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ABSTRACT

It has been reported in literature that newly installed cable accessories can pass

typical commissioning tests and yet show significant PD activity leading to prema-

ture failure in the long term. This research report details the partial discharge (PD)

characterisation of three artificial defects in MV cable terminations, at both power

and very low frequency (VLF). The defects included a semi-conductor feather, a

tram line in the cross-linked polyethylene (XLPE) insulation and an XLPE ring

cut. The experimental methodology involved subjecting the terminations to a

standard overvoltage withstand test, after which the PD activity was monitored,

at 0.1 Hz and at 50 Hz excitation frequencies. All the defects passed the overvolt-

age test, despite some showing significant discharges. The defects gave distinct

phase-resolved PD patterns that are effectively invariant of excitation frequency.

The PD magnitudes at power frequency were typically bigger than at VLF, while

the PD inception voltages tended to be lower at VLF. The PD magnitudes of

the semi-conductor feather defect surface discharges were found to increase with

increasing applied voltage, while no increase was observed for the tram line and

ring cut void discharges. The results show that common installation defects in MV

cable terminations can be suitably characterised using VLF PD measurements.
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Chapter 1

INTRODUCTION

The mining industry in South Africa is one of the biggest in the world, accounting

for about 20% of the country’s gross domestic product (GDP) annually [1]. As a

result, there is a large demand for medium voltage (MV) equipment such as motors,

transformers, circuit breakers and cables, for use in the mining infrastructure. A

consequence of this, is a demand for a reliable power network supported by its

cable system. Typically cross-linked polyethylene (XLPE) cables are employed

due to their superior electrical and thermal characteristics [2] in the South African

mining industry and other power utilities [3].

Insulation failures in a cable network are typically caused by ageing processes

leading to lower dielectric strength of the cables, internal defects in the insula-

tion system and/or external factors such as poor installation workmanship [4].

In particular, MV networks with increasingly popular extruded power cables are

experiencing insulation failures largely due to their low partial discharge (PD) tol-

erance [5]. These insulation failures are most commonly caused by the failure of

the weakest parts of the cable insulation system, namely cable accessories such

as joints and terminations [6, 7]. The main reasons for weaknesses in joints and

terminations include [7]:

• Inadequate manufacturing, such as internal contaminants or an air gap. An

illustrative example of contaminants (metal particles) in the insulation of a

power cable is shown in Figure 1.1(a) [7].
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• Poor workmanship during installation, which may include dimension errors

in installation, introducing contaminants into the cable accessory such as

metal particles and damaging of cable insulation layers, in particular the

semi-conductor layer. In Figure 1.1(b) [7], an example of insulation damage

during installation is shown by an incision into the XLPE layer of a power

cable.

• Interface defects between joint/termination insulation and cable insulation,

for example inadequate clasp force leading to an air gap. An air gap defect

between two layers of a power cable is shown in Figure 1.1(c) [7].

• Ageing of cable accessory insulation, which may be the result of a combi-

nation of electrical, thermal and chemical stressing. A failed joint due to

ageing is shown in Figure 1.1(d) [8]. The ageing processes were accelerated

by water ingress leading to the corrosion of the joint’s metal sheath [8].

Figure 1.1: Typical Defects and Failure Mechanisms in Cable Joints [7], [8] ©
2010, 2012 IEEE.
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Continued research into the condition assessment of cable systems is important

because it is known that XLPE cables typically have a very low PD tolerance level.

It has been reported in the literature that some XLPE joints with very high PD

levels did not lead to a failure for up to 6 years of operation [9]. Furthermore,

new dry type joints and terminations can withstand PD activity of up to 2000

pC, but they will eventually fail [5]. Further research is therefore needed into PD

testing and recognition of cable accessory defects. Investigating PD patterns of

different defects can be used to establish a database of PD fingerprints of typical

defects for on-site PD measurements [7]. A PD fingerprint database of defects

will be beneficial for cable maintenance decisions and experience accumulation.

