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ABSTRACT

PARTIAL DISCHARGE SOURCE IDENTIFICATION USING PRPD DATA
AND DEEP LEARNING TECHNIQUES

Altunyay, Ozkan
Master of SciengeElectrical and Electronic Engineering
SupervisorAssist. Prof. Dr. Keyvafiruzi

January 2024126 pages

Partial discharge is a phenomenon of localized electrical discharge that only partially
bridges the insulation between conductors and which can or cannot occur adjacent
to a conductofl]. It can occur within cables, transformers, and electrical equipment
under highvoltage stress. As it is a dangerous event that progresses rapidly, it
eventually causes the insulation materials to be damaged and the equipment to be
out of service. In thishesis, the features of the Partial Discharge phenomenon are
investigated. The studies on this field are revealed with the literature research. Test
setups similar to redife situations are constructed in the laboratory environment,
and experiments areagied out related to corona, internal, and surface partial
discharges. Grayscale images are created using PRPD data obtained from laboratory
experiments, and they are used to train and test thelel®epng models for the
classification of the partial scharge types. For this purpose, ResNet50, VGGL16,
VGG19, Inception, and Xception models are used via the transfer learning method.

According to the results, the deep learning models have reached high accuracy levels.

Keywords:Partial Discharge Measurement, PRPD, Partial Discharge Classification,

Deep Learning, Transfer Learning
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CHAPTER 1

INTRODUCTION

Electrical energy has become an integral part of daily life.dssentiafor running
businesses, powering homes, and driving various industries. The dependence on
electrical energy has only increased with technological advancements and the
increasing number of electronic devices. It is a critical resource that has enabled the
growth of economies and thprogressof societies. Thus, it is imperative to ensure
that electrical energy generation, distribution, and utilization are efficient and

sustainabled meet society's present and future requirements.

In order to ensure an uninterrupted supply of electrical energy, all equipment within
the system must be regularly maintained. In addition, it must also be kept under
constant monitoring. At this point, one of the modtical issues is to detect partial
discharge activities on power equipment. Partial discharge activities are small
current pulses that occur when the electric field strength of the insulator surface,
insulation material, or air insulation is exceeded. This bfpa&ctivity creates heat,
chamical reactions, electromagnetic pulses, and s@lind hese can be counted as

the reasons that ultimately lead electrical equipment to failure.

Detection of the partial charge is becomiegsentialto provide uninterrupted
electrical energy, including generating, transmitting, and distribptiagesses-or

this reason, the accurate detection of partial charges is of paramount importance to
ensure the uninterrupted and stable supply of energy, particularly in critical
applications such as health facilities, data centers, and communication networks. The
precision and reliability of detecting partial charges can be improved by developing
advanced tehniques, contributing to greater efficiency and resilience of the energy

infrastructure. The importance of partdéikcharge detection cannot be overstated,



and continued research and innovation in this eegeinessential to meeting the

challenges facing the energy sector.

Forexample, Power transformers are a crucial part of the electricity networks. Partial
discharge activity detection on this equipment is vital. These activities can be
detected using sensors or various measurement equipment. A partial discharge (PD)
event geerates currents, ultrasonic and electromagnetic waves and emits light and
gases. Understanding the effects of PD is crucial in many industries, especially in
high-voltage electrical equipment, where PD can lead to equipment failure and
production dowritne. Therefore, it isrucialto identify and monitor PD activities to
assess the overall health and performance of the equipment. By detecting PD
activities early on, appropriate measures can be taken to prevent equipment damage
and avoid costly repairs. Winding and insulation defeetused 41% of failures in
power transformerf2]. This also shows that the possible partial discharge activity
can cause a total breakdown if not determined beforehand. For this reason, condition
monitoring for partial discharge activity determination isiategral part of the
healthy operations of the electricity network. Some external conditions, such as load
power, temperature, voltage level, etc.,agaificantfor a partial discharge activity.

In evaluating the risk, the number of PD pulses specifictime interval and the

rising trend in partial discharge activity should also be consid2ted

In the thesis, de to the importance of the risks posed by the partial discharge
phenomenon on electrical equipment, observations were made with the help of test
setups prepared in the laboratory environment. The data obtained through laboratory
setups that mimic redif e situations were used to detect partial discharges using
deep learning models. The data obtained from laboratory tests were converted to
grayscale images and used to feed deaming modelsThe transfer learning
method uses popular andidely used convolutional neural network3he
performance of the deep learning models is compared considering their accuracy
levels on the test set. With regard to these issues, matgrdatestudies in the
literature that have been conducteecently have been examined through a

comprehensive literature review.



1.1 Motivation

After the studies that have been done before in this field are examined, it is wanted

to present a study that goes beyond what has been done. For this purpose, it is
intended to enhance the quality of the thesis. The purpose of this section is to explain
the man idea behind the study. The motivation for writing this thesis can be

explained under three main ideas. These are described in detail as follows.

First, the partial discharge measuremeanstruments that help make precise
measurements are strictly required to produce reliable data. A reasonable database
has been produced in our laboratory using quality measurement equipment. Many
reaklife conditions have been imitated to reflect possibdeurrences. Sufficient
measurements have been made for these conditions. It is thought that this situation
increases the reliability of the database. Additionally, it is anticipated that the models

will have a widerange of learning opportunities through generalization

Second, when a partial discharge activity occurs, this happens in a specific condition.
If the conditions change, the produced patterns from the same partial discharge
activity can be changed. For this reason, the representative data related to specific
patial discharge types should be gathered from different sources under different
conditions. In the thesis, the representative data related to each partial discharge type
are collected from different sources under different conditions to achieve this
purpo®. This incident shows the importance of the databases, not the algorithms

used.

Third, while partial discharges happen, they can create various patterns. Usually,
these patterns are complicated, and it is hard to distinguish between types of
discharges by human experts. If a human expert were to examine this data, they
would provide commentsn it. However, if sufficient input data exists, using deep
learning models makes it possible to define the type of PD. The ability of deep
learning models to extract features from the inputs automatically makes the

classification of the partial scharge types more accurate and straightforward. Thus,



deep learning models can detect and classify complicated patterns precisely
compared to the human level. The thesis investigates this using various deep learning

models and considering their accuracy.

