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Abstract

This thesis is on the study of partial discharg®)(Frequency spectral response to: (a)
variations in supply voltage frequency and (b) tiofieageing under continuous PD activity.
The work extends knowledge on how to interpretdssgy domain PD measurements. In
addition to fundamental knowledge, the thesis alsaceives two novel PD diagnosis tools
that are based on spectral analysis. The work ibomés to the ongoing efforts by Cigré WG
D1.33 on producing an International ElectrotechinGammission (IEC62478) standard in
response to the growing interest in unconventidtaldiagnosis methods. Unconventional
PD diagnosis methods include spectral analysisnigaes where information is extracted
from selected portions of the PD spectra. Liteeslrows that there is inadequate knowledge
on characterisation of PD mechanisms through sgeantialysis, and this can compromise the
efficacy of frequency domain PD diagnosis technsqueis imperative that interpretation of
PD spectral measurements be informed by adequaitgl&dge on the factors that influence
PD spectral content. The PD defects studied inwvtloikk are those commonly found in solid
polymeric insulation such as shielded power cablBlse experimental investigations
established that firstly, PD spectral content othealefect type responds distinctly to
variations in the sinusoidal supply voltage frequem the range 20 to 400 Hz. Secondly,
under long term ageing conditions, PD frequencygspkfeatures of each defect type evolve
uniquely. The findings are interpreted in termssphce charge dynamics theory of PD
mechanisms. It is concluded that spectral analpased PD diagnosis should take into

account PD spectral dependency on the supply wlitagjuency as well as ageing induced
evolution.
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1 Introduction

Insulation is often considered as the weakestgfdnigh voltage (HV) and medium voltage
(MV) equipment (Montanari, 2008). Degradation oé fimsulation is commonly associated
with partial discharge activity. Partial discharge®s) are ‘microsparks’ caused by localised
stress enhancement at imperfections inside or enirtbulation surface (IEEE std 400.3,
2007). Insulation defects can arise from manufaoguand installation flaws or service
related ageing. PDs are electric discharge evlatsgenerate rapid transient currents whose
rise-time, duration and fall-time are in the ord@érnanoseconds (Kreuger, 1989). In solid
dielectrics the discharge processes cause irrélenshysiochemical degradation and in most
cases progress to total insulation breakdown. Pi@stl@erefore common precursors of
electrical insulation failure. The presence of Piasm be considered as an indication of
adverse conditions in electrical insulation and Biagnosis is an assessment of such
conditions. Among various methods of electricalilaton diagnosis, PD methods occupy a
prominent place (Montanari, 2006; Bartnikas, 200dlen & Danikas, 1995).

1.1 The thesis work motivation

PD detection can be performed either conventionabtcording to the International
Electrotechnical Commission (IEC) 60270 standardunconventionally according to an
IEC62478 standard that is still in preparation (kenet al., 2008b). Modern practices in the
unconventional PD detection techniques involve yanady the full spectrum or selected high
frequency portions of the original full PD poweresfrum. This method is also known as the
high frequency (HF) or the ultra high frequency @®Htechnique. Furthermore in
contemporary unconventional PD detection practispectrum analyser is normally used to
detect the PDs as it (the spectrum analyser) isatole to specific frequency ranges of the
available PD spectrum where maximal signal to n{&R) ratios can be achieved (Meijer
et al., 2006; Lemke et al., 2003). The full PD $peu is however seldom available as some
of the spectral components are usually attenuatexl td bandwidth limitations of the
detection system. It follows that knowledge of thiginal PD spectral content together with

the frequency response of the PD signal transmmgsath from origin to point of detection is
1



CHAPTER 1: Introduction

imperative as a prerequisite for correct intergir@teof the signals particularly those detected
only in specific frequency ranges. The requireméecomes even more mandatory
considering the stochastic and evolutionary behavwid PD mechanisms (Morshuis, 1995b).
It is essential to understand the variables thifience PD spectral content at origin before
distortions in the transmission and detection sgste

A literature study of PD mechanisms shows that gmorany variables that affect PD

mechanisms, the frequency of the supply voltags {teltage) and time of continuous ageing
under PD activity significantly influence PD meclsms. It is in this context that the work of

this thesis was conceived to search for furtherewstdnding of the influence of these
variables on PD spectral characteristics.

1.2 Thesis knowledge contribution

This thesis contributes and extends knowledge otiapdischarge spectral characteristics in
the context of frequency domain PD diagnosis ohhigltage equipment. A laboratory based
experimental setup was designed and developeetiadied measurement of undistorted full
PD frequency spectra under various tests conditibasts were performed to investigate the
correlation between PD spectral features and tekdge frequency for various defects.
Similarly the relationship between PD spectral dezd and time of ageing was investigated.
Analyses and interpretation of the findings conité to extension of the academic

knowledge on PD phenomena.

The work reveals two key characteristics of PD dieatpy spectra. It is found that the spectral
bandwidth of partial discharges in solid polymeeléctrics has defect-type-dependent
response to (a) supply voltage frequency and ifing tf ageing under continuous PD activity.
The knowledge is imperative in ensuring correcerptetation of frequency domain PD

diagnosis measurements. It contributes to the oiggdévelopment of the IEC62478 standard

on unconventional PD detection methods.

Furthermore the work conceives two novel PD diagadsols. Firstly, a defect recognition
technique that is based on the defect-type-depérspeactral response to variations in the

supply voltage frequency is proposed. Secondlyjtarion for evaluating PD data obtained

2



CHAPTER 1: Introduction

from continuous online monitoring techniques is gegjed that is based on defect-type-

dependent time evolution of PD spectral content.

The work, though covering polymer insulated HV @qoent in general, is inclined towards
polymer insulated power cables and accessorieshdh regard in this document, unless
explicitly stated, power cables are implied wheraederence is made or inferred to practical

applications.

1.3 The thesis document structure

The thesis document is structured as follows:

Chapter 2: An outline of the PD technology chronological depenent is presented. It
‘calibrates’ this work in the context of the gerlefdD diagnosis technology. The
complementary and parallel developments of the ntain categories of PD detection
methods are emphasised. The growing interest imnwentional PD detection methods,
particularly those based on spectral analysisigislighted.

Chapter 3: An analytical review of the two common categoéd?D detection techniques
(conventional and unconventional) is presentedrd leemphasis on the growing popularity
of the unconventional methods. The knowledge gppdjcularly on what can go wrong in
interpretation of PD frequency spectra in the unveotional methods, are then highlighted

and how these motivated this thesis work.

Chapter 4: The design and development of the experimental stigegion system is
presented. Various components of the system wesemudesigned for this work. The
formulated design protocols and the final prodwétdhe design processes are presented. This
chapter has three main parts. The design, develupanel testing of the subdivided electrode
test cells is presented first followed by that loé tcapacitive couplers that were made on
power cable samples. The third section presents tieat were performed to determine the
spectrum analyser settings for optimal PD detection

Chapter 5: The first part of the experimental investigatiooriv is presented. Using the

system designed in Chapter 4, tests were conductawestigate how PD spectral content
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responded to variations in the supply voltage fezgy. The test results are presented,

analysed and discussed.

Chapter 6: The other variable, time of ageing, which affeBfd frequency spectra was
investigated in this chapter. Accelerated ageinghrigjues were used. The test rig
components were those designed in Chapter 4. Btedsults are presented, analysed and
discussed.

Chapter 7: The prospective diagnostic applications of thewkiedge generated in this work

are presented in this chapter. New tools for P2ateflassification are proposed.

Chapter 8: The thesis work is summarised and concluded. Stiggs for further research

work are also presented in this chapter.

Appendix A: Details of the simulations and tests conducteddétermine the optimal

dimensions of the artificial cavity defects usedha work are presented.

Appendix B: Examples of PD pulse shapes recorded in the tongadh as they varied with

changes in the supply voltage frequency are gimehe appendix.

For logical flow in the thesis document, each chapiegins with highlights of the material

covered. At the end of each chapter a summary aimdgos to the next chapter are given.



2 Background

A retrospective trace of PD diagnosis technologidavelopments helps in
contextualising the research areas of interesthia thesis. This background
chapter reviews the past, present and projectedefdf PD technology. Specific
trends in the technology are highlighted partidyléne growing popularity of the

unconventional methods.

2.1 PD technology time-line overview

The genesis of electrical insulation PD diagnosishhology can be traced back to the
beginning of the 2D century as discussed by Kelen (1995). A reviewhef technological

evolution is summarised in the following sections.

An overview of the past, present and possible &taf PD diagnosis technologies is
illustrated in Figure 2-1 flowchart diagram This information is synthesised from literature
such as by Lemke et al. (2008a), Bartnikas (19B@jtnikas (2002) and Bolliger & Lemke
(2001). Valuable discussions on the evolution of dt@gnosis technology are also found in
the following literature: (Schwarz et al., 2008;h8a & Salama, 2005; Stone, 2005;
Morshuis, 2005; Kelen, 1995; Kelen & Danikas, 19B6ggs, 1990; Kreuger, 1989; Nattrass,
1993; Wolter et. al., 1978;). The flow chart illtegton and accompanying notes on the
evolution of the technology are structured in a whgat highlights the parallel and
complementary development and applications of W main categories of PD detection
methods. The two categories are the conventiorciltlad unconventional techniques. These
techniques will be discussed in more detail latgribis noted here that the unconventional
PD detection methods initially focused on fundarakrgsearch on the understanding of PD
mechanisms, but have since evolved into diagnegtdications. Diagnostic applications of
the unconventional PD detection methods have gitise to new challenges on the
interpretation of PD signals. The work in this ikes aligned towards contributing to

solutions in that regard.
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Key features Notes Period of predominancy

Recognition of PD occurence in insulation
~— Early
1920s
A —
Identification of the deleterious effect of PD on
insulation
¢ L 1930s &
40s
Early PD detection and measurement 3 - Tan delta tip-ups
methods - Oscillographic techniques
—_
\
Introduction of RLC & RC resonant PD
detection systems
L 1950s &
60s
Development of unconventional PD Wide application of the classical (conventional)
detection methods mainly used in PD detection in equipment diagnosis - practice
fundamental PD mechanism studies is standardised (IEC 270)
_—
L 1970s &
80s
A4
\ 2 ) . ) ) .
. Incoporation of digital techniques in the 5 -PMA analysis
Further exploration of PD conventional PD detection methods -PPA analysis -
physiochemical ageing processes using
UWB detection methods
v
Diagnostic application of unconventional 19905
PD detection techniques (eg in GIS, -IEC270is revised into
transformers, generators & cable \ IEC60270
accesories) . -Phase resolved PD pattern
Computerised PD > analysis
analyses -alternative energisation
methods (DAC, VLF, resonant _J
y systems etc)
Development of an IEC standard for
unconventional PD detection (draft IEC62478)
‘ll The new
~ millenium
Application of computational intelligence on PD & future
diagnosis
1
I----------y----------'|
) . L. Incorporation of PD diagnosis technology
:- Prospects of development of expert PD diagnosis systems into smart power grid concepts
Figure 2-1: An illustration of the past, present and projected future of PD diagnosis technologies.
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In one of Bartnikas’s review papers on PD technpl@@gartnikas, 1987), it was stated that
Petersen was among the first engineers to reatake gaseous occlusions in insulating
systems under electric stress caused dischargesddlta tip-up measurements using the
Schering bridge method were among the first PDatiete and measurement techniques that
were developed in the 1920s. PD inception voltd&jel{) was determined as the voltage

that caused a sudden increase in the tan deltsl¢sg-up).

The radio interference character of PDs was resegnand detected as radio interference
voltage (RIV) (Bolliger & Lemke, 2001). Oscillograje observation of PDs, a technique that
was pioneered by Gemant and von Philippoff amorwerst subsequently improved PD
detection technology. This provided a means of togrPD pulses and determination of PD
repetition rates (Bolliger & Lemke, 2001; Bartnikd987).

Initially in PD work, the focus was mainly on deieg the presence of discharges without
much knowledge on how the discharges influencedlatisn degradation. Interest in
understanding PD mechanisms and how they led &b itidulation failure became apparent
in the 1930s with Mason being among the pioneerstiulying PD mechanisms (Kelen,
1995; Bartnikas, 1987). Meanwhile detection methbdd improved where RC (circuits
comprising of resistors and capacitors) and RLE@dis comprising of resistors, inductors
and capacitors) detection impedances were beingl useconjunction with coupling
capacitors as PD sensors. PD detection circuitsistomgy of a coupling capacitor as the PD
signal sensor and RC or RLC circuits as detectigpedances became standard. This enabled
measurement of the PD apparent charge magnitudes &chniques, now commonly
referred to as the classical or conventional methegre standardised by various institutions
such as the IEC. It was initially documented asdEC (published in 1968) and the second
edition in 1981. In year 2000 another revised wersialled the IEC60270 was published that
included (among other changes) requirements foitafligneasuring systems (IEC60270,
2000).

A PD detection circuit setup that uses the senptom labelled no. 1 iigure 2-2 is referred

to as the classical/conventional PD detection nektidharge transfer that occurs in a

discharge event causes a fast current impulsestilgtected through a recharge process from

the coupling capacitor. The decoupled current pélees through a detection impedance

connected in series with the coupling capacitor glbernatively in series with the object

under test) and causes a corresponding voltagee pghlt is fed into a PD measuring
7
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instrument. Many commercialised PD detection systare based on this configuration
(Schwarz et al., 2008; Boggs, 1990).

Filter

— | |

2 1 —
Voltage Obi Detection PD measuring
ject impedance i
source under test 3 - : Y instrument
= K\J |‘ L _L_____________'

Figure 2-2: The basic PD detection circuit. Devices 1, 2, 3 and 4 are PD sensors: coupling capacitor,
radiation antenna, capacitive or acoustic probe and inductive probes respectively.

Although the basic configuration of the classic8l &etection setup has not changed since
the early years in PD history, the PD signal analyschniques have evolved significantly

over time in response to the developments in sigradessing technology (Stone, 2005).

In the 1960s pulse magnitude analysers (PMA) wateduced by researchers such as
Bartnikas & Levi (1969). In this technique PD putpeantities were sorted out as a function
of magnitude. In the 1970s techniques to sort PBgguas a function of phase position on the
supply voltage were developed (Stone, 2005) andnuaomly referred to as pulse phase
analysis (PPA). With the advancement of digitahalgprocessing techniques and computer
capabilities in the 1990s (Gulski, 1993; Okamotd &naka, 1986) the two techniques were
combined into what is now commonly referred to hase-resolved PD analysis (PRPDA)

methods. Currently there is notable interest indbeelopments and application of artificial

intelligence on processing PD phase-resolved (PRp&erns aimed at automatic PD

classification (Bartnikas, 2002; Sahoo & Salam#&5)0
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Up to the mid 1970s the developments of PD deteati@thods were mainly for quality
assurance testing of equipment using the conveadtie® test methods. On the other hand
the unconventional ultra-wide-band (UWB) techniquese mainly for fundamental research
in PD mechanisms. The principle of unconventiorfaldetection involves decoupling (using
sensors such as 2, 3 and 4rigure 2-2) and interpretation of the electromagnetic signals

emitted by the discharge process.

In the early history, PD researchers already redlithat there was need for a sound
understanding of the PD phenomena in order to ingaiffectiveness in PD diagnosis. UWB
PD detection techniques were pursued in that regaomhsequently researchers such as
Mason (1995), Devins (1984), Bartnikas (1987) i@ 1960s, played leading roles in delving
into fundamental aspects of PD mechanisms andrthdved the use of UWB PD detection
methods.

Subsequent to the mid 70s, the main focus in PBarel and development work has been
application in equipment condition diagnostic tegt{Stone, 2005). Furthermore, in response
to the increasing demand of online and continuaulition monitoring techniques (Ahmed
& Srinivas, 1998) UWB methods that had previuosBem predominantly reserved for
fundamental PD mechanism research have been traresfointo diagnostic applications
(Lemke et al., 2008a). Consequently the unconveali®D detection methods using UWB
sensors such as high frequency current transfo(Rie€T) (Ahmed & Srinivas, 1998), RF
antennas (Raja et al., 2002a; Wong, 2004), capadtuplers (Lemke & Schmiegel, 1991;
Tian et al., 2003) and acoustic sensors (Lundgd#9?) have become widely used. UWB
PD diagnosis is now commonly applied in gas-ingdaswitchgear (GIS), power cable
accessories, power transformers and rotating meshi{Rearson et al., 1995; Bolliger &
Lemke, 2001). As a result of such developmentsED $tandard (IEC 62478) is being
prepared for the unconventional PD detection meti{bdmke et al., 2008b) and this opens

up new knowledge areas for research.

2.2 Conclusion and pointers to the next chapter

It is evident that there have been sustained relseard development efforts in PD diagnosis

technology since the early 2@entury. As technology in general continuouslyiaves, new

9
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challenges in PD diagnosis arise in response to ex@gctations in the industry. Currently
there is emphasis on developing diagnostic appbicatin unconventional PD detection
methods and this has created new challenges. kr ¢odunveil these challenges, the next
chapter reviews the most common PD detection methdte review narrows down to
electrical methods which are then analysed in ndaeteil. The pitfalls or challenges in the
technology are identified and transformed into dbgctives of this thesis work: exploration

of the spectral characteristics of PDs.

10



3 Areview of forms of PD energy and the corresponding detection

techniques

Various forms of energy that are emitted by parti@dcharge activity are
discussed in this chapter. Detection of electroratigremissions, being the most
common PD detection technique, is then analysedare detail. The emerging
popularity of the UWB techniques under the umbrelfaunconventional PD
detection methods is presented and how the worrteg in this thesis seeks to

address the knowledge gaps.

3.1 Introduction

This thesis is concerned with the key variables$ ihi@uence PD spectral content and have
implications on the interpretations of PD signaktedted and analysed in the frequency
domain. Frequency domain PD diagnosis is an aliemado other techniques such as
acoustic, optical, time domain and phase-resolvesgthads. This chapter reviews the
common PD detection and analysis techniques andilm@ame cases the frequency domain

techniques are of higher preference.

Partial discharges emit various forms of energyhsag light, acoustic and electromagnetic
waves. PD detection involves sensing and analygiegemitted energy (IEEE std 400.3,
2007; Schwarz et al., 2008; Bodega et al., 200dn&t2005; Kuffel et al., 1984; Kreuger,
1989;). The various forms of PD energy and the esponding detection methods are
indicated inFigure 3-1. In this chapter acoustic and optical PD signatéstaiefly discussed
while PD chemical energy is only mentioned. Focas then directed towards PD
electromagnetic emissions and the correspondingctieh methods because these are the

detection techniques of interest in this thesiskwor

11
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Optical PD energy detected

through optical sensors
gh op Chemical energy manifested

in PD by-products

Acoustic PD energy
detected through
acoustic sensors

Electromagnetic PD energy
(radiated or conducted) detected
through appropriate sensors

Figure 3-1: An illustration of the various forms of PD energy.

PD acoustic energy: The micro ‘explosions’ in the form of electricaischarge cause
sudden air pressure variations in the discharge. driee pressure wave then propagates by
means of molecular vibrations throughout the résh® insulation system. The short duration
of the discharge events result in compression wafefequency that range from and
exceeding the audible levels: 10 Hz to 300 kHz ¢&cot et al., 2008; Stone et al., 2005;
Kemp, 1995; Lundgaard, 1992). The detected PD dicasignal is a function of the nature of
the PD mechanisms at the origin, the acoustic sigmasmission properties of the insulation

system and the sensor response characteristics.

A major strength of the acoustic PD detection meétiethe relatively high immunity to
electrical interference. Furthermore acoustic PRect®n has better sensitivity in large
capacitive equipment where electrical methods Hewiéed sensitivities; the sensitivity of
acoustic methods is not a function of capacitarfcie test object as in electrical methods.
Another advantage of the acoustic PD detection otlegr methods is easier source location
in complex systems such as power transformers (Mauk et al., 2008; Lundgaard, 1992).
Limitations in the acoustic methods are mainlyhe telatively high attenuation of acoustic

signals in most materials that make up electrigaiesns (Kemp, 1995).

