 columns, D is the decision
matrix and X is the matrix with all the measurement vectors. If there were L events
captured during the tests, then x has N +1 rows and L columns. Each column in D
represents the output of the decision function for each of the measurement vectors
in x. If the decision making function is based on the maximum likelihood function,

then in order to assign specific vector x to class i,

dij(x) > dy;(x) for all k + 1 (3.7)
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3.3.2 Statistical Classifiers

These classifiers assess the statistical behavior of the recorded PD measurements
and classify the unknown measurement into one of the previously known classes.
Generally they can be divided into two groups; Bayes classifiers and recognition

rate classifiers [63].

3.3.2.1 Bayes Classifier

The decision function for this classifier is based on minimizing the probability
of assigning the unknown measurement vector to the wrong class based on the
maximum likelihood criteria [62]. The training sequence will produce the mean
vector and the covariance matrix. Having these statistical properties from the
training data files, a multivariate density function will be defined to calculate the
probability of the unknown measurement vector x belonging to each of reference

library classes.

3.3.2.2 Recognition Rate Classifier

In this algorithm, some feature vectors are built from the statistical properties of
sampled measurements of already known PD sources [64]. For every known PD
source, the mean, standard deviation and the 95% confidence interval are calculated
from several samples that have been taken from that source. Depending on the
algorithm, other statistical properties can also contribute to the feature vector.
Then, for each unknown measurement, each of these statistical properties will be
calculated and the algorithm checks if the calculated value lies in the 95% confidence

interval of any of the library classes. If it does, one score will be given to that class.

- 36 -



3.3 Classification of Partial Discharge

All the parameters get checked with the same technique and at the end, the class

with the highest score will be assigned to the unknown measurement vector.

3.3.3 Support Vector Machines (SVM)

In one of the latest studies [65], previously recorded partial discharge measurements
from known sources were used to evaluate the capability of the SVM technique
to differentiate PD sources. The SVM method is based on statistical learning
theory. To understand the fundamental principles of this technique in differentiating

different sources, an optimal hyperplane problem is shown in Figure [3.3|

Optimal hyperplane
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Figure 3.3: Hyperplane problem to illustrate SVM methodology.

A hyperplane is introduced between two sets of separable data classes with
margin m. The points on the marginal plane form the support vector and the
optimal plane can be driven from support vector points. The optimal hyperplane
will be iteratively calculated using training sequences. Support vector points will

be stored after each training sequence and the rest of the points will be discarded.
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When the training is over, the hyperplane can be applied on unknown data classes to
identify each class. Classification of the data classes that are not linearly separable
can be quite challenging. Therefore, mapping the input data into a higher dimension
space can be a very effective solution to those problems.

For intelligent PD classification algorithms, feature extraction is very critical.
Feature extraction involves extracting the most valuable and unique behavior of
the parameters from the available information and then mapping them into higher
dimensional spaces. Principle component analysis (PCA) is another tool that can be
used in conjunction with this method to optimize the mapping. PCA can maximize
the linear separation of the data points after mapping. PCA produces a matrix with
the same dimension of the input matrix where the first two columns in that matrix

contain more than 80% of the total variance of data [66].

3.3.4 Power Spectrum Classifiers

A number of unique features of partial discharge pulses can be found in their power
spectrum. No matter where and how the PD samples are taken, power spectrum
analysis can reveal distinct properties of the PD source. In one of the latest studies
[24], the PD pulses sampled from the leakage current were analyzed using the power
spectrum analysis using the amplitude of the Fast Fourier Transform. The goal in
this research was to develop a pre-warning stage for monitoring outdoor insulators
when the contamination severity is high. Power spectrum estimation of the PD
pulses is carried out using parametric auto-regressive (AR) model. Calculation of
the estimated AR model is published in [67]. To compare the effect of humidity on

the power spectrum, insulators with the same contamination level are placed in the

- 38 -



3.3 Classification of Partial Discharge

fog chamber with different humidity levels. To study the power spectrum behavior,
plots of the amplitude of the Fast Fourier Transform for each case was developed.
Also the harmonic levels in each of those graphs were measured to relate harmonic

powers to the contamination severity.

3.3.5 Neural Network and Fuzzy Logic Based Classifiers

The concept of neural networks has been successfully applied to many different PD
classification problems. The ability to learn from the previous sets of measurements
to improve their performance is a remarkable feature of these classifiers. The
performance and methodology of the classifiers in this group could vary based on
the way the neural network has been designed. More details on different types of
this classifier can be found in [68, [69] [70].

The feature vectors extracted from the measurement data are usually not clear
enough to be used for differentiating PD sources. Fuzzy logic classifiers try to map
the feature vectors into membership values of fuzzy sets which are defined over the
fuzzy domain. The decision making process consists of three steps; fuzzification
of the feature vector, inference engine and defuzzification. Although the nature
of these classifiers is the same, some classifiers have slightly different classification
methodology. For example, in one study [71], the feature vector was first mapped
into the membership values and then the probability of that feature vector belonging
to each class was calculated. The class with the highest probability will be assigned

to that feature vector.
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3.3.6 Performance Assessment of Classifiers

One of the first steps after collecting the PD samples from a faulty unit is to
decide whether to use the phase information or not. Some researchers believe that
classification can be done without using the phase data where others find it easier
to do the classification using the phase information. It is almost impossible to
compare the performance of all the proposed methods in the published literature.
The lab conditions, the source of PD pulses, the assumption made in each case
study, the setup configuration and many other parameters are different in each
study. However, the rate of successful recognition of unknown PD pulses according
to what authors have claimed is the only assessment that we can discuss here. A
70%-80% success rate was reported in [61] using the minimum distance and neural
network classifier where gas insulated switch gears were studied. There have also
been some successful rate of recognition using statistical classifiers in [64, [72]. In [57],
a two parameter Weibull probability density function was fitted to the amplitude of
recorded measurements from PD activities with successful results. In another study
[73], the feature vector was extracted from the PD measurements using different
signal processing methods. Among all the classifiers that were studied during their

work, the minimum distance classifier had the highest successful rate of recognition.

3.4 Data Processing Methodology of This Thesis

Based on the publications discussed earlier in this chapter, the classification methods
using the phase resolved data are reported to have very successful classification rates.
These classifications locate the PD activity on the 360 degree phase domain and build

a comprehensive reference library for each defect. Besides the publications available
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in the literature on advantages of using phase resolved data, the leading technology
in the industry for partial discharge detection during commissioning tests of other
high voltage equipment, such as underground cables, is also based on phase resolved
analysis [74], [75].

Because of the random nature of partial discharge pulses, statistical analysis
of PD pulses reveals valuable information on the source of discharges. During the
literature review of this thesis, publications with high successful classification rates
either developed statistical classifiers or distance classifiers using extracted statistical
features of PD pulses. Another advantage of using statistical features versus time
domain pulse characteristics of PD pulses is avoiding misleading and inaccurate
classification of PD sources based on one dominant PD pulse. The statistical features
derived from analyzing many partial discharge activities can identify the trend of
discharges and better categorize the source of discharges.

After performing a preliminary round of measurements and analysis during the
initial stages of this research [I0], a number of different probability distribution
functions were studied to find the best statistical function that can represent
the trend of discharges. There has been previous research providing physical
justifications for the use of Weibull statistics in the assessment of dielectric
breakdown [76]. Keeping in mind the application of Weibull distributions in
describing the dielectric breakdown process and the successful preliminary results
on using Weibull distributions for data processing of the captured radiations, a
Weibull probability distribution function was selected as the main statistical feature
to represent the partial discharge behaviors. Weibull probability density functions
are known for describing and analysing the trend of partial discharges in other

publications as well [57, 58, [77, [78]. However, the weighted phase resolved Weibull
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distribution (Section introduced in this thesis has never been reported for
analysing and classifying the PD sources.

It should be noted that there is a broad range of parameters that can be extracted
from the recorded measurements to be used by the classification algorithm. During
the early stages of developing the data processing algorithm, there were many other
features that were calculated and extracted from recorded measurement in order
to enhance the classification. However, many of these extracted features, such
as higher statistical moments, concurrent discharge behaviors, etc. did not show
distinct information about the PD sources of defective insulators and therefore were
discarded from the classification algorithm.

A number of publications [79] 80] have reported successful classification of PD
pulses using the fractal dimension. Other publications have reported unique features
in the spectrum of partial discharge pulses [24, 67, 81]. Combining the two concepts,
a frequency domain fractal feature was included in the data processing feature
extraction algorithm. This parameter was described based on the transform fractal
feature introduced in [82]. More details on calculating the frequency domain fractal
feature is presented in Section [5.1.4] This feature along with the statistical features
extracted from the PD activities (Section are the main outputs of the feature
extracting algorithm.

After finalizing the selection of features that will be extracted from the PD pulses,
a proper classifier is required to classify the type of insulators based on the extracted
features of PD pulses. After extracting the features from all the normal, punctured,
and contaminated insulators, it was clear that a linear classifier will not be able to
separate the source of defects in any of the feature domains (Section explains

the classification challenges in more detail). The classifier not only should be able
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to calculate non-linear decision boundaries in the feature domains, it also should be
able to account for mislabelled observations and maximize the margin of the decision
boundary (also known as soft margin capability). Amongst the classifiers presented
in Section [3.3, the SVM classier was the best solution for this application since it
had both of the required capabilities. The SVM classifiers can map the observation
points to higher dimension feature domains where the observation points are linearly
separable and then return the linear decision boundary in the higher domain into
the original feature domain where the linear decision boundary will be translated
into a polynomial in the feature domain (also known as kernel trick). The SVM
classifiers which are basically non-linear distance classifier with the capability of
classifying overlapped data points using the soft margin algorithms, have also been
successfully used in other PD classification problems [56]. In many classification
problems, such as the PD classification in this thesis (Section , there are many
overlapping feature points in the feature domains where the SVM classifier can find
a maximum margin hyperplane and minimize the number of mislabelled data points

by taking advantage of the polynomial kernel mapping feature.

3.5 Summary

In this chapter, a summary of available inspection methods for assessment of
defective porcelain insulators was presented. The difficulties and advantages
involved in using each method was discussed. The data processing involved
in classification of defective insulators includes extracting features with distinct
information about the source of defect and training a classifier to properly

differentiate the type of defects. A selection of classifiers that have been reported
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in publications for PD pattern recognition was also presented. Moreover, the
data processing techniques and the classifier selected for classification of defective
insulators in this thesis were described.