1.2  Organization of the Thesis Content

This thesis is further divided into the following sections: Chapter 2 explains the
partial discharge phenomenon and partial discharge measurement according to IEC
60270.Chapter 3 explains laboratory test setups andgkttaering processeand

the output PRPDs are evaluated. In Chapter 4, data processing and grayscale image
forming transactions are explained. In Chapter 5, deep learning models and transfer
learning method are explained, and the outputs of the models are evaluated. In
Chaper 6, all processeme evaluated, and the result of the work poténtial future

works are discussed.



CHAPTER 2

PARTIAL DISCHARGES

Partial discharges are electric currents that do not entirely bridge the electrodes. Even
though the size of these discharges is often tiny, they worsen with time and may
eventually cause failure. Therefore, it is crucial to find them in adestructive
control tes{3].

Gaseous and solid dielectric insulation systems may have various types of defects.
Three types of discharges can occur: internal discharge, surface discharge, and
corona discharge. Usuallyhe corona is used as the general name of the partial
discharge phenomenon, but this is not true. Corona is one of the types of partial
discharge. Low dielectric strength, such as-fijeesi and oilfilled cavities, is the
reason for the inception of partialsdharges. Examples of glled cavities are
extruded plastis, cast resins, and lapped resipregnated mediums. The tension

in the cavity and the cavity's breakdown strength determine the voltage at which

discharges begif38].

When a dielectric surface is subjected to stress parallel to it, surface discharges may
occur. This type of partial discharge can be seen on bushings, cable ends, the

overhang of generator windings, and whenever an outside discharge hits the surface

[3].

In most cases, localized electrical stress initisalating materiabr on its surface

leads to partial discharges. Typically, the discharges are seen as short pulses lasting
for less than 1 ps. Detecting partial discharges on electrical equipment is used to
control electrical stresses on insulation materials. In this thaygetection process

can be seen as quality control of the insulating material. Before a complete discharge



between the conductors occurs, the onset of partial discharge provides information
on the electrical strength of the insulating material's upper limit. For this reason,
el ectrical equi pment 6s i nsulation <can be
compromigng the insulation's efficacy. A reasonable compromise between the stress
during the measurement to get accurate results and the influence of the lifetime
should be found and fixed in the pertinent standards for the specific equipment, for
example switchgear powertransformerscables, etcThe insulation's lifespan will

be impacted by each stress it experientée. partial discharge measurement is a
standard nowlestructive test that may be used to assess the insulation's performance
before it ages. It reduces performance over time and is influenced by several factors,
including electrical, thermal, and mechalistress. The pertinent guidelines set
various limitations for the permitted partial discharge value at a particular stress
depending onhte kind of insulating materiah partial discharge measurement is a
useful tool to assess the quality of a prodaspecially for solid insulation, when a

full breakdown gravely harms the test itgfh

When electrical stresses exceed the insulating material, the possibility of partial
discharge rises. The occurrence's inception depends on the material type, humidity,
temperature, purity, and the duration of the stresses. Detecting partial discharge
undercertain voltage | evels means that at |l ea
passed locally. The voltage level at which partial discharges take place and the

amount of charges depend on the insulating material, allowing a determination of the
effectivenss and quality of the insulation to be made using test results and
experience data. The results enable operat:i
withstand during the service time. The first breakdown, known as the electrical

breakdown, happens eaily the duration of stress. This is followed by the second

breakdown, known as the thermal breakdown, and finally, the third breakdown,

known as the erosion breakdown, which happens l&@msidering vltage level

(Ug) versus stressme interval inFigure 2.1, the solid insulating material's electrical

performance in relation to service stress and {dhe



Ug

Electrical Thermal Erosion

v

t Stress duration

Figure2.1. Breakdown voltage concerning stress durafdn

The theory behind detenti and measumg the partial discharges is that the
discharge occurs in tiny spaces inside the insrfaffhrough an impulsshaped
current that can be monitored and quantified, this discharge results in a charge
transfer over thevhole circuit. The phase angle of the applied voltage at power
frequency is crucial in identifying the type of defect during partial discharge
measurementDifferent relationships exist between partial discharges and the

applied voltage's phase depending on the kind of f&jult

Electromagnetic noises present in the testing environment frequently obstruct
sensitive PD measurements. To prevent these, precautions must be taken in the test
environment. When partial discharges occur due to collisions and photoionization,
neutral gas mlecules release electrons at high drift velocity, resulting in self
sustaining avalanche dischar@dis is linked to a quick displacement current that
causes a pulse charge to form at the electrodes and is defined by nanosecond time
parametersMeasuremst can be taken through a coupling device connected to the
test object's terminals or sensors placed ngay.it

In history, when Lichtenberg observed dust shapes like stars and circles in 1777, the
first experimental investigation of PD signals began. After being struck by 40 cm
long spark discharges, these patterns appeared on the surface of an amber cake. Then,
alternating current was widely used at the beginning of the 20th century, and partial

discharge and total breakdowns on dielectrics became well known. Since then,



various instruments have been employed to detect partial discharges, including
optical, chemical, acoustic, and electrical approacisasuing the partial
discharge®n electricalsystemsandtheir components has been a widely accepted
method for quality assurance checks since the 1960s. The ionization of gas molecules
is the primary source of partial discharges. As a result, PD events can also happen in
gaseous inclusions in solid dielectrics, gabbles, and even water vapor in liquid
dielectrics. Due to the electrons' rapid drift velocity, sirgjertron avalanches arise

in the millisecond ranggb].

The natural form of PD current pulses, unless disconnected from the terminals of the
test item, cannot be detected because the source of PD faults in the insulation of
power equipment is often inaccessible. This is because when the PD signal is
conveyed fom the PD source to the terminals of the test item, it will inevitably

attenuate and disperse, substantially reducing the signal's frequency content.
Chemical, optical, acoustic, and electrical measurement methods are used to

determine the severity of tipartial discharge in a piece of equipmfjt

The IEC 60270: 201%51] standard explains partial discharge measurement basics.