PD optical energy: The charge avalanches in a discharge processhamacterised by

various ionisation, excitation and recombinationgasses that produce light among other

12
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forms of energy. The resultant optical spectrungeasnfrom ultraviolet to infrared. The light
burst rate and duration correspond to that of tkehadrge events. Fast cameras such as those
with photomultipliers are used to capture the eedif®D light. Optical PD detection methods
therefore provide direct information on PD procssaesource and this is an advantage over
other methods that depend on secondary inform@éidemp, 1995; Kelen & Danikas, 1995).
Optical PD detection systems are safer and moreumento interferences as they are
galvanically isolated from the electrical systend@nmeasurement (Schwarz et al., 2008). A
disadvantage however is the requirement that thglation has to be translucent in order to
be able to observe and detect the light and thcorbes a major limitation in practical
applications in the field. Applications of opticBD detection methods have consequently
been generally limited to laboratory experimentarkwvhere special provisions are devised
to enable observation of the optical signals (Okwboal., 2002; Holboll et al., 1995;
Morshuis 1993).

PD electromagnetic emissions: Like optical emissions, electromagnetic energyalso
emitted from the excitation, ionisation and recomalion processes in a discharge event. The
energy is transmitted through radiation and coridndrom the point of discharge to the rest
of the environment. The PD signal frequency congrthe origin, depending on the nature
and condition of the defect, ranges from a few kbiGHz. That of the signal acquired by the
detection system depends on the frequency respdiise detection instruments as well as of
the path from source to the point of detections limportant to note that detection of PDs
through electromagnetic emissions is an indiredhote Interpretation of the signals should
therefore take into account the effect of the mdiaigd the signals travel through from source
to point of detection (Kelen & Danikas, 1995).

Most researchers often detect PDs simultaneoushg wdifferent methods in order to take

advantage of the complementary strengths of th&erdiit methods. As an example a
synchronised combination of optical and electroneéign detection of PD has been

successfully used by Morshuis (1993), Holboll et(#995) and Okubo et al, (2002) resulting
in revelations of important aspects of PD phenom&ha advancement of signal processing
techniques has enabled development of effectivaradal methods of PD detection and these
have become, by far, the most common methods otliBgnosis (Stone, 2005). The basic

building blocks of an electromagnetic PD energyediébn system comprises of a test voltage

13
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source, the device under test, a sensor and al gigpeessing system as illustrated earlier in

Figure 2-2.

The sensor can be a combination of a coupling aapaand a detection impedance, an
inductive or capacitive probe in the case of cotetlicelectromagnetic emissions or an

antenna for radiated PD electromagnetic energy.

In the conventional method the sensor is the cogpliapacitor and senses the signals by
providing an easier path to earth for the high destcy PD current while blocking the
50/60 Hz power frequency. The coupling capacitausth be suitably insulated to withstand
the test voltage stress. A detection impedancemnected in the path of PD current pulse
and the resultant voltage is fed into a suitabl@asugng instrument such as an oscilloscope.
The frequency response of the detection impedandetlzat of the measuring instrument

determines the portion of the original PD energt th available for measurement.

PD pulse energy content is a decreasing functioftegjuency. The frequency ranges from
few Hz to orders of GHz (IEEE std 400.3, 2007). Ri2 detection methods can also be
categorised in terms of frequency bandwidth capegsl In that regard the detection

frequency options are as listed below (IEC 6020002

* Narrow band: bandwidth of 9 kHz to 30 kHz with medllol frequency between
50 kHz and 1000 kHz.

* Wide-band: signal frequency range bounded by Idweit of between 30 kHz and
100 kHz, upper limit of 500 kHz and detection bardttv of between 100 kHz and
400 kHz.

» Ultrawideband: frequency range from 100 kHz uprid beyond 1 GHz.

Figure 3-2 shows an illustration of the frequency band ogtionthe detection of PDs relative
to the full spectrum of the original signal. Theow® of frequency range for PD detection

depends on the signal parameters of interest.

14
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Wideband Narrowband Ultra-wide-band
response response response

\ .

= \

S \

E .

i Full PD spectrum
/ : \\\ .
| & \
Frequency

Figure 3-2: A sketch illustration of narrowband, wideband and ultrawideband frequency responses of

PD detection systems in comparison with the full PD spectrum.

3.2 The low frequency (narrowband and wideband) detection methods

In the initial development of PD detection techmps, focus was mainly on the
determination of the discharge apparent magnitilaeas generally agreed (then) that the PD
magnitude correlated with insulation degradatioreséy, but this is no longer true in some
cases (Stone et al., 1992). The low frequency ndetlas detection impedances comprising of
resistive, inductive and capacitive components iti@grate the pulses to give the apparent
charge. In order to determine accurate apparemgehaagnitude, the detection frequency
range should be sufficiently low and this is a tegment of the IEC60270 conventional PD

detection standard.

The conventional PD detection method is widely usedlesign and quality control tests in
the manufacturing industry, maintenance tests imwgooutilities and research work in
universities and test laboratories (Stone, 2005)s lessentially a limited bandwidth low
frequency scheme that enables measurement of a naidge of PD parameters such as
apparent charge, repetition rate, energy and pplsese distributions. Some of the key
strengths of the detection method include: calibrefor PD magnitude measurement and use
of customised test voltages under offline condgio®ome important aspects, such as
calibration and phase-resolved analysis, of theveotional PD detection method are
reviewed in the following subsections.

15
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3.2.1 Calibration

The basic PD detection method, also known as thssidal or conventional, allows for
calibration and measurement of the apparent charggnitude in pico-Coulombsp().
Calibration of the whole test setup is achievedimgcting a pulse of known charge
magnitude and taking note of the response. The uned$D magnitude is only a fraction of
the actual charge that is transferred at the digeharigin and is termed apparent charge. It is
a function of the dimensions and electrical paramsedf the test object. The same charge
transfer (discharge event) occurring in differeypels of objects gives different values of
apparent charge. The influence of test object dsio&is on the PD detection sensitivity can
be explained in terms of the relationship betwdss ¢apacitance value of the coupling
capacitor and that of the test object. With refeeeto Figure 3-3, the sensitivity of the
conventional detection system is optimal when #ggacitance of the coupling capacitor is of
the same order of magnitude as that of the devimgemtest in accordance with the

relationship expressed in Equation 3.1 (KreugeB9).9

— Cc

I
’ -d_
S W 2=

Figure 3-3: Equivalent circuit of the classical PD detection system (Kreuger, 1989).
_(t
geC/rep
v = o (3.1)
Cq+C(1+°4/ c.)
Where:

v is the magnitude of the detected signal in vafis [
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Cr = % +C is the total capacitance in the circuit [F]

q is the PD charge magnitude in Coulombs [C]

C,4 C and C, are the capacitances of test object, detectioredapce and

coupling capacitor respectively [F]
R is the resistance in the detection impedagie [

PD detection sensitivity therefore diminishes wtie increase in physical size of the object
being tested. This relationship has unfavourablglications in the field application of PD
diagnosis tests. This is because generally theehigihe voltage rating, the bigger the
equipment, the less sensitive the PD tests andgmtally the more important it is to know
the PD status. In that regard it means that theesdafect in test objects of different voltage
insulation ratings gives different values of PD magde. This often becomes a major
shortfall in the classical PD detection technig(i&sggs & Stone, 1982).

Calibration is an important characteristic of tloeeentional PD diagnosis methods. Another
important strength of conventional PD diagnosisthie use of phase-resolved analysis

techniques as discussed in the following section.

3.2.2 Phase-resolved PD analysis (PRPDA)

The presentation of PD pulses on a time base thiatides with the sine wave of the test
voltage has always been the traditional and predemethod of displaying PD signals
(Kreuger, 1989). Alternatively the two halves oé tine wave can be joined into an elliptical
time base. The manner in which the PD pulses clustehe elliptical base correlates with
the type of the discharges. In 1969 the Internatid@douncil on Large Electric Systems
(CIGRE) published a brochure indicating typical PD defeatd their corresponding patterns
on elliptical time base (Cigré WG 21.03, 1969).sThould be regarded as comprehensive
knowledge that formed the foundation on which mafsthe subsequent work on phase-

resolved PD analysis was based.

PD analysis methods then evolved into quantitagteéistical procedures over the years. This

was enabled by the advent of digital and compwgdrsgnal analysis capabilities. Pioneers
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in this technology include Okamoto & Tanaka (198@ubsequent fundamental
developments in digital analysis of PDs (Hikitaakt 1994; Gulski, 1993; Hikita et al.,
1990) resulted in a concept now commonly referrB®P analysis techniques. The concept
of statistical PRPD analysis entails dividing th@ver frequency voltage wave into phase
windows as shown iFigure 3-4 (Gulski, 1995; Kreuger et al., 1993).

Test voltage sine wave

PD pulse magnitude (q)

A phase window showing a
portion of a cluster where
each dot represents a PD
pulse

Figure 3-4: An illustration of the concept of dividing the power frequency wave into phase windows
and registration of each PD pulse magnitude in each window: the principle of PRPD

analysis.

In each phase window the magnitude of each disehargecorded during a suitable time
such as 2 or 5 minutes. From the recorded datdaarehch phase window, parameters such
as the maximum PD magnitudé (,.,), average discharge magnitudé,(), number of
dischargesH,,), and the discharge instantaneous inception wl&y can be determined. A
sequential cascade of the phase windows on thasabswith the correspondinmqx
Hg,, Hy, or V; on the ordinate gives cluster plots of the PD patars known as PRPD

patternsFigure 3-5 shows a screen shot of PRPD pattern recorded astogimercial PD test

instrument.
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_____ 8333pC

49 . 8Hz EXT 400 00pC/DIV

Figure 3-5: An example of phase angle resolved surface discharges (recorded using a Power
Diagnostics ICM Compact® PD detection system). The cluster patterns in the two half cycles

are distinctly different.

PD recognition using PRPD patterns can be perforeitber through visual evaluation of the

cluster plots or quantitative statistical analysesnage processing.

Typical PD defects and corresponding PRPD pattéras were published by Cigré WG
21.03 (1969) facilitate quick or preliminary recagn of defects through visual evaluation.
It has also since been known that the PRPD pattédraisge with time of voltage application,
and in some cases the visual impressions are v&iga thereby enabling accurate inference
on the evolutionary behaviour of the PD mechanigkssan example, some researchers (Kim
et al., 2004; Hikita et al., 1994; Hikita et al99D) independently made similar observations
where PRPD patterns changed in shape from ‘tukié to ‘fat rabbit like’ and then finally to
‘slim rabbit’ shape as cavity defects in polymesulation changed from virgin to aged and
severely aged respectively. Visual evaluation oPBRpatterns however has limitations in
that some differences in features may not be coueps and therefore not easy to describe
gualitatively (Gulski and Kreuger, 1992). Moreovke sets of patterns to be compared can
be numerous and difficult to process visually. hattregard quantitative statistical analysis

techniques become convenient in further procedbiglata.

In quantitative statistical analysis of PD pattersististical distributions of the phase-angle
quantities such al;.» » Hyn andH, are analysed by means of statistical operatonsy(l&a
Kranz, 2000). Skewness,(), Kurtosis ), and Cross-correlation facto€C), among other
possibilities, are the commonly used operators gkdund Kreuger, 1992). Skew (a measure

of the asymmetry of the distribution) is an indicatof how the statistical distribution leans
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to the left or right relative to the standard disition. Kurtosis is a measure of how sharp the
distribution is relative to the standard statidtidestribution. Cross-correlation factor is a
measure of similarity between two distributions andthis case the distribution in the
positive half cycle and that in the negative haifle. The data in each half cycle is treated
separately as it has been deduced that the stalidistributions in the two half cycles may
be different depending on the nature of the defettessence, the statistical operators

guantitatively describe the shapes of the distidimstin each half of the power cycle.

Each type of defect has unique combinations;9fK,, and CC operators of the statistical
distributionsH mqx, Hyn @andH,; these are often referred to as PD fingerprintstiiérmore
each statistical operator value changes followperHic trends as the PDs evolve with time.
In that regard many workers have identified keyrabteristic features of PD patterns using
statistical operators for some typical defects (Ketal., 2004; Gulski & Krivda, 1995;
Tanaka, 1995; Kelen & Danikas, 1995; Gulski, 19Blkita et al., 1994; Kreuger, et al.,
1993; Gulski, 1993; Gulski & Kreuger, 1992; Okamé&tdanaka, 1986; Hikita et al., 1990).

Examples of such characteristics are listed below:

« The skewness dfl,, is a function of the cavity defect shape. Flatitt@s give positive
and higher values of skew that decrease and beoegetive as the cavity elongates in
the direction of the electric field.

» Electrode-bounded cavities as well as multiple tiesihave positive skew af,,, while
surface discharges and electrical trees are clesised by zero or negative skew. The
change of skew values from positive to zero or tiegais a likely indication of
progression of PD insulation defects to total f@lgince the last phases of PD induced
insulation failures are characterised by initiatadrelectrical trees.

* The kurtosis of,, distribution is positive for multiple dischargesdatreeing PDs while

single discharges give negative values.
The above listed characteristics can be used irettegnition of unknown defects.

There are many combinations and trends of thesstati operators that characterise PD
defect types as well as the ageing stages. Conmmahtintelligence, among other data
processing techniques, is a favourable candidaiefoéo improving the effectiveness in data
processing and enables automatic PD classificatdansequently this has attracted

considerable research attention (Sahoo & Salantdg)28uccess in this technology however
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has been and is still debatable (Krivda, 1995) asich result experts have cautioned over-

reliance on computational intelligence as a tod?hdiagnosis (Bartnikas, 2002).

It is imperative to note that PRPD analyses haeelgminantly been applied on PD signals
that are acquired through the conventional PD dietedechnique where the detection
bandwidth is limited to a maximum of 500 kHz (Lemé&e al., 2008a&b). Although this
technique is widely used in commercial as well asearch work there are limitations
regarding revelations of the complex discharge raeidm details (Schwarz et al., 2008;
Stone et al., 1992). Complete reliance on PRPDnt@olgy without sound understanding of
the underlying discharge physical mechanisms mag te false interpretation of diagnosis
test results. Effective interpretation of the olsdrcorrelations between the PRPD patterns
and the nature and ageing of the source thereéogpgres an understanding of the underlying
physical mechanisms of the PD. In that regard -wlicke-band (UWB) PD detection methods

are used where the entire PD signal bandwidthqsiesd.

In addition to the aforementioned limitation of tbenventional PD detection methods field
application feasibility limitations with the conviganal PD detection are encountered when
testing highly capacitive or complex equipment. &ajive equipment include power cables,
capacitor banks and GIS. Equipment with compledcstires include power generators and
transformers (Boggs & Stone, 1982). Reasonablecti@tesensitivities in such equipment

can be more easily achieved through use of indeicivcapacitive coupling sensors (probes)
that capture far much more PD bandwidth than th#té conventional method (Lemke et al.,
2008b). PRPD analysis tools can also be appliednttmnventionally detected PD signals
(Meijer et al., 2006). It should however be quicklyinted out that there is still a big debate
on the feasibility of calibrating the measuremeydtam for PD magnitude determination
under the unconventional methods. Hopefully the B&X478, currently being drafted, will

address this problem in future.

The growing interest in UWB PD detection methodsldalso be attributed to the relative
ease with which the unconventional inductive, c#épacand acoustic PD couplers can be
applied on equipment for online continuous conditonitoring schemes. Online condition
monitoring (reviewed in more detail later in sentiB.3.2) is now an important tool in
contemporary maintenance management practice (V&Z@05; Ahmed & Srinivas, 1998;
Orton, 2003).
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The shortfalls in conventional PD detection can dsdressed through use of UWB
techniques. The following section reviews variosgexts of the UWB PD detection methods
with emphasis on PD spectral analysis. The latbevaver also has limitations and the work
of this thesis deals with some of such limitatiofke following section reviews the UWB
PD detection method highlighting the strengthsaedknesses.

3.3 The ultra-wide-band PD detection and diagnosis systems

(unconventional methods)

Ultra-wide-band PD detection methods (also oftdierred to as unconventional detection
methods) are commonly employed to study and uraleisthe primary mechanisms in
discharge processes. Furthermore, unlike the ckssiethod, unconventional PD detection
methods can be easily incorporated into online Rgrbsis systems. These characteristics
are major advantages of the unconventional teclksigqver the classical method, and are

reviewed in this section.

3.3.1 PD pulse shape

Since development of adequately fast responseumstntation in the 1990s (Stone, 2005),
research in UWB PD detection has been developirgarallel to the classical methods and
producing valuable complementary knowledge. UWB ®Btection methods enable
acquisition of PD pulses with shapes that repredentnotion of electrons and positive ions
generated during the discharge process. The meaBWeulse is the resultant envelope of
overlapping electronic, negative and positive iotucrents as illustrated iFigure 3-6 (Van
Brunt, 1994; Devins, 1984; Verhaart & van der Lah882). Changes in the pulse height,
rise-time, width and fall-times are therefore masiftions of how the dynamics of electrons

and ions respond to the various factors influendivegPD process.
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Overall PD pulse current

Current

Figure 3-6: An illustration of the composition of a PD pulse (after Devins (1984); Verhaart et al (1982)
and Van Brunt (1994)).

In order to use the PD pulse shape as a sourcdasfation about the PD mechanisms, the
pulse should be free from distortions such as timiseduced by bandwidth limitations of the
signal path from the origin to point of detectidrhe time constant of the detection system
should therefore be at most equal to the duratidheofastest PD pulse (Brosche et al., 1999;
Morshuis 1995c; Kurrat & Peier, 1991). Such a cbtadidictates that UWB PD detection
systems should be physically compact and the batidwif the detection instrumentation be
in the order of GHz. Among various alternativese tubdivided (also known as guard
electrode system) is commonly used in laboratorgeaPD detection work (Morshuis,
1995c; Wetzer et al., 1991; Verhaart & van der Ld&82).

Various researchers like Devins (1984); MorshuB9@); Wetzer et al (1991), Alshelkhly &
Kranz (1991), using UWB based PD studies, podudedifcant knowledge on the
understanding of the fundamental mechanisms oigbatischarges. The PD pulse shape
parameters as depictedAigure 3-7 and the corresponding information contained timeaee

dicussed in the following sections.
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Figure 3-7: An example of a cavity PD pulse with various pulse shape parameters indicated.

Pulse rise-time

PD pulse rise time corresponds to the progresspmed of the discharge avalanches
extension into the discharge area. Conditions aaghhe stress magnitude and the seed
electron availability influence the nature of theatharge avalanches and affect the pulse rise-
time. Furthermore the changes in the PD pulsetinse-can be symptoms of changing
conditions in the discharge area. As an exampéetithe dependent change in the PD pulse

rise-time can be an indication of a defect agenmogess.

Pulse width

The PD pulse width as indicatedAigure 3-7 is understood to be a function of the discharge
gap size (Brosche et al., 1999; Devins, 1984¢orresponds to the positive ion transit time
across the gap and is independent of the gap dtageowhere the latter is defined as the
difference in voltage across the discharge gap dmmwthe actual and theoretical PD
inception (Devins, 1984). It follows that in pripte the discharge gap size can be deduced
from the PD pulse width, but only in cases of loap@vervoltage that produces Townsend,
glow or pseudo-glow PDs. In the case of spark ptyge, the significantly high gap
overvoltage causes intensified space charge conditthat produce avalanches that are
characterised by larger and faster electron mofidws results in the PD electronic current
component dwarfing the ionic counterpart. The rasul pulse is therefore predominantly
defined by the electronic current and has both rigst and fall times (Bartnikas & Novak,

1995).
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Pulse parameters correlation with ageing condition of a PD defect

Partial discharges can be categorised into clabsdsare characterised by specific pulse
shapes and correlated with the extent of defecingg®epending on the gap overvoltage
magnitude, PDs can either be of the Townsend, gimeudo-glow or spark type (Okubo et
al., 2002; Morshuis 1995b; Bartnikas & Novak, 199Rrshuis & Kreuger, 1990;). It has
been suggested that small cavity discharges afeodmtemission sustained processes
(Bartnikas, 2004). The space charges that appeaitime cathode cause the cathode emission
phenomenon. The intensity of the space charge hwhiturn depends on the gap overvoltage
magnitude, determines the speed and number of rleda in the discharge process, and
ultimately defines the pulse shape. In solid polyrdeslectrics PD mechanisms cause
physiochemical changes in the discharge area mgult the gap overvoltage increasing or
decreasing thereby altering the pulse shape (M@shlR93; Bartnikas, 2008). The
transitions from one PD type to another under cmtiis alternating supply voltage are now
known to be symptoms of ageing as the PD defeajrpsses to total failure (Morshuis,
2005).

Extraction of diagnostic information from pulse pha is a characteristic strength of UWB
PD detection methods. In addition UWB PD detectian easily be incorporated into online
PD diagnosis systems. The latter is desired inesopbrary asset management practice. The

following section reviews the growing interest mioe PD diagnosis technology.

