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Summary

The electricity grid spanning hundreds of thousands of kms is one of the most com-
plex man-made network built in human history. Today, after a century of growth,
progress and innovation, the electricity grid is in the process of undergoing another
landmark shift in its operation. The introduction of renewable energy sources,
especially, offshore wind connected to the load centres through >80 kms of under-
ground subsea cable has caused a shift from AC transmission towards DC trans-
mission. This is because AC cables suffer from high charging currents that reduce
the useful current carrying capacity for long cables. On the contrary, High Volt-
age DC (HVDC) is acclaimed with higher current capacity for the same conductor
dimension as AC and as a result the more sustainable alternative. Therefore, the
infrastructure developed around the AC grid is now under pressure to adapt itself
to the DC technology. This implies a dramatic change in a cascade of procedures
and processes, beginning from designing new DC components, its testing and qual-
ification, its validation and up to its commissioning, control and operation. Every
step in the process is expected to be crucial and challenging given the newness of
the technology and lack of experience.

In the current scenario, this research rests itself in the testing and qualification
phase of these DC components. The field of HV testing has not been exclusive to
this pressure to adapt and improvise its processes to accommodate the newest DC
technological trends. New requirements are being defined to determine the quality
of HVDC components and new methodologies developed to fulfil this. One of the
most widespread test methodologies that has come to become a part of several
tests such as factory acceptance tests (FATs), site acceptance test (SATs), routine
tests and type tests is the measurement of Partial Discharge (PD). Partial discharge
is a dielectric phenomenon that when measured is used as a proven marker for
insulation quality. The inherent differences in the performance of the insulation
under AC and DC operation have not allowed a direct adaption of the PD analysis
techniques from AC to DC.This research will investigate the possibilities of defect
identification through PD measurements under DC.

With increasing HVDC installations such as GIS/GIL, cable links, convertors etc.,
the method for its design validation and fitness through partial discharge measure-
ment is gaining increasing popularity. This is only expected to rise with the intro-
duction of renewable energy, electric vehicles (EVs) and its related infrastructure,
lowered dependency on fossil fuels and an international policy shift towards the
reduction of greenhouse gases. Moreover, given the remarkable success of partial
discharge measurements in defect identification under AC, mounting expectations
for a similar prospect under DC conditions is a thriving notion. Therefore, as a first
steps towards characterizing PD defects under DC conditions this thesis studies the
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physics of discharge progression of 3 common defect types namely, corona, floating
electrode and surface discharge in detail, in order to recognize minor if not major
differences that will enable defect recognition. With this investigation, a compre-
hensive procedure is devised, enabling the identification of the three defects that
were studied under DC conditions. The research also proposes the novel WePSA
(Weighted Pulse Sequence Analysis) patterns discussed in chapter 7, section 7.2.2
as a prospective defect fingerprint that will allow identification of defects under DC.
The simplicity and robust nature of these patterns make them self-explanatory and
easy to interpret. Several other unique defect behavioural features discovered dur-
ing the study add value to this research and bring it closer to accomplishing the
final goal of PD defect identification under DC stress conditions.

This research could serve as a starting point for the scientific community to inves-
tigate further the other defect models and extend the defect discrimination strategy
proposed in this thesis, chapter 7, section 7.5.



Samenvatting

Het elektriciteitsnet, dat honderdduizenden kilometers bestrijkt, is een van de meest
complexe door de mens aangelegde netwerken in de geschiedenis van de mens-
heid. Tegenwoordig, na een eeuw van groei, vooruitgang en innovatie, bereikt het
elektriciteitsnet een nieuwe mijlpaal in zijn werking. De invoering van hernieuwbare
energiebronnen, met name offshore windenergie die met de het elektriciteitsnet/de
gebruikers zijn verbonden via >80 km kilometers onderzeese kabel, heeft geleid tot
een verschuiving van AC-transmissie naar DC-transmissie. Dit komt door-dat AC-
kabels te lijden hebben van hoge laadstromen die de bruikbare stroom-capaciteit
voor lange kabels verminderen. Hoogspanningsgelijkstroom (HVDC) daarentegen
geniet de voorkeur vanwege een hogere stroomcapaciteit met dezelfde geleider-
afmetingen als wisselstroom en is bijgevolg het duurzamere alternatief. Daarom
staat de infrastructuur die rond het wisselstroomnet is ontwikkeld, nu onder druk
om gelijkstroomtechnologie op te nemen. Dit impliceert een drastische verandering
in een reeks procedures en processen, te beginnen met het ontwerpen van nieuwe
gelijkstroomcomponenten, het testen en kwalificeren, het valideren en tot aan de
inbedrijfstelling, controle en werking. Elke stap in het proces zal naar verwachting
cruciaal en uitdagend zijn, gezien de nieuwheid van de technologie en het gebrek
aan ervaring.

In het huidige scenario berust dit onderzoek op de test- en kwalificatiefase van
deze DC-componenten. De druk om de processen aan te passen en te improvis-
eren om tegemoet te komen aan de nieuwste technologische trends op het gebied
van gelijkstroom is niet exclusief voor het gebied van het testen van HV. Er wor-
den nieuwe eisen vastgesteld om de kwaliteit van HVDC-componenten te bepalen
en nieuwe methodologieén ontwikkeld om hieraan te voldoen. Een van de meest
wijdverbreide methodologieén die deel is gaan uitmaken van diverse tests, zoals
fabrieksacceptatietests (FAT's), locatieacceptatietests (SAT’s), routinetests en type-
tests, is de meting van partiéle ontladingen (PD). Deelontladingen zijn een diélek-
trisch fenomeen dat kenmerkend kan zijn voor de isolatiekwaliteit. Meetresultaten
worden gebruikt als beproefde toetsing. De inherente verschillen in de prestaties
van de isolatie bij wisselstroom- en gelijkstroomwerking verhinderen een directe
aanpassing van de PD-analysetechnieken van wisselstroom aan gelijkstroom. Dit
onderzoek richt zich op de defectidentificatie via PD-metingen bij gelijkstroom.

Het aantal HVDC-installaties zoals GIS/GIL, kabelverbindingen, convertors enz.
toeneemt, groeit het meten van deelontladingen aan populariteit voor de vali-
datie van het ontwerp en de geschiktheid ervan. Dit zal naar verwachting alleen
maar toenemen met de introductie van hernieuwbare energie, elektrische voertu-
igen (EV’s) en de bijbehorende infrastructuur, verminderde afhankelijkheid van fos-
siele brandstoffen en een internationale beleidsverschuiving naar de vermindering

Xi



Xii Contents

van broeikasgassen. Bovendien, gezien het opmerkelijke succes van gedeeltelijke
ontladingsmetingen bij het onderscheiden van defecten onder wisselstroom, is de
verwachting voor een soortgelijk vooruitzicht onder gelijkstroomcondities een stim-
ulerende gedachte. Als een eerste stap naar het karakteriseren van PD defecten on-
der DC condities bestudeert dit proefschrift daarom de fysica van het gedetailleerde
ontladingsverloop van 3 veel voorkomende defecttypes, namelijk corona, zwevende
elektrode en oppervlakteontlading, om zo kleine of zelfs grote verschillen te herken-
nen die defectherkenning mogelijk zullen maken. Met dit onderzoek wordt een
uitgebreide procedure ontworpen, die de identificatie mogelijk maakt van de drie
defecten die werden bestudeerd onder DC condities. In het onderzoek worden ook
de nieuwe WePSA-patronen (Weighted Pulse Sequence Analysis) voorgesteld, die
besproken worden in hoofdstuk 7, sectie 7.2.2, als een toekomstige vingerafdruk
waarmee defecten onder gelijkstroom kunnen worden geidentificeerd. De eenvoud
en robuustheid van deze patronen maken ze zelfverklarend en gemakkelijk te inter-
preteren. Verscheidene andere unieke gedragskenmerken van defecten die tijdens
de studie werden ontdekt, voegen waarde toe aan dit onderzoek en brengen het
dichter bij het bereiken van het uiteindelijke doel van PD defectidentificatie onder
DC spanningsomstandigheden.

Dit onderzoek kan als uitgangspunt dienen voor de wetenschappelijke gemeen-
schap om overige defectmodellen verder te onderzoeken en de in dit proefschrift
voorgestelde defect-discriminatiestrategie uit te breiden, hoofdstuk 7, sectie 7.5.



Introduction

The introduction chapter provides background to the subject of ‘partial dis-
charge defect identification’ that is dealt with in this research. It outlines the
significance and relevance of the topic during the current times and defines
the scope of this particular thesis. The state of the art in the field has been
described in order to brief the reader with regard to the existing techniques
and methodologies. Further, based on the above, the gaps in research are
identified and clear-cut research goals are defined. In the final section, the
chapter describes the research approach that is adopted in this thesis and
outlines the thesis structure.



2 1. Introduction

1.1. Background

growing global demand for energy has led to an increasing number of inter-

connectors and wind parks being constructed up to 100’s of km'’s offshore,
connected through submarine cables. This has left the energy markets across Eu-
rope and generally across the World becoming increasingly cohesive in terms of
energy trade. The need for long distance energy transmission has become cru-
cial as a result. However, the existing energy infrastructure which works on the
principle of High Voltage Alternating Current or HVAC has a large reactive power
consumption when it comes to long distance transmission, the charging current
of the cable becomes so high that the useful current carrying capacity is highly
reduced. Therefore, an alternative means of transmission using High Voltage Di-
rect Current or HVDC which is not limited by its charging current for long distance
transmission has been increasingly adopted. This mounting interest in the field of
HVDC and since being casted as the poster tool of “green” and “sustainable” en-
ergy has resulted in government policies and funding that authorize the design and
installation of large HVDC projects across Europe and across the World. Figure 1.1
shows the map of Europe with the already existing HVDC links, the projects under
construction and the planned projects as was in the year 2008. In the year 2018,
the HVDC infrastructure was estimated at a whooping USD 8.3 billion. And it is ex-
pected to rise at an annual rate of 7 % over the next 4 years to an estimated USD
12.3 billion [1]. Although the HVDC transmission technology is lauded with high
transmission efficiencies, there is a lack of deep understanding towards the DC be-
haviour of network components such as circuit breakers, isolators and insulation
systems. This haste in decision making and lack of thorough preparation and study
has resulted in the failure of several newly installed HVDC links. As reported in the
annual Entsoe (European Network of Transmission System operators for Electric-
ity) report [2]; there were a total of 48 registered disturbance outages, preventing
1.4 TWh of potential energy transmission, or 1.5 % of the total technical capacity
(Emax). In addition, maintenance outages amounted to 2.8 TWh, or 3 % of the
total technical capacity (Emax), and other limitations reduced the transmission ca-
pacity by an additional 2.9 TWh or 3.2 %. This amounts to about 8 % reduction in
the total transmission capacity.

This lack of reliability in long-term operation of HVDC networks is leading to
increased scepticism and delay in the arrival of the new technology. Currently, the
International Electrotechnical Committee (IEC) that defines standards for test and
qualification of high voltage components and regulates the quality of manufacturing,
specifies a particular dielectric test called Partial Discharges (PD) test among several
others. It is defined as a means of quality assurance for both AC and DC systems.
The partial discharge test is a unique test that does not just potentially indicate
the insulation quality in terms of value but also potentially provides information
on the location and the nature of the defect in the insulation. So far, PD tests on
AC components have proven to be a very powerful tool for defect identification,
pre-emptive maintenance, monitoring and diagnostics. Well above 80 % of the
insulation failures in rotating machines could be isolated and prevented through
regular PD testing [3]. Different dielectric defects can be recognized based on their
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characteristic fingerprint patterns that arise due to the phase relationship of the
defect behaviour to the AC sine wave. Given the remarkable success of partial
discharge measurements in defect isolation under AC, mounting expectations for a
similar prospect under DC conditions has become a thriving notion.

= EXisting
Approved projects

----- Options under consideration

By J IMesserly and those stated in source. - Blank map of Europe.svg by Maix, which is based an Europe countries.svg by Tintazul, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=5553728

Figure 1.1: The map of Europe showing the active, ongoing and planned HVDC
connections [4].

1.2. Scope of the thesis

Partial discharge is a particularly wide subject area, it deals with concepts begin-
ning from electrotechnic to aspects of material science. Researchers in the past
decades have extensively studied PD both as a dielectric phenomenon as well as
an application. Today, the measurement of PD under AC is used as a means of
defect detection, identification and localization for insulation damage. Though the
concept of PD measurement under AC and DC is the same, the process of defect
identification differs significantly. This is because the characteristic fingerprints or
patterns that are used to differentiate the various common defect types under AC
are based on the relationship of the defect/ discharge behaviour to periodicity of
the AC waveform. Some typical examples of PD fingerprints for common defect
types are shown in Figure 1.2. These patterns are popularly referred to as Phase
Resolved PD patterns or PRPD patterns in short. These diagrams show the repet-
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itive charge magnitude with respective to the voltage phase of occurrence. They
are viewed either in unipolar or bipolar format as shown in Figure 1.2. The partial
discharge analysis under DC however, does not permit the creation of such patterns
due to the lack of alternating polarity. Therefore, this particular research sets its
focus upon the possibilities of defect identification through partial discharge testing,
specially under DC stress conditions.

In order to understand the complete and unaltered discharge behaviour of var-
ious defects, the research will involve the study of artificially created defects in
a laboratory test arrangement. Some of the most common defect types namely,
corona from sharp objects, floating electrode and surface discharge fall under the
scope of this thesis. The research will not involve the development of any special
hardware or software for direct implementation of the PD measurement application
under DC.

—_—— Prase deg

(@) (b)

Figure 1.2: Typical PRPD patterns recorded under AC voltage stress (a) for slot dis-
charges in a medium sized rotating machine and (b) Voids in resin-based
insulation material.

1.3. State of the art

1.3.1. Defect identification under AC voltage stress

Partial discharge measurement under AC voltage has now become exceedingly pop-
ular and accepted in laboratories and industries as a tool to inspect insulation qual-
ity. Partial discharge tests are feasible on a wide range of test objects including,
power transformers, instrument transformers, cables, Gas Insulated Switchgears
(GIS), rotating machines, bushings, capacitor banks etc. Partial discharges are not
limited by the range of applied voltages. A PD test can be made on DUTs (Device
Under Test) operating at 400 V to those over a few MV. This is because PD incep-
tion is related to the critical electrical field stress within or along the insulation and
does not directly depend on the value of applied voltage. This makes the PD test
highly pervasive among the various international standards concerning the test and
qualification of electrical components.

Though the application of a PD test as a tool for quality assurance has become
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indispensable in the past years, the precedence of its application as a diagnostic and
monitoring tool has steadily gained momentum. Partial discharge is no more seen
as a scalar value in terms of charge (or voltage in mV) but a comprehensive bundle
of information regarding trends in magnitude over time and variation in magnitude
with location of sensors, and several other estimates. It has evolved from a PD
detection test that reads a simple pass/fail value to a complex analysis to additionally
identify the nature and the location of the defect. Therefore, defect detection,
identification and localization can be referred to as the three major elements or
aspects of a PD measurement as shown in Figure 1.3.

Defect
Identification

PD
measurement

Defect
Localization

Defect
Detection

Figure 1.3: The three major elements or aspects of a PD measurement.

In straightforward test cases, with test objects with one defect, the PD identifi-
cation can be done predominantly with the aid of PRPD plots. In certain specific
cases, additional plots such as the plot of charge versus voltage (Q(V)), supply the
user with useful information in order to determine the nature of the defect. Some
typical examples of Q(V) plots are shown in Figure 1.4 [5]. In other complex test
cases, with DUTs with multiple defects discharging simultaneously,the PRPD plot is
rendered almost futile since the clusters that denote individual defects start to over-
lap. Alternatively, the discharge cluster could also be embedded within the noise
cluster. For these scenarios, de-clustering or de-noising algorithms are employed
to separate the various clusters and identify the nature of the individual defects.
Some of the commercially available de-noising approaches include antenna gating,
dynamic noise gating, real-time pulse waveform analysis and synchronous multi-
terminal PD measurements [6]. Other less commonly used methods include pulse
feature extraction [7], TF (Time-Frequency) maps [8], pulse clustering based on
waveform parameters/pulse envelopes [9] and based on pulse energy calculations
[10]. The possibility to automate the process of defect recognition has also been
explored by many. For example, in [11], the statistical analysis of the basic dis-
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charge parameters such as pulse count and magnitude have been studied. In [12],
digital detection and fuzzy classification of the occurring partial discharge signals
has been developed. Others have used advanced image features derived from
two-dimensional PRPD patterns to automate PD pattern recognition [13].

The final element of PD measurement is defect localization. Defect localization
is a concept within the PD measurement procedure that is increasingly object/DUT
specific unlike the rest of the procedure. This feature of a PD test makes it a very
unique and powerful tool amongst the other dielectric tests such as tan§. A tané
test only provides information on the quality of the bulk insulation. Whereas, a PD
test can pin-point towards the location of the defect within the insulation with a
certain level of accuracy (depends on several influencing factors such as type of
DUT, nature of PD measurement, accuracy and sensitivity of measurement, etc.).
For instance, defect localization is done in power cables applying the concepts of
Time Domain Reflectometry (TDR) [14]. Localization accuracies up to 1 % of full
cable length are achievable in most cases. When it comes to power transformers,
defect localization through non-conventional PD measurement techniques (all other
techniques such as acoustic, UHF, electromagnetic etc.) through the process of
triangulation is more common [15]. These features of a partial discharge test have
placed great reliance on the measurement and its respective analysis.

1.3.2. Defect identification under DC voltage stress

The three major elements of a PD measurement that were discussed in the previous
section, namely PD detection, identification and localisation still remain unaccom-
plished when it comes to PD testing under DC. The overall concept of PD measure-
ment, including the use of a capacitive shunt across the DUT, and the application
of a measuring impedance to decouple the high frequency (HF) signal remain same
as AC-PD measurement. But, the means of analysis of the detected PD pulses has
known to be very diverse from the AC case. This majorly stems from the lack of
alternating voltage, phase angle and the slow repetitive pulse occurrence under DC.

It is clear that the lack of voltage phase angle has rendered the PRPD diagram
ineffective by all means for analysis of partial discharges under DC. But this does not
exclude the application of an analysis of a different kind through diverse patterns.
The very low pulse rates certainly pose a greater problem to the DC-PD analysis
as the study of any defect type would require a certain amount of minimum data
points. Especially with defects embedded inside the insulation, such as internal
voids which have a very low discharge rate [16] could become a hindrance to the
research process.

One of the early researches on DC-PD comes from the Delft University of Tech-
nology by Udo Fromm [17], as early as 1995. Fromm studied three kind of defects,
internal, surface and corona discharge. The research employed statistical analysis
of the discharge data. However, with the limited computational resources for post-
processing (a 3 MByte extended memory over a 386 PC) and an acquisition system
with limited capabilities (triggered with 1 MHz intervals), the research was clearly
ahead of its time. The research showed promise but no conclusive remarks and
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Figure 1.4: Typical charge-voltage dependence or Q(V) plots obtained during AC-
PD tests for (a) a surface discharge defect (b) discharge from voids and
(c) corona from sharp points [5].

recommendations on the means of PD defect identification under DC.

One of the DC discharge patterns that gained a lot of popularity is the ‘Pulse
Sequence Analysis’ or PSA that was first introduced in 1995 by the researchers
Hoof and Patsch [18]. The concept of PSA as its name indicates, is to study the
sequence of the discharge pulses. PSA uses the measured magnitude of charge and
its time stamp to derive specific plots to study the discharge trends. For instance,
information on causality and correlation can be obtained from these plots. However,
the randomness of these plots was so high that they were not reliable enough to
be employed in real-time defect identification.

DC-PD has been studied based on pulse shape analysis in [19]. Pulse parameters
such as rise time and amplitude of the pulse in mV have been used for the study.
However, the discharge pulse shape changes based on the location of the defect and
the propagation path and therefore, a method of defect classification based on pulse
shape analysis could not serve in PD defect identification. The paper itself concluded
by stating that comparison of PD signal values on different measuring setups can be
very difficult and hence not feasible. Similar proposals of DC-PD defect identification
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based on a pulse shape analysis strategy have been proposed also in [20][21].
Other methods such as modified PSA have also been explored in [19]. However,
in this case the paper focuses on the data processing methodology more than the
data acquisition. The acquisition of the discharge data is done using a PD detector
and therefore, the discharge data is limited by the detectors technical limitations
on pulse count and dynamic pulse rating. In addition to the PD magnitude,[22]
recommends the measurement of average discharge current over the testing time
as this both the amplitude of the discharge as well as the PD pulse repetition rate
(pulse count). Though the measurement of the average discharge current provides
a good indication of the presence of the defect, it does not necessarily aid in its
identification.

The other most common methodology adopted for the analysis of DC-PD is a
statistical study of the discharge parameters. Histograms of discharge parameters
such as pulse count, pulse charge and time between pulses are plotted and the
shape parameters of the distribution fitting the empirical PD distribution is derived
[23][24][25][26]. Additional PD parameters such as the correlation between a dis-
charge pulse and its successive and preceding discharge pulse in terms of discharge
magnitude have been studied in [25]. In case of study of DC-PD based on visual
patterns, derived patterns such as TF maps, similar to the ones employed in the
analysis of AC-PD are also employed [27][28]. The original PSA plots developed by
Hoof and Patsch with several modifications are also commonly used for the study
of DC partial discharges. These either use an electrical PD measurement for the HF
input raw data, such as in [29] or other non-conventional PD measurement tech-
niques, namely UHF as used in [30]. One limitation that all these approaches share
in common is the direct use of a commercial partial discharge detector that provides
the values of charge and time of occurrence of the pulses. The PD detector how-
ever does not provide raw data in terms of pulse stream where the pulse shape and
pulse sequence can be studied and analysed. Based on the hardware, firmware and
software limitations of the PD detector, discharge pulses might either be missed or
wrongly recognised. It is also probable that the discharge pulses may be recognized
with the wrong polarity information. Due to these above stated reasons, the sole
use of a PD detector for scientific research purposes is not recommended.

Further, the lack of voltage phase angle has been tackled by several researchers
by studying the discharge characteristics based on the ripple on the DC voltage
[31][32][33]. The partial discharge behavior under DC is analysed based on the
same PRPD pattern that is used for AC-PD analysis. Nevertheless, the levels of
ripple used to arrive at distinguishable patterns exceed the maximum 3 % ripple
requirements as specified in the standard IEC 60060-1 [34]. Therefore, the direct
application of the PRPD visual patterns to identify PD defects under DC still seems
improbable. Itis to be noted that , other modified voltage waveforms with a defined
ripple have also been proposed for partial discharge tests under DC and are under
investigation [35].

Several other advanced approaches based on complex mathematical tools for the
analysis of DC partial discharges have been studied in the recent years. Feature
optimization and dimension reduction [13], study of singular pulse spectral density
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[36] and pattern recognition through deep learning [37] are a few of the namely
methods that have been explored.

