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Abstract

Most high voltage equipment operates at power frequency (50/60 Hz), yet their testing
is often done at different supply voltage frequencies for various reasons. Therefore,
the study of how partial discharge (PD) phenomena respond to the changes in the
supply voltage frequency has continued to draw research interest. Literature has shown
that there is a mixture of agreements and inconsistencies on the reported conclusions
on how PD characteristics respond to supply voltage frequency variations. However,
there has been consensus on the recognition of the mechanisms that influence how and
why PD characteristics respond to the changes in the supply voltage frequency. These
mechanisms that influence the frequency dependency are; statistical time lag, cavity
surface conductivity, and the residual charge effect. The present research work used
a PD model implemented in MATLAB® Simulink® to simulate the mechanisms of
interest. A 3-capacitor model (ABC) is modified to simulate the extent to which the
mechanisms influence PD characteristics and respond to changes in the supply voltage
frequency. The PD characteristics studied in the present research are the cavity spark-
over voltage, PD repetition rate (PDRR) and the phase-resolved PD patterns (PRPDP).
Three configurations of the ABC model are developed to study each phenomenon that
influences PD frequency dependency. Simulations are performed on three supply voltage
frequencies: 1 Hz, 50 Hz and 200 Hz. The findings are that the phase-resolved partial
discharge pattern (PRPDP) and PD repetition rate (PDRR) characteristics are more
sensitive to variations in the statistical time lag of the seed electron availability at higher
frequencies of the supply voltage. The opposite trend is observed for the cavity surface
resistance. At lower resistance of cavity surface, the PRPDP and PDRR characteristics
are more sensitive to changes in the supply voltage frequency than at higher resistances.
The residual charge effect is more sensitive at higher frequencies of the supply voltage.
At higher residual charge, the PRPDP and PDRR are more sensitive to changes in the
supply voltage frequencies than at lower residual charge. The trend is in opposition
to cavity surface conductivity’s response but in compliment to the statistical time lag’s
response. The study also confirms that incorporating equivalent resistances with the
equivalent residual capacitor in the ABC model makes it more authentic than the model

comprising of equivalent capacitors and resistances or equivalent capacitors only.
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Chapter 1

Introduction

High voltage (HV) power equipment and the components are important parts of elec-
trical power systems i.e generation, distribution, transmission systems. Such equipment
includes transformers, generators and motors, switchgear, solid dielectric cables and
castings [1-4]. A major part of HV equipment is electrical insulation which is often re-
garded as the weakest link in the whole network [5]. Hence, studying and understanding
how to effectively assess electrical insulation (EI) becomes paramount. The presence of
partial discharges (PD) is one of the main indicators used to assess electrical insulation
system quality. Hence, understanding PD phenomena enables corrective measures to be
planned and implemented prior to further insulation degradation which in turn leads to
saving costs by averting the risk of equipment failure [6]. Within the past decades there
has been more interest in the research on further understanding PD phenomena. Insula-
tion health assessment, diagnosis and monitoring is crucial in determining whether there
is a need to reject, replace or repair the degraded equipment. Therefore, PD measure-
ment becomes an important diagnostic tool in forecasting, assessing and improving HV
insulation systems reliability. It is used in design tests, quality assurance and diagnostic
assessments of electrical equipment [7]. PD diagnosis is applied in detection and monit-
oring of gradual deterioration of EI in HV equipment such as power cables. Moreover,
it is used to check and test the quality and performance of new equipment insulation
so that their reliability and integrity is known [1, 8]. The present work is therefore
in the context of expanding knowledge on PD phenomena for improved efficacy of PD
diagnosis. Figure 1.1 presents the road map and directions taken in the work under

investigation.
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PD activity is influenced by many factors and conditions. These factors include hu-
midity, temperature, altitude, equipment type, and types of supply voltage. Extensive
research has been done on most of these factors and researchers have agreed on how
each respective factor influences PD activity. However, there is no consensus yet con-
cerning the relationship between supply voltage frequency (SVF) and PD mechanisms.
In practice, a wide range of test voltage and frequencies is used for different applications
depending on the equipment being measured or tested. Most HV equipment operates at
power frequency (50/60 Hz), but they are often tested at different frequencies. The use
of very low frequency for capacitive equipment reduces power, cost and weight of the
test voltage source [9]. It is not technically and/or economically feasible to test some of
the equipment such as long cables at power frequency. As a result, low frequency test
voltages are used for capacitive components like power cables and rotating machines
(0.1 Hz), and higher frequencies are used for inductive equipment like transformers (150
- 400 Hz) [9-11]. Hence, the main study focus of the present work is to understand the

behavior of PD activity under different supply voltage frequencies.

1.1 Problem Statement and Motivation

In PD diagnosis of electrical equipment, misdiagnosis often occurs and could be at-
tributable to insufficient knowledge in interpreting PD signals. An area of insufficient
knowledge is how PD relates to the frequency of the test voltage. The review of the
available knowledge in literature has shown that more work needs to be done in under-
standing the influence of variable supply voltage frequency on PD phenomena, based on
the lack of consensus, especially with regard to the frequency dependence of the mech-
anisms. Hence, how partial discharges relate to frequency variations of the test voltage

has been an area of insufficient knowledge and is the focus of the present research work.

1.2 Research Question

In relation to the problem statement and motivation, it is established that there is
more work that needs to be done in understanding the influence of frequency-dependent

mechanisms on PD activity. The present work seeks to address the following question:
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“To what extent do cavity PD mechanisms respond to changes in the sinusoidal supply

voltage frequency?”

The study approach in the present research work is that of a simulation-based investig-
ation. In order to answer and address the research question, simulation results are to be
validated through comparison with experimentally-obtained results obtained from the
literature on similar experimental conditions. In addition, the research objectives are

outlined in the next section.

1.3 Research Objectives

This research aims at investigating the influence of variable frequency of the applied

voltage on cavity PD parameters by attaining the following objectives:

e Identify and critically analyze the literature on the effect of frequency-dependent

mechanisms on PD activity.

e Identify the knowledge gaps on the dependence of PD mechanisms on variable

supply voltage frequency.

e Discretely analyze the frequency-dependent mechanisms and understand how they

respond to the changes in supply voltage frequency.

o Identify a suitable model and develop further to simulate and interpret the extent
to which frequency-dependent mechanisms behave to variations of the sinusoidal

supply voltage frequency.

The structure of this dissertation is as follows:
e Chapter 2 gives a literature review on partial discharges and their effect on
electrical insulation.

e Chapter 3 presents a literature review on partial discharges and the different

types of test voltages used.

e Chapter 4 presents a literature review on partial discharges and sinusoidal supply

voltage frequencies.
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e Chapter 5 details a review on the techniques used on studying partial discharges

with particular focus on PD modeling.

e Chapter 6 unpacks the simulation design and development on the Matlab®

Simulink® implemented model.
e Chapter 7 presents the simulation results and their discussion and analysis.

e Chapter 8 concludes the dissertation and presents recommendations for possible

future extension of the research work.

e Appendix A is a copy of a paper published in the 2019 South African Universities

Power Engineering Conference. The paper constitutes a part of Chapter 4.

e Appendix B is a copy of a paper published in the 2020 South African Universities

Power Engineering Conference.

e Appendix C is a copy of an article published in the MDPI Energies journal as
part of the Special Issue Partial Discharge Monitoring and Analysis edition. Part

of the findings and analysis in this article constitutes part of Chapter 7.

e Appendix D is a copy of a paper published in the 2021 AFRICON Conference.

The paper constitutes most part of Chapter 3.



Chapter 2

Partial Discharges versus

Electrical Insulation

Opening Summary

There is a correlation between electrical insulation quality and partial discharges [7].
This chapter presents an analysis on electrical insulation failures and their relationship
with partial discharges. Furthermore, the importance of PD measurement and diagnosis

as well as electrical methods of PD detection are discussed.

2.1 Electrical Insulation Systems

Electrical insulation’s main function is to electrically isolate two points of different
voltages/potentials either from each other or from the zero potential (ground/earth) so
that current flow and electrical stresses between them is minimal and of acceptable val-
ues [12]. Electrical insulation (EI) is used in HV equipment such as power transformers,
generators, transmission lines, power cables, motors, switchgear [1, 13]. As such, EI
systems are a significant and vital part of HV equipment. The electrical stresses that an
EI system has to sustain for normal operation can be caused by applied voltage, varying
environmental conditions (temperature, humidity), mechanical stress etc [14]. If these

electrical stresses are not of acceptable values, they can be destructive to the insulation

6
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system. Failure of EI to sustain these electrical stresses can reduce equipment lifespan
leading to premature failure of the whole equipment. Thus, its quality and health status
is crucial in determining the reliability of the whole HV network. The consequences of
such failures can include, among others, electrical faults, more downtime on customers,
low productivity and loss of profit on companies, damage on other equipment that would
have been in good working conditions and frequent unscheduled interruptions [15]. In
the context of South Africa, large disturbances such as load shedding (scheduled or not)
can be a possible result of direct or indirect insulation failure. Due to the vulnerabilities
on such large scale and vital networks, EI is considered as the weakest part of most

medium voltage (MV) and high voltage (HV) equipment and their accessories [5].

2.1.1 Electrical Insulation Failure Analysis

Electrical failure is any malfunction on a power system component that results in partial
or complete equipment breakdown, below-optimal equipment operation standards or
unacceptable performance of users’ equipment [13]. Electrical failure occurrences on a
national utility supply system like ESKOM (South Africa) may result in forced outages,
power interruption or loss of service (load shedding) as well as undesired deviations from

normal operating voltage or frequency (50 Hz) [13].

In HV equipment, deterioration especially on electrical insulation is normal and in-
evitable. Insulation-related failures are commonly known as the main initiating and
contributing causes of electrical equipment failures. Table 2.1, according to the IEEE
Recommended Practice for the Design of Reliable Industrial and Commercial Power
Systems standard [13], presents the typical failure-initiating and failure-contributing
causes of electrical faults in power transformers. Direct insulation breakdown contrib-
utes about 50% of electrical failure-initiating causes. Transient voltage disturbances and
overheating are indirect insulation breakdown failure-initiating causes that contributes
about 20% of electrical failures. In addition, it has been reported that insulation-related
failures contribute about 30% to motor damage [16]. Other failure-initiating causes that
are not insulation related include improper operation and handling procedures, loose
connections and terminations, and mechanical damages that may be caused by digging
or during transportation. The most common electrical-contributing factor of 33.3% to

electrical failure causes are due to a component being delivered with a defect from the
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manufacturer. These defects may be from manufacturing imperfections, human errors

and/or poor workmanship. Other failure-contributing causes are presented in Table 2.1.

TABLE 2.1: Electrical failure-initiating and contributing causes in power transformers
[13]

Failure-Initiating Causes Failure-Contributing Causes
Cause % Cause %

Winding insulation breakdown | 29.1 || Manufacturer defective component | 33.3

Transient Voltage Disturbance .
16.4 || Inadequate maintenance 26.0

(e.g arcing ground faults)

Insulation bushing breakdown | 13.6 || Normal deterioration from aging 13.3

. . Contamination, degradation of oil
Other insulation breakdown 5.5 10.0

or other cooling medium

Overheating 2.7 || Inadequate installation and testing | 6.3

Unless it is mechanically damaged, electrical insulation normally does not fail instant-
aneously. It can fail with time from normal deterioration, which is commonly known
as aging. More details on how normal deterioration and/or electrical insulation failure
mechanisms occur and lead to complete insulation breakdown is presented in the next

section.

2.1.2 Electrical Insulation Failure Mechanism

Electrical insulation does not normally fail instantaneously, however with progressing
operational time, if it is not checked, constant deterioration can lead to its failure.
Inadequacy of the EI system to sustain electrical stresses across the insulation medium
is called ‘dielectric breakdown’ [12]. Such dielectric breakdown can be further enhanced
by the presence of defects, such as air-filled cavities (voids) and/or other impurities. The
process in which voids and/or defects contribute to EI failure mechanisms is described

below.

In order to get better insight into how air-filled cavities and/or defects contribute to EI
failure mechanism, the relationship between electric field intensity and material permit-

tivity has to be understood. Equations 2.1 and 2.2 are used to illustrate this relationship.

E=(

g) (2.1)



Chapter 2. PD Measurement vs EI System 9

€ = €&r.& (2.2)

where E is the electric field intensity (kV/mm), D is the electric field density (cm/m?),
¢ is the absolute permittivity of the material with &, as the relative permittivity of the

material and €, as the permittivity of a vacuum or free space.

Equation 2.1 shows that there is an indirect proportional relationship between electric
field intensity and the permittivity of a material. Electric field intensity is dependent
on the material/medium’s permittivity characteristics [17]. Therefore, a material with
a lower permittivity (g) or relative permittivity (e,) experiences a higher electric field
intensity. On the same note, a lower electric field intensity is experienced in a material
with a higher permittivity. The magnitude and force of the electric field intensity is useful
in testing if the material’s dielectric strength is able to sustain the electrical stresses.
Dielectric strength of a material is the measure of the capability of the respective material
to sustain dielectric stress [12]. Failure of the material’s dielectric strength to sustain

the stress leads to the medium’s failure, a phenomenon known as dielectric breakdown.

Air, considered as natural insulation, has relatively lower permittivity and dielectric
strength compared to materials used in electrical insulation such as paper, transformer
oil, epoxy or cross-linked polyethylene (XLPE) in power cables. Therefore, the presence
of an air defect inside insulation media such as transformer oil or XLPE can result in
dielectric breakdown occurring at the defect site due to high and concentrated electrical
stresses. If this dielectric breakdown does not completely bridge the gap in between the
electrodes, it is called a ‘partial’ breakdown also known as a ‘partial discharge’. Con-
sistent and repeated dielectric breakdown at the defect site causes irreversible damage
to the insulation and consequently can result in complete insulation breakdown. Partial
discharges are the main contributor to insulation deterioration and breakdown in elec-
trical equipment. The following section highlights the graveness of partial discharges,
how they contribute to the EI failure of electrical equipment as well as how they are

used in determining the health status on the EI system.



Chapter 2. PD Measurement vs EI System 10

2.2 Partial Discharges and Electrical Insulation Failure

According to the IEC 60270 standard [18], a PD is ‘a localized electrical discharge that
only partially bridges the insulation between conductors and which can or cannot occur
adjacent to a conductor’. Other researchers have also termed partial discharges as the
‘cancer’ of power cables insulation [19] and as the main source of insulation breakdown
[17]. Such terms have been used because the presence of a PD reduces lifespan of HV

equipment as the insulation gets damaged with time.

Partial discharges can occur in solid, liquid or gaseous dielectrics. The presence of voids
or impurities in the dielectrics leads to transitions from one permittivity to another
within the same insulation medium. The differences in permittivity values (and dielec-
tric strengths), as mentioned in Section 2.1.2; results in situations whereby the parts
of the material with a lower permittivity initiate PDs due to higher localized stress
concentrations. Hence, the presence of air-filled cavities or voids inside dielectrics is
considered as the most common source of PDs because air has a lower permittivity
than the surrounding dielectrics [4]. The voids in insulation can be caused by air leak-
ing and settling into molds during epoxy insulation curing, poor workmanship during
manufacturing processes, and bubbles forming through handling during transportation
of equipment such as transformers. Fissures (cracks) in insulation due to mechanical
stresses also are a form of cavities that may develop in insulation of equipment while in

service.

When partial discharges occur in solids, they lead to irreversible physical and chemical
deterioration on the dielectric which, if not monitored and mitigated, usually results
in total breakdown of the insulation [20]. This ‘delayed’ total breakdown is commonly
known as electrical aging and it leads to the formation of electrical ‘trees’ and loss
in the material’s mechanical strength [21]. Dielectric materials are designed to sustain
electrical stresses and voltages for normal operations. Hence, loss of mechanical strength
compromises the quality and ability of the insulation material to function as intended.
In liquid dielectrics, such as transformer oil, PD occurrence can lead to formation of
corrosive gases and chemical decomposition in the transformer oil which in turn also
compromises the mechanical and chemical properties of the insulation [12]. In order to
monitor PD activity in equipment, the PD signals have to be detected and interpreted

as explained in the next section.
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2.2.1 PD Measurement and Diagnosis

A partial discharge can be regarded as a symptom of an insulation’s deteriorating con-
dition. It is an indicator that there is a defect, electrical fault, progressive insulation
degradation or weak points in the insulation. EI failure is mostly associated with PD pro-
gressive occurrence. The study of PDs becomes important as it is a tool used to assess,
quantify, confirm and monitor insulation health status in high voltage equipment. PD
diagnosis is then used in deciding whether the insulation requires replacement, mainten-
ance or rejection. Therefore, the ultimate objective of PD diagnosis becomes the ability

to predict the remaining lifespan of the equipment [19].

During normal HV tests on new or old equipment (power transformers and cables), such
as withstand tests which can be done at twice the rated voltage, insulation might not
fail immediately during testing. However, that does not automatically mean that there
might not be defects or weak points in the insulation. Therefore, ‘special’ measurement
tests are done in addition to other normal routine tests to check the integrity of the
insulation. A PD test is one such ‘special’ test. PD tests are used in design tests,
quality assurance tests and as a diagnostic tool. In design tests, PD tests are specially
used to assess the reliability of new insulation system designs. In quality assurance
tests, PD measurement is used as an additional test to ascertain that no defects were
introduced during manufacturing before transporting the equipment into the field for
installation [1]. As a diagnostic tool, PD tests are done on either new or old equipment
to assess the possible causes of failure. For example, on a power transformer that would
have malfunctioned or failed in the field during operation. Presence of PDs on such
an equipment is a sign that the insulation system may have deteriorated due to aging
caused by electrical, chemical, environmental stresses or presence of defects that might

have occurred during the operational lifetime.

PD measurement and diagnosis is important because it ensures that insulation systems
are tested for their quality and reliability enabling prevention of premature failures.
If not properly done, PD measurement and interpretation can lead to poor decision
making that may lead to unanticipated breakdown of equipment. For example, in design
testing, a new insulation system may be approved as reliable because of wrong results
interpretation and/or the testing method was not done properly resulting in unreliable

insulation being used in the field. Therefore, methods used to measure PDs and interpret
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results have to be reliable. Accurate PD signal interpretation is dependent on how
the PD phenomena is understood. The present research addresses an aspect of PD

phenomena that needs further understanding.

2.2.2 PD Measurement Methods

PD detection and measurement in HV equipment is performed using conventional an-
d/or unconventional methods. In addition, PD tests and monitoring on these methods
can be done ‘off-line’ or ‘on-line’. Off-line PD testing is performed when the equipment
under test is stand-alone and taken out of operation conditions. On-line PD testing is
performed while the equipment under test is in operation. The advantages, disadvant-
ages and relationship between conventional, unconventional, online and offline methods

of PD testing are explored in this section.

Conventional, also known as classical, method of PD detection and measurement is
mainly based on the IEC60270 standard [18] of High-voltage test techniques - Partial
discharge measurements. The standard is specifically targeted at measuring partial dis-
charges for alternating current (AC) voltages of up to 400 Hz and /or direct current (DC)
voltages. Important information on PD activity is obtained through the understand-
ing and interpretation of a wide range of PD parameters such as PD pulse, repetition
rate, inception and extinction voltage as well as PD phase distributions. Conventional
methods are widely used in research and development, design and maintenance tests
in universities, testing centers, power utilities and in the manufacturing industry [20].
Under off-line PD testing conditions, the classical method’s use of different test voltages
is one of its advantages. More details on the advantages of using different test voltages
are presented in Chapter 3. PD tests can be done under elevated electrical stresses and
over-voltage conditions for improved PD signals such that the classical PD measurement

method is commonly used, and adopted in the present research work.

Unconventional method of PD measurement is also known as the high frequency (HF)
or ultra-high frequency (UHF) technique. It is also now standardized by the Inter-
national Electrotechnical Commission (IEC). The PDs are detected using ultra-wide
techniques as well as non-electrical methods. One significant advantage over the con-
ventional counterpart is that it is more suitable for online PD testing. However, PDs

can be diminished and absent at the instance of observation which may result in the
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insulation being falsely deemed healthy. The consequence of this is that equipment’s

failure may occur prematurely leading to unscheduled interruptions.

On-line and off-line conditions of PD testing can be used in conventional and/or uncon-
ventional methods. The advantages and disadvantages of on-line and off-line conditions

of PD testing are presented in Table 2.2.

The implementation of online PD testing is difficult under classical methods. Hence, off-
line PD tests are mainly associated with the conventional way of PD measurement and
the on-line tests with unconventional method. The use and importance of continuous
data logging and monitoring of equipment has led to the growing interest in on-line
condition of PD measurements. It should be noted that a single technique might not be
sufficient to completely analyze and assess the condition of insulation. As such, the use
of multiple techniques may be recommended in order to create a complete picture and

yield better results.

Closing Summary

The relationship between partial discharges and the electrical insulation system has been
established. The presence of partial discharges has been noted to be an indication of the
vulnerability of the insulation system and should be properly measured and interpreted.
Various techniques used in PD measurement and detection have also been discussed. Use
of different types of test voltages is done under off-line conditions and therefore using
the classical PD detection method. The rest of this dissertation is on partial discharges
detected using classical techniques and with test voltage of different frequencies. The
practice of detecting partial discharges at different test voltage frequencies is reviewed

in the next chapter including the challenges that become the subject of this dissertation.
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Chapter 3

Partial Discharge Measurements

and the Test Voltages

Opening Summary

This chapter reviews different types of test voltages that are used when measuring partial
discharges. The advantages, disadvantages and rational behind the use of the respective

test voltages are described and discussed.

Test voltage or supply voltage is defined as the high voltage that is experienced on an
object under test which causes partial discharges [22]. In addition, in the context of this
dissertation and partial discharges, it is referred to as the voltage that is experienced
in the electrical insulation of high voltage equipment. If the insulation media has the
presence of impurities or air-filled cavities, it is the voltage that results in the occurrence
of partial discharges. Therefore, any voltage present and responsible for PD activity in
the insulation medium may be referred to as test voltage. Test voltage can be experienced
intentionally and/or unintentionally depending on the operational or testing conditions

of HV equipment.

Intentional test voltage experiences are those done in laboratory tests, design tests and
factory acceptance tests. Under these conditions, a test voltage is intentionally applied
across the insulation or object under test to check for the presence of partial discharges
in the respective objects. Operational pure sinusoidal (power frequency: 50/60 Hz)

15
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test voltage may be considered as intentional test voltage. Unintentional test voltage
experiences are those that are undesired. For instance, the voltages across the insulation
that are experienced due to harmonics, lightning strikes, switching transients and over-
voltages. Intentional or not, these test voltages have an impact on partial discharges
hence it is important to understand their importance, relationship and effect on PD
activity for better detection and classification of the phenomenon. The relationship

between respective test voltages and PD activity is discussed in more detail next.

3.1 Non-Sinusoidal Test Voltages

3.1.1 Harmonics

Harmonics are non-power frequency components riding on the operational power fre-
quencies. The addition of grid-tied inverter-based renewable energy onto the national
grid in order to sustain power demand has enhanced the presence of harmonics. The
increased intensive use of modern power electronic gadgets also promotes ‘noise’ disturb-
ances (which can be classified as harmonics) in communication and HV equipment [23].
The challenges associated with the presence of harmonics are common in all PD meas-
urements and still need to be understood. Harmonics and other noise disturbance char-
acteristics produce additional adverse effects on dielectric stress that are non-negligible
[24]. Therefore, research on understanding harmonics occurrence and their control in
electrical power systems as well as their effect on PD activity has been a sustained area of
research. Florkowski [22] investigated the influence of harmonics on PD activity as well
as PD pattern interpretation. Experimental results concluded that disturbances caused
by harmonics have a significant influence on PD occurrence, affecting parameters such
as PD intensity and maximum charge. Understanding the influence that harmonics have
on PD activity is therefore important in properly assessing PD signatures in avoiding

misinterpretations and assessment of PD severity [25].