3.3.2 The growing interest in online PD diagnosis

PD tests can be conducted online (while the equnpnsein operation) or offline (where the
equipment under test is isolated from the resthef ¢ircuit). The classical PD detection
method is more suitable for offline tests. Advaewgf offline tests include minimisation of
external interferences achieved by decoupling thepenent being tested from the rest of the
plant. Furthermore, discharge-free, variable andedones customised test voltage sources
can be used. This enables PD tests at elevatettiedéstresses that simulate overvoltage
situations or re-ignition of those PDs that wouaé extinguished under normal operational
voltage and yet still causing insulation degradatim addition various test voltage types
such as oscillating wave, very low frequency suel®.d Hz (for high capacitive equipment)
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and high frequency (for high inductive equipmerath de used. Very useful PD information

is obtained this way (Bodega et al., 2004).

Conventional PD detection methods under online itimmd$, however, are difficult to
implement. This becomes a major shortfall considgtihe increasing relevance of online
condition assessment of high voltage insulation relteguipment disconnection for tests is
undesirable due to operational, financial, econoand/or safety constraints (Ahmed &
Srinivas, 1998; Veen, 2005). In such cases nomsite PD detection systems are employed.
PD signals are decoupled from the equipment usiDgo®bes such as coupling capacitor
sensors, HFCT and antennas. There are cases wdreers are conveniently incorporated
into the equipment during manufacture or instala{Cigré WG 21.16, 2001).

The strength of online PD detection is in the paB#s of taking PD measurements without
interrupting the operational status of the equipme&uarthermore continuous data logging
enables trending and continuous monitoring of iasoih condition. These techniques have
gained popularity and with the advent of smart grahcepts (Jiang et al., 2009), more
emphasis of online condition monitoring of equipinisranticipated.

A major challenge associated with online PD diagnos the vulnerability to external
interferences. The presence of the power frequeaktsige on the equipment that forms part
of sometimes large power grids is often associaiiéid nuisance electrical quantities such as
harmonics, corona and other spurious PDs thatféameemith the PD signals of interest. In
that regard the subject of PD noise mitigation unmldine conditions has been attracting
considerable research interests and yielding usesullts (Renforth et al., 2008; Veen, 2005).
Significant progress has been made to the extanttiline PD monitoring systems are now
common in the industry (Denissov et al., 2007a;deadt al., 2007; Srinivas & Bernstein,
2007; Gulski et al., 2005; Golubev et al. 2001).

A challenge in online PD diagnosis methods is hmme PDs can become illusive to
detection at normal operational voltage. Some ABsnsh in magnitude and repetition rate
under normal operational voltage due to physiochahprocesses in the discharge area and
yet they would be progressively deleterious. Uniassontinuous monitoring these PDs are
detected and noted as they decrease in magnitutie fmint of no detection, the absence of
such PDs at the instant of observation can be eously classified as a healthy condition.
Such cases are not as problematic in offline testause the PDs re-ignite when the voltage
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is raised above the normal operational level somesiup to twice the normal operational
voltage such as specified in the IEEE std 400.8T20Proper interpretation of PD trending
data acquired through online diagnosis systemsilengood understanding of the
evolutionary behaviour of PD signals throughout ¢éméire period from initial inception to

total breakdown. Such knowledge should include tlassible defect-type-dependent
variations in the signal evolution trends and leadpart of this thesis’s objective in which

evolution trends of PD spectra of different defeuts studied.

Whether online or offline, in unconventional PD efgion techniques, PD signals are
commonly viewed as frequency spectra. The followsegtions review the concept of
spectral analysis of partial discharges.

3.4 Spectral analysis of PD signals (frequency domain PD diagnosis)

There are various ways of detecting PDs and thenmemmbeing acoustic, phase-resolved,
time-resolved and frequency domain methods. Freguetomain PD detection entails

displaying discharge signals as spectra of frequeomponents.

The technique of spectral analysis of partial dasghs has been studied in laboratories as
well as field conditions by various workers such Beggs (2003), Thayoob et al (2003),
Ahmed & Srinivas (1998), Cheng et al (1998), Morsi{t995a) and Hudon et al (1994).

3.4.1 The strengths of the frequency domain PD detection techniques

Some of the features of frequency domain PD diagribst make it preferable over other

techniques under certain circumstances include:

i. In the frequency domain it is possible to view éméire bandwidth of the PD together with
any other interferences. Suitable portions of thecgum that are free from external
interferences can then be selected and used wieledst of the spectra is discarded,
thereby improving detection sensitivity. It is fitnis reason that PDs are detected in the

HF or UHF portions of the PD frequency spectraighhvoltage equipment such as GIS,
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generators, power transformers and cable accesstiigse equipment impose minimum
frequency dependent distortions in the HF and Ugtiges (Bartnikas, 2002). The lower
frequency portion of the spectrum can be discaeded is usually polluted by harmonics

from machines, drives and communication gadgets.

In power cables the significantly high frequencyeiedent attenuation characteristics of
the cables prevents most high frequency interfa®iom propagating along the cable.
When detecting PDs in a cable accessory with themebeing close to the accessory, the
rest of the power cable filters out any high fregme signal travelling towards the
accessory. The accessory is therefore shielded higi frequency interferences. High
detection sensitivities can be achieved withinHfreand UHF ranges by taking advantage

of the intrinsic high frequency filtering propesief the cable (Dennisov et al, 2007b).

. In some cases PD defect recognition is easier enfitaquency domain than in other

methods. PD frequency spectra can exhibit more ypB tependent distinctive features
than the corresponding time domain signals (Cigi®@ ¥.06, 2002; Cheng et al., 1998;
Morshuis, 1995b). An example of success in thisuegs that reported by Thayoob et al
(2003). They used PD frequency domain signals twessfully recognise various soil

conditions in which the power cables with PDs weuged.

PDs in a cable with water trees can be distinguishem those without water trees by
using the frequency domain techniques as reporgeihimed and Srinivas (1998). A PD
pulse travelling through a cable portion that hagewtrees encounters partial reflections
and diffractions caused by the water trees. Thex@menon manifests as increased white

noise background on the PD frequency spectrum.

Generally there are two ways of detecting PDs enftequency domain. A common method

is detecting the time-resolved pulses and therstoaming into equivalent frequency spectra

through mathematical tools such as Fourier transforAlternatively PDs can be detected

and displayed directly as frequency spectra usisigeatrum analyser.

3.4.2 The use of a spectrum analyser in detecting PDs in the frequency domain

A spectrum analyser enables viewing of the PD s$igogether with the accompanying

interfering signals such that the instrument catubed to selected portions of the signal that

give the best signal to noise (SNR) ratio. Thistegue has also been referred to as tuned PD
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measurements (Bartnikas, 2002). In the zero-spaterand tuned to a specific frequency, the
spectrum analyser also displays phase-resolvetbpdidcharge pulses; this flexibility makes
the instrument quite attractive. More details pantgy to the detection of PDs using a

spectrum analyser are discussed later in Sectton 4.

3.4.3 Knowledge deficient areas in UWB PD detection

The use of PD pulse shape as source of informatmoRD mechanism, online applications
and convenience of PD spectral analysis are claistits that give UWB PD detection
techniques an edge over other detection methodsereTare, however, some knowledge
deficient areas in UWB PD detection methods espgcia spectral analysis, and the
intention of this thesis work is to explore and gete new knowledge in these deficient

areas.

A critical analysis of literature on UWB PD studiasd corresponding technologies indicates
existence of some ‘grey areas’ that attract furtiesearch attention. There is an imbalance
between the PD knowledge that is derived from cohweal PD detection methods and that
generated through the UWB methods. Characterisatio®D sources through spectral

analysis is not as well understood as that thrqaigtse resolved analysis as discussed below:

In literature, PRPD studies have been based onetiowal PD detection methods and in
most cases have been conducted using a wide rdrgpical PD defect models such as
cavity, surface, corona and electrical trees (Kaivd995; Gulski, 1993). The same
however cannot be said about UWB PD studies whemethas been a tendency towards
focusing mainly on cavity discharges. As an examyaek by Bartnikas & Novak (1992),
Bartnikas & Novak (1995), Devins (1984), Morshuil®993), Tanaka & lkeda (1971),
Crichton et al (1989) and Niemeyer (1995) that haignificantly contributed to the
knowledge on PD mechanisms, were all based onycdistharges. Questions therefore
arise concerning how this knowledge is transferadlether types of discharges such as
surface and corona that are also of concern irPibaliagnosis technology. In this thesis
work therefore the frequency domain UWB PD studmesuded other defect types

(surface and corona discharge defects) in additiaravities.
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In HF or UHF PD detection (techniques common in thagnosis of gas insulated
equipment, power transformers and power cable aodes) a spectrum analyser is used
as it can be tuned to detect PDs in the higheufrqgy portions of the PD spectrum. This
technique was already identified as far back ab/ &fs (Harrold, 1971). Given that in
such cases the detected signal is only a portioth@fentire PD frequency spectrum,
information contained in the original signal is rtcated. Correct interpretation of PD
frequency domain PD tests results is compromiseldeife is no adequate knowledge of
the original full spectrum and its relationship lwihe detected portion. In literature the
knowledge on characterising PD sources throughtispeanalysis especially by use of

spectrum analyser is limited.

Correct characterisation of PD sources using spleatralysis focuses on solutions to the
above listed shortfalls. This requires an undeditan of the factors that influence PD

spectral characteritics at the origin. Such factoctude: (a) variations in the supply voltage
frequency and (b) time of defect ageing under omtiis exposure to PD. An experimental
investigation was therefore conceived to explore thfluences of the supply voltage
frequency and time of ageing of PD spectral contenorder for the investigation work to

align into the identified knowledge gaps, differddD defect types, in addition to the
commonly studied cavities, were used. Furthermoeestudies covered the full bandwidth of

the PD signal.

3.5 Summary and pointers to the next chapter

Both the PRPD and UWB techniques have been reviemddshortfalls in the technologies
identified. The need to understand the PD specltralacteristics at origin has been discussed
in the context of improving HF and UHF techniquébe following chapter presents the
design and development of the experimental systesa to explore characterisation of PD
sources using spectral analysis. Two charactesistit PD spectra were studied; the
dependency on supply voltage frequency and depegdentime of continuous exposure to
PD.
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In the previous chapter pitfalls in the interprigtatof PD frequency spectra have
been discussed. Solutions to these challengesnatkei understanding of the
factors that influence PD frequency spectra. Theskwfocuses on the supply
voltage frequency and time of ageing as key factibas influence PD spectral
content. In order to perform the studies, a diginrfree PD detection system had
to be designed, developed and tested. This chpptsents the design protocols
that were formulated to create subdivided electred¢ cells and power cable
capacitive couplers that gave adequate sensisviia bandwidth needed in the
UWB PD measurements. Since a spectrum analyserdwbel used as the
measuring instrument, the procedure for optimishginstrument settings is also

presented in the chapter.

4.1 Introduction

In order to experimentally study the influence opgly voltage frequency (SVF) and time of
ageing on PD spectra, it is essential that thectidesignal is free from distortions. The
experimental setup was carefully designed and deped to give adequate frequency

response and sensitivity.

The basic layout of the experimental setup usedllithe tests conducted in this study is
delineated irFigure 4-1. Various test cells with different insulation detfe were used in the

experiments. Since the experimental investigatiorese of a comparative nature, the
components of the test setup were carefully dedigselected and instruments set that
enabled control and exposure of all the sampléseésame conditions. This chapter explains
how the test cells were designed and developededsagrhow the spectrum analyser settings
were determined. Typical full cycle design procesuwere followed in the design of the

various components of the test rig.
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Figure 4-1: The basic layout of the equipment used in the experimentations.

4.2 Determination of the artificial defects dimensions

Partial discharge defect dimensions influence RJdaicharacteristics. In this work it was
necessary that all the test cells gave the santialiRD inception voltage and reasonable
initial PD signal magnitude that would not requpee-amplification. The artificial void
defects dimensions were theoretically predicted ahdn verified through practical
experiments. Those of surface and corona dischangee determined through practical

iterative tests only.

4.2.1 Void defects dimension determination

Though partial discharge phenomenon is characterlsge complex processes, various
researchers have managed to formulate theoreticadlelm (both deterministic and
probabilistic) that can reasonably simulate PD raa@ms (Niemeyer, 1995; Heitz, 1999;
Crichton et al., 1989). In that regard, the dimensiof an air cavity defect that initiates PDs
at a chosen voltage can be theoretically predeteaniThe dimensions of the disc shaped
cavities that were used in this thesis work wertertd@ned to be 2 mm wide by 1 mm deep.
The procedure followed in determining the cavityndnsions is presented in more detail in
Appendix A.
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Since most of the work in this thesis revolved ambwanalysis of PD power frequency
spectra, it meant that the frequency behaviouthefkey components in the experimental
system (the test cells and the measuring instruntead to be established. The following
sections explain in detail how the two types ot t=ls used in the work: the subdivided
electrode system and the coupling capacitor on poalele samples, were designed and also

how the settings of the PD detection instrumerd dpectrum analyser) were determined.

4.3 Design and development of the subdivided electrode test cell

In order to detect a PD signal such that its fregyecontent is similar to that at the point of
origin, the bandwidth of the detection system (mdahg the PD path from point of origin to
the detection instrument) should be equal to ogdrghan that of the original PD. Physical

compactness of the system is therefore a prereg|(isetzer et al., 1991).

An electrode setup was needed as a PD test cellwbald be characterised by UWB
frequency response, reasonable PD detection satysénd flexibility enabling easy creation
of various types of typical PD defects models ilidsdielectrics. A literature search for a
suitable generic design meeting such specificatr@rsowed down to a setup comprising of
two parallel plane profile electrodes with one loé electrodes subdivided into a measuring
disc and an earthed guard ring. Such PD test eslgds have been used before by various
researchers to study fast discharge mechanismssfidis; 1995c; Wetzer et al., 1991;
Verhaart & van der Laan, 1982; Trinh, 1980; Pea&dtarrison, 1969).

The subdivided parallel plane profile electrodetayswas adopted for use in this work. In
order to customise the dimensions of the electrémleseet the desired performance, a design
procedure was devised and implemenkgagdire 4-2 shows a flowchart depiction of the design

protocol.
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Figure 4-2: An illustration of the logical procedure formulated to optimise the test cell electrode
parameters.

4.3.1 Optimisation of the subdivided electrode test cell parameters

With reference to the electrode system drawingBigire 4-3(a) and(c) and the equivalent
circuit model inFigure 4-3(b), the key electrical parameters that determinentgle frequency
performance of the electrode setup are: the voitectlecapacitance (f,), measuring
capacitance (), coupling capacitanceC{), the stray capacitanc€d] and the measuring

impedance (R).
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C, is determined from the cavity defect dimensionsxgdained in detail in Appendix A. The

detection resistance R is chosen as a 5@ resistor that matches the characteristic
impedance of the signal cable terminating intortteasuring electrode. The resistor is of low
inductance in order to limit resonance effect thdversely affects the electrode system
frequency response. The parameté€rg C., and Cs are interrelated and depend on the
physical dimensions of the electrodes. The eleetrdunensions were therefore carefully

determined as presented in the following subsection

Ro

1‘ _Re, HV electrode
T
)

|
,,,,,,

x| Ce [N — e
T Guard electrode Measuring electrode
%C_/ \_/
| | |
Re ‘ 2 ¥ r f Iz g T . >
Dmin Re
. . - Top view of the
(@) Cross-sectional view of the subdivided electrode system (€)  subdivided electrode
Cn

I I o

1l ]

ipd[ - G c, —— Zm V,

||
[
C.
(b) High frequency equivalent circuit of the electrode system

Figure 4-3: Drawings of the electrode systems showing the equivalent electrical variables and
the physical dimensions.

4.3.1.1 Determination of the electrode dimensions

The geometrical parameters of the subdivided aldetrthat influence sensitivity and
frequency response are the measuring disc dian{@gy,), thickness(T), radius of

curvature(R,), gap lengti{g) and guard electrode widfla) as shown irFigure 4-3(a).
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Each of these parameters had to be carefully detedrfor optimal performance of the
electrode in PD detection. The following subseierplain the procedures followed in the

determination of each parameter.
The measuring electrode diamete(D,,in)

The measuring electrode diametd,,;,,) is a key dimension as it affects the electrical
parameters,,, C., andC,. Its magnitude should be such that it is not tmpds it results in
large C, that in turn reduces the detection sensitivity. tha other hand (and of equal
importance) is that thB,,;, must not be too small as this results in inductiboharge on the
guard electrode in accordance with the Ramo-Shgdtkebrem (Shockley, 1938). According
to Wetzer & van der Laan (1989) and Wetzer et @b1) the measuring electrode diameter
(Dmin) is related to the separation distangg lfetween the HV electrode and measuring

electrode and void diametet,) through Equation 4.1 given below.
x < Dmi+‘dv 4.1)

For a void diameted,, = 3 mm and electrode separatiosr 3 mm (corresponding to typical
insulation thickness of MV power cables), the optindiameterD,,;,, of the measuring

electrode is calculated asl5 mm.
Electrode thickness T)

According to the work by Trinh (1980), for the fiehlong the end sections of the electrode to
be less than in the gap and in order to avoid exoedocal field enhancement along the end
sections, the electrode thicknedy €hould satisfy the conditiol” > 2x; wherex is the
separation between the HV electrode and the eadleatiodeT is the electrode thickness.

In the case ofx = 3, thenT is at leas6 mm.
Radius of curvature (R,) of the electrode end-section

A plane profile electrode (as shown fryure 4-3) has a linear section of radidg and
terminated by a semicircular section of radiys The thicknes§ = 2R, and forT > 6 mm,

R, =3 mm.
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The subdivided electrode gap lengthy)

High frequency signal losses occur through the isidetl electrode gap between the
measuring disc and the guard ring. The lossesragogional to the magnitude of the stray
capacitancd Cy) which in turn is a function of the gap sige The losses can therefore be
minimised by ensuring that is optimally big. With reference to the electragl@wings in
Figure 4-3, the stray capacitancé€,) can be expressed in terms of electrode thick(E¥s
measuring electrode radi@s) and gap siz€g) as given in Equation 4.2.

__ 2mEgE, T

s T+g.
In(r)

(4.2)

&, ande, are the permittivities of free space and the edgbermittivity of the dielectric in
the gap respectively. The subdivided electrode vess$ into epoxy resiref = 4) to prevent
unwanted surface discharges. Substituting the sadiie, T, ¢, and ¢, reduces the equation
to one withg as the only unknown variable. The valuegothat corresponds to the knee-
point of the plot ofC; as a function ofg, as shown itFigure 4-4, is considered as the gap size

that gives optimally low stray capacitance. Sugag in this case 50 mmwide.

In order to further improve the sensitivity of thkectrode the stray capacitance losses were
further minimised by bevelling (at 5the walls of the gap between the measuring eléetr

and the guard ring; this technique was also useddrghuis, (1993).
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Figure 4-4: A plot of the variation of the subdivided electrode stray capacitance (C) as a
function of the gap size (g).
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The guard electrode width @)

The guard electrode forms a coupling capacitaggg with respect to the adjacent the HV
electrode disc. With reference to the high freqyesquivalent circuit of the electrode setup
(Figure 4-3 (b)), the voltageV, across the measuring impedari;g due to the discharge
currenti,q can be expressed as given in Equation 4.3 (Veridagan der Laan, 1982) where

C,, is the capacitance between the measuring electmodi¢he HV electrode.

Vo = Zmipa (1= 5 o5) = Zm g2 (o) @3)
The compactness of the subdivided electrode systemimises signal reflections and
inductively induced resonances. This condition itesa minimal subtractive components in
the expression of//, that are represented by the second term in Equdt3. Moreover if
C. >» C,,, the second term in the equation becomes negigibhe detected signaV,)
becomes inversely proportional to the coupling cdpaceC,. Expressind_, in terms of the
dimensions of the electrode setup and then subsgtuhis into Equation 4.3 gives an
expression fol/, in terms of the dimensional parameters of the sudhed electrode setup as

given in Equation 4.4.