By understanding a component’s response to PD activity, material selection, ge-

ometries, and interfaces of the cables and their accessories, can be optimized to

increase both endurance and reliability [10]. This research is therefore aimed at

improving the quality control of MV cable terminations, as motivated mainly by

the needs of the South African mining industry.

In PD diagnosis of power cables, a common challenge is the relatively large

test voltage sources needed for energising long cables at power frequency (50 Hz).

One of the alternative and more viable technologies in this regard, is the use of

very low frequency (VLF) test voltage sources [11]. However, the use of VLF

test sources may result in different electric stress conditions to those of normal

operating conditions, resulting in different PD test results. Thus it is important

to compare and verify the PD results of different test sources.

1.1 Problem Statement

There is a problem that newly installed cable terminations on XLPE MV cables

can pass typical commissioning tests, in particular an overvoltage withstand test,

and yet may show significant PD activity that leads to premature failure in the long

term. These MV cable systems suffer from cable accessory failures and cause costly

disruptions in South African mining operations. Use of VLF PD test techniques

is now a common practice and yet there still remains a lack of understanding

and knowledge regarding partial discharges occurring under VLF compared to

power frequency. It is desired that as an after installation/commissioning test, the
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type of defects that may be present in the cable accessory under investigation, be

accurately identified. This research project therefore aims to investigate answers

to the following research questions;

• Are there any specific characteristics in the partial discharge measurements

that uniquely distinguish different defects in MV cable terminations tested

at VLF HV?

• How do the characteristics in MV XLPE cable termination defects compare

and contrast at VLF & power frequency excitation voltages?

1.2 The Research Methodology

This research report investigates methods to characterise partial discharge activity

in cable accessory defects at different frequencies of excitation voltage. The cable

accessories of interest in this case are MV cable terminations, while the frequencies

of interest are very low and power frequencies. Therefore the PD characteristics

of artificial defects in MV cable terminations were monitored at both VLF and 50

Hz.

The following methodology was devised to answer the research questions. The

basic method was to monitor the PD parameters of interest over a specific test

duration. The PD parameters were then analysed to form characteristic profiles

for each defect. The test data was then compared and contrasted between different

defects and test frequencies, to extract trends and important information from the

results.

1.3 Research Report Structure

Chapter 2 details the background literature review on PD testing in general and

specifically for cable accessory defects. This is followed by the research experimen-

tation and procedure in Chapter 3. Chapter 4 contains the results of the physical

testing and simulations, as well as a comprehensive discussion of these results.

Finally, the research report is concluded in Chapter 5, along with suggestions for
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future work and directions this research could take. Appendix A is a paper which

covers part of this work, published at the International Symposium of High Volt-

age Engineering (ISH) 2015. Appendix B is another paper from this MSc research

work, that has been accepted to be published in the July/August 2016 issue of the

IEEE Electrical Insulation Magazine.
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Chapter 2

BACKGROUND AND

LITERATURE REVIEW

This chapter reviews the basics of electric fields in power cables, partial discharge

testing, and cable accessory defects. Different defects in cable accessories are dis-

cussed, as well as the resulting damage to the cable systems. Furthermore, the

literature on partial discharge research of cable accesory defects is summarised and

discussed.

2.1 Electric Fields in Power Cables

The study of electric fields is fundamental in understanding the behaviour of elec-

trical insulation used in power cables. A power cable is typically made up of

several layers; from the inner conductor, to the outer polyvinyl chloride (PVC)

outer sheath. The construction of a typical XLPE power cable is illustrated in

Figure 2.1.

These major layers consist of:

• Conductive layers- typically the copper/aluminium conductor and the earth

screen.

6



Figure 2.1: Typical Construction of an XLPE Power Cable [12] reproduced with
permission from © Aberdare Cables
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• Electric field control layers also termed the screening/shielding materials,

made up of the inner (conductor screen) and outer (core screen) semi-conductive

layers.

• Insulation layers such as cross-linked polyethylene (XLPE) or Oil-impregnated

paper insulation.