The first important concept in the standard is the apparent charge, which can be
considered the primary parti al dthas c har ge qu
charge which, if injected within a very short time between the terminals of the test

object in a specified test circuit, would give the same reading on the measuring

instrument as the PD current itself. The apparent charge is usually expressed in pico

coulombs (pQ) [1]. Al s o, the standarddés following se
e X p | a nthd d@pmamrent chéirge is not equal to the amount of charge locally

involved at the site of the discharge, which cannot be measured difdgtly

The electrical energy grid depends on higlitage equipment, and their availability
is essentiafor the health of the whole system. System operators consider planning
maintenance works the most important thing. For this reason, to increase the
effectiveness of maintenance, they have adopted condliéised maintenance

(CBM) instead of timébased maitenance (TBM) in recent years. Following the



equipment's condition, which has already reached the end of its service life, is vital.
Minor defects in the insulation create small discharges, which can turn into total
breakdowns in time and cause power outages. Eventually, the system operators can
facepenalty costs. Thus, essential power equipment such as power transformers must

be tested for partial discharge activity before commissioning and during déijvice

Five fundamental parameters can be counted when looking closely at partial
discharge processes. These are the local field at the defect, ionrzddiea
processes, electrode attachment modes, PD charge flow, and charge storage and
decay. The electricdid near the defect contributes to the development of partial
discharge activity. Previous instances of partial discharges can lead to the occurrence
of new ones. The streamer process and the generation of initiatory electrons are
fundamental ionization pcesses. The field contribution in the charge that the PD
displaces serves as a reminder of the PD occurrence. Depending on the kind of fault,

there are numerous ways to store the charge after a partial discharge [@gtivity

In the last century, higkioltage technology started to be used for transmitting large
amounts of electricity; the partial discharge phenomenon became known.
Preliminary industriatype partial discharge tests for highltage equipmenivere

used in the early 1940s. Initially, the measurement method is based on radio
influence voltages (RIV), and the measurement unit is pV. Later, a standard was
issued by the IEC Technical Committee to make electrical PD measurements
regarding the PD quantigpparent chag and the measurement unit is pC. The

st andar do swadpublisiset in £9a8, thei second in 1981, and IEC 60270
High-Voltage Test TechniquésPartial Discharge Measuremestandardl1] was

issued in 2000. The latest version of the standard consists of classical analog and

digital measuring method8].

Beginning in the 1960s and early 1970s, PD research advances, focusing in particular
on void discharges. Significant progress has been made toward unique PD
mechanisms since the late 1970s, including electrical trees, streamers, glow

discharges, sparks, @anches, et¢9].



2.1 Partial Discharge Measurements

When we evaluate the physics of partial discharge,-ssslfaining electron
avalanches can be observed only on gaseous mediums. Generally, partial discharges
can occur in the air as leader discharges, glow, and streamers. It can also happen in
entrapped gseous inclusions in solid and liquid insulation materials. Typically, a
glow discharge can create a few pC pulse charges, a streamer discharge can create
from 10 pC to 100 pC pulse charge, and a leader discharge can reach a few 1000 pC
pulse charge leve[8].

The measurement of apparent charge, which is considered the most essential partial
discharge quantity, is recommended by IEC 60270. Besides apparent charge,
numerous partial discharge values can be observed to evaluate PD incidents. There
are several parasters to describe a discharge, including inception voltage,
extinction voltage, phase angle, pulse repetition rate, pulse repetition frequency,

quadratic rate, discharge power, and average discharge [@wer

Understanding the physics and controlling mathematical formulation behind the
many types of discharges, such as corona, internal discharge, surface discharge, etc.,
is crucial to comprehending the PD process. For this reason, it is vital to analyze the
chage transfer from the source's origin to the measuring terminal using PD modeling
based on an analogous circuit. According to the IEC 60270, the PD measurement

entails measuring apparent charge using a straightforward capacitive[&jodel

There are generally four widely used methods to measure partial discharges. The first
one is Electrical Methods. This method uses measured quantities such as amplitude,
phase, pulse number, pulse rate, inception, and extinction voltages. In this method,

between the 1950s and 1970s, the oscilloscope for analog measurements, in the
1990s, radio influence voltage (RIV) meters, and in later periods, themittedband

(UWB) detectors are used. The second method involves acoustic measurements. The
basic idea bahd acoustic PD detection is capturing pressure waves generated when

materials near a discharge vaporize owing to increased temperature brought on by
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the discharge current. Sensors,-ameplifiers, filters, and a data collecting and
processing unit are found in typical acoustic PD monitoring systems. The third
method is the Ultra High Frequency (UHF) method. UHF techniques rely on the
detection of EM waes produced by partial discharge. Even in a transformer that has
been powered up, UHF sensors may be inserted, and they can offer relevant data
when there is a lot of interference. The fourth method is the Hybrid method. This
method aims to be used togethn the measurement of partial discharge events in
order to complete the shortcomings of the previously described mgéjods

Some experimental works are carried out in the literature, including various
measurement methods. Haq et[20] have carried out an experiment to see how
external variables, like the choice of instrument, the testing environment, and the
period between tests, affect partial discharge activity on motor and generator stator
windings. The measured partial dischargekindes are used to evaluate the stator
windings condition. After this evaluation, the maintenance of the equipment is
decided. Each test equipment produces a distinctive PD distribution pattern that may
be utilized to identify the sort of fault that cadsthe discharges by providing
information about their origin. For this reason, in this experimental work, they use
three different instruments for tlexactdefect measurements. The acquired patterns
are evaluated considering this situation. It is observed that each instrument acquires
a different PD pattern related to the same condition. The results of the measurements
are compared using PRPDs. The charéttes and patterns of the partial discharge
activities are explained regarding their shape, posiit the AC voltage wave, and
magnitude. For instance, when the PD activities are observed at 45° in the AC
voltage wave, it indicates internal or surface partial discharge. A mainly-cloud
shaped partial discharge activity on the PRPD indics¢egresurface discharge

[10].

In another work, Viviantoro et aj11] conduct experimental work to construct an
online partial discharge measurement system and compare it with the conventional
one. The work is carried out in laboratory equipment. This work aims to establish a
partial discharge online monitoring system inglegeent of commercial

11



manufacturers. This work proposes an alternative system even if commercial
manufacturers have cumulative partial discharge measurement data, including long
time observations, and can create vast datasets. An oscilloscope is used for data
gathering in regar partial discharge measurement systems. However, when the
sampling is high, the data processing becomese complicatedhan the data
evaluation. Using optimized algorithms can make data processing easier to handle.
In the proposed method, the operasi@me completed in threggnificantsteps. The

first step includes a higholtage test setup, the second includes a sensor connection
to the measuring instrument, and the third includes the measuring instrument and a
computer program for data interpretation called ProtyOl. An oscillodtapéts
software development kit and used as a measuring instrument. Thanks to this
feature, different desired information can be transferred to the computer software via
this oscilloscope. The Python programming laaggiis used as computer software.
This computer software canake statistical calculations aedeate PRPD charts,
databases, etc. It has many features for ease of the data interpretation phase. With
this system, redime partial discharge measurements can be conducted. PRPD
graphsare created to detect partial discharge via this software. The exemplary

application is exhibited in the wofk1].