Cm
(son[(r+g+a)2—(r+g)2] e )
m

+
X

VO =Zmlg 1-—

(4.4)

A plot of V, as a function of the guard electrode width &s shown irFigure 4-5 enables

choice of an optimal value af which in this case i85 mm
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Figure 4-5:

4.3.1.2 The resultant design

The resultant optimal dimensions of the subdividéectrode are shown in the electrode

drawings of Figure 4-6. An $; frequency response of the electrode measured wsing

-pass type with

Anritsu® network analyser is shown Rigure 4-7. The response is of a band

upper cut-off frequency at about 1.3 GHz. Suchspaase is adequate for this thesis work

where frequency components of up to 1 GHz wereipatied.
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Crossectional view of a Plane profile electrode disc for use in a partial discharge test cell.
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Figure 4-6: Crossectional view with dimensions of the plane profile electrode disc designed

and developed for use in UWB PD test cells.
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Figure 4-7: The frequency response of the subdivided electrode measured using an Anritsu
Network Analyser®.
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The subdivided electrode components were then tsesbnstruct various test cells with
artificial defects in polymer insulation (cavityiréace and point-plane corona) as explained

in the following sections.

4.3.2 Construction of the cavity discharge subdivided electrode test cell

Cavity defects in solid dielectric insulation arer d&ubbles trapped either during
manufacturing processes or assembling as in powable caccessories (Kreuger, 1989).
Cavities can also occur in equipment insulatiorasks or insulation delamination induced
by operational stresses in service ageing. It igontant to note that in power cables the
manufacturing technologies have advanced to thenexthat incidences of accidental
trapping of gas bubbles in insulation are rare.i@alefects however can be found in cable
accessories such as terminations and joints. Thesenormally accidentally introduced

through poor workmanship during assembling work4éld et al., 2008).

Except for cases where actual power cable sampes used (see Section 4.4) the artificial
void defect test cells in the rest of the experitaen this study comprised of the subdivided
plane electrodes sandwiching polymer sheets. A ahsdy was created by punching a hole
through some of the insulation sheets that were #ygpropriately stacked together with
unpunched sheets to create a cavity at desiredigasias either high voltage electrode
bound, insulation bound or earth electrode bounshasvn inFigure 4-8. The whole test cell
assembly was cast in epoxy resin to prevent unwiasueace discharges. Care was taken to
prevent accidental trapping of gas bubbles in fhexg. Furthermore, transparent epoxy was
used so that each test cell could be visually obed¢lr unwanted defects.
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HV electrode

Epoxy

//////////IIJ‘P Air cavity
-

Polyethylene

Subdivided
electrode sensor
with impedance 2
Signal output

Si | output matching resistors -
ignal outpu (b)
(a) _
(c)
Figure 4-8: The artificial cavity defect samples in subdivided electrode test cells: (a) is cavity bounded

by HV electrode and insulation (b) is cavity bounded by earth electrode and insulation and
(c) cavity embedded in insulation.

4.3.3 Construction of the surface discharge subdivided electrode test cell

Surface discharge defects occur in constructiowdlohat create conditions of intensified
tangential electric field along metal electrodesrfdce with insulation or along boundaries of
different insulation types (Kreuger, 1989). In terk surface discharges were simulated
either in actual shielded power cables as explalagd in Section 4.4 or by sandwiching

defect free polymer sheets between electrodesaasnsim Figure 4-9.

HV electrode

Polyethylene /// / // / /// /

Epoxy resin )
Subdivided electrode |

- Signal output sensor with impedance Signal output
matching resistors
(a) (b)
Figure 4-9: The artificial surface discharge defect samples in subdivided electrode test cells. (a)

surface discharges along the interface between the HV electrode and insulation
and (b) surface discharges between the earth electrode and insulation.
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One of the metallic electrodes was completely ai®a leaving the other uninsulated so that
discharges occurred along the interface with tHgrper either along the HV electrode in the
case Offigure 4-9(a) or along the earth electrode in the casEidire 4-9(b). The two common

cases of surface discharges found in HV equipmeng wherefore simulated this way.

4.3.4 Construction of the point-plane corona discharge subdivided electrode test cell

Corona discharges in air occur on sharp stressnesh@nt points in the presence of strong
electric field. The sharp points can be either lom HV or earth potential. Such defects in
high voltage equipment occur due to constructiamrsrthat create sharp metallic points
adjacent to other metallic parts in the presenchkigth electric field. The enhanced electric

field on these sharp points initiates corona disgdsin air.

Corona discharge defects in this work were simdlae long copper needles attached to
either the HV electrode or earth electrode as shiowaiyure 4-10. In both cases of artificial
corona the electrode edges were insulated by gastiepoxy to avoid any spurious corona
discharges.

HV disc with a needle M
on the tip

Epoxy resin

Vs s s ’|

Subdivided electrode
sensor with impedance
matching resistors

Signal output Signal output
(a) (b)

Figure 4-10:  Point-plane corona in air defect incorporated in a subdivided electrode system. (a)
is point to plane corona on the HV electrode while (b) is corona on the earth
electrode.
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4.4 Design and construction of the capacitive coupler sensor for ultra UWB

PD detection in cable test cells

In order to use test cells that were similar tauakthigh voltage constructions, samples of
11 kV single core extruded power cables were ireduich the array of test cells in the work.
This concept of simulating and testing defectsatual HV equipment has proven useful in
other related work such as Krivda (1995). Commdieate found in cable accessories were
artificially introduced in the cable test sampld2Ds had to be detected from these cable test
samples with sensitivity and frequency responsas Were similar to those of the parallel
plane electrode setup. A search in literature skiotlvat coupling capacitor sensors made on
power cables give the desired performances (Tiah,e2003; Cigre WG 21.16, 2001).

A coupling capacitor on a power cable is a sensair is made by appropriately interrupting
the outer metallic shield of the cable to creat@pening on which a metallic foil is wrapped
around leaving suitable gaps on either side as s8howigure 4-11 (Tian et al., 2003; Cigre
WG 21.16, 2001). Its advantages over other sensuiside better sensitivity, wider
bandwidth, higher signal to noise ratio and easienstall and calibrate. In PD diagnosis of
power cables the interest in coupling capacitorgemeral has been motivated by their
suitability for online monitoring of PD signals addéhgnosis of specific portions/accessories

of a power cable (Tian et al, 2003).
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BNC signal  Coupler metallic
port enclosure

Cable  Inner Cable Outer Outer
i i i i metallic
core semicon insulation semicon :
shield

Bedding
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Figure 4-11: The main features of a capacitive coupler after Tian et al (2003).

The cable samples used in this work were cut afiramercial type 11 kV single core cross-
linked polyethylene (XLPE) cable with copper tape @uter metallic sheath. The cross
section profile of the cable is shown Aflgure 4-11. The desired sensitivity and frequency
response of the coupling capacitor sensors wer€ &g at least 1 GHz respectively; these
had to be similar to those of the subdivided etetdr In order to achieve these specifications,
the coupling capacitor dimensions were carefully experimentally determined. In literature
there is no evidence of procedures that can bewelll in the determination of coupling
capacitor optimal dimensions. A procedure to omerihe sensitivity and bandwidth of the
coupling capacitor was therefore devised, impleee@ind published (Nyamupangedengu et
al., 2007). It entailed identifying the sensor'sattical parameters that influenced the
sensitivity and bandwidth and how these parameiersurn depended on the sensor
dimensions. The equivalent circuit of the couplaagacitor is as shown Aigure 4-12 (Wang

et al., 2005; Zhong et al., 2004; Tian et al., 2003
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Figure 4-12:  Equivalent circuit of the capacitive coupler.

In Figure 4-12 the parametersk,,L,,C; and R,, L,,C, are the lumped or distributed
parameters of the cable sections on either sidieeofoupling capacitor., is the capacitance
between the metallic strip and the cable core ahdand R, are the capacitance and

resistance respectively across the interrupted oogallic sheath.

4.4.1 Practical tests for coupler sensitivity optimisation

For optimum sensitivity and bandwidth, the couploapacitance&,. and leakage resistance
R, should be as big as possible while the stray ¢tgpmeC, should be as small as possible.
With reference tcrigure 4-13, for a given cable siz&]. depends on the lengtli)(of the
coupler metallic strip whil€ is a function of the gap si{g) . A procedure was formulated
to experimentally determine the optimal valueslo&ndg for the 70 mrfiXLPE cable used

in this work.

An experiment to investigate the parameters tHatttapacitive coupler sensitivity was set
up as shown imigure 4-13. In order to use the same sample for tests inmglvariation of the

coupler length while maintaining the same gap aiz@ cable length, a sliding metallic sleeve
was incorporated into the test sample. The sleeasimtroduced to move longitudinally and
compensate for any change in the gap size causedtdration of the coupler length. The

technique also enabled use of the same sampledasumements involving variations of the
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gap while maintaining fixed coupler and cable l&sgtA metal foil was placed over the
sliding sleeve to bridge it with the far-end cabéztion. This maintained the cable’s coaxial

structure that could otherwise have been distubyetthe introduction of the sliding sleeve.

Far-end cable
Metallic foil section
bridge (b)
©

Capacitive
Cable section coupler Sliding
(a) sleeve

VSIS LIS IS ITISLIA LSS TS IIA TS AL IL IS TSI LIS TSI IS I TSI SIS T

30 ohm
I
TL—> termination

resistor

Pulse generator Digital storage —_—
oscilloscope

Figure 4-13: Experimental setup for investigation of the influence of coupler parameters on the output.

A step-wave, from a Hewlett Packard® pulse generatith 5 V amplitude and rise-time of

1.0 ns, was injected into the cable core. The dwmmnal from the coupler was fed into the
50 Q input of a Tektronix® 500 MHz digital oscilloscopennected to the coupler through a
50 Q signal cable. The power cable was terminated sncharacteristic impedance to

minimise reflections.

The investigation of the coupler response to gae gariations involved recording the sensor
output while varying the gap size as the couplegtle was kept constant. A plot of the
coupler gain as a function of the gap size is shawnrigure 4-14(a). The sensor output

increased with the increase in gap but only tolaevbeyond which it became constant.

To investigate the influence of coupler length be butput, while maintaining a constant
gap, the coupler length was varied from 17 mm t@ 20n and each time the corresponding
magnitude of the output signal was noted. A plothef coupler gain as a function of the
coupler length is shown ifigure 4-14(b). It was observed that the sensor output increased

with increase in the coupler length but only tooinpg beyond which it plateaued.
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Figure 4-14:  Sensor response as a function of (a) gap size and (b) coupler length.

In literature it is acknowledged that it is difficto quantifyC,. andC, due to the influence of
the cable’s outer semiconducting layer that hagueecy dependent characteristics. Instead
of attempting to numerically determine the valuésCp and C; and how they vary with
variations ofL. andg respectively, a simulation combined with a cunt&nfy procedure was

implemented as explained in the next section.

4.4.2 Simulations

The practical tests setup shownHAigure 4-13 was simulated in the Simulink tool box of
MATLAB® using the equivalent model shown Agure 4-15. The parameters of the cable
were those of the actual sample used in the peddists. The cable had XLPE insulation,
outer and inner diameters of 25 mm and 19 mm réspécand was about one meter long.
The input pulse used in the measurements was ed@ad used as input in the model. The
power cable was terminated into its characterisiipedance of 3(X2. The gap stray
resistance was chosen as DDMfter Tian et al (2003). The detection impedanes the

50 Q input impedance of the oscilloscope.
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While maintaining a constant gap (to make the stegacitance constant), for each measured
value of sensor output, the coupling capacitance adjusted until the output in the model
was as close as possible to that measured in thal guhysical tests. A curve fitting plot of
the simulated coupler response on the same axlsaa®f the measured values is shown in
Figure 4-14(b). The same procedure was followed for the gap whiéntaining the coupler

length constant and the results were as showigire 4-14 (a).

It was deduced that as the coupler length increabedcorresponding coupler capacitance
(Co) increased but non-linearly. Similarly the increas the interruption gap caused a non-
linear increase in the corresponding stray capaw#ta(G). The observed trends are
graphically depicted irFigure 4-16. These results confirm the non-linear influencetlod
semiconducting screen on the coupler capacitandgap stray capacitance; the relationship
is difficult to predict analytically.

Cable section Cable section
(a) (b)
—] | | —

1 Vin : T 30 ohms ;
Rs

Cs —/— Rm  Vout

Il

Figure 4-15: The equivalent circuit for coupler dimension optimisation tests. (a) and (b) are the near and
far-end cable sections, modelled with distributed parameters. C, is the coupler capacitance,
C, is the gap stray capacitance, R; is the gap stray resistance and R,, is the oscilloscope
input impedance.
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Figure 4-16: The variation of the coupler capacitance and gap stray capacitance as a function of the
coupler length and gap size respectively.

4.4.3 A discussion of the capacitive coupler practical and simulated test results

The variations of the coupler capacitance as atiiemof the coupler length and the influence
of the semiconducting screen may be explained imgeof how the fringing and radial

electric fields vary with change in the couplerdén

For small coupler lengths there is a minimum radield; the fringing field dominates as
illustrated inFigure 4-17. The corresponding coupling capacitance is theeesmall. As the
coupler length increases, the fringing field extefgrther into the insulation until some of
the field gets to the core and becomes the radkdd fas illustrated irfFigure 4-18. The
coupling capacitance consequently increases. Theease in the coupling capacitance
continues until, with reference to the equivalemtuwit in Figure 4-15, the corresponding
capacitive impedance is so small relative to theea®n impedance that any incremental
change results in insignificant change of the detkecsignal. The presence of the
semiconducting screen and its dielectric properiekigh frequency (Boggs, 2001) distorts

the fringing field in a manner that enhances thepter capacitance.

A field plot of the capacitive coupler simulated Mexwell® (an electric field simulation
package) shows an equipotential region in the samdigcting layer that extends into the gap
from the edges of the coupler electrode as showire 4-19. The length of the extension is

a function of frequency (Boggs, 2001). In the siatioin, the frequency was assumed to be

50



CHAPTER 4: The experimentation system design and development

10 MHz and the corresponding semiconducting layeameters (permittivity of 32 and
conductivity of 6 x 18 S/m) were deduced from Jager & Lindbom (2005).

Capacitive coupler

Fringing field
dominates in a

short coupler 777777777070, 7 /{///// S

=— insulation

Core
conductor

Figure 4-17: A sketch of the fringing electric field in a short capacitive coupler.

Capacitive coupler

Radial field
dominates in a

longer coupler LTI I A s

- insulation

Core
conductor

Figure 4-18: A sketch showing the radial electric field in a long capacitive coupler.
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[ 7. 33934002
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Dielectric
Figure 4-19: A plot of the electric fields showing the influence of the semiconducting layer in a capacitor

model simulated in Maxwell®.
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4.4.4 Resultant sensor optimal dimensions

The coupler sensor designed using the aforememtiprecedure and used in the UWB PD
tests in this work is shown iFigure 4-20. The measured frequency response of the prototype
coupler is shown irFigure 4-21. The response shows resonance features and compares
favourably with those of similar work reported by (2003). Furthermore the response was
adequate for this thesis work where frequency comapts up to 1 GHz were anticipated.
Figure 4-22 shows three test samples made out of such cougdipgcitors in which artificial

PD defects were introduced: (a) an artificial cawteated between insulation and outer
metallic shield (b) surface discharge defect sitealaas unterminated cable-end and (c)

surface discharges on an exposed insulation patch.

160 mm

< 35mm

«—— 50 mm

20
mm

AN

cable BNC signal ~ Semiconducting

Thin copper metal sheet . - .
insulation port layer Epoxy resin

cable
encloser copper straps
core pp p termination

Figure 4-20: @ The capacitive coupler with optimised dimensions that were determined
experimentally.
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Figure 4-21:  The frequency response of the coupling capacitor measured using an Anritsu®
network analyser.
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Figure 4-22:  Power cable test cells with (a) an artificial cavity created between insulation and
outer metallic shield (b) surface discharge defect simulated as unterminated cable
end and (c) surface discharge on a patch of exposed insulation.
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In order to match the UWB characteristics of the &ihsors (subdivided electrode and
coupling capacitor sensors), the PD detectionunstnt had to be appropriately tuned. The
instrument used in this case was a spectrum amallise following section explains how the

spectrum analyser settings were optimised.

4.5 Sensitivity and accuracy optimisation of the spectrum analyser

settings for PD detection

This section begins with a literature review of g@mwork involving spectrum analyser-
based PD detection and how issues of the instrusgtibgs are important in the accuracy of
measurements. The section ends with an explanaifothe criteria followed in the
determination of the spectrum analyser optimalrggttused in the work.

Partial discharges are stochastic in nature. Theguroin random bursts. Compared to
detection of continuous signals, detection of PB®@ a spectrum analyser requires more
careful selection of the settings for best accurdciterature survey on PD detection using
spectrum analysers shows that the instrument gsttised in the tests varied from one case
to another. As an example in Ahmed and Srinivasikmd998), two sets of spectrum
analyser settings were used. In the first caseafspan of O to 100 MHz the settings were:
sweep time (SWT) of 750 ms, resolution bandwidtB\(\R of 3 MHz and video bandwidth
(VBW) of 300 kHz. In another case by the same netess however, for spans of 0 to 50
MHz and 0 to 30 MHz the settings were: SWT of 20 RBW of 300 kHz and 100 kHz
VBW. It is presumed that the SWT in the stated sagere chosen to give the best response
for each frequency span. There were however nasisens in the said literature concerning
the criteria used in choosing the spectrum analystings. Similarly Raja et al (2002) used a
SWT of 3 seconds for a span of 0.2 to 1.5 GHz bdtrobt substantiate their choice of
settings. In another publication (Raja & Florib@®02), however, the same authors indicated
(but without further elaboration) that the spectramalyser's SWT influenced the detection

settings.

Meijer and co-researchers published work on acuisiof PDs in Sk insulation using a
spectrum analyser (Zoetmulder et al., 2003; Megeral., 1999; Meijer et al., 1996).
Presumably after having noted the importance oftsp analyser settings on PD detection
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accuracy, they conducted experimental tests tostigate the instrument’s settings for
optimal sensitivity and accuracy in detecting in §ifnals. Their generalised conclusion was
that the accuracy of spectrum analyser PD measutenrereased with increase in SWT up

to a value (5 seconds in their case) beyond wliieretwere no any further improvements.

In the present work, tests were also conductedntestigate the optimal settings of a
heterodyne sweep tuned spectrum analyser (Rohdel&véts®) for the PD detection
experiments. Using an artificial corona dischargerse in air to give fairly consistently
repetitive PDs, the spectrum analyser SWT was &dran lowest to highest possible values
for various permutations and combinations of theWRBNnd VBW. In all the cases a
frequency span of 0 to 1 GHz (the range that wddised in the main investigation tests)
was used. Comparative plots of the detected PDuémecy content variations, measured as
spectral bandwidth, are shown Aigure 4-23. It can be seen that the best spectrum analyser
response was obtained when the SWT, RBW and VBVe athighest possible settings. As
also deduced by Meijer et al (1996), though thesiRjpal content improved with increase in
SWT, it was only up to a specific value beyond whio further improvements could be
observed.

From literature as well as similar investigationsiducted in this work, it can be deduced that
the sensitivity and accuracy of spectrum analysarsPD detection depends on the
combination of SWT, RBW and VBW settings. Each $pexc analyser however, depending
on type and manufacturer, has unique combinatiosuch settings that give optimal PD
detection sensitivity. Generally the SWT, RBW anBW should be as high as possible. It
means that prior to using a spectrum analyser inmi&lasurements optimal settings of the
instrument have to be established and should deopéine overall sensitivity benchmarking

process.
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Figure 4-23: Variation of the detected PD signal content (measured as bandwidth) as a function of the
spectrum analyser SWT for various settings of RBW and VBW.

Case 1: RBW and VBW are held at maximum values of 1 MHz while the SWT is varied from
12 ms to 250 ms

Case 2: RBW is held at minimum of 300 kHz while VBW is at maximum of 1 MHz and the
SWT is varied from 35 ms to 1s

Case 3: RBW is at maximum of 1 MHz and VBW is held at minimum of 20 kHz while the SWT
is varied from 12 ms to 250 ms

Case 4: Both RBW and VBW are held at minimum of 300 kHz and 20 kHz respectively while
the SWT is varied from 34.5 ms to 1s

Based on spectrum analyser optimisation findinjspnaasurements in this thesis work were
conducted with the spectrum analyser SWT set airmar possible value of 250 ms for a
span of 9 kHz to 1 GHz. The RBW and VBW were alsthtset at maximum possible values
of 1 MHz.

4.6 Definitions of the PD frequency spectra descriptors used in this thesis

Among possible features or descriptors that charset a frequency spectrum, the frequency
bandwidth and magnitude variance exhibited distirertids for each defect type as a function
of long term ageing. The bandwidth of the spectwmas defined in this work as the highest
frequency component visually discernable abovebtekground noise level as indicated in

Figure 4-24.