In a one of the recent publications in this field [83], failed insulators in service
were taken to the lab where the performance of four different types of inspection
tools on detecting the failed units were investigated. The study reports that out
of 460 failed units tested by all four inspecting tools, RF tools and Ultrasound
tools properly identified 69% and 41 % of the failed unit respectively. However, the
infrared and ultraviolet tools did not identify any of the failed units.

Other publications using ultrasound techniques for detecting defects on porcelain
insulators have reported separable time and frequency features on captured
sound waves [84], however no classification was performed. Similar research on
contaminated glass insulators using captured ultrasound emissions concludes the
indications in time and frequency domain that can be used for early detection of

contaminated insulators, however no classification was reported [85].
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This chapter describes the lab measurement setup and data analysis. The initial
measurements were performed in the High Voltage Lab at the University of
Manitoba. The test procedure developed in this thesis also involves a number of IEC
standards that will be discussed in this chapter. A MATLAB [86] based graphical
user interface (GUI) was developed to perform the data analysis, feature extraction,
and classification on the recorded measurements. Details on the signal processing

analysis performed within the GUI interface will be also presented in this chapter.

4.1 IEC Standards Referenced in this Research

The test procedures performed in our study are mainly adopted from IEC, IEEE,
and CIGRE standards. Although IEEE and CIGRE standards have been used as a
reference for some of the tests, the main reference library for most of the tests was
adopted from TEC standard libraries. The testing procedures in this research are

mostly based on three IEC standards that will be discussed in more details here.
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4.1.1 1IEC 60507: “Artificial pollution tests on high-voltage

insulators to be used on a.c. systems”

The IEC 60507 [20] is focused on artificial pollution tests on insulators. It addresses
two different ways of making contaminated insulators; salt fog method and solid
layer method. The salt fog method requires a salt fog chamber which was not
available in High Voltage Lab at the University of Manitoba. However, the solid
layer method does not require a salt fog chamber and the procedure only involves
depositing the specified suspension on the insulators. The details of these methods
have been explained thoroughly in the standard. One of the most important steps
during testing the artificially polluted insulators made by the solid layer method
is properly wetting the insulators. The standard explains two possible techniques;
wetting before and during the energization or wetting just after the energization.
The procedure of washing off the contaminants is also described. Reference tables
explaining the relationship between the salinity, volume conductivity and density
of the solution are also available in the standard. The correction factors for
temperature variations as well as all the equations for calculating Equivalent Salt
Deposit Density (ESDD) of contaminated insulators are also presented in the
standard. The IEC 60507 standard was mainly used in creating contaminated

insulators in the lab and calculating their contamination level (Section [4.2.6.1)).

4.1.2 TEC 60815: “Selection and dimensioning of high-

voltage insulators for polluted conditions”

The IEC 60815 [27] is mainly focused on evaluating the contamination severity at

installation sites. The standard also provides guidelines and recommendations on
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selecting proper insulators knowing the site contamination profile. For final selection
of the insulators, the insulators should be tested for contamination withstand. The
insulators with the best results will be selected for the installation. It should be noted
that there have been some inconsistencies in the relation between the ESDD and
site severity in different standard definitions. Table shows different definitions
based on IEEE, IEC and CIGRE Standards [27, [87, [8§].

Table 4.1: Comparing available standards for site severity definitions based on the
ESDD level.

. . ESDD (mg/cm?)
Site Severity —p TEEE CIGRE
Very Light - 0-003 0.015 003
Lisly 0.03-0.06 0.03-0.06 0.03 - 0.06
Medium 01-02 00601 006012
Blegy 0.3- 0.6 >01  012-024
Very heavy - - 0.24 - 0.48

In our study, we followed the IEEE definition for labelling site severity levels [87].
Although labelling the site contamination severity has been reported differently in
these standards, the definition of ESDD is the same in all of them. The definition of

contamination severity and the standard procedures for measuring it was adopted

and used in this thesis (Section [4.2.6.1)).

4.1.3 IEC 60383-1: “Insulators for overhead lines with a

nominal voltage above 1000 V”

The TEC 60383-1 [89] mainly focuses on performing standard tests on AC high
voltage porcelain and glass insulators. The details of different tests such as type
tests, sample tests, and routine tests are described and the verification criteria

are given. For electrical tests, the standard atmospheric conditions as well as
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the correction factors for different atmospheric conditions are provided. Test
procedures for lightning impulse testing and the acceptance criteria are described.
Details on the puncture withstand test on porcelain insulators are also presented
in this standard which is particularly of interest to this research. According to
the puncture withstand test, the insulators should be immersed in a tank full
of liquid insulation material when the high voltage is rapidly applied across the
insulators. The procedure for electromechanical failing load test is also described.
The characteristics of the load, the distribution of voltage stress on the string
and the acceptance criteria are presented. Few other test procedures such as
thermal-mechanical performance test and temperature cycle tests are also available
in this standard. The IEC 60383-1 standard was mainly used in creating punctured

insulators in the lab based on the puncture withstand test described in the standard

(Section [4.2.6.2)).

4.2 Lab Test Setup

Figure shows the main equipment arrangement for the test setup. The test setup
consists of a high voltage source, a divider, an RF receiver, an oscilloscope, and the
string of insulators under test. When the HV source is energized, the insulators
inside the clean fog chamber will experience high voltage stresses, resulting is partial
discharge activities. The divider provides a synchronised waveform of the HV source
for phased resolved analysis. The radiation captured by the RF receiver and the
leakage current waveform measured by the CT are present at the oscilloscope input
terminals for sampling and storing. Copper braided wire was used for grounding

the insulators string. It should be noted that all the recorded measurements during
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Figure 4.1: Test arrangement in the High Voltage Lab.

this research always included two insulators on the string while the condition of
the insulator attached to the high voltage bus was different depending on the test

scenario.

4.2.1 High Voltage AC Transformers

Two different high voltage sources were available in the Lab; a 45 kV oil filled

transformer and a 230 kV potential transformer.

> 45 kV Oil Filled Transformer:

The initial measurements were performed using the 45 kV oil filled transformer
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that is shown in Figure [f.]] To control the output voltage of this transformer,
a variac was placed in the circuit to adjust the output voltage. A calibration
was performed under no-load conditions and the reference calibration graphs were
developed. A multimeter connected to the primary input of the variac can precisely
read the input voltage of the variac. Using the readings on the multimeter and the
reference calibration graphs, the output voltage can be found at any time during

the test.

> 230 kV Potential Transformer:

Figure 4.2: 230 kV potential transformer.
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The 230 kV potential transformer, as shown is Figure [4.2] was the main power
supply for the lab measurements. Potential transformers are classified as instrument
transformers. The main application of these transformers is stepping down the
voltage for the measuring instruments to get a proper reading off the line voltage.
However, they can also be used as power sources to provide the power to the circuit.
Due to low power ratings on these units, caution should be taken before energizing
the circuit with these transformers. The short circuit characteristics as well as
the overvoltage ratings should be considered for each test. Same as the 45 kV
transformer, a variac was used to adjust the output voltage. A calibration has also
been performed on this unit to develop the primary-secondary reference calibration
graphs.

This transformer was also used when a higher voltage was required for

performing puncture tests on the insulators. Details on the puncture tests are

available in Section 1.2.6.2]

4.2.2 Divider

To measure the output voltage of the transformer, a high voltage divider was
connected to the high voltage bus of the test set up as shown in Figure 4.1, The
capacitive divider used in this project is rated for 225 kV and is manufactured by
Ross Engineering [90]. The voltage waveform from the divider was used for generating

the 60 Hz reference waveform during the phase resolved analysis.
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4.2.3 D-dot Electric Field Sensor

The electromagnetic field sensors are passive devices can provide a voltage on their
output terminals as a replica of the incident fields. In case of D-dot sensors, the
voltage is proportional to the time derivative of the electric displacement field.
Figure [4.3] shows a Prodyn’s ACD-S30 passive D-dot sensor which was used in
this study which has a bandwidth of 1 GHz [91]. The output voltage of the D-dot

sensor is given by,

VE)ZRXAeqX%DXCOSQ (4.1)

Figure 4.3: Prodyn’s ACD-S30 Sensor.

where, R is sensor’s load characteristic impedance (50 ohms in this case), A,
is the sensor equivalent area provided by the manufacturer, D is the magnitude of
electric displacement vector and 6 is the angle between the normal vector of sensor
ground plane and the incident electric field, E.

To compare the voltage received at the terminal of the D-dot sensor and
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the actual discharge current on the insulator, one of the spare channels on the
oscilloscope was used to capture the leakage current using a high frequency current
transformer (HFCT). As shown in Figure the peak location of the waveform
detected by the D-dot probe is only 10 ns from the the peak of the waveform detected
by the CT. Since the focus of this experiment is on the relative phase location of the
discharge peaks, this difference in the peak location is negligible when performing

60 Hz phase resolved analysis (around 2 x 10~* degrees).

Figure 4.4: Recorded voltage of D-dot probe and the CT during a PD activity.

4.2.4 Current Transformer (CT)

Current transformers (CT) were placed on the ground wire during the initial
phases of the project for validation purposes. It should be noted that any other

sensor/antenna can be used as a receiver for this purpose as long as its bandwidth
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is broad enough and its transfer function is known. The bandwidth of the receiver
has to be broad enough to capture all the required high frequency components. PD
radiation spectrum is mostly below 200 MHz [92] and therefore receivers with a
bandwidth higher than of 200 MHz can be used for this application. The current
transformers used in this research were manufactured by Magnelab (previously
owned by Bergoz [93]). The CTs were used to compare the radiation signature
to the partial discharge activities in the ground wire. Also the CT signals were used
to generate the 60 Hz reference signal and compare with the divider phase reference
voltage during the phase resolved analysis. The CTs come in different sizes and
bandwidth. The CTs used in this research were CT-C1.0 (bandwidth of 500 MHz
and a one to one ratio) and CT-C0.5 (bandwidth of 200 MHz and half ratio). A

picture of these current transformers is shown in Figure [4.5]

Figure 4.5: Current transformers manufactured by Magnelab/Bergoz [93].