2.2 PhaseResolved Partial Discharge Patterns

The Phasdkesolved Partial Discharge graphs are widely used to visually detect
partial discharge activities in laboratory test assessments and online measurements.
The Phas®Res ol ved Parti al Di scharge (PRPD)
charge valas, AC voltage cycle knowledge, and applied voltage value information
and depict the charge position regarding the AC voltage cycle concerning their
magnitude. The PRPD graph is also highlighted with colors to show partial discharge
activity density at thepecific area on the graph. The density is represented starting
from yellow to red. The yellow color on the graph represents the minimum density,

and the red color represents the maximum density. A human operator can speculate

12
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about the existence of partial discharge activity just by looking at the PRPD graph.
To classify the partial dischargmainly when more than one PD exists, some level
of expertise or using mathematical algorithms from machine learning or deep
learning is required. The PRPDs are used to detect partial discharge -awoltegje
equipment in many works of literature. Due to theédess explained above, PRPD

graphs are preferred because partial discharge can be easily detected and understood.

Asseri et al[12] conducted experimental work to inspect partial discharge activity
on generator stator windings using PRPD data. This article prosidexcellent
example of using PRPD graphs. They aimed to monitor the conditions of the rotating
machines and evaluate this data, making a maintenance plan before any total failure
happensThe work uses inductive sensdos PD measurement on the test object.
The data is collected from an industrial PD measurement system and its computer
software. For different measurememinditions, the maximum and the minimum
partial discharge activities are observed at 8@, 500kHz, 2 MHz, and 4MHz
measurement values. At the end of their work, it is stated that the measured generator
stator winding partial discharge values are lower than the allowable limits evaluating
PRPD data. According to the results, it is decided that the condition cénieeagor

is all right, and the measurements should be repeated with a plaewaluate the
condition of the equipmeft2].

Data collection and analysis are daunting tasks for partial discharge evaluation.
Usually, the evaluation is conducted using phaselved partial discharge graphs.
There may also be difficulties in determining the type of partial discharge incident.
The reasons for this include overlapping partial discharge patterns and noise that
make them difficult to detect. Soh et HI3] conduct experimental work to detect
partial discharge patterns using PRPD graphs. They collect distribution substations’
online measurement data and create PRPD plots as grayscale images. At the end of
their measurements, they determine the same typartélpdischarge activity has

different patterns according to the various conditions, as seen below.
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Figure2.2. Three different types of internal dischaRfePDplots[13]

Some noise removal techniques are also applied to the PRPD data to extract features
easily in the workThus, different representations of the same data are obtained. The

PRPD of Figure 2.2 underwent noise removal operations, detailed below.

mamiane . IHEEETRG L e

(©)

Figure2.3. (a) 2x2 erosion filter PRP[13], (b) db5 wavelet transform PRRDE],

(c) deconstruction and reconstruction via FFT PREZ)

In many literature works, laboratory setups are used to mimidifealonditions.
However, the laboratory data is clean and steady compared to the live operational

data. In realife conditions, the data is noisy. To replicate the data in a laboratory

14



setting, it may be necessary to introduce noise data into the dataset. The other issue
in reatlife measurement is phaséifted data. While measuring partial discharge,

the detected activity is recorded with the reference phase value, not the actual phase
value. Because the electricity network is a tkiphase system, partial discharge
activity can happen in any phase. Thus, the measurement data usually-jshasten

In laboratory conditions, all measurements are assumed to be in phase. Another
difference between the operational real data and the laboratory data is randomness.
The variability in realife measurements of partial discharges necessitates multiple
test setups to replicate this phenomenon in laboratory conditions. Such replication is
essentl to ensure the accuracy and reliability of experimental results. Consequently,
researchers must carefully design and construct test setups to capture the randomness
inherent in partial discharges. Only through such rigorous testing can researchers

gain acomprehensive understanding of tbigical phenomenoifl3].
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CHAPTER 3

LABORATORY STUDIES

3.1 Laboratory Test Setups

In literature, many very weknown datasets, such as CIFAR, ImageNet, Mnist, etc.,
are widely used in deep learning models. When it comes to partial discharge, the
situation is the opposite. For this reason, this thesis gathers all data from the test
setus in the Middle East Technical University Electrical and Electronics
Engineering Depart ment dhsee difiergnh typgsoof RDa g e
sourcesamples are prepared to collect PD signals artificialljiese setups are fed

with a 220V 50 Hz AC soug; and the other parts consist of an adjustable-High
Voltage Transformer to adjust the high voltage level, a resistor for short circuit
protection, and a capacitor for increase the quality of the measurement of the PD
signals. The setup also has lewitage and highvoltage filters to suppress the noise

of the AC source and the ground connection. The observation data are conveyed to
the computer via an Omicron MPD 800 device. The Omicron MPD 800 device is a
commercial partial discharge measurement systdm. Basic scheme of the test
circuit can be seen as follows:

50K ohm inductance

HV
Transformer, — ‘
1200 pF
C(?Itage @ —1nF Load
Source ) | . (sample)
Measuring
T 1uF Device

Figure3.1. The basic layout of the testing circuitthe laboratory
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Three differentypes ofPD sample are used as a test setup inlét®ratory. These

are corona, surface, and internal partial discharges. The data are recorded via an
Omicron MPD 800 device as unipolar Ph&sssolved Partial Discharge (PRPD).

The recorded data contains the observation's duration, the time of PD oagurrenc
apparent charge value, test voltage levels, and voltage phase angle. The charge level
is adjusted, regarding noise levels, for corona discharge measuremerts=a% Q

pC to 5pC and @a=50nC, for surface discharge measurementsn,as=Q pC and

Qmax= 50nC, and for internal discharge measurementsmas Q pC and Qac

50nC. All observations are made within at least 20 to 30 seconds to get enough data

for each measurement.

The primary purpose of setting up different &stple is to gather as much data as
possible. This way, PRPD data are acquired for all three types of partial discharges
mentioned before. While recording test results, the observable noise is also recorded
to represent redife conditions. Thus, the deep learg model can recognize each
partial discharge model with and without noise. The PRPD pattern is utilized to
classify partial discharge. Using this PRPD data, the grayscale images are generated

and fal to the deep learning model.

Before starting the measurement, the system has been calibrated, as shown below.
For this purpose, a calibration device is used, a 100 pC charge is adjusted, and the

probes are connected to test electrodes.