• Mechanical strength and environmental protection layers, i.e. the bedding,

armouring and outer sheath layers.

• Other layers such as water blocking fillers.

The electric field within a power cable is largely governed by the conductive,

insulative and field control layers. A coaxial electrode configuration, as shown in

Figure 2.2, provides a useful representation of the electric field distribution in a

power cable. This configuration is indicative of a capacitor, and as a result power

cables are often considered as capacitors, for example in tanδ testing. In the case

of an XLPE power cable, as in Figure 2.1, the inner electrode takes the form of

the conductor and its screen, with the outer electrode being the core and earth

screens and the solid dielectric being the XLPE insulation. The electric field for

a coaxial configuration is nonlinear, with the strength of the field represented by

Equation (2.1).

E =
V

xln(R
r
)

(2.1)

Where V represents the RMS voltage in Volts [V] applied between the elec-

trodes. R represents the inner radius of the outer electrode (core and earth

screens), while r represents the radius of the inner electrode (conductor and

screen). x is the radial distance between the electrodes, expressed in metres [m].

E is the electric field strength measured in Volts per metre [V/m], and in the case

of a power cable, it is the specific field strength at insulation thickness x. The

parameters of Equation (2.1) are the same as those presented in Figure 2.2. For

a fixed voltage, the electric field distribution in terms of field strength (E) versus

radial distance between electrodes (x) follows an inversely proportional curve, with

the rest of the variables being fixed. The distribution is graphically illustrated in
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V

E
R

x
r

Semi-conductor Layer Electrode
(Ground/Earth)

Conductor
Electrode

Insulator
Layer

Figure 2.2: Electric field of a coaxial electrode configuration [13]

Figure 2.3, which show the maximum and minimum field strengths occurring at r

and R respectively. Therefore, electric field strength is maximum at the conductor

screen/insulation interface and minimum at the insulation/core screen interface.

An important aim of HV insulation coordination is to ensure that the electric

fields of HV equipment (including power cables) are less than the withstand val-

ues of the insulation to avoid discharge phenomena, which may have long term

consequences on the performance of the equipment. Although power cables as

well as their accessories are designed to ensure their electric fields are within the

withstand levels of the insulation as much as possible, failure to correctly apply

these accessories may result in regions of highly divergent, enhanced electric fields.

These localised regions of highly divergent electric fields are termed defects. This

is of particular concern because once the electric field strength has exceeded a

certain value determined by the material’s permittivity, in a localised region of

the insulator, this region changes into a conductor momentarily allowing localised

breakdown of the insulation [14, 15]. This conductive region formed by an en-

hanced non-linear electric field and localised breakdown may not bridge the gap

between the two electrodes (insulation/cable failure). However, the resulting cur-

rent flow damages the insulation and reduces its electrical breakdown strength,
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Figure 2.3: Electric field strength versus radial distance in a power cable [13]

therefore leading to further breakdowns and eventually complete bridging of the

insulation. These discharge events are expanded upon in the following section.

2.2 Partial Discharges

Partial discharges (PD) are localized electrical discharges that do not completely

bridge the gap between the electrodes of an insulation system [16]. Typically, a

discharge event results from the electrical breakdown of a gas such as air, con-

tained within a void extruded in insulation or in a highly non-uniform electric

field [17]. Partial discharges produce ozone (and other gaseous by-products), a

powerful oxidizing agent, which in the presence of moisture may yield corrosive ni-

tric acid and other chemicals, thereby leading to chemical erosion of the insulation

[10]. If the void is within an organic medium such as in the insulation (oil, paper,

polyethylene) of a power cable, the PD breakdown processes will degrade the or-

ganic material, eventually leading to the insulation reaching its breakdown stress

level or in localized thermal breakdown [17]. Partial discharge events can generally

10



Figure 2.4: Dielectric-bounded Square Cavity Void [13]

be classified into three general categories as presented in the next subsections.