Magnitude variance in the context of this work veasmeasure of how the magnitude of the
frequency components spread on both sides of trenrmaad calculated using the formula

given in Equation 4.5.
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_ 2
Variance (dBm?) = Z(quzv+")f (4.5)
Where:

q = is the spectrum component magnitude [dBm].

f = is the component frequency [MHz].

Qwmean = is the weighted mean magnitude giverégfl [dBm].
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Figure 4-24: A typical broadband PD frequency spectrum showing how the maximum frequency

(bandwidth) descriptor is read.

4.7 Summary and pointers to the next chapter

In this chapter the methods used in designing uarammponents of the experimental system
have been presented. The method for determininghapinstrument settings for PD spectral
detection has also been presented. The definifiehecbandwidth measurement used in this
thesis has been explained. The experimental sysi@snthen established and used to study
the PD frequency spectral behaviour under specditrolled conditions as presented in the
subsequent chapters. Part | of the investigatigonasented in the next chapter and is on how
PD spectral content of different types of insulattefects respond to variations in the supply
voltage frequency.
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5 Experimental Work Part I: Investigation into PD spectral

response to frequency variations of the supply voltage

This chapter presents the investigation work on HeW spectral bandwidth
depends on the supply voltage frequency. In Ch&ptethere the knowledge gaps
that this work sought to address were explainegplyuvoltage frequency was
identified as one of the key variables whose infkeeon PD spectra needed to be
understood. This chapter begins with a literateeiew on PD characteristics
dependency on supply voltage frequency. The lieeasurvey further confirms
the limitations in this knowledge domain. The exmental investigation is then
presented, results analysed and discussed. Thienkiygs for each type of defect

are presented.

5.1 Introduction: Why the SVF dependency of PD characteristics is of

interest?

The first of the two key variables whose influemcePD frequency spectra were investigated
is the supply voltage frequency (SVF). The reasdry whis variable is of interest is that
many researchers have shown similar interest afbeiising on other PD characteristics
other than the PD signal frequency content. Litemtshows that there has been sustained
interest in research into how PD characteristiggedd on the SVF. Some of the reasons for
such interests include the need to perform PD tsthfferent SVF, the need to accelerate
PD ageing tests and the need to understand thgendé of harmonics pollution on PD
characteristics. These motivators for researdADncharacteristics dependency on SVF are

briefly reviewed in the following sections.
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5.1.1 The need to use frequencies other than the power frequency (50/60 Hz) in PD

detection to reduce power rating requirements of the test equipment.

A test voltage frequency of 50/60 Hz may not behmézally and economically viable for
testing largely capacitive equipment such as pavabtes. In such cases lower frequencies
are desirable. Similarly, higher frequencies areensuitable for inductive equipment such as
transformers (IEEE C57.113, 1991) and generatomis€quently, technologies such as
0.1 Hz and dumped ac voltage (DAC) have been dpedl@and commercialised (Wester et
al., 2007). The latter can have ringing frequentties range from a few hundred to thousands
of Hz depending on the length of the cable beirggett The flexibility in the choice of
frequency of PD test voltage raises a questiorhercomparability or trending of PD results
that are obtained using test voltages of diffefequencies (Wester et al., 2007; Cavallini &
Montanari, 2006; Bodega et al., 2004).

5.1.2 The need to accelerate insulation aging tests under continuous PD exposure

during laboratory based research work

In laboratory based research, higher voltages wegiéncies are usually used as accelerating
agents in PD aging tests (Radu et al., 2003; Massi993; Reynders, 1978). This is done in
order to increase the rate of PD induced degraalafibe rate of insulation degradation in
service at the power frequency can then be infefifed technique of accelerated aging of PD
defects through increasing the test voltage freques based on the assumption that the
change in the frequency only alters the rate oh@gnechanisms and not the nature of the
mechanisms (Reynders, 1978). Evidence in literghatsupports this assumption is scarce.

5.1.3 The need to understand how PDs are affected by power supply harmonics

Discharges can occur in insulation of equipment ihaxposed to power supply distorted by
harmonics. Whether and how the harmonics aggrdkeat®D induced insulation degradation

is a question that is yet to be fully explored (Bresson, et al., 2009).
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5.1.4 The need to tune resonant ac test systems for smallest test power capacities

In resonant ac power cable test systems an indigctmonnected in circuit with the voltage
source and the cable under test to create a resemandition that results in reduced power
demand for the test setup. Limitations in the \taomes of inductor’s reactance to match the
corresponding capacitance of the cable for a resmnaondition may entail varying the test
voltage frequency in order to achieve the requiesdnance. The cable in such cases is tested
at frequencies different from 50/60 Hz.

5.2 Areview of literature on effect of supply voltage frequency on PD
characteristics

Various researchers have published findings penigito the dependency of PDs on the
supply voltage shapes and frequencies. The ranfesipply voltage frequency (SVF)
considered generally varied significantly from cdeecase. A summary of some of the

important aspects of the literature on PD depengdencSVF is presented Wable 5-1.

Other literature on the effect of SVF on insulatimeludes that by Mason (1992) who
investigated the influence of SVF on partial disgeainception voltage (PDIV) and short
time breakdown voltage of insulation. Mason conellithat in frequency ranges up to a few
kHz, the effect on PDIV was too small to explaire tbbserved reduction of short time
breakdown voltage of insulation. He suggested livadlised heating due to repetitive PDs
could be the main cause of the reduction of shoré toreak down voltage of insulation.
Gockenbach & Hauschild (2000) also reported resmttsvork involving investigation of
SVF effect on the insulation withstand voltage veh#rey concluded that in the frequency
range 20 Hz to 300 Hz, insulation experienced #meeselectric stress effects.
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<

Table 5-1: Summary of highlights in literature on the relationship between the supply voltage
frequency and PD characteristics.

Researchers Frequency Type of defects PD Key findings

range characteristics
considered studied

(Miller & Black, 0.1to 50 Hz 2-8 mm diameter PD inception - PD characteristics in the stated frequency rarjge

1977) cavitiesin epoxy as | voltage (PDIV) were generally independent of the supply
well as and PD magnitudg voltage frequency.
polyethylene - Experimentation with polyethylene was more
insulation (also difficult than with epoxy because of more
surface discharges ip induced insulation condition changes.
cable and stator - Surface PDs increased with increase in
samples) frequency of supply voltage!

(Radu et al., 2003 1 to 30 kHz 0.5 mm gap between - Glow and - Pulse height remained quasi constant.
dielectric in Helium | pseudo — glow - Repetition rate reduced with increase in supply
at atmospheric pulse height, voltage frequency.
pressure repetition rate, - Pulse width and rise-time reduced with increg

width and rise in the supply voltage frequency.
time

(Wester et al., 50 Hz; 0.1 Hz; | 2-3 mm diameter - PD inception - At frequencies below 50 Hz there were equal

2007; Bodega et | DAC (260, 520 | cavitiesin cast delay chances that the PD characteristics could either

al., 2002) and 930 Hz) polyester resin - PD magnitude be similar or different to those at 50 Hz.

and phase - Above 200 Hz PD maximal magnitude
patterns decreased with increase in supply voltage
frequency.

- Overall shape of the phase resolved patterng
were generally independent of the supply
voltage frequency variations.

(Cavallini & 0.1; 20; 50 & 2 mm diameter - PD maximal - Maximal magnitude decreased with frequenc]

Montanari, 2006; | 300 Hz spherical cavitiesn magnitude - PDIV increased with increase in supply voltage

Hauschild, 2006) polyethylene, - PDIV frequency.
surface and corona | - PD repetition - PRPD patterns changed.
discharges rate

- PRPD patterns

(Forssen & Edin, | 0.01t0 100 Hz | 1.5—-10 mm - PD maximum - PDIV increased with voltage

2008) diameter disc shaped and minimum - Average & maximal PD magnitude depended
cavities in magnitude, on cavity diameter such that no change

polycarbonate
insulation

- PD repetition
rate and PDIV

occurred for 1.5 mm cavity but for bigger
cavities decreased with increase in supply
voltage frequency.

No change in minimal PD magnitude
Maximum PD magnitude decreased with
increase in supply voltage frequency
PRPD patterns changed.

It is notable that there has been a considerabeomagreements and controversies in the

conclusions on the various research results. Ammela is that generally most of the

researchers, except for Miller & Black (1977), agihat the minimal PD magnitude is

independent of the SVF while the maximal magnituwecreases with frequency. A

remarkable clarification on the magnitude questi@s presented by Forssen & Edin (2008)

who found out that the dependency of PD magnitudesapply voltage frequency was

dependent on the cavity size. They concluded thainall cavities (diameters equal to or less

than 1.5 mm) both maximal and minimal PD magnitudese independent of the SVF. In
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larger cavities however the PD magnitudes decreas@tdincrease in the SVF. This was
attributed to the possibilities of influence of rniplle and simultaneous occurrences of PDs in
larger cavities. Another common agreement amongarekers is on how the PD inception

voltage increases and repetition rate decreasbsmnetease in SVF for cavity PDs.

An example of an area of controversy or disagreé¢nseon the extent of the influence of
SVF on PD phase-resolved patterns. As an exampige wonclusions from Bodega et al
(2004) point towards minimal influence, that by @lini et al (2006) as well as Forssen &
Edin (2008) reported significant changes, confignihat more work is still needed in this

regard.

A scrutiny of most PD parameters studied as suns®arnn the fourth column dlable 5-1
shows that most of the researchers have focusedlyr@ conventional PD characteristics
such as PDIV and PD extinction voltage (PDEV), appamagnitude and PRPD patterns.
These parameters are conventionally used to clesisetpartial discharge signals as guided
by popular standards such as IEC60270. Of lateghiery there has been growing interest in
the unconventional characterisation of PDs sucinhdbee HF and UHF techniques (Stone,
2005). In such cases interest is in the informationtained in PD pulse shape (in the time
domain) or corresponding spectral characteristiesti{e frequency domain). The current
knowledge on PD characteristics dependency on gumilage type should be extended to
PD pulse shape and frequency content. It is indbigext that the work in this part of the

thesis focuses on PD spectral characteristics.

Furthermore from the third column (titledype of PD Defectyin Table 5-1 it is evident that
most of the studies on the influence of SVF on RBracteristics have been performed using
cavity defects. This trend could be attributed moassumption that cavities are among the
most common defects found in solid insulation atest by Gutfleisch & Niemeyer (1995)
and Cavallini & Montanari (2006). It is however kmo that surface discharges and corona
also occur in insulation systems. An extensionraiidedge on the relationship between SVF
and PDs to other types of discharges such as sud@charges and corona is valuable in
enriching the effectiveness of PD diagnosis teatgyl In this work therefore equal attention

was given to cavity, surface and corona discharges.

Another interesting observation in the literatusethat most of the workers studied cavity
discharges and used (in general terms) the sammé&ibanism model for simulations and
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interpretations of experimental observations (albien with some variations). The model is
based on Niemeyer (1995), Niemeyer et al. (199i)thF& Niemeyer (1992) and other
related literature such as (Devins, 1984; Van Bri94; Heitz, 1999; Crichton et al., 1989;
Boggs, 1990; Chan et al., 1991). The model considartial discharges as being phenomena
characterised by a combination of deterministic prmbabilistic processes. The following
section presents a synthesis of the theory. Thiseigheory that is used later in  Section 5.4

to interpret tests results on cavity PD spectrgpoase to SVF variations.

5.2.1 Theory of cavity discharge mechanism
Cavity PD events sequence are illustratedFigure 5-1 as derived from Niemeyer’s

generalised PD model (Niemeyer, 1995).

Flectric
field (E)

Resultant PD pulses

Figure 5-1: An illustration of cavity discharge processes showing the role of the residual space
charge.
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The discharge process begins with establishmenhefresultant electric fieldg, that is

responsible for initiation of a discharge in theitaand is given by Equation 5.1.

E, = fE, +E,, (5.1)

Where:
E = electric field in the insulation due to theextally applied
voltage [V/m].

f = the stress enhancement factor whichusetion of the cavity

dimensions. In spherical cavitids= 3 (Chang et al.,
2¢, +1

1986), ¢, is the dielectric constant of the insulation [F/m]
Eeo = the field created by the space chargeithdeployed on the

cavity walls after a disoy@event [V/m].
The stress in the cavity increases until stresslitons become conducive to PD inception,

that is, the resultant stress becomes at least emtlae streamer initiation threshold. In an

air filled spherical cavity the threshold stre€s,() is given by Equation 5.2.

= p(B B
= =00 B/ 5.2

Where for air in the cavity:

(E%)cr = 25[v/Pam]

B = 8.6 [Pa.m]

P = gas pressure in the cavity [Pa].
r = cavity radius [m].

In the presence of the electric stress that iscefitly strong for streamer discharge initiation
a discharge only occurs when an initiatory or seledtron becomes available in the cavity at
strategic positions such as near the anode. Thecesaf such an electron can be either

volume or surface emission processes. Volume geoeraf the seed electron involves
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release of free electrons by gas molecules or iwegabns due to ionisation from
cosmic/radioactive radiation. The surface emisgimtess involves de-trapping of electrons

from residual charged,,) that would have been deployed on the cavity sedaby the

previous discharge events. In small cavities nqiosed to radioactive radiation and where
the cavity surfaces have high work function, thendwnt seed electron source can be
assumed to be surface emission process (CavallMoé&tanari, 2006). Some of the residual
charge is lost through conduction across the cawélfs and this process is governed by a

decay time constantA(,, ) derived from the RC model of the cavity and iseg by

Equation 5.3.
E.D i
Ay = ey (5.3)
con 40-3
Where:
£, = the insulation dielectric constant [F/m].
Deaviy = the cavity diameter [m].
o, = the cavity surface conductivity and this pagtan increases with

ageing of the cavity under continuous exposurels F5].

The remaining electrons, that would have survivass fthrough conduction, further diminish
in quantity as some migrate deep into the insufatithis loss is accounted for through a

decay term as given in Equation 5.4.

t
(—7
Migration loss factor=e * (5.4)

>
1

. is the time constant of loss through the migrafs].

~t
1

is the time elapsed since the last PD event [s]

The rate of de-trapping electrons from the caviaylsv(Ne ) is given by Equation 5.5.
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- =" ey
(Ne ) =N,v,expl T %) (5.5)
Where:
(P- '/e%mo)) = the effective trap depth [eV].
A = fundamental phonon frequency for the insulaff.
€ = elementary charge [C].
) = effective detrapping work function [eV].
& = permittivity of vacuum [F/m].
k = the Boltzmann constant [Jk
T = temperature [K].
(N) = total number of electrons available for detiagp

At instances when the cavity surfaces are negatisledrged, the total number of electrons

available for detrapping is scaled down by a fa¢fo) that accounts for the more difficult

process of detrapping electrons from negativelgrgbd insulation surfaces (Gutfleisch &

Niemeyer, 1995).

At any given instant the production of an initigtaglectron from the cavity surface is a
stochastic process that can be expressed as abpitybdunction and denoted by

Equation 5.6.
P(dt) =1- e (N (5.6)

When initiated the discharge event causes the fielthe cavity to change fronk, to a
residual valu€, .. The difference in the electric field is assodlateith a charge transfer

given by Equation 5.7.
Aq(t) = £, 2(E, () ~ o) (5.7)

Where:

r

E ()

the cavity radius [m].

the resultant field in the cavity [V/m].
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E = the field remaining in the cavity after a dis@event [V/m].

res

The resultant field in the cavity consequently ganwvith time as a function of the sinusoidal
external stress. At each point on the voltage wheemagnitude of the charge generated in

the cavity can be determined.

The above outlined model of cavity discharge merdmas is widely used by researchers in
PD phenomena. Likewise the model is the basis tefpneting the tests results obtained in
this thesis experiments performed to investigat® bavity PD spectra respond to variations
in the supply voltage frequency. The next sectioesents the experimental investigation

work.

5.3 The experimental procedure

While various aspects of PD characteristics depsrnyd®n SVF have been investigated,
those on PD spectra have not been afforded simitantion. An experiment was conceived
to investigate how the SVF influenced PD spectoaltent for various defects as presented in

this section.

The experimental setup for the investigation of §igctral content dependency on supply
voltage frequency is depicted Rgure 5-2. The test cells showing the type and dimensions
(not drawn to scale) of the artificial PD defecte achematically depicted Rigure 5-3. The
defect dimensions were chosen such that in allscdeePDIV was the same: 6 kV at 50 Hz.
All test samples were preconditioned by continusuessing at 7 kV for an hour to avoid
taking measurements in the first hour of voltageliaption where PD behaviour, particularly
in voids, could be more influenced by rapid phyemmical changes in the defect than the
controlled variables (Morshuis, 1993). Each cel§wen tested separately at 7 kV.
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1.5 MQ distilled
water resistor

>T 2 Voltage i Test cell with either cavity, |
KRS ™ B divider i surface or corona discharge |
Ny S : defect :
e ' '
Spectrum
analyser or Computer
1 oscilloscope
©» =
Figure 5-2: The experimental setup for investigating the influence of supply voltage frequency on
partial discharge characteristics.
3ImM | 4 mm 2mm
1 mm

PD signal PD signal PD signal
output output output

PD signal PD signal '
— PD signal
output output 30 mm PD signal outpgut
output
Figure 5-3: Test samples showing type of PD defect models and dimensions used in the experimental

investigation of PD dependency on supply voltage frequency. The tip radius of the corona
discharging copper needle was about 50 um.

68



CHAPTER 5: Experimental Work Part I: PD spectral response to SVF variations

The PD signals were captured as frequency spestrg @ 3 GHz sweep tuned spectrum
analyser. The cumulative frequency spectra acquoyethe spectrum analyser set in full span
and maximum amplitude hold mode was stored for eagtply voltage frequency. The

spectrum analyser settings were kept at constamhalpvalues throughout all the tests. The
procedure followed in the determination of theséingl settings was explained earlier in
Section 4.5. The optimal settings of the spectrumalyser were: SWT — 250 ms, RBW —
1 MHz and VBW — 1 MHz. Each spectral record at g\8VF was a maximum hold trace

registered at each spectral frequency component ayeriod of 2 minutes of continuous
repetitive sweeps. The SVF was varied from 20 @ KM@ and incremented in steps of 20 Hz.
Five independent measurements were taken at etepy he 2-minute test duration and
number of measurements per every test step forssaaple were optimally minimal in order

to limit PD induced ageing effects that would othise adversely influence the test results.
In order to check results repeatability, a numberndependent but similar tests were

conducted.

The experimental tests were conducted in a scre&@tmmtatory environment at ambient
atmospheric conditions of 20 to 25C and 50% humidity. Each set of measurements did no

take more than 3 hours including the preconditigriime.

Related tests, but in the time domain, were coradlcin similar test samples. The same
experimental setup and procedures were used blatandigital oscilloscope as the detection
instrument instead of the spectrum analyser. Th@ ™MHz oscilloscope adequately
reproduced the original PD pulse shapes (when fbe Were detected using a 3 GHz
spectrum analyser, after preconditioning for anrhthie PD spectral bandwidth of all the
defects did not exceeded 500 MHz). In order to meé¢be true shape of the PD pulses at
every SVF, the time base of the oscilloscope wasosealues that enabled measurement of
the rise-time, fall-time, width and amplitude ottpulses using the inbuilt functions of the
oscilloscope. Unlike in the frequency domain wh#re spectrum analyser combined the
frequency components of both negative and posdiseharges, in the time domain it was
easier to separate the positive and negative pulgesach measurement step five positive

and five negative PD pulses were captured anddforeanalysis.

The results of the experimental tests categorisadtgst sample type are presented and

analysed in the next sections.
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5.4 Results: Void discharges dependence on supply voltage frequency

variation

This section presents the experimental observatdissussion of the results and comments
on the practical challenges encountered in the rexpatal measurements of cavity
discharges. The measurement results are presemsédoflowed by a discussion of the

results using cavity PD mechanism theory.

5.4.1 Measurements and observations

The spectral bandwidth of cavity PD were generatly responsive to changes in the SVF
from 20 to 400 Hz irrespective of the cavity pasitibetween the electrodes where the cases
investigated were: HV electrode bound, earth ebeletrbound and fully embedded cavity in
insulation. The scatter plots of the spectral badthe as a function of the SVF are presented
in Figure 5-4, Figure 5-5 and Figure 5-6. It is notable that the degree of stochastic scats
indicated by confidence range at each measuringf pothe plots was more pronounced than
in surface discharge and corona. A closer lookatscatter plots also suggests some quasi-

modulation in the trends.