Figure3.2. (a) Calibration of the test setufb) Calibration process computer screen
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It is checked whether the same value can be observed on the computer screen.
According to the results, the Omicron MPD Suite program has defined the
calibration factor considering our 1@C charge level calibration valu€igure 3.2.

shows that the measurements have been carried out suitably according to IEC 60270.

3.1.1 Corona PD Measurement Test Setups

Initially, PD inception voltage is observed for each coronastasiple and between

3.5 kV and 7,8 kV voltage levels are used for measurements. For corona discharge
measurements, voltage levels are picked to check whether we have different patterns
without any total breakdown. An audible sizzling sound is produced wherm@acor
partial discharge occurs at higher voltage levgis differenttypes of testsamples

are used during the measurements.

The corona measurement tesimpleconsists of a metal probe and a cylindrical
metal divided by air. Imostcases, the tesamplés turned upside down in order to
change the connections of the highitage and the ground sides. Unless told
otherwise, all tests are conducted at a 1.5 cm distance between HV and ground

electrodes.

Figure3.3. Coronatestsamplés generalview
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In thetype-1 sample a slim copper cable piece is used to generate corona discharges.
The copper cable is wrapped around the tvigliage test probe to test the effect of
a slim conductor. This type of slim conductor creates a stronger electric field at its
end point edge. ie slim copper conductor with the highltage test probe can be

seen in the photo below.

Figure3.4. Coronatestsampletype-1, slim copperconductor withthe HV test
probe

For the first measurement, in tk@mple a highvoltage cable is connected to the test

probe, and the cylindrical conductor is connected to the ground as shown.

Figure3.5. Coronatestsampletype-1, (a) testprobe is used asnHV electrode

(b) cylindrical conductor is used a1 HV electrode
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To observe the effect of the position of the higiitage electrode, the tesample

has been turned upside down. In thasnple the cylindrical conductor becomes the
high-voltage side, and the slim copper cable piece becomes the ground side. This
change aims to determine the effect of differently shaped conductors on partial

discharge incidents. Thigamplecan be seen in thghotograph below

A different, slimmer copper conductor is used in the second coronsamgtie and
asin the firstsample it is wrapped around the higloltage test probe. The second

slim copper conductor can be seen in the photo below.

Figure3.6. Crona tessampletype-2, slim copper conductor with théV test probe

For the slim copper conducttype2 measurement, in theample a highvoltage
cable isconnected to the test probe, and the cylindrical conductor is connected to the

ground as shown.

Figure3.7. Coronatestsampletype-2, test probe side is usedasHV electrode
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Later, like the firssample the highvoltage connection is reversed; tlype-2 slim
copper conductor side becomes ground, and the cylindrical metal electrode side

becomes the higholtage side for the measurements.

As atype-3 corona measurement, a muilire cable is wrapped around the high

voltage probe, and its end is tasseled. The
edge, so the corona pattern is expected to differ from the previous conductors. This

conductor is @o made of copper, as seen in the photo below.

Figure3.8. Coronatestsampletype-3, the tasseled copper conductor with theé

test probe

Like before, for the first measurement, the probe side is connedtéghtooltage,

and the cylindrical metal side is connected to the ground.

@ (b)

Figure3.9. Coronatestsampletype-3: (a) thetest probe side is used asHV
electrode (b) the cylindrical conductais used asaHV electrode
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For the second measurement, the highage connection is reversed; the tasseled
copper conductotype-3 side becomes ground, and the cylindrical metal electrode

side becomes the higloltage side, as showfigure 3.9. (b)

For further corona partial discharge measurements, the slimmest copper cable is
wrapped around the higloltage probe as a fourth type of corona measurement. This

conductor is also made of copper, as seen in the photo below.

Figure3.10. Coronatestsampletype-4, the slimmest copper conductor with the
HV test probe

In this measurement, only one typesaimpleis set up: the probe side is connected
to the ground, and the cylindrical metal side is connected to thevbitge side.
The cable piece is taped on the metal probe during the measurements to get precise

corona data.

Figure3.11. Coronaestsampletype-4, cylindrical conductor is used asHV

electrode
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As shown below, four different types of copper conductor cables wrapped around
the highvoltage metal probe for the measurements can be seen in staténg
from the left.

Figure3.12. Coronatest copper conductor cables

After using some copper conductors to wrap around the probe, as a fifth type of
corona measurement, the higbltage metal probe and the cylindrical ground metal
are directly employed. This time, the equipment is used directly to measure corona
dischargencidents. In the measurements, voltage levels from 4.5 kV to 6.5 kV and

distances between electrodes from 1 cm to 2 cm are used.

Figure3.13. Coronatestsampletype-5 general view

Environmental conditions affect the occurrence of partial discharge. For example,

low-pressure atmospheric conditions in aircraft require the measurements of the
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partial discharges accordingly. The voltage levels hae®bly risen with the
increasing use of more electdciven equipment in planes. Itéssentiato take into
account the occurrence of partial discharge activity inpogssure conditions. In

the literature, Gardner et §.4] conducted an experiment by placing the test object
in a vacuum chamber to simulate the flight altitude. They applied 1,000 and 116

mbar pressure to the test object and observed the partial discharge activity.

Up to this point, all the measurements have been carried out in laboratory conditions.
The atmospheric pressure has not changed. However, a presstrled glass
dome has been used to cover up thestsiples to observe the effect of pressure on

corona partial discharge. Teamplecan be seen in the phstoelow.

(b)

Figure3.14. Coronatestsampletype-6; (a) the pressurecontrolled glass dome test

samplegeneral view(b) aclose view of the teggample

The order of the test setup i s arranged
This allows observing how the pressure change affects the corona partial discharge.
Different highvoltage levels are also observed. All these different measurements
have been carried out to represent +igal partial discharge situations. For this

reason, 0.6 atm pressure is used for 3.9 kV and 4.3 kVWalghge levels, 0.14 atm

pressure is used for 1.2 kV higbltage level, 0.21 atm pressure is used for k\06
high-voltage level, 0.34 atm pressure is used for 3.08 kV-haitage level, 0.41

atm pressure is used for 3.9 kV higbltage level, and 1 atm pressure is used for 4.4
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kV and 5.3 kV highvoltage levels in the measurements. A metalvigltage probe

electrode and a cylindrical metal ground electrode are used during the measurements.