4.2.5 Oscilloscope

All the analog signals captured by the receivers have to be sampled and digitalized

before storing on digital memories. There are three key features that should be
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considered in choosing the right oscilloscope for any application; the bandwidth,
sampling rate, and maximum storage points. For this research, a minimum
bandwidth of 1 GHz was required. Sampling rates could vary depending on the
number of channels in use and also the length of the time window. At smaller time
windows, the oscilloscope can operate at its maximum sampling rate. In case of
larger time frames, the sampling rate will be limited by the maximum storage point
in the memory. For example, consider an oscilloscope with a sampling rate of 4
GS/sec and an 8 million point memory storage capacity. When the time division is
set to 2 ms/div, the total screen covers 10x2 ms/div=20 ms of the recorded data.
Now if the oscilloscope samples this waveform at 4 GS/sec, the total points required
to save this information would be 80 million points which is larger the oscilloscope’s
built-in memory. Therefore, in this case, the oscilloscope will sample at 400 MS /sec
to be able to store the 8 million sample points in its memory. In case of smaller time
frames, although the built-in memory is capable of storing higher sampling rates,
we are limited by the maximum sampling rate specified by the manufacturer of the
unit. To summarize this discussion, When the time frame is large, we are limited
by oscilloscope’s memory size and when the time frame is small, we are limited by
oscilloscope’s maximum sampling rate. In this research, a 7104A Agilent digital
oscilloscope [94] is used for digitization and storage of captured electromagnetic
radiations. The oscilloscope has a bandwidth of 1 GHz and a maximum sampling
rate of 4 GS/sec and a 4 million point memory storage capacity. The oscilloscope
is set on the external rising edge trigger mode that stores the waveforms when it

detects a partial discharge pulse on the input channel assigned for triggering.
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4.2.6 Defective Porcelain Insulators

The transformer energizes the porcelain insulators under test and the radiation
captured by the sensors is digitalized and stored on the oscilloscope. The string of
insulators is hung off a pi-shaped wooden structure as shown in Figure [4.1L The
string is connected to the ground from the top, and to the high voltage bus through
the bottom insulator. During all the measurements, the string had two insulators
where the insulator near the ground wire was always a normal, healthy, and clean
insulator. The other insulator, connected to the HV bus, was altered during the tests
to study the punctured, contaminated, and normal radiation signatures. There are
also various types of porcelain insulators available in the market. The insulators
used in this project were the class B, 15000 lbs NGK units [95] since Manitoba
Hydro is using a large number of these units in their system. The scope of this
project involved studying the radiation signature of contaminated and punctured
insulators. To duplicate these defective insulators, a lab procedure was developed.
Details on the procedures of making defective insulators in the lab is presented in

the next section.

4.2.6.1 Contaminated Insulators

To make contaminated insulators in the lab, we followed the IEC 60507 standard
[20] that was discussed in more details in Section [1.1.1] According to IEC 60507
and Table [4.1] the site contamination level can be categorized in four groups; very
light, light, moderate and heavy. Insulators studied in this research were made to

a heavy contamination level. In order to make a contaminated insulators with a
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desired contamination level, the proper suspension should be made and sprayed on
the insulators. The conductivity of the suspension was calculated based on the IEC
standard where the relation between the Equivalent Salt Deposit Density (ESDD)
level and suspension’s conductivity is given [20]. To ensure uniformity and proper
dosage, nozzle should be kept 30 cm away and the insulator should be rotated 360
degrees. To make contaminated insulators with other ESDD levels, the conductivity
of the suspension should change accordingly.

The type of contaminants that can be deposited on the insulators in the field
depends on the area that they are installed. Contaminants can be classified as soluble
or non-soluble. Soluble contaminants have a much higher impact on insulators
performance. To standardize and classify the contamination level of insulators,
the measure of Equivalent Salt Deposit Density (ESDD) is used in this study. It
should be noted that in order to precisely classify the contamination level of outdoor
insulators, the Non-soluble Deposit Density (NSDD) level, representing the level of
non-soluble contaminants, must also be taken into account. However the impact of
NSSD is very small [96] and therefore it was not considered in this research.

The TEC procedure [20] was followed to make the proper suspension required to
be sprayed on the insulators. First, 40 grams of Kaolin was mixed into 1000 grams
of tap water. The conductivity of tap water in the lab was 357 uS/cm, measured by
Orion 3-Star Plus, a portable conductivity meter manufactured by Thermo Scientific
[97]. Eighty five grams of commercially-available salt was added to the solution to
raise the conductivity of the solution to 11.2 S/m. This solution was then sprayed on
the insulators in order to produce the desired ESDD level of 0.28 mg/cm?. Figure
shows a string of two insulators where the bottom insulator has been sprayed with

the contaminated suspension.
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Figure 4.6: Contaminated insulator under the test; clean and healthy unit on top
and contaminated unit at the bottom.

Depending on how the suspension is sprayed on the insulators and also the
condition of the insulator prior to spraying, the ESDD level of the insulator
can be different. Therefore, to ensure the ESDD level of the insulators after
spraying this suspension is close to the desired value of 0.28 mg/cm?2, different
scenarios were investigated. The effect of washing, drying, and cleaning prior
to applying the suspension, the angle of spray nozzle, and number of sprays
on the final ESDD level was studied. For each scenario, the ESDD level after

applying the suspension was calculated based on the method presented in IEC 60507.
Figure 4.7 shows the procedure of measuring the ESDD level of the contaminated

insulators. An area on the insulator was completely wiped off using previously

cleaned and dried cotton balls. After collecting all the dirt and contaminants, cotton
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Figure 4.7: Measuring the ESDD level in the lab.

balls were immersed in distilled water to dissolve any contaminants absorbed by the
cotton balls and the conductivity of the solution was then measured. Knowing the
area that was cleaned with the cotton balls and also the volume of distilled water
that the cotton balls were dissolved in, the ESDD level of the polluted insulator was

calculated using [20]:

Sy = (5.7 x 090)" " (4.2)

Sy xV

SDD = (4.3)

where SSD is the salt deposit density (mg/cm?), o9 is the volume conductivity
of the suspension, S, (kg/m?) is the salinity of the suspension, V' is the volume of
distilled water, and A is the area that was wiped off by cotton balls. To imitate
the real pollution on the insulators, the insulators were wetted before and after the

energization according to the wetting procedure given in [20].
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After trying different methods for applying the suspension on the insulators and
measuring the ESDD level of each sample, a procedure was developed and followed to
achieve the same ESDD level knowing the suspension conductivity. Also, throughout
the measurement, the ESDD of some samples were randomly checked to ensure the

contamination level is within the acceptable range.

4.2.6.2 Punctured Insulators

Internal punctures are one of the most common defects in porcelain insulators.
The formation of puncture paths inside the insulators is mostly due to the cement
expansion near the cap and pin joint. Low quality cement materials absorb the
moisture and expand over time, causing undesired puncture paths. Lightning can
also cause punctures in the cap. Punctured insulators are very hard to inspect
visually. There two routine tests which are described in IEC standard [89] that

were inspiring for making punctured insulators in the lab.

(1) Electromechanical Failing Load Test:

IEC has a standard testing procedure for performing tensile tests on porcelain
insulators. The IEC refers to this test as an electromechanical failing load test.
During the test, the string of porcelain insulators will be subjected to the AC power
source while the tensile load is applied to the string at the same time. According
to the IEC Standard 60383-1 [89], the tensile load should rapidly but smoothly
increase from 0 to 75% of the rated failing load value and then gradually increase
to 100%. One way to make punctured insulators is utilizing a similar procedure.

The idea is to put one porcelain insulator under an adjustable tensile load using
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the tensile testing machine. A tensile machine is available in one of University
of Manitoba Structure Lab and can be controlled by a computer that programs
load characteristics. Increasing the tension will eventually develop punctures in
the insulator. One way to monitor the condition of the insulator is measuring the
resistance across the unit while it is under the tensile load. When the puncture
develops between the cap and pin, the resistance of the insulator should drop
significantly. Fluke 1507 was the Megger used for the resistance monitoring during
the tensile load test and can measure resistance up to 10 G£2 [98].

Insulators were taken to the University of Manitoba Structure lab and were placed
and secured inside the Instron 300 DX tensile tester. To fit the unit into the
tensile tester, special links were made out of steel plates, considering the maximum
mechanical withstand of the insulators. Figure shows the test setup for the
puncture test using the tensile tester. During multiple tries on different insulators,
we noticed that the bottom metallic pin is the first part that fails the tensile test
(Figure top right). Therefore, we were never able to apply enough force to
exceed the nominal mechanical strength of the insulators to introduce the puncture.
At this point we decided to make the puncture insulators using high voltage stresses

instead of mechanical forces.
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Figure 4.8: Puncture test arrangement using Tensile Machine Instron DX300; test
setup on left, failed pin on top right, and custom built link and resistance monitoring
on bottom right.

(2) Puncture Withstand Test:

Section 15 of the IEC standard 60383-1 [89] explains the puncture withstand test
for testing porcelain insulators. According to the standard, the insulators should be
cleaned and dried before the test. Then the insulator should be immersed in a tank
filled with liquid insulating materials. The temperature of this liquid insulating
material should be at the room temperature. While immersing the insulator in
the tank, precautions should be taken to avoid forming air bubbles underneath the

shells. The power frequency voltage across the unit should then rapidly raise to the
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withstand level specified by the manufacturer. If no puncture occurs while ramping
up the voltage to the withstand voltage, the insulator passes the test. If one is
interested in recording the puncture voltage, the voltage can be raised above the
specified withstand voltage limit until the puncture occurs. We decided to follow
this test procedure and apply higher voltage stresses across the insulators until a
puncture develops inside the insulation.

Figure [4.9 shows the test arrangement for making punctured insulators. When
the puncture path develops inside the insulator, the insulator can not withstand the

nominal puncture withstand voltage any more.
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Figure 4.9: Puncture test arrangement using IEC 60383-1; test setup on left,
insulator immersed in oil and under high voltage stress on top right, development
of puncture on middle right, and punctured insulator ready to be tested for radiation
signature on bottom right.
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4.2.6.3 Insulator Identification

As explained earlier in this Chapter, puncture and contamination are the two
types of defects that have been studied in this research. Also, strings of normal
healthy and clean insulators were energized and their electromagnetic radiations
were captured and analysed. Testing normal healthy and clean insulators provides
a baseline signature pattern that can be compared will defective units. Table
shows the eight insulators studied in this research showing the type of defect each

one had.