3.1.2 Impulse Voltages (Lightning and Switching)

Lightning strikes are one of the main contributors of high voltage impulses in electric

power systems [26]. Another contributor is switching transient over-voltages which are
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a result of the increased use of power electronics gadgets that make use of pulse width
modulation (PWM) characteristics. In addition, higher switching-on start-up currents
of devices like induction motors can also present impulse-like signatures to equipment
insulation. Impulse and switching over-voltages can have adverse consequences on PD
activity, and consequently electrical insulation health. Therefore, the study of impulse
voltage’s effect on partial discharges is an area of research interest. Sun et al [27] exper-
imentally investigated the influence of lightning impulse on a needle-plane configuration
PD source in air. They observed that PD occurrence under impulse and AC voltages are
similar. Kiiza et al [26] investigated the influence of HV impulses on PD activity in an
artificial cavity embedded in oil-impregnated paper insulation. Their results concluded
that HV impulses have an adverse impact PD activity occurrence as they can speed up
the insulation degradation process. Investigations of PD activity in mineral oil under
impulse voltage conditions have been conducted [28]. Other studies have been done
on the combined effect of HV impulse stress superimposed on AC voltages in order to
simulate conditions where a lightning strike occurs on an operating transmission line or
HV equipment [29, 30]. In laboratory and factory acceptance tests, to simulate lightning
conditions, voltage and current impulse voltages are applied on equipment under test.
The most commonly used impulse voltage under these tests is the 1.2/50 us standard

lightning voltage waveform.

3.1.3 Direct-Current (DC)

Direct-current (DC) voltage has been an alternative technology to AC technology in
HV power transmission. The main advantage of high voltage DC (HVDC) is the better
viability in power transmission over very long distances compared to high voltage AC
(HVAC). This is because HVDC power transmission has less corona, minimal radio
interference, dielectric and power losses due to the absence of the reactive component
which in turn removes the need to compensate power system stability as in HVAC
[31, 32]. In the South African context, an example of such a scheme is the Cahora-
Bassa HVDC line which transmit electricity between Mozambique (Songo Station) and
South Africa (Apollo Station) over a distance of 1 420 km. Other applications of HVDC
include bulk power transmission of offshore wind parks and oil platforms, long overhead
and sea cables as well as linking renewable energy sources such as hydro, geothermal,

solar and wind farms to each other and/or the national grid [32, 33]. Geo-politically,
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HVDC transmission can be strategically used to transmit power across countries with
or without political connections so as to avoid regional power competition. The study

of PD activity under DC voltage has been an area of ongoing research.

Partial discharges in HVDC systems are not the main contributing factor to insulation
degradation as compared to HVAC voltage systems. This is because PD inception at
DC voltage can be three times higher than the one required at AC [32, 34]. However,
presence of partial discharges is still a precursor to insulation failure. Major problems in
identifying PD activity under DC voltage stress has been the difficulty of distinguishing
PD signals from ‘noise’ and identifying defect types mainly because of the absence
of the voltage waveform’s phase information [35, 36]. In addressing these difficulties,
experimental work and strategies for noise rejection and identification of defect types
have been studied [35, 37, 38]. Other research studies have also been done on PD activity
under AC and DC voltage combinations [38—40]. This approach uses PD characteristics
under AC voltage as a benchmark test to check if a sample will experience PD activity. In
addition, combined AC-DC voltage is the recommended test voltage for testing converter

transformers’ valve winding insulation [39].

3.2 Sinusoidal Test Voltages

Sinusoidal test voltages have the frequency attribute in common. Most HV equipment
operate at power frequency (50/60 Hz) however they may be tested at different voltage
frequencies. The same principle applies for PD measurements; whereby partial dis-
charges are measured at power frequency for online and some offline (laboratory) test
conditions. In most offline tests applied voltage amplitudes similar to those that occur
during normal operation are used to initiate PD activity in test objects. Equation 3.1
[41] shows that the power required by the supply voltage source to energize the electrical
insulation is determined by the test voltage frequency f, test voltage magnitude U, and

capacitance, C' of the device under test.

P = 2rfCU? (3.1)
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PD testing in highly capacitive HV equipment at operational frequency (50/60 Hz) has
presented limitations on the economical and realistic practicality of energizing sources
[42]. Hence, the concept of using strategically varied supply frequencies has been adopted
to solve this limitation. The selection of very low frequencies for highly capacitive
test objects such as power cables is a commonly used approach in order to minimize
the power rating, size, weight of the test equipment. For instance, with reference to
Equation 3.1, using a power source frequency of 0.1 Hz rather than 50 Hz can reduce
the testing equipment power demand by a factor of 500 [43]. The concept of using
varied supply frequencies has also been used on testing highly inductive equipment.
Higher frequencies (150-400 Hz) have been adopted in testing inductive equipment such
as power transformers and reactors in order to avoid the transformer’s magnetic core

saturation [9, 12].

HV equipment operational frequency, normally known as the power frequency (50/60 Hz)
can be often different from the testing frequency for reasons outlined above. Therefore,
PD activity and parameters may differ due to the use of different operating and testing
frequencies. However, despite the differences that might occur, these supply frequencies
have to be used. The most commonly used test voltages are the operational/power
frequency, damped ac (DAC) or oscillating wave test set (OWTS), very low frequency
(VLF) and the resonant test system (RTS) techniques. How partial discharges behave
under these different test voltage frequencies needs to be fully known to aid accurate
comparative analysis of measurement results. The knowledge in that regard is however
still immature. The next sections discuss the common types of PD test voltage frequency

techniques.

3.2.1 Operational or Power Frequency(50/60 Hz)

The operational and or power frequency (50/60 Hz) is the most common used operational
frequency. Almost all HV equipment operate at this supply frequency. It is also the
most commonly used test and supply frequency in laboratory tests during design and
diagnostic tests as it brings some of the equipment’s ‘operating conditions’ into the
laboratory environment. The main reason for using this technique in PD measurement
and testing is that PD effects and occurrence is directly comparable with how they

would have been during normal in-service operation [44]. This technique presents a
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disadvantage especially for off-line testing of long power cables as it demands more
power from the testing equipment. However, shorter cables and cable accessories can
be tested without having the need for higher power from the testing equipment. Most
of the knowledge on PD has been generated using power frequency voltages. However,
due to the increasing use of non-power frequency test voltages, as presented in the
next sections, the interest to understand PD behavior under non-power frequency test

voltages has increased.

3.2.2 Oscillating Wave Test Set (OWTS/DAC)

Oscillating Wave Test Set (OWTS), also known as Damped AC (DAC) is an alternative
technique of measuring partial discharges of highly capacitive test objects at frequencies
other than the power frequency. An oscillating wave excitation voltage is achieved by
charging the capacitive object (power cable) with a DC voltage and then discharging
through an inductor. The DAC method offers temporary excitation to the test objects
because it is short-lived i.e only last for milliseconds which can be considered as both
an advantage and disadvantage [44]. It has been considered a lesser destructive method
compared to the VLF counterpart [41]. Consequently, DAC has been the more preferred
testing technique for non-destructive PD detection and diagnosis. Another advantage
of using OWTS is that it provides excitation similar to that at operational frequency
and therefore PD measurements are comparable to those at 50/60 Hz. In addition, it
requires less power in comparison to that required at power frequency and is convenient
to transport for onsite PD measurements [45]. Morshuis et al [46] investigated the use of
OWTS/DAC to stress and detect PD activity of a service aged power cable. They found
their results comparable to those obtained at power frequency, However, for frequencies
above 200 Hz, PD amplitudes were slightly lower as compared to those observed at
power frequency. The conclusion to this slight difference was the abundant availability
of seed electrons after a PD event. Due to some shortfalls in the OWTS/DAC technique
of PD detection, other non-power frequency techniques such as the very low frequency

(VLF) have been developed.
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3.2.3 Very Low Frequency (VLF)

Very Low Frequency (VLF) test voltage method uses supply frequency range between
0.01 and 1 Hz, with the most commonly used frequency being 0.1 Hz [47]. The two
mainly used waveforms are the cosine-rectangular and the sinusoidal waveforms. VLF
technique was adopted to solve the problem of the lack of polarity of DC voltage testing
method as well as minimizing the size of HV supply source in comparison with the one
required at 50 Hz. By using a power source frequency of 0.1 Hz rather than 50 Hz the
testing equipment power demand can be reduced by a factor of 500 [43, 44]. Hence,
it is the most preferred method of measuring PD activity in power cables especially at
distribution level. The technology has also been used for PD measurements on generator
stator bars, on-site extruded cable testing as well as oil-paper insulation MV cable testing
[43]. Other advantages of using VLF include the ability to test longer cables, convenient
transportation and installation of the testing equipment. One of the major disadvantages
of using VLF is that, in most cases, test objects such as power cables must be taken out
of operation or service when they have to be tested offline. Hence, it is mainly used in
diagnostic and quality acceptance tests that are done offline in laboratory and factory
facilities. Research shows that VLF PD measurements can be slightly different from
those that are observed at 50 Hz [48-51], and this is the rational of the present research

work.

3.2.4 Resonant Test System (RTS)

Resonant Test System (RTS) technique uses supply frequency range between 20 and
300 Hz, although it is capable of measuring up to 400 Hz which falls under the range
of the IEC60270 standard’s allowable supply frequency [52]. This method is capable of
on-site diagnosis of long power cables using higher frequencies. To further understand

the parameters involved when dealing with RTS, Equation 3.2 is used.

X, =Xce
At Resonance = { jwL = MLC (3.2)
f=—1 (resonant frequency)

27V LC
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where X; and X¢ are inductance and capacitance impedance, respectively. f is the
resonant frequency, L is the resonant test set’s inductance and C' is the test object capa-
citance. For given C and L, the frequency that gives resonance is the one that becomes
the frequency of the test voltage. RTS systems can be implemented by making use of
variable inductance and/or variable frequency [53, 54]. Inductance-tuned resonant sys-
tem allows the usage of a fixed frequency and variable inductance to achieve resonance.
The main advantage of this option with regard to PD measurement includes the flexibil-
ity that tests are done in laboratories using the grid national frequency (50/60 Hz) since
no complex varied frequency is required from the test equipment [45]. Frequency-tuned
resonant system uses the option of fixed inductance and variable frequency to achieve
resonance. The main advantage of this option is the flexibility to test different types and
lengths of cables [44]. In addition, RTS technique uses less power as the one required at
power frequency and PD measurements are comparable to those at 50/60 Hz. However,
RTS test equipment is heavy and requires large vehicles for transportation. This can
present a limitation if testing has to be done in a constrained environments. RTS test
techniques are therefore often more economically viable for use in transmission networks.
The fact that RTS can test partial discharges at non-power frequency further underlines
the need to understand the influence of SVF on PD mechanisms which is the subject of

the present work.

Closing Summary

Different types of test voltages used when measuring partial discharges are presented.
The present work focuses on the use of the sinusoidal test voltages since they contain the
frequency attribute; which is the study of interest. Variable frequencies of test voltages
are used for economical and feasibility purposes hence the effect that supply frequency
has on test voltages as well as partial discharge activity must be understood. The next
chapter is on the state-of-the-art literature review of the relationship between partial

discharges and sinusoidal supply voltage frequencies.



Chapter 4

Partial Discharges at Sinusoidal

Supply Voltage Frequency (SVF)

Opening Summary

This chapter is on the findings in the research literature on the influence of the applied

voltage frequencies on PD activity.

4.1 PD and Supply Voltage Frequencies; A Literature Re-

view

Various research studies have been done to understand the influence of varied SVF on
cavity PD mechanisms. The commonly investigated PD characteristics include the PD
pulse (magnitude and amplitude), Phase-Resolved Partial Discharge Patterns (PRPDP),
PD Repetition Rate (PDRR), PD Inception Voltage (PDIV) and PD Extinction Voltage
(PDEV). Table 4.1 summarizes the landscape of the research and key findings in the
literature. The second and fifth columns show the frequency ranges and the key findings

by different researchers, respectively.
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As evident in Table 4.1, significant knowledge has been accumulated in the literature on
the attempt to understand the relationship between SVF and PD phenomena. Although
there are some inconsistencies that still need further research, there have been notable

agreements in some of the key findings and observations.

A general consensus by researchers that studied the PDIV characteristic is that it is
independent and/or slightly increases with increase of SVF. The slight increase may be
explained by the influence of the statistical time lag [65]. Plessow et al [79] and Forssen
et al [11] have shown that PDIV is mainly dependent on the applied voltage amplitude
and the geometry of the cavity. Another general consensus is that the minimal PD

magnitude is unchanged from the variations of the supply voltage frequency.

Bodega et al [42] and Morshuis et al [46] concluded that PRPDP are generally unchanged
with the variations of the applied voltage frequency. However, Cavallini & Montanari
[9] reported that the overall shape of the PRPDP changes and shifts towards the zero
crossing of the applied voltage waveform as the SVF is increased. Forssen & Edin [59]
reported notable changes in the phase-resolved PD patterns in response to variations
of the supply voltage frequency that were opposite to those reported in [9]. The lack
of a general consensus in the literature on the relationship between the phase-resolved
PD pattern and variable SVF can be attributed to the complex statistical nature and

memory effect in PD activity’s frequency dependent occurrence.

PD repetition rate and PD amplitude are the other cavity PD characteristics that have
been widely investigated for their dependency on the variations of the applied voltage
frequency. Similar to the observations reported on PRPDP characteristics, there is
generally a balance of consensus and disagreements on how PDRR and magnitude are

influenced by variations of the supply voltage frequency.

It can be argued that contributing to some contradictions in research findings in the
literature is the fact that the ranges of the sinusoidal SVF as well as defect shapes and
sizes investigated widely vary. Some have only investigated two frequency points such
as 0.1 Hz and 100 Hz. Generalized conclusions that are drawn up from these frequency
choices can be regarded as being too brave to deduce trends from too far apart data
points. Some have used frequency range between VLF to 50 Hz, others between VLF
to 300 Hz and VLF to 100 Hz, whereas some used frequency ranges above 50 Hz only
(e.g 50 to 1 000 Hz). Considering only test voltage frequencies that are above 50 Hz
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leaved out PD activity’s behavior at very low frequencies and the latter is important
since some HV equipment are tested at these low frequencies. Therefore, understanding
PD phenomena over a more comprehensive frequency range that incorporate very low
frequencies up to frequencies greater than 50 Hz is needed in order to clear up some

grey areas in the literature.

Despite the agreements and contradictions on the key findings on the relationship
between PD phenomenon and variable SVF, there has been general consensus on the
identification of factors responsible for PD activity’s frequency dependence. The iden-
tified factors, to be discussed in the following section, are: statistical time lag, surface
bulk conductivity of the cavity, and the surface and residual charge decay. These factors
influence PD activity both independently and dependently to each other, and sometimes

synergistic and in some cases in contradiction.

4.2 Factors Responsible for Frequency Dependence of PD

Mechanisms

The frequency dependence of PD activity and its signal characteristics and/or trends is
a result of the relation between characteristics times/constants and the period time of
the applied voltage waveform (7'), and therefore the supply voltage frequency due to the
relationship between time and frequency. A qualitative discussion of how the relationship
contributes to the frequency dependence behavior of PD activity’s characteristics is

discussed in the following section.

4.2.1 Statistical Time Lag

For a partial discharge to occur, two conditions have to be met; a voltage condition
whereby the applied electric field in the cavity should be greater than the minimum
field for a PD to occur and the availability of a seed electron. The seed electron comes
from either natural ionization of the air in the cavity or de-trapping from the cavity
surface. In both cases, the availability is a statistically random event that is dependent

on other parameters. Statistical time lag in a PD event is therefore the time it takes
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for the two conditions necessary for a PD to occur to be both satisfied. The statist-
ical time lag is represented as Tgstqr- If Tstar is shorter than the applied voltage period
(T), then it does not significantly contribute to the frequency dependence of cavity PD
activity. The reverse is true; whereby 744 > T indicating a scarcity of seed electrons.
As a result there will be a notable time delay for a PD to occur after the critical elec-
tric field has been reached or exceeded. Consequently, pulses occur latter in the phase
and at higher voltage magnitudes. This phenomenon is known as the statistical effect
[11]. The statistical effect results in reduced PDRR with wider spread patterns, and
gap over-voltage scenarios resulting in higher PD magnitudes/amplitudes. In addition,
the statistical effect becomes insignificant at lower frequencies whereby 7sqr < T', and
more significant with increased applied frequency whereby the period time is shortened
(Tstat > T). Therefore, that is how the statistical time lag characteristic time (Tszqt)
contributes to PD activity’s frequency dependence. Despite the seemingly understand-
able behavior explained above, a question still arises; to what extent does the statistical
time lag respond to variations of the supply voltage frequency? This is the question to

be addressed in the present research work.

4.2.2 Surface Conductivity

Cavity surface conductivity, sometimes coupled with bulk conductivity is represented by
these characteristic times: void relaxation time (7,0i4) and the dielectric time (Tiaterial)-
These characteristic times are dependent on the distribution of the electric field on the
surface walls of the cavity [60]. They have a synergistic relationship that leads to how
they contribute to the frequency dependence of PD activity. The first relationship is
when the void relaxation time is shorter than the dielectric time constant (T,piq <
Tmaterial)- 10 this scenario, the surface walls of the cavity are more conducting due
to repetitive PD activity and insulation ageing. As a result, the PD repetition rate
decreases with decreasing supply voltage frequency due to the screening effect that
is intensified at very low frequencies [62]. The second relationship is when the void
relaxation time takes longer or is greater than the dielectric time constant (7,04 >
Tmaterial)- As a result, the PD repetition rate may be increased at low frequencies due
to the slow incremental rate of change of the applied voltage. How these parameters
influence cavity PD characteristics’ response to variations of SVF over a wide range is

a question that needs to be addressed.
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4.2.3 Residual Charge

Residual charge, which sometimes is referred as ‘memory effect’; is represented by the
times: decay time (74ecay) and trap time (74rqp). These characteristic times account for
charge transport processes in void and the surrounding insulation material. Residual
charge effects are significant after subsequent partial discharges have occurred. After a
PD occurs, the residual charge that is trapped on the cavity walls establishes an opposing
electric field to the background one. The trapped residual charge is responsible for some
PD pulses to occur at zero crossing of the applied waveform resulting in PDs occurring
earlier in the circle. The resulting PRPDP signature becomes wider. Consequently, the
PD repetition rate is increased. If the residual charge characteristic times decay faster
than the rate of change of applied voltage (Tgecay/trap < T), then it does not significantly
contribute to the frequency dependence of cavity PD activity. However, if the residual
charge decays slower than the period time of the applied voltage (Tgecay/trap = T), its
frequency dependence is significant. Therefore, the present research work investigates

further to what extent residual charge affects PD characteristics

Closing Summary

A literature review on the influence that the variable sinusoidal supply voltage frequency
has on PD activity and parameters has been presented. The review has shown that there
are shortcomings on the findings reported in the literature. Despite these shortcomings,
there has been general consensus on the identification of factors responsible for PD
activity’s frequency dependence occurrence. The identified factors have been noted to
be the statistical time lag, surface conductivity of the cavity, and the residual charge
decay. These factors influence PD activity sometimes in synergistic and in some cases
in opposition. The presence of such shortcomings has motivated the present study.
The next chapter presents the techniques used on studying partial discharges in further
understanding and providing more information to the phenomenon. The choice of the

PD study technique used in the present work is then presented.
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Modeling Approaches to Studying

Partial Discharge Phenomena

Opening Summary

This chapter presents the techniques used on studying PD phenomena. Among the
various techniques is the simulations approach which is the PD study technique used in
the present work. The various common PD models used in PD simulations are discussed

leading to the choice of the ABC model used in the present research.

5.1 Overview of Techniques Used in PD Studies

Various techniques have been used in the literature on the studying of PD activity.
These techniques include laboratory-based experimental work, field measurement-based
investigations, numerical and electrical modeling (simulations), and/or combinations
thereof. Under experimental work, the object under test is either service-aged equipment
or artificially-created defects. Artificial defects/cavities have an advantage of being
controllable. However, this can also be a disadvantage especially because operational
conditions are not always easy to identify or control. Lastly, numerical modeling results
can be used to verify and validate measurements. The study technique in the present

research work is that of simulations.

31
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5.1.1 The Usefulness of PD Modeling

PD activity is a complex process as it is influenced by many mechanisms and paramet-
ers. Many of these parameters are critical in influencing how PD activity occurs and
behaves under a wide range of conditions and stresses. More insight in understanding
how each condition, mechanism and parameter contributes to the phenomenon can be
attained through modeling. PD modeling can be used to confirm theories as well as
verify and validate measurements. Modeling of PD is a vital tool in facilitating a better
understanding and contribution to the knowledge body on the complexity of PD activity.

The main objectives of PD modeling can be summarized as follows [6, 80];

e To increase the understanding of PD phenomena and behavior.

e To identify critical parameters and physical mechanisms influencing PD events,
such as electron generation, surface conductivity and residual charge effects. Some
of these parameters may be difficult to measure and control in a physical PD

measurement experiment.

e To derive relations of defect characteristics, insulation design parameters, and test

conditions.

5.2 PD Models Overview

PD models can be classified into three broad categories, namely; the 3-capacitor (ABC),
induced charge concept and Finite Element (FEMM) Analysis model. Modeling has
enabled more insights into PD activity and has validated experimental-based measure-
ments. A detailed insightful critical review of PD modeling was presented by Pan et al
[81]. The significant takeaway from the latter is that each PD modeling selection has its

strengths and weaknesses depending on the context of its application.

PD modeling has been useful in verifying and validating the general understanding of
PD phenomena. In the context of the present work, PD modeling is used to investigate
various aspects responsible for PD activity’s frequency-dependence mechanisms under
variable SVF. The 3-capacitor model has been the most preferred technique for this

study because, as compared to other PD models as it requires less computing power.
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Furthermore, the various parameters of interest in studying PDs under variable SVF can
be controlled discretely. The model can be easily modified to incorporate other aspects of
PD mechanisms such as seed-electron availability, electrical aging and memory effects. In
the next section, the ABC PD model is introduced followed by a more detailed literature

review on some of the modifications that have been applied to the ABC PD model.

5.3 The 3-Capacitor (ABC) PD Model Review

Many researchers have shown that the 3-capacitor (ABC) model is a valid and powerful
tool for studying and interpreting PD phenomena. The ABC PD model can be described
as representing the PD specimen as an assemble of three equivalent capacitors; the A,
B, C capacitors. The ABC model reduces the cavity and surrounding dielectric material
to a combination of equivalent capacitors as shown in Figure 5.1. Table 5.1 shows
the description of the symbols that are used in the ABC models. A PD event is then
characterized by the event of charging and discharging of the capacitor that represents
the cavity. In 1952, Whitehead [78] incorporated a statistically controlled switch across

the discharging capacitor in the ABC model to represent the statistical nature of PD

activity.
+ +
HV Electrode HV Electrodgl
o Cbl Cb
g —_—
a C Ca2 Ca
] Cal
% Void — 1 F
n
— Cc I
Ch2

: 7

LV Electrode LV Electrode

(A) (B)

FIGURE 5.1: 3-capacitor equivalent circuit (a) with cavity illustrated inside the insu-
lation and (b) with aggregated equivalent circuit parameters
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TABLE 5.1: List and description of symbols used in the ABC PD model equivalent

electrical circuits in this Chapter (Figure 5.1 - 5.4)

Symbol Parameter Description

C, Capacitance of the health part of the insulation

Cy Capacitance of the health part of the insulation in series with the void
Ch,_, Capacitances of solid dielectrics above and under the cavities

C. Capacitance of the void/cavity

Ceres Capacitance of the two cavities (in multiple voids)

C1 or Cyes | Residual charge capacitance of the space charges within the void
C12 Capacitance of the solid dielectrics between two cavities

F Spark gap of the cavity

Freo Spark gaps of the two cavities (in multiple voids)

R, Resistance of the remaining health part of the dielectric insulation
Ry Resistance of the solid dielectric above and under the cavity

R, Resistance through and around the cavity

Paoletti and Golubev [3, 16, 82] modified the classical ABC model by representing the

insulation and cavity with combinations of equivalent capacitors and resistors in parallel

with each other. The equivalent resistor in parallel to the cavity’s equivalent capacitor

represents the resistance of the cavity walls.