To improve the standard test requirements and technical requirements related to
DC-PD, the reproducibility of the DC partial discharge behavior has also been stud-
ied. The study is focussed on the reproducibility of the discharge behaviour based
on the IEC guidelines IEC 60270 [38] in comparison with the AC partial discharge
behavior [39][40]. Some of the results presented in [39] for the reproducibility of
a corona defect over AC and DC voltage stresses are improperly analysed. Wrong
detector settings and failure to understand the acquisition system settings is the
reason for the erroneous results. Nonetheless, improving the analysis methodol-
ogy to study the reproducibility of DC-PD measurements over different instruments
and laboratories is important towards the standardization of the DC-PD measure-
ment technique.

Researchers so far have studied the discharge data under DC using various statis-
tical tools and innovative discharge patterns but few have coupled it along with the
physical understanding of the discharge process [26][29][41]. Even so, the lack of
focus on the pulse acquisition methodology and a failure to evaluate the limitation
of the acquisition system have resulted in conclusions that are heavily influenced by
the system parameters and dependant on the acquisition system’s hardware and
firmware capabilities.

Currently, there is no agreed upon methodology to diagnose a DC system for
partial discharges. PD defect identification under DC voltage still happens to be in
its elementary form. With this research we will once again explore the possibilities
of PD defect identification under DC with the increased computational and pulse
acquisition capabilities we have available today.

1.4. Research goals

Currently, there exists no robust methodology to characterize partial discharge
sources under DC stress. Therefore, the overreaching goal of this research is to
develop a tool or a methodology for the classification/identification of various com-
mon insulation defects through electrical PD measurement under DC voltage stress.
The research will work in the direction of extending the existing physical under-
standing of the partial discharge phenomena of specific defects under DC voltage
stress through in-depth studies of the discharge process.

In order to fulfil the main research objective, a list of fundamental tasks that
can be considered as ancillary to the final goal are identified in listed below. The
fulfilment of these tasks prior to embarking on the principal scientific study of the
discharge scenarios is essential as it provides crucial information by defining system
limitations and boundaries which in turn influence the overall research outcome.
The tasks are as follows:

(i) Development of artificial PD defect sources.

(ii) Testing and validation of the defect sources under AC.
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(iii) Study and identification of the system limitations of the PD measurement
setup.

(iv) Definition of the PD acquisition procedure.

The main research objective can be broken down into the following sub-objectives:
1. In-depth study of PD characteristics of various defect sources under DC stress.

2. Development of an optimal post-processing strategy for the analysis of the
acquired PD data.

3. Evaluation of the PD defect characteristics to find a defect identification method-
ology.

It is vital to identify and further understand the influence of various parameters
on the measurements, as these could possibly influence the resultant conclusions.
A general overview of the research objective and its associated sub-objectives is
shown in Figure 1.5. Each of the above mentioned objectives are dealt with in the
forthcoming chapters of the thesis.

Identify limitations arising from
PD measuring setup and define
PD acquisition procedure

Suitable software
Serial testing of tools for data
known defects to abstraction and
study DC-PD visualization.

Recognition of single/

multiple or a
combination of
differences in PD
behaviour of various
defects

Develop Artificial PD

defect sources and
validate them using

AC patterns

identification
under DC
voltage stress

Figure 1.5: The overall research objective and the branching sub-objectives.

The major contributions of this thesis to the research community and the industry
could be defined as follows:

(i) To forward the existing knowledge in the field of DC partial discharges.
(ii) Provide a means of defect identification for PD under DC stress.
(i) Deep understanding of the defect behaviour and its respective patterns.

(iv) Future possibility to define system requirements for PD analysis under DC and
accompanying modifications on the relevant international standards.
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1.5. Research approach and thesis outline

This thesis adopts a sequential approach of studying individual defect sources with
focus on understanding their inherent discharge behaviour under DC. A brief outline
of the research process is also depicted in Figure 1.6. The discharge sources are
studied in a well designed test setup with no or low level of influence from either
the measuring circuitry or the acquisition process. The defect behaviour is studied
over variable time and voltage steps. The raw data of the discharge process is
recorded in time-domain using a suitable acquisition device and the data is exported
in digital format to be post-processed. Based on the study of the recorded discharge
process, several discharge parameters are derived and analysed by several different
means. The two methods of analysis mentioned on Figure 1.6 are visual patterns
and statistical trends in the data. The detailed study of the discharge process gives
an added advantage of identifying unique behavioural features of different defects
that might have been missed if the study involved merely the processing of raw
data acquired over a fixed and short period of time.

Related research
objectives

: b
Wideband PD i 1
measurement i W,

Record time
resolved PD | iv, 1
pulse stream

Post-
processing

Method 1:

Method 2:
Apply -
i Vi |
statistical < Derl\{e.d isua 2,3
quantities patterns

tools

Data Trends

Figure 1.6: The steps in research approach adopted in this thesis.

The thesis outline is as follows, chapter 2, gives the required background for the
readers with respect to PD in general. Topics such as origin and types of PD, its
equivalent circuit representations, PD as a physical phenomenon and standardiza-
tion in PD testing are addressed here. Chapter 3 enumerates all the pre-requisites
of the research. For instance, details of the PD defect sources that were developed,
their validation, the PD measuring circuit and the details of the data acquisition pro-
cedure are all described in this chapter.

This thesis is designed such that three individual chapters, namely chapters 4, 5
and 6 are dedicated to explain the study of the three typical defects namely corona,
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floating electrode and surface discharge defect, that were researched in this project.
These chapters follow a similar outline, starting with a chapter specific introduction,
details of the study, results and observations of the PD tests followed by specific
conclusions or inferences. The next chapter following them, chapter 7, combines
the results obtained in these chapters. It describes the final analysis process in-
volving the results and observations of all three PD defects. This chapter explores
the various defect discrimination methodologies while weighing the advantages and
disadvantages of each. The final chapter of the thesis is an overall conclusion that
sums up the research while providing recommendations for future work.
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Partial Discharge Basics

Partial discharge is a complex subject and its application requires a great
deal of understanding of other parallel subject areas such as radio frequency
transmission, material science and electron physics, apart from the field of
electrotechnic. In order to facilitate the reader in understanding the advanced
concepts of PD defect identification under DC that are described in the forth-
coming chapters, this chapter is dedicated to describing some of its funda-
mental relevant and vital concepts. The origin and types of partial discharges
are briefly explained followed by its various equivalent circuit representa-
tions. In the next sections, the difference between PD phenomenon under AC
and DC voltage is explained. In the final section of the chapter, the interna-
tional standard, IEC 60270 that regulates the PD measurement procedure is
briefly introduced.

Parts of this chapter have been published in the proceeds of the 215t International Symposium on
High Voltage Engineering (ISH), Budapest, Hungary, August 26-30, 2019 [1]
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2.1. Introduction

Partial discharges as the name suggests are discharges in the insulation system of
electrical components that partially bridge the dielectric between the two terminals
(conductors at different voltages). Partial discharges can be deemed both as the
symptom of weakness within the insulation as well as the contributing factor to-
wards its failure. Partial discharges are measured in terms of their charge value
in pico Coulomb (pC). Though a partial discharge on its own holds very little en-
ergy and is harmless, continued PD activity in the insulation system often and most
certainly results in failure and complete breakdown. Therefore, periodic mainte-
nance checks including PD tests on crucial electrical components are considered a
necessity. These tests help in keeping check on the health of the insulation that
is reflected by the magnitude of discharge and the trend in measured values. In
the past decades, partial discharge testing has come to become an indispensable
tool in the qualification tests of various electrical components. The functionality
of the PD tests is different to the other dielectric tests such as tan §, which is a
bulk measurement on the insulation system, as it provides additional advantages of
defect identification and localization. The various applications covered by PD tests
range from large rotating machines, power transformers, instrument transformers,
Gas Insulated Switchgear, underground cables and its accessories, until small mo-
tor drives. Since the occurrence of PD is not directly related to the voltage level
but to the critical electrical stress in the insulation, it is a part of qualification tests
for applications over a wide range of voltages. In other words PD test is applicable
both for test objects operating at 400 V or a few MV. This is excellently illustrated
in Figure 2.1 with a large cylinder type cascade transformer rated for 1 MV, 10.5
m high versus a miniscule sized DC motor that seems to fit in ones palm. The
application of PD tests are not limited to the field of electrotechnic, PD tests are
now prevalent in the aviation industry to test flight components, in the booming
photovoltaic (PV) industry as well as the industry with EV charging. Hence, this
chapter provides background to the subject of PD as a physical phenomenon and
PD as an application by describing important concepts that will navigate the reader
through to the forthcoming advanced chapters on PD defect identification under DC
stress.

2.2. Origin and types of partial discharges

The initial introduction of Partial Discharge in the mid 20th century, into the field of
electrotechnic was as a measure of radio interference. Later investigation revealed
more information on its ramifications on the electrical insulation in which it occurs.
There are numerous reasons for the origin of partial discharges. Essentially, it is
caused by the excessive electrical stressing of the dielectric medium. Poor design
and manufacturing, damage during transportation, poor installation or workman-
ship and ageing or deterioration of the material could be some of the possible
reasons. These in turn cause the formation of voids or air filled cavities in solid and
liquid dielectrics, metal deposits or contaminants in fluid insulated systems such as
transformers and GIS or irregularities on the electrode and insulation surfaces that
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(b)

Figure 2.1: The application of PD measurement ranges from (a) a cylinder type 1
MV cascade transformer (PSZ 1000, Haefely design) to (b) a DC motor
that can fit in ones palm [2].

give rise to corona or surface discharges. Figure 2.2 gives the most common types
of PD defects that are classified as corona, surface, floating metal/electrodes and
internal void.

Partial discharges can be broadly classified as internal and external discharges.

 Internal discharges: Dielectric bounded cavities or voids, air bubbles in liquid
dielectrics and non-homogeneities in gaseous insulations such as SFg.

e External discharges: Corona discharge from sharp objects, mostly in air di-

av av HV av
T ? ? ?
| void
T I T T
@ (b) (©) (d)

Figure 2.2: Some typical illustrations of PD defect configurations such as (a)corona,
(b) surface discharge, (c). floating metal and (d) internal void.
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electric and surface discharges, also referred to as gliding or creeping dis-
charges over interfaces.

The most common external defects are corona from sharp objects and surface dis-
charge at interfaces. Internal defects such as voids in insulation, cause permanent
damage to the test object as they cannot be easily rectified and the consequences
of long term PD activity deteriorates the insulation over time. Similar effects can
also be observed with tracking discharges along interfaces.

2.3. Equivalent circuit for partial discharge

Since the 1930’s several models have been developed to represent the partial dis-
charge phenomenon accurately [3]. The most popular and widely accepted among
them is the 3-capacitor model also referred to as the a-b-c model shown in Figure
2.3a. Its simplicity enables the easy comprehension of discharge scenarios by rep-
resenting the defect as a lumped capacitor. Though several other models (more
complex) were proposed through the years, namely the 5-capacitor model in the
1960's [4] and later the dipole model in the 1980’s [5], the a-b-c model remained
the most popular. Based on this model, IEC 60270 [6] defines the term ‘Apparent
charge’ which is the charge measurable at the terminals of the test object. The
message that the IEC conveys through the term apparent charge is that the value
of the measured charge is smaller than or much smaller than the charge involved
at the site of discharge. This can be explained as follows, in Figure 2.33, if C_ is the
capacitance of the defect, C, is the capacitance of the healthy dielectric in series
with the defect and q.. is the charge at the defect location then the charge measured
at the terminals (g,) is given by;

(a) (b)

Figure 2.3: The 3-capacitive model for partial discharges for (a) AC voltages and
(b) DC voltages.
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da = qc (Cp/Ce) (2-1)
under the assumption that C.>> C;,, g;<<q.. Due to this reason this term has
been misconstrued to be an arbitrary value which has no relation to the value of
the real discharge. However, this is not true, the value of the measured charge is
directly representative of the charge involved at the discharge site as confirmed by
E. Lemke in the 2010’s [7][8] based on Pedersen’s Dipole model [5]. He introduced
the term ‘Induced charge’ in an attempt to redefine the value of the measured PD
at the test terminals and dismiss the delusion involved with the usage of the term
apparent charge. According to this theory the measured charge is proportional to
the real charge through a continuous dimensionless positive scalar function 2 which
differs based on the geometry and location of the defect;

dq =—1.dQ (2.2)

where dgq is the measurable charge and dQ is the charge involved at the defect
location. Henceforth, the charge value measured in pC as prescribed by the IEC is
a quantity that is well correlated to the PD severity.

In case of DC partial discharge, the a-b-c model is slightly modified. The ca-
pacitance of the insulation is only effective during the transient phase of voltage
change (either during switch on/off or polarity change). The leakage resistance of
the insulation determines the partial discharge occurrence. This modified circuit is
shown in Figure 2.3b. It also controls the charging time of the DUT as well as the
defect, and in turn the discharge repetition rate. The charging voltage over the
defect assuming that the leakage resistances are all linear is presented in [9] as;

c
= .(1-et/t).v 2.3
Ve Rb+Rc( e*’t) (2.3)
R, .R.
=—(C C
T R, + R, (Cp +Cp)

where V is the applied DC voltage at the terminals of the test object and 7 is the
charging time constant that depends on the resistivity of the involved dielectric
media and its capacitance.

2.4. PD phenomenon under AC vs. DC voltage

The cause of partial discharge under AC and DC voltage remains fundamentally the
same. Which is, partial discharge is a result of overstressing of the insulation which
leads to its partial breakdown. However, two identical test objects or samples when
tested for PD under AC and DC voltage, produce different results. This stems from
the underlying difference in the electrical field distribution in the two cases. The
field distribution in the AC test case is a capacitive distribution, where the dielec-
tric constants (e,.) of the materials are directing the electrical fields. Figure 2.4a
presents two illustrations from the book of Kreuger [9], showing the equipoten-
tial lines over an arrangement with two dielectric media. It can be noted that the
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equipotential lines tend to concentrate in the region of low €,.. This can be derived
from the expression of electrical flux density (D) as follows;

D1:61E1 &DZZEZEZ

D1 =D2
€1E1 =6k,
a_kE
€2 Eq

In case of steady-state DC, the field distribution is dictated by the specific con-
ductivities (o) of the materials instead of the permittivity (e,.). This is derived based
on the Ohms law for conductive current (j) given by;

j=oF

The same arrangement with resistive field has a completely different distribution
as shown in Figure 2.4b. Similar to as was derived for the AC case, the ratios of
electrical field intensity for the DC case can be derived to be;

01 E,
02 Ey

This fundamental difference in the underlying physical distribution of the electrical
field stress in the insulation gives rise to the difference in PD behavior. The AC-PD
behaviour is repetitive in nature over the 50 Hz voltage cycle. However, the DC-
PD pulse occurrence studied so far is both slow and low-repetitive, with a varying
pulse interval. The research presented in [10] with the detailed study of the DC-PD
mechanism in a gaseous void in solid dielectric highlights the innate complexity of
operation of DC systems and its influence on the discharge behaviour of defects.
The complexity has caused the PD behaviour of various defects to remain elusive.

To understand the PD measurement setup and the system requirements for data
acquisition, it is necessary to be informed on the nature of a PD pulse. In terms of
physics, a PD pulse is a fast pulse in time-domain and a high-frequency (HF) pulse
in frequency domain. It is often described as a fast pulse with fixed rise and fall
time in the order of a few ns (nanoseconds) with its corresponding frequency com-
ponents extending into hundreds of MHz up to a few GHz at times. A representation
of a typical PD pulse is shown in Figure 2.5. As the figure indicates the PD pulse in
time domain can at times have pulse width up to a few us depending on the type
and location of the defect, as well as the propagation path of the PD pulse. These
features of the PD pulse make the PD test very demanding in terms of resources.
The short duration pulses in time-domain preferably need to be measured in real-
time with the resolution of a few micro seconds. This requires high speed and high
sensitive electronics for the measurement of a quantity in the range of a few mA,
and its acquisition at a rate of a few MS/s or GS/s and processing it to acquire
quantities of charge, time stamp and others over real-time. In addition, the minute
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stage It
+100 kY

@) (b)

Figure 2.4: The electrical field distribution plots showing the equipotential lines with
(a) AC and (b) DC voltage stress [9].

physical quantity in the range of pC (or mA) is measured in electrical systems oper-
ating at high voltages and most commonly in industrial locations. This places high
demand on the PD measurement hardware from the point of noise discrimination
and measurement sensitivity.

10}
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Figure 2.5: Graphical representation of a typical PD pulse in time domain (top) and
frequency domain (below).
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2.5. Standardization in PD measurement: [EC
60270

International standards such as IEC, IEEE and ANSI all have standards for PD mea-
surement. The most widely accepted and overreaching standard when it comes to
PD measurement is the IEC 60270. The IEC 60270 covers the PD measurement
in electrical components and systems tested with AC voltage up to 400 Hz or DC
voltage. It defines the requirements of the measurement system such as the mea-
suring impedance (also known as the quadripole), PD detector and calibrator in an
attempt to regulate the PD test procedure. A regulated PD test procedure ensures
repeatability and inter-comparability between measurements made by different op-
erators/measuring equipment at different locations on identical test objects.

The most noteworthy and important setting in a PD test is the selection of the
frequency measurement band for the quantification of the charge value in pC. The
IEC 60270 defines two different measuring bands for this purpose:

e Wide-band PD measurement: The fixed values for the lower (f;) and upper
limit (f5) frequencies below which there is adequate attenuation and the mea-
suring bandwidth (Af) is defined as;

30 kHz < f; < 100 kHz

fo <1MHz
100 kHz < Af < 900 kHz

e Narrow-band PD measurement: In this case, the centre frequency or the
midband frequency f,, and the bandwidth (Af) is defined as;

9kHz < Af <30 kHz
50kHz < f, <1 MHz

Though the IEC was first introduced as a standard to cover lumped capacitive
test objects, with decades of experience it has been found that it is beneficial also
towards the test of distributed test objects like transformers and cables. The stan-
dard also defines a specialized term called the ‘Q,..” which is derived based on
the pulse train response defined in section 4.3.3 of the standard. Apart from the
standardization of the test procedure for PD measurement the IEC standard also
defines various routine and performance tests to ensure the correct operation of
the measuring device itself. The requirements of a calibration pulse for example
are defined in detail in Annex A of the standard. The PD measurement circuit as
described by the IEC 60270 has been shown in Figure 2.6. The two alternative
positions of the coupling device/measuring impedance has also been shown in the
figure. Measurement alternative 2 suffers from the drawback that the coupling de-
vice and the measuring instrument (detector) can be damaged in case of flashover
of the test object. Moreover, in case of test objects which cannot be isolated from
ground/ earth such as power transformers, measurement option 2 is not directly
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possible. Therefore, the coupling device in such cases can be moved to the HV
side. However, this is not preferred due to the direct galvanic connection to the
HV terminals. Nevertheless, depending on the testing scenario, an optimal testing
connection can be chosen.

A small portion of the IEC standard deals with the evaluation of PD test results
with DC test voltage. The DC partial discharges are defined in terms of apparent
charge instead of ;.. and the standard defines the need to measure the time
between successive PD pulses with a resolution of 2 ms. This time interval maybe
considered as too long in certain cases where the PD pulse rate is faster and in
others it can be considered as too short where the ringing of the pulse is longer.
Further, it also specifies the need to measure additional quantities like the value
of accumulated charge to gain insight into the PD behaviour. Due to the many
inconsistencies and lack of detailed explanations or experience, there are many
contradicting views on the IEC's standard for DC-PD. Nevertheless, this research
follows the test requirements defined by the IEC towards the PD measurement
setup but does not directly base the research on the IEC recommendations for PD
evaluation.

U - HV Supply
C, - Coupling capacitor
Zmi - Measuring impedance

z CD - Coupling device
C, -Testobject
1 Z  -Filter
Cx — CC - Connecting cable
v ©
CcC
CD/ CD/
P PD
— cc Detector
=

Figure 2.6: The PD measurement circuit as prescribed by the IEC 60270 [6] showing
two alternative positions (1 and 2) for the connection of the coupling
device.
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Description of experimental
setup

This chapter describes all the pre-requisites of the tests carried out in the
forthcoming chapters. The artificial PD defect models that were developed
for the study of each defect are described here. The measuring setup, its
components and relevant details are also described. Though the research
involves the study of PD defects under DC, in most cases the defect model
is validated using AC tests. For this purpose, the chapter also describes the
AC measuring setup. The last part of the chapter deals with data acquisition
and evaluation. Various evaluation strategies are proposed based on which
the derived data will be studied and analysed with the final goal of defect
identification under DC conditions.

Parts of this chapter have been published in the author’s journals with Elsevier’s International Journal
of Electrical Power and Energy Systems, ISSN 0142-0615, [1][2][3][4]

29
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3.1. Introduction

This thesis relies on experimental data for its analysis. And therefore, well-designed
experiments are crucial to the success of such a subject. In order to obtain good
quality discharge data with low interference from any other phenomenon (external
noise or additional discharge processes), it is important to build and develop PD
defect models that only exhibit one kind of discharge process. Secondly, it is vital
to understand the measuring principles, the influence of circuit components and
connections and the limits of the system/ measuring arrangement. Several cru-
cial decisions have to be made with regard to the means of data acquisition and
processing in order to optimize the use of available resources.

This chapter outlines the entire preparatory process to the experimental phase of
this project. It describes how each defect model was built and the conditions under
which it was tested. It describes the PD measuring process that was employed
and at last the post-processing of the obtained raw data and feature extraction for
the final analysis phase. In the final section, possible methodologies that can be
employed to study the discharge processes to identify different defect types are
proposed.

3.2. Artificial PD defect models

Three common PD defect types, namely, corona (discharge from protrusion/sharp
points), floating electrode and surface discharge are developed for this study. The
following section describes the relevant details with respect to each model. All
defect models are designed carefully to ensure there is no discharge from periph-
eral components that constitute the model such as flanges, connectors etc. The
verification is commonly made by a preliminary AC-PD test by acquiring its corre-
sponding PRPD pattern. A corona camera is employed additionally to ensure there
is no discharge coming from any other sources (other than the intended defect).
These details of the measurement are described in greater detail in section 3.3.

3.2.1. Corona defect

The corona defect is typically created as a point-plane arrangement as shown in
Figure 3.1. The distance between the needle and the plane is maintained at 25
mm with a needle tip diameter in the range of ¢ 50-900 pm. The needles used are
either stainless steel or brass. The arrangement is placed in open air at atmospheric
pressure of 1 atm. Other test conditions such as temperature and humidity (16°
- 30°C, up to 60 % RH) were variable in order to ensure that these conditions do
not influence the final results. The corona tests were also repeated on different
days at different locations. This holds relevance from the point of view that, un-
certainties such as external radiated noise, ground coupled interference and other
variable parameters such as temperature, humidity, etc. could be excluded. This
will improve the reliability of the results obtained. The test was repeated using
different voltage sources and circuit connections. The duration of the voltage steps
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and the overall duration of the test was varied, in an effort to improve the relia-
bility of the outcomes and to showcase that the results are not specific towards a
certain needle shape or test configuration/procedure. The position of the needle
is changed between the high voltage terminal and the ground terminal to study all
the different configurations of corona.

¢ HV

050 — 100 um

0150 — <—

25

Figure 3.1: Schematic of the corona defect model in air; all dimensions are in mm.