3.1.2 Surface PD Measurement Test Setups

To conduct surface partial discharge measurements, three different insulation
materials are used between the higitage electrode and the ground electrode, and
high-voltage levels from 5 kV to 14.06 k¥re applied to the tesamples. The
insulation materials are a porcelain disc, a rubber disc, and a piece otSaped
plastic.

During measurement, to observe the effect of humidity on partial discharge activity,
the surface of the insulation material is sprayed with water. It is observed that
humidity increases the PD activity via lowering inception voltage. Besides this, the
surface of the insulation material is polluted with dust to observdifeadollution

effects on insulation partial discharge activity.

Figure3.15. Generaliew of the surfac®D test setup

As explained before, different measurenmsahples have been constructed. The first

measurement is carried out on a porcelain disc insulator. Isaimple a high

voltage cable is connected to the porcel ain
surface of the insulator is placed on a grounded metal surface.
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The first measurement is done on a dry surface. After that, to observe the effect of

the humidity, the surface of the porcelain disc insulator has been sprayed with water.

@ | )

Figure3.16. Surface PD test setuf@) the porcelain disc insulator sprayed with

water, (b)theporcelain disc insulatgrollutedwith dust

As a third measurement, the surface of the porcelain insulator disc is covered with
dust to mimic realife effects on insulators. This application aims to observe the
impact of pollution ortheinsulations u r f padia dissharge activity.

A squareshaped plastic insulator is used for observation for other surface PD
measurements. A plastic insulator betweeo cylindrical highvoltage and ground

electrodes is used in the test setup.
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Figure3.17. Surface PD test setu(a) generalview of thesquareshaped plastic

insulatortestsample (b) the squareshaped plastic insulator sprayed with water

To observe the effect of the humidity, the sqeslraped plastic insulator and high

voltage cylindrical electrode surface have been sprayed with water.

Lastly, a rubber disc insulator has been used for surface partial discharge
measurements. For measurement, vighl t age i s connected to th
met al top, and ground is connected to the b

rubber disc is @lced on it as below.

Figure3.18. Surface PD test setuf@)the rubber disc insulatofb) the rubber disc

insulator surface is sprayed with water
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As in previous examples, the rubber disc insulator surface has been sprayed with

water to observe the effect of the humidity.

3.1.3 Internal PD Measurement Test Setups

Three different testsamples are used to conduct internal partial discharge
measurementd he highvoltage levels from 1.75 kV to 11.08 kV are applied to the

testsampla during the tests

Initially, as a first test setup, a higloltage cable withiPVC insulation is used as a
test object for internal discharge measurement. When the cable is exposed to high
voltage, internal partial discharge is started between the copper conducRv@nd

insulation.

(b)

Figure3.19. (a) Generalview of thefirstinternal PDtestsetup acloseup view of

the contact surface

In this test setup, a hig¥pltage cable is taped on the surface of the metal ground
di sc. The internal parti al di scharge occ
which is covered bPVC, and the metal ground disk.closeup view of the contact

surfacecan be seeim Figure 3.19. (h)
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A closedloop PVC-covered cable is used as a second internal partial discharge
measurement. The higloltage cable is connected to the open copper piece, and the

ground cable is connected to the conductive baneredPVC part of the test cable.

For the ground connection to maksurface enougio create internal discharge, the

PVC-covered surface of the test cable is covered with the conductive band. Thus, the

test cableds inside dEYQcpveredsirfaceistrougded vol t age,
in order to generate inteal partial discharge between higbltage connected copper

and the groundeBVC cover, as seen below.

@) S ©

Figure3.20. (a) Theinternal PDtest cable(b) a close view of the second internal

PDtest setup(c) ageneral view of the second interfdD test setup

The connected cable is immersed in oil to generate clear internal partial discharge
and hinder surface discharge. This setup helps to observe only internal partial

discharges during the measurements at different voltage levels.

Three plastic sheet layers are used as an insulation material between-tataigh
and the ground electrodes as a third internal test setup.
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(@) (b)

Figure3.21. Internal PDtestsetup (a) the view of the three plastic sheet lay€y
the view of the plastic sheet medium Igy@) the view of adhesive applied

medium plastic sheet

As can be seen in the upper photo, the medium layer of the plastic sheet piece has a

small puncture to help generate internal discharge between plastic layers.

To prevent filling up with oil in this puncture, an adhesive is applied in a sinelpe

around the hole on the medium plastic sheet and is adhered to the other sheets on
both sides. This facilitates the generation of the internal partial discharge between
the plastic sheet layers. This internal discharge type is also called cavity discharge

because of the small void in the insulation material.

Two cylindrical metals are used in the third internal PD test setup for the high
voltage and ground connection. The Three Plastic Sheet Layers are placed between
two metal conductors to generate internal partial discharge. The test setup can be

seen in théelow photo.
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Figure3.22. (a) Generalview of the third internalPD test setup(b) a close view of

the third internaPD testsetup

The setup is immersed insulating oil to prevent other partial discharges, such as
surface PD. The oil is a better insulator than the air. Thus, we can apply higher

voltages before surface discharges oerutobserve only internal discharge pulses.

At the end of the tests, the damaigatis created by the partial discharge activity on
the three plastic sheetlayersbecoms visible. The heat generated by the partial
discharge caused burns in the plastic layers. The traces of these burns also show the

path of the partial dischargetivities.

(@) (b)

Figure3.23. The internal partial discharge damage ontkineeplastic sheetlayes:

(a)front side view, (bpacksideview
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3.2 The Evaluation of the PRPDs

Under this title, some dhe specifics of discharges will be discussed to demonstrate
the differences between types of partial discharges. In general, a pattern of the defect
may explain the type of partial discharge. For this purpose, Phase Resolved Partial
Discharge data can lnsed to propose an idea related to the type of partial discharge.
The specific patterns of each partial discharge incident may be seen from the PRPD
data. Extracting these features from the test setups facilitates the determination
processes very quicklyvlaybe more than one type of partial discharge can occur
simultaneously, and these specific patterns can be separated even if interlaced. Each

partial discharge type will be discussed using particular PRPD data.

The PRPD graph used for this work has information on thed@g@ee AC voltage

cycle over time on the horizontal axis aqgparentharge values in terms of pC on

the vertical axis. From PRREDve can read the time of PD occurrence, apparent
charge value, test voltage levels, and voltage phase angle. This recording allows us
to evaluate the partial discharge occurrence closely. During the observations,
unipolar PRPD is used. The aforementionadipl dischargesamples explained in

the previous title will B discussed in the following paragraphs.