This is illustrated in Figure 5.2. The

same approach is also used by Takahashi et al [83] to investigate the dissipation that is

associated with PD occurrence since such effect cannot be ignored in real phenomena.

This modification of adding the resistor-in-parallel is of interest in the present work

where variations of cavity surface conductivity (resistance) under SVF are investigated.

+
HV Electrode —l

Ra

<)
|

e

Cc Rc

-

LV Electrode

FIGURE 5.2: Modified 3-capacitor PD model with resistors in parallel with capacitors

used for simulating cavity surface conductivity
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Achillides et al [15] modified the classical ABC model by representing ideal switch opera-
tions of an air-filled cavity using a voltage-controlled triggering device. The ideal switch
operations (ON and OFF) are dependent on the cavity’s geometry and location. Gowda
and Anandraj [84] also implemented the same approach but instead used a comparator
to control the ON and OFF states. The switch’s ON state is achieved when the voltage
in the cavity reaches or exceeds the minimum level for PD inception whereas the OFF
state is achieved when the voltage across the cavity is below the calculated voltage level
for a PD to extinct. The present work utilizes the concept of using voltage-controlled

switching against preset voltages to represent PD activity inception and extinction.

Haghjoo et al [78] implemented a comprehensive 3-capacitor PD model in artificially
manufactured voids in MV power cable insulation. They mathematically modeled,
among others, the statistical time lag of the seed electrons, residual voltage in the cavity
and a statistically controlled switch function to determine when a PD gets initiated or
halted. Van Jaarsveldt & Gouws [17] used the same approach and implemented it in
MATLAB® Simulink®. The same technique of hosting the PD model in MATLAB®
Simulink® is adopted in the present work but adjusted to be that of insulation between

parallel plates.

Negm et al [76] developed a modified frequency-dependent ABC PD model to investigate
the extent to which statistical time lag and trap time constant influence PD magnitude
and phase distribution under variable SVF. The model uses equivalent resistors in par-
allel with equivalent capacitors to represent the conductivity in series and parallel to
the cavity surface walls. The work by Negm et al [76] is of particular interest to the
present work as it investigates frequency dependence of PD phenomena. Although the
work was focused on the statistical time lag effect, in the present work it is extended to
also investigate the other frequency-dependent mechanisms: cavity surface conductivity

and residual charge.

Chen et al [85] presented a modified ABC PD model for PD activity occurring in trans-
former oil bubbles. The modified conditions included: (i) representation of seed electron
availability using controlled switches to manipulate the discharge time, (ii) represent-
ation of the role of space charge using controlled current sources, (iii) representation
of the role of residual voltage using controlled voltage sources, and (iv) adding a de-

tection impedance in series with cavity for simulating the IEC60270 standard of PD
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magnitude/amplitude measurements. With the residual charge effect being another fre-
quency dependent variable of interest in the present work, some of these modifications

have been critically adapted to a cavity that is embedded in solid dielectric insulation.

Subsequently, on the aspect of residual charge, Patsch et al [86-88] presented a modi-
fied version to the 3-capacitor model. They included an additional fourth capacitor to
represent residual charge effect as illustrated in Figure 5.3. The fourth capacitor, C
produces a voltage drop in the cavity that represents the opposing electric field that is
generated by the residual/space charge after a PD event. In addition, equivalent resist-
ors in parallel to the residual charge capacitor and the spark gap are used to model the
decay of residual charge with time and any local space charge that might have occurred
externally, respectively.

+
HV Electrode _l

e

il ||
|
o—
VWA—

R2

Te e

-

LV Electrode

FIGURE 5.3: Modified 3-capacitor PD model with an additional capacitor used for
simulating residual charge effect

Patsch and co-workers [86—88] investigated the role of residual charge using experimental-
based measurements on a test transformer, stator of a small motor as well as its effect
on surface discharges and influence on electrical treeing. The presence of residual charge
plays a significant role in the nature of PD activity. Although, their reported results do
not show the simulation-based results but just the presentation of the PD model that
would address the role of residual charge, the modifications applied are adopted in the
present work. The various parameters mentioned are further discretely controlled, in the

present work, to understand further their full contribution to PD activity occurrence.
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Various other modifications have been implemented on the 3-capacitor model to invest-
igate various aspects and parameters of PD phenomena. It has been used to describe
PD occurrence in solid dielectrics [89], investigate apparent charge and PD energy char-
acteristics [2], and in investigations on the effect of applied voltage amplitude [90]. In
addition, the model has been used to investigate the influence of temperature on PD
activity [78, 91] as well as the effect of void geometry parameters (size, shape, location)
[58, 76, 78]. Pan et al [81] gave a critical review of numerical modeling comprising of
circuit structures, characteristics and explanations on how each of the capacitance mod-
els can be modified to address different applications [81]. In the review, the ABC model
circuit structures and representations for multiple cavities modeling, residual charge
effects, insulation and cavity’s surface conductivity, as well as the discharge channel
resistance are presented. The circuit structures provides directions on how the various
combination of equivalent resistors and capacitors can be implemented and placed on
the ABC model. The wide ranging possibilities on how the ABC model can be modified
and discretely controlled to meet required needs further confirms its attractiveness in

using it to investigate PD activity’s variety of parameters.

Danikas et al [92] compared simulations and experiment-based results from artificially
manufactured cylindrical voids embedded in polyethylene sheets. The simulated results
compared well to the experimental-based results thus further confirming the usefulness

of the ABC model in PD activity analysis.

The ABC model has also been used to investigate the interaction of PDs in two closely-
coupled cavities [93-95]. The PD occurrence in the lumped capacitances, as illustrated
in Figure 5.4, is modeled as voltage-controlled switches that are governed by breakdown
voltage conditions in the respective multiple voids. When dealing with multiple voids, a
combination of equivalent capacitors can be strategically placed to further analyze the
precise nature of PD activity within each void and/or in relation to the other surrounding
voids. The study of closely-coupled voids is important as in practice voids and defects
do occur in multiples. Use of the ABC model in studying double cavities is a possible

future extension to the present research work.
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FIGURE 5.4: Modified 3-capacitor PD model with an array of capacitors used for
simulating PD activity in closely-coupled multiple voids

In order to study the supply voltage frequency-dependent PD mechanisms (the area of
focus in this research work), some of the aspects, modifications and circuit architectures
reviewed in this section have to be fused. The frequency-dependent PD mechanisms
being focused on are; (i) the statistical time lag, (ii) surface resistance of the cavity

walls and, (iii) the residual charge effect.

Closing Summary

PD modeling has been found to be a powerful tool for use in understanding the PD
phenomena and dependence on various factors. The 3-capacitor (ABC) PD model has
been selected in the present work to be used in investigating frequency dependence
mechanisms of PD activity. The next chapter details, among other approaches, how the
chosen 3-capacitor model is modified to simulate the three factors; statistical time lag,

cavity surface conductivity and the residual charge effect.



Chapter 6

Experimental Design and

Development of the ABC PD
Model in MATLAB® Simulink®

Opening Summary

This chapter outlines the processes and procedures taken in designing and developing the
simulation model that is implemented in MATLAB® Simulink®. It uses the information
that has been presented in the literature reviews in the previous chapters. The steps and
decisions taken are also informed by the reviewed literature. The IEC60270 standard

forms the basis of the model’s design and implementation.

6.1 Partial Discharge Measurements: IEC60270

6.1.1 General Scope

The TEC60270:2000 (High-voltage test techniques - Partial discharge measurements)
[18] is a standard that is designed for offline PD measurements in electrical apparatus
and/or systems like power transformers, cables and insulation. It is applicable on PD

measurement techniques that use alternating (AC) voltages of up to 400 Hz as well as

39
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DC. This frequency range flexibility is most suitable to the research work at hand of
studying the effect of different supply voltage frequencies on partial discharge activity.
The range of SVF selected for the present work of study is for test voltage frequencies
up to 200 Hz which falls under the IEC60270 standard’s scope of work. In addition, the
standard can also be applicable to measure partial discharges under direct (DC) voltage
which is useful if the present work is extended to PD measurements under DC voltages

i.e 0 Hz.

The IEC60270 standard, among other important information and in conjunction with
the TEC60060-1 (High-voltage test techniques — Part 1: General definitions and test
requirements) [96] standard; (i) defines the terms used in relation to PD measurements,
(ii) defines the PD quantities that are to be measured, (iii) describes the test and meas-
uring tests that may be used when doing PD measurements, and (iv) gives guidance on
the procedures that are supposed to be taken when doing PD tests. The aforementioned
are relevant to the present of work and will be referenced and used throughout the rest
of this dissertation. Partial discharges are noted to be the effect of local electrical stress
build-ups in the insulation. Other respective definitions and PD quantities that are re-
lated to partial discharge measurements in the context of the present research work are
presented into more detail in Chapter 7. The next section gives details on the chosen

test circuit for the present research work.

6.1.2 Test and Measuring Circuits

The TEC60270 standard presents four general circuit variations that can be used when
performing PD testing and measuring. Other circuit derivatives that are adopted in PD
measurements to specific testing requirements can then be derived from the mentioned
four generic variations presented in the standard. Despite having different configurations
and the flexibility of more circuit derivatives in order to suit user specifications, all
the circuits involved in PD testing and measurement have common elements which are
presented in Figure 6.1 and Table 6.1 [18]. The circuitry shown in Figure 6.1 is the one
selected as the option of choice based on the advantages that it provides such as better
sensitivity for test circuits with low capacitance components as the one in the present

research work.
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F1GURE 6.1: TEC60270 PD test circuit with coupling device in series with the coupling
capacitor

TABLE 6.1: Basic components of a PD test and measuring system

Symbol Description
U~ High voltage (HV) supply
7 Filter
Cy Coupling capacitor
Cq Test object
Lmi Input impedance of measuring system
CD Coupling device
CC Coupling cable
MI Measuring instrument

In addition to the test and measuring circuit shown in Figure 6.1 and Table 6.1, more
details are addressed on the components of the system. The test object or the device-
under-test, C, is usually regarded as a capacitor and in the context of the present work
it is the cavity PD ABC model which satisfies the condition of being an ideal test object
i.e a capacitor. The coupling capacitor, C} is preferred to be of low inductance and
PD-free when test voltage is applied for the allowance of PD quantities measurements.
The minimal PD quantities’ magnitudes under PD testing are limited by disturbances
that arise from internal noise on the measuring instruments, and test circuit’s layout,
physical dimensions and used parameter’s values [18]. The capacitance ratio of the test
object and the coupling capacitor, (C,/C}) contributes as another limitation of minimal
PD measurements. The ideal condition to achieve highest PD measurement sensitivity
is when C} is much greater than C, (Cy >> C,) which is difficult to satisfy as the value

of C}, is limited in actual or experiment-based tests. However, most of these limitations
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are assumed to be negligible in the present research work as it focuses on simulation-
based tests. Low levels of background noise are crucial in order to achieve reliable
PD measurements hence the high voltage supply and connections (cables) should be as
short as possible and dimensioned to minimize inductance therefore reduce picking up
electromagnetic interference. A filter or an impedance is generally introduced at the
high voltage side of the test circuit in order to reduce and/or eliminate noise levels that
may be generated by the high voltage supply and also reduce fault currents in the case

of failure of the test object.

How the information gathered from the IEC60270 and presented in this section is used
in designing and developing the equivalent circuits used in the present research work
is presented in Section 6.3. But firstly, how the frequency-dependent mechanisms are

designed and incorporated into the simulations are addressed in the next section.

6.2 Mechanisms Responsible for PD Dependence on SVF

It has been presented in the earlier Chapters that the three main mechanisms responsible
for PD activity’s frequency dependence are; statistical time lag, surface conductivity and
the residual charge effect. These factors are the focus area of the present research work.
The mechanisms are implemented in Matlab® Simulink®. More information on this

follows in Section 6.5.

6.2.1 The Statistical Time Lag

The two conditions that have to be both met for a partial discharge to occur are; a
sufficient electric field strength in the cavity that results in breaking down a cavity’s
electric field strength and the availability of a ‘seed’ electron that will initiate an elec-
tron avalanche process. In this section, the second condition of the initiating electron
is discussed. It is the latter condition that is mainly responsible for the random and
stochastic nature in PD activity occurrence. Thus, the availability of a seed electron
condition is implemented in two stages. The first stage is selecting and setting a ‘prob-
ability’ value between 0 and 1 ([0, 1]) that is a representation of the probability that a
seed electron will be available. The second stage, which represents the stochastic nature

behavior, makes use of random numbers generator function in Matlab® Simulink® that
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generates an array of random numbers. The two stages are combined to control the
probability of seed electron availability. For instance, for randomly generated numbers
between 0 and 1, selection of probability values 0.25, 0.5 and 1, respectively represent
a 25%, 50% and 100% probability of the seed electron being available to initiate an

electron avalanche process.

It should be noted that when investigating the statistical time lag effect on SVF depend-
ence, two co-dependent parameters are varied; seed electron availability and the applied
voltage frequency. Any other parameters, factors and mechanisms of the PD model are
kept constant. Figure 6.10 (Section 6.5) shows how the statistical time lag component

is linked to the rest of the other parameters and mechanisms.

A 25 % probability (0.25 value) is chosen to simulate the scarce seed electron availability
condition. Under the scarce electron condition, the applied voltage frequency is swept
from 1 Hz to 200 Hz and the extent to which the cavity PD characteristics’ respond are
noted. The simulation of scarce seed electron availability is representative of situations
where cavity defects are unvented and unaged. The same procedure is repeated to
simulate abundancy (100 % probability). The abundancy condition signifies that seed
electron(s) are readily available. Abundancy seed electron availability is representative

of situations where cavity defects have severely aged.

6.2.2 Cavity Surface Conductivity

The cavity walls of an air-filled void become conductive when a partial discharge or
a breakdown occurs. Hence, the surface conductivity of the cavity walls is another
frequency dependent mechanism being investigated in the present research work. The
resistor, R. in parallel with the cavity capacitor, C. as shown in Figure 6.3 and 6.4
represents the surface resistance of the cavity walls. It is assumed that the conductivity
of the air in the cavity is negligible. In order to investigate the influence of surface con-
ductivity on PD characteristics, the cavity surface resistor, R, is varied from a minimum
selected value, R,,;, to a maximum selected value, R,,q,. The values to be used in the
range Ryin:Rmaee are presented in Section 6.4 below. Whilst varying R, all the other
parameters, factors and mechanisms of the PD model are kept constant. Figure 6.10
(Section 6.5) shows how the surface conductivity component is linked to the rest of the

other parameters and mechanisms. Keeping all the other parameters and mechanisms



Chapter 6. Simulation Design and Development 44

constant enables monitoring of the extent to which surface conductivity influences PD

characteristics as a function of the SVF.

At each surface resistance, R, value between R,,;, t0 R4z, the applied voltage frequency
is swept from 1 Hz to 200 Hz. Whilst varying the supply voltage frequency, the resultant
cavity PD characteristics are then observed and monitored at each surface resistance
value. The process of varying the cavity walls’ conductivity and/or the applied voltage
frequency therefore partly address the answering of the research question to the extent
the surface conductivity of the cavity walls respond to changes in the supply voltage

frequency.

6.2.3 PD Residual Charge Effect

A partial discharge event deposits space/residual charge on the surfaces of the discharge
area. The space charge deposited on the cavity surfaces after every PD event can also
influence subsequent PD characteristics. In the present case of an air-filled cavity, the
space charges are deposited on the opposite sides of the cavity. The resultant potential
difference due to the space charge, also termed residual charge, influences the next PD
event. The component of interest representing the influence of residual charge on PD
activity is the ‘residual’ capacitor, Cyes. The ‘residual’ capacitor is introduced inside
cavity capacitor, C, to represent the processes that occurs when space charge is deposited
on the surface of the discharge area. Figure 6.4 is presented for investigating the residual

charge effect and illustrates how this phenomenon is to be implemented into the model.

In order to investigate the residual charge effect on PD characteristics, the ‘residual
capacitor, Ci.s is varied from a minimum selected value, C},;, to a maximum selected
value, Cirqz- The values to be used in the range Cjnin:Chae are presented in Section
6.4. Whilst varying C.es, all the other parameters, factors and mechanisms of the PD
model are kept constant. Figure 6.10 (Section 6.5) shows how the residual charge effect
component is linked to the rest of the other parameters and mechanisms. Keeping all
the other parameters and mechanisms constant enable monitoring of the extent to which

PD characteristics respond to the residual charge effect as a function of SVF.

At each ‘residual’ capacitor, C,.s value between C,,;, to Cpaz, the applied voltage

frequency is swept from 1 Hz to 200 Hz. Whilst varying the supply frequency of the
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applied voltage, the resultant cavity PD characteristics are then observed and monitored
at each capacitor Cy.s value. The process of varying the residual charge effect and/or
the applied voltage frequency therefore partly addresses the answering of the research
question on the extent the residual charge affect PD characteristics’ dependence on

changes in the supply voltage frequency.

The next section details the electrical equivalent circuits that are used in addressing each
of frequency dependent mechanisms described in this section in relation to the IEC60270

[18] guidelines.

6.3 Equivalent Electrical Circuits in the Model

This section continues from the previous sections in showing the equivalent electrical
circuit used to simulate the effect of the frequency dependent mechanisms according to

the prescribed partial discharge measurements standard IEC60270 [18].

Table 6.2 shows the compare and contrast of the IEC60270 elements against the ones
chosen for the equivalent electrical circuits. It is a necessary comparison to show that
the integrity of the prescribed test and measuring system specifications are maintained.
The high voltage supply, coupling capacitor and measuring system input impedance are
maintained. The filter for the test circuit has been replaced with a current limiting
resistor. The measuring instrument used in the simulations is an oscilloscope. The
minor adjustments and derivations made on the IEC60270 test and measuring system

are assumed not to compromise the integrity of the PD system and its measurements.

TABLE 6.2: Comparison of basic components of the implemented equivalent PD test
circuit with the IEC60270 one

IEC60270 Description Equivalent Circuits
U~ High voltage (HV) supply v
7 Filter Supply resistance
Cy Coupling capacitor v
Cy, Test object 3-capacitor model
7z Measuring system v
input impedance RLC impedance
CD Coupling device Detector (RLC) circuit
CC Coupling cable Negligible impedance
MI Measuring instrument Oscilloscope
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Figures 6.2 to 6.4 show the equivalent electrical circuits designed and developed to
simulate the PD measurements of the present work. The common components are
essential and required in all the equivalent circuits in order to maintain the consistency
of the simulated PD measurements. The statistical time controller is responsible for
checking if the conditions necessary for a PD to occur have been met or not. The
controller is a voltage-controlled switch that uses set inception and extinction voltages
as well as seed electron availability to open or close the switch for PD activity to be
observed and measured. Figures 6.7 and 6.10 show more information on the functionality
of the controller. The detector circuit, that produces a voltage and/or current pulse
at its output according to the IEC60270 standard, is introduced in the test circuit to
measure the voltage and/or current pulse that results from PD activity within the device
under test [18]. In this case, the device under test is the cavity PD ABC model. The
TEC60270’s device under test, C, is replaced and is now representative of the ABC model
i.e Cy,Cy, C. and all its other components. Thus the mention of C, in the rest of the

research work, unless specified, refers to the C, of the ABC PD model.

Figure 6.2 shows the equivalent electrical circuit developed and designated for the sim-
ulation of the statistical time lag effect. This equivalent circuit does not have many
components or parameters that would have contributed to the overall PD activity in
the model. Thus, the general resultant PD measurements are mainly due to the extent

statistical time lag respond to its and applied voltage frequency variations.
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FIGURE 6.2: Equivalent circuit of the PD detection system with ‘capacitors only’ ABC
model implemented in MATLAB® Simulink®
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Figure 6.3 shows the equivalent electrical circuit developed for the simulation of the
surface conductivity of the cavity walls. Equivalent resistors in series with the equivalent
ABC capacitors are introduced to represent the resistance of the cavity, as well as the
resistance of the health insulation in parallel side and in series below and above the
cavity. The parameter of focus in Figure 6.3 is the surface resistance of the cavity’s

walls, R..
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FIGURE 6.3: Equivalent circuit of the PD detection system with ‘capacitors and res-
istors’ ABC model implemented in MATLAB® Simulink®

Figure 6.4 shows the equivalent electrical circuit developed for the simulation of the
residual charge on the surfaces of the discharge area. Few improvements have been added
to this equivalent circuit in comparison to the ones presented in the literature (Figure
5.3). Equivalent resistors in series with the equivalent ABC capacitors are introduced to
represent the conductivity of the cavity, as well as the resistance of the health insulation
in parallel side and in series below and above the cavity. These additions represent the
actual insulation more accurately. C,.s represents the potential difference, V,..s that is
due to the space charge build-up. The resultant voltage across the cavity (gap spark-over
voltage) is then a function of the residual charge voltage and is represented by Equation
6.1.

- —

‘/g = ‘/c"i_‘/res (61)

where Vj is the resultant voltage across the cavity, V. is the total voltage across the cavity
and Vs is the residual voltage that is deployed on cavity walls after a PD event. The
varying of C.s (consequently, V;..s) whilst all the parameters are kept constant varies

the space charge potential difference. Subsequently, how PD characteristics respond
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to residual charge and/or applied voltage frequency variations is then monitored and
measured.
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FIGURE 6.4: Equivalent circuit of the PD detection system with ‘capacitors and res-
istors with a residual capacitor’ ABC model implemented in MATLAB® Simulink®

With the equivalent electrical circuits presented in this section, the next section details
how some of the parameters and PD characteristics are implemented in MATLAB®

Simulink®.

6.4 Determination of the PD Equivalent Circuit Compon-

ents Values

6.4.1 Cavity Spark-Over Voltage, PDIV and PDEV

PDIV is defined as the applied voltage at which repetitive partial discharges are first
observed in the device under test, when the voltage applied to the device is gradually
increased from a lower value at which no partial discharge activity is observed till it
initiates [18]. In other words, it is the voltage across the electrodes at which the cavity
breakdown strength is exceeded and PD activity is initiated. The corresponding voltage
across the cavity at which the cavity breakdown strength is exceeded is the cavity spark-
over voltage (V). Figure 6.5 illustrates the relationship between cavity spark-over

voltage and the PD inception voltage.

The origins and limitations of the physical concepts used in PD activity modeling have

been highlighted by Callender & Lewin [97]. Their discussion was restricted to cavity PD
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FIGURE 6.5: Relationship between cavity spark-over voltage and PDIV

occurrence under alternating voltage which is relevant to the present research work. A
critique of the applicability of PD modeling concepts such as the PD inception electric
field are of particular interest especially in the context of the present research. The
critical field intensity that initiates self-propagating electron avalanches in a PD event

is represented the mathematical expression given by Equation 6.2 [97].

5 (6.2)

Ecr = Ap[l +
(pL)2

where E.. (Vm™!) is the initiating critical electric field, A is 24.2 VPa~ !m~! and B is
8.6 Pa%m%, p is the gas pressure in a cavity (Pa), and L is the cavity length (m) in the

direction of the electric field.

The main area of critique was that the inception field equation was empirically determ-
ined from a system with bigger discharge gaps (in cm range) which differs from the PD
system of smaller gaps (in mm range). Hence, the direct application and extrapolation
of Equation 6.2 to smaller gaps such as the one in the present dissertation of 1.5 mm
should be carefully analyzed. Alternatively, the discharge cavity spark-over voltage can
be determined using the Paschen curve. The Paschen curve approach is adopted in the
present research in choosing the cavity spark-over mainly because the curve caters for
discharges in smaller gaps. As shown in Figure 6.6, using the Paschen curve, for a 1.5 mm
cylindrical void, a breakdown voltage (V;) of ~ 8 kV (see the red line extrapolation) is

determined and selected for use in the simulation development and modeling.