3.2.2. Floating electrode defect

To reproduce a floating electrode defect, a set-up with a floating metallic electrode
is constructed using a rod-plate arrangement (main electrodes) as shown in Figure
3.2. The electrode is held in a floating position with the help of an insulating mesh.
The distance between the floating electrode and the rod electrode at HV is kept at
0.4 mm, while its distance to the ground electrode is maintained at 100 mm. The
other dimensions are specified in Figure 3.2. The floating electrode has a small
extension on the lower part to allow field enhancement which helps demonstrate
the feature of corona from floating electrode. The defect arrangement is placed in
open air at atmospheric pressure of 1 atm.

3.2.3. Surface discharge defect

The surface discharge model is implemented as a sandwich model with the dielec-
tric sample (under test) held securely between two electrodes. The schematic of
the defect arrangement is shown in Figure 3.3. Voltage is applied to the upper elec-
trode while the lower electrode is at ground potential. In order to ensure there are
no air gaps between the HV electrode (upper electrode) and the sample, a spring
system is used on the upper suspender. The lower electrode is maintained to be
of dimensions larger than the dielectric sample with the aim of creating a singular
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HV
M\ J-‘- Rod electrode (HV)
?; <« Floating electrode
@150 109 1 Insulating mesh
] <«— [ Adjustable plate
electrode (GIND)

Figure 3.2: Schematic of the floating electrode defect model in air; all dimensions
are in mm.

dielectric interface for the surface discharge activity. The dielectric samples are
cleaned with alcohol and cellulose-free paper before testing. The dimensions relat-
ing to the thickness of the sample, mentioned to be 2 mm on Figure 3.3 is only an
estimate. The actual thickness is variable for different dielectric samples and varies
between 0.5-3 mm, the specifics of which are mentioned in the relevant chapters
that describe the results of the surface PD tests.

o

Rod electrode (HV)

Disc electrode (HV) Metal spring to apply
Dielectric sample pressure (HV)
under test Adjustable plate

electrode (GND)

Figure 3.3: Schematic of the surface discharge defect model in air; all dimensions
are in mm.
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3.3. PD measurement

The AC measuring setup is built in accordance to the IEC 60270 requirements as
shown in Figure 3.4. It comprises of an AC voltage source rated for 100 kV,ms,
tested and certified PD-free, with a coupling capacitor (C,), measuring impedance
(Z) and a PD detector. The measuring impedance employed is in the form of a
quadripole which in this case was the AKV 9310. It is incorporated in the current
measuring loop to decouple the high frequency (HF) PD pulse. An additional HV
filter is employed to improve the sensitivity and reliability of the measurements
by blocking the interference coming from the HV source and preventing the PD
pulse from flowing to the HV source. The requirements of each of these circuit
components and the means to choose them are described in detail in [5]. The AC

HV Filter

AC G Defect
Source arrangement

@ Uac, Upa
=

PD Detector

Oscilloscope

1L 1= il

DDX 9121b

Signal Filter Trisgﬂ
-]

o

1o

Figure 3.4: Schematic of the AC measuring setup built according to IEC 60270.

setup is modified by adding a half-wave rectifier stage rated for 140 kV4. with a 20
nF smoothing capacitor after the AC source to generate a DC voltage. The direction
of the diode determines the polarity of the rectified AC voltage. The setup includes
a R||C voltage divider whose capacitor also serves as the coupling capacitor (280
MQ || 1.2 nF) for PD measurement. As shown in the schematic of the measuring
setup in Figure 3.5, in certain cases, a high frequency current transformer (HFCT)
with a measuring bandwidth of 20 kHz to 100 MHz is connected under the defect
arrangement for the possibility of supplementary measurement. In addition to the
electrical measuring circuit, a corona camera from OFiL Luminart’D systems that
measures ultra violet (UV) radiation from the discharge site is used parallely to
provide further insight into the discharge phenomenon. It measures highly sensitive
UV discharges in the solar blind range of 250 to 280 nm. As a final check, the
measuring setup/ construction is tested without the defect arrangement connected
to ensure that it is PD free up to the maximum value of test voltage. The ripple on
the output DC voltage has been measured to be below 0.4 % up to 30 kV4. well
within the maximum limit of 3 % defined by the IEC 60060-1 [6]. The results of
the measurement are shown in Figure 3.6. Taking note of the ripple at the output
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of the DC source is important to identify any influences on the DC-PD measurement
from the 50 Hz AC cycle. Though its in-depth investigation is out of the scope of
this thesis, awareness of such an influence might help refine the final conclusions.
Before the start of each test (with a different defect arrangement), the setup is
calibrated for charge measurements as prescribed by the IEC standards.

Half-wave DC rectifier

HV
Filter

|

Defect
arrangement

UV Camera

Oscilloscope

L=

PD Detector

DDX 9121h

Signal Filter Trigger|
o o

i |

Figure 3.5: Schematic of the DC measuring setup built according to IEC 60270.
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Figure 3.6: The measurement of the voltage ripple using an oscilloscope.
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3.4. PD acquisition

The partial discharges are measured by two means. Firstly, through the PD de-
tector (DDX 9121b) which serves as the front end of all PD measurements and
logs the voltage, charge (pC), repetition rate and pulse polarity every second. And
secondly, using an oscilloscope with a measuring bandwidth (BW) of 250 MHz that
is fed through the ‘signal’ output channel on the PD detector (DDX 9121b). The
oscilloscope is used to record a continuous data stream at the rate of 10 or 20 MS/s.
The use of an oscilloscope to log the PD raw data, instead of using the measured
output of the detector eliminates the errors at the detector stage that might arise
due to limited BW and dynamic range that could possibly lead to wrong polarity
recognition, double pulse recognition, pulse disappearance and so on. In addition,
it is possible to eliminate interference and noise pulses from the acquired pulse
stream in the case of raw data acquisition through data streaming by employing
suitable post-processing algorithms for pulse recognition. The streamed raw data
is independent of the IEC filter settings defined in the detector but is influenced by
the detector’s amplifier stage. In order to tackle this, the amplification level is set
to a fixed value. The sampling rates for data acquisition were defined considering
the influence from circuit parameters and other influences on the measured signal.
In this case, The AKV 9310 (quadripole) together with the electrical measurement
loop created by the 1.2 nF coupling unit has a measuring bandwidth of 8 MHz. The
PD detector used has optional input analog filter stages (Low-Pass 2 MHz) to pre-
condition the incoming pulse stream and discriminate them from external HF noise.
These BW limitations create a complex interaction thereby influencing the resultant
output pulse recorded by the oscilloscope. The lowered bandwidth influences the
shape of the discharge pulse by making the pulse longer in time or slower in fre-
guency. However, since the PD pulses that occur within an industrial HY component
are almost always limited in BW, and the analysis made in this contribution does
not aim at studying the discharges based on pulse shape parameters, this feature
has not been optimized. The second major influence of the low BW is on the maxi-
mum PD pulse rate that can be recorded reliably. Ideally, with the 2 MHz Low-Pass
(LP) analog filter a pulse rate given by the Nyquist criteria (f,ax=fs/2) approaches
1 MHz. Any limitations arising from this feature will be dealt with accordingly in the
course of the study.

During the test, the voltage is ramped systematically and the raw data is logged
in real-time at each stage. Depending on the presence/absence of the PD defect
and its behavioural changes with increasing voltage, smaller or larger voltage steps
are made. The final goal is to observe the defect’s PD behavior as closely as pos-
sible in order to understand and derive useful feature information. The length of
the acquisition depends on the repetition rate (longer acquisition for low repetition
rates).

3.5. PD Evaluation

This section presents the steps after the acquisition of the PD signal. The post-
processing of the data to extract useful information on the discharge process and the
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possible methods of analysis of the discharge data using various tools are proposed.

3.5.1. Data processing

The acquired PD pulse stream is processed in MATLAB through a comprehensive set
of algorithms that recognize the individual pulses from the data stream and assign
them an equivalent charge value based on a calibration factor (quasi-integration)
that is pre-programmed. The self-explanatory schematic shown in Figure 3.7 de-
scribes the process of quasi-integration, where the factor k. is referred to as the
calibration factor. The pulse recognition algorithm is developed based on the equiv-
alent energy threshold of the pulse as presented in [7] . Automated and flexible
pulse width identification is used to recognize and count individual pulses. Desired
exception handling is employed to ensure reliability of the output. An additional
routine is used for polarity recognition, that is developed based on the steepness
of slope [8]. The workflow diagram of the various algorithms that effect on the
input data stream is shown in Figure 3.8. The post-processing of the pulse stream
provides the resultant values of discharge along with polarity and the time stamp
of the discharge events.

Digital pand kear * peak(xy) 5
PD input pass filter Filter output Charge (Q)

Yk W Xk

Figure 3.7: A schematic representation of the quasi-integration process for charge
estimation.

3.5.2. Derived quantities

Based on the two basic quantities of discharge magnitude (+Q;) and time stamp
(t;) several other discharge parameters can be derived. The derived quantities
related to the magnitude of discharge (Q;) are, charge of successive pulse (Q;;1)
and difference in charge of two successive pulses/ three pulses (AQ; and AQ;.4).
The derived quantities related to the time of occurrence of the discharge (t;) are
time of occurrence of successive pulse (t;;,) and time between two successive
pulses/ three pulses (At; and At;, ). The graphical representation of all the derived
quantities from the measured PD input signal is shown in Figure 3.9. Additionally, it
is possible to deduce the repetition rate/density of pulses (N) either within a specific
time frame (N vs. t) or within a specific discharge range (N vs. Q).
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Figure 3.8: A workflow diagram of the various algorithms that effect on the input
data stream.

A

.
l L

Ati Ati+1

Figure 3.9: Graphical representation of the derived quantities from the measured
PD raw data, where i= 1 to N-2.

3.5.3. Visual tools

The most straightforward method of defect identification is through the visual recog-
nition of unique patterns on graphs/plots/diagrams. A good example of which are
the Phase Resolved PD plots (PRPD) that are useful in the identification of dif-
ferent defect types under AC voltages. However, the PRPD diagrams cannot be
directly implemented for DC defect identification due to the lack of voltage phase
angle under DC. Hence, alternative diagrams are proposed based on the various
derived quantities defined in the previous section. One of the most common ways
of analysing PD pulse trends in DC is through Pulse Sequence Analysis (PSA) which
was first presented in 1995 by Hoof and Patsch [9].
PSA is referred to a set of 3 plots namely;

(i) Plot of difference in time of occurrence and discharge magnitude of successive
pulses, At vs. AQ

(ii) Plot of difference in discharge magnitude of successive pulses in a sequence
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of three pulses, AQ;;, vs. AQ;

(iii) Plot of difference in time of occurrence of successive pulses in a sequence of
three pulses, At;,; vs. At;

In addition to these, other combinations of the derived quantities could be used
for the analysis. Some of the possible diagrams that could be used for visual defect
identification are as listed below.

(i) Plot of discharge magnitude of successive pulses, Q; vs. Q;1-

(ii) Plot of the discharge magnitude and time between the discharge event and
the previous discharge event, Q;,1 VS. At;,4.

(i) Histogram of number of pulses/pulse rate over discharge magnitude, N vs. Q.

(iv) Plot of discharge magnitude over time to study defect progression with time,
Quvs. t.

(v) Plot of discharge magnitude with increasing voltage, Q vs. V.

In order to enhance the contrast of the visual diagrams, most of them may be
plotted as density plots with a colour scale. The axis of these plots is divided into
a fixed number of bins and depending on the number of pulses in each bin, a
colour is assigned. Therefore, in addition to the two dimensional axis that provides
information on the shape/contour of the plot, the colour scale provides additional
information on the distribution of the pulses over the plot’s contour. Except for the
diagrams of: Nvs. Q, Q vs. tand Q vs. V. All other diagrams may be plotted as
density plots.

3.5.4. Statistical tools

A second method of analysis that is possible for such a study is by studying the
statistical distribution of the various discharge parameters in order to identify un-
derlying trends and patterns. One such possibility is the generation of probability
plots to study the discharge process/phenomenon of different defects. For instance,
the probability plot of difference in charge magnitude (AQ) of the discharge events
provides insight into the homogeneity of the discharge level or in other words the
range of dispersion in the quantity of AQ. Similarly, the probability plot of time
between discharge events (At) provides insight into the regularity of the discharge
process. Likewise, the analysis needs to focus on finding the trends that the distri-
bution of these quantities from each defect follows.

3.5.5. Discriminatory tools

The last proposed tool for the analysis of PD under DC is through reviewing the
data of defect progression with time and voltage (plots of Q vs. tand Q vs. V)
together with the possible features identified on the other diagrams. This would
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result in the formulation of a discriminatory procedure in contrary to the stand-
alone diagrams that the other two tools have proposed above. The procedure
could be formulated in the form of a decision tree with branches leading to the
discrimination of the various PD defects. Nevertheless, considering the possibility
that the process of defect identification under DC may not be as simple as that
under AC, the development of sound knowledge of the discharge progression of
various defects can serve as a valuable tool in the process.
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Study of Corona
Configurations under DC

Corona is one of the most common forms of partial discharge (PD) occurring
in high voltage (HV) energy systems. The corona mechanism in air is not ex-
clusive to the field of energy applications but has also been widely studied
by physicists to theorize mechanisms of charge transfer during the different
phases of gas discharge. The phases of the discharge and its corresponding
behaviour with alternating voltage (AC) are well established and represented
through various discharge trends, patterns and stages. This not only makes
the identification of the PD defect possible but also helps evaluate the risk.
This chapter investigates corona configurations under DC stress in an at-
tempt to create a similar outline of the defect as exists under AC. The defect
is studied in terms of the pulse sequence information. The measurement sys-
tem requirements are kept within a realistic realm to preserve applicability
to industrial measurements. Finally, it makes selective recommendations for
the effective identification of the discharge condition under DC stress.

Parts of this chapter have been published in Elsevier’s International Journal of Electrical Power and En-
ergy Systems, 118, (2020), 105820, ISSN 0142-0615, https://doi.org/10.1016/j.ijepes.2020.105820
[1]
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4.1. Introduction

Corona is commonly referred to the discharges coming from sharp points at high
electric field in air or other gaseous medium. It is caused by the ionization of the
gas due to the excessive electric field stress and this mechanism is described by
the nature of the dielectric and the availability of charge carriers. Several pointers
exist for corona measurement under AC voltage, such as, the inception of corona
on the negative half-cycle before the positive half-cycle, the concentration of the
Trichel pulses over the peak of the sine wave, indication of increased risk after the
inception of positive corona (positive streamer) among several others [2]. However,
stable and comprehensive indicators of this nature are non-existent when it comes
to corona measurement under DC conditions. A needle-plate corona arrangement
is studied by this research in four different configurations based on the position of
the needle and polarity of the DC voltage. The several minute differences in each
of the four configurations permit the identification of the defect in its various forms.
The final section makes recommendations towards an ‘Identification Test Plan’ to
detect and recognize the configuration of corona coming from the device under
test.

The principal difference between the measurement of AC and DC partial dis-
charges (PD) remains in their evaluation, while the state-of-the-art measuring sys-
tems used in both cases remain alike. In case of AC-PD measurements, for each
defect there is a unique variation of discharge magnitude over the AC voltage cycle
referred to as the phase resolved PD (PRPD) pattern. And considering that dis-
charge inception is defined by one pulse/cycle, the evaluation of the charge value
(Qiec) is less dependent of the repetition rate. A miscalculation of the pulse count by
the PD evaluation system does not affect the outcomes of the test itself. However,
in case of PD measurements under DC voltages, it becomes important to accurately
count the number of discharges in a given time period [3]. This means that any out-
liners/interference, or miscalculation of the pulse count due to duplicate recognition
or other means would negatively impact the outcomes of the test as described in
[3]. At this moment, it is necessary to highlight an interesting view-point for the DC-
PD evaluation, which is to distinguish partial discharges based on the source of the
discharge. If one considers the discharges coming from a real geometrical/physical
defect, the repetition rate of such PD should be proportional to the time constant
of the defect arrangement. In reality, this may be tedious to deduce due to the
complex configuration of the defect within the dielectric of the electrical compo-
nent. However, strictly for laboratory measurements and specially keeping in mind
the measurement of corona in air which this chapter discusses, pulses that may
occur after the waiting period (time constant) could either be interference pulses
from outside or due to effects of space charge, atmospheric influence, or random
cosmic radiation. For example, consider the classical abc-circuit [4] as shown in
Figure 4.1. Based on the DC model for PD the expression for the voltage over the
defect is given by;

— RC —-t/t
v, = Ry + RC.(I ety 4.1)

Where 7 is the time constant of the defect, R, and R, are the leakage resistances
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Figure 4.1: Classical abc-circuit with leakage resistances to accommodate DC PD

[1].

across the test object and V is the applied DC voltage, same as Eq. 2.3. This model
considers that the field across the defect, in this case a void, is purely due to the
electrostatic field of the applied DC voltage.

However, in several cases the electric field due to the accumulated space charges
may add to the local electric field stress establishing locally the temporary condi-
tions for discharge inception. These discharges could be referred to as ‘pseudo-
discharges’ since they neither have a stable repetition rate nor a pre-determined
range (of PD magnitude). Figure 4.2a shows a void inside a bounded dielectric with
homo-charge formation at the electrode junction. Figure 4.2b shows the HV elec-
trode of a DC module stationed in air. Due to the electronegative nature of oxygen
atoms the electrons attach to them, and in case of higher humidity they attach to
water molecules [5], creating a momentary hetero-charge layer as shown. This
enhances the electric field between the space charge region and the HV electrode
causing erratic corona pulses due to the discharge from the electrode towards the
region of the space charge. In order to incorporate this phenomenon, the value of
Vin Eq. 4.1 needs to be altered as follows;

V= f (Egqc + Esp(t,7)).dl 4.2)
=0

p(s)(r 35) Ps

Ir — sl

where Eqc is the electric field due to the applied DC voltage, Es;, is the electric field
due to the space charge formation, p(s) is the charge density with respect to space,
s is the unit vector perpendicular to the surface enclosing the charge and r is the
point in space where the electric field is calculated. Thus, the volumetric integral
of the charge density would equal the divergence of electric field, thereby following
Gauss’ law/Stroke’s theorem. Therefore, based on Eq. 4.2, at applied voltage
lower than inception, there is still a possibility of PD due to local field enhancement
from space charge clouds. However, depending on the charge displacement in the
dielectric medium (decay of the space charge) this condition may vary.

Egp(r) = (4.3)
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Theoretically, once the time constant of the charging circuit is surpassed without
the inception of a partial discharge pulse, the voltage can be increased to the next
step assuming the availability of an initiating electron. And practically, this is done
by measuring the DC voltage immediately across the test object and determining
if the voltage settles to the maximum DC value. Especially in the case of corona
defect in air, as this research investigates, the waiting period should be minimum.
Section 3.2.1 describes the defect arrangement and the test conditions. The study
of the DC corona discharge was performed through recursive testing of the defect
arrangement as mentioned in section 3.2.1. In the following chapters the PD mea-
suring setup, procedure and post-processing tools are described followed by test
results of various corona configurations. The observations presented in the next
section belong to a certain specific test case, the values of voltages (inception/
extinction) and discharge magnitude correspond to this specific case.

air

+DC
!

t+++++++++EH++++

€1

dust

(a) (b)

Figure 4.2: Pseudo-discharges (a) due to homo-charge formation and (b) hetero-
charge formation [1].

4.2. Corona configurations

4.2.1. Configuration I: Negative DC with needle at HV

The first corona configuration investigated is with the needle at negative DC voltage.
The detector’s filter settings are fixed to the maximum BW of 1 MHz with a centre
frequency at 600 kHz. The measurement noise floor is recorded as 0.03 pC. The
progression of the defect configuration with increasing voltage steps is shown in
Figure 4.3a. In this particular test case (described in the chapter 4) the corona
incepts at -5.75 kVy4. (U;) with a charge magnitude of 120 pC. The discharge stream
remains stable in terms of amplitude at the given voltage level. The discharge rate
is at 3370 pulses/s. With increasing voltage steps, the discharge rate increases
exponentially while the discharge magnitude drops to ~50 pC. These trends are
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presented graphically in Figure 4.3b. Given the 1 MHz measuring BW of the detector
the pulses virtually disappear (virtual pulse-free zone) [2] at 15 kV4. when the pulse
repetition rate exceeds 1 pulse/us. However, at this stage, it still remains possible
to measure the pulses through direct pulse streaming using the oscilloscope. Close
to 20 kV4, the pulses completely disappear from the electrical domain as shown in
Figure 4.3b. The last value of repetition rates recorded are 800k-1M pulses/s.

The corona camera on the other hand can detect the corona around the needle
in the pulse-free zone. The image recorded by the corona camera at 20.5 kVq4.
is shown in Figure 4.4. This pulse-free zone extends from 20.5 kV4. until gap
breakdown at 45 kVc.
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Figure 4.3: (a) The defect progression with increasing voltage (kVq4c) as recorded
by the PD detector and (b) discharge repetition rate and magnitude (in
pC) as a function of voltage for the needle placed at negative DC voltage

[1].

Discharge physics

The physics of the discharge under this configuration can be explained based on the
physics of the ‘Trichel pulse’ [6]. Figure 4.5 pictorially depicts the discharge mech-
anism around the needle tip. The electronegative needle ionizes the air around it
when the electric field stress around the tip exceeds the ionization field of air (~3
kV/mm). Trichel proposed that the formation of negative charges around the nee-
dle tip and its subsequent removal by the formation of a momentary positive space
charge resulted in the repetitive discharges. There are primarily two competing
mechanisms of discharge in this case; The electron attachment to the electroneg-
ative atoms such as oxygen and the electron detachment through excitation and
photo ionization [7].

N, + e~ = N; +2e7;AH = 104k]/mol 4.4)

0,+e” = 0, +2e~;AH = —125k] /mol (4.5)
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13.00 01/11/2018

Figure 4.4: UV measurement by the corona camera with corona around the needle
tip recorded at -20.5 kVq4 [1].

O,+N,+e” -0, +N, (4.6)

057 +0, 20, + e (4.7)

0, + hy - 20; AH = 498k] /mol (4.8)
0,+0 - 04 (4.9)

Though nitrogen (N,) is the most abundant (78%) gas in atmospheric air, as
shown from Eq.4.4 , the energy for its ionization is higher than for oxygen (O,).
Hence, Eq.4.5 is more dominant than Eq.4.4 at lower fields. The dissociated elec-
tron soon attaches to a neutral oxygen molecule as shown by the 3-body reaction
in Eq.4.6 creating a negative space charge at a distance away from the needle tip
(into the gap). With increasing electric field stress (voltage) the photo-ionization of
oxygen given by Eq.4.7 and enhanced electron detachment additionally by Eq.4.4
take over [8]. Additionally, the photo-ionization process strips the oxygen molecule
to atomic oxygen, paving the way for the production of ozone, Eq.4.8 and 4.9. In
[9] Giao et all. theorize that the increased rate of removal of negative charges and
the reduced rate of formation of negative ions due to detachment effect in high
fields is responsible for the pulse-less region of corona sometimes referred to as
‘noisy corona’ which is characterized by a DC offset current. In addition, the re-
duced gas density at the needle vicinity due to elevated temperatures contribute to
this phenomenon [5].