Similar measurements were conducted in the timeailomhere the pulse shapes of positive
and negative cavity PDs were measured as a funofidhe SVF. Except for negative PD
pulse height that decreased with increase in SWEhaother PD pulse parameters were not
responsive to the changes in the SVF in range 2@0® Hz as shown ifigure 5-7
(Nyamupangedengu & Jandrell, 2008). Examples of rdmorded pulses are shown in
Appendix B.
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PD defect type

Spectral bandwidth as a function of the supply voltage frequency
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Figure 5-4:
polymer insulation.

PD spectral bandwidth variation as a function of SVF for HV electrode bounded cavities in
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PD defect type

Spectral bandwidth as a function of the supply voltage frequency
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PD spectral bandwidth variation as a function of SVF for embedded cavities in polymer

insulation.
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PD defect type

Spectral bandwidth as a function of the supply voltage frequency
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Figure 5-6:
in polymer insulation.

PD spectral bandwidth variation as a function of SVF for earth electrode bounded cavities
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Figure 5-7: Scatter plots of cavity PD pulse parameters as a function of the supply voltage frequency

(Nyamupangedengu & Jandrell, 2008).

5.4.2 Cavity PD tests results analysis and discussion

It is evident from the discharge model outlinedieain Section 5.2.1 that the residual space
charge in the cavity plays a critical role in detering the phase angle at which discharge
occurs on the test voltage cycle. This in turn @ffdhe nature of the discharge avalanches
and manifest as distinct discharge current pulspetor frequency spectra. Assuming the

residual charge decay parameters remain constgpt(due to cavity surface conductivity)
and A, (due to charge migration to deeper insulation afre amount of residual charge
generated at each discharge event depends on rigéh lef the time {t,;) between

consecutive pulses. With referencerigure 5-1, At is proportional to the rate of increase of

the resultant fieldE (t )which in turn is a function of the rate of changfethe supply
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voltage. If the rate of change & (t i¥ much slower relative tol,,, and A, then the

discharge characteristics are not influenced bySK&. This is considered as a possible
explanation of the observation in this experimentairk where the positive PD pulse
parameters were not influenced by the variationshef SVF in the range 20 to 400 Hz. An

increase in the SVF causes reduction of the tino¢ @T,,) that is available for the

occurrence of PD pulses in the first quadrant @& Woltage cycle The number of PD pulses
therefore reduces with increase in SVIFis relationship was noted by some researchers as
they investigated the influence of SVF on PD chiamstics (Cavallini & Montanari, 2006;
Radu et al., 2003).

In the zero crossing regions, particularly on pojareversal from positive to negative,
different conditions exist. The amount of residabbrge remaining after the ‘quiet’ time

interval At'ep (and assuming no significant changesiip, and A, ) is proportional to the

number of PD pulses that would have occurred inpweod preceding this time interval.
Since the latter is a function of the SVF, thedeal charge in the zero crossing region can be
considered to depend on the SVF. It follows thas BBcurring after this quiet interval are in

turn dependent on changes in the SVF. In the z&ssing region, thés (t @and E . are in

phase. Furthermore where polarity changes fromtigesio negative, it is more difficult to
extract seed electrons from negatively chargedasasl. Discharges therefore occur at bigger
gap overvoltages. These factors mean that maxinagnitudes occur in this region in
addition to being influenced by the SVFhis was confirmed by observations in the time
domain measurements in this work where the neg&i¥gulse magnitude decreased with
increase in SVF as shown in pulse parameter scaltes of Figure 5-7. Other researchers
have attributed the appearance of ‘rabbit ear’ pketion of PRPD patterns to these type of
PDs. These ‘ears’ were observed to disappear wdtease in SVF (Cavallini & Montanari,

2006) thus further confirming the model.

When observed in the frequency domain in this wdlk, cavity frequency spectral
characteristics were generally not responsive targes in the SVF as shownFigure 5-4,
Figure 5-5 andFigure 5-6. This is explained as follows: The frequency speeakre recorded
using a spectrum analyser in the maximum hold mddemplies that the frequency
components of both positive and negative PDs weerlayed. Since the negative PDs

decreased in magnitude with increase in SVF, tiselltent overall spectra were dominated
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by the positive PDs and therefore did not changé wihanges in the SVF even though the

negative PD changed

5.4.3 Some remarks on practical challenges in cavity PD measurements

When investigating the influence of SVF on cavitgctiarge characteristics, all the other
parameters that influence PD characteristics hdzetbeld constant. One parameter however
that was difficult to control was the ageing reththanges of the discharge environment. It is
known that once a discharge process is initiated tavity encapsulated in solid organic
insulation, the nature of the subsequent dischallgeend on the changes to the discharge
environment caused by the previous discharge.

PDs in un-aged cavities are known to be more ulestalithin the first hour of initial
inception and that is why most researchers suchoassen & Edin (2008) and Morshuis
(1995b) preconditioned samples for about an hotorbdaking measurements. Similarly in
this thesis work, samples were preconditioned mtioaously stressing at about 120% of the
inception voltage for an hour before taking measenats. Furthermore the test duration of
each sample was limited to 3 hours during which @sarements were taken at each
frequency from 20 to 400 Hz in steps of 20 Hz. tesfhese precautions however, some
degree of ageing could still have occurred and fest@d as the observed relatively big
variance of data at each measuring pdffsiute 5-4, Figure 5-5 and Figure 5-6). The unstable
behaviour of cavity PDs was also experienced bye¥ig Black (1977) who noted that it
was more pronounced in polyethylene than epoxylatism. It is for the same reason that
Forssen & Edin (2008) used polycarbonate insulatioriheir studies as the PDs were

relatively more stable.

5.4.4 Key findings on cavity discharges

In small cavities the PD spectral content is immuamevariations in the supply voltage
frequency. The life span of residual space changbe cavity (after each PD event) relative
to the rate of change of the supply voltage, daetemhow the discharge characteristics

respond to the supply voltage frequency.
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5.5 Results: Surface discharges dependency on supply voltage frequency

variation

The experimental observations and results discassidests on surface discharge samples
are presented in this section. The observationsnagasurement results are analysed and

interpreted using the widely accepted theory ofesgr discharge mechanisms.

5.5.1 Measurements and observations

Surface discharge spectral bandwidth increasedingttease in the supply voltage frequency
from 20 to 400 Hz as shown in the scatter ploteigare 5-8 andFigure 5-9. The same trend
was observed for the two cases of surface dischatijese on the earth electrode interface
with the insulation and those on the HV electrogerface with insulation. As the supply
voltage frequency was increased from 20 Hz to 4Q@Oth¢ average spectral bandwidths
increased by aproximately 170% for HV electroddasie discharges and by approximately
40% in the case of the earth electrode surfacendiges. Other forms of energy such as
optical and audio increased in intensity as the $\dfeased. Photographic images of the
discharges at 20 Hz and at 400 Hz supply voltagguincies are shown RAgure 5-10. The

difference in light intensities in the two casesjparent.

Related measurements conducted in the time dorhawvesd that negative surface discharge
PD pulse shapes changed in response to chandes sapply voltage frequency in the range
20 to 400 Hz as shown ifigure 5-11. Examples of the recorded PD pulses are shown in

Appendix B.
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Figure 5-8:

PD spectral bandwidth variation as a function of SVF for surface discharges occurring along

the interface of earth electrode and polymer insulation. An example of the PD spectra
(plotted on the same axis) but obtained at two extreme values of the SVF is shown.
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Figure 5-9:

PD spectral bandwidth variation as a function of SVF for surface discharges occurring along

the interface of HV electrode and polymer insulation. An example of the PD spectra
(plotted on the same axis) obtained at two extreme values of the SVF is shown.

€)

Figure 5-10:

(b)

Photographs of surface discharges taken at same camera exposure settings: at supply

voltage frequency of a) 20 Hz and b) 400 Hz
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frequency (Nyamupangedengu & Jandrell, 2008).

5.5.2 Surface discharge mechanism analysis

The surface discharge response to variations isupply voltage frequency can be explained
in terms of space charge dynamics in the dischargien along the insulation interface with

the metallic electrode. Researchers such as Mureblké (2001) studied surface discharge
mechanisms using techniques such as the dust artdgpaphic figure methods. The surface

discharge mechanisms are illustrated as depicteigure 5-12.
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Supply voltage wave

‘ Cathode fall (region of Region of stress
Region of stress enhancement due to localised stress reduction (due to
superposition of background stress and enhancement) opposing stress)
that of positive space charge inhibiting further growth

of streamers

+
-+
+ion space charge +ion space charge decrease (due to
increase along the diffusion & recombinations) along

+ion space charge shields the
cathode thus limiting further
growth of the negative

rising edge of the supply falling edge but still present even streamers
v-age and drift away when voltage falls below PD
from the anode extinction level
Figure 5-12: An illustration of surface discharge mechanisms showing the influence of the slower

positive ion cloud.

The space charge dynamics’ response to increg8¥kncan be deduced from the illustration
of the surface PD mechanisms Aigure 5-12. In the positive half cycle at the tip of the
positive ion cloud the stress due to the spacegehaioud superimposes on the background
stress. The maximum electric field therefore ocairthe advancing plasma tip (Murooka et
al., 2001; Fouracre et al., 1999). Assuming constpace charge decay, an increase in the
supply voltage frequency gives less time for theiipee ion space charge to disperse during
the full cycle of the supply voltage. With incraagiSVF, the amount of positive ion space
charge available in each discharge event incredsesicrease in the amount of the positive
ion space charge results in more stress enhancexnt tip of the positive ion space cloud
causing faster avalanches and further extensidheotlischarge streamérhis manifests as
increased discharge frequency bandwidth, optical andible emissions as observed in the

experimental tests.

In the negative half cycle the positive ion clouglanthe cathode causes enhanced stress
region between the ion cloud and the cathode. Téxgon is known as the cathode fall
(Murooka et al., 2001). More avalanches are coreatyuinitiated producing more positive

ions as electrons (being much lighter) are quiskigpt away to the opposite electrode. Since
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increased SVF results in increased positive iorcesmdarge, it follows that the size of the
cathode fall region increases with increase inSWE&. The shielding effect of the positive ion
cloud increases resulting in further limitation tife negative discharge streamer growth.
This could be the reason why in this work in thgatiee half cycle the discharge pulse
magnitudes were observed to decrease with increatiee SVF. However in the frequency
domain, where both positive and negative dischakgese detected simultaneously using a
spectrum analyser in a maximum hold mode, the &equ components of the positive
discharges prevailed over those of the negativehdisgges. The overall surface discharge
spectral bandwidth therefore increased as the S\dfeased although that of the negative

discharges would have decreased due to the incteeestode fall.

Although the positive surface discharge pulse tirse- increased with increase in SVF, the
pulse width decreased with increase in SVF as shiowAigure 5-13(c). Since the spectral
content bandwidth is not only related to rise-tiagethe pulse width decreases, the spectral
bandwidth increases as observed in this work. Tdesiple effect of pulse superposition is
also noted as a phenomenon that makes it diffioutiorrelate spectral bandwidth with the
corresponding pulse parameters. Incidences of uigerposition have a high probability of
occurrence in surface discharges particularly with type of samples used in this work
where a disc electrode was pressed against a ddydielectric insulation. The concept of
pulse superposition phenomenon resulting in theodisn of the measured pulse parameters
was also experimentally and analytically explorgdReid et al (2006) as well as Brosche et
al (1999). They reported that current pulses caaddur in bursts of up to ten individual
pulses in as short time as 1.0 ns. Such pulsediffi@ilt to resolve using ordinary signal

measuring instruments.

5.5.3 Key findings on surface discharges’ dependency on SVF

Surface discharge spectral bandwidth increase imitrease in supply voltage frequency.
Positive ion clouds effectively determine how soefalischarges respond to variations in the
SVF through either influencing streamer mechanisnike positive half cycle or the cathode

fall magnitude in the negative half cycle.
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5.6 Results: Point-plane corona PD dependency on supply voltage

frequency variation

The experimental tests results as well as obsens&for point to plane corona in air are
presented and discussed in this section. The nmerasut results are interpreted using the

commonly agreed theory of corona discharges.

5.6.1 Measurements and observations

The relationships between spectral bandwidth ofifpim plane corona in air with variations
in the SVF (in the range 20 to 400 Hz) are shownseatter plots inFigure 5-14 and
Figure 5-15. Adjacent to the scatter plots are examples of d@na spectral signatures
recorded at the lowest (20 Hz) and at highest (B&) SVF frequencies. The spectral
bandwidth of corona discharges decreased with aserén the SVF. The trends for both HV
electrode and earth electrode corona however hadtep-wise trend. Equivalent
measurements conducted in the time domain gavéesgabts of pulse parameters as a
function of SVF presented ifFigure 5-17. The changes in the pulse shapes were visually
distinct as shown in some examples of the pulségppendix B. As in the frequency domain
the pulse rise-time and height decreased and tmclissteps in response to increase in the
SVF. The corresponding audio and optical energyttechifrom the corona PDs also
decreased with increase in SVF. Examples of theagmages of the corona at the lowest
and highest supply voltage frequencies are showfgare 5-16. On the photographic images,

the differences in intensities can be discerned.
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Figure 5-14: PD spectral bandwidth variation as a function of SVF for point-plane corona discharges in

air on HV electrode. An example of the PD spectra (plotted on the same axis) obtained at
two extreme values of the SVF is shown.
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PD defect type Spectral bandwidth as a function of the supply voltage frequency
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Figure 5-15: PD spectral bandwidth variation as a function of SVF for point-plane corona discharges in

air on earth electrode. An example of the PD spectra (plotted on the same axis) obtained at
two extreme values of the SVF is shown.

€C))

(b)

Figure 5-16: Images of HV electrode corona discharges taken with same camera settings: at supply
voltage frequency of a) 20 Hz and at b) 400 Hz.

85




CHAPTER 5:

Experimental Work Part I: PD spectral response to SVF variations

E [ T ] 15 T T
P K B v
E [~ - 100 - o
o 50 1 E i
= g S0t
¢ - — - - g — - - —————— L =

g G ! ! . ¢ r * : - ¢ o 0/ 1 1 1 1 |
= 50 100 150 200 250 300 3 s 5 6 8

(a) Positive corona PD rise time vs frequency Frequency (Hz) (e) Positive corona PD pulse rise time vs voltage Voltage (kV)
250 ‘ —
ps LA D @
=200 . . e
@ o _ =
e - =200 B
Sg 1) S . I
= 2 e
""100 | | | | | =10 ! ! ! . ?

0 50 100 150 200 250 30 =~ 3 4 5 6 7 8 9

(b) Positive corona PD pulse fall ime vs frequenc Frequency (Hz) (f) Positive corona PD pulse fall time vs voltage  Voltage (kV)
2200° RS N R e A
RS oy > R ¢ - = .
s | o LT e pr) R . o
Z100Let vt ;= £oTEERIEImr
s | =100
z 0 ! ! | ! ! ; 1 1 1 1 1

0 50 00 150 200 250 300 % Oy s 5 6 7 8 p

_ (c) Positive corona PD pulse width vs frequency Frequency (Hz) (g) Positve corona PD pulse width vs voltage ~~ Voltage (V)
£40 =20 —
S bee = eI
S0 . o 1 =100 I T
i \r\j\.\\.\ @ 7/,./13’///7//,
2 0 ‘ L L O = 0//’ ‘ ‘ ‘ ‘ ‘
a 50 100 150 200 5 30 = 73 4 5 6 7 8 9

(d) Positive corona pulse height vs frequency Frequency (Hz) (h) Positive corona pulse height vs voltage Voltage (kV)

Figure 5-17: Point to plane corona in air pulse parameters as a function of supply voltage frequency and

magnitude.

5.6.2 Corona mechanism analysis and test results discussion

The behaviour of corona discharges under varying Wwemarkable as it contrasts that of
surface and cavity discharges. With reference bermsatic illustrations of corona discharge
mechanisms derived from literature (Maruvada, 20Q@uger, 1989; Comber et al., 1987;

Lama & Gallo, 1974), the tests results and obseEmatare discussed.

The phase-resolved patterns of point-to-plane @rnonair have typical distinct features
shown inFigure 5-18 (a) & (b). Discharge pulses that occur on the needle tipegative
potential are typically very small and of unifornstiibution and are called negative corona.
With the needle tip at positive potential, muchdagand irregular pulses magnitude occur
on the voltage cycle crest (positive corona). Wheanoscilloscope was used to detect the

corona pulses for pulse shape analysis as a funofidrequency, the negative corona also

86



CHAPTER 5: Experimental Work Part I: PD spectral response to SVF variations

known as Trichel pulses could not be detected & were below theensitivity level of the
system at the givenest voltage level. Only positive corona pulses|dooe detectec
Similarly in the frequency domainhen both negative and positigerona(under ac voltage)
were detected simultaneously using a spectrum analyséha maimum hold mode, the
resultant spectrum wadominated b positive corona. Anabis and discussic of the
experimental findings in this work atherefore about positeé corona as they were the o
corona typadetected under thgiven experimental conditionghe corona discharge mod:
in literature (Maruvada, 200( Kreuger, 1989; Comber et al., 198/ ma & Gallo, 197)
were used to analyse and discuss experimental results obtained in this work where

behaviour of corona under varying SVF was investig
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Figure 5-18: Examples of phase-resolved pattern snap shots of point-plane corona recoded using a

Power Diagnostics ICMCompact® PD detection system; (a) needle electrode at high voltage
(b) needle electrode at earth potential.
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Distinctly different modes of corona dischargesuadepending on the stress conditions at
the anode. At an electric stress that is signitigambove the discharge inception level, the
discharges are dominated by the onset corona stregpe (Maruvada, 2000; Comber et al.,
1987).

As illustrated infFigure 5-19, after initial avalanches, a space charge clodheces the field

in the gap and this initiates secondary avalanthat extend radially into the lower field
regions of the gap. Unlike in the negative coromsclthrge process, where negative ions
influence the process (Lama & Gallo, 1974), in pesicorona, electrons are always under
the influence of strong electric field and are glycswept away by the anode without a
chance to form negative ion molecules. An increased of the positive ion space charge
forms around the anode thereby effectively shigidhre anode from the opposite electrode.
The local electric field at the anode drops anddiseharge extinguishes. The positive ion
cloud then drifts away at a speed of about 1.5X&@/Vs) (Maruvada, 2000; Ryzko, 1965)
under the influence of the electric field thus dleg up the shielding effect. The re-
establishment of the high stress conditions attiae initiates another discharge event. The

process then repeats.

Under sinusoidal stress conditions the stressdrgdp changes in magnitude and polarity as
a function of time. After the peak, the stress dases until it gets to zero and then increases
again in the opposite direction. The effect on plsitive ion cloud, still present in the gap
after the last positive corona discharge, is acgdn in the rate of drift. On stress polarity
reversal the remnant space charge cloud drifteverse. An increase in the rate of change in
polarity of the stress results in increased rebentif the residual positive ion cloud and that
causes more effect on the nature of the subseglisritargesThis explains the observed
decrease in bandwidth and magnitude of corona spexs the SVF increased from 20 to 400

Hz as shown in scatter plots fiyure 5-14 andFigure 5-15.

5.6.3 Key findings on corona discharges dependency on SVF

Point to plane corona spectral bandwidth in airel@sed with increase in the supply voltage
frequency. Positive corona discharge mechanismendkpn the dynamics of the positive ion

cloud in the discharge gap. Factors such as iner@ashe SVF, that cause prolonged
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presence of the space charge cloud in the disclygageinherently alter the positive corona

discharge characteristics as observed.

5.7 Summary and pointers to the next chapter

The experimental work on investigating influenceSafF on PD spectra has been presented.
It is revealed that the PD frequency content redpatistinctly to variations in the SVF from
20 to 400 Hz for each defect type. The behaviouexiglained in terms of the discharge
mechanism theory of each PD type. It is interestingote that the relationship between the
SVF and PD spectral content can be narrowed dowhetmature of the positive ion space
charge dynamics’ response to changes in the SVéh B® type responds uniquely. This is
incremental academic knowledge on PD phenomenait®@sliagnostic applications of this
knowledge are discussed later in Chapter 8. Imth chapter the experimental exploration
of the other key aspect of PD spectral behavidwe,spectral content evolution with time of

voltage application, is presented.
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6 Experimental Work PartIl: Investigation into the time-
dependent evolution of PD spectral content

In the previous chapter the PD spectral bandwidtpeddency on SVF was
explored and it was concluded that PD spectralesunis a function of SVF for

each defect type. In the present chapter the eambor of PD spectral behaviour
was extended to the dependency on the time of mamiis ageing. The chapter
begins with additional background notes to thig pathe work. The accelerated
ageing experimental procedure is then presentddwiet by test results and

discussion.