Table 4.2: Identification table for studied insulators

Total Number of Cycles | Collected
of Captured PD Events | Datasets

Type of Defect Total Samples

Clean/Normal 90,000 176 3
Contaminated 145,000 288 3
Punctured 175,000 342 2
Total 410,000 806 8

It should be noted that in case of testing the contaminated insulators, all three
sample insulators were first made into the desired ESDD level of 0.28 mg/cm?, using
the procedures explained in the previous sections. When the contaminated insulator
was placed inside the fog chamber and one dataset of partial discharge radiation
was captured, the contaminated insulator was taken off the string and replaced with
another contaminated insulator that has never been tested inside the fog chamber.
The contaminated insulators that were taken off the string after being tested in

the fog chamber were then properly washed and cleaned. The clean and washed
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insulators went under the same contamination procedure to make new contaminated
insulators with the same desired ESDD levels. The reason for implementing the
cycle of washing, cleaning, and redepositing the contamination layer was to ensure
the contamination layer is not getting washed off after being in the fog chamber to

a long period of time.

4.3 Summary

In the chapter, the experimental setup and equipment employed in this thesis were
described. The test setup for collecting the measurements and the role of each
equipment in the test setup was explained. The lab procedures as well as the IEC
standards that were followed for making contaminated and punctured insulators

were also discussed.
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A total of 410,000 cycles (806 datasets) of the recorded measurements were
analysed. This chapter presents the processing techniques employed in this thesis
and summarizes the results obtained from extracting the statistical features of
captured radiations. The classification algorithm for differentiating punctured and

contaminated insulators using their radiation signature is also presented.

5.1 Data Processing

The two most common types of defective porcelain insulators made in lab (details
were presented in Section , were placed under high voltage stresses (test setup
shown in Figure to investigate their radiation signature. When the defective
insulators are placed under high voltage stresses, partial discharge activities initiate.
These discharges are basically the electrons bridging the insulation (internal in
case of puncture path and external in case of surface contamination) and can be

detected by monitoring the leakage current and radiation signature of the insulators.
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The focus of this thesis is to capture and process the radiation signature of these
discharges to find the relation between the radiation signature patterns and type of
defects. In this section, the signal processing techniques that were applied and
studied on the radiated signatures of recorded measurements will be presented.
Punctured insulators, contaminated insulators, and normal (healthy and clean)
insulators were studied and the radiation signature for each case was recorded and
compared with the others. The test setup for this measurement had two insulators
on the string connected to a 55 kV power frequency high voltage bus. The source
voltage of 55 kV was chosen based on the PD inception voltage when the string had
only normal insulators.

The oscilloscope was programmed to trigger when a discharge occurs and to
capture one 60 Hz cycle of data. One cycle of data that contains the partial discharge
data is referred to one “Segment” in this thesis. After capturing one segment, the
oscilloscope will be automatically re-armed and wait for the next partial discharge
to trigger and record it in the next segment. The oscilloscope is capable of recording
multiple segments. A total of 512 segments is referred to one “Dataset”. Due to
memory limitation on the oscilloscope, after capturing 512 segments (or one dataset)
the data had to be stored on the hard drive.

After collecting the data from the tested insulators, the information should
be processed to extract the unique features of radiated pulses. These features
will eventually help the classifier to identify the radiation signatures. Identifying
and extracting these features can be done in different domains. A wide range of
data processing techniques can be used to extract the unique features of radiated
pulses. The focus of our data processing techniques was on the phased resolved

statistical behaviour of partial discharges. Preliminary analysis performed on the
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captured radiation pulses showed distinct features in the pattern of the probability
density functions of the PD pulses. The signal possessing on the recorded data was
performed in MATLAB [86]. The recorded datasets captured by the oscilloscope
were loaded into MATLAB, where a graphical user interface (GUI) was developed to
perform the analysis. The GUI allows the user to select different datasets/segments
and perform a number of signal processing analysis on them. Figure [5.1] shows
a view of the GUI that was developed for this research. Omne of the first steps
prior to performing the data processing was to properly identify and locate the
location of partial discharge pulses. Figure [5.2] shows a sample of captured partial
discharge pulse in red while the peaks of the waveform are identified and shown
with blue points. However, this activity corresponds to only one discharge pulse
and the resonance following the initial discharge is due to the system response [99).
Therefore, only one peak location (maximum) will be extracted from this discharge
activity for data processing analysis.

In the remainder of this section, details of the signal processing techniques used

for extracting the features will be discussed.
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Figure 5.1: View of the Graphical User Interface (GUI) developed in MATLAB for
performing signal processing.

Figure 5.2: Identifying peak locations on the recorded partial discharge pulse.
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5.1.1 Weibull PDF Fitting on Phase Location of PD Pulses

One feature of the radiated PD pulses studied in this research is the phase location
of where the PD pulses happen. Figure [5.3| shows a sample of a recorded data of
one segment captured by the oscilloscope. In the example shown in Figure [5.3] two
PD pulses are present in the captured segment (one 60 Hz cycle); the first discharge
happens around phase location of 220 degrees and the second discharge happens at
the phase location of 20 degrees. The phase location of PD pulses on all segments
of each dataset are extracted and a two sided Weibull probability density function

(PDF) is fit to the extracted histogram of the phase location of the peak.

Sample of One Captured Segment
Qi \ \ I
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—— Radiated PD Signal
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Figure 5.3: Sample of recorded measurements in one cycle.

A Weibull probability density function is given by

flalab) =2 (e @ (5.1)

where:
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Figure 5.4: Fitting a two sided Weibull distribution to phase of PD pulses of
512 segments.
“a” is the shape parameter

“b” is the scale parameter

Figure shows a Weibull fitting on one dataset of captured radiations. After
finding the Weibull fit at each dataset, the shape and scale parameters (a and b
in Equation of the Weibull function at each side,and also the linkage between
the sides is calculated and stored. To fit a two sided Weibull distribution, two
separate Weibull distributions were fit into each side of the phase resolved graphs,
each having their own shape and scale parameters. The linkage is defined as a
normalized weighting function combining the two density functions when using the
maximum likelihood algorithm. In other words, the two sided distribution function
is a mixture PDF distribution where the linkage parameter (defined in this thesis)

is the mixture weight associated with each distribution.
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The shape (two values, one per side), scale (two values, one per side) and linkage
of the two sided Weibull density function for each dataset is then calculated and

recorded. The same procedure is repeated for all the recorded datasets.

5.1.2 Weibull PDF Fitting on Amplitude of PD Pulses

Another feature of the captured radiated PD pulses, is the amplitude of the
discharge. As shown in Figure [5.3] the amplitude the PD pulse is different in the
two events that are captured in the cycle. Therefore, the amplitude of the PD pulses
on all segments of each dataset are extracted and a two sided Weibull probability
density function (PDF) is fit to the extracted scatter plot, similar to the phase of
PD pulses. An example of Weibull amplitude curve fitting is presented in Figure
5.5l

Amplitude Fitting
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Figure 5.5: Fitting a two sided Weibull distribution to the amplitude of PD pulses.

The shape (two values, one per side), scale (two values, one per side) and linkage
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of the two sided Weibull density function for each dataset is then calculated and

recorded. The same procedure is repeated for all the recorded datasets.

5.1.3 Weibull PDF Fitting on Weighted Phase of PD Pulses

To simultaneously investigate both the amplitude and phase characteristics of the
PD pulses, a weighted phase plot was generated. In this representation, based on
the amplitude of the PD pulses, the number of discharges per each phase window
is weighted. The idea behind this representation is to study the statistical pattern
of the PD pulses in terms of phase location of PD peaks and the amplitude of PD
pulses simultaneously. Similar to previous Weibull fittings, a two sided Weibull
probability density function is fit to the calculated histograms and the shape (two
values, one per side), scale (two values, one per side) and linkage of the two sided
Weibull density function for each dataset is calculated and recorded. Figure [5.6

shows an example of the weighted phase fitting.
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Figure 5.6: Fitting a two sided Weibull distribution to the weighted phase of PD
pulses.

5.1.4 Spectral Fractal Analysis

To study the signature of concurrent discharge activities on the radiated fields,
the concept of spectral fractal analysis was used. The power density spectrum
of the signal provides an estimate of the fluctuations of the signal vs frequency.
According to [82], if the underlying process has periodic (or quasi-periodic) behavior,
the power spectrum of the signal has equally spaced harmonics with significant power
at very low frequencies. During the initial rounds of measurements, in some of the
captured cycles, low amplitude concurrent discharges were observed. In order to
investigate these discharges within one cycle of captured radiations, the spectral
fractal exponent, which is the slope of the linear fit to the log log spectrum of the
signal in lower frequencies, was calculated [82].

Therefore, the power spectrum of each of the 512 segments in each dataset was
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calculated and a linear line in the range of 100 Hz to 10 kHz was fit to the log-
log spectrum. The line parameters of the linear fit for each dataset are stored and
averaged at the end of each run. Figure shows an example of spectral fractal
parameters calculated for one segment of a dataset where the signal spectrum is

shown in blue and a linear curve fitting is shown in red.
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Figure 5.7: Parameters of spectral fractal curve fitting.

5.2 Data Processing Results

The string of insulators containing different combinations of defective and healthy
units were placed under high voltage stresses to capture the electromagnetic
radiation off PD pulses. This section presents the signature statistical graphs
calculated based on the analysis described in Section for the three types
of insulators that were studied in this research; normal (healthy and clean),

punctured, and contaminated insulators. The graphs presented in this section
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contain the statistical features of the captured electromagnetic radiation calculated
for each dataset of recorded measurements. From the total of 410,000 recorded
measurements, 90,000 cycles (176 datasets) of recorded radiations are from
normal insulators, 175,000 cycles (342 datasets) from punctured insulators, and
145,000 cycles (288 datasets) from contaminated insulators. This section presents
the statistical features resulted from the processing performed on the captured

measurements.