The breakdown voltage of this configuration on the other hand is slightly higher
since the electrons are dispersed to lower field region and the pre-breakdown re-
quires avalanches to be formed. These avalanches require an electron feedback
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mechanism that is created by the accelerated positive ions striking the cathode, by
the Townsend'’s mechanism [6].

-HV

oV

Figure 4.5: An illustration of the discharge mechanism around the needle tip at -DC
voltage and the corresponding voltage and electric field graph over the
gap distance, d[1].

Discharge patterns

The discharge raw data acquired was utilised to generate several plots based on the
quantities mentioned in chapter 3, including the Pulse Sequence Analysis (PSA) plots
that are revered by several researchers [10]. However, the most stable relationship
(against increasing voltage level) was obtained for the plot of Charge (Q;;,) vs
Time to discharge (At;,,) as shown in Figure 4.6. This plot represents a unique
characteristic of negative corona where the magnitude of discharge is determined
by the time elapsed since the previous discharge.

4.2.2. Configuration II: Positive DC with needle at HV

The needle on positive DC voltage incepts at 6.3 kVy4. with a discharge magnitude
of 0.5-2 pC. The discharge is highly challenging to detect due to the low signal to
noise ratio (SNR). Sufficient amplification and filtering stages are required for this
measurement. Figure 4.7 shows the recorded pulse stream with the high repetition
rate which could be mistaken for background noise. This stage of the corona is still
possible to be recorded using the corona camera with the discharge concentrated
around the needle tip. Figure 4.8 shows the test data log of the charge and voltage
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Figure 4.6: Discharge pattern of configuration I, Charge (Q;,,) vs Time to discharge
(At; 1) () at inception voltage (U;) of 5.75 kV4 and (b) at 1.6U; [1].

over time. It can be noted that at a specific voltage window, 6.4-6.6 kV4. in this
case, a stable pulse stream with a discharge magnitude of 400-450 pC incepts. This
phenomenon is referred to as ‘self-sustaining corona’. It occasionally incepts when
the voltage is ramped downwards to this value than by rising the voltage upwards.
The 0.5-2 pC (intermittent corona) pulses persist with increasing voltage, getting
more repetitive in nature. The UV image captured by the corona-camera increases
in intensity and girth. At 18.6 kVq, larger discharges in excess of a nC begin to
incept repetitively indicating a pre-breakdown state.
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Figure 4.7: Discharge pulse stream observed at 6.3 kV4. (a) 0.5 ms acquisition (b)
zoomed in to show individual pulses [1].
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Figure 4.8: The progression of the defect (needle at +DC) with increasing voltage
(kVq4c) as recorded by the PD detector [1].

Discharge physics

Positive corona is described in [11] to occur in three different forms: burst corona,
streamer corona and glow corona. The first stage of corona observed with inter-
mittent pulses has also been reported by Trichel [12]. He describes this phase of
corona as being made up with ‘imperfectly resolved current impulses of extremely
high frequency’. However, he was never able to precisely measure them due to their
low energy. This stage of ‘intermittent corona’ possibly arises from the ionization of
the neutral molecules in air, either by impact ionization or photo-ionization around
the needle tip giving rise to a small discharge current as shown by Figure 4.9a. The
electric field is maximum at the maxima of the voltage over the needle tip. The self-
sustaining corona that incepts at a specific voltage range is due to a large number
of individual current-pulses distributed over the surface of the point in regions of
adequate field strength [12]. As depicted in Figure 4.9b the positive space charge
displaced at a distance ‘X’ from the needle tip with sufficient field strength sustains
the Townsend’s mechanism of discharge through electron avalanche. Once enough
electrons are produced by ionization such that the current is taken care of by the
electron avalanche alone, the pulses cease. At the last stage of the discharge large
streamer pulses are observed. These are once again confirmed by Trichel [12]. At
higher field strengths the discharge penetrates into the gap and as Trichel describes
the appearance of these streamers is relatively sudden. They are believed to be
incited by energetic a-rays or properly timed ions. Therefore, the streamers appear
to be bursts propagating under ‘favourable field conditions’.

Discharge patterns

The intermittent corona stage at inception is challenging to detect correctly and
resolve into individual pulses as their occurrence is quite random. They do not
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Figure 4.9: The mechanism of discharge at the needle tip at +DC voltage (a) inter-
mittent corona at inception and the corresponding voltage and electric
field distribution across the gap distance, d (c) self-sustaining corona
and (d) streamer corona [1].

create any consistent pattern. The self-sustaining corona pulses with a charge
magnitude of 400 pC occur quite repetitively with a stable rate. A 2.5 s pulse
sequence is shown in Figure 4.10. Figure 4.11 with its PSA plot,AQ; and AQ; ., ; shows
a vague star pattern, however, the plot of Charge (AQ;;,) vs Time to discharge
(AQ;,,1) shows no relationship indicating that this is unlike the negative corona in
configuration I.
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Figure 4.10: The discharge pulse sequence at +6.6 kV4 [1].
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Figure 4.11: Discharge patterns of configuration II (a) AQ; and AQ;.; (PSA) and (b)
Charge (Q;.;) vs Time to discharge (At;,;) at 6.6 kVq4 [1].

4.2.3. Configuration III: Negative DC with needle at ground

Configurations III and IV of the corona arrangements presented in this chapter,
with the needle placed at ground potential are often not studied, presuming that
configurations I and II sufficiently represent III and IV. The mechanism of dis-
charge may be similar; however, several differences exist among them. These are
explained in the following sections.

The third corona configuration with the needle placed at ground potential and
applying -DC to the plate electrode incepts similar to configuration II (needle at
+DC) with a 0.5-2 pC stream but at a slightly higher voltage of 7.75 kV4.. The
small discharge with intermittent corona persists, while at 11.6 kV4 the first large
pulse with a recorded amplitude of 60 pC occurs. As can be seen from Figure 4.12
with increasing voltage the magnitude of discharge increases almost linearly. At
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19.2 kV4 repeated discharges in the order of 5 nC occur indicating a unstable pre-
breakdown state. The larger discharges are accompanied with a hissing or whistling
sound.
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Figure 4.12: The progression of the defect (needle at ground; -DC) with increasing
voltage (kVq4.) as recorded by the PD detector [1].

Discharge physics

The physics of the discharge in this configuration is similar to the one described in
Section 4.2.2. The needle placed at ground potential is now the anode. The dis-
charge incepts with the intermittent corona creating a small positive charge cloud
around the needle. However, the second stage of discharge with the self-sustaining
corona is absent in this configuration. This is because of the presence of a cathode
in the vicinity of the needle that can provide free electrons via ion-impact on the
cathode surface (at HV). Figure 4.13 shows the schematic of the discharge mech-
anism alongside the distribution of voltage and electric field across the gap. These
free electrons constantly neutralize the positive space charge. However, at increas-
ing voltages, the streamer corona sets-in similar to the pre-breakdown stage de-
scribed in Section 4.2.2. This configuration of corona remains the most dangerous
as the streamers incepts at low values of voltage with a large discharge magnitude
and soon escalates to the unstable-breakdown state if left undetected. Therefore,
attention needs to be paid to the ground electrode of DC electrical components,
since any damage leading to sharp edges can have severe consequences.

4.2.4. Configuration IV: Positive DC with needle at ground

The final configuration of corona with the needle placed at GND potential and +DC
applied to the plate behaves similar to configuration I with needle at -DC. Figure
4.14 shows the progression of the corona stages with increasing voltage. The defect
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Figure 4.13: The mechanism of discharge in configuration III and the corresponding
voltage and electric field graph across the gap distance, d [1].

incepts at 6.22 kV,4. with a discharge magnitude of 12 pC. The discharge repetition
rate is 2620/s. With increasing voltage, the discharge magnitude rises from 12 pC
at 6.22 kVg4. to 110 pC at 13.5 kVy4. with a discharge repetition rate of 170,000/s.
With further increase in voltage to 14.55 kV,4. the repetition rate increases to up to
350,000/s while the discharge magnitude drops to 12-15 pC.

For voltages in excess of 16 kV,, the pulses disappear from the electrical mea-
surements, denoting a real pulse-free zone as observed in Section 4.1. But until 23
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Figure 4.14: The progression of the defect (needle at ground; +DC) with increasing
voltage (kVq4) as recorded by the PD detector [1].
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kVq4c, the pulse stream with reduced amplitude (12-15 pC) appears and disappears
in flashes, denoting a transition phase between Trichel and glow discharge. The
pulse-free zone with no discharges persists until a pre-breakdown pulse of 6 nC oc-
curs at 43.6 kV4.. In the pulse-free region (of configuration I and IV) of discharge a
small violet glow slightly detached from the needle is observed. The corona camera
when used in the pulse-free zone with reduced amplifier gain records a discharge
ring around the violet glow as shown in Figure 4.15.

Discharge physics

The discharge physics of this configuration is similar to Section 4.2.1. The differ-
ences in inception voltage and discharge magnitude can be explained based on the
differences in the electric field strength and voltage distribution of the gap at the
same voltage levels. As shown in Figure 4.16 the electric voltage at the immedi-
ate vicinity of the needle tip is slightly reduced than when the needle is directly
at HV. This subsequently reduces the resulting electric field stress and hence the
reduced magnitude of discharge. Nevertheless, the defect progresses in the same
fashion as the needle at -DC. The violet glow shown in Figure 4.15 which appears
to be detached from the needle is analogous to the Crookes dark space [6]. The
corona ring has also been reported in the past [13] and is due to the field distortion
believed to have been caused by the negative space charges in the gap.

Manual Focus

Figure 4.15: The UV measurement by the corona camera showing the corona ring
around the needle tip recorded at 18.5 kV4 [1].

Discharge patterns

The discharge patterns obtained in this configuration of corona are well-formed as
shown in Figure 4.17. However, while comparing the robustness of the obtained di-
agrams, the discharge pattern of charge (AQ;.,) vs time to discharge (At;,,) shown
in Figure 4.17a is highly stable and serves as a fingerprint for the identification of
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+HV I

Stage 1

ov

Figure 4.16: The mechanism of discharge around the needle tip at GND when +DC
applied to the plate and the corresponding voltage and electric field
graph across the gap distance d [1].

the corona/defect. The other patterns are highly sensitive to outliers and distur-
bances. For instance, in certain corona configurations a second luminous discharge
appears at increased fields/voltages [6]. The discharge alternates between the two
spots. Occasionally at still higher voltages, a third spot may appear. This is an
inherent characteristic of the corona and depends on the dimensions of the needle
tip. The PSA plots in the case of double corona source are completely distorted
from the expected form shown in Figure 4.17. This is demonstrated through Figure
4.18. However, the plot of charge (AQ;,,) vs time to discharge (At;,,) preserves
its unique relationship and even reveals information on the number of discharge
sources through the number of clusters.

4.3. Discrimination of corona configuration under
DC

Corona is by far the only defect that behaves the closest to its AC behaviour. The
extremely high repetition rates found with corona are not found in any other de-
fect. It also has a unique charge versus voltage (Q vs. V) characteristic for every
configuration. Based on these behavioural characteristics of the corona defect it
is possible to detect and localise the configuration of corona (either coming from
the HV or GND terminal). It is possible that at the nominal test voltage, U,om,
the defect remains in the pulse-free zone or in the region of intermittent corona
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Figure 4.17: Discharge patterns of configuration IV (a) Charge (Q,.,) and Time to
discharge (At;,,) (b) AQ; and AQ,., (PSA), (c) At; and At;,, (PSA) and
(d) AQ; and At; at 12.1 kV4 [1].

(which is difficult to detect). This would lead to the defect going undetected. This
is a risky scenario since the pulse-free zone is in reality an active plasma region
which corrodes the metallic electrode, leaving behind unwanted residue such as
sharp floating particles and poisonous gases. Similarly, if the region of intermittent
corona goes undetected, it can lead to streamer discharges due to space charge
build-up. Therefore, it is insufficient to do PD measurements on DC components at
the value of nominal voltage alone.

Figure 4.19 shows a flow chart with a possible test plan that will allow the iden-
tification of the corona defect and its respective configuration. The component
under test is first tested at its nominal testing voltage over positive polarity (+DC).
If PD is measured, an analysis is made on whether the discharge stage has a stable
repetition. A stable discharge rate would indicate towards self-sustaining stage of
configuration II or negative corona or Trichel of configuration IV. To differentiate
between the two configurations, the correlation between the parameters AQ;,; and
At; 4, is checked. If there exists a trend in the plot of AQ;,, vs At;,, as shown in
Figure 4.17, it confirms that it is Trichel pulses and hence coming from a protru-
sion over ground terminal (configuration 1V). If there is no correlation in the plot
of AQ;,, vs At;,, but the pulses are stable and repetitive, this would indicate the
self-sustaining corona stage of configuration II, indicating that the protrusion is
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Figure 4.18: Discharge patterns of configuration I (a) Charge (Q;,,) and Time to
discharge (At;,,) (b) AQ; and AQ; ., (PSA), (c) At; and At;,, (PSA) and
(d) AQ; and At; at 6.6 kVq. for needle at -DC voltage with 2 corona
sources [1].

close to HV. In case discharge pulses are recorded but they occur randomly, one
needs to rule out the possibility that these are streamer discharges of configuration
II. Hence, the measurement is repeated at a reduced voltage to look for the self-
sustaining or intermittent corona which would confirm that the protrusion is on HV
(configuration II). In the event of no pulses being recorded at nominal voltage, one
needs to rule out that the component is either under intermittent corona region or
under the pulse-free zone. To do this, the measuring sensitivity is increased (by
increasing the amplifier gain) to look for pulses close to the noise threshold. The
presence of which would confirm that there is a protrusion close to HV (configura-
tion II). However, if absolutely no PD is recorded, the measurement is repeated at
reduced voltage until the possibility of pulse-free zone operation is completely ruled
out. Similarly, when the component under test is tested at its nominal testing volt-
age over negative polarity (-DC), a similar process is followed. Due to the absence
of self-sustaining corona stage in configuration III, any discharge with a stable rate
would indicate towards the presence of protrusion over HV (configuration I). To
rule-out the possibility of operation under pulse-free zone or streamer region, the
measurements are repeated with reduced voltage similar to that described for pos-
itive DC. The DC components need to be tested at sub-multiples of the nominal
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voltage to be completely certain of their fitness and quality.

Currently, this procedure has been designed to discriminate amongst the different
configurations of corona under DC alone. This is based on the study presented in
this chapter. However, the flow chart can be improved with the study of every new
defect type.

4.4. Conclusion

Corona is one of the most highly documented and studied defect as it is a part
of several beneficial industrial processes such as ozone generation, surface treat-
ments, decontamination of gas streams, etc. The integration of available knowl-
edge in diverse fields to further the understanding and interpretation in terms of
PD pulse diagrams for corona characterization under High Voltage DC applications
is what this research accomplishes. Several features such as the self-sustaining
corona and noisy corona have been described in journals of applied physics and its
applicability towards PD defect identification is exploited through this contribution.
The following are the important concluding remarks:

1. There are four instead of two corona configurations based on the position of
the protrusion and the polarity of voltage.

2. Each of these four configurations of corona behaves differently from the other.
The greatest similarity amongst them is between configuration I and IV. They
differ in terms of discharge inception voltage and discharge magnitude, the
defect progression itself remains similar.

3. The plot of the discharge parameter, charge (Q;.,) vs time to discharge (At; 1)
proves to hold the information towards the mechanism of discharge.

4. In comparison to the PSA plots (AQ; and AQ;,,, At; and At;,, and AQ; and
At;) the plot of charge (Q;,1) vs time to discharge (At;. ;) is shown to be more
robust to outliners and other inherent effects such as double corona source
over the protrusion at increased voltages.

5. Minute behavioral features such as the inception of intermittent corona under
configuration II and III and the self-sustaining pulse stream of configuration
IT are pointers for the identification of the origin of the corona (whether from
HV terminal or ground).

6. The riskiest configuration of corona is -DC applied with protrusion fixed on
ground plane (Configuration III). The streamers in this configuration incept
at a low voltage level and it subsequently breaks down at a reduced voltage.
This has also been corroborated based on industrial testing experience where
most often tests with negative DC voltages have faced problems due to corona
coming from improper ground connections.
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Figure 4.19: Flow chart of the proposed test plan for identifying corona discharge
and its configuration under a) positive DC voltage and b) negative DC
voltage [1].

7. To ascertain the fitness and quality of DC components (currently, with respect
to corona defects alone) the component has to be tested at nominal test volt-
age and its sub-multiples following the test schematic as described in Section
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4.3.

8. The discriminatory procedure formulated in Figure 4.19 based on the investi-
gation of the corona defect under DC voltage is a useful tool for the detection
and identification of the corona defect.
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Study of the Floating
Electrode Defect under DC

Partial discharge is a prevalent phenomenon under high voltage (HV) where
the discharge partially bridges the gap between two electrodes. At increas-
ing voltage levels, physical dimensions and distances between the electrical
parts become critical. Designing electrical components for such high voltages
and planning of high voltage laboratories/ tests need to deliberate this aspect
as it could lead to possible complications such as partial discharges (PD) from
the floating metal components. Floating electrodes under AC voltages are as-
sociated with a distinctive PRPD pattern. However, there is a lack of literature
on the physical interpretation of this pattern. Likewise, under DC voltages,
no consistent explanation towards the defect behavior has been reported.
Therefore, this chapter presents an in-depth study of the floating electrode
defect configuration under AC and DC voltages. Subsequently, it provides the
physical interpretation of the discharge patterns obtained through the step-
wise description of the discharge stages under both conditions. By formulat-
ing criteria for repetitive discharges and presenting novel PD fingerprints for
DC floating electrode configuration, the outcomes published in this chapter
contribute towards prospective PD defect identification tools under HVDC.

Parts of this chapter have been published in Elsevier’s International Journal of Electrical Power and En-
ergy Systems, 118, (2020), 105733, ISSN 0142-0615, https://doi.org/10.1016/j.ijepes.2020.105733
[1]
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5.1. Introduction

Floating electrode at high voltages (HV) refers to a metallic object in the vicinity of
an electric field that acquires a stray voltage depending on the level of capacitive and
resistive coupling. If the resultant voltage on the metallic body is sufficient to cause
a partial flashover (depending on the critical withstand strength of the surrounding
dielectric medium)to the main electrode, ground or initiate corona around the body,
then the partial discharge from the floating electrode appears. This phenomenon
also occurs in nature in the event of a thunderstorm/lightning. The electric fields
during a thunderstorm can induce charges on ungrounded metallic bodies, causing
them to discharge. These aspects of floating body discharge in a lightning pro-
tection system have been studied in [2][3][4][5]. The risk involved with floating
bodies in HV systems is manifest in one way through the possibility of shock and
flashover. In certain cases, the floating body could also initiate treeing on the elec-
trical components that it is a part of or those in its vicinity. The level of risk depends
on the energy held across the floating body (capacitive energy). On account of this,
HV installations always specify clearances, which are distances at which it is safe
for personnel to operate other equipment [6]. A Floating PD, more specifically from
an external source, can stall the quality inspection and qualification process in test
laboratories. And an internal floating defect in the dielectric of the component risks
the weakening of the dielectric depending the level/nature of discharge.

In AC tests, the modern-day partial discharge (PD) measuring equipment creates
a Phase Resolved Partial Discharge (PRPD) pattern during the test which allows
defect identification [7]. It is the unique shape of this PRPD pattern that helps
in the identification of the defect as pattern holds the information on the defect’s
behaviour. Though the various trends of discharge progression with increasing
voltage and time have been studied, little has been known so far on the actual
interpretation on the pattern itself. This research aims at shedding light on the
physical interpretation of the PRPD pattern of the floating electrode defect through
the identification of key features of the defect behaviour. This is systematically done
by plotting several discharge parameters. Following that, the chapter provides the
detailed and stepwise description of the discharge behaviour. On the other hand,
in the case of DC, several researchers have studied the discharge characteristics
and presented the resultant patterns of floating particles or free-moving particles
since this is of interest for Gas Insulated Systems (GIS) [8][9]. However, there is
a lack of literature that describes the floating electrode defect similar to AC condi-
tions. Hence, this contribution presents a detailed study of the discharge process
from a floating electrode defect by identifying various discharge characteristics that
represent the defect accurately. Further, the criteria for the repetitive stage of dis-
charge from a floating electrode are defined and DC-PD fingerprints for the defect
are presented. The contributions of the research could be subsequently utilized for
defect identification under HVDC and an extension of the existing knowledge in the
field of AC partial discharges.
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5.2. Understanding floating discharge under AC

stress

The floating electrode defect under AC voltages is most commonly associated with
its distinctive PRPD pattern as shown in Figure 5.1 [10]. A stable, repetitive stage of
discharge for the particular configuration under test (described in Chapter 3, section
3.2.2) is reached at 9.50 kV,,,s establishing this as the PD inception voltage (U; or
PDIV). The discharge magnitude remains fairly constant over a given voltage and
moves predominantly over the rising edge of the positive and negative half-cycle
creating the straight lines over the PRPD pattern. When looking at the discharge
pulse occurrence carefully one will notice the sliding of the pulse over the voltage
phase towards and away from each other. This has been pictorially demonstrated
through Figure 5.2 where the two pulses marked in grey are moving towards each
other or the two pulses marked in blue are moving away from each other(denoting
the pulse sliding that takes place). This phenomenon is a characteristic feature of a
floating electrode defect and can alternatively be recognized or studied through the
3-pulse PSA (Pulse Sequence Analysis) plot of time between successive discharges
as shown in Figure 5.3 [11].
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Figure 5.1: PRPD pattern of a typical floating electrode defect [1].

Figure 5.2: Pictorial representation of the moving pulse in a typical floating elec-
trode defect [1].

The 3-pulse PSA plot of time between successive discharges shows a linear dis-
tribution that extends between the coordinates of (7,13) ms and (13,7) ms. This
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illustrates that the time between the 2 discharges on the 2 half-cycle changes be-
tween 7 and 13 ms and follows a well-defined sequence. It also depicts that there
are just 2 discharges per voltage cycle (20 ms or 50 Hz) as the sum of two succes-
sive At yields 20 ms, which is the time period of a 50 Hz cycle. For instance, the
blue cluster seen in Figure 5.3 around 4 to 6 ms depicts the discharge period when
there occur more than 2 pulses per cycle. To further understand the sequence in
the change of time between successive discharges (At), the bar graph of the same
is presented in Figure 5.4. This clearly shows the sequential increase (from 7 to
13 ms or 126° to 234°) and subsequent decrease (from 13 to 7 ms) of the time
between discharges. Concurrently, one can also observe a region with At ranging
from 4 to 6 ms. This is the period of discharge with 4 pulses per voltage cycle. Here,
the sum of 4 successive At yields the time period of the 50 Hz cycle (20 ms). This
region indicates that there are 2 discharges per half-cycle. Typically, in the case
of floating electrode defects, with an increasing level of voltage above discharge
inception, multiple pulses per half-cycle can be observed. Whereas the level of
discharge magnitude remains constant. This is because the discharge magnitude
is related to the gap withstand voltage and given that the floating body is fixed,
the resultant PD magnitude remains constant. However, once the voltage exceeds
the corona inception level for the curvature of the floating body, corona can also
be observed. Section 5.2.2 is dedicated to the description of this phenomenon in
more detail.
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Figure 5.3: The plot of time between successive discharges of a 3-pulse sequence
for a typical floating electrode defect [1].