6.1 Introduction

The second of the two key variables whose influence PD frequency spectra was
investigated in this thesis is the time of ageindger continuous PD activity. The reason why
this variable is of interest, just like the supplyitage frequency, is that researchers have
shown similar interest but focusing on other aspettPD characteristics. The ageing related
effects on the PD phenomena have been studied ynasmhg non-frequency domain PD
characteristics such as phase-resolved patternpuasd shape. The related literature was

reviewed earlier in Section 3.2.

PD ageing phenomena studied through PD frequenegtrsph analyses have mainly been
through firstly detection of the PD pulses in time domain and then transformation into the
equivalent frequency spectra using techniques ssckhourier transforms (Thayoob et al.,
2003; Kim et al., 2002; Hudon et al., 1994; Morshui993). There has not been extensive
and conclusive work on how PD frequency conteneddp on the time of ageing for various
defect types. Furthermore the techniques of studiD ageing phenomena using spectrum
analyser instruments are generally scarce in titeea Moreover most PD frequency spectral
studies have been on cavity discharges with ndairattention given to other types such as

surface and corona discharges.
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The growing popularity of UWB PD detection techrequin which PD spectral analysis

techniques are employed, makes it imperative teerstdnd the time-dependent PD spectral
characteristics for a wide range of common PD dsfeexperiments were performed, as
presented in the next section, in which the timelwion behaviour of different PD spectra

was studied.

6.2 The experimental test setup

The laboratory experiment to investigate time \aaof broadband PD frequency spectra of
different defects was set up as depicted schenfigtinaFigure 6-1. A photograph of the setup

is shown irfigure 6-2.

The setup was an accelerated ageing test rig cemgran array of test cells exposed to long
term PD activity. Each test cell had a defect tvas artificially made to simulate the
common defects that are found in high voltage seldymer insulation such as XLPE
shielded medium voltage power cablesble 6-1 shows the information about the test cells

and the corresponding defects.
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A picture showing one of the accelerated ageing tests.
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Table 6-1:

Information about the test cells used in the accelerated ageing tests of the PD defects.

Test cell schematic

Test cell
specifications

Comments

Earth electrode bounded

HV electrode bounded

Disc shaped air cavities
of 1 mm deep and 2 mm
diameter.

Insulation thickness was
3 mm so as to create
stress conditions
comparable to those in

Defects A, B & C were
unvented and D was partially
vented. Cavity defects
simulated air bubbles trapped
insulation during
manufacturing or assemble of
cable accessories.

=]

cavity Insulation bounded cavity cavity medium (MV)
distribution cables.

cavity in a power cable

E G
The distance between theSurface discharge defects E, H
& B ’ edge of insulation and | & G simulated construction
nearest point of contact | flaws that create conditions of
l with the metallic high tangential electric field in
- o— o—..| I electrode was 30 mm in| cable accessories.

Surface discharges on HV  Surface discharges
electrode & insulation on earth electrode & Surface discharges on
interface insulation interface unterminated cable end

all the cases.

Point-to plane corona in
air on HV electrode

Point-to-plane corona in
air on earth electrode

The distance between th
flat sections of the
electrodes was 27 mm.
The needle was of
copper, 10 mm long and
of 50 um tip radius.

ePoint to plane corona in air
discharges simulated defects
that occur in insulation systems
where construction errors
create sharp metallic points tha
that stick out in air.

U

=3

In order to compare the PD activities from diffdredefects in different test samples, all the

test cells were dimensioned (as explained in détaiChapter 4) such that PDs initiated

almost at the same voltage of about 6 kV. Thisag@t was chosen as it created stress

conditions similar to those in medium voltage (MMwer cables under normal operational

voltage conditions.
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6.3 The testing procedure

The test cells were simultaneously stressed cootisly with a sinusoidal voltage at twice
the PD inception level. The supply voltage frequen@s elevated to 400 Hz in order to
accelerate the PD induced degradation. PD measatemere made at 50 Hz (at the same
electric stress as that in equipment under norrealice conditions), and at suitable time
intervals. Though during the accelerated ageingaogjgs all the cells were connected in
parallel and to the test voltage source, in ordeavoid ‘cross-talk’ during measurements,

each cell was tested in isolation.

The PD signal data logging process (as illustratetlgure 6-3) comprised of a sequence of
cyclic steps namely: switching off the supply, pbgéisolation of the test cells, connection
of the cell to be tested, reduction of the suppiitage frequency to 50 Hz and then re-
energisation of the voltage busbar. Each set osarements took a total of approximately 30
minutes to record the PDs from all the 10 testscigllsequence after which the cells were
reconnected in parallel and the 400 Hz supply wgeltapplied until the next set of
measurements. The cycle was then repeated untitléfects failed. The shortest time to
failure of a test cell was 400 hours. The 1.8 Mater resistor in series with the test cells (as
shown inFigure 6-3) successfully prevented flow of excessive sharuii currents whenever

a complete failure occurred.

Connect all test cells in parallel
to the HV source

!

Set the HV source voltage frequency to 400 Hz Reconnect all the cells to HV source
and increase magnitude to 14 kV

!

After 2 hours of continuous ageing, switch off the supply
voltage. Completely remove any failed sample(s) from
the test rig and put aside for post-failure analysis

!

Disconnect the HV connections of the rest
of the test cells except that to be tested

No Have all the cells

been tested ?

Switch off the supply voltage
and isolate the test cell

Connect the next cell still to be tested

v

Set the supply voltage frequency to 50 Hz and increase the voltage to 9 kV

Record the PD frequency spectra
and corresponding time & date

Figure 6-3: Flowchart illustration of the test procedure.

94



CHAPTER 6: Experimental Work Part II: Investigation into the time-dependent evolution of PD spectra

The PD signals were detected as power frequencstrapasing a 3.5 GHz sweep-tuned
spectrum analyser. The spectrum analyser was ctathaod controlled through a computer
as shown in the test rig schematicrigure 6-1. The spectra were recorded as maximum hold
trace giving a profile that comprised of maximumpditnde registered at each frequency
component for repeated sweeps in a 2-minute measmteperiod. The sweep time was set at
a maximum possible value of 250 ms for the 1 GHansprhe resolution and video
bandwidths were also set at maximum possible vabfe$ MHz each. Such spectrum
analyser settings gave the optimal sensitivitydBr detection as explained earlier in Section
4.5.

For each test cell the PD frequency spectra andctreesponding time and date of

measurement were recorded and stored for furthallysia. All tests were conducted in a

screened high voltage laboratory. Prior to commenaee of the tests, the background noise
spectrum was noted and recorded with the testngggesed but voltage held below the PD
inception level. The atmospheric conditions in tlaboratory, though not deliberately

controlled, were monitored. The temperature anditiiynwere on average 20 and 50%

respectively and varied withil0% throughout the duration of the tests.

6.4 Cavity discharge PD spectral evolution test results

The test results on the evolution of cavity PD siaédeatures are presented. The results are
interpreted and discussed by firstly analysingthie®ry of cavity PD mechanisms and then

relating the theory with the observed spectral bighat.

6.4.1 Measurements and observations

The time distribution of PD frequency spectra dgsars (bandwidth and variance) exhibited
two distinct clusters as shown in the cluster ptftsgure 6-4. In Table 6-2 examples of the

spectra at various stages of evolution are shown.
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Figure 6-4: Cluster plots of void PD frequency evolution as a function of ageing to total failure.
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Table 6-2: Characterisation of the time evolution of PD frequency spectra for the void defects
Average Std deviation
Defect type Ageing spectral of non-zero
phase Typical spectral signal bandwidth parameters
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Void PD evolution Cluster 1occupied a period of about 25 hours of PD actifrityn the

moment of initial inception. In this initial ageimhase the PD spectral characteristics were
distinctly stochastic; characterised by a wide éisn of frequency spectra bandwidth and
magnitude variance. On average, in all the cavidycBses, the standard deviation of spectral
bandwidth was at least 3 times greater than thbskister 2. The highest possible frequency

content and magnitude of the PD signal were recbim¢his initial period of the defect life.

Void PD evolution Cluster 2was the period that followed the initial 25 hoofscontinuous
ageing (cluster 1). It was the bigger of the twostérs and extended up to the moment of
total failure which occurred anytime after 400 t®uin this period of the defect life the
following were noted: both the PD frequency spedeacriptors (bandwidth and variance)
had relatively narrow variations as the standardatiens were at least 3 times less than
those in cluster 1. Compared to signals in cludtethe maximum frequency was much
smaller. an average of about 250 MHz, compared 86 BIHz of cluster 1. Another
interesting characteristic of cluster 2 PD activigythat there were incidences of complete

evanescence of PD signals and in some cases fongeal periods of up to tens of hours.

6.4.2 Cavity PD mechanisms analysed for interpretation of PD spectra evolution

In this section the observed evolution of cavityatliarge frequency spectra is discussed and
interpreted in the context of the commonly agresdtg PD mechanisms theory.

In un-aged defects, conditions in the dischargarenment cause delayed availability of
seed electrons. Discharges therefore initiate ggdrigap overvoltages. The latter is defined
as the difference between the theoretical dischiawggption voltage and the actual higher PD
inception voltage due to delayed availability oé teeed electron (Devins, 1984; Tanaka,
1986).
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Figure 6-5: An illustration of the overvoltage that develops in a discharge gap due to the statistical
delay of seed electron availability

Figure 6-5 is an illustration of how gap overvoltage develaps discharge cavity. When the
electric stress reaches the minimum intrinsic PBejion value, the discharge does not
initiate until a seed electron is available. If #e®d electron does not appear at the moment of
the minimum inception voltage, the stress in the gantinues to increase such that when the
electron eventually arrives, the discharge inisatader the influence of higher stress.

The free electron accelerates towards the anodgand energy under the influence of the
electric field. As the electron accelerates towdhgsanode it collides with gas molecules and
causes ionisation that produces more electronspasdive ions. Notwithstanding loss of
electrons through recombination and diffusion, salanche occurs. Electrons, being light,
are quickly swept away by the anode leaving bethiecheavier and slower positive ions that
drift towards the cathode. As the cloud of the esiions approaches the cathode it creates a
space charge field in the region near the cathdde.electric field established by the space
charge superimposes on the background field reguiti stress enhancement as illustrated in
Figure 6-6. Under such high stress conditions the positivis iemit photons that bombard the
cathode and make it release more electrons. Segorad@alanches follow and increase
rapidly until the total breakdown of the gap. THeepomenon is referred to as the cathode
effect (Bartnikas, 2004).
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Electrons quickly
swept away by the
anode

Insulation

Gas filled cavity Background stress

Secondary stress
due to the slower
+ion cloud
approaching the
cathode

Region of stress
enhancement

Figure 6-6: A sketch of simplified space charge distribution with a cathode emission condition in a gas-
filled insulation cavity during a discharge event initiation process.

The size of the positive ion cloud that is respolesfor the initial cathode emission effect is
proportional to the gap overvoltage at the instaninitial avalanche inception. A big gap
overvoltage (in un-aged defects where seed elextaom scarce) causes more positive space
charges that result in a stronger cathode effeatlwin turn produces more and faster
avalanches. In such a discharge the strong stneizeicavity causes faster motion of the
electrons and positive ions resulting in a PD sitlarp rise time (electronic part of the pulse)
and fall time (positive ionic part of the pulse)danigger heights. Such discharges have been
termed spark type or fast or streamer-like. Thagamihre of relatively big and widely varying
magnitudes as they depend on the random availabfliinitiatory electrons. The short pulse
rise-time and short pulse width translates intoidewspectral bandwidth in the frequency

domain.

Developments that create conditions for increasethces of seed electron availability in the
discharge area indirectly cause the productionl@ivexr rise-time pulses. Such conditions
may include depletion of electronegative gases saschxygen in unvented cavities in solid
dielectrics (Hikita et al., 1994; Tanaka, 1986) ahectrons trapped in liquid by-products of
PDs. These conditions may be symptoms of an agaswation defect (Kim et al., 2004;
Morshuis & Kreuger, 1990). As the discharge physeavironment changes from being
un-aged to aged as illustratétyure 6-7 in the corresponding gap-overvoltage becomes

smaller as point B shifts towards point Afigure 6-5.
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Moderately aged

cavity

- scarcity of seed electron due to - Chemical byproducts forma - Liquid film breaks up ) Cav(;tydsurface s physically
: ; Ve fi i forming liquid droplets eroae -
presence of electronegative thin conductive film causing - Liquid droplets solidify to form
molecules (O2) and occasional total extinction (’:;’e to hezt o crystals
absence of trapped space of the discharge - Vore seed electrons : -
harge pped sp . Gas pressure changes available from residual - tI?]lschari]els localised around
- - o i space charge 8 crystals
- insulation surface unmodified as O, is consumed P g - Pitting and electrical trees grow
into the insulation
Figure 6-7: An illustration of the physiochemical changes occurring in a cavity under continuous PD

exposure up to total failure (Morshuis, 2005; Temmen, 2000).

6.4.3 Cavity PD spectral evolution results discussion

In this work the discharges were detected as brvatifrequency spectra. The discharge
signals under un-aged conditions were charactebgespectral bandwidths that significantly
varied in the range 1 GHz to 200 MHz during thetiai25 to 50 hours of continuous
exposure as presentedHAigure 6-4. Such behaviour is consistent with the aforemaetidPD
mechanism model where the random availability acdr@ty of seed electron causes
inception to initiate at larger gap overvoltage;ighproduces high frequency spectral

components.

Impingement of the PD energy on cavity gas as agthe insulation surface causes physical
and chemical reactions that produce active spemasprising of electrons, positive and
negative ions, photons, excited atoms, free andtivgamolecules such as CO, g,
ozone, various nitrogen oxides, polymer radicalsl ather species. Space charges are
deposited on the insulation surface. The gaseoysdnjucts dissolve in #D vapour (present

in the original cavity gas or diffused into the tgwgas from the insulation body) to form
conductive liquid droplets deposited on the cavihsulation walls. The discharge
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environment is consequently modified by the phybicaeroded insulation surface,
conductive liquid droplets on the cavity walls,idegl space charge trapped on the insulation
surface, the pressure variations and other chawggsas temperature. These physiochemical
changes directly alter the discharge process (Bevi®84; Morshuis & Kreuger, 1990;
Bartnikas & Novak, 1992; Laurent & Mayoux, 1992; Mbuis 1993; Hudon et al., 1993;
Gulski & Krivda, 1995; Mason, 1995; Hudon et al995; Mayoux & Laurent, 1995;
Mayoux, 1997; Temmen, 2000; Wu et al., 2005; Kinalet2004; Bartnikas, 2008).

The resultant abundance of seed electrons in tlvtycamanating from cavity wall
modifications and liquid PD by-products depositsaft‘store’ and act as sources of free
electrons) cause discharges to occur at smaller @agvoltages. The reduced gap
overvoltage produces smaller positive ion cloudghi& primary avalanche that cause less
cathode emission effect resulting in PD pulses wittwer rise and fall times, wider widths
and smaller heights. Such PD regimes have beem gnmnes such as pseudo-glow,
Townsend-like or slow discharges (Devins, 1984; #hars, 1995b; Bartnikas & Novak,
1995). The minimal cathode effect and weaker figbhditions in the discharging cavity
create conditions that favour ‘unrushed’ transit pafsitive ions across the cavity. This
manifests as slower fall time and wider width whé#re latter directly corresponds to the
cavity depth (Bartnikas & Novak, 1995; Morshuis &ekiger, 1990)In the frequency
domain the signals exhibited smaller and fairly sistent bandwidth and magnitude. The
standard deviations of the values were on averaggel? times less than those of the unaged
phase as shown iTuble 6-2. These type of discharges prevailed in the lorger last period

of the PD ageing life. The ageing phase was charasd by relatively small variations in
spectral features compared to those of the initigking phase and could be termed the

mature aged phase

As the cavity wall becomes extensively polluted gnaee electrons act as seed electrons and
cause several independent discharge avalanchiegimgtconcurrently on several sites on the
cathode. In severely aged cavities, the cavityased are littered with solid crystals having
been formed from liquid PD by-products. The crysteduse localised stress enhancement
regions that become PD sources. Such dischargdiseirhistory of PD research, eluded
scrutiny by researchers for some time until impbegtical PD detection technology was

effectively used in conjunction with the UWB techueés. This resulted in identification of
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discharges now termed glow, pitting, swarm or datke (Bartnikas & Novak, 1992;
Morshuis, 1993).

Further localised insulation erosion occurs dudotalised PD as the crystals cause stress
enhancement in the regions of interface with trsallation. Electrical trees initiate on these
sites and quickly bridge the insulation resultingtotal insulation failure (Morshuis, 1993;
Mason, 1995; Mayoux, 1997; Hudon et al., 1995; May& Laurent, 1995).

It was noted that the position of the cavity hadimftuence on how the PD spectra evolved.
This could be attributed to the PD by-products dépd on the metallic electrode surface
being part of the cavity boundaries. The liquid towa eventually turns into solid.
Consequently for the aged cavities, the PDs behbwest the same irrespective of whether
adjacent to metallic electrode or completely emleeldad the insulation (Reynders, 1978). A
picture of an HV electrodeFigure 6-8) that was adjacent to a void which eventuallyefil
shows clear evidence of deposits on the area thdemne boundary of the cavity. Since the
picture was taken after opening up the failed ebelet bounded cavity, it could be argued that
the deposits could not be entirely attributed te #geing as there was a possibility of the
deposits being splashed onto the metallic surfeez d@uring the short circuit failure process.

_ PD residual
— deposits

Figure 6-8: An image of an electrode showing carbonised remnants of solid PD by-products deposited
by an earth electrode bounded cavity that failed after about 450 hours.
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Figure 6-9: Prevalence of different PD regimes during the course of defect progression towards total
failure.

Under long term ageing conditions (from virgin stéb total failure) different PD regimes
(but not necessary all) can occur simultaneouslyhen cavity. At any time however one
regime prevails over the otherigure 6-9 shows the three regime classification of frequency
domain PD features of surface discharges on unteted cable-end obtained in this work.
The tendency for the spectral bandwidth to increagée pitting discharges is remarkable.
This however should not be confused with the desrela magnitude as observed by
Morshuis (1993). Similar classification, but in tti@e domain, was performed by Morshuis
(1995c¢). It is noted that in most of the test saapthe streamer and Townsend regimes
could be easily identified using the spectral feeduThe pitting discharges however were not
always apparent in some cases. This could be @tdlto co-existence of both the Townsend
and pitting discharges that when detected usingextaum analyser were superimposed.
Similarly during the transition period, specific ARBgimes could not be easily identified
through the spectrum analyser acquired spectraures Precise demarcations of the
transition points were difficult.
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6.5 Surface discharges PD spectral evolution

6.5.1 Experimental measurement results and observations

Like void discharges, the surface discharge spdeiatures exhibited distinct clusters as

shown inFigure 6-10.
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Figure 6-10:

Surface discharges evolution Cluster Iccupied the first 50 to 150 hours of continuous
accelerated ageing where the frequency spectradtindand magnitude variance exhibited
wide ranging variations. This trend was observedost of the surface discharge test cells
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Cluster plots of surface discharges frequency evolution as a function of ageing to total

failure.
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irrespective of whether they were subdivided etmtgrconfiguration or actual cable samples,
and whether the insulation was low density polykthg, Mylar® or XLPE. Furthermore the
behaviour was independent of whether the dischangae near the earth electrode or HV

electrode.

Surface dischargesvolution Cluster 2 occupied the time period subsequent to the fiét 1
hours of continuous ageing up to the moment of fatlure. Discharges in this cluster were
characterised by significantly reduced bandwidtbn{pared to that in cluster 1). Moreover
the random variations of the bandwidth from one sneament to another were significantly
smaller such that the standard deviation of theaeslvas approximately twice less than that
of cluster 1.Table 6-3 gives examples of the frequency spectra of differegimes for the
artificial defects used in the tests. Another nlgabharacteristic of cluster 2 surface
discharges is that unlike in the case of void disgbs, there were no instances of complete

discharge evanescence.