5.2.1 Weibull PDF Fitting on Phase Location of PD Pulses

As explained earlier in Section [5.1] a two sided Weibull distribution is fitted to
the phase location of discharge activities of each dataset (512 cycles) of captured
electromagnetic radiations. The extracted parameters of each Weibull fit include
the shape and scale parameter of positive half cycle (blue points), the shape and
scale parameter of negative half cycle (red points) and the linkage between the two
distributions. Figures[5.8] [5.9] present the Weibull phase fit parameters in a 3D
representation, where the x axis is the shape parameter of the Weibull fit, the y axis
is the scale parameter of the Weibull fit, and the z axis is the linkage between the

two distributions for normal, punctured, and contaminated insulators respectively.

- 77 -



5.2 Data Processing Results

Figure 5.8: Fitted phase Weibull parameters - normal insulator; one blue point
(positive half cycle) and one red point (negative half cycle) represent the extracted
features from one of the 176 datasets during the phase Weibull fitting.
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Figure 5.9: Fitted phase Weibull parameters - punctured insulator; one blue point
(positive half cycle) and one red point (negative half cycle) represent the extracted
features from one of the 342 datasets during the phase Weibull fitting.

Figure 5.10: Fitted phase Weibull parameters - contaminated insulator; one blue
point (positive half cycle) and one red point (negative half cycle) represent the
extracted features from one of the 288 datasets during the phase Weibull fitting.
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5.2.2 Weibull PDF Fitting on Amplitude of PD Pulses

As explained earlier in Section [5.1] a two sided Weibull distribution is fitted to the
amplitude of discharges of each dataset (512 cycles) of captured electromagnetic
radiation. The extracted parameters of each Weibull fit include the shape and
scale parameter of the lower magnitude discharge (blue points), the shape and scale

parameter of the higher magnitude discharge (red points) and the linkage between

the two distributions. Figures [5.11], [5.12], [5.13] present the Weibull amplitude fit

parameters in a 3D representation, where the x axis is the shape parameter of the
Weibull fit, the y axis is the scale parameter of the Weibull fit, and the z axis is
the linkage between the two distributions for normal, punctured, and contaminated

insulators respectively.
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Figure 5.11: Fitted amplitude Weibull parameters - normal insulator; one blue
point (lower magnitude discharge) and one red point (higher magnitude discharge)
represent the extracted features from one of the 176 datasets during the amplitude
Weibull fitting.
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Figure 5.12: Fitted amplitude Weibull parameters - punctured insulator; one blue
point (lower magnitude discharge) and one red point (higher magnitude discharge)
represent the extracted features from one of the 342 datasets during the amplitude
Weibull fitting.
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Figure 5.13: Fitted amplitude Weibull parameters - contaminated insulator; one blue
point (lower magnitude discharge) and one red point (higher magnitude discharge)
represent the extracted features from one of the 288 datasets during the amplitude
Weibull fitting.
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5.2.3 Weibull PDF Fitting on Weighted Phase of PD Pulses

As explained earlier in Section [5.1] a two sided Weibull distribution is fitted to the
weighted phase of discharges of each dataset (512 cycles) of captured electromagnetic
radiation. The extracted parameters of each weighted Weibull fit include the
shape and scale parameter of positive half cycle (blue points), the shape and

scale parameter of negative half cycle (red points) and the linkage between the

two distributions. Figures [5.14] [5.15] [5.16] present the weighted Weibull phase fit

parameters in a 3D representation, where the x axis is the shape parameter of the
weighted Weibull fit, the y axis is the scale parameter of the weighted Weibull fit,
and the z axis is the linkage between the two distributions for normal, punctured,

and contaminated insulators respectively.

_ 84 -



5.2 Data Processing Results

Figure 5.14: Fitted weighted Weibull parameters - normal insulator; one blue point
(positive half cycle) and one red point (negative half cycle) represent the extracted
features from one of the 176 datasets during the weighted phase Weibull fitting.
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Figure 5.15: Fitted weighted Weibull parameters - punctured insulator; one blue
point (positive half cycle) and one red point (negative half cycle) represent the
extracted features from one of the 342 datasets during the weighted phase Weibull
fitting.
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Figure 5.16: Fitted weighted Weibull parameters - contaminated insulator; one
blue point (positive half cycle) and one red point (negative half cycle) represent the
extracted features from one of the 288 datasets during the weighted phase Weibull
fitting.
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5.2.4 Spectral Fractal Analysis

As explained earlier in Section [5.1] the spectral fractal parameters for each segment
of the dataset is calculated as part of the signal processing on the recorded
electromagnetic radiations. The extracted parameters include the line parameters of
a linear fit to the log-log spectrum of each electromagnetic radiation waveform in the
range of 100 Hz to 10 kHz. The slope and Y-intercept of the fitted line in averaged
over the 512 segments in each dataset and ultimately two averaged parameters will
be extracted from each dataset. Figures present the spectral fractal
line parameters where the x axis is the slope of the fitted line, the y axis is the
y-intercept parameter of the fitted line for normal, punctured, and contaminated

insulators respectively.
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Figure 5.17: Line parameters of the spectral fractal analysis - normal insulator; each
point represents the average of the fitted line parameters to 512 segments in each of
the 176 datasets.
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Figure 5.18: Line parameters of the spectral fractal analysis - punctured insulator;
each point represents the average of the fitted line parameters to 512 segments in each
of the 342 datasets.
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Figure 5.19: Line parameters of the spectral fractal analysis - contaminated
insulator; each point represents the average of the fitted line parameters to 512
segments in each of the 288 datasets.

5.3 Classification

As described in Section [5.1, a total of 17 features were extracted from the
electromagnetic radiation signature of insulators under test. These 17 features
include five parameters from the phase Weibull fit, five parameters from the
amplitude Weibull fit, five parameters from the weighted Weibull fit, and two
parameters from the spectral fractal analysis. To investigate the signature of
defective insulators within the extracted features, a 2D support vector machine

(SVM) classifier was developed. The SVM classifier targets to classify the type of
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insulators by searching distinct information in all 2D possible combinations of the
extracted features. Having 17 features, there are 136 unique possible combinations
(2C17 = 136) for a 2D feature domain that the SVM classifier can look for distinct
features. The performance of the classifier is also measured by its ability to correctly
classify the recorded radiations. This section explains the algorithm for the SVM

classifier and classification performance.

5.3.1 Classification Algorithm

For each type of insulator, a matrix with 17 rows corresponding to the 17 features
was created. The number of columns on these matrices depends on the number
of observation datasets available for each type of defect. Each column represents
the statistical features from 512 cycles of recorded measurements. To identify the
features with the maximum variance of information suitable for classification, a
2D support vector machine (SVM) classifier is developed. By supplying known
observation sequences to the SVM algorithm, the classifier tries to find the best
polynomial which can separate the 2D group of data from each other in the specified
domain. The classifier uses support vectors s; and weights a; and a bias value b to
find the optimized polynomial differentiating the two known categories. After finding
the best polynomial (k, the kernel function), any observation x can be passed on to

the SVM classifier where it calculates ¢ using:
c=> a;k(s;,z)+b (5.2)

If ¢ >0, z will be classified in the first category and and if ¢ <0, it will be classified

in the second category.
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In the following section, using the extracted features and the classification
method explained earlier, every two types of insulators will be compared and

analysed to study unique features of each type of insulators.

5.3.2 Fundamental 2D Classification of All Insulators

Having the feature matrix for each type of insulators, the classifier was trained for all
possible 136 combinations of the 17 extracted features (,C17) of recorded observation
datasets. In order to identify the features with maximum classification information,
during each 2D classification, four random samples from the first type and four
random samples from the second type of insulator were selected and a MATLAB
code was developed to classify these eight samples using 136 different classifiers. At
the end of this run, if a certain feature combination was able to correctly classify
three or four of the random samples correctly in both categories, that combination
was stored. This process is repeated for 10,000 times to evaluate the information in

various combination of the extracted features.

5.3.2.1 Puncture vs Contamination

Figure [5.20| shows the results of 10,000 classifications performed on measurement
datasets of punctured and contaminated insulators. The four most successful
combinations in differentiating the punctured and contaminated insulators are
shown in Table B.11

As shown in Table [5.1], the shape of fitted weighted Weibull in the negative cycle
appears in all the combinations. To better illustrate the classification process, a
classification using the combination ID 92 (see Table is shown in Figure m

The highlighted area in Figure [5.21] is zoomed in and presented in Figure [5.22]
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Figure 5.20: Successful classification rate of contaminated and punctured insulators
using various combinations of extracted features.

to illustrate the performance of the classifier in differentiating contaminated and
punctured insulators. Needless to say, many sets of features from both defects
overlap in the Figure and it is not possible to distinguish between the two.
This proves that there are many common discharge activities that occur on both
punctured and contaminated insulators.

The red line in Figure and Figure [5.22] is the polynomial representing the

decision function, separating the extracted features of punctured and contaminated

insulators in Domain ID 92.
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Table 5.1: Features with highest successful classification in Figure

Comlilf)lamon ClSaI;(s:?g(Szzftlil(l)n Feature 1 Feature 2
99 5100 Weighted Weibull : Weighted Weibull:
Shape - Negative cycle | Scale - Negative cycle
03 5590 Weighted Weibull : Weighted Weibull:
Shape - Negative cycle Linkage
04 5549 Weighted Weibull : Amplitude Weibull:
Shape - Negative cycle | Shape - Positive Cycle
05 5006 Weighted Weibull: Amplitude Weibull:
Shape - Negative cycle | Scale - Positive Cycle

Figure 5.21: Sample of 2D classification of contaminated and punctured insulators

using Combination ID 92.
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Figure 5.22: Zoomed highlighted area of Figure
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5.3.2.2 Puncture vs Normal

Figure [5.23| shows the results of 10,000 classifications performed on measurement
datasets of punctured and normal insulators. The four most successful combinations
in differentiating the punctured and normal insulators are shown in Table [5.2]
No unique feature stands out in this classification for having a high successful
classification rate. To better illustrate an example of classification in this category,
classification of combination ID 66 is presented in Figure[5.24] The highlighted area
in Figure is zoomed in and presented in Figure to show the performance of
the classifier in differentiating between punctured and normal insulators. As it can
be concluded from the relatively lower successful classification rate in this category
(Figure , the features in these two categories overlap in various combinations
(Figure . Therefore, it is very difficult to find a polynomial that can completely

separate the features related to each type.