3.2.1 Corona Patrtial Discharge

When we look at the cable tyde corona partial discharge, the cable side is
connected to higholtage, and the cylindrical metal is connected to the ground. The
activity of the partial discharge is observed around the peak values of the AC voltage
cycles.As shown in the image below, around the 90° area, a small bunch of PD
pulses existaroundthe 270° area, a more expansive bunch of PD pulses exist. This
particular pattern represents the corona partial discharge activity on anyoltiggpe
equipment. Ado, at the bottom of the image, noise pulses are shown. The voltage

level is around 3.5 kV.
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Figure3.24. Corona PD cable typePRPLs; (a) the voltage level iaround 3.5
kV, (b)the voltage level is arouri8kV, (c)the voltage level is arounti4 kV

If the voltage level increases to around 4.8 kV, the shape of the positive AC voltage
cycle broadens horizontally, and it looks much more concave. The form of the
negative AC voltage cycle gets more significant. At the negative AC voltage cycle,
the partiddischarge activity increases, making it hard to determine noise data in this

region.

Then, when the voltage level is raised to around 7.4 kV, the form of the partial
discharge pulses begins to deteriorate. The form of the negative and the positive AC

voltage cycles gets more significant. But this situation indicates a massive patrtial
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discharge activity and shows that further voltage increases end up with a total

breakdown.

If we switch the higkvoltage and ground connections between the test electrodes,
this scene changesdn this scenario, the test model is turned upside down; hence, the
cylindrical metal is connected to higloltage, and the cable side is connected to the
ground, as previously shown. Under these conditions, at a 3.8 kV voltage level,
corona dischargesty appear during the positive cycle of the AC voltage.

(@) )

(©)

Figure3.25. Corona PD cable typkreversed tesgamplePRPDsthe voltage level
Is around (a) 3.8 kV, (b) 4.5 kV, (c) 6.6 kV

After the voltage level is fixed at around 4.5 kV level, it can be seen that the PD

forms changed their locations between phases according to the previous connection
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type. In this situation, at the positive cycle of the AC voltage, the form of the PD
pulses is wider than the negative cycle of the AC voltage. Increasing the voltage level

helps produce corona partial discharge on the negative AC voltage cycle.

If we continue to increase the voltage level to around 6.6th&/form of the PD

pulse pattern starts to deteriorate, as in previous examples. The deterioration happens
at the positive AC voltage cycles while the form of the negative AC voltage cycle
becomes more significant. It shows that certain levels of incieadges voltage

directly cause total breakdown.

When switching the higholtage and ground connections between the test
electrodes, the partial discharge patterns on the PRPDs change. This situation shows

that the partial discharge patterns also depend on the shape of the electrodes.

As explained in previous titles, various copper cable pieces are used during
measurements to collect corona partial discharge data. The second type of copper
cablebds diameter is smaller than the first t

Forthisr eason, the third typeds PRPD will be ev

For corona thirelype cable measurements, a mulife cable is used to mimic
corona partial discharge on higbltage equipment. Initial measurements are
conducted as the cable side is connected tovoiihge, and the cylindrical metal is
connected tohte ground. Corona PD activity is seen only in the negative AC voltage
cycle. The form of the PD isroaderin up and down directions when compared to

single copper cable tesampls. The voltage level is around 3 kV.
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Figure3.26. Corona PD cable typ@ PRPDs the voltage level is arounth) 3 kV,
(b) 4.3 kV, (c) 6.2 kV, (d) 7.2 kV

Then, when the voltage level is raised to around 4.3 kV, the partial discharge activity
becomes visible in both cycles of the AC voltage. While the form at the positive
cycle is similar to before measurements, the form at the negativeddyets. Also,

the noise data cannot bdequately measurdgcause of the intensity of the partial

discharge activity at the negative cycle.

To observe the voltage rise on partial discharge, the voltage level is increased to 6.2
kV. In thepositive cycle, it is seen that we have more than one corona activity on the
graph. The form of the negative cycle continues to grow, and it is hardly separated
from the noise.
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Lastly, the voltage is raised to 7.2 kV level. It can be se€igure 3.26. (djhat the

partial discharge activity in both cycles increases. A clear connection exists between
partial discharge and noise pulses at the negative cycle. Further voltage rises can
result in a possible breakdown; thus, the measurements are ended attalgis vo

level.

Similar to the previous example, if we switch the higiitage and ground
connections between the test electrodes, the test madeiesl upside down; hence,

the cylindrical metal is connected to the higiitage, and the cable side is connected

to the ground, as previously shown. Under these conditions, at a 3.6 kV voltage level,

corona discharges only appear during the positiveeayicthe AC voltage.

Lk MAN L

@ (b)

(c)
Figure3.27. Corona PD cable typ@ reversed testamplePRPDs the voltage level
is around (a) 3.6 kV, (b)5.5 kV, (c) 6.9 kV
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After the voltage level iadjusted to 5.5 kV level, it can be seen that the PD forms
changed their locations between phases according to the previous connection type.
In this situation, at the positive cycle of the AC voltage, the form of the PD pulses is
wider than the negative cle of the AC voltage. Increasing the voltage level helps

produce corona partial discharge on the negative AC voltage cycle.

If we continue to increase the voltage level to around 6.9t/ form of the PD
pulse pattern starts to deteriorate, as in previous examples. The deterioration happens
during the positive AC voltage cycles, while the form of the negative AC voltage

cycle becomes more significant, but it is not in a specific shape.

As previously seen, when switching the higiitage and ground connections
between the test electrodes, the partial discharge patterns on the PRPDs change. This
situation shows that the partial discharge patterns also depend on the shape of the
electrodes.The shapes of the electrodes affect the electric field between the
electrodes, and this causes differences in the occurrence of partial discharge activity.

This situation can be observed from the PD activity patterns on the PRPDs.

As explained in previous titles, the higbltage metal probe and the cylindrical
ground metal are used directly for the fifth type of corona measurements. During the
measurements, various voltage levels and distances are used. Thus, different
distances utter the same voltage level and the fixed distance under the changing
voltage levels situations' partial discharge activities are discussed in the following

examples.

The first observation is conducted under a 5.5 kV voltage and 1.5 cm distance
between the highroltage and ground electrodes.