After determining the cavity spark-over voltage from the Paschen curve, the PDIV is

then systematically determined by increasing the supply voltage across the electrodes
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FIGURE 6.6: Paschen curve for an air-filled void marked for a 1.5 mm depth cavity [98]

till PD activity is observed. The minimum voltage at which repetitive PD occurrence is
observed is recorded as the PD inception voltage. Figure 6.7 shows a flowchart of how

the PD inception and extinction voltage are determined in the model.

Set Spark-over
voltage, Vso
across the cavity

Step increase
supply voltage, [«—N
Vs

Is there PD
activity?

Yes
v

Record PDIV

Step decrease
Yes p supply voltage,
Vs

Is PD activity
still present?

Record PDEV

FI1GURE 6.7: Flowchart logic of implementing PDIV and PDEV into the model
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PDEV is defined as the applied voltage at which repetitive partial discharges cease to
occur in the device under test, when the voltage applied to the device is gradually
decreased from a higher value at which partial discharge activity was observed till it is
‘extinct’ [18]. In the present work, the extinction voltage across the gap has been set as

20 % lower than the cavity spark-over voltage.

6.4.2 Cavity Surface Conductivity Values

Typical values of surface conductivity are obtained from the literature [76, 99, 100].
Hudon et al [99] performed surface conductivity measurements and observed that ‘virgin’
or un-aged polymers are characterized by very low surface conductivity ~ 10716S. Aged
and PD activity-exposed specimen have surface conductivity ~ 1079S. Figures 6.8 and
6.9 show the typical surface conductivity and resistivity measurements [81, 99]. From
‘virgin’ to severe exposure the conductivity values increase by seven orders and tend
towards an asymptotic saturation behavior. Un-aged and aged polymers have a typical

surface conductivity value range of 10716 : 10712 S and 107 : 1077 S, respectively.
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FIGURE 6.8: Surface conductivity and resistivity of polyethylene and epoxy resin in-
sulation media [81]

The present research work uses these ranges in the simulation development especially
where the surface conductivity mechanism is concerned. Additionally, all resistor values
that are representative of surface conductivity in the present cavity PD model are taken

from empirical measurements in the literature.
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FIGURE 6.9: Surface conductivity values from un-aged to aged states [99]

6.4.3 Capacitances Values in the Model

The calculation of capacitance i.e equivalent capacitor value in a parallel plate config-
uration is determined by Equation 6.3. The device under test in the research work is
that of a parallel plate configuration whereby a void is artificially created in between
parallel plate (refer to Figure 6.5). The typical equivalent capacitor values of the health
insulation, insulation in series with the void, and the cavity itself are calculated using

Equations 6.3 to 6.5.

Co=—" (6.3)
goer A

= 4

Ch F (6.4)
oA

C. = Y (6.5)

where ¢, is the permittivity of air in the cavity, &, is the relative permittivity of the
insulation material (polyethylene sheets), A is the total surface area of the cavity, d is

the distance between the electrodes and h the height of the cylindrical cavity.

The above equations (Equations 6.3-6.5) are valid if the following criteria is true; C, >>

Cp >> C.. If this condition is satisfied, the total sum capacitance of the three ABC
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capacitors (C, + Cp + C,) must be less than the coupling capacitor, Cj [18]. Therefore,
the condition Cy, >> C, >> Cp, >> C, is implemented in the simulation design. In the
literature there are typical equivalent capacitance values used [62, 84, 85, 90, 101]. The
capacitor values range between 1074 and 107'2 F. The above guideline equations in
conjunction with the values from the literature are used in implementing the equivalent

capacitances in the present research.

The next section amalgamates all the design and development approaches presented
in this section and previous sections in the implementation phase of the model in the

MATLAB® Simulink® platform.

6.5 Implementation of the Model in MATLAB® Simulink®

This section presents the implementation phase of the cavity PD ABC models in MATLAB®
Simulink®. Figure 6.10 presents the flowchart of the sequence and logical steps taken in
implementing and executing a PD event and related processes in MATLAB® Simulink®.
Statistical time lag, surface conductivity and residual charge effects are highlighted in
Figure 6.10. In addition, how the frequency-dependent mechanisms influence their mani-

festation in PD characteristics is also presented.

Table 6.3 shows the typical values used on the implemented PD models’ components

and parameters that remain unchanged for most parts of the simulations.

TABLE 6.3: Parameter definition and typical values used for the ABC models simulated
in MATLAB® Simulink®

Parameter Definition Value
R Supply source current limiting resistor 5.0 x10% Q
Cy Coupling capacitor 1.0 x107? F
R, Equivalent resistance of the healthy part of the dielectric 2.0 x10'
Cyq Capacitance of the healthy part of the dielectric 1.5 x10710F

Ry Equivalent resistance of ‘?he dielectric in series 3.0 %1014 O
below and above the cavity

Capacitance of the dielectric in series below and above

Cy i 1.0 x10~2 F
the cavity

R, Equivalent resistance of cavity surface 6.0 x10'2 Q

C. Capacitance of the cavity 3.0 x107B F

Vso Cavity spark-over voltage 8 kV

Vet Cavity extinction voltage 6 kV
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The models of the ABC equivalent electrical circuits implemented in MATLAB® Simulink®
are as presented. The RLC impedance detector circuit, according to IEC60270 [18] is

responsible for detecting the PD pulse as a voltage signal.

Closing Summary

This chapter presents the design, development and implementation of the ABC PD
model in MATLAB® Simulink®. The implemented ABC model simulates the frequency-
dependent mechanisms (statistical time lag, cavity surface conductivity and residual
charge effect) as a function of variations of the supply voltage frequency. The next

chapter presents the simulation results.



Chapter 6. Simulation Design and Development

95

Set SVF (magnitude
and frequency)

v

Vary Supply
Frequency

v

Select SVF parameters:
(period, sampling)

Read instantaneous V¢
and Random Numbers at
each time step, t

.

Residual Charge

Start

4

Input Defect
Geometry

4

Select
Equivalent
Circuit
Parameters

4

Generate
Random
Numbers

/ /
; CaChCc 7

7 RaRbRc ,/
/

Statistical Time Lag

,,,,,,,,,,, A JE
A y 7 7
/ q Representin / Representing /
,/ Representing / Set / P 9, SetRc / /
7 resiow £ S\e/‘alcl:ees Probability [ =7 Sed Elecvon vae [ ute
wvallabii ondauctivil
/ Charge  / Value l/ ¥ / l/ Yy Y
Lo __ 2 e | e e e e e e | [ e e S
[ [ ]
ST T T T T + + ST T T T ¢ LTIy
y Varying / Vary Cfes Var)_/ ) y Varying / Vary R_C from / Varying /
A Residual /~—1 from Cmin to Probability -+ Statistical 4 Rminro -+ Surface i
/ Charge y Cmax Value / Timelag  / Rmax Y Conductivity ~/
Lo / Lo / I Lo /
: |
Compu[e //k Predetermined 7
~ / from cavity /
b oooo o - Compute Vg >l Spark over | _ 7/ dimensions /L ,,,,,
(Vg = Ve - Vres) voltage (V_so) y (Paschen /
acrosscavity |/ Curve)
y
- Is No
Vc/Vg > Vso?
/ Conditions /]
/  tobe metfor
Yes / aPDto K
A oceur___/
> Number > Set Na Y
Probability
Value?
Yes
A
. Switch
Switch Closes .
(PD occurs) Remain Open
(No PD)
Measure and
Record PD <

Characteristics

A 4

Stop

F1cURE 6.10: Flowchart representing PD mechanisms implemented in ABC model
demonstrating the dependence of PD behavior on supply voltage frequency



Chapter 6. Simulation Design and Development 56

vin ck =

i
I
g
1
i

1

FIGURE 6.11: MATLAB® Simulink® equivalent circuit implemented as ABC model
for simulating statistical time lag effect on PD behavior at different SVF
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FIGURE 6.12: MATLAB® Simulink® equivalent circuit implemented as ABC model
for simulating cavity surface conductivity effect on PD behavior at different SVF
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FIGURE 6.13: MATLAB® Simulink® equivalent circuit implemented as ABC model
for simulating residual charge effect on PD behavior at different SVF



Chapter 7

Simulation Results, Analysis and

Discussion

Opening Summary

This chapter presents the simulated results obtained using the modified ABC PD model
implemented in Matlab® Simulink® platform. All the simulations were conducted using
an artificial cavity with a depth of 1.5 mm in polyethylene dielectric. Supply voltage
frequencies of 1 Hz, 50 Hz and 200 Hz are implemented to cover a wider frequency range
from VLF to beyond 50 Hz. VLF has a frequency range of 0.01 Hz to 1 Hz [18]. General
trends of PD characteristics are presented and discussed. The PD characteristics studied
are the cavity spark-over and extinction voltage, PDIV, PDEV, PDRR and PRPDP (PD
pulse shape and amplitude). A brief discussion of the cavity over-voltage phenomenon
is presented next as it is the basis for interpreting the effect of PD behavior dependence

over supply voltage frequency variations.

The Gap Over-Voltage Phenomenon

For a PD to occur, two conditions have to be met; (i) electric field (voltage) criterion
whereby the electric field strength in the cavity has to be sufficiently high enough to

cause the cavity to spark-over and (ii) the availability of a seed electron that will initiate

o7
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an electron avalanche process for the spark-over to occur. If the seed electron does not
become available even though the electric field in the cavity is sufficiently high, the
background electric field, Ejy keeps on increasing at a rate proportional to the rate of
change of the applied voltage [48]. The time delay till the seed electron becomes available
results in the cavity’s total electric field, Fyoq having exceeded the critical electric field
necessary to initiate an electron avalanche, F;,. by a gap over-stress, AFEy. Therefore,
the resultant PD event in the cavity occurs at a higher electric field (Ej,. + AEp) or
at a voltage across the cavity that is greater than the cavity spark-over voltage if the
seed electron had appeared earlier hence the term ‘over-voltage’. Figure 7.1 illustrates
the cavity over-voltage phenomenon. Another ‘over-voltage’ scenario occurs when a
seed electron does not become available. In this scenario, the voltage across the cavity
exceeds the sufficient value to initiate a PD event yet there will be no PD activity

occurring because of sustained absence of the seed electron.
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Time (seconds)

F1GURE 7.1: Over-voltage scenario due to delayed or scarce seed electron availability
[48]

The rate of voltage rise which is a function of the supply voltage frequency, together with
the probability of seed electron availability therefore determine the cavity over-voltage
magnitude which in turn influences PD characteristics’ behavior. In the next section,

the statistical time lag’s influence on PD characteristics’ response to SVF is presented.

In all the Figures in this dissertation; Vi, represents the supply voltage waveform,
Veavity is the voltage waveform across the cavity, and Viegecred represents the PD pulses
as detected across the detection impedance circuit with references to Figures 6.11 to

6.13.
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7.1 The Statistical Time Lag’s Influence on PD Charac-

teristics’ Response to SVF Variations

In order to study the statistical time lag’s influence on PD characteristics’ response to

supply voltage frequency variations, the seed electron probability is set to 25% and 100%

representing scarce and abundant seed electron situations, respectively. In this section,

the resultant PDPRP, PDRR, cavity spark-over and extinction voltages are presented

for the supply voltage frequencies: 1 Hz, 50 Hz and 200 Hz.

7.1.1
SVF of 1 Hz

Influence of Statistical Time Lag Variations on PD Behavior at

Figure 7.2 presents the cavity voltage waveform showing the PD pulses at scarce and

at abundant seed electron availability at SVF of 1 Hz. It can be seen that the cavity

spark-over voltage and the PDRR of 3 (pulses per cycle) are not affected by the changes

in seed electron availability (statistical time lag) at VLF of 1 Hz.
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FI1GURE 7.2: Cavity voltage waveforms at SVF of 1 Hz for seed electron availability at:
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(a) Scarcity and (b) Abundancy. NB: The sudden drop of the cavity voltage represents
a PD event.

Figure 7.3 also shows that at 1 Hz the PRPDP is not affected by statistical time lag

variations. The independence of the PD characteristics from seed electron availability

variations at VLF is attributable to the relatively slow rise and fall of the applied voltage.

At such VLF, the supply voltage rises slowly such that even at scarce seed electron
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availability, there is enough time for the seed electron to be available before an over-
voltage scenario due to a delayed seed electron occurs.
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FIGURE 7.3: PRPDP (PD pulses per phase angle) at SVF of 1 Hz for seed electron
availability at: (a) Scarcity and (b) Abundancy

7.1.2 Influence of Statistical Time Lag Variations on PD Behavior at

SVF of 50 Hz

Figures 7.4 and 7.5 present the cavity voltage waveform and PD pulses at scarce and
abundant seed electron availability at SVF of 50 Hz. The PDRR slightly increases in
the negative half cycle at abundant seed electron availability (Figure 7.4b) as compared
to the scarcity condition. This can be explained by the readily availability of the seed
electron. At electron scarcity (Figure 7.4a), there is a cavity over-voltage situation where
a cavity spark-over voltage of 9 kV is observed in the negative half cycle. However, the

cavity extinction voltage remains invariant.

Figure 7.5 shows that the PRPDP has also changed with change in statistical time lag.
The PD pulses occur slightly earlier in the phase and the PD amplitude is decreased
at abundant seed electron as compared to scarcity. The higher PD amplitude at scarce
seed electron than at abundant seed electron availability can be attributed to the gap
over-voltage effect. PD amplitudes at 50 Hz have increased in comparison to that at

1 Hz which can be a result of a faster riser time at power frequency than at VLF.
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FIGURE 7.4: Cavity voltage waveforms at SVF of 50 Hz for seed electron availability
at: (a) Scarcity and (b) Abundancy
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FIGURE 7.5: PRPDP (PD pulses per phase angle) at SVF of 50 Hz for seed electron
availability at: (a) Scarcity and (b) Abundancy

7.1.3 Influence of Statistical Time Lag Variations on PD Behavior at

SVF of 200 Hz

Figures 7.6 and 7.7 present the cavity voltage waveform and the subsequent PRPDP
at SVF of 200 Hz. It is shown that the PDRR, cavity spark-over voltage as well as
the resultant PRPDP are all affected by changes in the statistical time lag. At scarce
seed electron, there are no or fewer pulses per cycle than at abundant seed electron
availability. For instance, there is no PD occurrence in the negative half cycle regardless
of the voltage across the cavity exceeding the expected cavity spark-over voltage for

initiating PD activity. A possible explanation is the gap over-voltage scenario.
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FIGURE 7.6: Cavity voltage waveforms at SVF of 200 Hz for seed electron availability
at: (a) Scarcity and (b) Abundancy
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FIGURE 7.7: PRPDP (PD pulses per phase angle) at 200 Hz for seed electron availab-
ility at: (a) Scarcity and (b) Abundancy

In addition, at 200 Hz, the rate of change of the applied voltage can be faster such
that a half cycle is completed before the second condition for a PD to occur is met.
However, regardless of the fast rising rate of the supply voltage frequency, PDs still

occur at abundant seed electron condition.

The general trend is that PD characteristics are invariant at VLF. At higher frequencies
(50 Hz and 200 Hz), effect of the changes in statistical time lag depend on supply voltage
frequency. For instance, PD pulse amplitude increases as supply frequency is increased

which is not the case at lower frequencies.
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7.2 The Cavity Surface Conductivity’s Influence on PD

Characteristics’ Response to SVF Variations

In order to study the influence of the cavity surface conductivity on PD characteristics’
response to supply voltage frequency variations, the cavity surface resistance, R. is
varied from selected minimum R,,;, to the maximum R,,,; value. The term ‘surface
conductivity’ is commonly used in the literature but for the purpose of the present
research work’s simulations ‘surface resistance’ is used. In all simulation cases, the
seed electron availability variable is fixed by setting an abundant (100%) availability of
the seed electron. The resultant PD characteristics are presented in this section. The

procedure is repeated for a range of supply voltage frequencies represented by: 1 Hz,

50 Hz and 200 Hz.

7.2.1 PD Characteristics as a Function of Cavity Surface Resistance

at SVF of 1 Hz

Figures 7.8 and 7.9 present the cavity voltage waveforms and PD pulses per cycle for
Rin and R,,.. cavity surface resistances at SVF ofl Hz. It can be seen that there
are no observable pulses per cycle at the minimum cavity surface resistance than at
maximum cavity surface resistance. The minimum cavity surface resistance represents an

increased cavity surface conductivity. The more conductive cavity surface walls reduce

the resultant voltage across the cavity.
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FIGURE 7.8: Cavity voltage waveforms at SVF of 1 Hz for surface resistance value: (a)

Rin and (b) Riax
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Figure 7.9 presents the effect of cavity surface resistance on PRPDP at SVF of 1 Hz.
There is a significant change in PD pulse amplitude and shape as the cavity surface
resistance is varied between the minimum and maximum set boundaries. At minimum
surface resistance, R,,;, there is no observable PD activity whereas it there are PD

pulses at Rqz.
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FIGURE 7.9: PRPDP (PD pulses per phase angle) at SVF of 1 Hz for cavity surface
resistance value: (a) Ry and (b) Rian

7.2.2 PD Characteristics as a Function of Cavity Surface Resistance

at SVF of 50 Hz

Figures 7.10 and 7.11 present the cavity voltage waveforms and the PD repetition rate
for Ryn and Ry,q: cavity surface resistances at SVF of 50 Hz. The waveforms are

generally larger than those at VLF.

Figure 7.11 presents the effect of cavity surface resistance variations on PRPDP at SVF
of 50 Hz. There is a no change in PD pulse amplitude and shape as the cavity surface
resistance is varied between the minimum and maximum. Despite PD pulse amplitude
being invariant to cavity surface resistance changes, there is an increase in the PD pulse
amplitude. There is an additional PD pulse on both cycles at R,,q, than at R,,;,. The
results show that PRPDP changes with surface resistance variations at SVF of 50 Hz,

with more activity observed at a higher cavity surface resistance.
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F1GURE 7.10: Cavity voltage waveforms at SVF of 50 Hz for surface resistance value:
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FIGURE 7.11: PRPDP (PD pulses per phase angle) at SVF of 50 Hz for cavity surface
resistance value: (a) Ryn and (b) Ryq.. The pulses increase in number with increase
in cavity surface resistance.

7.2.3 PD Characteristics as a Function of Cavity Surface Resistance

at SVF of 200 Hz

Figures 7.12 and 7.13 present the cavity voltage waveforms and the corresponding
PRPDP at SVF of 200 Hz. It is observed that at 200 Hz, PD characteristics are in-
variant to cavity surface resistance changes of R,,;, and Rp.q.. A possible explanation
to this behavior is the high rate of change of the applied voltage at higher frequencies
such that the conductivity of the cavity surface walls become insignificant. However,

the responsible mechanisms will be a subject of future research.
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FI1GURE 7.12: Cavity voltage waveforms at SVF of 200 Hz for surface resistance value:
(a) Rmi’ﬂ and (b) Rmaw
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FIGURE 7.13: PRPDP (PD pulses per phase angle) at SVF of 200 Hz for cavity surface
resistance value: (a) Ry and (b) Ry,q,. There is no significant difference as the cavity
surface resistance is varied between minimum and maximum values.

The general trend is that PD characteristics such as the PDRR and PRPDP are more
sensitive to cavity surface resistance at VLF (1 Hz) than at higher supply frequencies of

the applied voltage.

7.3 The Residual Charge Effects on PD Characteristics’
Response to SVF Variations

In order to study the residual charge effects on PD characteristics’ response to supply

voltage frequency variations, the equivalent residual capacitor, Cjs in Figures 6.4 and
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6.13 is varied from Ciin to Chee values. In all simulation cases, cavity surface resist-
ance, R, is kept constant and the seed electron probability is set at 100% (abundant)
availability. The procedure is applied to the supply voltage frequencies: 1 Hz, 50 Hz
and 200 Hz.

A partial discharge, illustrated in the next section, deposits space charge on the cavity
surface walls. The deposited space charge that occurs after every PD event can also
influence subsequent PD characteristics. A brief illustration of how the deposition of
space charge on the cavity surface walls affects PD characteristics is presented next. The
resultant simulated results of PD characteristics are presented after the residual charge

phenomenon illustration which follows next.

The Phenomena of Residual Charge in a Cavity PD Event

A PD event deposits electrons on opposite ends of the cavity surface walls during a
discharge event. The charge is referred to as ‘residual or space charge’. The residual
charge creates an electric field, F,.s, that gets superimposed on the background electric
field, Ey. If the residual charge is from the negative half cycle, the symbol E,. ) is
used. The same is true for the residual charge effect from a positive half cycle, E,. p).

Figure 7.14 illustrates the interaction and contribution of respective electric fields in the

cavity [48].
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FIGURE 7.14: Illustration of residual charge contribution to PD event occurrence [48]
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The chronological description and explanation of Figure 7.14 is outlined. The total
resultant electric field, Fyoq in the cavity is a vector sum of the applied background
electric field, Ey and the cavity’s residual charge electric field, E,.s as shown in Equation

7.1.

Et;tal = EO + E;es (71)

At position A, the zero-crossing point from the negative to the positive half cycle of the
applied voltage, the background electric field, Fy of Equation 7.1 is zero hence the total
electric field in the cavity is mainly due to the residual charge from the negative half
cycle, Eqqny hence Eipra) = Epcq(n). This condition may not lead to a PD occurring if
there has not been previous PD activity. However, if there has been previous PD activity
that has sufficient negative residual charge electric field to breakdown the cavity’s electric
field strength, Fiotar = Fine and a seed electron is available, then a PD may occur. This

results in PDs occurring at this zero-crossing and earlier in the phase.

At position B, the early rising edge of the positive half cycle of the applied voltage, the
total electric field in the cavity, Einq of Equation 7.1 is a superimposition of residual
charge from the negative half cycle E,.. ), the applied background electric field Eq
and residual charge due to consecutive PD events in this positive half cycle E,..qp)
hence Eiotar = Eres(ny + Fo — Eres(p)- The same directional superimposition of E.qq(n)
and Ey enhances the resultant electric field in the cavity. The opposite is true for
the positive residual charge, F. p) which decreases the resultant electric field in the
cavity. If Fioar = FEine and a seed electron is available, then a PD may occur. In a
case where there is a delayed seed electron availability, the resultant PD magnitudes
are relatively larger compared to earlier ones (over-voltage scenario). It is this process
at position B that gives rise to the ‘ear’ part of the ‘rabbit’ shaped PRPDP [48]. The
conditions in this part of the half cycle can lead to over-voltage scenario with higher
and forward shifted PD pulse amplitudes and shapes, respectively as well as scenarios
whereby cavity extinction voltages (a function of PDEV) occur at lower than expected

values and increased PD repetition rates.

At position C, the late falling edge of the positive half cycle of the applied voltage, the

total electric field in the cavity, Fioq of Equation 7.1 is mainly a function of the applied



Chapter 7. Simulation Results and Discussion 69

background electric field £y and the positive residual charge electric field, E,.4py hence
FEiotat = Eo — Eyes(p)- In this part of the half cycle, the negative half cycle electric field,
E,cs(vy would have fully dissipated. Subsequently with a declining applied electric field,
the total resultant field, Fy,q is also reduced leading to PDs of lower PD magnitudes
if Eyotal = Fine and seed electron availability conditions are met. It is this process at

position C that gives rise to the ‘body’ part of the ‘rabbit’ shaped PRPDP [48].

At position D, the zero-crossing point from the positive to the negative half cycle of
the applied voltage, the background electric field, Ey of Equation 7.1 is zero hence the
total electric field in the cavity is mainly due to the residual charge from the positive half
cycle, E,.cqp) hence Eiotqi = Eyeq(p)- This condition may not lead to a PD occurring if
there has not been previous PD activity. However, if there has been previous PD activity
that has sufficient positive residual charge electric field to breakdown the cavity’s electric
field strength, Fioqa > Eine and a seed electron is available, then a PD may occur. This

results in PDs occurring at this zero-crossing and earlier in the phase.