Table 5.2: Features with highest successful classification in Figure m

Comlil[r)latlon Clsaléz(ijf?l(s:ilili)n Feature 1 Feature 2

64 2903 Phase Weibull: Amplitude Weibull :
Linkage Shape- Positive Cycle

66 3355 PhaS(? Weibull: Amplitude Weibull :
Linkage Shape - Negative Cycle

110 2960 Weighted Weibull : Amplitude Weibull :
Linkage Scale - Positive Cycle

124 3190 Sﬁ;?ep}lgl(i? t?i\f/slgl;flcll.e Amplitude Weibull - Linkage

The red line in Figure [5.24] and Figure is the polynomial representing
the decision function, separating the extracted features of normal and punctured

insulators in Domain ID 66. The red circles in Figure [5.24] show four random
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Figure 5.23: Successful classification rate of punctured and normal insulators using
various combinations of extracted features.
puncture samples that were classified using the polynomial (in red) in this feature
domain. Three out of four random samples have been classified correctly while one
sample is classified incorrectly as normal. Similarly, the green circles in Figure [5.24
show four random normal samples that were classified using the polynomial (in
red) in this feature domain. Three out of four random samples have been classified

correctly while one sample is classified incorrectly as punctured.
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Figure 5.24: Sample of 2D classification of punctured and normal insulators using
Combination ID 66.
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Figure 5.25: Zoomed highlighted area of Figure
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5.3.2.3 Contamination vs Normal

Figure [5.26| shows the results of 10,000 classifications performed on measurement
datasets of contaminated and normal insulators. The four most successful
combinations in differentiating the contaminated and normal insulators are shown
in Table Similar to classification of punctured and normal insulators, no unique
feature stands out in this classification for having a high successful classification
rate. To better illustrate an example of classification in this category, classification
of combination ID 47 is presented in Figure[5.27, The highlighted area in Figure [5.27]
is zoomed in and presented in Figure [5.28]to show the performance of the classifier in
differentiating between contaminated and normal insulators. As it can be concluded
from the relatively lower successful classification rate in this category (Figure ,
the features in these two categories overlap in various combinations (Figure .

Therefore, it is very difficult to find a polynomial that can completely separate the

features related to each type.

Table 5.3: Features with highest successful classification in Figure

Coml}gatlon Clsai(;icg(sjclil})n Feature 1 Feature 2

12 9785 Phase Weibull: Amplitude Weibull:
Shape - Positive Cycle | Shape - Negative Cycle

A7 3433 Phase Weibull : Weighted Weibull:
Scale - Negative cycle | Shape - Positive cycle

75 9440 Weighted Weibull : Amplitude Weibull:
Shape - Positive cycle | Shape - Positive Cycle

77 9571 Weighted Weibull : Amplitude Weibull :
Shape - Positive cycle | Shape - Negative Cycle
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Figure 5.26: Successful classification rate of contaminated and normal insulators
using various combinations of extracted features.
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Figure 5.27: Sample of 2D classification of contaminated and normal insulators
using Combination ID 47.
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Figure 5.28: Zoomed highlighted area of Figure
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5.3.2.4 Discussion on the Results of 2D Classifications

As presented in the previous section, many sets of features from all three types
of insulators overlap in many domains and it is not possible to find a decision
boundary that can successfully split the sets of features related to each defect even
when considering the concept of soft margin statistical classifiers [100].

The main reason for having so many overlapping datasets is in the nature of the
measurements. Partial discharge pulses are not solely originated from the defects on
the insulators. There are many other sources of partial discharges that are common
is all three different settings such as the PD sources within the transformer, corona,
and discharges due to high voltage stress around metal fittings of the insulators.
Since the HV source has a nominal rating of 230 kV, it is very unlikely that it can
be the source of PD around 55 kV, however there is no guarantee that the source is
PD free.

The classification results indicated that common discharge activities on all three
different test setups must be present, regardless of the type of defect on the
insulators. To investigate this common discharge activity, pictures with a corona
camera were taken from energized insulators in all three setups. Figure [5.29|shows a
normal discharge activity on a punctured insulator under high voltage stress. There
are many discharges around the metal fitting of the insulator. These discharge
activities are present even in the case of normal healthy insulators, contaminated
insulators and punctured insulators. These discharges are invisible to the naked eye
but can be seen using a corona camera. Figure [5.30] shows a discharge bridging
the puncture path in a punctured insulator differentiating the common discharge

activities from a puncture discharge.
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Figure 5.29: Normal discharge activities near the metal fitting on a punctured
insulator; corona camera on left and normal camera on right.

Figure 5.30: Discharge through the puncture path of a punctured insulator; corona
camera on left and normal camera on right.

According to the pictures taken by a corona camera and also the results presented
in the past sections, it was clear that a significant signature of normal discharge
activities will be present in the captured radiation of all insulators. Therefore, a
gating based algorithm was developed ([101],[102]) to filter out the common features
present in the discharge activities of normal insulators. The concept is to eliminate
the PD signatures that are present in the measurements recorded when only normal

insulators were on the tested string. The following section elaborates more on the
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gating algorithm and the results obtained after applying the gating algorithm.

5.3.3 Gating Algorithm

The measurement results show that normal discharge activities are quite dominant
in all types of studied insulators. Therefore, a gating algorithm was developed
to eliminate the signature of normal discharge activities from the captured
electromagnetic radiation of contaminated and punctured insulators. Examining
the successful rate of 2D classification of punctured and contaminated insulators
shown in Figure , the 2D Domain 92 (Domain parameters shown in Table 5.1])
was chosen to be the focus of the gating algorithm.

The gating algorithm discards any feature observation pair from the
contaminated or punctured insulator when they are in the vicinity of any feature
observation of normal insulators.The algorithm was implemented in the Domain 92
only and a new feature matrix was generated that excluded the overlaps of normal
insulators with contaminated and punctured insulators.

In other words, the normal discharge activities are treated like noise in the
classification algorithm. IEC 60270 [10I] explains the use of gating algorithm for
noise cancellation applications as well as PD locating algorithms. OMICRON [75]
(one of the lead companies in building commercial PD detection systems) has also
implemented statistical gating algorithms in their PD acquisition system [103].

As shown in Figure [5.31] the successful classification rate has raised almost 50%
from 5100 successful classification in Table B.1] to 7575 successful classification as
shown in Figure [5.31}] The new classification shows unique information regarding

the type of defect in Domain 92.
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Figure [5.32] shows the 2D classification of between the punctured and
contaminated insulators when the overlapped normal discharge activities were
removed from the captured radiations of contaminated and punctured insulators.

Figure [5.33| shows the overlapped data in Domain 92 from normal, contaminated

and punctured insulators that were taken out by the gating algorithm.

Figure 5.31: Successful classification rate of punctured and contaminated insulators
excluding the overlapped normal discharge activities using various combinations of
extracted features.
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Figure 5.32: 2D Classification of punctured and contaminated insulators using
Combination ID 92.

Figure 5.33: Eliminated sets of features during the gating algorithm.
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5.3.4 Analysis of Gated Classification Results

Statistical processing on the captured electromagnetic radiation due to partial
discharge activities from normal, contaminated, and punctured insulators shows
that there are unique features that can separate the radiation signature of defective
units. The main challenge in separating the features of defective units is the common
normal partial discharge activities that are present on all three types of insulators.
As shown in Figure the high voltage stress near the bottom metallic fitting
of porcelain insulators constantly causes discharge activities. Similar discharge
activities on normal and clean porcelain insulators have been also reported in other
publications [104]. The gating algorithm explained in the previous section eliminates
the observations that are suspected to be related to normal partial discharge
activities. After applying the gating algorithm, the 2D classification of punctured
and contaminated insulators had a significantly higher successful classification rate,
highlighting unique statistical features of each defect.

As shown in Figure[5.32] the signatures of punctured and contaminated insulators
in Domain 92 have separable features. To explain the mapping and features of
Domain 92, four sample Weibull distributions are presented in Figure [5.34 The
four Weibull distributions plots shown in Figure [5.34] represent the four highlighted
area shown in Figure [5.35

Regions 1, 2, and 3 in Figure [5.35| correspond to puncture feature signatures,
representing discharge activities that have higher negative cycle phase occurrences
compared to Region 4 which relates to the signature of contaminated insulators.
The higher phase angles (closer to 270 degrees) on radiated signature of punctured

insulators indicate that the discharge requires higher electric stress to bridge the
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insulation. On the other hand, the discharge activities on the contaminated
insulators occur in lower phase angles, corresponding to lower required voltage.

When the recorded puncture observations shown in Figure|[5.35| were traced back
to the measurement loghook, it was observed that the Region 1 points mostly relate
to punctured insulators that were tested right after they were made in the lab.
Similarly, the features in Region 3 mostly relate to the measurements that were
recorded in the last month of the lab work. By inspecting the sample distribution
plots shown in Figure|5.34} it can be concluded that the puncture path characteristics
change when the puncture channel has been under continuous electric stress. The
partial discharge activities on the early stages of puncture path (Region 1) are
mainly concentrated in higher negative cycle phase angles. As the puncture path
experiences continuous discharge activities, a wider phase range of discharges will
occur and the centre phase shifts to lower phase angles. This behaviour should be
related to the chemical reactions within the puncture track while the unit is kept
under electric stress which eventually changes the characteristic of the puncture
channel.

In conclusion, the statistical analysis performed on the radiation signature
of punctured and contaminated insulators indicate separable features in the
distribution of partial discharge activities. These features relate to the partial

discharge activities in the negative half cycle of the voltage.
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Figure 5.34: Four sample Weibull distribution functions.

Figure 5.35: Four clusters in 2D classification using Domain ID 92.
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5.4 Summary

The signal processing algorithms for extracting the features from the captured
electromagnetic radiations were explained in this chapter. Also scatter plots showing
the results of feature extracting algorithm on all three types of insulators under test
were presented. After extracting 17 features from each type of insulator, the SVM
classifier was programmed to find the best feature domain to separate the radiation
signatures. Difficulties in classifying the radiation signatures were improved by
introducing a gating algorithm, using the common discharge activities as a baseline
to unmask the unique features of each defect.

Prior to implementing the gating algorithm, the classifier’s successful
classification rate in differentiating contaminated and punctured insulators was
about 51 %. After implementing the gating algorithm, the successful classification

rate increased to about 75 %.
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6.1 Conclusions

Physical defects such as punctures and contamination can degrade the insulators
performance and result in power outages, potentiating costs to utilities. Therefore,
condition assessment of line insulators has always been one of the most important
aspects of maintenance programs in power networks. A novel approach for inspecting
the condition of porcelain insulators based on statistical analysis of electromagnetic
radiations of live insulators was proposed in this thesis. The methodology presented
in this thesis is based on recording the electromagnetic radiations from porcelain
insulators using a wideband electric field sensor (the D-dot sensor) and performing
statistical analysis and classification.