6.5.2 Results analysis and discussion: surface discharge spectral evolution
The evolution of surface discharge spectral signbkerved in this work is discussed using

the theory of surface discharge mechanisms drawm fsimilar work done by other
researchers such as Murooka et al (2001), Fouea@ie(1999), Handala & Lamrous (2008).
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Table 6-3: Characterisation of the ‘time evolution’ of the surface discharges.
Defect type Ageing | Typical spectral signal Average Std deviation of non-
phase spectral zero parameters
bandwidth
L. _ I |
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phase 3 .
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= Mature £ bandwidth
Surface discharges on HV | phase § 106 MHz distribution
electrode & insulation ER
interface E’ ;
Initial : 409 MHz
phase =
£- 1.5 times more
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As explained for cavity discharges in the previgsestions, in the initial stages of the PD
activities, the availability of PD seed electrossdependent on the ionisation of air from
cosmic radiation. There is therefore relative starof the seed electrons and this causes
discharges to occur at relatively higher dischagge overvoltages. Furthermore the
discharge initiation delay period varies randomlythwa significant scatter. Cases of
prolonged delay in discharge initiation result®igger spectral bandwidth and magnitulshe.
this work this surface discharge phenomenon maeifleas a cluster of randomly varying

frequency spectral features with a wide rangingtsraas shown in Cluster 1 6fgure 6-10.
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As the defect aged, visible whitish material depelb as a coating on the insulation surface
and splatter on the adjacent metallic electrodéses. The corresponding PD signal at this
stage had smaller and less varying bandwidths aagnitude variance. The amount of
deposits increased with time of ageing and the esponding signal bandwidth and
magnitude variance decreased until the defects letehp failed. On the cluster plots, this

period of evolution is indicated as Cluster 2 agmined mature aged phase.

A closer examination of the areas exposed to seidérharge on the polyethylene insulation

sheets shows visible signs (cracks and cratersiosion as shown iFigure 6-11.

PD induced
erosion cracks

(@)

Figure 6-11: Portion of some of the surface discharge samples showing visible signs of cracks and
microvoids after long term (400 hours) ageing under PD activity.

The coated metallic electrode surface together whia morphological changes of the
adjacent insulation reduced the electric field nisity. Consequently the corresponding PDs
became slower and smallémn.this work, measurements that were conductetarfriequency
domain showed PDs with narrower spectral bandwiditd smaller magnitudesThe
microcavities seen as craters in the insulationevggurces of localised intense discharges
that eventually created electrical trees to conepdiridge the insulation with a short circuit.
Figure 6-12 shows examples of samples that eventually faileel t long term exposure to

surface discharges.
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Resultant PD
initiated total
insulation
breakdown

(a) (b)

Figure 6-12: Examples of completely failed surface discharge test samples: a) is a subdivided electrode
sample where discharges were along the interface between the HV electrode and
insulation, b) is a cable sample which failed due to surface discharge on the unterminated
end.

6.6 Point-plane corona in air discharge ‘evolution’

6.6.1 Experimental results and discussion

As intuitively anticipated, corona discharges indid not show any significant evolutionary
changes during the entire period of observations Was because the discharge environment
had no polymer dielectric boundaries that would argd physiochemical changes and
influence the progression of the discharge procddse corona discharge frequency
bandwidth however exhibited variations but theseewsrrow and consistent as shown in the
corona cluster plots irigure 6-13 and Table 6-4. The variations are attributed to the natural
random nature of electrical discharges and possibfer surface erosions of the metallic
electrodes.

In both cases of the discharging point location (&l&ctrode and earth electrode) there were
no distinct changes in the spectral features eXoeptatural statistical variations.
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Figure 6-13: Cluster plots of point-plane in air corona PD spectral bandwidth and magnitude variance
over long time ageing. The time-invariant behaviour is evident.
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CHAPTER 6: Experimental Work Part II: Investigation into the time-dependent evolution of PD spectra

Table 6-4: Characterisation of the ‘time evolution’ of the point-plane corona in air defects.
Defect type Ageing | Typical spectra signal Average
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6.7 Summary and pointers to the next chapter

The spectral frequency content of PDs of differdefects in polymer insulation were
monitored from initial inception to total breakdownder accelerated ageing conditions. For
defects that progressed to failure, the spectratiufes such as bandwidth were found to
change with time of voltage application. It is clualed that each defect type gives PDs with
spectral features that evolve uniquely. PD freqydoag term evolutionary behaviour is a
PD type dependent spectral characteristic. In the& chapter the implications of the research

findings of this work are discussed.
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CHAPTER 7: Discussion of prospective diagnostic application of the research findings

7

7.1

Discussion of prospective diagnostic application of the research

findings

The findings of this work are that PD frequencycpe bandwidth is influenced
by the supply voltage frequency as well as the tohageing under continuous
PD activity, and this behaviour is defect-type defmnt. The findings are
incremental academic knowledge on fundamental Pbharsms. Furthermore
there are prospects for immediate transfer of #mswledge to technology

applications. This chapter discusses the prospeafplications.

Prospective diagnostic applications of the knowledge on the supply

voltage dependency of frequency spectra

The manner in which the PD frequency spectra ra$porvariations in the supply voltage

frequency depends on the type of defect. PDs fnorallscavities are immune to changes in

frequency of the supply voltage. Surface dischargsctral bandwidth and magnitude

variance increase with increase in supply voltagguency. The opposite is true for corona

discharges where frequency components diminishe$réquency supply voltage frequency

increases.

The revealed supply frequency dependent behavibRBDs suggests the following possible

diagnostic applications:

)

Unknown insulation defects can be recognised thHrowepecking how the
frequency spectra respond to variations in the lsuppltage frequency. By
sweeping the test voltage frequency through a ranghk as 10 Hz to 400 Hz, the
nature of an unknown PD can be deduced from trguénecy spectral changes
during the sweep. This technique can be used asliegk D defect pre-
classification or elimination of corona interferenloy elevating the frequency of

the test voltage.
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CHAPTER 7: Discussion of prospective diagnostic application of the research findings

i) If different tests of the same equipment are cotetlat different supply voltage
frequency, comparison of results must take intmactthe findings of this work.
In the commercial PD diagnosis practice, testskmadone at various frequencies
such as 0.1 Hz, damped and power frequency voltage.

i) There are PD recognition techniques that use freguspectra as characteristic
PD signatures (Ahmed & Srinivas, 1998; Cheng ¢t28100; Balkon et al., 2009;
Thayoob et al., 2003; Thayoob et al., 2009). Inhscases the influence of the
SVF can poses a challenge in the reliability of thagnostic results. As an
example, spectral patterns of surface dischargaspower cable termination that
is energised at 0.01 Hz test voltage can be rerbrkiifferent from that obtained
at 50 Hz test voltage. It is imperative that inssidying PD types using spectral
characteristics, the influence of SVF on the spécteatures has to be
appropriately taken into account.

iv) Accelerated ageing results obtained through elev&eéF may not be linearly

extrapolated to normal ageing for all types of defe

7.2 Prospective diagnostic applications of the knowledge on the time

evolutionary characteristics of the PD frequency spectra

The manner in which the PD frequency spectra evelite time from initial inception to
total failure depends on the type of defect causimegPD. While corona PD, as intuitively
expected, exhibits no time dependency characisjstbid and surface discharges change as
a function of ageing. In the first few days of iaitinception, under continuous PD exposure,
the frequency bandwidth of unaged void and surtiseharges are significantly higher than
that of aged defects. Moreover the values of thelédths vary randomly and significantly
over a wide range compared to those of the agedr &fe initial period of PD activity, void
discharges extinguish (in some cases for many homudays) at random intervals until the

moment of total failure.

The way in which different PD frequency spectraleecver time suggests the following

concerning PD diagnosis tests:
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Discussion of prospective diagnostic application of the research findings

ii)

PD tests of new equipment such as in factory testgommissioning or after
laying cable tests are the most sensitive andhlelibecause PDs in un-aged
defects (at least for few days after initial inéep} have the highest possible

frequency content and magnitude.

PD tests, whether online or offline after the systeas been in operation for
longer than a couple of days have a high risk wihgi misleading results. This is
because these tests assess the PD condition iavtilation phase where the
discharge activity, particularly in void defectgsha high probability of being in a
state of prolonged extinction or low magnitude dod repetition rate. At the
instant of measurement, the absence or low magnitudy be erroneously
regarded as an indication of good equipment canditin literature there have
been cases reported where power cables failed demeryet had been judged
‘healthy’. Large PDs had been identified in thestfiof periodical measurements
but in the subsequent measurements (after a cafplaonths) the PDs had
diminished (Kyprianou et al., 2006; Orton, 2003)can therefore be argued that
PD diagnostic measurements that are conducted dguopes of maintenance
decisions should be interpreted in the contextre¥ipus continuous PD trending
records of the equipment under test. A trend ofimishing PD signal strength or
intermittent presence and absence of the signalinteed be a sign of impending
failure! Similar conclusions were drawn by Victoatal (2006) and also Renforth
et al (2008).

The spectral patterns viewed through fixed freqyesiots ‘windows’ in the HF
and UHF techniques can shift away from the windawdwninish with time.
Where PD frequency spectra are used as defecttsigea the evolutionary
phenomena of the PDs pose a challenge in the effiohsuch PD recognition
techniques. It is imperative that when classifyiR® defects using spectral
characteristics, the influence of ageing on thespéctral features is appropriately
taken into account.

Based on the defect-type-dependent evolutionaryavaetr of PDs, general
diagnostic guidelines for frequency domain onlimatcauous monitoring of PDs

in polymer dielectrics can be suggested.
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When continuously monitoring PD frequency spectsajnals under online
conditions and taking regular periodical measurdmethe following general

guidelines are suggested:

Guideline no.1
If an unknown defect gives spectral bandwidth analgmitude variance that
significantly change with timbut with no incidences of complete extinctithen

it is likely to be a surface discharge defect thatrogressing to total failure.

Guideline no. 2

If an unknown defect gives a PD signal with spédiendwidth and magnitude
variance that significantly change with tinsed have incidences of complete
extinction then it is most likely to be a cavity defect th@progressing towards

total failure.

Guideline no. 3
If an unknown defect gives a PD signal with spediatures bandwidth and
magnitude variance that acensistent and time invarignthen it is likely to be

corona in air and may not be a major cause forewnc

7.3 Summary and pointers to the next chapter

The knowledge generated in this work adds valubeausefulness of PD frequency spectra-
based insulation diagnosis methods. Taking cogoesahthe influence of supply voltage and
ageing on PD spectra enables more informed intagza of frequency domain PD
measurements. Furthermore the uniqueness in resgonsupply voltage frequency and
ageing of each PD type can be a basis for devejogefect classification criteria in the
frequency domain. In the next chapter the thesisoiscluded by summarising the key

findings of the research work. Possible relatedriutvork is then suggested.
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8 The thesis conclusion and suggestions for future study

8.1 Conclusions on the key findings

This thesis work revealed that there are defeat-tygpendent PD spectral characteristics that
should be taken into cognisance in interpretatimnBequency domain PD tests. The work
identified two defect-type-dependent PD spectradrabteristics namely: dependency on

supply voltage frequency (SVF) and dependency omimmaous exposure to PD activity.

The bandwidth and magnitude variance of surfacehdiges increase with increase in SVF.
On the contrary corona discharges spectra bandwidthmagnitude decrease with increase
in the SVF. For small cavities however, the bandwidnd magnitude are immune to

variations in the SVF.

The time dependent evolution is such that PD spestolve with time of continuous voltage
application. The manner in which the spectra evdhoen initiation to total failure is a
function of source type. Surface discharge spedtamldwidth and magnitude after initial
significant randomness and wide variations, deereias magnitude and with narrower
randomness. Corona spectral bandwidth and magnitadance are time invariant. Cavity
PD spectral bandwidth and magnitude variance, dikéace discharges, decrease with time
but differ from surface discharges in that they emnaracterised by instances of prolonged

extinction.

These findings imply that correct interpretation BD frequency spectra diagnostic
information requires that the influence of SVF ainde of ageing on the spectra be taken into

account.

8.2 Suggestions for future further studies

The findings of this work reveal some researchstkeat merit further study. These topics

have potential in further extending knowledge in dt&gnosis.
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8.2.1 Studying evolution of positive and negative PDs separately

In this thesis the evolution of partial dischargess studied without separating the positive
from the negative PD spectra. It could be intengsto find out whether more knowledge can
be revealed through studying separately the pesénd negative discharges but still using a
spectrum analyser. Studying PD spectral conterdifégrent parts of the supply voltage
waveform might produce more useful knowledge alBidtphenomena. Such work however
may need to deal with challenges of sensitivity #mel feasibility of gating the spectrum

analyser input.

8.2.2 Could insulation defects farthest from the high voltage electrode be more harmful

than those closest?

An interesting observation noted during the longnteageing tests is that there was a
tendency of samples with defects closer to thenesdetctrode failing first than those closer to
the HV electrode. This applied to both surface eanty discharges. It can be suggested that

such behaviour is contrary to intuition.

Hypothetically the trend can be explained in terofisthe influence of the electric field
distribution between the electrodes on the ratedefect progression to total failure.
Progression of a PD defect in the final phases tdsveotal failure involves development of
electrical tree channels that extend from the defg¢o the opposite electrode to completely
bridge the insulation and cause a short circuitr@ais, 1993). It can be suggested that the
rate of electrical tree progression depends on hdnethe electric stress in the insulation
increases or decreases in the direction of the firegression. Since defects nearest the
earthed electrode create electrical trees thatressginto the insulation towards the higher
electric stress regions near the HV electrodeyake of progression increases with time and
causes failure faster than the opposite case. Mxtensive studies of this phenomenon can
yield valuable knowledge leading to the much dekiability to rank insulation defects

according to the degree of harmfulness.
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Appendix A: Sizing cavity PD defects for accelerated ageing tests

Since PD behaviour also depends on defect dimessithre latter had to be
deliberately predetermined. This appendix prest#r@smethodology followed in

determining the dimensions of the disc shaped ieavitsed in this work.

A.1 Introduction

Accelerated ageing tests have been widely usetlidyisig power cable insulation behaviour
under multi-stress conditions (Sarma et al., 2008 concept has also been applied where
partial discharge (PD) phenomenon is the main aign ageing agent (Candela et al., 2000;
Morshuis, 1995a; Hudon et al., 1995). The time-depat PD behaviour that is manifested
in phase-resolve patterns and other PD charadtsrisave been studied by other researchers
using accelerated ageing techniques (Gulski & Kajvti995). The work conducted in this
thesis was to investigate PD behaviour in the feegy domain and this entailed creating
artificial defects in insulation for use in the ars tests that included accelerated ageing
under continuous PD activity. Air-filled cavitiesewe among the artificial insulation defects

studied. A question that had to be answered was:kg would the cavity defect be?

The cavity dimensions were to be such that they ghscharges of suitable magnitudes and
inception voltage under given experimental condgioThe test conditions included test
voltage magnitude, PD detection system sensitivityyimum required ageing time, defect
position and anticipated reduction in PD magnitwid¢éh ageing. In this appendix the

procedure followed in optimising the cavity dimearss for the tests is presented.

A.2 Determination of cavity dimensions

Air cavities in insulation can appear in differgpositions such as those illustrated in

Figure Al(a). Disc cavity dimensions are indicatedrigure A1(b).
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C
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Figure A1: An air filled cavity in a solid dielectric at different possible positions between the two
electrodes.

Step 1: Determination of the optimum defect radius

In this work it had to be ensured that the cavggduniformly. In order to achieve this, the
entire cavity should be exposed to partial dischsrdhe cavity area that is involved in a
discharge process is known as the effective digeharea and according to Wetzer et al.,

(1991) this area can be expressed analyticallyvasn gn Equation Al.

aeff = A{l - e(_a/A)} (Al)
Where:

Aefr = the effective cavity radius [m]

a = the actual cavity radius [m]

A = is a constant = 2.147

A plot of the effective radius as a function of thetual cavity radius shows that the cavity
area is fully exposed to discharges in small radwities. As the cavity radius increases
beyond a certain value, part of the cavity areabms redundant. A cavity radius of 1.5 mm

would give marginal redundant area.

Consequently in this work all the artificial caesi were made with diametefr 2 mm.
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Figure A2: A plot of the effective radius (a.ss) of cavity exposed to PDs as a function of the actual

cavity radius (a).

Step 2: Determination of the optimum cavity height

The cavity height should be such that with the givadius (as determined in step 1) the
resultant cavity volume gives PDs that initiateleg desired inception voltage. In this work
the inception voltage was chosen to be 6 kV whigtulated PDs in 11 KV rated power
cables under normal operating conditions. Moredercavity height should also be as small
as possible in order to avoid overstressing theaneimg portion of insulation in series with
the cavity between the electrodes. Such conditmndcresult in undesired non-PD induced
failure. According to the streamer criterion, theximum field (E;) required for discharge

initiation within a spheroidal cavity with a nontathing gas is expressed as in Equation A2,

Ei _ B_\&
P (1 + \/(a+b)p) P (A2)

E; = the minimum field necessary to sustain a disgé or the field in the

cavity after a discharge [V/m]

B = a characteristic constant dependent on the dfgas and for air is =
8.6 [Pa.m]
El/p = 24.2 for air [V/Pa.m]

a andb = the cavity radius and height respectively [m]

Simplifying Equation A2 by substituting known vatugives Equation A3;
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_ 8.6
E; = 24.2p{1 +W} (A

If the electric field in the insulation &,, that in the cavity is enhanced by a fagtfy which
is a function of the cavity dimensions (GutfleistiNiemeyer, 1995; Chang et al., 1986). For

3&r
2e,+1

a spherical cavityf = , Whereeg, is the relative permitivity of the dielectric thus

Ei =fE0

In order to express the electric field at the gapivsition in terms of the voltage across the

electrodes, for a coaxial electrode configurationl @arameters as shown Afyure A3(a),

E, = 1 7; andE, = ;‘ for parallel plane electrodes separated by distanas shown in
rin—-

R;

Figure A3(b). ExpressingE; in terms ofE, and then finally in terms oF; gives the two
expressions; Equation A4 for coaxial and EquatioB for parallel plate electrode

configurations (Chan et al., 1991).

R 26,41 8.6 1
V;(rms) = 24.2p (rln (R—‘z)> ( ;E: ).(m + 1) Fg e (A4)
or
26,+1 8.6 1
Vi(rms) = 24.2p(x).( Z; ).(m+ 1) PG (A5)

(a) (b)

Figure A3: lllustration of air filled cavity in insulation between (a) coaxial and (b) parallel plate
electrodes configurations.
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By substituting in (A4) the cable dimensions, thavity radius, the parallel electrode
separation and all the other known parameterscakigy height (b) that gives rms inception
voltage of 6 kV is calculated dsmm. It should be noted however that the calculatddesa

only apply in un-aged insulation defect conditiomsly. When aged due to continuous
exposure to PD activity, both the spatial distnttof the PDs in the cavity and the
inception voltage behave in a manner that cannoimbdelled using the aforementioned

analytical expressions.

A3. Conclusion

Suitable cavity dimensions were analytically deteed that gave partial discharges of
required inception voltage and also ensure thadibeharge activity occurred in the whole
cavity. The theoretical predictions were verifigdough practical tests. There was close
correlation between the results as explained imildet (Nyamupangedengu & Jandrell,

2007). The obtained cavity dimensions were then uséhe thesis experimental work.
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Appendix B: Examples of time domain PD pulse shapes
responding to changes in the supply voltage characteristics

The investigations in this work were largely pemf@d in the frequency domain.
Corresponding time domain measurements were atsducted to independently verify the
frequency domain measurements. In this appendexngles of pulses recorded in the time
domain at various supply frequency voltages aregmted. These are appropriately referred

to in various sections in the main document.

Samples of the void, surface and corona PD pukseareus frequencies and supply voltage
magnitudes are shown in Figures B1, B2 and B3 wtsfedy. The corona pulses in Figure B3

are clearly different from both the void and suefalischarges.

Vahaga (s
Voltage [V)

(a) (b)

Voltage (v

Time (9 a0 Tiree (5]

(c) (d)

Figure B1: Samples of void defect partial discharge pulses where Figures Bla and B1b are pulses at 2
kV and 11 kV respectively with supply frequency maintained at 50 Hz. Figures B1c and B1d
are the void defect pulses at supply frequencies of 10 Hz and 400 Hz respectively with test
voltage magnitude maintained at 7 kV.
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Figure B2:

Samples of surface partial discharge pulses where Figures B2a and B2b are pulses at 2 kV

and 11kV respectively with supply frequency maintained at 50 Hz. Figures A2c and A2d are

the surface discharge pulses at supply frequencies of 10 Hz and 400 Hz respectively with
test voltage magnitude maintained at 7 kV.
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Figure B3:

Samples of point-to-plane corona in air discharge pulses where Figures B3a and B3b are

pulses at 3 kV and 9 kV respectively with supply frequency maintained at 50 Hz. Figures

B3c and B3d are the corona pulses at supply frequencies of 10 Hz and 280 Hz respectively
with test voltage magnitude maintained at 7 kV.
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