With the residual charge effect explanation and description presented in this section,
the following sections present the simulation results on how residual charge magnitude

influence the changes in PD characteristics as the supply voltage frequency is varied.

7.3.1 The Residual Charge Effect on PD Characteristics’ Response at
SVF of 1 Hz

With reference to Figures 6.4 and 6.13, the residual charge is represented by C..s. Figure
7.15 presents the cavity voltage waveforms and PD pulses at C,,;, and C,4; equivalent
residual capacitances at SVF of 1 Hz. Figure 7.16 presents the effect of space charge
on PRPDP at SVF of 1 Hz. It can be seen that the cavity voltage waveform, PD pulse
pattern shape, phase position and amplitude are invariant to residual charge variations.
This can be explained by the concept that the rate of voltage increase (at VLF) is
much slower than the discharge rate of the residual capacitor, Cy.s which represents the

residual charge dissipation rate.
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capacitor value: (a) Cpuin and (b) Chas

7.3.2 The Residual Charge Effect on PD Characteristics’ Response at

SVF of 50 Hz

Figure 7.17 presents the cavity voltage waveforms and PD pulses at C,;, and Chaz

equivalent residual capacitances at SVF of 50 Hz. Figure 7.18 presents the effect of

space charge on PRPDP at SVF of 50 Hz. PD characteristics are sensitive to changes in

residual charge variations at SVF of 50 Hz. The cavity spark-over and PDRR increase

with the increase in residual charge. This is as a result of enhanced resultant electric

field, Fioiq; due to the contribution of E,..s to the applied electric field, Ey. The cavity

extinction voltage and PD amplitude decrease but with closely packed consecutive PD



Chapter 7. Simulation Results and Discussion

71

pulses as residual charge capacitor value is increased due to the residual field, E,.s that

opposes the applied background electric field Fy such that PD events are occurring at

lower PD magnitudes as illustrated before.
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FIGURE 7.17: Cavity voltage waveforms at SVF of 50 Hz for residual charge capacitor

value: (a) Cpin and (b) Crax

T T T
— Vsupply
Vdetected | -

I
lfbfwlll'm'uﬁ

4 -4
NES T ‘ ‘ ‘ 3 10,
— Vsupply
25}t Vdetected | 4 251
2 ol
~ 151 ~ 15
S 2
@ 1 [}
S g ' R
= =
£ osf ‘ £ ost H .
2 L U g AL
0 — 0 WA
051 -05r
ar 1t
-1.5 -1.5

0

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Time(s)

(4)

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Time(s)

(B)

FIGURE 7.18: PRPDP (PD pulses per phase angle) at SVF of 50 Hz for residual charge
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7.3.3 The Residual Charge Effect on PD Characteristics’ Response at

SVF of 200 Hz

Figure 7.19 presents the cavity voltage waveforms and PD pulses at Cinin and Chygq

equivalent residual capacitances at SVF of 200 Hz. Figure 7.20 presents the effect of

space charge on PRPDP at SVF of 200 Hz. PD characteristics are sensitive to changes in

residual charge variations at SVF of 200 Hz. The cavity spark-over and PDRR increase
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with the increase in residual charge. This is as a result of enhanced resultant electric

field, Fioqr due to the contribution of E,..s to the applied electric field, Ey. The cavity

extinction voltage and PD amplitude decrease but with more dense and closely packed

consecutive PD pulses as residual charge capacitor value is increased due to the residual

field, E,.s that opposes the applied background electric field Ey such that PD events

are occurring at lower PD magnitudes as illustrated before. This behavior is the same

as the one observed at 50 Hz.
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The general trend is that PD characteristics are invariant to residual charge variations
at VLF. However, at higher frequencies (50 Hz and 200 Hz), PD amplitude decreases as
residual charge is increased and is also increased as supply voltage frequency is increased.
The PD pulse increases at C),q,; when supply frequency is increased from 1 Hz to 200 Hz.
Most of the changes are attributed to the relationship between the rate of rise or falling
time of the applied background electric field and the rate of discharge time of the residual

charge capacitor.

This section presented simulated results on maximum and minimum boundary points
of statistical time lag (scarce and abundant seed electron availability), cavity surface
conductivity (Rpin and Rye.) and residual charge effect (Chnin and Cher). The next

section presents a concise summary of the simulation results.

7.4 Summary of Simulation Results on the Extent to which
Factors Responsible for Frequency Dependence of PD
Mechanisms Influence PD Characteristics’ Response

at Different Supply Voltage Frequencies

This sections presents in tabular form a summary on how the statistical time lag, cavity
surface resistance and residual charge effect influence PD characteristics’ response to
supply voltage frequency variations. Table 7.1 presents how the changes in statistical
time lag using scarce and abundant seed electron availability influence PD characterist-
ics’ response at different supply voltage frequencies. Table 7.2 presents how varying the
cavity surface resistance from minimum to maximum values influences the behavior of
PD characteristics at different supply voltage frequencies. Table 7.3 presents how the
changes in the residual charge magnitude from minimum to maximum values influences

the response of PD characteristics at different supply voltage frequencies.
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7.5 Comparison of the Three Modified ABC Model Con-
figurations; Simulation Results versus Experimentally

Measured Results Obtained from the Literature

This section is on evaluating the efficacy of the three different ABC model versions.
The model configurations are ABC models with (i) capacitors only, (ii) capacitors with
resistors, and (iii) capacitors with resistors and additional ‘residual’ capacitor. The
ABC model version that gives results closer to the ones practically obtained in the
literature is regarded as being more accurate. The simulated results of the different
model configurations are compared to the experimental-based measurements obtained
from similar studies in the literature [9]. The configuration that gives results that are
closer to the experimental-based measurements obtained in the literature is regarded as
being more accurate. The experimental-based measurements in the literature that is
compared and contrasted with the simulated results presented a frequency range that
did not include supply voltage frequencies between 50 Hz and 300 Hz. The present study
therefore included more data points in the stated frequency range. The added frequency
points in the simulated results are 100 Hz and 200 Hz. Figure 7.21 presents the extent
to which PDRR respond to the supply voltage frequency sweep from VLF of 1 Hz to
300 Hz using the three versions of the PD ABC model.

7 T T T T T T
—O— Measured™
6l —%—— Capacitors Only i
Capacitors with Resistors
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Ficure 7.21: ABC Model configurations’ results comparison of supply voltage fre-
quency sweep plotted together with experimental-based data obtained from the liter-
ature (*** : measured values as reported by Cavallini et al [9]).
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The overall trend obtained from the simulations is similar to the one presented in the
experimental-based measurements from the literature. The fact that PD repetition rate
trend as a function of SVF has a peak around 50 Hz needs more research to understand
the responsible mechanisms. The PD repetition rate in the present research work in-
creases as the frequency of the applied voltage is increased from 1 Hz to 50 Hz. This
trend is in agreement with the research studies in the literature that reported the fre-
quency range between VLF up to 50 Hz [11, 59, 67, 69, 70, 73]. However, beyond 50 Hz,
the opposite trend is true; the PD repetition rate decreases as the supply voltage fre-
quency is increased. This trend is also in agreement with the research studies in the
literature that reported results of the frequency ranges that are beyond 50 Hz. However,
literature review showed that the body of knowledge on studies that reported supply
voltage frequencies beyond 50 Hz have been relatively limited. Some studies have presen-
ted results with supply voltage frequencies of up to 100 Hz [60, 64, 78]. Other studies
have taken two supply frequency points that are sometimes far apart to draw out their
conclusions. Others have frequency ranges that deals with frequencies beyond 50 Hz
only which misses the behavior of PD activity below the 50 Hz point. For instance,
Negm et al [76] who reported results of 50 Hz to 600 Hz frequency range concluded that
the PDRR decreases with an increase in the supply voltage frequency. This trend is
also in agreement with the simulation results presented in the present research work.
Therefore, the addition of the frequency points in the present research work as shown
in Figure 7.21, helps in presenting a more complete picture. The ABC model version
with the capacitors and resistors with an additional‘residual’ capacitor is regarded to
be more accurate than the others because its simulated results are the closest to the

experimental-based measurements obtained from similar studies in the literature.

The next chapter concludes the dissertation and also suggests possible further future

extension of the research work.



Chapter 8

Conclusions and

Recommendations

Simulation results have been presented in this research based on improved ABC PD
model implemented in MATLAB® Simulink®. The main focus was investigation of the
factors that influence the frequency dependence of PD mechanisms at different supply
voltage frequencies. The factors responsible for the PD frequency dependence are the
statistical time lag, cavity surface conductivity and the residual charge effect. The ABC
model is modified and extended into three configurations that are developed and im-
plemented to cater for each of the factors responsible for the frequency dependence of
PD mechanisms. The extents to which each factor affect the frequency dependence of
PD mechanisms at different supply voltage frequencies were evaluated. Simulation res-
ults are validated using empirical experimental-based measurement results from similar

studies published in the literature. The summary of the findings is as follows:

e At lower supply voltage frequencies, changes in statistical time lag does not affect
PD characteristics whereas at higher supply voltage frequencies, the PDRR slightly
increases and PD pulse amplitude decreases as seed electron availability is varied

from scarce to abundant conditions.

e At lower supply voltage frequencies, PD characteristics respond to the changes in
the cavity surface resistance; PD pulses are observed as the cavity surface resistance

is increased from minimum to maximum values. However, at higher supply voltage

79
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frequencies, changes in the cavity surface resistance has minor influence on PD

characteristics.

e At lower supply voltage frequencies, changes in the residual charge magnitude does
not affect PD characteristics whereas at higher supply voltage frequencies, PD
pulses are closely packed next to each other however with reduced PD amplitudes
and the PD repetition rate increases as residual charge changes from minimum to

maximum values.

The possible future extension of the research work include repeating the same studies
on double and/or multiple cavities as well as conducting PD activity investigation under

DC (0 Hz) test voltage.
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Abstract—This paper presents a critical literature review on
the influence of supply voltage frequency on partial discharges
activity in an air-filled cavity. A wide range of voltages and
frequencies are used for different applications. For instance, very
low frequencies are used to test capacitive equipment so as to save
cost and power losses since it may not be technically feasible to
use power frequencies (50/60Hz). In literature review; different
parameters, frequency ranges, defect types and key findings has
been noted. A lot of agreements and inconsistencies have been
found when it comes to key findings. The only agreements found
are on partial discharge inception voltage, and delay and rise
times that decrease as frequency is increased. Major reasons
and explanations related to frequency dependence of partial
discharges in cavities have been identified as statistical time lags,
surface and bulk conductivity, and surface charge decay times.
Due to the inconsistencies in results, more work and modeling
need to be done in understanding the theory of PD phenomena.

Index Terms—cavity, disharges, equipment failure, supply
frequency, parameters, PD magnitude, PRPDP

I. INTRODUCTION

Electrical equipment insulation design, protection, defect
detection and measurement are important in the management
of high voltage (HV) equipment that includes transformers,
solid dielectric castings and power cables [1]. HV equipment
diagnosis reveals that insulation failure is the major cause of
more than 60% of HV equipment damage [2]. The insulation
quality is correlated to the pattern of partial discharges (PD)
hence it is important to understand the PD phenomena.

A PD is a localised discharge that partially bridges insu-
lation between electrodes [3]. It results from the electrical
breakdown of a gas contained in a highly non-uniform electric
field [4]. For a PD to occur there must be significantly high
electric field or voltage at the defect and a presence of a
starting or initiating electron. Although the magnitude of such
discharges are short-living (nano to micro seconds), they cause
slow progressive deterioration of insulation quality [5], [6].
Hence, with time, they may lead to a reduced lifespan and
ultimate failure of the HV equipment.

The work reviewed in this paper is in relation to PDs
in cavities due to the knowledge that discharges in voids
are among the common sources of PDs in insulation [5].

978-1-7281-0369-3/19/$31.00 ©2019 IEEE
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School of Electrical and Information Engineering
University of the Witwatersrand
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Partial discharges in voids are affected and influenced by
many factors including cavity size and location, humidity,
temperature, altitude, supply voltage amplitude and frequency,
etc. This paper focusses on the frequency attribute of the
applied voltage.

Frequency has become an important aspect in the study of
PD activities and mechanisms. For instance, the incorporation
of renewable energy especially solar energy into grid-ties has
led to the addition of harmonics, which are a component of
frequency, into the electrical systems [8]. Solar power stations,
in particular, aid to these harmonics and other frequencies due
to the use of inverters. The presence of harmonics and other
frequencies has an effect on dielectric stressing that need to be
understood [9]. Hence, the influence of harmonics on partial
discharges has become a major concern as renewable energy
is increasingly being used as an alternative source of power
supply.

A wide range of voltages and frequencies is used for differ-
ent applications depending on the equipment being measured
or tested. As much as most HV equipment operates at power
frequency (50/60 Hz), they get tested at different frequencies.
The use of very low frequency for capacitive objects reduces
power, size, cost, volume and weight of the power supplying
equipment [10]. It is not technically and/or economically
feasible to test some of the equipment at power frequency. For
instance, low frequencies are used for capacitive components
like power cables and rotating machines (0.1 Hz), and higher
frequencies are used for inductive equipment like transformers
(150 - 400 Hz) [10]-[12].

By varying the frequency, local conditions in the cavities
and defects are altered. Some of the conditions that can
be altered are: the statistical nature of PDs, electric field
distribution and controlled relaxation times [13]. Hence, in
most laboratory experiments, varying frequency is used for
accelerating PD ageing tests as in real-life set-ups the effect
of ageing might take longer durations.

Section II reviews the work that has been done as published
in literature, including the parameters tested, cavity sizes and
key findings in helping with contextualisation. Critical analysis
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of literature review is detailed in Section III whereas the
recommendations and conclusion, are in Section IV and V,
respectively.

II. LITERATURE REVIEW

Various studies and researches have been done on the
influence of frequencies (of different ranges) of the supply
voltage on PD mechanisms and parameters. The influence
has been investigated on different parameters including the
PD magnitude, PD patterns, number of PDs per cycle etc,
as shown in the fourth column of Table I. The second
and third columns show the frequency ranges and types of
defects studied by different researchers. Table I highlights the
summary and key findings, in the literature, that are related
to the dependency of PDs due to variable frequency of the
supply voltage.

Despite the significant amount of research done on the
frequency dependence of PD mechanisms, there has been some
inconsistencies in terms of key findings and conclusions by
different researchers. However, there also has been notable
consistencies in some of the PD parameter results found.

A common agreement by most researchers is that partial
discharge inception voltage (PDIV) either slightly increases
with increase of frequency or is independent of frequency
change. This slight increase may be explained by the influence
of the statistical time lag [14]. Plessow et al [7] and Forssen
et al [12] have shown that PDIV is mainly dependent on
the supply voltage magnitude and the void size. Another
general consensus is that minimal PD magnitude remains
approximately constant and is independent from the influence
of variable frequency. Lastly, on the researchers that have
dealt with delay, width and rise time [15]-[17], there is a
consistency that these parameters reduce as the frequency is
increased.

The phase-resolved-partial discharge pattern (PRPDP) pa-
rameter has led to a rise of different disagreements and
inconsistencies on its dependency on variable frequency of
the supply voltage. Bodega et al [18] and Morshuis et al [19]
concluded that the PRPDP shape is generally independent on
the change of supply voltage frequency. In addition, Nyamu-
pangedengu & Jandrell [20] came to a similar conclusion on
the pulse shape of the partial discharges. Other researchers
have disagreed to the above conclusions. Cavallini & Monta-
nari [10] found that the PRPDP gets closer to zero crossing
as frequency is increased. Edin & Forssen [21] concluded
that PRPDP changes with supply voltage frequency without
specifying how but on analysing their results it is noted that
the patterns are opposite to those by Cavallini and Montanari.
Other conclusions from literature include that PRPDP param-
eter has a wider shift and shape at higher frequencies and
that the shape is generally independent of frequency change;
which are in agreement with some of the above disagreements.
The above analysis indicates that there is more work to be on
the PD cavity parameters in relation to the variable frequency
component.

The other two parameters studied in literature as shown in
the fourth column include the pulse repetition rate (PRR) and
the PD magnitude (some with the mean, maximal and minimal
magnitude in depth). When referring to the *’Key Findings’ in
the table it is noted that there is a somewhat balanced mixture
of agreements and inconsistencies whereby various researchers
agree that increasing supply frequency increases PRR. The
others however, disagree to this and concluded that increasing
supply frequency decreases PRR. This further shows that more
work has to be done on the frequency dependence of PD cavity
parameters.

III. CRITICAL ANALYSIS AND DISCUSSION

Although there has been agreements and inconsistencies
in terms of the key results and findings of the PD activity
due to frequency dependence, the factors that are related to
how frequency affects PD activity have been the same. The
major influence has been found to be the statistical time lag
followed by the conductivity of the bulk insulation and surface
conductivity of the cavity walls [22], [23].

Important to note is that the frequency ranges that were used
by various researchers are not the same. Some used frequency
range between 0 to 50 Hz, others between 0 to 300 Hz and
0 to 100 Hz, whereas some used only two frequency values
(e.g 0.2 Hz and 100 Hz). This widely varying spectrum of
frequencies also led to why some of the key findings had
inconsistencies.

For example, taking only two frequency points and them
generalising the PD behaviour as a function of frequency
is misleading. In addition, considering only the frequency
range between 0 to 50 Hz does not necessarily give reliable
conclusions about the effect of changing frequency since some
of the tests are done in frequencies greater than 50/60 Hz.
Only taking frequency above 50 Hz also misses the behaviour
of PDs at very low frequencies which is important since some
equipment is tested and operate at these low frequencies.
Therefore, having a more comprehensive range from very low
frequencies up to frequencies greater than 50 Hz gives a better
indication of the influence of frequency on PD activity. As a
result, PD activity found at frequencies other than the power
frequency can be interpreted based on the relationship shared.

Referring to Table I, it is noted that the experiments were
carried out on defect types of different sizes and insulation
material. This affects results due to the difference in permittiv-
ity of material which has an effect on PD activity. Moreover,
the use of damped alternating current (DAC) power supply
has the potential of leading to changes in the conclusions
found. Different shapes (cylindrical, spherical etc) and sizes of
voids are used in literature hence it might have contributed to
some marginal inconsistencies. Thus, results will have some
inconclusive findings.

In addition, to the above highlighted observations and
interpretation of literature review (Table 1), the last part of this
section outlines the common reasons and explanations stated
by most researchers.
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Among the rest of the researchers, Illias et al [23], [30]
explained that the repetition rate decrease as the supply
frequency 1is increased is due to the shielding and statistical
time lag effect caused by increased cavity surface conductivity,
also causing the PD magnitude to decrease. Negm et al [42]
explained the influence of charge decrease with increase in
frequency due to the accumulation of charges on cavity walls.
He then goes further stating that the time constants related to
the type of insulation material and cavity wall conductivity
properties also have an effect on the frequency dependence of
PD activity in a void.

IV. RECOMMENDATIONS

This critical review of the available knowledge in literature
has shown that more work need to be done in understanding
the PD phenomena, especially with regard to the frequency
dependence of the mechanisms. Thus, it will help in explaining
how and why PD activity change the way it does when applied
voltage frequency is varied. Different ranges of frequencies
have been used and experimented by various researchers.
Hence, a specific range that covers all the ranges according to
the IEC60270 standard PD experiment set-up of 0 - 400 Hz
needs to be experimentally investigated. In addition, it is
important to investigate how the PD activity will behave under
DC conditions i.e, 0 Hz. Modeling must be done to validate
explanation and interpretation of experimentally obtained re-
sults on PD activity particularly on how it is affected by the
changes in the test voltage frequency.

V. CONCLUSION

A critical review of the influence of supply voltage fre-
quency of cavity PD parameters has been presented. The
parameters in literature that has been reviewed, among the
rest, include PDIV, PRR, PRPDP, PD magnitude etc. There
has been general agreements and controversies in terms of
key findings among researchers. This has been as a result
of different materials, cavity sizes, power supply types used
when experiments were taken. Major reasons and explanations
related to frequency dependence of PDs in cavities has been
noted to be statistical time lags, surface and bulk conductivity,
and surface charge decay times. Based on the review and key
findings in literature, a more in-depth analysis for the theory
of cavity PD mechanism in context of frequency dependence
behaviour is required. This analyis will give better insight
of why and how cavity PDs behave with change of variable
supply frequency. Therefore, more work is required since there
are no general agreements on some of PD behaviour. PD
modeling can be used to gain more understanding of the PD
phenomenon.
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Abstract—This paper presents simulation results on the influ-
ence of supply voltage frequency on cavity partial discharges (PD)
parameters. The capacitance equivalent model is implemented in
MATLAB® Simulink® to achieve the results. Frequency depen-
dent mechanisms responsible for this influence are the statistical
time lag, surface and bulk conductivity, and surface charge decay
and electron de-trapping. Only the first two of these mechanisms
are implemented in the model to get their effect on partial
discharge inception voltage (PDIV) as well as the phase-resolved
partial discharge patterns. PDIV and PD magnitude increase as
the supply voltage frequency is increased. Pulse repetition rate
(PRR) has two trends whereby for frequencies between very low
frequency to 50 Hz it increases whereas for frequencies above
50 Hz it decreases. More analysis is required to understand why
these two trends behave the way they do. Modeling of the surface
charge decay and electron de-trapping factor, and experimental
results is recommended to validate and give more confidence and
reliability to the simulation results.

Index Terms—capacitance, cavity, discharges, modeling, PDIV,
PRPDP, supply voltage frequency

1. INTRODUCTION

Partial discharge (PD) activity is a complex process as it
is influenced by many mechanisms and parameters. Many
of these parameters are critical in influencing how partial
discharges occur and behave under a wide range of condi-
tions and stresses. More insight in understanding how each
mechanism and parameter contributes to the phenomenon can
be attained through modeling. Consequently, modeling can
be used to confirm theories as well as validate experimental
results. Therefore, modeling becomes a vital tool in facilitating
a better understanding on the complexity of PD activity. Illias
et al [1] echo the above and stated the main objectives of
PD modeling as: (i) to increase the understanding of PD
phenomena and behavior, (ii) to identify critical parameters
and physical mechanisms influencing PD events, such as
electron generation and surface charge distribution, and (iii)
to derive relations of defect characteristics, insulation design
parameters, and test conditions with PD activities.

In agreement with Illias at al [1], Niemeyer [2] had stated
that PD modeling allows understanding and approximation of
the objectives listed above. Niemeyer [2] presented a general-
ized PD model that can be applied to any arbitrary insulation
defects. It is general because it approximates the relationships
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between defect size and location, insulation thickness and
permittivity, and PD characteristics such as electron generation
and field enhancement.

A review done by the authors [3] on the influence of variable
supply voltage frequency on cavity PDs showed that more
work and modeling need to be done in understanding the
PD phenomena. The work presented in this paper uses PD
modeling to facilitate a better and insightful understanding on
the behavior of partial discharge parameters, especially with
regards to the applied voltage frequency.

The incorporation of solar energy into grid-ties has led to the
addition of harmonics, which are a component of frequency,
into the electrical system network [4]. Solar power stations
are a source of harmonics and other frequencies due to the
use of inverters which have an effect on dielectric stressing
that still need to be understood [5]. Hence, the influence of
supply frequency on PD has become a major concern as solar
is increasingly being used as an alternative source of energy.

Section II details on the frequency dependent mechanisms
(statistical time lag, surface and bulk conductivity, and surface
charge decay and electron de-trapping) that are responsible for
how PDs change with respect to the supply frequency. Section
IIT presents a background and review of the capacitance model
as well as the implemented equivalent circuit. Results and
discussion are shown in Section IV. Lastly, recommendations
and conclusion are presented in Section V and VI, respectively.

II. FREQUENCY DEPENDENT MECHANISMS

This section presents a qualitative insight based on literature
review on the factors that give rise to frequency dependence
of partial discharges.