During the preliminary discussions with the Manitoba Hydro Field Testing
Group, contamination and punctures were identified as the two most common types
of defects on porcelain insulators. Punctured insulators were created in the lab

by applying high voltage stresses on the insulators submerged in oil, following the
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puncture withstand test specified in the IEC standard [89]. Contaminated insulators
were developed in the lab following the IEC standards [20] using the concept of
Equivalent Salt Deposit Density (ESDD). The contaminated insulators studied in
this research with the ESDD level of 0.28 mg/cm?, can be categorized as heavily
contaminated insulators according to the contamination level definitions provided
in the IEEE standard 1313.2 [87]. To duplicate realistic environmental conditions,
a fog chamber was built and included in the measurement setup. The fog chamber
helped to control the level of humidity when the insulators were tested.

During the experimental part of this thesis, a multitude of tests were conducted
and resulted in a large amount of lab measurements. A total of 410,000 cycles of
discharge activities were measured and recorded. From the total of 410,000 recorded
measurements, 90,000 cycles (176 datasets) of recorded radiations originated from
normal insulators, 175,000 cycles (342 datasets) from punctured insulators, and
145,000 cycles (288 datasets) from contaminated insulators. To analyse the raw
measurement data obtained throughout testing, a MATLAB graphical user interface
(GUI) capable of performing various data processing techniques was developed. Due
to the random nature of partial discharges, the data processing was focused on
statistical features of the recorded measurements.

A total of 17 features were identified that were mainly focused on the phased
resolved pattern of discharges and were extracted from each dataset of recorded
measurements. Weibull distribution functions were fit to the histogram of the
raw data to extract the trends of discharge patterns of each type of insulators.
Even normal and healthy insulators under high voltage stresses experience partial
discharge activities, mainly near the bottom metallic fitting (see the corona camera

image shown in Figure [5.29). The signature of these partial discharge activities

- 115 -



6.1 Conclusions

are not only present in the leakage current (ground wire current) but also in
the radiated electromagnetic fields (see Figure . To overcome this issue, a
gating algorithm was developed to eliminate the signature of normal, over-stressed
partial discharge activities. Also, a SVM classifier was developed to differentiate
the radiated signature of punctured and contaminated insulators from healthy
functioning insulators. The classification has shown promising detection rates,
confirming the classification ability of the novel remote assessment tool proposed in
this thesis. The statistical analysis of radiated signature of defective insulators shows
the partial discharge activities on the punctured insulators have higher negative cycle
phase occurrences compared to the contaminated insulators. The higher phase
angles (closer to 270 degrees) indicate that the discharges require more electric
stress to bridge the insulation in the case of punctured insulators. On the other
hand, the discharge activities on the contaminated insulators occur in lower phase
angles, indicating lower required voltages for discharges to occur. In conclusion, the
shape parameter of Weibull distribution fit to the weighted phase location of partial
discharges has unique information in the negative half cycle, which can be used for

the classification of punctured and contaminated insulators.
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6.2 Main Contributions

The achievements and main contributions of this thesis are summarized as follows.

e Introduction of a new porcelain insulator inspection technique that can
remotely identify normal, punctured, and contaminated porcelain insulators

using their electromagnetic radiation signature in a laboratory environment,

e Demonstration of the ability and performance of the novel idea of utilizing
an electric field sensor to capture partial discharge radiations from defective
insulators. The use of D-Dot sensors in PD detection on line insulators has

not been reported in literature or industry,

e Development of unique statistical feature extraction that can reveal
distinguishable information within each of the defective insulators studied in

the thesis,

e Capturing and recording a total of 410,000 cycles of discharge activities during
the lab measurements that resulted in developing a meaningful population of

data to support the statistical feature extraction algorithm,

e Development a 2D Support Vector Machine (SVM) classifier to differentiate
the signature of defects in various 2D feature domains and identifying the

feature domains with the maximum distinct information,

e Overcoming the problem of overlapped sections of extracted features in the 2D
feature domains which led to identifying the source of a common signature;
normal discharge activities near the bottom pin of the insulators. Knowing

the source of common signature, a novel gating algorithm was developed based
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on the extracted features of normal insulators. The performance of the SVM

classifier improved significantly after implementing the gating algorithm.
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6.3 Future Work

The work described in this thesis is based on measurements recorded in a controlled
lab environment. The next steps for continuing this work involve data acquisition
from a string of insulators in service. To ensure the existence of a defective insulator
on the string, close contact methods (such as DC resistance meter or buzz method)
can be used. When the defective unit is identified on the string, a similar setup can
be used to record the electromagnetic radiations. Measurements from normal and
healthy insulators should also be taken to identify the baseline discharge activities
of normal insulators.

Field implementation of inspection techniques similar to the one presented in
this research can be quite challenging. The measurements results reported in
this research were obtained in a controlled lab environment with very low levels
of environmental noise. As part of furthering this research, noise cancellation
algorithms can be developed to improve the signal to noise ratio on the captured
radiations.

Furthermore, during the span of 6 months of lab measurements, the discharge
patterns of punctured insulators exhibited correlations with the age of puncture
tracks. The results indicate that the properties of the puncture track change when
it is exposed to continuous discharge activities. Studying the puncture track ageing
behaviour and investigating the effect of discharge activities on the overall insulation
properties of the porcelain insulator can be helpful in understanding the effect of
puncture track properties on the discharge signature, another development initiated

by this research.
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Appendix A

Partial Discharges under AC

Voltage

A.1 Definitions

By definition, partial discharge is an electrical discharge that occurs over a portion
of the dielectric between two high voltage electrodes and does not bridge the whole
gap [105]. Partial discharges may occur in cavities within solid insulation, on the
surface of insulating material or around the sharp edges of high voltage electrodes.
The term corona is often used for the partial discharge around the sharp points
which manifests in gaseous media around conductors and remote from solid or liquid
insulation. “Corona (in air) is a luminous discharge due to ionization of the air
surrounding a conductor caused by a voltage gradient exceeding a certain critical
value” [88]. The term “Flashover” is used when a surface discharge bridges the
insulation. However, these terms are used interchangeably in high voltage articles

and textbooks. Other than the terms that were mentioned, terms such as “local
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breakdown”, “sparking”, “streamer”, “partial breakdown” and “ swarming PD”
have been used in many papers to describe different types of partial discharge
phenomena concerning the discharge ionization mechanism or discharge location
[92]. In this report, the term “partial discharge” is defined based on IEC standards.
According to the IEC 60270[101], “partial discharge is a localized electrical discharge
that only partially bridges the insulation between conductors which can or cannot
occur adjacent to a conductor. Partial discharges are in general a consequence
of local electrical stress concentrations in the insulation or on the surface of the
insulation. Generally, such discharges appear as pulses having a duration of much
less than 1 picosecond. More continuous forms can, however, occur, such as the
so-called pulseless discharges in gaseous dielectrics. Partial discharges are often

accompanied by emission of sound, light, heat, and chemical reactions.”

A.2 Partial discharge process in voids under AC
conditions

One of the most common reasons for an insulator’s failure is the presence of voids
inside the insulation material. Depending on the type of insulation material and
also the manufacturing process, different shaped voids can develop inside insulation
systems. Having a void inside the insulation does not necessarily mean that the
insulation will fail over time; it highly depends on the level of partial discharge
activities inside that void under the normal voltage stress. In this section, the partial
discharge process inside voids will be discussed briefly. Voids inside the insulating

material are always under higher electrical stress compared to the surrounding
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insulation. Consider a flat void as shown in figure [A.1] (a):

High Voltage Electrode High Voltage Electrode

Void Spyencal
NN ~
] Jd 1d
3 do
A ’
AN N
High VoItagEIectrode High Volta Electrode

(@) (b)

Figure A.1: Voids inside insulation system.
(a) Rectangular void
(b) Spherical void

If F is the average electric field inside the insulation and FEj is the breakdown

voltage of the void, the electric field required to cause the breakdown inside the void

is given by [16]:

d1+d2

E:Eb+Ed=Eb(1+
de’

) (A1)

Where Ej; is the voltage drop across the dielectric layers surrounding the void.
In other words, in order for breakdown to occue, the void needs at least Ej across
its walls. Now to have Ej across the void, the electric field £ has to be across the
whole gap. The electric field inside the void is a function of the void geometry. As
shown in Figure [A.1](b), most of the actual voids in the insulation systems have
approximately spherical shapes. The equation should be slightly modified in
order to properly formulate the required electric field for the gap breakdown of

spherical voids. Equation which is given by [106] can be used for the case of
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spherical voids.

E:@[CHM] (A.2)
d 3¢’

Where d; is the total thickness of the dielectric and d is the diameter of the
void. There has been substantial work on calculating FEj, for different geometries
of voids. It has been shown that Ej is a function of the product of pressure and
gap separation (pd) and also involves Paschen’s law. Measurements were done
for different geometries and the graphs are available to relate the required Ej
for specific pd in each case [I07]. The breakdown voltage also depends on the
dielectric constant of the material inside the void, but in the most of practical
cases voids are filled by air. The breakdown mechanism of metallic surfaced gaps
under uniform electric field stresses can be interpreted by the Townsend discharge
process. The breakdown mechanism can be explained using Townsend coefficients
and the concept of electron avalanche [17]. However, this mechanism cannot be
easily extended to the breakdown inside the voids as they have dielectric walls
compared to the gap. For example, Townsend’s second coefficient which measures
the electron regeneration probability highly depends on the cathode and anode
materials. Moreover, the electric field inside the void is more distorted compared
to metallic surfaced gaps. Some studies have tried explaining the breakdown
mechanism using streamer discharge theory [I8, 108]. According to this theory,
the high electric field stress will accelerate the electrons and these fast electrons will
give rise to other electrons on their way. Ions move at much slower speeds compared
to electrons, which is how the streamer forms inside the gap. When there are enough
high speed free electrons on the streamer, they bridge the gap and the breakdown

happens. When the streamer completely bridges the gap, a conductive plasma
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channel is developed inside the gap and the spark can be observed. In summary, the
two types of discharge that can occur in metallic surfaced gaps are the Townsend’s
discharge and streamer discharge. The detected discharge resulting from Townsend’s
discharge is faster with lower amplitude compared to streamer’s discharge. On a
metallic surface gap, by increasing the voltage across the gap, Townsend’s discharge
will be observed first and as the voltage increases and the channel becomes ionized,
the streamer discharge can be observed. Now to extend these theories to discharge

mechanisms inside voids, we have to consider some differences:

e The electric field distribution inside the void is not only dependent on the
voltage across the electrodes, but also on the surface charge distribution on

the dielectric boundaries.

e When a discharge occurs on metallic surfaced gaps, the total charge will be
discharged into the metallic electrodes. However, due to the relatively high
resistance of the electrodes, in the dielectric surfaced gaps, there could be more

than one discharge happening at the same time to discharge all the electrons.

e When a discharge happens on a specific point of the surface of a dielectric
surfaced gap, the charge distribution on other parts of the surface remains

unchanged. This is mainly due to the immobility of surface charges.