5.2.1. Discharge behaviour

The reason for this unique feature of floating electrode discharge in which the pulses
move towards and away from each other over the voltage phase lies in its physics.
Therefore, the following section provides a theoretical background to the stepwise
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Figure 5.4: The plot of time between discharges for the floating electrode defect
under AC voltage [1].

behaviour of a floating electrode defect under AC voltage cycle.

For illustration, let us consider a homogenous electric field distribution between
two conducting plate electrodes with the floating electrode placed at a distance /
from the electrode at HV, as shown in Figure 5.5a. Based on the capacitive coupling
to the electrode arrangement the floating electrode is at a certain voltage that is
equivalent to;

V(w) = Ep(w).l (5.1)

where, Efis the electric field intensity across the gap distance with length /, and
is a sum of the electric field from the applied voltage (Eq,(w)) and the field from
the induced charges on the floating electrode (Eg(w)). All the field and voltage
values are a function of the angular frequency, w of the power supply. Initially, the
net charge on the metallic floating body remains zero (electrically neutral). Once
the electric field exceeds the breakdown field value, over the positive half-cycle,
the voltage across the gap / reaches the breakdown value thereby bridging the gap
momentarily by a spark discharge or a current path. In terms of partial discharge
measurements, it is represented as a current pulse with an integral equivalent to;

AQ = iAt (5.2)

where i is the mean value of current over the transient time, At is the tran-
sient time of the discharge process and AQ is the value of charge. The discharge
magnitude is a function of the electric field intensity (Ef) at the gap and the level
of capacitive coupling of the floating electrode which in turn depends on the area
of the floating electrode, the gap distance and the permittivity of the dielectric.
The initial phase until and including the first breakdown can be described by the
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following set of equations;

Att=t,,
Vind nasSin(wt, + @)

=V
Vext = VexeSinwt,
e

(5.3)

Voa = + Vina

where, Vj,4 is the induced voltage on the floating electrode which follows the
supply voltage Veyt is the voltage drop across gap / due to the applied voltage,

Ving and Vo, are the absolute peak values of the voltage and V, is the breakdown
voltage of the gap /, ¢ is the phase shift between the induced voltage, Vj,; and the
external voltage drop V., arising from the capacitive nature of the floating gap.

The transient phase of the discharge brings the floating electrode to the HV elec-
trode’s potential momentarily, charging it positively (due to the positive half-wave).
Therefore, now the floating electrode is no more electrically neutral but possess
a charge equivalent to g given in Eq.5.4. Based on the electrical field drawings
shown in Figure 5.5b it can be observed that the applied electric field (E.y:) due
to the supply voltage and the static electric field (E; ) due to the charge on the
floating electrode now oppose one another in the gap .Hence, the defect does not
discharge again over the positive half-cycle given the voltage drop due to E , that
compensates for the sinusoidal increase in the applied AC voltage. When the AC
voltage polarity changes to the negative half-wave, the scenario Figure 5.5c oc-
curs, where the applied electric field (E,;) and the static electric field (E; ) add
constructively once again to exceed the value of breakdown voltage of gap / initi-
ating a discharge at t=t;. The following equations describe the moment preceding
the discharge event at t=t;;

q = CVpa(to) (5.4)

k.
Ea(t) = 31 (5.5)
Vi (t2) = Egr (). (5.6)

Voa(t1) =Vexe(t1) + Vina(t1) + Vg 4 (t1)

R N kC . ,
Voa(t1) = VexeSin wty + Vipgsin(wt, + ¢) + T[VextSinwto + Vinasin(wt, + ¢)]
(5.7)

where, g is the charge on the floating electrode after restoration of the gap
resistance following the first discharge, C is its capacitance to the HV electrode,
V,a(t,) is the instantaneous voltage during the breakdown at t = t,, Eg, is the
electrostatic field due to charge g, k is the electrostatic constant equal to 8.99 x
10°Nm?C~2 and V; , is the resultant electrostatic voltage. From Eq.5.7 it can be
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Figure 5.5: Schematic of the stepwise discharge process of a floating electrode de-
fect under AC voltage (a) floating body before first breakdown of gap /
during positive half-cycle (b) after first breakdown of gap / during posi-
tive half-cycle (c) before breakdown of gap /in the subsequent negative
half-cycle and (d) after breakdown of gap /during the negative half-cycle
[1].

resolved that the time (over half-cycle or phase position) ¢, at which discharge
takes place depends on the voltage acquired as a result of the previous discharge
at instance t,. The discharge scenario based on Eq.5.7 has been simulated in
MATLAB for the purpose of demonstration and is shown in Figure 5.6. It can be
observed that since the breakdown at ¢, occurs at an increased voltage level (the
corresponding external applied voltage during the breakdown at time instance ¢, is
0.84 V,,.; as indicated on Figure 5.6) the discharge on the subsequent half-cycle at
t, occurs at a lower level (0.30 V,,;). And this level of charge acquired at t, causes
the discharge at t; to shift to a smaller voltage level (0.65 V,,, compared to the
0.84v,,; at t;). Additionally, the sum of the subsequent values of At lie in the range
of 19.05 and 20.50 ms which as in line with the observations presented in Section
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5.2. One might otherwise also observe this time shifting of pulses over subsequent
voltage-cycles as the sliding of the pulses away from each other (demonstrated
through the arrows in Figure 5.6). In sum, this confirms that the phase angle at
which the discharge takes place on one half-cycle determines the phase position
of the subsequent discharge event on the next half-cycle. Thereby, leading to the
moving/shifting pulses over the voltage phase angle as is observed with the AC
floating discharge (reference to Figure 5.2).
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Figure 5.6: Simulation of the floating defect discharge scenario demonstrated based
on Eq.5.7. The x-axis is given in terms of time in ms (below) and in
terms of rotational phase in degrees (above) [1].

5.2.2. Corona from floating objects

Depending on the geometry and curvature of the floating electrode, corona may
incept on it. However, the manifestation of the corona from the floating electrode
can precede or follow the occurrence of floating discharge. This would depend
on the geometry and positioning of the floating electrode in the gap. In the ex-
perimental case discussed in this chapter, the corona from the floating electrode
incepts with increasing voltage (after the manifestation of the floating defect). The
PRPD pattern of which is shown in Figure 5.7. The difference between corona from
a needle plate arrangement with the needle at HV and the corona coming from
a floating electrode is the difference in the energy source. In case of corona the
energy for the discharge is directly supplied by the power supply. However, in case
of the floating electrode, the energy on the floating electrode (W) is defined based
on its net charge, Q and instantaneous voltage V, given by:

W= %Q.V (5.8)

This cannot serve as a continuous discharge source such as in the case of the
needle-plate corona arrangement connected to the power supply. Once the energy
on the floating electrode is no more sufficient (depends on the resistance of the
discharge channel) to incept the corona, the discharge ceases. To understand this
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phenomenon better, consider the floating electrode arrangement given in Figure
5.5b, when the voltage is sufficiently high the positive charge acquired after break-
down by the floating electrode can incept positive corona (or streamers) over the
gap d. As the floating electrode is electrically isolated, the positive corona charges
the floating electrode negatively. With the floating electrode acquiring negative
charge once again, the gap / breaks down making it positive again. And this pro-
cess repeats itself, and the defect exhibits both patterns of floating and corona
discharge. This process continues until polarity reversal. Similarly, at the negative
half-cycle with increased voltage, negative corona incepts over gap d. The cluster
shown in Figure 5.7 over the positive polarity of the positive half-cycle is due to
the incorrect polarity recognition by the PD detector due to insufficient vertical bit
resolution as the streamer discharges are well above a few 10s of nC.
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Figure 5.7: PRPD pattern of the corona from the floating electrode defect [1].

5.3. Floating electrode under negative DC

The floating electrode defect under DC voltage follows a completely different se-
quence as compared to the AC defect. The defect in this case does not have a stable
discharge repetition rate once the breakdown voltage of the gap /is reached. The
first discharge over the gap takes place when the resistive voltage drop over the gap
| exceeds the value of breakdown voltage. However, after the first breakdown the
floating electrode charges to a value of charge g that is determined based on the
transient time of the discharge and the value of discharge current. Subsequently,
this charge on the floating electrode as depicted in Figure 5.5d results in a local
electric field, E;_, which is oriented opposite to the external electrical field, E,,;.
Hence, no further discharge takes place at this voltage level ([ Eoy;—Es — . dl < Vyq).
The discharge over the gap recurs when the applied DC voltage increases, thereby
compensating the opposing electrical field ([ Eoy; — Es— . dl = Vyq).

With increasing voltage, the gap / breaks down at each voltage step charging the
floating electrode each time to a higher value of charge. At a particular voltage
level, the accumulated charge with its resultant static electric field (E;_) leads to
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field enhancement over the gap d (scenario shown in Figure 5.5d). The field en-
hancement occurs as a result of the positive superposition of the two electrical field
stress, E;_ and E,,. This leads to inception of negative corona over the floating
electrode. However, the negative corona diminishes the previously accumulated
charge on the floating electrode. As the charge on the floating electrode reduces,
the resulting electrical field E;_ which was opposing the external electrical field
over gap / also reduces. And once the equation; [ E,,. — Es_ . dl = V4 is satisfied,
the gap / breaks down once again charging the floating electrode and the process
repeats itself. To reach a stable discharge state the following two criteria need to
be met:

e The constructive overlap of the applied electric field (E,,;) and the static elec-
tric field (E;_) produces corona over gap d.

¢ The corona discharge charges the floating electrode in the opposite direction,
increasing the field across gap [ to the breakdown value.

Once, these two criteria are satisfied, a stable discharge can be observed. The
results of the experiments performed substantiate this theory. This phenomenon
of discharge can be observed in Figure 5.8 where the pulses occur in blocks. The
first pulse with larger amplitude is the breakdown of the gap /, while the successive
pulses with small amplitude are due to negative corona. The larger discharge pulses
seem to be bipolar due to the pulse undershoot which is an artefact of measurement
generated due to the limited bandwidth of the oscilloscope used for recording. This
stage of the floating electrode discharge yields very distinct discharge patterns.
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Figure 5.8: Discharge stream recorded at -29.5 kV4. with the floating electrode de-
fect [1].

Figure 5.9a shows the plot of difference in successive discharge magnitudes (AQ)
vs. time between the successive discharges (At), Figure 5.9b gives the plot of dif-
ference in discharge magnitudes of 2 pulses in a 3 pulse sequence (AQ; vs. AQ;.q).
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The distinct tri-star pattern arises from the nature of variation in the pulse mag-
nitude in the discharge stream. This is explained through the example shown in
Figure 5.10. In this figure, the various pulse clusters that occur during the floating
discharge process under negative DC voltage are arranged in groups of 1 to 4 to
show the formation of the indicidual clusters on Figure 5.9b. Figure 5.9c is a plot of
time between successive discharges in a 3-pulse sequence (At; vs. At;,,). Figure
5.9d is the Figure 5.9c presented in logarithmic scaling of the axis and excluding
the heat map function. It is synonymous to Figure 5.3 of the AC discharge pattern
and shows a very distinct pattern similar to the one observed in the AC case. To
further describe this pattern clearly, the bar graph of time between discharges of
the floating electrode defect at the same voltage level is presented in Figure 5.11.
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Figure 5.9: PSA patterns of the floating electrode defect under -29.5 kV4. (a) plot of
difference in successive charge (AQ) vs. time between the successive
discharges (At), (b) plot of difference in charge of 2 pulses in a 3-
pulse sequence (AQ; vs. AQ;.1), (c) a plot of time between successive
discharges in a 3-pulse sequence (At; vs. At;,;) and (d) Figure 5.9c in
logarithmic scaling [1].
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From this it can be deduced that the time between discharges follows a very
systematic scheme. The value of At increases exponentially from the discharge of
gap / until the next discharge of gap /. The exponential curve shown by the yellow
curve in Figure 5.9d indicate the corona inception over the floating electrode with
small time between discharges. This can also be confirmed by the large density
of pulses over this curve. The exponential decay curve shown by the black curve
indicates the discontinuity or the shift from the corona stage to the next discharge
of gap /. The third prominent curve creating a stable line highlighted through the
red line in Figure 5.9d indicates the slow repetitive corona towards its termination
(corona fade-out).
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Figure 5.10: An illustration of the pulse stream occurrence and the formation of the
tri-star pattern of Figure 5.9b [12].
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Figure 5.11: The plot of time between discharges for floating electrode defect under
-DC voltage of -29.5 kVq4 [1].
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5.4. Floating electrode under positive DC

Under the positive polarity of the DC voltage, the floating electrode follows the
sequence of steps shown in Figure 5.5a and 5.5b. Once the gap breaks down and
the floating electrode is charged positively, corona might incept on the floating body
conditionally, when the criteria mentioned in section 5.3 are satisfied. Howeuver,
positive corona incepts at higher voltages than negative corona due to the absence
of an electron source. Hence, the inception voltage of the repetitive discharge
state of a floating electrode under positive DC is slightly higher than that under
negative DC. After the first breakdown of the gap /, several singular breakdowns
can take place at increasing voltage steps given that the applied field E.,; increases
sufficiently enough to compensate the previously accumulated positive charge.

Once the positive corona incepts over gap d, the floating electrode begins to get
charged in the opposite direction (negatively). The drop in the positive charge over
the floating electrode increases yet again the field stress across gap /, leading to the
breakdown of the gap. Therefore, under the positive polarity there is a combination
of streamer discharges and breakdown of the gap /.

The PSA plots associated with this configuration are shown in Figure 5.12. The
absence of the negative corona with the repetitive pulses does not give rise to
the unique pattern over the PSA plot of time between pulses such as the in the
case of negative DC (Figure 5.9d). The discharge pulse stream recorded under this
configuration is shown in Figure 5.13. From this, two types of pulses occurring
alternatively can be observed, large and small. The discharge magnitude of the
smaller pulses remains fairly constant while the larger pulses vary greatly. This
feature of the discharge is reflected on the PSA plots of difference in discharge
magnitude shown in Figure 5.12b. To study the formation of this plot further in
detail, the difference in discharge magnitude of successive pulses is plotted in Figure
5.14a. The successive bars on the plot depict the difference in charge between two
pulses. Observing from Figure 5.14a, the magnitude of AQ; occurs in pairs. For
instance, AQ;(1) = —AQ;(2) and AQ;(3) ~ —AQ;(4). This likeness in magnitudes
within the pairs gives rise to the points in cluster 1, while the variation between pairs
gives rise to the points over cluster 2 as shown in Figure 5.14b. To illustrate this
process Figure 5.14c shows a sequence of pulses where the first 3 pulses deduce
values of AQ; and AQ;,, that fall in cluster 1 while the consecutive 3, give rise to
values that fall in cluster 2. Therefore, the constancy in the discharge magnitude
of the smaller pulses and the wide variation in amplitude of the larger pulses forms
two distinct clusters in the PSA plot of difference in discharge magnitudes (AQ; vs.
AQ;,,) which could potentially serve in identification of the defect.

5.5. Conclusion

Floating defects are a rather familiar occurrence while performing HV test. They are
identified readily based on their associated PRPD patterns. However, no literature so
far has explained the origin of such a pattern. Therefore, this chapter illustrates the
stepwise progression of the floating discharge defect under AC voltage conditions
providing explanation for the pattern’s origin. The following important conclusions
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Figure 5.12: PSA patterns of the floating electrode defect under +DC voltage (a)
plot of difference in successive charge (AQ) vs. time between the
successive discharges (At), (b) plot of difference in charge of 2 pulses
in a 3-pulse sequence (AQ; vs. AQ;,1), (c) a plot of time between
successive discharges in a 3-pulse sequence (At; vs. At;,q) [1].

can be drawn from the study of floating electrode defect on AC stress conditions:

e The phase position of the discharge in one half-cycle of AC voltage is influ-
enced by the phase position of the discharge from the previous half-cycle.

e The discharge from a floating electrode may also contain a corona pattern on
the PRPD diagram depending on the geometry and radius of curvature of the
floating object.

e In all cases of the floating electrode defect, on increase voltage, there is an
onset of corona over the floating object, given that the healthy part of the
dielectric gap does not break leading to complete breakdown/flashover.

In case of DC, though several potential partial discharge patterns had been pro-
posed for PD identification, there has been a lack of knowledge on the discharge
progression of a floating electrode defect under DC. This contribution therefore
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Figure 5.13: Discharge stream recorded with the floating electrode defect under
positive DC voltage of +29.5kVy. [1].
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describes in depth the process of discharge of a floating electrode defect and pro-
vides a physical interpretation to the derived Pulse Sequence Analysis (PSA) plots
yielding some novel and interesting observations. The main contributions of the
research derived based on the study of floating electrode configuration under DC
is as follows:

¢ The discharge process from a floating electrode defect under DC stress dif-
fers from AC condition. For the repetitive discharge state, there needs to be
alternative occurrence of corona and gap discharge as mentioned in Section
5.3. Otherwise, there is a risk that there is no discharge and the defect is not
recognized.

e The results presented in this chapter such as the unique pattern in the PSA
plot of time between successive discharges in a 3-pulse sequence (At; vs.
At; ) for the negative DC configuration could potentially serve in the defect’s
identification. Nevertheless, it provides an extension to the existing knowl-
edge in the field of DC discharge patterns.
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Study of Surface Discharges
under DC

This chapter presents the investigation on surface discharge behaviour of
various dielectric samples under DC. It sequentially develops the knowledge
base for the study and analysis of the partial discharge (PD) defect with the
goal of PD defect identification under DC. In order to facilitate this, the mate-
rial properties of the dielectric are measured. Finite Element (FEM) simulation
is used to obtain the preliminary estimates of the electric field and dielectric
properties that concern partial discharge behaviour. The DC-PD tests per-
formed on the surface dielectric samples demonstrate a plausible behaviour
in line with the results of the simulation. There exists a disparity in the dis-
charge magnitude under the DC positive and DC negative voltage polarities.
It also displays a great degree of similarity towards the AC surface discharge
behaviour. The chapter concludes by presenting novel partial discharge fin-
gerprints for the surface PD defect that will aid in defect identification under
HVDC.

Parts of this chapter have been published in Elsevier’s International Journal of Electrical Power and En-
ergy Systems, 126, (2021), 106600, ISSN 0142-0615, https://doi.org/10.1016/j.ijepes.2020.106600
[1]
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6.1. Introduction

As the power rating of the transmission network increases and the system moves
from high voltage (HV) to extra high voltage (EHV) and ultra-high voltage (UHV),
the criticality of the network elements also has been increasing. This has given rise
to an expectation of increased level of reliability when it comes to asset quality.
Each component of the power system, such as cables, bushings, transformers,
Gas Insulated Switchgears (GIS) etc. are all tested for insulation defects during
the design phase as well as before and after commissioning. With the traditional
power grid designed for AC operation, partial discharge (PD) testing established
itself as one of the most powerful and insightful tools in defect elimination and
quality assurance. PD testing has become a vital tool in all stages of the asset
life-cycle such as design, production, commissioning, monitoring/maintenance and
diagnostics. However, the recent trends in HVDC with the introduction of long-
haul DC lines along with its associated infrastructure have introduced additional
concerns if not problems. The insulation system so far employed for AC is known
to behave differently under DC stress conditions. The design of DC applications is a
challenging process, the electric field calculations are made taking into account its
dependence on operational temperature and changes in electrical conductivity of
the respective insulating media [2]. Likewise, various other effects such as charge
trapping, homo/hetero charge formation at interfaces and irregularities have made
the realization of robust DC components a highly sophisticated process [3]. Due to
these complexities, the partial discharge behavior of the insulation in the presence
of various defects also remains highly elusive and distinct from the AC discharge
behavior.

This particular chapter investigates the surface defect model, which is a common
PD source in insulation systems, occurring over dielectric interfaces, sometimes also
referred to as creeping discharge or tracking discharges (particularly if fluids are
involved). These kinds of discharges occur on gas-solid interfaces and deteriorate
the insulation over time. There are visual Phase Resolved PD (PRPD) patterns to
recognize these kinds of defects under AC voltage stress. In this contribution, the
discharge mechanism and patterns of a surface defect model under DC stress are
studied and presented.

The chapter is organized in the following manner: Section 6.2 presents the rel-
evant electrical properties of the dielectrics under study. In section 6.3, the simu-
lation results of the surface discharge model under DC voltage are described. The
results and observations of the AC and DC-PD tests, the obtained discharge pat-
terns and inferences are discussed in Section 6.4. The last section is committed to
presenting the striking similarities between the AC and DC discharge processes for
these types of defects.
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6.2. Measurement of electrical properties of the

dielectric surface

The measurement of electrical properties of the dielectric samples is essential for the
study of partial discharges in order to understand the underlying discharge mecha-
nisms. The measured electrical properties also serve as a basis for the simulations
performed in the following section. Therefore, this section presents the results of
the measured electrical conductivity and dielectric constant of the samples investi-
gated. The dielectric constants of the insulating samples are measured using the
Tettex 2830 dielectric analyser together with the Tettex 2914 test cell for solid insu-
lation material. The measurement of volumetric and surface dielectric properties is
done according to the standard IEC 62631-3-1 and 62631-3-2 respectively [4][5],
details of the measurement setup and technical specifications are presented in [6].
The measurement principle is based on a 3-electrode system consisting of namely,
1: main (HV) electrode, 2: measuring electrode and 3: guard electrode as shown
in Figure 6.1. The relative permittivity (¢,) is measured at AC power frequency (50
Hz) directly based on Eq.6.1.

C = = Cy€r (6.1)

Where ¢, is the permittivity in free space and Cis the measured capacitance of
the sample, Sis the effective surface area of the measuring electrode and h is the
thickness of the sample.

(b)

Figure 6.1: The circuit schematic for measurement of (a) volumetric dielectric prop-
erties based on IEC 62631-3-1[4] and (b) surface dielectric properties
based on IEC 62631-3-2[5], [1].

The DC tests are carried out to measure the volume and surface resistivities of
the dielectric samples. The volume resistivity (p,,) of the sample is measured in
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the electrode arrangement shown in Figure 6.1a and derived from the value of
measured resistance (R,) using the relation shown in Eq.6.2.

RsS
Py = n (6.2)

Where S is the effective surface area of the measuring electrode and h is the
thickness of the sample. The surface resistance values of dielectric samples are
measured using a similar 3-electrode setup as for measurement of volume proper-
ties, however, with the reversal of the HV and guard electrodes as shown in Figure
6.1b. The current flowing in the guard ring is measured and the surface resistivity,
ps, is deduced using the expression given by Eq.6.3.

Cdy+d,
Ps = dz_dl'n' N

Where R; is the measured resistance, d, is the diameter of the inner electrode
and d, is the inner diameter of the ring electrode. In order to get the absolute
value of surface conductivity without the influence of the air gap, a special Teflon
ring was manufactured and fitted in the gap. This explains the high values of surface
resistivity presented in Table 6.1.