Cavity geometry and location, insulation material, character-
istic times and charge decay processes are mainly responsible
for effects that arise from the rate of change of the applied
voltage [4], [6]-[8]. They are dependent on surface and bulk
conductivity properties i.e cavity walls and insulation material
properties [4]. The charge transport process and characteristic
times are statistical time lag (7g:4¢), void relaxation time
(Tvoid), dielectric time constant (Ty,ateriql), decay time con-
stant (Tgecay), and trap time constant (7¢y.qp). It is the relation
between these constants and the period time of the applied
voltage (7'), and therefore the supply voltage frequency due



to the relationship between time and frequency, that result in
the frequency dependence effect of partial discharge activity
and its patterns [6], [9].

A. Statistical Time Lag (Tstat)

Statistical time lag is the time it takes for the seed electron to
be available after the critical inception voltage or electric field
has been satisfied. In other words, it is the time it takes for the
two conditions necessary for a PD to occur to be both satisfied.
If the applied voltage period (T") is short such that 74 is
in the order of 7T, then its effect in contributing to frequency
dependence is insignificant. The reverse is true. This condition
means that there will be time delay for a partial discharge to
occur after the critical electric field has been satisfied. As a
result, PDs are shifted forward and occur at higher magnitudes
due to the lack of seed electrons, a phenomena known as the
statistical effect [10]. Hence, the statistical time lag can be
further be divided into inception delay and phase lag which are
responsible for discharge gap over-voltage and phase forward
shift, respectively [8]. The influence of the statistical time lag
becomes less significant at lower frequencies when the period
time becomes longer, and more significant with increased
applied voltage frequency as the period time becomes shorter.
Therefore, that is how the statistical time lag influences PD
frequency dependence.

B. Surface and Bulk Conductivity vis-a-vis (Tyoid & Tmaterial)

The characteristic constants that are dependent on the
distribution of the electric field on cavity surface and bulk
conductivity are the void relaxation time and the dielectric time
constant. The void relaxation time (7,,;¢) and the dielectric
time constant (Ty,qterial) are associated with the redistribution
of charge on the cavity’s surface walls and bulk insulation
material, respectively [7]. These constants have a behavioral
effect on each other that leads to how they contribute to the
frequency dependence of PD activity. The first relationship is
when the void relaxation time is shorter than the dielectric time
constant (Tyoid < Tmaterial)- Lhis condition is as a result of
the inner surface walls of the void being more conducting due
to repetitive PD activity and ageing. Therefore, the number of
partial discharges per cycle will decrease with decreasing fre-
quency due to the screening effect of void surface conductivity
at low frequencies [6]. The second relationship when the void
relaxation time takes longer or is greater than the dielectric
time constant (Tyoid > Tmaterial)- Lhis leads to an increased
number of partial discharges per cycle at low frequencies due
to the slow incremental rate of change of the applied voltage.

C. Surface Charge Decay (Tjecay) and Electron De-trapping
(Ttrap)

The last two characteristic constants contributing to the
frequency dependence effect on PD activity are the decay
time (Tgecay) and trap time (7¢rqp) constants. They are a
result of charge transport process in insulation material and
correlate with the previously mentioned times and constants.
It is important to note how these two come to be significant by

briefly looking at what happens as the charge is transported
on the surface and material insulation. When a PD occurs,
the resultant charge, (),.s, moves in the direction of the
electric field and is trapped at the opposite cavity walls as
the insulation is non-conducting.

The charge trapped at the cavity walls establish a residual
field that opposes the applied electric field [9]. The trapped
charge at the void surface walls establishes an electric field in
the cavity at zero crossings resulting in PDs occurring earlier
in the circle. The earlier appearance of PDs in the cycle can
result in the increase of number of PDs per voltage cycle.

After the PD activity from trapped charge has occurred and
applied voltage field is increased (to enhance the field) in
the cavity, the trapped charge decays due to recombination
at surface conductivity and diffusion into shallow traps of the
charge surface. This aids to the extinction of a discharge from
resultant electric field. This decay reduces electron generation
from surface emission as the diffusion of electrons into shallow
and/or deep traps leads to a less likely availability of initiating
electrons.

If the surface charge decays slower than the rate of change
of applied voltage (Tgecay > T), its frequency dependence
contribution is insignificant since the applied voltage will rise
faster than the decaying of the surface charge. However, if
the surface charge decays faster or equal to the magnitude
of the period time of the applied voltage (Tgecay < 1)
then the total field in the cavity decreases. This condition is
more significant at lower frequencies where the periodic time
is longer therefore decreasing the number of discharges per
voltage cycle.

In addition and in relation to the decay time constant, the
diffused electrons in the shallow traps of the cavity surface are
further transported into deeper traps of the bulk insulation. If
the decaying of trapped charge on cavity surface into deeper
traps is in the range of periodic time of the applied voltage
(Trap = T'), it will reduce the electron generation especially
from surface irradiation hence an increased statistical time lag.
The effect statistical time lag has on frequency dependence of
PD activity has been outlined in Section II-A.

III. CAPACITANCE MODEL
A. Background and Review

Achillides [11] presented the history of the birth of an
electrical representation of the capacitive model that was
created in 1932 by Germant and Philippoff. In this model, the
void is simply represented by a capacitor and a spark gap only
hence the discharges were represented as the discharges that
happened across this capacitor. Whitehead in 1952 improved
the model by replacing the spark gap with an electrically
controlled device so as to represent the discharges better [12].
Many adjustments and improvements have been done to this
model in order to gain more reliable results on respective PD
parameters and factors.

Paoletti and Golubev [13], [14] presented a modified model
to the classical one. They divided the full model into two
simplified models: insulation and void. The insulation model



is represented by a capacitor and resistor in parallel with each
other [15]. The void model is represented also by a capacitor
in parallel with a resistor. The resistor in the void model was as
a result of the observation and analysis of progressive failure
that shows that there is resistance in parallel with the capacitor.

Achillides [11], [16] critically analyzed both models and
the criticism that the ABC model was getting from the
dipole model and agreed that the spark gap of the three
capacitance cannot represent the physics and magnitude in
a void. However, on the contrary, he stated that the ABC
model is capable of representing PDs based on the change of
capacitances. The other argument that was raised against the
classical ABC model was that the surface is not equipontential
[17]. This argument is opposed as the non-equipotential of
surface walls is just a geometrical constraint and does not
affect the presence of the cavity in an insulation [11]. The
geometric constraint can be addressed by arranging arrays of
capacitors. Furthermore, it is concluded that the change in
capacitance in the ABC model is the same as the induced
charge concept. With the application and analysis of the
electromagnetic theory and other factors it is concluded by
various researchers that the three capacitance model is a valid
and powerful tool in analyzing PD transients in insulation
material of any equipment [11], [12], [16].

Haghjoo et al [12] presented a comprehensive three-
capacitance model of the general ABC model for PDs in
single voids in insulation of medium and high voltage cables.
This model is stated to be complete, reliable and flexible
as it provides insight in the influence of void location and
size, applied voltage amplitude and frequency, pressure and
temperature in the cavity, number of initiating electrons and
statistical occurrence on PD activity. Moreover, switching
operation with opening and closing modes is implemented to
represent the inception and extinction of the discharges.

Pan et al [18] in the numerical modeling review of PDs
in dielectric-bounded cavities summarises the various capac-
itance models used for PD simulation. He presented circuit
structures, characteristics and explanations on each of the ca-
pacitance models. These included how the capacitance model
is used in considering two or more cavities, the effect of space
charges and insulation resistance, cavity and surface discharge,
as well as the resistance of the discharge channel.

Lastly, from the above background and review of PD models
stated in literature, especially in reference to the capacitance
model, the choice on which structure model is the best to
implement depends on the requirements and area of focus that
a user wants to simulate [1].

B. Implemented Model

The implemented model focuses on two of the three fre-
quency dependent mechanisms: statistical time lag, and surface
and bulk conductivity. The equivalent circuit of the three-
capacitance model (Fig. 1) is used in the creation of the model
in MATLAB® Simulink®.

Fig. 2 presents the flow diagram of how the model is
executed. Referring to Figure 1, C, is the equivalent capacitor
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of the whole insulation , C} is the other equivalent capacitor
in series above and below the void, and C. is the equivalent
capacitor representing the cavity; hence the ‘a-b-c¢’ which



is named after the capacitors arrangement in the electrical
circuit. R, represents the conductivity of healthy part of the
insulation, R; represents the series conductivity below and
above the void, and R, is the conductivity in the void. The
resistors in parallel with the capacitors are the ones that are
equivalent and represent the surface and bulk conductivity
of the insulation. The PD signal detection implemented in
the model is generated using an R-L-C impedance circuit
connected in parallel [19].

IV. RESULTS AND DISCUSSION
A. Partial Discharge Inception Voltage (PDIV)

With the PDIV set at 8 kV in the implemented model, the
simulated results (Fig. 3 to 10) show that the inception voltage
slightly increases as frequency is increased e.g PDIV at 10
Hz is = 9 kV (Fig. 4) and at 75 Hz is = 12 kV (Fig. 7).
This is in agreement with the consensus conclusion by most
researchers [10], [20]-[22]. This behavior can be explained by
the frequency dependent factor of the statistical time lag. At
low frequencies, this effect is negligible due to a larger period
time of the applied voltage. However, at higher frequencies
the statistical time lag effect is significant as the period time
of the applied voltage is smaller hence satisfying the condition
Tstat > 1 as explained in Section II-A.

B. Phase-Resolved Partial Discharge Pattern (PRPDP)

A PRPDP consists of three components: pulse repetition
rate (PRR), PD magnitude and the phase distribution of the
PD pattern. The PRR can be interpreted as the number of PDs
per cycle.

The simulated results (Fig. 3 to 10) have highlighted that
the PD magnitude increase with frequency increase of the
applied voltage. This is also concluded by other researchers
[9], [22]-[24]. In addition, the preceding discharges are not
closely packed as the frequency is increased hence a wider
spaced phase-resolved pattern. The increase of PD magnitude
and wider spaced pattern of preceding discharges due to the
increase of the supply frequency is attributed to the statistical
time lag effect of the condition (7s4¢ > T). It is more
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significant at increased and high supply frequencies as the
period of the applied voltage is reduced.

However, if close attention and analysis is applied on the
occurrence of the number of PDs per voltage cycle, two
observations are noted when it comes to the influence variable
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frequency of the applied voltage has on the behavior of
PRR. The two observations are frequency range dependent
i.e between Very Low Frequency (VLF) to 50 Hz range,
and the range above 50 Hz. Results have shown that PRR
increases when frequency is increased from VLF to 50 Hz
and decreases from 50 Hz and above. In addition to this
observed trending, Cavallini and Montanari [20] also came
up to the same conclusion about this behavior based on their
experimental results on the PRR.

Frequency increase from very low frequencies to 50 Hz
results in the increase in the number of PDs per voltage
cycle. This behavior has been noted by a notable amount of
researchers as most researchers have dealt with this frequency
range [10], [24]-[28]. The increase in the PRR with supply
frequency increase is more due to T, and the surface
and bulk conductivity condition whereby (Ty0iq < Tmaterial)-
As outlined in Section II based on the mentioned condition,
Nguyen [24] states that PRR increase with increasing supply
frequency will be due to the screening effect of void surface
conductivity at low supply voltage frequencies.

Frequency increase from 50 Hz going forward (till 400 Hz)
result in the decrease of PRR. This behavior has been noted
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by some of the researchers who have dealt with frequency
ranges that are above 50 Hz. Important to note is that not
many researchers studied this range. The others studied till
100 Hz [7], [12], [29] and in some instances some have only
taken two supply frequency points and/or values to come up
with their conclusions, hence the work presented is observing
PD activity at the skipped frequency ranges.

Negm et al [4] only took the frequency range that was
greater than 50 Hz only (50 - 600 Hz). Despite the missing
frequency range below 50 Hz, the authors agreed, on the range
that they investigated, that increase in frequency decrease the
rate at which pulse repetitions occurs, which is in agreement
with the presented simulation results. The decrease in PRR
as supply frequency is increased is due to the surface and
bulk conductivity condition whereby (Tyoid > Tmaterial)- In
addition, it is due to the shielding and statistical time lag effect
caused by increased surface conductivity [7].

V. RECOMMENDATIONS

The other frequency dependent mechanism factor, surface
charge decay and electron de-trapping, that is not incorporated
in the implemented model need to be added so as to gain full



insight on the effect supply frequency has as a whole to PD
activity. This factor, to the best of the authors’ knowledge is
responsible for residual charge and memory effects. Hence, it
is of importance to include it in the modeling. More analysis
on why the PRR increases and decreases as frequency is
changed need to be carried out. In addition, experimental
results need to be carried out so as to validate the simulation
results thereby giving more confidence and reliability into the
simulated results. This will result in a base of confidence on
the explanations given on the results as well as clear analysis
on the shortcomings that have been noted in literature.

VI. CONCLUSION

Simulation results on the influence of supply voltage fre-
quency on cavity PD parameters have been presented. The
frequency dependent factors responsible for influencing PD
activity are the statistical time lag, and surface and bulk
conductivity. The parameters observed are PDIV and PRPDP
which constitutes of PD magnitude and PRR. It is shown that
PDIV and PD magnitude increase with increase of supply
frequency as well as PRR of frequencies between VLF and
50 Hz. However, PRR of frequencies above 50 Hz decreases
with increase of supply frequency. Modeling of the surface
charge decay and electron de-trapping factor, and experimental
results is recommended to validate and give more confidence
and reliability to the simulation results.
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Abstract: The supply voltage frequency effect on partial discharge (PD) phenomena has continued
to draw research interest. Although most high voltage equipment operates at power frequency
(50/60 Hz), testing is often done at different frequencies for various reasons. Despite some agreements
and inconsistencies for the research findings of PD activity’s frequency dependence, there has been
consensus on the recognition of the discharge mechanism parameters that influence how the supply
voltage frequency affects PD activity. These parameters include statistical time lag, discharge area
surface conductivity, and the residual charge decay. In this paper, a 3-capacitor model (ABC) is used
to simulate how the changes in the discharge mechanism parameters influence PD characteristics as
a function of the supply voltage frequency. The findings are that the phase-resolved partial discharge
pattern (PRPDP) and PD repetition rate (PDRR) characteristics are more sensitive to variations in
the probability of the seed electron availability at higher frequencies of the supply voltage. The
opposite trend is observed for the cavity surface resistance. At lower resistance of cavity surface, the
PRPDP and PDRR characteristics are more sensitive to changes in the supply voltage frequency than
at higher resistances. The paper also confirms that incorporating equivalent resistances in the ABC
model makes it more authentic than the model comprising of capacitors only.

Keywords: 3-capacitor model; ABC model; frequent dependent mechanisms; partial discharges;
statistical time lag; supply voltage frequency; surface conductivity

1. Introduction

Insulation is often regarded as the weakest part of high voltage and medium voltage
equipment [1]. As an example, according to the IEEE Recommended Practice for the Design
of Reliable Industrial and Commercial Power Systems (Gold Book) standard [2], about 60%
of failure-initiating causes in power transformers occur in the insulation. In addition, it
has been reported that 30% of motor damage relates to insulation failure [3]. The problems
associated with electrical insulation failure arise from progressive deterioration of the
insulation quality under operational stresses [4]. Electrical insulation systems are therefore
designed to sustain failures caused by environmental conditions, electrical as well as
mechanical and chemical stresses for reliable operation over the equipment lifespan [5,6].

Partial discharge (PD) activity in or on the insulation is one of the main indicators
used to assess electrical insulation system quality. Hence, understanding PD phenomena
allows corrective measures to be planned and implemented timely and cost effectively [7].
In the past few decades, there has been sustained progressive evolution in the researched
and experienced knowledge on PD phenomena.

PD activity is influenced by many factors. These factors include humidity, temperature,
altitude (air density), equipment type, and types of supply voltage. Significant research
has been done on most of these factors such that there is a common understanding on how
each influences PD activity. However, with regard to the supply voltage frequency, there
has not been consensus on the understanding of PD characteristics’ response to changes in
the supply voltage frequency over a wider frequency range.
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Supply voltage frequency (SVF) versus PD mechanisms has therefore been a sustained
ongoing area of PD research. The depletion of coal-based electrical energy and the emer-
gence of grid-tied inverter-based renewable energy (solar and wind) has increased the
presence of harmonics in electrical systems [8]. Harmonics and other non-power supply
voltage frequencies have adverse effects on dielectric stress that still need to be fully under-
stood [9]. Consequently, there has been sustained research on how harmonics affect PD
activity [10]. On the other hand, there has been cumulative research on the influence of
supply voltage frequency on partial discharges, and this is the focus of the present work.

One of the reasons why there is interest in PD behavior under different supply voltage
frequencies is that there is a wide range of types of test voltages used in testing power equip-
ment. Although most high voltage equipment operates at power frequency (50/60 Hz), the
test voltage frequencies may be different. Very low frequency is preferred for testing highly
capacitive equipment such as power cables. Very low frequency testing helps in reducing
the power rating, cost, volume, and weight of the test equipment [11]. Inductive equipment
such as power transformers are often tested at higher frequencies (150-400 Hz) [11,12] for
reasons such as avoiding saturation in the magnetic core. Oscillating Wave Test Sets tech-
nology is also an alternative non-power frequency technique with a reduced test voltage
source power rating [6,13-15]. Therefore, the question is: to what extent do PD mechanisms
respond to changes in the fundamental frequency of the supply voltage?

There is no consensus among researchers, especially with regard to the effect of supply
voltage frequencies on the PD mechanism. Various researchers have investigated different
test voltage frequencies. Some have only investigated two frequency points such as 0.1 Hz
and 100 Hz and some just 50 Hz and 100 Hz. Generalized conclusions are often drawn up
which can be regarded as being too brave to deduce trends from the few and too far apart
data points. Due to the gaps in frequency ranges and few researchers having dealt with
frequencies that are above 50 Hz, the present paper deals with frequencies of the range
from low frequencies (1 Hz) up to 200 Hz.

The study approach in the present work is that of simulations. The results are validated
through comparisons with measurement results obtained from the literature on similar
experimental conditions. In the next section, the relevant literature is critically reviewed.
The review highlights the knowledge gaps and also provides the experimentally obtained
data that is then used for validating the model developed in the present work. The literature
review also establishes the basis for choosing the 3-capacitor model for use in simulating
PD supply voltage frequency dependency.

2. Literature Review on the Relationship between SVF and PD Characteristics
2.1. The Supply Voltage Frequency (SVF)

Various studies have been done on the influence of SVF (of different ranges) on PD
mechanisms and the various parameters that influence PD characteristics. The commonly
investigated PD characteristics include PD magnitude, Phase-Resolved Partial Discharge
Patterns (PRPDP), PD Repetition Rate (PDRR), and PD Inception Voltage (PDIV). Signifi-
cant knowledge has accumulated from research on the understanding of the relationship
between SVF and PD phenomena. However, in the knowledge body, there are some
inconsistencies that still need research.

It can be argued that contributing to the inconsistencies in research findings in the
literature is the fact that the ranges of the supply voltages frequencies investigated vary
widely. It is therefore necessary to be more comprehensive by considering a wider fre-
quency ranging from very low frequencies through 50 Hz onto higher frequencies. Table 1
summarizes the landscape of the commonly used research findings in the literature.
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Table 1. Key findings in the literature on the effect of supply voltage frequency on cavity PD characteristics [16].

Researchers Frequency Ranges Defect Types Parameters Key Findings
- PDRR increases due to
disc-shaped cavity -PDRR increase in SVFE.
Seri et al. [17] DC to 60 Hz embedded in . - PD charge amplitude
S . - PD amplitude . .
polymeric insulation increases due to increase
in SVE
- maximum PD magnitude
plecreases, with decrease
1.5-10 mm depth -PDRR nevE oD ud
Forssen & Edin [18-20] 0.01 to 100 Hz disc-shaped cavities - PD magnitude - minimum tL magnitude

in polycarbonate

(max, min, mean)

invariant with changes
in SVE.

- PDRR decreases with
decrease in SVF.

Forssen & Edin [21]

0.02 and 100 Hz

1.5-10 mm depth

disc-shaped cavities

in polycarbonate

- PD magnitude
-PRR

- PDRR decreases with
increase in SVE

- PRPDP changed.

- maximum PD magnitude

reduces due to increase
in SVE

Tllias et al. [22]

0.01 to 100 Hz

1 mm depth
spherical cavity in
epoxy resin

- PD charge (mean
and maximum)
- PDRR

- PDRR decreases due to
increase in SVFE.

- PD magnitude reduces
due to increase in SVE.

- PDRR increases due to
increase in SVE

- PDRR . .
) 0.5 to 50 Hz; 1-2.3 mm depth. - total apparent - maximum PD magnitude
Illias et al. [23-26] 01 and 50 Hz spherical cavity in charege reduces due to decrease
’ epoxy resin PDg itud in SVE
- magnitude - mean charge reduces with
increased SVE
- PDIV invariant with
4 mm diameter -PDIV changes in SVE.
Miller & Black [27,28] 0.1to 50 Hz cylindrical cavity PD itud - reduced PD magnitudes at
; . - magnitude
in epoxy resin lower SVF than at
higher SVE.
- PRPDP not affected by
SVE.
F Cli & - PDIV - increasing SVF causes
yhes-Clinton 0.land50Hz  1-2mm v-shaped - apparent bigger apparent PD
Nyamupangedengu [29] cavity in XLPE magnitude magnitudes.
- PRPDP - higher PDIV due to
increased SVE.
- maximum PD magnitude
reduces due to increase
Cavallini et al. [11,30]; 2 mm diameter - Il’)]ID{%)\ll)P —H;llsgﬁ increase in PDIV due
Hauschild et al. [,31] ' 0.1 to 300 Hz spherical cavity in - maximum to increase in SVE.
epoxy resin magnitude - overall shape of PRPDP
shifts towards zero-crossing
due to increase of SVE.
- PDRR and PD magnitude
. - PDRR decreases due to increase
Negm et al. [8] 50t01000Hz > mm diameter - PRPDP in SVE.
y - PD charge - PRPDP overall shape has a
wider spread at higher SVE.
- PDRR decreases due to
increase in SVFE.
: - PRPDP ) . .
Haghjoo et al. [32] 50and 100Hz . mm diameter -PDRR PD magnitude increases

cavity

- apparent charge

due to increased SVE.
- PRPDP overall shape has a
wider spread at higher SVE.




Energies 2021, 14, 478

40f17

The following highlights from the literature are evident:

*  The most cases investigated are of the supply voltage frequency range of power
frequency and below,

*  The most investigated PD defect is air cavity and of thickness in the order of 1 mm,

*  The investigated PD characteristics are PRPDP, PDRR, PDIV, and PD magnitude.

There are disagreements and inconsistencies on how PRPDP relates to the frequency
of the supply voltage. Bodega et al. [13] and Morshuis et al. [15] concluded that the PRPDP
is generally invariable with the change of supply voltage frequency. However, Cavallini
and Montanari [11] reported that SVF increases the overall shape of the PRPDP and shifts
towards the zero crossing of the voltage waveform. Forssen and Edin [20] also reported
observing changes in PRPDP in response to variations in the SVE. However, they did not
give further details on the correlations. On closer analysis of their article, their findings
were opposite than those reported by Cavallini and Montanari [11]. Inconsistencies in
the findings by various researchers on the relationship between SVF and PRPDP can be
attributed to the statistical nature and deterministic memory effect in PD mechanisms.

PD repetition rate and PD amplitude are the other parameters that have been widely
investigated for dependency on SVF variations. As with the PRPDP characteristic, there
is generally a balance between agreement and inconsistencies with regard to findings by
researchers on how PDRR and magnitude respond to changes in SVE.

Despite the agreements and shortcomings on the findings of PD activity’s frequency
dependency, there has been consensus on the identification of factors involved in influenc-
ing how supply voltage frequency affects PD activity. The factors are: statistical time lag,
surface conductivity of the cavity, and the residual charge decay [22,33]. These factors in-
fluence PD mechanisms in complex, sometimes synergistic and in some cases in opposition.
In that regard, PD models become useful in analyzing each PD characteristic’s response to
SVF as influenced by variations in each PD mechanism’s parameter. The next section is a
review of PD modeling techniques.