To investigate the discharge mechanism in voids inside dielectrics, some experiments
were done on a test setup that involved one metallic electrode and one dielectric
electrode [109]. In case of DC voltage supply, different discharge patterns were
recorded depending on the polarity of the dielectric electrode [I10]. When the AC

voltage was applied, a combination of different patterns were observed and collected
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by changing the polarity of the DC voltage in the DC test setup. One certain
conclusion that was determined by these experiments was the fact that more than
one discharge is needed to entirely discharge the capacitance of the physical voids
inside the insulation. This means that the discharge amplitude in dielectric surfaced

gaps is lower compared to the metallic surfaced gaps.

A.3 Equivalent electric circuit for voids inside
insulating material

Knowing the electrical equivalent circuit of voids can be very helpful in
understanding the discharge parameters such as discharge waveform, rise time,
amplitude, etc. One of the first experiments that has been reported on this topic
consists of a very simple test setup with a capacitor in series with a metallic gap while
the oscilloscope is connected across the gap [111]. Four discharges were recorded per
cycle when the applied voltage across the gap was larger than the discharge onset

voltage. Based on this experiment, a very simple circuit model was proposed which

is shown in Figure [A.2]

Dielectric Void = kK

| /
B ZTZ= | X
CV:: Ea

Figure A.2: Circuit model for a void inside the insulation system
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In this circuit, C'y, represents the capacitance of void, C's represents the total
capacitance in series with the void and Cp represents the remaining capacitance
which is in parallel with Cy and Cy in series. Although the circuit is very simplified
and totally neglects the surface leakage effect on the dielectric walls, it still can be
used to explain the basic discharge mechanism in voids. If Ej is the breakdown
voltage of the void, when there is enough voltage across the dielectric gap that
provides Ej, across the void, the breakdown happens. When the breakdown occurs,
the voltage across the void drops significantly to a new voltage that is called E,.
The difference between these two voltages is AE(AFE = Ey - E,.). In order to charge
up the void capacitance again to the voltage Ej, charge AQ is needed to be drawn

from Cp

_ AECyCy

AQ= T (A.3)

In most structure, Cy < Cy << Cp, so the above equation can be simplified to

A4

AQ =AE xCy (A.4)

So AQ is a good measure for discharge magnitude as it directly relates to AFE.
Now we can calculate AW  the average power dissipated in each discharge, using

the approximation given by [112]:

AW = CyAE (E,, _ %AE) (A5)

When the void is completely discharged (E, =0 ), the discharge power will be
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simplified into:

AW = %CV [AE] (A.6)

Discharge power is a very important parameter as it directly relates to the rate
of degradation in insulation systems. However in practical applications, Cy and AFE

can’t be found easily.

A.4 Discharge waveform of metallic surfaced gap
under AC supply

When a void is under AC voltage stress that is higher than its breakdown voltage,
the discharge will occur anytime that the voltage exceeds the breakdown voltage.
Because the AC signal repeats its pattern every cycle and the fact that discharge
happens at a very fast time frame compared to the applied voltage, studying just one
cycle would be sufficient. For simplicity let’s assume that there is a metallic gap with
breakdown voltage of Ej, and the residual voltage is zero (F, = 0). The “apparent
voltage” is defined as the voltage that would appear across the void assuming the
breakdown voltage of the void to be infinity. Using this definition, the peak of

apparent voltage across the void using the circuit model in Figure would be:

EOCS

a:— A-?
CS+OV ( )

Now considering that the breakdown voltage is equal in both polarities of the
applied voltage and the time that discharge happens is negligible compared to the

60 Hz cycle, we are going to investigate the case where the applied voltage is 1.5
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times the breakdown voltage. The gap we are studying here is an ideal gap with
metallic electrodes which means that the applied voltage is the apparent voltage
that appears on the gap. As it is shown in Figure when the voltage across the
gap reaches the breakdown voltage, the discharge happens and the voltage inside
the gap drops to E, which in this case is zero. The sudden drop of voltage across
Cy will cause a sudden jump of the voltage across the Cs. After the discharge
extinguishes, the voltage inside the gap starts increasing again but this time it will
not reach the FE, at the positive half cycle. During the negative half cycle however,

™ JRN RV IR

the voltage reaches t" - ~ -~ the second breakdown happens.

156 |} Apparent voltage

/\ " on the gap
E, -

Actual voltage

_ -~ across the gap
=

\ 4

-Ey

-1.5E,

Figure A.3: Voltage waveform across an ideal cavity with F, =0 and F, = 1.5 E},

It should be noted that the discharge time duration in the Figures was assumed
to be zero as it is very small compared to the 60 Hz cycle. Figure also tells

us that when apparent voltage is 1.5 times bigger than the breakdown voltage, four
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Figure A.4: Voltage waveform across an ideal cavity with E,. =0 and F, =3 E}

Although we assumed that breakdown voltage is equal in both polarities, in

actual experiments, it was shown that they are not equal and that is why the

discharge pattern is different for each half cycle. The residual voltage may also

vary in each polarity depending on the ionization inside the void. In order to model

the discharge pattern more appropriately, unequal residual voltage and breakdown

voltage in different polarities and even in the same polarity should be taken into

account.
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A.5 Discharge waveform of dielectric surfaced
gap under AC supply

Studying the discharge mechanism of dielectric surfaced gaps is more complicated
than metallic electrode gaps that was discussed in the previous section. The applied
voltage on the whole gap is the voltage that is across the gaseous gap in series with
the dielectric (C's and Cy in series) therefore, the exact voltage on the gaseous gap
and the dielectric layer is not available. To study the discharge waveform for this

case, an experimental setup given by [I13] was used which is shown in Figure .

HV Metallic electrode

«
<&——1 in Diameter _ /-\djustable
: _-~-" gaseous gap
I 7
I -
| 4«
|
' Dielectric Layer
| o7
¢———2inDi | -
2 in Diameter y - — _ |

- = ____il'o.omn
IO.ZS in

Figure A.5: Experimental test setup for studying the voltage waveform of dielectric-
metallic electrode

The setup has two metallic electrodes where a dielectric layer is molded on the
ground electrode. The details of this process is available in [114] as they followed
specific procedure to avoid the development of voids and flaws between this layer
and the metallic electrode. The other metallic electrode can be adjusted to have the

desired gaseous gap size between the electrodes. In order to compare the results with
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the case where both electrodes were metallic, in some experiments, a Tin film layer
was used on top of the dielectric layer and the gap size was adjusted considering
the thickness of this layer. To measure the voltage in this setup, they put the whole
structure in series with a discharge free capacitor and then the whole combination
was placed in parallel with another discharge free capacitor. The equivalent circuit

for this new test setup is given in [I13] and is shown in Figure [A.6}

!

Cs =

Cr Cv——

Cq Eaara

‘

Figure A.6: Circuit model for the experimental test shown in Figure

Where Cy represents the gaseous gap between the dielectric layer and the
metallic electrode and was filled by Helium in this experiment. Cj represents the
capacitance of the dielectric layer molded on the ground electrode and C; and Cp are
the discharge free capacitors in series and parallel with the structure for measurement
purposes. Figure [A.7] explains the shape of waveforms considering the discharges.
In this test setup the apparent voltage across the gaseous gap was assumed to be
3E,. The actual voltage across the dielectric layer can be found by superposition
of two voltages. The first portion can be found by a voltage division between the

gap and the dielectric layer from the total voltage across the electrodes. The second
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portion is a result of the current due to discharges in the gaseous gap. As the gap is

in series with the dielectric layer, the AQ caused by the gap discharge is equal to:

AQ =Cy x AVy =Cy x AV, (A.8)

But because Cy and C, are unknown, the ratio (AV;/AV,) is unknown as well.
AV, is the voltage that will appear across the dielectric layer due to discharges
happening inside the gap. For illustrative purposes AV, was set to %Eb. Following
this assumption, the first portion of the voltage across the dielectric layer would
be equal to one third of the voltage across the gaseous gap. This means that the
apparent voltage across the dielectric layer is equal to Ej,. Figure (a) shows the
breakdown in the gaseous gap which is similar to Figure [A.4] that was discussed
earlier. Discharges happening in the gaseous gap will result in a discharge current
that will change the actual voltage across the dielectric layer. This voltage was
named AV, and Figure (b) shows how the voltage across the dielectric layer
changes due to the discharge current. The total voltage across the electrodes can
be found by adding the breakdown voltage across the gaseous gap and the voltage
across the dielectric layer which is shown in Figure [A.7|(c). Although Figure [A.7(c)
shows the waveform across the electrodes for a very ideal case, it has shown a good
analogy with some practical experiments [92]. It should be mentioned that in all
the waveforms shown in Figure [A.7] the residual voltage was considered to be zero.
Also it was assumed that there is only one discharge happening at the time. In real
experiments however, there could be more than one discharge site at a time that
changes the timing between two consecutive discharges. To compare the dielectric

electrode with the metallic electrode, the Tin film layer was used on the dielectric
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Figure A.7: Experimental test setup for studying the voltage waveform of dielectric-
metallic electrode
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layer and the results are reported in [I14]. There has also been some research on the
effect of different gases inside the gap on the discharge behavior and also pseudoglow

and glow discharge mechanism in the voids under certain conditions [115].
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