39



(é) : i o

Figure3.28. Corona PD measurement typ@RPDs 5.5 kV voltage levelhe
distance between the higloltage and ground electrodd€a) 1.5 cm (b) 1 cm

The second observation is carried out under a 5.5 kV voltage level and a 1 cm
distance between the higloltage and ground electrodes, as sedfigure 3.28. (h)

It is already expected that the partial discharge activity will rise. Voltage rise shows
the most apparent effect on thegative cycle of AC voltagén addition to this, the

form of the partial discharge activity on the AC voltage positive cycle becomes
distinctive. The mentioned situation infers that the distance between the electrodes
affectsthe partial discharge activity under a certain voltage level.

In the following PRPDs, the comparison is carried out between thediséahce
and changing voltage levels test setups. As seen below, initial observation is
conductedunder a 4.5 kV voltagand2 cm distance between the higbltage and

ground electrodes.
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Figure3.29. Corona PD measurement typ@RPDsthedistance between the high
voltage and ground electrodis2 cm andthe voltage levelis: (a) 4.5 kV, (b) 6.5
kv

After the initial measurement, tlsecondobservation is carried out under a 6.5 kV
voltage level and a 2 cm distance between the-fdage and ground electrodes,
as seeln Figure 3.29. (h)

This situation shows that the partial discharge activity increases under a fixed
distance between the electrodes and rising voltage levels. Increasing electrical
voltage causes the strengthened electric field at the tip of thevbitgige probe.

This resits in the particles between the higbltage probe and the ground metal

charging more quickly. In the end, this causes more partial discharges.

All these corona partial discharge measurements are conducted to open atmospheric
pressure. In order to observe the effect of atmospheric pressure on corona partial
discharge, the corona test setup is put im@m@vironment witHower atmospheric
pressure. The lower atmospheric pressure medium is created by vacuuming the air
from the medium. For this purpose, the corona test setup is placed under an
impermeable glass dome. After this process, some measurements are carried out

under certain air pressure ah@jh-voltage levels.
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The first pressureontrolled measurement is conducted under 0.14 atm pressure and
1.2 kV voltage level. The noise pulses anere intensethanthe corona partial
discharge activity.

(@) )

(©)

Figure3.30. The pressureontrolledcorona PD measuremeRRPDs (a) the
voltage level is around 1.2 kV, and the pressure is 0.14(Bjitinevoltage level is
around 1.9 kV, and the pressure is 0.21, gtythe voltage level is around 3.08
kV, and the pressure is 0.34 atm

At the second pressuoontrolled measurement, the pressure is fixed at 0.21 atm,
and the voltage level is adjustedhtd.96 kV level. The form of the corona discharge

can be seen easily on the graph. The partial discharge activity is dense at the negative
AC voltage cycle around 270°.
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The third pressureontrolled measurement is conducted under 0.34 atm pressure and
3.08 kV voltage level. In this test, the pressure and thevoghge levels are both

increased. The partial discharge activity on the positive AC voltage cycle becomes
apparent, and the negative AC voltage cycle becomes more significant than the

previous test.

To observe theffect of atmospheric pressuva the partial discharge at the fourth
and the fifth pressurecontrolled measurements are conducted on the same high
voltage | evel s, and the pressure is <chan

pressure is fixed at 0.47 atm, and the voltage level is adjusted to 3.9 kV.

3

Figure3.31. The pressureontrolledcorona PD measuremeRRPDs the voltage

level is around 3.9 kMa) the pressure is 0.47 afifib) the pressure is 0.60 atm

The fifth measurementdés at mospheric pres
level is adjusted to 3.9 kV.

As can be seen from the two previous graphs, the partial discharge is getting smaller
while the atmospheric pressure rises. From this point of view, the corona partial
discharge activity is damped with the rise in atmospheric pressure. The corona partial
discharge activity and the atmospheric pressure are inversely propofiasethen's

law explains the variation of partial discharge activity depending on pressure and
distance[15]. The thinning of the air layer in the environment where the partial
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discharge event wilbccurfacilitates the partial discharge event by allowing free
electrons to move more easji5]. It is observed that the partial discharge activity
decreases for the pressure values used in the experiments in thjsatiteiss is in
accordance with Paschen's law.

3.2.2 Surface Partial Discharge

For surface partial discharge measurements, three different test insulators are used,
and in total, 11 measurements are conducted under various conditions and voltage

levels. In the following paragraphs, itagplained and discussed separately.

A porcelain disc insulator is used to observe the first surface partial discharge
measurements. The voltage levedisund 13.9%V. Some partial discharge activity

can be seen below.

@ (b)

Figure3.32. Porcelain disc insulatsurface PD measuremelRRPDs;(a) the

voltage level is around 13.95 k\b)the voltage level is around 16.2 kV

The second measurement's voltage level is fixed at around 16.2 k\fparte

discharge activity becomes more visible.

The porcelain disc insulatorssed for surface partial discharge measurememts

used widely in highvoltage systems. Generally, this equipment is exposed to
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atmospheric influences. Thus, as previously explained, some water is sprayed on the
porcelain disc insulator to mimic the effect of the humidity and rain in real life before
the following measurements. Initially, the voltage is fixed around 7.1 kV. However
the partial discharge activity is visible under relatively weak twglkagelevelsfor

surface PD, as shown below.

Figure3.33. Wet porcelain disc insulatsurface PD measuremelRRPDs(a) the

voltage level is around 7.1 k\b) the voltage level is around 10.3 kV

After that, the voltage is raised to 10.3 kV level. The partial discharge activity
becomes more visible distinguishably. It is observed that when the surface of the
insulator becomes wet, relatively lower voltage levels create more partial discharge

activity than dry insulator conditions.

Another reallife effect on the insulator is pollution. To represent this situation, the
porcelain disc insulator surface is covered with some dust to observe the effect on
partial discharge incident. Primary measurement is conducted under a 9.45 kV level.

The partial discharge activity is clearly distinguishable.
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Figure3.34. Polluted porcelain disc insulatsurface PD measuremeRRPDsj(a)

the voltage level is around 9.45 ki) the voltage level is around 14.04 kV

As a secondary observation of the polluted insulator, the voltage leaedas to 14

kV. More partial discharge activity is observed than in dry conditions. It is inferred
that the pollution on the surface of the insulator increases the occurrence of the
surface partial dischargeetivity.

To observe surface discharge incidents as a differerdaegtle a plastic insulator
between cylindrical higlvoltage and ground electrodes is used for further
measurements. The PRPD graph of 7 kV can be seen below.

@ (b)

Figure3.35. Plastic insulatosurface PD measuremelRRPDsthe voltage level is

around7.0kV; (a)the surface is dry, (b) the surface is wet
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