Four different samples were studied as a part of the surface discharge study.
Samples A and B were dielectrics used in power cable application, sample A devel-
oped for high voltage applications and sample B for low voltage applications. Sam-
ple C was a high-grade Teflon commonly used in high voltage constructions and
sample D a resin impregnated pressboard commonly used in transformer construc-
tions. The results of the measurement are presented in Table 6.1. The dielectric
constant of the samples A, B and C lie in the range of 1.5 — 2.2 which is commonly
the expected range for Polyethylene and Teflon. The dielectric constant for sam-
ple D however is relatively high compared to the other samples. This is because
the resin impregnated pressboard is designed for operation in oil and when not
immersed in oil, the pressboard sample contains traces of moisture that results in
a high value of ¢,. Based on the results of the measured volumetric electrical re-
sistivity, the samples can be broadly classified into high and low resistive samples.
While sample A and C are highly resistive with resistivities in the range of a few
PQm, Sample B and D are poorly/low resistive. Sample D has the lowest resistivity
with a value of 2.14 GQm while sample B has a resistivity of 24 TQm.

The surface resistivity is associated with the resistance over surface tangent of
the material. This measured value is extremely high for samples A and C where
the maximum measuring limit of the device is reached. The other measured values
for samples B and D are listed on Table 6.1. The implications of this variation in
electrical properties is investigated through FEM simulation in the next section.

(6.3)

6.3. Simulation of the surface defect model

The use of simulation in this study was to derive the first estimates of the DC
field stress and understand the influence of and the interaction between dielectric
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Table 6.1: Results of the measurement of dielectric properties of the samples under

study.
Thickness Dielectric rc\a/s‘jlslip\:iiy r(?;;i?\fliy
Sample iden- h constant ) )

H = v S
tifier [mm] € [TQm] [Tam]
A 0.58 2.18 2.98x103 6.91x10*
B 2 1.57 2.40x101 1.04x10*
C 0.60 1.95 6.40x103 6.91x10%*
D 3 8.0 2.14x1073 1.04

Table 6.2: Material properties used in the simulation.
Medium Material properties
Electrodes

Surrounding medium | Air

Electrical conductivity (S/m)
Dielectric sample

Relative permittivity 2.3
Electrical conductivity (S/m) o(T,E)

(built-in)
1x10"3to1x107°
Sample/ substrate

properties of interfacial media. This was done using the COMSOL® Multiphysics
user software which works based on Finite element method (FEM) by solving Partial
Differential Equations (PDE). The following sections describe the setup, results and
observations in greater detail.

6.3.1. Model setup

A concentric electrode arrangement is used for the simulation model with high volt-
age applied to the center electrode and the peripheral electrode at ground potential.
The lower electrode on which the dielectric sample is placed is also at ground po-
tential. This arrangement is chosen in order to enhance the tangential field stress
over the dielectric surface that causes the surface discharges. The arrangement
is placed in infinite medium of air using the infinite element domain available on
COMSOL. The properties of the different media are listed in Table 6.2. A dielectric
constant of 2.3 which is in the range of the dielectric constant of organic dielectrics
like polyethylene and Teflon is used in the simulation. In case of DC simulations,
the electrical conductivity of the sample is specially modelled as a function of tem-
perature and electrical field stress, (T, E). The dimensions of the arrangement
can be estimated from Figure 6.2. A dielectric sample with thickness 1 mm is used
for the purpose of simulation.

The model is studied under both AC and DC electrical stresses. The AC simulation
is accomplished through the electrostatic physics and a steady-state study. An
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Figure 6.2: Geometry of the surface discharge model setup in COMSOL Multiphysics
[1].

electric potential of 10 kV is applied to the HV electrode. This value represents
the maximum value of AC voltage and not the RMS (root mean square). The DC
simulations are implemented using the electrical currents physics interface and a
time dependent study. An electrical potential of the same 10 kV is applied to the
HV electrode. The time dependent study is solved for steps of 10 ms, starting from
10 ms until 1 s. The major difference between the AC simulation implemented
using the electrostatics physics interface and the DC simulation using the electrical
current interface is the manner in which the electrical fields are deduced. In the AC
case, the electrical fields are solved based on the gauss's law;

V.D =6, D =€E (6.4)

Where, D is the electrical flux density in C/m?, E is the electrical field intensity in
V/m, € is the permittivity in F/m and §,, is the volume space charge in C/m3, if
present. In the absence of space charge the Poisson’s equation V2V = —§/¢ is
reduced to zero based on the relation of electric field derived from the gradient of
voltage, E = —VV. Therefore, the pre-requisites for the prediction of electric field
strengths over a given geometry under AC voltage is the permittivity of the dielectric
(€,; € = €,.€,) and the values of electrical potential (V).

In case of DC, the electrical currents physics interface solves for the equation of
current continuity derived from the Ampere-Maxwell’s law;

aD
J=0E + E (6.5)

Where, J is the current density in A/m?, ¢ is the electrical conductivity in S/m and
Q, the resultant volume charge density in C/m3. The first term to the right in Eq. 6.5
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depicts the conductive current, while the second term represents the displacement
current as a result of the rate of change of the electrical flux density. The pre-
requisites for the implementation of a time-domain study for DC field estimation are
the values of electrical conductivity (o) and the electric potential (V). The electrical
conductivity for the dielectric medium is implemented based on Eq. 6.7, in order to
incorporate its dependency on temperature and electric field stress [6].

—0.98q_sinh(2.7755 x 1077 x |E|)

o(T,E) = A.exp( KT IE]

(6.7)

Where, A is a dimensionless variable value in the range of 3.2781 x 10! that can
be tuned to obtain the desired range of conductivity, T is the temperature in K, q
is the value of elementary charge equal to 1.6 x 10~° C and Kj is the Boltzmann
constant equal to 1.38 x 10723 m?kgs 2K~ 1.

6.3.2. Results and Observations

The resultant values of tangential electrical field stress along the air-dielectric in-
terface is shown in Figure 6.3. Figure 6.3a gives the AC field distribution. It can
be observed that the electrical field reaches a maximum value close to the triple-
point (electrode-air-dielectric) which causes the local breakdown of the dielectric
interface, producing surface PD.

The same arrangement is simulated for the DC case with the electrical conduc-
tivity of the dielectric (sample) implemented based on Eq.6.7. The sample’s di-
electric conductivity is chosen based on the maximum and minimum measured
values presented in section 6.2 and based on these 4 different combinations/ cases
are simulated as listed on Table 6.3. For case I, II and III the sample’s electrical
conductivity (volumetric) is chosen to be in the range of 5 x 10~'> S/m and the
electrical conductivity of the surrounding air medium is changed using the param-
eter sweep feature in COMSOL. The conductivity of air varies over a wide range
between 10713 to 1072 S/m based on the location, humidity, composition and sev-
eral other variables [7]. The DC field in Figure 6.3b is simulated for three cases
of a4 = [10713,10712,10711] S/m. The results presented are all at steady state
when the electrical field reaches the stable DC field distribution. And the DC field
distribution can be determined by plotting the field transition over time. Figure
6.4 demonstrates this process by plotting the transition of the electrical field from
capacitive to resistive field for case II. Alternatively, it is also possible to plot the
maximum of the tangential field component over the dielectric interface as a func-
tion of time to observe the change. This is shown in Figure 6.5 where the field
value reaches steady state around 1000 s.

A stark contrast is observed in the electrical field distribution over the dielectric
surface in the AC and DC cases. For the given simulated configuration, the DC field
distribution shows a much softer peak around the triple-point and a much elevated
field stress close to the ground electrode with respect to the AC case. Additionally,
along with the results of the surface charge distribution for the respective cases (I,
IT and III) presented in Figure 6.6, the following observations can be made:
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Figure 6.3: Plot of tangential electrical field along the dielectric interface (high-
lighted in the image above) under (a) AC and (b) steady state DC voltage
stress conditions for sample conductivity, o; = 5 x 10715 S/m and air
conductivity as indicated on figure label [1].

e The lower the disparity in the resistivities of the two media (air and solid), the
lower is the surface charge accumulation.

¢ The electrical field along the interface increases with increasing the resistivity
of the surrounding air media (reducing the disparity between the resistivities
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Table 6.3: Simulation results of the surface discharge model under DC field condi-

tions.
Electrical conductivity | Electrical conductivity | Max. tangential electrical | Max. surface charge density Approximate time
of Air (oqir) of dielectric sample field stress E;qn at 10 mm (arc length) gp teady stat
inS/m (a4) in S/m in kvV/mm in nC/cm? 0 steady state

Increasing the resistivity of surrounding air medium with high resistive sample:

CaseI: 1x 10711 5x 1071 0.36 14 ~4s

Case II: 1 x 10712 5x 10718 0.40 13.3 ~ 16 min

Case ITI: 1 x 10713 5x 10715 0.92 9 ~ 1 h 40 min
Low resistivity of surrounding air with low resistive sample:

Case IV: 1x 1071 ] 5x10712 [ 3.6 2.1 [ ~15s

of the two media).

In other words, the extreme differences in resistivities of the interfacial media
lead to charge retention on the dielectric surface which in turn opposes the applied
electrical field and lowers the tangential electrical field stress which is the cause of
the surface PD. An additional inference could be made regarding the time taken to
reach steady state/ DC field distribution. High surface resistivities lead to large RC
constants and hence longer time to DC resistive fields. This parameter gives very
useful information regarding the waiting time (also known as charging time).

1.5F T T T
1.4+¢ — sigma_air=1E-12, Time=101 s
b 1.3F N\ sigma_air=1E-12, Time=201s
N 12 [\ — sigma_air=1E-12, Time=301 s
g 11f| | sigma_air=1E-12, Time=401 s
g 1r| "\ — sigma_air=1E-12, Time=501 s
L{ 0.9+ ‘ “",\ sigma_air=1E-12, Time=601 s
% € o8 ‘ \‘\, — sigma_air=1E-12, Time=701 s
&5 E 0.7+ — sigma_air=1E-12, Time=801 s
= 2z 0.61 ’ p \,\ sigma_air=1E-12, Time=901s |-
8 05F|/— \\ — sigma_air=1E-12, Time=1001 s |-
N
2 0.3f
] L
> o
8 :

0

2
Arc length (cm)

Figure 6.4: Tangential electrical field distribution plotted along the dielectric inter-
face with sample conductivity, o; = 5 x 10~*> S/m and air conductivity
04ir = 1 X 10712 S/m under DC stress at specified time instances [1].

Case 1V involves the simulation of a dielectric with higher electrical conductivity
(6 = 5%x 1072 S/m and a,;,, = 107! S/m) to demonstrate the lowered wait-
ing times. The resultant electrical field stress and the surface charge density are
presented in Figure 6.7 and Figure 6.8 respectively. It can be observed that the tan-
gential electrical field over the air-dielectric interface has predominantly increased
(x4) and the distribution now resembles closely the AC field distribution though the
intensity is still half that of the AC case. Nevertheless, unlike Case III, the time to
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Figure 6.5: The maximum value of tangential electrical field component over the
dielectric interface with sample conductivity, 6; = 5 x 1075 S/m and
air conductivity o,;, = 5 x 10712 plotted as a function of time [1].

DC steady state is now lowered as expected due to the smaller RC time constant.
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Figure 6.6: Plot of surface charge density on the air-dielectric interface under DC
stress conditions for sample resistivity, o; = 5 x 107> S/m [1].

6.4. Partial discharge testing of surface defect

model

The surface discharge tests are carried out under both AC and DC (positive and
negative polarity) voltage stress. The defect arrangement used for both cases re-
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Figure 6.7: Plot of tangential electrical field along the air-dielectric interface under

DC voltage stress conditions for low resistive sample [1].
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Figure 6.8: Plot of surface charge density over the air-dielectric interface under DC
stress conditions for low resistive sample [1].

mains the same while the measuring circuit is modified as described in Chapter 3.

The following subsections describe the results and observations of the tests.

6.4.1. AC test

The AC-PD tests are carried out prior to the DC tests to confirm the presence and
behavior of the PD defect based on the well-known PRPD patterns. In this specific
case, since goal of the research is to study DC partial discharge process using pulse
sequences, the AC discharge raw data is also sampled in a similar manner. This is
done so as to be able to generate the same set of plots that are used in the study
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of DC discharges.

Based on the recursive testing of several dielectric samples, it could be concluded
that with increasing test voltage, all dielectric samples begin to exhibit surface dis-
charge (when the localized tangential electrical field exceeds the breakdown field
strength). The PD inception voltage and the discharge magnitude differ with dif-
ferent samples. However, the PRPD pattern remains similar. The PRPD pattern of
surface discharge tests on the resin impregnated transformer pressboard (Sample
D) is shown in Figure 6.9. The PRPD plots have been displayed in a unipolar for-
mat to demonstrate the symmetrical discharge peaks on both voltage half-cycles.
The discharge progression for the respective case, along with the plot of charge
vs. voltage is shown in Figure 6.10. Figure 6.10a plots the variation of discharge
magnitude corresponding to the test voltage as a function of time. The values of
discharge magnitude are presented in a special format that is specific to AC PD and
prescribed by the IEC 60270 [8] known as Q,... It is the peak value of discharge
(Qpx) recorded at the time instance as a function of a defined pulse train response.
The plots in Figure 6.10 present both values, Q;.. and Q,. The discharge magni-
tude in the particular test case quickly increases to very high nC levels and hence
the voltage steps are limited.

The PD raw data is sampled through the externally connected oscilloscope and
the pulse sequence analysis (PSA) plots are developed for the case. The resultant
PSA plots are shown in Figure 6.11 along with a sample of the pulse stream of the
discharge process. Multiple clusters are seen over the PSA plot of At; vs. AQ; and
At; 11 VS. At;. These arise due to the 20 ms voltage cycle. The absence/reduced
number of pulses on the declining/falling edge of the voltage cycle creates this
clustering. The PSA plots involving discharge magnitude have been developed by
taking into consideration the polarity of the discharge pulse. A detailed commentary
on the plots in relation to the respective DC plots is given in section 6.4.2.
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Figure 6.9: The PRPD pattern of the surface discharge defect of the resin impreg-
nated pressboard- sample D [1].
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Figure 6.10: (a) The discharge (PD) progression of a surface defect (sample D) and
(b) the plot of charge vs. applied voltage in the respective case under
AC stress [1].

Acquired signal

2000 8000 90
1500 - 6000 * '.. . 80
° 70
o o 4000 o .
E &) 8
S wl 2 2000 502
° 7 . -
E o ohid g
= 0 o %, S
=3 < 30 =z
£ . -2000
. 20
-4000 . .
-1000 10
-6000
1500 4000 2000 O 2000 4000 6000
0 05 1 15 2 25
Time (s) AQ (PC)
@ (b)
0.025 0.025
120 45
0.02 s 0.02 B 40
. 100 35
0 30 8
0.015 80 8 5 0015 8
@ ) 2 2 . 2
z ey R 2 2
< ot L A) o2 g 208
0.01fer )] o L s 0.01 s
fgi‘:' e Mo 15
e g Ui
0.005 R 0005, 10
o, 0y . 20 e 5
0 0 :
4000 2000 O 2000 4000 6000 0 0005 001 0015 002 0025
AQ (pC) A% )
(© (d)

Figure 6.11: The results of surface discharge measurement under AC voltage for
sample D (a) pulse stream, plot of (b) AQ;,1 vs. AQ;, (C) At; vs. AQ;
and (d) At;,, vs. At; [1].
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6.4.2. DC tests

The DC-PD tests were performed on the different dielectric samples listed in Table. 1.
Not all samples exhibited surface discharge activity under DC stress. Based on the
tests performed, samples A and C showed no discharge activity over the DC steady
state (discharge pulses occur only during voltage ramps). Sample B shows declining
PD activity, indicating a polarization current. This was also confirmed through the
measurements made in section 6.2 , in which a slow polarization current is seen
over a 30 min period. Hence, this cannot be considered as a stable and repetitive
stage of discharge since the discharges fade out after the polarization phase is
complete. Sample D which has the lowest electrical resistivity of them all exhibits
the highest and most stable PD activity. Thus, this sample is chosen to study and
understand the surface discharge process under DC with comparison to AC since it
exhibits repetitive discharges with low waiting time (time lag). This section limits
itself to the results of the DC-PD measurement on the resin impregnated pressboard
sample (Sample D).

Negative DC test

The dielectric sample is stressed with negative DC voltage and the resultant pulse
stream is recorded using the externally connected oscilloscope. A sample pulse
stream is displayed in Figure 6.12a. The discharge pulses are all unipolar with a
positive polarity. The discharge data is post-processed to derive the resultant pulse
sequence plots as shown in Figure 6.12. While investigating for visible patterns, a
unique distribution is seen on the PSA plot of time between discharges, At;,; Vs.
At; which distinctly resembles a fish. This plot on Figure 6.12d has been displayed
on a logarithmic scale in order to visualize the distribution sufficiently.

Further, the defect progression in the respective case has been presented in Fig-
ure 6.13 along with the plot of charge vs. voltage. From Figure 6.13b, a near linear
(increasing) trend in charge magnitude with increasing voltage can be observed.
This is similar to the AC discharge trend, where the discharge magnitude increases
with each increasing voltage step.

Positive DC test

The DC-PD tests are repeated on sample D under positive DC voltage. An identical
procedure as described in section 6.4.2 is followed. The results of the tests are
presented in Figure 6.14. The discharge pulses are all negative in polarity and the
form of the PSA plots presented in Figure 6.14 is similar to the ones obtained in the
negative DC case. However, from Figure 6.15b which presents the plot of charge
vs. voltage it can be observed that though the discharge magnitude follows an
increasing trend with increasing voltage, the rate of increase is very small. The
discharge magnitude is less than 30 pC up to 25 kV4.. The form of the PSA plot of
time between discharges presented in Figure 6.14d though slightly different from
the negative DC case still looks uniquely distinguishable.
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Figure 6.12: The results of surface discharge measurement under negative DC volt-
age for sample D (a) pulse stream, plot of (b) AQ;41 vs. AQ;, (C) At;
vs. AQ; and (d) At;,, vs. At; [1].
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Observations on DC Surface discharge
Based on the results of the DC-PD tests the following observations can be made:

(i)

(ii)

There is a disparity in the discharge magnitude under +DC and -DC i.e. the
discharge magnitude under -DC is higher than +DC. This phenomenon can
be based on the theories of dielectric barrier discharge (DBD or surface dis-
charge) found in literature. In [9], studying the mechanism of a single dielec-
tric barrier plasma actuator, C.L. Enloe et al. describe the surface discharge
process as quoted below;

"The DBD can maintain such a discharge because the configuration is self-limiting... To maintain a DBD
discharge, an ac applied voltage is required. Figure 6a illustrates the half-cycle of the discharge for which
the exposed electrode is more negative than the surface of the dielectric and the insulated electrode, thus
taking the role of the cathode in the discharge. In this case, assuming the potential difference is high enough
the exposed electrode can emit electrons. Because the discharge terminates on a dielectric surface, however
(hence the term “dielectric barrier”), the build-up of surface charge opposes the applied voltage, and the
discharge shuts itself off unless the magnitude of the applied voltage is continually increased. The behaviour
of the discharge is similar on the opposite half-cycle: a positive slope in the applied voltage is necessary to
maintain the discharge. In this half-cycle, the charge available to the discharge is limited to that deposited
during the previous half-cycle on the dielectric surface (which now plays the role of the cathode) ...”

Similarly, [10] defines the term ‘back discharges’ describing that the negative
charges generated by the original surface discharge that propagate backwards
to the electrode when the potential of the electrode drops.

Therefore, based on [9][10], the actual surface discharge current is actually
the electron current flowing during the negative half of the AC wave. The
discharge pulses seen on the positive half is the return current arising from
the electrons deposited on the surface in the previous negative half-wave.
Which would explain the increased discharge magnitude in the case of -DC
stress and very low discharge magnitude under +DC. The pulse recorded un-
der +DC could even be classified as the result of impact ionization at the
positive electrode instead of the surface current. Figure 6.16 shows the stark
difference in the charge distribution over the two voltage polarities of DC.
While the same sample when tested under AC stress shows an almost simi-
lar charge distribution under both positive and negative half-cycles of the AC
sine wave, as can be seen in Figure 6.16. As C.L. Enloe et al. mentions, sur-
face discharges are self-limiting and therefore need an AC voltage to sustain.
Which implies that repetitive DC discharge is only possible when the dielec-
tric surface/interface has a higher conductivity which inhibits surface charge
accumulation.

Not all dielectric samples exhibit surface discharge under DC stress as they
hold large surface charge which reduces the tangential component of the
electrical field.

The argument made in (i) based on the self-limiting nature of the discharge is
an explanation to the absence of surface PD activity in several other dielectric
samples which have higher resistivities. As these samples exhibit high surface
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charge accumulation it limits the surface discharge activity as it opposes the
applied electric field stress.

(i) The unique ‘fish’ shaped pattern in the PSA plot of time between discharges
(Atl‘+1 VS. Ati).

The DC surface discharge tests on the dielectric samples have revealed a
distinct pattern in the plot of At;,, vs. At; which resembles closely a fish like
pattern as shown in Figure 6.17. Although this is a valuable visual tool in
defect identification, the properties of the distribution can be explained using
the WePSA (Weighted PSA) plots that were introduced in [11]. The shape
of the distribution in Figure 6.17 is reflected in the WePSA plot of W vs. AQ
where the angle intercepts between the lower (x-axis) and upper tangents
gives the dispersion in the value of At. While the slope of the lower and
upper tangent gives the value of smallest and largest values of At. In the
case of the surface defect, the value of At goes from a very small value (the
lower tangent almost incident with the x-axis) to a certain value of At = x.
This randomized distribution of the pulses over time is what creates the fish
like pattern when translated to the PSA plot of At;,; vs. At;. The WePSA plots
are introduced and described in detail in the next chapter.

6.5. Surface defect: Similarities between AC and
DC patterns

Based on the observations presented in section 6.4.2, the surface discharge process
in principle is the movement of the negative charge/electrons during the negative
half-cycle in case of AC or negative polarity in case of DC. The discharge mechanism
by itself is not exclusive to AC or DC. It relies on the excess tangential electrical
field that causes a partial breakdown over the dielectric interface. This implies that
the pulse sequence plots for the two cases should be similar if not identical since
the underlying physics remains the same. Therefore, this section investigates the
possibility of unifying the patterns under both cases to verify the claim. The two
major inconsistencies between the AC and DC discharge stream is the clustering of
the pulses over the rising edge of the voltage sine wave and its bipolar nature. To
unify the two cases, the AC surface discharge raw data/pulse stream is modified
to represent a DC pulse stream. As the graphical depiction in Figure 6.19 shows,
the original pulse stream has discharge pulses distributed predominantly over the
rising edges of the voltage wave. Firstly, the time between these two clusters on
successive half-cycles is removed in step 1 through an algorithm that recognizes
the last negative pulse on the positive half-wave and the first positive pulse on the
negative half-wave. In step 2, all the pulses are made unipolar (with a positive
polarity in this case).