2.2. PD Models Overview

Generally, PD modeling can be classified into three categories, namely: the 3-capacitor
(ABC), analytical models, and Finite Element Analysis or electric current and electrostatic
model. Modeling has facilitated better understanding of PD mechanisms and comple-
mented experimental measurement-based studies. In a recent contribution, Pan et al. [34]
presented a useful state-of-the art review of PD models. In essence, each modeling tech-
nique has strengths and weaknesses depending on the context of its application.

The ABC PD model can be described as representing the PD specimen as an assemble
of equivalent capacitors; the A, B, C capacitors. The PD event becomes the act of repetitive
discharging and charging the capacitor that represents the cavity.

Danikas [35] critiqued the use of the classical ABC model as a tool for estimating PD
magnitude. He identified the disadvantages of using the classical ABC model in that a
cavity cannot be treated as pure capacitance as this can only be true if the cavity is bounded
by metallic electrodes. In that regard, the Pedersen (induced-charge) model could be
considered as a better option because it incorporates the geometry and positioning of the
cavity in the insulation although it assumes a full volume discharge of the cavity. However,
the Pedersen model has its own disadvantages such as the assumption of complete volume
discharge which is open to question, and that the predictive power of the model starts
deviating for larger cavities.

Achillides [36,37] critically compared and contrasted the commonly used PD models in
response to criticisms of the ABC model. The author argued that the ABC model is capable
of representing PDs based on the change of capacitance, and that the non-equipotential
distribution on the surface walls is just a geometrical constraint that does not affect the
main PD characteristics of interest [37]. There are possible mitigations on the equipotential
and geometric constraints that include appropriate arrangement of equivalent capacitors.
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Similarly, many authors have proven in various ways that the ABC PD model is generally
a valid and powerful tool for analyzing PD phenomena [32,36,37].

Despite the advantages and disadvantages of each PD modeling technique, the PD
models have generally been useful in confirming the common understanding of PD mech-
anisms theory. PD models can be used in investigating various aspects of PD such as
dependency on frequency of the supply voltage. The ABC model is a strong candidate for
such a study for the following reasons: (i) it requires less computing power than the other
types of PD models, (ii) the various parameters in PD mechanisms can be discretely con-
trolled, and (iii) the model can be modified to incorporate other aspects of PD mechanisms
such as cavity surface conductivity and seed electron availability. In the next section, a
more detailed literature review of the ABC PD model is presented.

2.3. The 3-Capacitor (ABC) PD Model Overview

Achillides [37] outlined the evolution account of the ABC PD model that was pio-
neered by Germant and Philippoff. The ABC model reduces the discharging cavity and
surrounding dielectric medium to a set of equivalent capacitances. A PD event is equivalent
to discharging the capacitor that represents the cavity. Whitehead in 1952 [32] incorporated
a statistically controlled switch across the discharging capacitor in the model to more
accurately represent the statistical nature of PD.

Boggs [38] used the ABC model to describe the occurrence of PD activity in solid
dielectrics. Toader and Mariana [39] improved the model to meet their requirements of
investigating and obtaining the apparent charge and PD energy. Christina et al. [40] im-
proved the extended Whitehead model to study the influence of increasing applied voltage
amplitude across different void sizes. These properties help on further understanding the
efficacy of the ABC model in dealing with different parameters. Danikas et al. [41] com-
pared the simulated and experimented results from polyethylene samples using artificial
cylindrical voids. The PD model used for the simulated results is the ABC model. The
simulated and experimental results compared well, thereby further proving the efficacy of
the classical ABC model in PD activity analysis.

Paoletti and Golubev [3,42,43] presented a modified ABC model in contrast with the
classical one. The insulation and cavity are each represented by a parallel combination
of equivalent capacitors and resistors [44]. The cavity surface conductivity is represented
by an equivalent resistor in parallel with the equivalent capacitor. The same approach is
also used by Takahashi et al. [45]. They argued that the 3-capacitor model is too simple to
be used in the modeling of PD phenomena. Hence, they investigated the behavior of the
3-capacitor model with dissipation since such effect cannot be ignored in real phenomena.
The dissipation effect is modeled as resistance in parallel with the discharge gap. This
modification is of interest in the present paper where the effect of the variations of cavity
surface conductivity on PD characteristics’ response to changes in SVF is investigated.

The ABC model is also used on investigating the interaction of PD in two closely
coupled cavities by Agoris et al. [46]. The gas cavities and the dielectrics are modeled
as lumped capacitances. The breakdown events are then modeled as voltage-controlled
switches that are in parallel to the cavities. These modifications give ideas on how the
ABC model can be modified to understand the interaction that multiple voids have on
each other. Chia and Liew [47] implemented switching logic on the lumped capacitance
model. The breakdown voltage in the respective multiple voids governs the switching
logic of the lumped capacitance. Multiple capacitors can be strategically implemented to
further identify and understand the precise nature of the PD activity within voids. The
improvements are of importance to note if the present work is to be extended to cavity PD
occurrence in closely coupled multiple voids.

Further work by Achillides et al. [48] improved the classical ABC model of a gas-
cavity based on streamer concepts (such as inception and propagation) of the breakdown
mechanism of gas by using a voltage-controlled triggering device in controlling an ideal
switch. The switch is ON when the voltage in the cavity reaches the minimum level and
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is OFF when the voltage across the cavity is below the calculated voltage level. The ON
and OFF values are calculated depending on cavity properties which include geometry
and location. The present paper adapted and extended the concept of voltage controlled
switching.

In addition to the work by Achillides et al. [48], Gowda and Anandraj [5] modified the
original basic ABC model by also implementing a circuit breaker switch that is controlled
by a signal. Instead of using an ideal switch, they used a comparator switch that takes in
the voltage across the cavity and compares it with the set breakdown voltage. If the voltage
across the cavity exceeds the breakdown voltage, then the circuit breaker operates its ON
and OFF states. In addition, a resistor is placed in parallel with the capacitor to represent
the insulation resistance of the material. The concept of cavity voltage comparison with
preset inception voltage, and the ON and OFF states are adapted in the present paper.

Chen et al. [49] present a capacitance equivalent circuit model for partial discharges
occurring in transformer oil bubbles. The modified conditions include: (i) the manipulation
of discharge time using controlled switches, (ii) representation of the role of space charge
and residual voltage using controlled current switching and voltage sources, respectively,
and (iii) a protective resistance, filter inductance, and detection impedance in series with
each other added for better approximation of simulated results to the measured apparent
PD magnitudes. The influence of residual voltage, role of space charge, and inception
and extinction voltage can then be examined by adjusting the modified conditions and
parameters. With residual charge effect being another frequency dependent variable of
interest, these modifications could be adapted to a cavity in solid dielectric insulation to
understand the role of residual charge.

Haghjoo et al. [32] successfully used the concept of the PD model but applied in
the context of the air-filled cavities embedded in medium voltage power cable insulation.
Variables such as the cavity air pressure and temperature and statistical time lag of the
seed electrons were modeled analytically as mathematical expressions and incorporated
into the model components such as those determining residual voltage in the cavity and
the statistically controlled switch function. Van Jaarsveldt and Gouws [50] used the same
concept and implemented in MATLAB® Simulink® to host the modified ABC PD model.
The same approach is adopted in the present work but using parallel plate electrode
geometry.

Negm et al. [8] analyzed both the dipole and the ABC model but ultimately employed
the latter model. They developed a frequency-dependent PD model to investigate the
influence of the statistical time lag and trap time constant of variable frequency of the
applied voltage on charge distribution and PD magnitude. The model uses capacitors in
parallel with resistors to represent permittivity and conductivity through, around, below
and above a cavity. The work by Negm et al. [8] is of particular interest to the present
work as it investigates frequency dependence of PD phenomena. However, their work
mainly focused on the statistical time lag while, in the present work, the cavity surface
conductivity will also be comparatively investigated.

Of interest is the numerical modeling review of PDs in dielectric-bounded cavities.
Pan et al. [34] summarize the various ABC PD models in the literature. They present
circuit structures, characteristics, and explanations for each of the capacitance models.
The model is used to simulate situations of double cavities, residual space charge effects
and insulation resistance, cavity and surface resistance, as well as the discharge channel
resistance. The circuit structures presented give insights on the implementation and
placement of components (resistors and capacitors) on the PD model used in the present
paper.

Lastly, from the above background and review of PD modeling presented in the
literature, the choice on the ABC PD model structure or modification best to implement
depends on the requirements, specifications, and area of focus that the user wants to
simulate [51]. Combining some of the aspects, modifications and circuit architectures
reviewed in this section, the PD model in the present work is implemented in order to
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study the supply voltage frequency-dependent PD mechanisms. The model drawn out
from different variations and combinations as reviewed above is presented in the next
section to represent the statistical time lag and the cavity surface conductivity.

3. Using the ABC PD Model to Study the Influence of Voltage Frequency on
PD Characteristics

The ABC PD model equivalent electrical circuit and values used shown in Figure 1
and Table 2 below are implemented in MATLAB® Simulink®.

Rs
MWV
Copper
15mm¥ ™ electrode
AC @ 1.5mm oid
15mm Polyethylene

Sheets

Detection

Figure 1.

Impedance
]
(a)
—AWA
—VW M
I Rs
Rs
— e ij_ Ch
L L 1L E—
w@ Ck == === Ca — Vs® Ck Ra Ca I
Statistical Rc== Cc| Time
= Cc Q'I'Nm'; Switch
. I
I
] )
Detection q I?n:t:g:r?ge Oscilloscope
Impedance Oscilloscope ]
]
I 1
(b) (c)

Equivalent circuit of the PD detection system with the ABC model implemented in MATLAB® Simulink®.

(a) schematic of test specimen; (b) capacitors only model; (c) capacitors with resistors model.

Table 2. Parameter definition and values used for the ABC model simulated in MATLAB® Simulink®.

Parameter Definition Value
R; Supply source current limiting resistor 5.0 x10% O
Cx Coupling capacitor 1.0 x10~° F
R, Equivalent resistance of the healthy part of the dielectric 2.0 x101% O
Ca Capacitance of the healthy part of the dielectric 1.5 x10710F
Ry Equivalent resistance of the dielectric in series below and above the cavity 3.0 x10 O
Gy Capacitance of the dielectric in series below and above the cavity 1.0 x10~1? F
R, Equivalent resistance of cavity surface 6.4 x1012 Q)
Ce Capacitance of the cavity 3.0 x10" B F
Viso Cavity spark-over voltage 12kV
Vot Cavity extinction voltage 10kV

A partial discharge occurs when two conditions are met: (i) there is sufficient elec-
trostatic potential energy (electric field strength) in the cavity that exceeds the cavity’s
breakdown strength and (ii) there is the availability of a starting 'free’ electron so as to
initiate a critical electron avalanche [52]. The inception electric field is dependent on the
applied voltage amplitude amongst other factors. The voltage across the electrodes at
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which the cavity breakdown strength is exceeded is the PD inception voltage (PDIV).
The corresponding voltage across the cavity at which the cavity breaks down is the gap
spark-over voltage (Vs,). The voltage at which the discharge stops is PD extinction voltage
(PDEV). The incorporation into a model of the above mentioned PD parameters (PD incep-
tion voltage, gap spark-over gap, starting electron availability, PD extinction voltage) is
a key necessity of any PD modeling. Figure 2 presents the flowchart of the sequence and
logical steps followed when executing a PD event in MATLAB® Simulink®.

Input Defect
Geometry
Compute y—— 7
Equivalent |/ CaCh,Cc [/
Circuit 4 Ra,Rb,Rc
Parameters | S/ A
[
Generate
Random
Numbers
4
v / Representing
Set Y Seed // Select the supply
Probability [~~7 Electon voltage (magnitude
Value / Availability _/ and frequency)
______________ : .
chltrlfg\t/zr /// Predetermined A Read instantaneous
P == from cavity ! Vcat each time
voltage (Vso) / N " /
. ’ dimensions ~ / step, t
No acrosscavity | /7T /]
Is o
ve>Vso?” | _____________
/"~ Conditions 7
/ tobemetfor
Yes / aPDto
A oceur___/
Number > Set No
Yes Probability
Value?,
Switch Closes SMtCh
(PD oceurs) Remain Open
(No PD)
Measure and
»| RecordPD |«

Parameters

Figure 2. Flow diagram of the implemented PD model [53].

3.1. The Cavity Spark-Over Voltage

Callender and Lewin [54] highlighted the origins and limitations of the physical
concepts used in PD phenomena modeling. The discussion was restricted to cavity PD
occurrence in AC systems that is relevant in the present work. A critique of the applicability
of PD modeling to the physical phenomena is provided. Of particular interest, in the context
of the present work, is the PD inception electric field. The analytical expression representing
the critical field intensity that initiates self-propagating electron avalanches in a PD event
is given by Equation (1) [54]:

Ey = Ap[l + ] (1)

NI

(pL)
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where E¢, (Vm™1) is the initiating critical electric field, A and B are constants 24.2 VPa~lm™!

and 8.6 Pazm?, respectively, p is the gas pressure in a cavity (Pa), and L is the cavity length
(m) in the direction of the electric field.

The inception field equation was empirically determined from a system with bigger
discharge gaps (in cm range) which differs from the PD system of smaller gaps (in mm
range). The deviations that may arise on the gap spark-over voltage from extrapolation are
not unexpected. Alternatively, the discharge gap spark-over voltage can be determined
using the Paschen curve. The Paschen curve approach is adopted in this present work
in setting up the gap spark-over voltage as it is specifically for discharge in smaller gaps.
Assuming the standard conditions for temperature and pressure for a 1.5 mm cylindrical
void, a breakdown voltage (V}) of =8 kV is determined. In the simulations, however, a gap
spark-over voltage of 12 kV (i.e., Vso = 1.5V}) is used to cater for changes or deviations
of cavity conditions from standard temperature and pressure ones. After setting the gap
spark-over voltage, the other condition for PD to initiate is the availability of the seed
electron that is presented in the next section.

Despite some disagreements elsewhere as highlighted in Section 2.1 in the literature,
the factors causing PD activity to respond to the changes in the supply voltage frequency
are generally agreed to be the statistical time lag, surface resistance of the cavity, and the
residual charge decay [22,33]. In the present paper, the cavity PD parameters investigated
are the statistical time lag, as well as the surface resistance of the cavity wall. The next
sections explain how the two variables were implemented in the model.

3.2. Statistical Time Lag

The condition of the availability of a ‘free/seed/initiatory” electron is implemented in
the Simulink® model in two stages. Firstly, a probability value representing seed electron
availability is set. Secondly, random numbers are generated to represent the stochastic
behavior occurrence into the model. The set probability value in the first stage is then
used as a condition to check against the random generated numbers in setting the seed
electron availability. For instance, for randomly generated numbers between 0 and 1,
setting probability values of 0.25, 0.5, and 1, respectively, represent a 25%, 50%, and 100%
seed electron availability, respectively.

In order to investigate the effect of statistical time lag influence on supply voltage
frequency dependence, all of the other parameters of the PD model are kept constant. The
only adjusted parameter is the seed electron probability represented by the statistical time
switch subsystem as shown in Figure 1. For a scarcity probability (25%) of the seed electron
availability, the supply voltage frequency is swept from 1 Hz to 200 Hz, and the changes in
the PD characteristics are noted. This simulates scarcity of the seed electron in situations of
unvented and unaged cavity defects. The process is repeated for abundancy seed electron
availability of 100%, signifying the ready presence of the ‘starting’ electron. For both cases
of abundancy and scarcity of seed electron availability, the frequency of the supply voltage
is varied while observing the PRPDP, PD pulse amplitude, and PDRR. Simulation results
are compared and contrasted with reference to the physically measured results available in
the literature.

3.3. Cavity Surface Resistance

The surface resistance of the cavity walls is another supply voltage frequency depen-
dent mechanism factor investigated in this paper. The resistor, R, in parallel with the cavity
capacitor as shown in Figure 1c represents the surface resistance of the cavity walls. It is
assumed that the conductivity of the air in the cavity is negligible. In order to investigate
how the PD process at each frequency of the supply voltage responds to variation of the
cavity surface resistance (R.), the statistical time lag and other PD model parameters are
held constant. The cavity’s surface resistance is then varied whilst observing the resultant
PD characteristics at each supply frequency. The process is repeated as the supply voltage
frequency is swept from 1 Hz to 200 Hz. The simulated results are then compared and
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contrasted with the measured experimental results available in the literature. In addition,
the simulation results of the capacitor only ABC model and the capacitors with resistors
modified ABC model were compared as presented in the next section.

4. Results and Discussion

The outcomes of the simulations are presented in this section. The extent to which the
statistical time lag, and cavity surface resistance influence SVF-dependent PD characteristics
is presented.

4.1. The Extent to Which Cavity Surface Resistance Influences the PD Characteristics’ Response to
SVF Variations

In order to observe the effect of surface resistance on PD characteristics at different
supply voltage frequencies, the cavity surface resistance, R, is varied from R;;;; to Ryax.
Typical values of R, and R4y are obtained from the literature [8,55,56]. It is noted that
the terminology of ‘conductivity” is commonly used in the cited literature. However, for
the purpose of the simulation in the present work, resistance is used. The seed electron
probability is set to abundancy (100%) in all cases. The procedure is repeated for different
frequencies. Results for SVF of 1 Hz, 50 Hz, and 200 Hz and PD characteristics are plotted
and presented as shown in Table 3.

Table 3. Cavity surface resistance influence on PD characteristics at different frequencies. R, values used: R,,;;, is 6.0 x10° Q
and Ry is 6.0 x10'2 ) as obtained from Hudon et al. [55] and Morshuis [56].

Frequency

Comments

Rmin

Rmux

1Hz

No PD pulses are observed at the
minimum selected surface resistance
value, R,;;;,. However, as the
resistance R, is varied to the
maximum, R, PD pulses
become detectable.

Partial Discharge Voltage (V)

2
0 01 02 03 04 05 06

R at1Hz

07 08 09 1
Time(s)

Partial Discharge Voltage (V)

2
0 01 02 03 04 05 06 07 08 09 1

Time(s)

50 Hz

At Ry, there are no PD pulses in the
positive half cycle but are observed in
the negative half. As R, is changed to
Rynax, there is an increase in PD pulses
observed in both half cycles. The
increase in surface resistance at 50 Hz
has an effect on PD characteristics.

Partial Discharge Voltage (V)

2
0 0002 0,004 0006 0.008 001 0012 0.014 0016 0018 002

R @t 50 Hz

Partial Discharge Voltage (V)

2
0 0002 0,004 0006 0.008 001 0012 0.014 0016 0.018 002

R, 850 HZ

Vdetected

Ul W

200 Hz

There is a slight change on the
observed PD patterns as the surface
resistance, R, is changed from R, to
Ryyax. Therefore, at 200 Hz
(representing higher frequencies),
surface resistance of the cavity has a
minor influence.

Partial Discharge Voltage (V)

Rip @ 200 Hz

I f'ir
’ ,W‘, i

Partial Discharge Voltage (V)

R, Al 200 Hz

\H |
‘ ‘

\)

h
W

m‘
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The general trend in Table 3 results is that the PRPDP and PDRR characteristics
are more sensitive to variations in the cavity surface resistance at lower supply voltage
frequencies than at higher supply voltage frequencies. A possible practical implication
of this trend is that since cavity surface conductivity increases with PD defect ageing;
a frequency sweep while monitoring the response of the PRPDP and PDRR can reveal
whether the defect is aged or not. This behavior, however, is opposite that of the seed
electron’s statistical time lag.

The change of PDRR for different values of cavity surface resistance at different
frequencies (1 Hz, 50 Hz, and 200 Hz) is shown in Figure 3. At 1 Hz (lower frequency),
varying the cavity surface resistance has an effect on PDRR. The sensitivity of PDRR to
changes of cavity surface resistance is highest at 50 Hz. The responsible mechanism would
be a subject of future research.

Surface Resistance Influence on PDRR

T T T T T T
10| —©0—1Hz ||
i —*%—50 Hz |
9 200 Hz
8r * X
)
o
& 7t -
Q
© n
o 6
[
2 5 §
g
o 4 -
o
E 3 o D
2_ -
1_ -
0d o ot ot & L '
R, R, R, R, R, Ry Rg R,

Surface Resistance (RC) Values

Figure 3. Cavity surface resistance influence on PDRR at different frequencies. Surface Resistance
(Re) values: Ry =3.0 x102 ), Ry = 6.0 x10° O, Ry =9.0 x10% O, R3 = 3.0 x1010 O, R4 =9.0 x100 O,
Rs = 6.0 X102 ), Rg =9.0 x10'2 O, and Ry = 3.0 x10%° Q) [55,56].

4.2. The Extent to Which the Statistical Time Lag Influences the PD Characteristics’ Response to
SVF Variations

In order to observe the effect of the statistical time lag on PD characteristics as a
function of supply voltage frequency, the seed electron probability is set to 25% and
100% representing scarcity and abundancy, respectively. The resultant PD phase-resolved
patterns are plotted and presented for the frequencies: 1 Hz, 50 Hz, and 200 Hz as shown
in Table 4. The trend is that, at lower frequencies, PD characteristics do not respond to
variations in the statistical time lag. At higher frequencies, however, variations in the
statistical time lag change the PRPDP and PDRR.
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Table 4. Statistical time lag influence on PD characteristics at different frequencies.

PD Pulse Superimposed on PRPDP

Frequenc Comments . .
1 y Sinusoidal Voltage Wave
15 110" 1Hz at 50% seed electron avalability probability 10" 1Hz al 50% seed electron availability probability
Sos gt
e LEELN £
H % o N_f M ]
It can be seen that the PDRR and PRPDP are o ez on o4 as es o7 o5 e % oT o7 5 o1 o5 5 o7 o oo
1Hz not affected by changes in the statistical time gt s s sty ity + it it i e iy ety

lag at low frequency of 1 Hz. —

Vdetected

<= 21
k) o
208 g
8 H o
% [y [N PN
H 2
) )
£ .05 z
g €
\ g1
1
15 2
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| 210 50Hz at 50% seed electron availability probability 10" 50Hz al 50% seed electron availability probability
1 i s

Voltage across cavity (V)
Partial Discharge Voltage (V)

The PDRR slightly increases by 50% in the
negative half cycle. The PRPDP has also
changed; pulses get closer to each other and B .

occur earlier in the cycle at abundancy oo oo o o e oo oot ooe o2 o o o o g oo oo ooie oz

, 10° 50Hz at 100% seed electron availability probability 10 50Hz at 100% seed electron availability probability

probability compared to that at scarcity s :
probability. PD pulse amplitude has increased 4o .
/1 W

15 M\-/

50 Hz

as compared to that at 1 Hz. The increase is
due to increased gap-overvoltage.

Voltage across cavity (V)
Partial Discharge Voltage (V)
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\
: WA :

Time(s) Time(s)
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s 1 § ‘
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electron availability, there are less pulses per L.

cycle than at abundant probability. Notably, in . :

the positive cycle, there is no PD occurring .
200 Hz despite the voltage exceeding the spark R T R ot
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completed before the seed electron is available.
However, at abundant seed electron, despite
the fast rising supply voltage, PDs still occur.
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4.3. Comparison of Capacitor Only ABC and Modified ABC Model; Simulation Results versus
Experimentally Measured Results Obtained from the Literature

This section is a comparison of the efficacy of the ABC model with and without
resistance components. Simulations are done for the same situations using both models.
The model that gives results closer to the practically obtained in the literature is regarded
as being more accurate. The pulses per cycle as a function of the supply voltage amplitude
and frequency are presented in Figure 4.

i
w

12F ©— Measured” ©— Measured™”
—%— Capacitors Only 8 /*\ —%— Capacitors Only
11 Capacitors with Resistors | | y \\ Capacitors with Resistors
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Figure 4. Simulated results using capacitors only ABC model and capacitors with resistors model plotted together with
measured data obtained from the literature (a) supply voltage amplitude (**: measured values as reported by Illias et al. [26];

Kk,

NB: The last point at 22 kV has been extrapolated); (b) supply voltage frequency : measured values as reported by
Cavallini et al. [11]).