The PSA plots are developed based on the modified PD data, Figure 6.20 shows
the resultant plots. It can be observed that the distribution becomes very similar
to the DC PSA plots presented in Figure 6.12. This verifies the claim made in the
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Figure 6.17: The PSA plot of surface PD under -DC stress and its resemblance to
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beginning of the section that the surface discharge phenomenon in the AC and DC
case are not exclusive but share the same underlying discharge process and hence
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(b) +DC [1].
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Figure 6.19: (a) A depiction of the partial discharge pulse stream over the AC volt-
age cycle, (b)(left) the modified pulse stream by removing/ignoring
the time between the voltage half-cycle with no discharge pulses and
(b)(right) the further modified pulse stream with unipolar pulses ob-
tained by ignoring the pulse polarity [1].

6.6. Conclusion

This investigation on the surface discharge phenomenon under DC stress is con-
ducted with the final goal of providing tools for defect identification under HVDC.
The research approaches the problem by studying the DC defect in order to identify
dominant features that are representative of the underlying discharge mechanism
rather than investigating deeply on the final patterns alone. The systematic ap-
proach to study the electrical properties of the dielectric samples under test and
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Figure 6.20: The results of surface discharge measurement on sample D under AC
voltage after modification (left:(a), (c) and (e)) of the pulse stream
compared to the results of the surface discharge measurement under
Negative DC voltage (a) and (b) AQ;,, vs. AQ;, (c) and (d) At; vs. AQ;,
(e) and (f) At;yq vs. At; [1].

to later simulate the field conditions and time to DC steady state for generic cases
provide valuable explanation to the observed discharge phenomenon during the PD
testing phase.
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The research also studies the AC surface discharge patterns not just based on its
correlation/variation with the AC sine wave (PRPD patterns) but based on the pulse
sequence within each half-cycle of the voltage wave. For the DC defects with stable
and repetitive discharges, the striking similarities between the AC and DC PSA pat-
terns reveal that the surface discharge mechanism under DC stress is not exclusive
but rather similar to the AC discharge process. However, additional parameters that
need further investigation are the surface charge density/holding capacity and time
to steady state that heavily influence the repeatability/rate of DC-PD. Nevertheless,
this research demonstrates that in case of a measurable and repetitive surface dis-
charge source as in the case of the resin impregnated pressboard, the DC pulse
patterns resemble a unique *fish’ like pattern over the PSA plot for time between
discharges (At; ;1 VS. At;).

During the course of the investigation, a great deal of variation with respect to
the DC-PD activity was observed with various dielectric samples under study. One
interesting feature that may serve as a future point of investigation is the selectivity
of the dielectric sample to exhibit DC-PD activity that follows the DC ripple of the
applied voltage.
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Defect Identification under
DC: Corona, Floating and
Surface defect

This chapter presents several approaches to the analysis of partial discharge
(PD) data. In the previous chapters, three common defects namely corona,
floating electrode and surface discharge were studied in depth. Based on
the findings of these chapters combined with modern, existing data process-
ing tools, the available information is analysed with the final goal of defect
identification under DC stress conditions. One of the major concerns when it
comes to DC-PD testing, is its non-repetitive/ erratic pulse pattern. This chap-
ter, however, only deals with the analysis of repetitive stages of discharge
that will allow the study of their resultant patterns and trends. The chapter
first introduces the analysis through visual tools such as the well-known PSA
patterns. It also describes in which way a three-pulse PSA diagram cannot
serve as a stand-alone figure and hence requires a change in perspective by
either adding or reducing a dimension. In order to improve the visual recog-
nition possibility of such a plot, a weighted scale is proposed, introducing the
innovative Weighted PSA or the WePSA diagrams which are more intuitive
and provide a clear distinction between various defects. The chapter also in-
vestigates a defect identification scheme based on statistical classification of
discharge parameters. Several unique features such as the formative trend
in the probability plot of time between discharges for the three common de-
fect types show promise in the quest for defect identification under DC. The
discharge trend with voltage also referred to as the Q(V) plot or Q-V plot are
also presented for all three defects. The last part of the chapter presents
a test methodology to identify the discharge source based on the acquired

Parts of this chapter have been published in Elsevier’s International Journal of Electrical Power and En-
ergy Systems, 123, (2020), 106270, ISSN 0142-0615, https://doi.org/10.1016/j.ijepes.2020.106270
[1]
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knowledge on various discharge features.
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7.1. Introduction

Partial discharge (PD) testing has become an indispensable tool in type testing and
quality certification for AC applications in the past decades. It has come to be a
part of several international standards such as the IEC, IEEE and other European
standards. With the global boom of HVDC transmission, a similar application of PD
under DC stress is a popular prospect. Though the relationship between PD levels
under DC and ageing or quality is not very well-known yet, the ability to verify a
system’s fitness or quality through PD testing is treated with great anticipation. It
is a known fact that the discharge activity under DC is more complex than AC. The
charge transport mechanism under DC is influenced by several properties of the
surrounding material media. Some influencing factors are conductivity, tempera-
ture, humidity, material bonding/structure, surface roughness, electron-traps and
its associated energy. For the design of DC high voltage (HV) components, material
properties, their DC response and a complete knowledge of the transition stages
(during turn-on, turn-off and polarity reversal) are a pre-requisite [2]. Some stray
discharge pulses may perhaps occur on DC-PD tests that are not concerned with
PD activity associated with any defect but only from space-charge or other exter-
nal factors. Hence these are often ignored. The standard IEC 65700-19-03:2014
for DC bushings only sets a limit on the number of pulses in the last 30 min of
the 2-hour test [3]. The interim Cigre report of WG D1.63 explicitly states that the
state-of-the-art, up to now can detect and barely differentiate between stray pulses
and real PD but cannot yet perform defect identification or risk assessment through
partial discharge tests under DC [4].

So far, the most popular means of studying and characterizing insulation defects
under DC has been through Pulse Sequence Analysis (PSA) of the partial discharge
pulses. It was first introduced by Hoof and Patsch in 1995 to study PD induced age-
ing under DC [5]. In later years, some other statistical parameters were studied
with the object of creating unique defect fingerprints under DC [6][7]. Neverthe-
less, the fingerprints presented have failed to match the effectiveness of the Phase
Resolved PD (PRPD) plots which revolutionized the AC asset diagnostic and main-
tenance business [8]. Research on DC partial discharges has either focused on
the study and understanding of the discharge mechanism or purely on its statis-
tical classification alone. They both lead to interesting results but do not provide
a direct solution to defect identification. Therefore, this chapter presents differ-
ent approaches to partial discharge defect identification under DC stress conditions
through various empirical analysis of the discharge data. The in-depth study of the
individual defects presented here were conducted prior to the analysis in order to
determine which discharge stage strongly represents the defect nature/character
[9][10]. Characteristic features of every defect type were identified and are further
used in this research to generate visual patterns for defect recognition. The PD
raw data (pulse stream) has been established to have contained discharge pulses
only from a single defect with the help of additional optical measurements as were
described in [10]. The goal of the contribution is to suggest means of DC defect
identification that are both perceptive and practical. Table 7.1 lists the various dif-
ferent defects that were included in the analysis and details about the sampled
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Table 7.1: Details of the stream length and no. of pulses for each defect type.

Test voltage Recording time
Defect type (KVye) (s) No. of pulses
Pos. corona 6.5 2.5 1239
Neg. corona 8.7 0.23 30000
Surface +6.8 120 1023
(sample A) -6.5 120 908
Surface +3.8 2.5 2484
(sample B) -4.7 10 2175
. +29.5 2.5 532
Floating electrode 9.5 5 10253

data such as time of recording and the number of pulses within the recorded data
stream. The surface discharge measured with two different samples, A and B is
relevant to section 7.3. Sample A is a polyethylene based material and sample B
is resin impregnated pressboard. In all other sections, the results presented for
surface discharge defect pertain to sample B alone.

7.2. Analysis based on visual patterns

Visual patterns are the most powerful since they directly interact with the human
eye which is trained for pattern recognition and easily open to interpretation. How-
ever, the shape, contrast and the contours or shape of the visual patterns play an
important role in their recognition. Visual images with same contours and different
scaling and contrast for example may be indistinguishable in comparison to a visual
pattern with the same scaling and contrast but different contours. Therefore, this
section explores the various possible visual patterns that can be used for PD defect
identification under DC stress. It weighs in the factor for easy user comprehension
based on the simplicity and unambiguity of the plot.

7.2.1. PSA patterns

The plots of AQ;,; vs. AQ; and At;,, vs. At; (3-pulse PSA) commonly referred to as
PSA plots often appear to have the same outlines/shapes for several defect types.
For instance, the PSA plot for negative corona and surface discharge on positive
DC shown in Figure 7.1 appear nearly identical. However, both the discharge sce-
narios are dissimilar from each other and follow a unique discharge process. The
advantages and possible alternative solutions to this are evaluated in this section.

The PSA plot of AQ;,, vs. AQ;, plots the variation in discharge magnitude with no
information about the pulse rate or time between the respective pulses. Similarly,
the PSA plot of At;,; vs. At; plots the variation in time between discharges but
with no information on the discharge magnitude of these respective pulses. On the
contrary, a 2-pulse PSA, plot of At vs. AQ, includes both the quantities of change
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Figure 7.1: The PSA plots of AQ;,; vs. AQ; for (@) negative corona and (b) positive

surface discharge and At;,, vs. At; for (c) negative corona and (d)
positive surface defect. These heatmap show the density of pulses [1].

in discharge magnitude and pulse rate. However, is limited to the pulse sequence
information of just two successive pulses. Therefore, if the goal is to represent the
pulse sequence information of three successive pulses, the PSA plots of change in
discharge magnitude and time need to be considered together to create a complete
three dimensional (3-D) image as illustrated in Figure 7.2. This would show each
of the plots with a unique distribution without omitting the information of either
quantities. For instance, the plots of negative corona (Configuration IV has been
used for the following illustration) and positive surface discharge shown in Figure
7.1 are combined to form the three-dimensional PSA in Figure 7.3

It can be seen that the pulse distributions in 3-D are distinct from one and other.
In order to highlight the difference, the curve-fitting tool in MATLAB is used to plot
a plane for the given pulse distribution using a second order polynomial equation.
The plane is not used to fit the data accurately but to demonstrate the differences
in the density of the data on the two plots. The coefficients of the polynomial used
in this process are presented in Table 7.2.

The phenomenon of partial discharge like any other in nature exhibits regularities
in its characteristics but not absolute congruence. The goal of its analysis should be
to highlight or magnify the underlying regular pattern while minimizing the effect
of outliers. However, the 3-pulse PSA tries to look into great detail towards the
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Figure 7.2: Illustration of the three-dimensional PSA [1].

sequence in which the amplitudes of the pulses have emerged or the manner of
evolution of pulse rate. This magnifies the differences in the pulse stream creating a
chaotic pattern in many cases. For instance, the corona discharge is the most stable
in terms of magnitude of charge and repetition rate. Instead of seeing a narrow
scatter over a mean value, the 3-pulse PSAs in Figure 7.1 displays an elaborate
distribution. Seeming to reveal that the difference in pulse magnitudes change over
a range of 0 to +100 pC (taken from the vertex of Figure 7.1a). The magnitude
variation of 100 pC might have taken place in a small percentage of the total pulses
while the majority of the pulses were close to each other in magnitude. This needs
careful examination by looking at the heat map of the plot and interpreting the
density of pulses in each range. The three-dimensional PSA on the one hand is
complete and distinctive for various PD defects while on the other hand is complex
to interpret and lacks intuitiveness. The 3-D plot suffers an added disadvantage as
the three-dimensional plot also requires higher graphical processing power for its
rendering and display. Therefore, due to the high level of complexity an alternative
plot with weighted charge/time variables on the plot axis is proposed in the next
section. The goal is to reach a level of effectiveness and simplicity comparable with
the PRPD diagrams in AC where the outline/shape of the pattern is sufficient to
distinguish various dielectric defects. Instead of requiring expert examination of
multiple aspects prior to identification of defect type.

7.2.2. Weighted PSA or WePSA patterns

As described in section 7.2.1, the 3-pulse PSA plots cannot be used as stand-alone
plots since they either lack information on time or magnitude of charge. In order to
have information on both change in time and change in charge magnitude on the
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Figure 7.3: The three-dimensional PSA plots of (a) negative corona and (b) positive
surface defect [1].

same plot one of the plot axis is used to represent a weighted quantity (represented
by the variable W). The plot also helps minimize the effect minor differences in the
magnitude of discharge and discharge rate, and two plots are created, weighted
with respect to time between discharges (W vs. At) and weighted with respect
to change in discharge magnitude (W vs. AQ). The weighted quantity W is the
product of the two quantities (AQ and At). It is derived as shown in Eq. 7.1.

Wi=1to v = AQ; X At; (7.1)

Where N is the number of discharge pulses in the given recorded stream. As
the weighted quantity is a product of two other pulse parameters, the plot helps
minimize the effect minor differences in the magnitude and rate of the discharge.
Only the extreme/large differences in magnitude and rate outline the pattern. The
following sections describe the features of the plots in more detail.
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Table 7.2: The coefficients of the polynomial used for the curve fitting in example
Figure 7.3
f(x,y)=p00+p10.x+p01.y+p21.x2+p11.xy

p00=7.314e-06

p10=-4.59e-08

Negative corona | p01=2.43e-08

p20=1.16e-09

pl1=-5.91e-10

p00=8.19e-04
p10=-3.92e-05
Positive surface | p01=2.11e-05
p20=4.18e-05
pl11=7.79e-05

Plot of W vs. AQ

To illustrate the meaningfulness of the plot a sample weighted PSA plot of W vs.
AQ is shown in Figure 7.4 The slope and dispersion over the red lines shown on the
figure can be derived as follows.

AW W,—0  AQ;At;
slope = tanf = = =

AAQ)  AQi—0  AQ;

= At; (7.2)

dispersion = slope; — slope, = At; — At, = A(At) (7.3)

‘Upper tangent

£ — 5 [ower tangent

>

AQ

Figure 7.4: An example to illustrate the features of a weighted PSA plot of weighted
quantity W vs. change in discharge magnitude (AQ) [1].

The plot for negative corona shown in Figure 7.5a shows a very narrow scatter in
the values of At which is representative of the corona Trichel pulse cluster that have
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almost a constant rate. On the contrary, the surface discharge pattern in Figure 7.7a
and 7.7c exhibit a full range variation from zero upwards to a maximum value which
is depictive of the randomness in the surface discharge process. A unique form of
asymmetry is seen in the pattern of floating discharge shown in Figure 7.6a and 7.6c¢.
This arises from the nature of the discharge which switches between breakdown of
the gap and corona over the floating electrode (in the repetitive stage). The floating
electrode defect exhibits a peculiar characteristic wherein a large breakdown pulse
is followed by a series of small corona pulses and this pattern repeats itself. This
imbalance in density of large vs. small pulses leads to an asymmetry in its discharge
pattern. The similarity in the pattern of positive corona and surface discharge is
dealt with at the end of the chapter.

In conclusion, the following set of inferences can be drawn from the weighted
PSA plots of W vs. AQ:

(i) The dispersion in the scatter plot of W vs. AQ is the dispersion in the value
of At.

(ii) The slope of the external tangent enclosing the distribution gives the smallest
and largest values of At.
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Figure 7.5: The weighted pulse sequence plots (left column) W vs. AQ and (right
column) Wvs. At for (a) & (b) Corona on -DC and (c) & (d) Corona PD
on +DC [1].
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Figure 7.6: The weighted pulse sequence plots (left column) W vs. AQ and (right
column) Wvs. At for (a) & (b) Floating PD on -DC and (c) & (d) Floating
PD on +DC [1].

(iii) The symmetry in the diagram depicts that the variation in At is regular and
does not follow a specific scheme. While on the contrary, an asymmetry
such as in Figure 7.6a and 7.6¢ shows multiple discharge process occurring
systematically causing the data to group in a unique fashion.

Plot of W vs. At
The weighted PSA plot of W vs. At is shown in Figure 7.8, the slope and dispersion

over the red lines shown in the figure can be derived as follows.
AW  W—0 _ AQuAt
A(At)  At;—0 At

slope = tanf = = AQ; (7.4)

dispersion = slope; — slope, = AQ, — AQ, = A(AQ) (7.5)

That is the dispersion in the plot of W vs. At depicts the scatter in the values of
AQ. In this case, the nature of the defect can be inferred from the axis of distribu-
tion. In case of corona there is a point distribution (shown in red in Figure 7.5b)
over W equal to zero, which would mean the quantity AQ varies about zero and At
varies over a mean value, reflecting the stable repetitive discharges under negative
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Figure 7.7: The weighted pulse sequence plots (left column) W vs. AQ and (right
column) W vs. At for (@) & (b) Surface PD on -DC (Sample B) and (c)
& (d) Surface PD on +DC (Sample B) [1].

DC voltage (configuration I). Similarly, for surface PD (shown Figure 7.7b and 7.7d)
it is distributed symmetrically over the horizontal axis with a dispersion, A6. Which
indicates that the change in discharge magnitude in case of surface discharge is
randomly distributed between zero and a maximum value defined based on the
slope of the external tangent enclosing the distribution. The plots for floating dis-
charge display an asymmetrical distribution due the systematic switching between
the gap breakdown and corona over floating body.

In conclusion, the following set of inferences can be drawn from the weighted
PSA plots of Wvs. At:

(i) The dispersion in the scatter of W vs. At gives the dispersion in the values of
AQ.

(ii) The slope of the external tangent enclosing the distribution gives the largest
values of AQ (positive/increasing trend or negative/decreasing trend).

(iii) Based on the axis of symmetry of the distribution, the nature of the discharge
is determined (point symmetry, horizontal line symmetry, asymmetry with
multiple clusters).
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At

Figure 7.8: An example to illustrate the features of a weighted PSA plot of weighted
quantity W vs. time between discharges (At) [1].

The weighted PSA plots for positive corona and surface discharge shown in Figure
7.5 and 7.7 appear to be similar. The repetitive stage of positive corona (self-
sustaining discharge state [10]) which is unlike Trichel seems to have similarities
with the process of surface PD. However, the plot of repetition rate of the charge
(N vs. Q) for the two defect sources are dissimilar. In case of positive corona, the
range of discharge magnitude varies over a median value as shown in Figure 7.9a.
However, in the case of surface defect the magnitude of discharges varies from
the smallest value possible to be measured (the charge threshold, Q,; set by the
measuring system) to a maximum value.
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Figure 7.9: Plot of charge (Q) vs. repetition rate (N) for (a) Corona on +DC and (b)
Surface PD on -DC [1].

In the first assessment of sorts, the weighted PSA plots appear to reveal more
information than the, 2-pulse PSA, 3-pulse PSA, 3-D PSA and are more perceptive
and stable. They possess visible differences and exhibit unique patterns for various
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defect types and hence may be a suitable alternative to the latter.

7.2.3. Other derived patterns

In the case of certain defect types such as corona that was studied in Chapter 4,
specific derived patterns such as the plot of charge (Q;,,) and time to discharge
(At;4,) have proven to be more reliable and useful in the defect identification pro-
cess. These discharge patterns help differentiate the configuration of corona de-
pending on the presence and absence of a relationship between the two quantities
of charge and time to discharge. The linear rising relationship with the value of
charge and time to discharge (Q,,, vs. At;,,) is shown in Figure 7.10a and 7.10b
for configuration I and IV of the corona arrangement when the needle is placed at
HV with -DC applied and when the needle is placed at ground with +DC applied re-
spectively. Similarly, Figure 7.10c demonstrates the absence of such a relationship
for configuration II of the corona arrangement with the needle placed at ground
and -DC applied.

However, this plot has shown benefit only in the identification of corona. No
single, stand-alone plot has so far benefited in the identification of all PD defect

types.

7.3. Analysis based on statistical classification of

discharge parameters

The probability distribution of the discharge quantities is studied in this section.
Two quantities namely, difference in magnitude of successive charge (AQ) and time
between successive charge (At) are considered. Both are normalized from 0 to 1
using the expression given in Eq. 7.6.

L = x —min(x) (7.6)

"~ max(x) — min(x)

Where x' is the normalized value and x is the actual value. An exponential
distribution is used to construct the probability plots shown in Figure 7.11 and 7.12.

7.3.1. Classification of time between discharge occurrence

Figure 7.11 shows the probability distribution of the normalized time between dis-
charges (At) for various PD defect types. Three distinctive distributions can be seen
on this figure. First, the cumulative probability distribution of floating electrode de-
fect that follows a log-normal distribution. The defect under -DC discharges at a
steady rate and the distribution of At values well represent/fit the lognormal curve.
The floating defect under +DC on the other hand has a slow repetition rate and only
up to 80 % of the points fit the lognormal distribution while the tail on the upper
end poorly fits the curve. Secondly, can be observed the exponential distribution of
the surface discharge quantity of At. The surface defect tested for both samples A




120 7. Defect Identification under DC: Corona, Floating and Surface defect

and B under both positive and negative DC showcases a similar distribution. The At
distribution for positive corona also appears to follow an exponential distribution.
Negative corona, however, follows a unique Weibull distribution. All the curves
(lognormal, exponential and Weibull) are fitted for the showcased data series. De-
spite the poor fit of positive floating defect to the lognormal distribution and the
likelihood of positive corona towards the exponential distribution rather than the
Weibull distribution that negative corona follows, this analysis shows potential in
aiding in the defect identification process.

7.3.2. Classification of difference in discharge magnitude

The other discharge quantity that is available from a DC-PD measurement is the
quantity of charge. A similar analysis is made on the AQ distributions of various
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Figure 7.10: Discharge pattern of Charge (Q;,,) vs Time to discharge (At;,,) ()
when the needle is placed at negative DC voltage (Configuration I),
(b) when needle is placed on ground with positive DC voltage (Config-
uration IV), note that the x-axis is presented in us in this case and (c)
when needle is placed on ground with negative DC voltage (Configu-
ration II).
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Figure 7.11: Cumulative Probability distribution of time between discharges (At) for
various defects normalized between 0 and 1 [1].
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Figure 7.12: Cumulative Probability distribution of change in discharge magnitude
(AQ) for various defects normalized between 0 and 1 (insert with zoom)

[1].

defect sources with the same available data. The probability distribution of the nor-
malized values of difference in magnitude of successive charge (AQ) are presented
in Figure 7.12

Only two distinctive groups are seen on this plot. An exponential distribution of
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the normalized AQ values for corona and surface discharge, and a discontinuous
distribution of the values of floating discharge. From [9] it can be noted that the
floating PD under DC alternates between breakdown of the gap and corona over the
floating body (in the repetitive discharge stage). And there is a disparity in discharge
magnitudes of these two phenomena. This disparity reflects as the discontinuity
in values of AQ. The initial part of the distribution follows a lognormal distribution
(can be seen from the insert on Figure 7.12) while the latter part follows a Weibull
or double exponential curve.

7.4. Discharge trends with respect to voltage

In case of AC PD analysis, one of the most commonly used supplementary figures
alongside the Phase resolved PD (PRPD) plots is the Q(V) plot, also known as the
Q vs. V plot. It provides useful information on the trend in discharge magnitude
with respect to increasing and decreasing voltage. It is particularly useful in the
discrimination of internal defects from surface discharge defects, since the PRPD
plots of a surface defect and internal defect can sometimes look similar. However,
the difference in inception and extinction voltage of an internal defect, generating a
hysteresis-like curve helps differentiate the two defect types under AC. Though this
research has not studied the DC discharge from an internal defect, it still explores
the benefit of the Q(V) plots under DC for the three different defects studied in
this research. Figures 7.13, 7.14 and 7.15 show the Q(V) plots of the respective
defects namely corona, floating electrode and surface discharge under AC, -DC
and +DC test voltages. And this section evaluates their effectiveness in the defect
identification process.

Consider the discharge trends for corona given in Figure 7.13a for the AC test
case. The discharge process is a combination of the Trichel/negative corona and
the streamer discharges/ positive corona. The corona defect under AC incepts with
the trichel pulses of relatively small magnitude (~ 200 pC in this case) and at higher
voltages translates to the streamer discharges also known as positive corona that
has a relatively high magnitude (a few nC in this case). A similar overall trend can
be noted while considering Figures 7.13b and 7.13c together for corona under -DC
and +DC voltages. By putting together the information on the two plots one would
conclude that it belongs to the corona defect. In addition, given the many nuances
in the discharge process of corona that are described in chapter 4, such as pulse-
free zone and self-sustaining corona, the Q(V) plots for the particular defect look
unique in their own way.

The floating electrode defect follows a similar trend with its AC discharge process
in comparison to its -DC and +DC discharge processes put together. The sus-
tainable pulse stage on -DC voltage has a discharge magnitude comparable to the
floating discharge under AC with a magnitude of ~2 nC. However, the inception
voltage under -DC is slightly higher than under AC voltage. This is because the
singular discharge pulses preceding the sustainable pulse stage charge the floating
electrode lowering the electrical field across the floating gap (explained in section
5.3). Similarly, the discharge magnitude under +DC is of a similar magnitude com-
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Figure 7.13: The plot of discharge magnitude with respect to voltage (Q vs. V) for
the corona defect tested under (@) AC (b) -DC (configuration I) and (c)
+DC (configuration II) voltage.

pared to the corona over floating body observed under AC voltage. However, the
Q(V) plot by itself does not provide any information on the non-repetitive or repet-
itive stage of the discharge. Neither does it reflect the information on the PSA plot
of time between discharges presented in Figure 5.9c. The Q(V) plot for the floating
electrode defect could easily be taken as the discharge progression of corona or
surface discharge presented in Figures 7.13 and 7.15.

The Q(V) plots of the surface discharge defect do not exhibit such a coherence
in terms of inception value of voltage or charge magnitude. The Q(V) plots for the
-DC tests solely seems to follow the AC discharge trend. The +DC plot does not
seem to correspond in terms of discharge magnitude or inception voltage to the AC
process. The reason for which has been described in detail in section 6.4.2. The
Q(V) plots for the surface discharge defect do not provide any significant benefit to
the defect identification process due to the absence of any manifest features in the
discharge process.
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Figure 7.14: The plot of discharge magnitude with respect to voltage (Q vs. V) for
a floating electrode defect tested under (a) AC (b) -DC and (c) +DC
voltage.

7.5. Discriminatory process

Defect identification under DC stress has gained tremendous traction in the recent
years due to a wide spectrum of new DC applications. The ability to qualify the
insulation quality and fitness of DC systems is the goal of partial discharge testing.
So far partial discharges under DC have been treated as insufficient to produce a
repeatable and well-shaped pattern due to their low pulse rates and erratic nature.
However, several defect cases, such as the ones discussed in this chapter, discharge
at a stable rate (comparable to AC). This raises the significance of defect identifi-
cation under DC with the aid of visual tools. Defect identification not just provides
insight into the type of insulation system defect but also broadens the fundamental
understanding on the insulation’s DC behaviour. This chapter investigates several
ways of analysing discharge data under DC, exploring the possibilities of the most
promising visual tool that is closest to the AC-PRPD diagrams. Based on the pre-
sented visual tools a decision tree is devised to distinguish between the different
defect types. The flow chart shown in Figure 7.16 categorizes the repetitive PD
pulses using the weighted PSA plots (WePSA). The key towards visual pattern iden-
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Figure 7.15: The plot of discharge magnitude with respect to voltage (Q vs. V) for
a surface discharge defect tested under (a) AC (b) -DC and (c) +DC
voltage.

tification, is the possibility of recording sufficient number of pulses that will produce
a pattern with adequate contrast. Therefore, the first decision block on the flow
chart looks for selection of ‘measurable and repetitive PD pulses’. In some cases,
the PD pulses may be smaller in amplitude so that they are below the noise thresh-
old of the acquisition system. In these cases, it will not be probable to build visual
patterns with such an acquisition stream. In other cases, the PD pulse stream is
non-recurrent, i.e. such as the singular pulses in a floating electrode defect or the
pulse-free zone of corona. In these cases, the non-repetitive nature of the pulses,
renders the acquisition ineffective due to lack of sufficient pulses. For the defect
conditions that can be suitably measured and are repetitive in nature, WePSA plots
are used in their classification. A narrow scatter range of At in the plot of W vs.
AQ along with a point distribution around W=0 in the plot of W vs. At is indica-
tive of negative corona. A double check can be made by verifying the probability
distribution of At and the unique trend in the correlation between Q;,;and At;,,
[10]. The random/wide At scatter in the plot of W vs. AQ and a line distribution
about the W=0 intercept in the plot of W vs. At is indicative of a surface defect
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or positive corona. One or the other can be confirmed based on the distribution of
Q (plot of Nvs. Q). Floating discharge under DC has several unique features [9].
This procedure has been formulated for the identification of singular defect sources
under DC. The scenario with several defect sources interacting with each other has
not been tackled. This may be recommended as a step for future research in the
field, where de-clustering techniques for PD source separation under DC voltage

can be investigated.
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Figure 7.16: Flow chart identifying the defect sources based on the weighted
PSA plots [1]. *The unique relationship between the quantities of
charge(Q;,,) and time between discharge (At;,,)[10] **The unique
discharge patterns of At; vs. At;,, for floating electrode defect are
presented in [9]

7.6. Conclusion

The chapter summarizes the PD patterns obtained from three different partial dis-
charge defects. It selects the data for processing based on previous studies [9][10]
that designate a specific discharge characteristic to the particular defect configura-
tion. For instance, the repetitive stage of floating electrode and the self-sustaining
positive corona that are unique features based on which the defect could be iden-
tified are utilized in this research. The following points recapitulate the various
sections of the chapter.
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o It presents the unique probability distribution of the quantity ‘At’ for three
different defects, except positive corona that closely resembles the surface
discharge defect. This could serve as a diagnostic tool in PD defect identifi-
cation.

e The new perspective to PSA, demonstrating the possibility of a three dimen-
sional or 3D-PSA plot by combing two plots has been proposed.

¢ The novel weighted PSA (WePSA) plots proposed in the chapter are not only
visibly distinctive but also perceptive and simple to interpret to a great extent.

e The plots of discharge trend with respect to voltage, Q(V), provide an over-
all understanding the discharge process of the defect with the possibility of
comparing it with the already well known AC defect behaviour.

» The decision chart presented in the last section of the chapter devises a di-
agnostic procedure by means of which one can investigate the nature of dis-
charge under DC stress conditions.

It is understood that PD under DC does not manifest itself as clearly and system-
atically as under AC (repetitive with each voltage cycle). And even in conditions in
which it does, a single figure/pattern may not be entirely sufficient to determine
the source. Therefore, the multiple patterns and methods of analysis presented in
this chapter are proposed with the final goal of implementation in the PD diagnostic
phase aiding in the identification of the PD defect type. The results presented show
great promise, especially with the novel ‘Weighted PSA’ plots or WePSA patterns
that come a step closer to the DC version of PRPD.
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8.1. Conclusions

The research studied the partial discharge behaviour of three of the most common
defect types under DC namely corona, surface and floating electrode. The PD defect
sources were studied in-depth and analysed extensively to recognize differences
in their behavior and discharge patterns. As stated in chapter 1, the goal of this
research was to develop a methodology for the classification/identification of various
common insulation defects through electrical partial discharge measurement under
DC voltage stress. The sub-objectives defined in section 1.4 are recapitulated in
this chapter and the results related to each sub-objective have been summarized.

In-depth study of PD characteristics of various defect sources

(i) Three common defect types namely, corona, floating electrode and surface
discharge were studied in this thesis. The defects were studied both under
AC and DC voltage stress.

(ii) This thesis demonstrates that the decision to focus on individual defects and
their in-depth behaviour has yielded through its study, characteristic defect
fingerprints.

(i) In case of the study of corona under DC, the self-sustaining pulse stream of
configuration II (section 4.2.2) and the intermittent corona of configurations II
and III (section 4.2.3) were found through detailed observation and analysis
of the discharge phenomenon.

(iv) The research on floating discharge defect has elucidated the discharge physics
under AC. This was accomplished through the interpretation of the PRPD
(Phase resolved PD) pattern and the phenomenon of moving/sliding pulses in
the active discharge diagram. The PD behavior under AC has been explained
through an analytical model implemented in MATLAB as described in section
5.2.

(v) Through the careful study of the floating electrode defect under DC, a criterion
for its repetitive discharge state has been defined in section 5.3.

(vi) The study of surface discharge defect revealed differences in the behavior
of dielectric samples towards positive and negative DC test voltages. The
reasons for this differences have been adequately studied and analysed. The
research has also demonstrated an increased similarity between the DC and
AC discharge processes in certain test cases.

(vii) Based on the study of dielectric properties of the materials involved in the
DC surface discharge tests, it was concluded that with a lower disparity in
the conductivity of the two involved media (in this case, air and surface PD
sample), lower will be the surface charge accumulation. And this lowered
surface charge accumulation led to the increase in the tangential electrical
field component along the interface that in turn led to the inception of surface
discharge during the steady-state DC.
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Development of an optimal post-processing strategy for the analysis of the
acquired PD data

(i) This work demonstrates that for conventional electrical PD measurements,
with PD data recorded through continuous streaming at a rate of 10-20 MS/s,
it is possible to obtain meaningful patterns through special analysis.

(ii) As a part of this research, a special set of algorithms was developed to recog-
nize individual pulses from the data stream, for post-processing and analysis
of the PD raw data as described in section 3.5.1.

(iii) It has been shown that three basic parameters namely, discharge magnitude,
time of discharge occurrence and polarity are sufficient to analyse the PD
discharge stream sufficiently.

(iv) In certain cases, such as in the study of surface discharge defect, software
simulations using COMSOL have given more insight to the effects of dielectric
parameters of the surface PD sample under study.

Evaluation of the PD defect characteristics to find a defect identification
methodology

(i) The final goal of the research was to discover characteristic differences in the
PD behaviour of the different defects in order to develop a defect identification
strategy. This has been made possible by the detailed study of individual
defect sources and a careful study of the discharge and material physics as
mentioned previously.

(ii) The analysis of the discharge parameter At for the three defects has revealed
that each of the defect sources has a unique probability distribution of At as
presented in section 7.3.1.

(i) The research has highlighted the lack of intuitiveness and the trouble in inter-
preting PSA (pulse sequence analysis) plots. The PSA plots have also shown
to magnify the differences in discharge magnitudes and time between dis-
charges as demonstrated in section 7.2.1.

(iv) A new perspective to the PSA plots, by combining two plots to form a 3-D PSA
plot has been proposed.

(v) The novel “"WePSA” or Weighted PSA patterns have been developed based on
the analysis of the discharge parameters of the repetitive stage of the three
defect types under study. The WePSA plots as presented in section 7.2.2
have demonstrated to be visibly distinctive and easy to interpret for each of
the individual defects.

(vi) The causality in the relationship between the quantities of discharge magni-
tude Q;,, and time to discharge At;,; has shown to exhibit a unique trend
in the plot of Q;,, vs. At;,, in the case of corona configurations I and IV as
presented in section 7.2.3.
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(vii) The repetitive stage of floating discharge defect under negative DC voltage
manifests itself through a unique pattern on the PSA plot of time between
successive discharges in a 3-pulse sequence (At;,, Vs. At;) as seen in Figure
5.9d.

(viii) The PSA plot for time between discharges (At;,, vs. At;) for the surface
discharge defects has revealed a unique ‘fish’ shaped pattern. This is shown
in Figure 6.17.

(ix) Based on the overall analysis, this research has devised and proposed a com-
prehensive diagnostic procedure in section 7.5 through the formulation of a
flowchart for PD defect identification under DC voltage. The procedure devel-
oped so far is limited to the identification of the three singular defects studied
in this research.

8.2. Recommendations for future work

This research has been able to focus on the study of three common PD defect types
under air as dielectric. There is certainly the scope for the research to be extended
to the study of defects under other dielectric media such as liquid (mineral and
synthetic oils as in transformers), solids (epoxy resin as in GIS spacers or XLPE as in
cables) and other gaseous dielectric (SFg as in GIS), as well as the study of internal
defects such as voids and intrusions. The discriminatory procedure proposed in
Figure 7.16 is based on the findings of this research. It is recommended that this
procedure be extended to include multiple other defect scenarios in the future to
create one comprehensive defect identification procedure. There is also a need to
develop clustering strategies for partial discharges under DC in order to identify
multiple defects that discharge simultaneously.

There is also a need to test the proposed methodologies for defect identification
on real industrial defects. With this it will become possible to build more experience
and gain feedback on the performance of the strategy. In the real world scenarios
it is also most probable for test objects to have more than one defect. This will
have to be tackled independently by the development of clustering techniques for
DC-PD before the application of the knowledge on defect identification. Lastly,
based on the study of DC-PD, certain suitable recommendations could be made
to the international standardization committees that formulate the testing criteria.
However, to do this, one needs to further the research in the direction of influence
of DC-PD on the ageing of the dielectric or the level of risk based on the defect
behavior. In conclusion, this research is a start that will serve as a base for future
research in this field.
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List of Abbreviations

Alternating current

Bandwidth

Direct current

Device under test

Extra high voltage
Electromagnetic

Electric vehicle

Factory acceptance test

Finite element method

Gas insulated line

Gas insulated switchgear

Ground

Giga samples

High frequency

High frequency current transformer
High pass

High voltage

High voltage alternate current
High voltage direct current
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Institute of Electrical and Electronics Engineers
Low pass
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Partial discharge

Partial differential equation

Partial discharge inception voltage
Phase resolved partial discharge
Pulse sequence analysis
Photovoltaic

Relative humidity

Site acceptance test
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Ultra high voltage

US Dollar

Ultra violet

Vector network analyser
Weighted pulse sequence analysis
Working group

137






Acknowledgements

Firstly, I acknowledge that nothing is possible without the willingness of the Almighty.
All praise be to Allah who gave me the strength to understand, learn and perform
in my duties. His mercies upon me have no bound. Alhamdulillah.

This PhD journey has been a special one and will remain close to my heart. Apart
from having been given the chance to work in beautiful Switzerland, I have also
had the pleasure of working with HAEFELY AG, a name that is synonymous with
High Voltage and considered a legend by most of us who belong to this field. And
not to forget the cherry on the cake, I got to do this PhD together with the Delft
University of Technology, which I very much call my own.

I would like to start by thanking my co-promoter and daily supervisor at TU Delft,
Dr. Armando Rodrigo Mor for his constant support, his gentle motivation and timely
advice. He has helped me push my capabilities through the review and criticism of
my work. Next I would like to thank Dr. Petr Mraz, my mentor and supervisor at
Haefely. I would like to thank him for the countless discussions which have moulded
this research to what it is today. Petr has been the kind of mentor who provides
his back for the mentee to climb higher. His guidance has come a long way. Apart
from being my supervisor, he has also been a good friend and a well-wisher. I am
immensely grateful to him for his continued support.

I would like to extend my gratitude to my Promoter Prof. dr. Robert Ross for his
valuable time and wise advice. In this short time, I am glad to have learnt from
his profound experience and his vast knowledge. I would also like to thank my
Manager, Santiago Gonzalez for giving me the time and flexibility to complete my
thesis and being a part of several useful brainstorming sessions. I am also grateful
to the European Horizon 2020 research initiative, the MEAN4SG consortium for this
amazing opportunity. I would like to thank all my colleagues at Haefely who have
worked with me directly or indirectly. Special thanks to the 2 pm coffee group for
the deep discussions over coffee. A special mention to Marc Brunner for helping
me with the material testing by sharing his in-depth knowledge on the instruments.
There are countless more people who have helped me during this journey, with a
kind word, a genuine prayer or a helping hand, a heart-felt thanks to all of them.

Certainly, over the top of all my countless blessings is my family. They are my
source of happiness and comfort. How does one thank a devoted father who has
given his entire life to give me the wings to fly and a selfless mother who has been
the wind beneath those wings. No amount of thanks can do that. Not to forget
my younger sister, who earnestly ignores me and later secretly emulates me. I
genuinely believe that it is their prayers that has got me so far. The prayers of my
nana, amma (grandparents), aunts, uncles and all my cousins included.

When the whole world was dealing with the new pandemic a new chapter of my

139



140 8. Conclusions and Recommendations

life began. Therefore, thanks is also due to my parents-in-law for now I belong in
their prayers too. And of course, God bless my kind husband, who believes I can
do anything. Life would be incomplete without him.

Saliha Abdul Madhar
4th March, 2021, Basel



23-04-1994

Education
2015-2017

2018-2020

Curriculum Vitae

Saliha ABDUL MADHAR

Born in Chennai, India.

M.Sc in Electrical Sustainable Energy at Delft University of Technology

Master thesis at the Delft University of Technology and the Asset
Management department of DNV GL Energy, The Netherlands.

Thesis: Feasibility study of sensitive partial discharge mea-
surements on long cable systems.

Committee: Prof.ir. P. Vaessen, Prof.dr.ir. E.F. Steennis,
Dr. A. Rodrigo Mor, Ir. B.C. van Maanen.

PhD Researcher

(Jan 2018-Dec 2019) Marie Skiodowska Curie Research Fellow under
the Mean4sg project group, employed with HAEFELY AG, Switzerland.
(Jan 2020-Dec 2020) PhD Researcher and Product Engineer with the
Product Management department of HAEFELY AG, Switzerland.

Promoter: Prof.dr. R. Ross.
Co-promoter: Dr. A. Rodrigo Mor.
Supervisor:  Ing. P. Mraz, Ph.D.

Work experience

2020—Present

Product Engineer at HAEFELY AG, Switzerland

141






List of Publications

Journals

S. Abdul Madhar, P. Mraz, A. Rodrigo Mor, and R. Ross. “Study of Corona Config-
urations under DC Conditions and Recommendations for an Identification Test Plan”.
In: International Journal of Electrical Power and Energy Systems 118 (June 2020),
p. 105820. issn: 01420615. doi: 10.1016/5.1ijepes.2020.105820

S. Abdul Madhar, P. Mraz, A. Rodrigo Mor, and R. Ross. “Physical interpretation of the
floating electrode defect patterns under AC and DC stress conditions”. In: International
Journal of Electrical Power and Energy Systems 118 (June 2020), p. 105733. issn:
01420615. doi: 10.1016/5.ijepes.2019.105733

S. Abdul Madhar, P. Mraz, A. Rodrigo Mor, and R. Ross. “Empirical analysis of
partial discharge data and innovative visualization tools for defect identification under
DC stress”. In: International Journal of Electrical Power & Energy Systems 123 (Dec.
2020), p. 106270. issn: 01420615. doi: 10.1016/7.ijepes.2020.106270

S. Abdul Madhar, A. Rodrigo Mor, P. Mraz, and R. Ross. “Study of DC partial dis-
charge on dielectric surfaces: mechanism, patterns and similarities to AC". in: Inter-
national Journal of Electrical Power and Energy Systems 126 (Mar. 2021), p. 106600.
issn: 0142-0615. doi: 10.1016/7.1ijepes.2020.106600

Conferences

S. Abdul Madhar, P. Mraz, S. Barrios Pereira, and N. Akroud. “Frequency response of
a real cable network and its impact on field PD measurements”. In: 2019 International
Conference on Electricity Distribution (CIRED). 1492. 2019, pp. 1-5

S. Abdul Madhar and P. Wenger. “Simultaneous Electrical and UHF Measurement of
DC-PD from Point-Plane Defect”. In: The International Symposium on High Voltage
Engineering. Springer, 2019, pp. 991-1003

P. Mraz, S. Abdul Madhar, P. Treyer, and U. Hammer. “Guidelines for PD measure-
ment according to IEC 60270". In: The International Symposium on High Voltage
Engineering, Hungary. 2019

P. Wenger, S. Abdul Madhar, and M. Beltle. “Simultaneous Electrical, UHF, Current
and Optical PD Measurements on Floating Potential under DC Stress”. In: 2019 IEEE
Conference on Electrical Insulation and Dielectric Phenomena (CEIDP). 2019, pp. 287—
290

S. Abdul Madhar, M. Brunner, A. Rodrigo Mor, and P. Mraz. “Measurement of key di-
electric properties for surface PD model under HVDC". in: Proceedings of International
conference on Dielectrics, ICD. Valencia: IEEE, 2020

143


https://doi.org/10.1016/j.ijepes.2020.105820
https://doi.org/10.1016/j.ijepes.2019.105733
https://doi.org/10.1016/j.ijepes.2020.106270
https://doi.org/10.1016/j.ijepes.2020.106600

	Summary
	Samenvatting
	Introduction
	Background
	Scope of the thesis
	State of the art
	Defect identification under AC voltage stress
	Defect identification under DC voltage stress

	Research goals
	Research approach and thesis outline

	Partial Discharge Basics
	Introduction
	Origin and types of partial discharges
	Equivalent circuit for partial discharge
	PD phenomenon under AC vs. DC voltage
	Standardization in PD measurement: IEC 60270

	Description of experimental setup
	Introduction
	Artificial PD defect models
	Corona defect
	Floating electrode defect
	Surface discharge defect

	PD measurement
	PD acquisition
	PD Evaluation
	Data processing
	Derived quantities
	Visual tools
	Statistical tools
	Discriminatory tools


	Study of Corona Configurations under DC
	Introduction
	Corona configurations
	Configuration I: Negative DC with needle at HV
	Configuration II: Positive DC with needle at HV
	Configuration III: Negative DC with needle at ground
	Configuration IV: Positive DC with needle at ground

	Discrimination of corona configuration under DC
	Conclusion

	Study of the Floating Electrode Defect under DC
	Introduction
	Understanding floating discharge under AC stress
	Discharge behaviour
	Corona from floating objects

	Floating electrode under negative DC
	Floating electrode under positive DC
	Conclusion

	Study of Surface Discharges under DC
	Introduction
	Measurement of electrical properties of the dielectric surface
	Simulation of the surface defect model
	Model setup
	Results and Observations

	Partial discharge testing of surface defect model
	AC test
	DC tests

	Surface defect: Similarities between AC and DC patterns
	Conclusion

	Defect Identification under DC: Corona, Floating and Surface defect
	Introduction
	Analysis based on visual patterns
	PSA patterns
	Weighted PSA or WePSA patterns
	Other derived patterns

	Analysis based on statistical classification of discharge parameters
	Classification of time between discharge occurrence
	Classification of difference in discharge magnitude

	Discharge trends with respect to voltage
	Discriminatory process
	Conclusion

	Conclusions and Recommendations
	Conclusions
	Recommendations for future work

	Appendix A
	List of Abbreviations
	Acknowledgements
	Curriculum Vitæ
	List of Publications