The pulses per cycle increase as the applied voltage amplitude is increased as seen in
Figure 4a. This is because increasing the applied voltage amplitude increases the electric
field strength in the cavity. Increase in the electric field strength in the cavity increases the
number of PD events per cycle of the sinusoidal voltage waveform.

Figure 4b shows the relationship between the PDRR and the supply voltage frequency.
Simulated results of both models are compared to the measurements as obtained from
the literature. In addition to the experimental measurements in literature, more points
are added to the simulated results to fill in the gaps of frequencies between 50 Hz and
300 Hz. The trends are similar to those of the experimental measurements. PDRR increases
as supply voltage frequency is increased from 1 Hz to 50 Hz. This trend has been reported
by a notable number of researchers who have studied the frequency range from 0.01 Hz up
to 50 Hz [19,20,23,25,26,57]. However, beyond 50 Hz, the PDRR decreases with an increase
in SVF. This trend has been reported by some researchers who have studied frequency
ranges that are above 50 Hz. However, researchers studying frequencies above 50 Hz have
been relatively few. Some researchers have studied up to 100 Hz [21,22,32] and others have
only taken two supply frequency points to draw out their conclusions. Extrapolations in
Figure 4b therefore help in giving a more complete picture. Negm et al. [8] studied the
frequencies in the range 50 Hz to 600 Hz. They noted that an increase in supply frequency
decreases the number of pulses per cycle, which is in agreement with the simulation results
in the present work.

The present work has investigated statistical time lag and surface conductivity with
respect to how they affect the PD characteristics” dependence on variations of the SVE. The
ABC model used that incorporated two of the frequency dependent mechanisms (statistical
time lag and cavity surface conductivity) is more realistic to the practical occurrence
of the PD phenomena. It is however notable that the residual charge deposited on the
cavity surfaces after every PD event can also influence the PD characteristics’ response to



Energies 2021, 14, 478 14 of 17

variations in the supply voltage frequency [58]. Incorporation of the residual charge in the
ABC model could therefore be an interesting future extension of the work presented in
this paper.

5. Conclusions

In PD phenomena, it is necessary to understand how the various discharge parameters
influence the manner in which PD characteristics respond to variations in the supply
voltage frequency. In this paper, the PD mechanism parameters investigated are the
probability of seed electron availability and cavity surface resistance. The analysis was
done through simulations using the modified ABC PD model implemented in MATLAB®
Simulink®. The findings are that the phase-resolved PD pattern and PD repetition rate
characteristics are more sensitive to variations in the availability probability of the seed
electron at higher frequencies of the supply voltage. At scarce seed electron availability,
the pulse repetition rate is lower than that at abundant seed electron availability. The
opposite trend is observed for the cavity surface resistance in the sense that at higher
frequencies of the supply voltage, the variation of the cavity surface resistance from
minimum to maximum possible values result in unnoticeable changes in both phase-
resolved PD patterns and the PD repetition rate. At lower SVF, variations of the cavity
surface resistance from minimum to maximum result in noticeable changes in PRPDP
and PDRR. These findings confirm the complexity of PD mechanisms that partly explains
why there have been inconsistencies in findings by various researchers on the relationship
between PD characteristics and SVF variations. The paper also concludes that incorporating
resistors in parallel with the capacitors in the ABC model makes it more realistic than the
model made up of capacitors only.
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Abstract—This paper presents a literature review on the vari-
ety of test voltages used in partial discharge (PD) measurements.
The relationship between electrical equipment, PD measurement
and test voltage has been addressed. Conventional (based on
the IEC60270 standard) and unconventional method are the
main methods of electrical PD detection and measurement. These
methods can be done under on-line and/or off-line conditions
with each method having its own advantages and disadvantages.
Despite the condition or method of detection, the test voltages
presented, among others, are impulse, direct-current (DC), har-
monics, damped alternating current (DAC), power frequency
voltage and very low frequency (VLF). For each diagnostic test,
the most suitable test voltage of choice is selected based on the
specifications and requirements of the device under test. However,
a single measuring technique might not be sufficient to completely
analyze and assess the health status of the insulation. Therefore,
the use of multiple techniques may be recommended in order to
create a more comprehensive picture and yield better results.

Index Terms—DC, HV equipment, insulation, partial dis-
charges, PD measurement, power frequency, test voltage, VLF

I. INTRODUCTION

High voltage (HV) power equipment and the components
are important parts of electrical power systems i.e generation,
distribution, transmission systems. Such equipment includes
transformers, generators and motors, switchgear, solid in-
sulated cables and castings [1]-[3]. A major part of HV
equipment is electrical insulation which is often regarded
as the weakest link in the whole network [4]. Therefore,
studying and understanding how to effectively assess electrical
insulation (EI) becomes paramount. The presence of partial
discharges (PD) is one of the main indicators used to assess
electrical insulation system quality. Hence, understanding PD
phenomena enables corrective measures to be planned and
implemented prior to further insulation degradation which in
turn leads to saving costs by averting the risk of equipment
failure [5]. Figure 1 presents the context of this paper which
is the relationship between electrical equipment, PD measure-
ments and test voltages; with the methods used in electrical
PD measurements presented in the next section.

II. PD MEASUREMENT METHODS

PD detection and measurement in HV equipment is per-
formed using conventional and/or unconventional methods. In

Cuthbert Nyamupangedengu
School of Electrical and Information Engineering
University of the Witwatersrand, Johannesburg
Johannesburg, South Africa
cuthbert.nyamupangedengu @wits.ac.za

addition, PD tests and monitoring on these methods can be
done ‘off-line’ or ‘on-line’. Off-line PD testing is performed
when the equipment under test is taken out of operational con-
ditions. On-line PD testing is performed while the equipment
under test is in operation. The advantages, disadvantages and
relationships between conventional, unconventional, online
and offline methods of PD testing are explored in this section.

The conventional, also known as classical, method of PD
detection and measurement is mainly based on the IEC60270
standard [6]. The standard is specifically targeted at measuring
partial discharges for alternating current (AC) voltages of up
to 400 Hz and/or direct current (DC) voltages. Important
information on PD activity is obtained through interpretation
of a wide range of PD parameters such as PD pulse, rep-
etition rate, inception and extinction voltage as well as PD
phase distributions. Conventional methods are widely used in
research and development, design and maintenance tests in
universities, testing centers, power utilities and in the manu-
facturing industry [7]. Under off-line PD testing conditions,
the classical method’s use of different test voltages is one of
its advantages. PD tests can be done under elevated electrical
stresses and over-voltage conditions for improved PD signal
sensitivity.

Unconventional methods of PD measurement is also known
as the high frequency (HF) or ultra-high frequency (UHF)
techniques. The PDs are detected using ultra-wideband tech-
niques as well as non-electrical methods. One significant
advantage over the conventional counterpart is that it is
more suitable for online PD testing. However, PDs can be
diminished and absent at the instance of observation which
may result in the insulation being falsely deemed healthy.
The consequence of this is that equipment’s failure may occur
prematurely leading to unscheduled interruptions.

On-line and off-line conditions of PD testing can be used in
conventional and/or unconventional methods. The advantages
and disadvantages of on-line and off-line conditions of PD
testing are summarised in Table 1.

The implementation of online PD testing is difficult un-
der classical methods. Hence, off-line PD tests are mainly
associated with the conventional way of PD measurement and
the on-line tests with unconventional methods. The improved
capabilities in continuous data logging and monitoring of



Transformers, F

power cables, ‘
electric /
______ mofers et /'
_____________ .
Solid, liquid f,‘
of gassous
_____________ .f.’
Insulation FD
Failure Measuremen
v ¥ ¥ ¥
Wrong . : . . : .
e . Partial Poor Simulation- ¥ Experiment-
Eny Mechanical : .
Asé?:;;:i mea Ghsch.a.rge; Operation based based
I
2 v v v
PD Detection
Surface (Intemal) Corona Methods
L] ¥ ¥
( Voids | Electrical . . . .
(Air-filled) T Acqoustic Optical (Elecmcal) Chemical
¥ ¥ L J ¥
- X Conventional v Uncomventional
Humidity Temperaturs Voltage Altinde
I Online h 4
Test
Voltages
Non- . .
- : > i Sjie;?n&gﬂ{s) -

Fig. 1. Setting up the scene: Context of the present work

equipment has led to the growing interest in on-line condition
of PD measurements. It should be noted that a single technique
might not be sufficient to completely analyze and assess the
condition of insulation. As such, the use of multiple techniques
may be recommended in order to create a complete picture and
yield better results.

III. TEST VOLTAGES

Test voltage or supply voltage is defined as the high voltage
that is experienced on an object under test which causes partial
discharges [8]. If the insulation media has the presence of
impurities or air-filled cavities, it is the voltage that results in
the occurrence of partial discharges. Therefore, any voltage
present and responsible for PD activity in the insulation

medium may be referred to as test voltage. Test voltage can
be experienced intentionally and/or unintentionally depending
on the operational or testing conditions of HV equipment.
Intentional test voltage experiences are those done in labo-
ratory tests, design tests and factory acceptance tests. Under
these conditions, a test voltage is intentionally applied across
the insulation or object under test to check for the presence
of partial discharges in the respective objects. Operational
pure sinusoidal (power frequency: 50/60 Hz) test voltage may
be considered as intentional test voltage. Unintentional test
voltage experiences are those that are undesired. For instance,
the voltages across the insulation that are experienced due to
harmonics, lightning voltages, switching transients and other
over-voltages. Intentional or not, these test voltages have an



TABLE I
ADVANTAGES AND DISADVANTAGES OF ON-LINE AND OFF-LINE PD TESTING

On-line PD Testing

Off-line PD Testing

Advantages

Disadvantages

Advantages

Disadvantages

There is no downtime i.e equipm-
ent under test does not need to be

switched off for it to be tested

Advanced earthing measures are

required for safety on personnel

It is a proven and commonly used
technology (uses the IEC60270
standard [6])

There is downtime i.e equipment
under test has to be isolated from

the system for it to be tested

Equipment under test is live or
loaded when tested which may be
useful in providing all information

present during failure/PD activity

Data interpretation can prove to
be difficult due to the vulnerabil-
ity of this method to external

interference/noise in the system

Measurement equipment or devi-
ces can be easily calibrated for

better results and interpretation

Equipment under test is not live/
loaded during testing which may
omit relevant information present

during failure/PD activity

This method can be considered as
economical due to the absence of

downtime during PD testing

It is difficult to target specific
equipment in the system (e.g tra-

nsformer only) to be tested

Specific equipment can be easily

targeted and selected for testing

This method can be costly due to
downtime and outage costs when

equipment is out of operation

Equipment is easily monitored

through continuous data logging

Diminished PD magnitudes at

instance of observation is illusive

Different customized test voltages
(e.g DAC, VLF) can be used

Equipment to be tested has to be

transported to testing facilities

Exact operational environmental
conditions are easily monitored
and are available for interpretation

and analysis of results

This method has limited or no
noise/external interference which
isolates the PD signal for better

interpretation/analysis of results

impact on partial discharge activity hence it is important to
understand their importance, relationship and effect on PD
activity for better detection and classification of the phe-
nomenon. The relationship between respective test voltages
and PD activity is discussed in more detail next.

IV. NON-SINUSOIDAL TEST VOLTAGES

A. Harmonics

Harmonics are non-power frequency components riding on
the operational power frequencies. The prevalence addition
of grid-tied inverter-based renewable energy onto the national
grids has enhanced the presence of harmonics. The increased
use of modern power electronic gadgets also promotes ‘noise’
disturbances (which can be classified as harmonics) in com-
munication and HV equipment [9]. The challenges associ-
ated with the presence of harmonics are common in all PD
measurements and still need to be understood. Harmonics
and other noise disturbance characteristics produce additional
adverse effects on dielectric stress that are non-negligible [10].
Therefore, research on understanding harmonics occurrence
and their control in electrical power systems as well as their
effect on PD activity has been a sustained area of research.
Florkowski [8] has reported on the influence of harmonics on
PD activity as well as PD pattern interpretation. Experimental
results concluded that disturbances caused by harmonics have
a significant influence on PD occurrence, affecting parameters
such as PD intensity and maximum charge. Understanding
the influence that harmonics have on PD activity is therefore
important in properly assessing PD signatures in avoiding
misinterpretations and assessment of PD severity [11].

B. Impulse Voltages (Lightning and Switching)

Lightning strikes are one of the main contributors of high
voltage impulses in electric power systems [12]. Another
contributor is switching transient over-voltages which are a
result of the increased use of power electronics gadgets that
make use of pulse width modulation (PWM) characteristics. In
addition, higher switching-on start-up currents of devices like
induction motors can also present impulse-like signatures to
equipment insulation. Impulse and switching over-voltages can
have adverse consequences on PD activity, and consequently
electrical insulation health. Therefore, the study of impulse
voltage’s effect on partial discharges is an area of research
interest. Sun et al [13] experimentally investigated the influ-
ence of lightning impulse on a needle-plane configuration PD
source in air. They observed that PD occurrence under impulse
and AC voltages are similar. Kiiza et al [12] investigated
the influence of HV impulses on PD activity in an artificial
cavity embedded in oil-impregnated paper insulation. Their
results concluded that HV impulses have an adverse impact
PD activity occurrence as they can speed up the PD-induced
insulation degradation process. Investigations of PD activity
in mineral oil under impulse voltage conditions have been
conducted [14]. Other studies have been done on the combined
effect of HV impulse stress superimposed on AC voltages in
order to simulate conditions where a lightning strike occurs on
an operating transmission line or HV equipment [15], [16]. In
laboratory and factory acceptance tests, to simulate lightning
conditions, voltage and current impulse voltages are applied
on equipment under test. The most commonly used impulse
voltage under these tests is the 1.2/50 us standard lightning
voltage waveform.



C. Direct-Current (DC) Voltage

Direct-current (DC) voltage has been an alternative technol-
ogy to AC technology in HV power transmission. The main
advantage of high voltage DC (HVDC) is the better viability
in power transmission over very long distances compared to
high voltage AC (HVAC). This is because HVDC power trans-
mission has less corona, minimal radio interference, dielectric
and power losses due to the absence of the reactive component
which in turn removes the need to compensate power system
stability as in HVAC [17], [18]. In the South African context,
an example of such a scheme is the Cahora—Bassa HVDC
line which transmit electricity between Mozambique (Songo
Station) and South Africa (Apollo Station) over a distance of
1 420 km. Other applications of HVDC include bulk power
transmission of offshore wind parks and oil platforms, long
overhead and sea cables as well as linking renewable energy
sources such as hydro, geothermal, solar and wind farms to
each other and/or the national grid [18], [19]. Geo-politically,
HVDC transmission can be strategically used to transmit
power across countries with or without political connections
so as to avoid regional power competition. The study of
PD activity under DC voltage has therefore been an area of
ongoing research.

Partial discharges in HVDC systems are not the main
contributing factor to insulation degradation as compared to
HVAC voltage systems. This is because PD inception at DC
voltage can be three times higher than the one required at AC
[18], [20]. However, presence of partial discharges is still a
precursor to insulation failure. Major problems in identifying
PD activity under DC voltage stress has been the difficulty of
distinguishing PD signals from ‘noise’ and identifying defect
types mainly because of the absence of the voltage waveform’s
phase information [21], [22]. In addressing these difficulties,
experimental work and strategies for noise rejection and iden-
tification of defect types have been studied [21], [23]. Other
research studies have also been done on PD activity under
AC and DC voltage combinations [23]-[25]. This approach
uses PD characteristics under AC voltage as a benchmark test
to check if a sample will experience PD activity. In addition,
combined AC-DC voltage is the recommended test voltage for
testing converter transformers’ valve winding insulation [24].

V. SINUSOIDAL TEST VOLTAGES

Sinusoidal test voltages have the frequency attribute in
common. Most HV equipment operate at power frequency
(50/60 Hz) however they may be tested at different voltage
frequencies for various reasons. The same principle applies for
PD measurements; whereby partial discharges are measured at
power frequency for online and some offline (laboratory) test
conditions. In most offline tests applied voltage amplitudes
similar to those that occur during normal operation are used to
initiate PD activity in test objects. Equation 1 [26] shows that
the power required by the supply voltage source to energize the
electrical insulation is determined by the test voltage frequency
f, test voltage magnitude U, and capacitance, C' of the device
under test.

P =2rfCU? (1)

PD testing in highly capacitive HV equipment at opera-
tional frequency (50/60 Hz) has presented limitations on the
economical and realistic practicality of energizing sources
[27]. Hence, the concept of using strategically varied supply
frequencies has been adopted to mitigate this limitation. The
selection of very low frequencies for highly capacitive test
objects such as power cables is a commonly used approach
in order to minimize the power rating, size, weight of the test
equipment. For instance, with reference to Equation 1, using
a power source frequency of 0.1 Hz rather than 50 Hz can
reduce the testing equipment power demand by a factor of
500 [28]. The concept of using variable supply frequencies
has also been used on testing highly inductive equipment.
Higher frequencies (150-400 Hz) have been adopted in testing
inductive equipment such as power transformers and reactors
in order to avoid the transformer’s magnetic core saturation
[29], [30].

HV equipment operational frequency, normally known as
the power frequency (50/60 Hz) can be often different from
the testing frequency for reasons outlined above. Therefore,
PD activity and parameters may differ due to the use of
different operating and testing frequencies. However, despite
the differences that might occur, these supply frequencies have
to be used. The most commonly used test voltages are the
operational/power frequency, damped AC (DAC) or oscillating
wave test set (OWTS), very low frequency (VLF) and the
resonant test system (RTS) techniques. How partial discharges
behave under these different test voltage frequencies needs
to be fully known to aid accurate comparative analysis of
measurement results. The knowledge in that regard is however
still immature. The next sections discuss the common types of
PD test voltage frequency techniques.

A. Operational or Power Frequency (50/60 Hz)

The operational and/or power frequency (50/60 Hz) is the
most common used operational frequency. Almost all HV
equipment operate at this supply frequency. It is also the
most commonly used test and supply frequency in laboratory
tests during design and diagnostic tests as it brings some
of the equipment’s ‘operating conditions’ into the laboratory
environment. The main reason for using this technique in PD
measurement and testing is that PD effects and occurrence is
directly comparable with how they would have been during
normal in-service operation [31]. This technique presents a
disadvantage especially for off-line testing of long power
cables as it demands more power from the testing equipment.
However, shorter cables and cable accessories can be tested
without having the need for higher power from the testing
equipment. Most of the knowledge on PD has been generated
using power frequency voltages. However, due to the increas-
ing use of non-power frequency test voltages, as presented in
the next sections, the interest to understand PD behavior under
non-power frequency test voltages has increased.



B. Oscillating Wave Test Set (OWTS/DAC)

Oscillating Wave Test Set (OWTS), also known as Damped
AC (DAC) is an alternative technique of measuring partial
discharges of highly capacitive test objects at frequencies
other than the power frequency. An oscillating wave excitation
voltage is achieved by charging the capacitive object (power
cable) with a DC voltage and then discharging through an
inductor. The DAC method offers temporary excitation to the
test objects because it is short-lived i.e only last for mil-
liseconds which can be considered as both an advantage and
disadvantage [31]. It has been considered a lesser destructive
method compared to the VLF counterpart [26]. Consequently,
DAC has been the more preferred testing technique for non-
destructive PD detection and diagnosis. Another advantage
of using OWTS is that it provides excitation similar to that
at operational frequency and therefore PD measurements are
comparable to those at 50/60 Hz. In addition, it requires less
power in comparison to that required at power frequency and
is convenient to transport for onsite PD measurements [32].
Morshuis et al [33] investigated the use of OWTS/DAC to
stress and detect PD activity of a service aged power cable.
They found their results comparable to those obtained at
power frequency, However, for frequencies above 200 Hz, PD
amplitudes were slightly lower as compared to those observed
at power frequency. The conclusion to this slight difference
was the abundant availability of seed electrons after a PD
event. Due to some shortfalls in the OWTS/DAC technique
of PD detection, other non-power frequency techniques such
as the very low frequency (VLF) have been developed.

C. Very Low Frequency (VLF)

Very Low Frequency (VLF) test voltage method uses supply
frequency range between 0.01 and 1 Hz, with the most
commonly used frequency being 0.1 Hz [34]. The two mainly
used waveforms are the cosine-rectangular and the sinusoidal
waveforms. VLF technique was adopted to solve the problem
of the lack of polarity of DC voltage testing method as well
as minimizing the size of HV supply source in comparison
with the one required at 50 Hz. By using a power source
frequency of 0.1 Hz rather than 50 Hz the testing equipment
power demand can be reduced by a factor of 500 [28],
[31]. Hence, it is the most preferred method of measuring
PD activity in power cables especially at distribution level.
The technology has also been used for PD measurements
on generator stator bars, on-site extruded cable testing as
well as oil-paper insulation MV cable testing [28]. Other
advantages of using VLF include the ability to test longer
cables, convenient transportation and installation of the testing
equipment. One of the major disadvantages of using VLF is
that, in most cases, test objects such as power cables must be
taken out of operation or service when they have to be tested
offline. Hence, it is mainly used in diagnostic and quality
acceptance tests that are done offline in laboratory and factory
facilities. Research shows that VLF PD measurements can be
slightly different from those that are observed at 50 Hz [35],
[36].

D. Resonant Test System (RTS)

Resonant Test System (RTS) technique uses supply fre-
quency range between 20 and 300 Hz, although it is capable
of measuring up to 400 Hz which falls under the range of the
IEC60270 standard’s allowable supply frequency [37]. This
method is capable of on-site diagnosis of long power cables
using higher frequencies. To further understand the parameters
involved when dealing with RTS, Equation 2 is used.

X =Xc
At Resonance = { JwL = %
f= ITE (resonant frequency)

@)

where X; and X¢ are inductance and capacitance
impedance, respectively. f is the resonant frequency, L is
the resonant test set’s inductance and C' is the test object
capacitance. For given C and L, the frequency that gives
resonance is the one that becomes the frequency of the test
voltage. RTS systems can be implemented by making use
of variable inductance and/or variable frequency [38], [39].
Inductance-tuned resonant system allows the usage of a fixed
frequency and variable inductance to achieve resonance. The
main advantage of this option with regard to PD measurement
includes the flexibility that tests are done in laboratories using
the grid national frequency (50/60 Hz) since no complex
varied frequency is required from the test equipment [32].
Frequency-tuned resonant system uses the option of fixed
inductance and variable frequency to achieve resonance. The
main advantage of this option is the flexibility to test different
types and lengths of cables [31]. In addition, RTS technique
uses less power as the one required at power frequency
and PD measurements are comparable to those at 50/60 Hz.
However, RTS test equipment is heavy and requires large
vehicles for transportation. This can present a limitation if
testing has to be done in a constrained environments. RTS test
techniques are therefore often more economically viable for
use in transmission networks. The fact that RTS can test partial
discharges at non-power frequency further underlines the need
to understand the influence of frequency on PD mechanisms.

VI. CONCLUSION

A review of different types of test voltages and electrical PD
measurement methods has been presented in this paper. The
advantages, disadvantages and limitations of each PD measur-
ing technique has been presented. Conventional methods are
widely used in research and development, design and main-
tenance tests in universities, testing centers, power utilities
and in the manufacturing industry. Under off-line PD testing
conditions, the classical method’s use of different test voltages
is one of its advantages. However, unconventional methods
have a significant advantage over the conventional counterpart
of being more suitable for online PD testing which presents
a continuous data logging and monitoring of equipment. All
methods and techniques have their advantages and limitations,
hence it is recommended that multiple techniques be used to
create a complete picture and yield better results.
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