2.2.1 Void Discharges

A void partial discharge is an internal PD, which occurs in an air-filled cavity in

insulation. These gas-filled voids are typically the consequence of manufacturing

flaws, but may also result from ageing of the insulation system. An example

of a dielectric-bounded, spherical cavity void is illustrated in Figure 2.4a. Void

discharge events occur due to the difference in permittivity between the gas in the

void and the surrounding material (insulator/conductor), leading to electric stress

enhancement in the void as shown in Figure 2.4b. If this enhancement reaches an

electric field strength exceeding that of the PD inception field strength, a discharge

may occur.

Cavities/voids may be classified according to their geometry (spherical, flat,

narrow), as well as according to their position in the insulation material (dielectric-

bounded, electrode-bounded). These characteristics of void discharges influence

PD parameters such as the discharge patterns, inception/extinction voltages and

other statistical parameters, thereby making them distinguishable [18]. In power

cables, void defects commonly occur in cable accessories due to imperfections in-

troduced during manufacturing, incorrect installation techniques, environmental

ageing which can for instance lead to cracking of insulation and a lack of mainte-

nance.
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2.2.2 Surface Discharges

A surface discharge is a PD event which occurs along the surface of solid insula-

tion, whereby the electric field at the surface of the electrode/insulation exceeds

the breakdown strength of the surrounding gas. Ionisation of air near the surface

of the electrode occurs as a result of the tangential field on the insulation surface

being high enough to cause PDs along its surface [19]. Therefore, a requirement

for surface discharges is that of a non-linear, highly enhanced electric field at the

electrode/insulation boundary. The electric field strength typically depends on

the cable’s geometry, the applied voltage and the material combination (ratio of

permittivity and resistivity) [20]. In an unterminated power cable, there is a large

electric field concentration around the semi-conductor (core screen) layer/insula-

tion interface, particularly at the end of the semi-conductor layer. This electric

field stress of an unterminated power cable is illustrated in Figure 2.5a. This area of

stress enhancement is typically mitigated by special screening/shielding materials

of the cable accessories, known as stress control products, as shown in Figure 2.5b.

These products aim to manage or lessen the electric field strength within dielectrics

[20]. The design of cable accessories, specifically the stress control, must ensure

that the electric field strength is always below the dielectric strength of insulating

materials to avoid intrinsic breakdown. Forms of stress control include conductive

paint, stress control mastic tape/tube, void filling tape, crutch void filler and self

amalgamating tape [20]. Therefore, surface discharges are likely to occur at the

semi-conductor/insulation interface as a result of defects in the screening/shielding

materials of the cable or its accessories.

2.2.3 Corona Discharges

Corona discharges are a type of partial discharge and can be defined as the localised

breakdown of a gas or liquid [19]. Corona most commonly occurs in air, when a

sharp point results in high electrical stress about the point. The typical electrode

configuration for corona discharge is similar to that of surface discharges, with

the insulator/dielectric being a gas/liquid. The electric field is typically modelled

as a rod-plane configuration, with the rod electrode being a needle/pin or some

other very sharp object. A simple illustration of this configuration is displayed

12



Figure 2.5: Electric Field Stress Enhancement around the Semi-
conductive/Insulation layer Interface with and without Stress Control adapted
from [21] © 2001 IEEE

in Figure 2.6, when the applied voltage at the sharp point electrode exceeds the

breakdown strength of the gas/liquid, ionisations of the gas/liquid occur near the

sharp point, forming positive and negative streamers depending on the voltage

polarity [19]. The electrical stress is a function of the point’s tip radius, the

voltage difference between the electrodes and the distance between the electrodes

(insulation thickness).

The phase resolved discharge patterns of corona are quite distinct from those of

void and surface discharges, with discharges clustering about the peaks and troughs

of the applied voltage, and an absence of discharges around the zero crossing

[15]. Corona pattern discharges are further distinguished from those of surface

discharges by larger amplitude pulses on one peak and uniform, smaller amplitude

pulses (Trichel) on the opposite polarity’s peak. An example of a corona discharge

pattern is given in Figure 2.7.

In power cables the interest in identifying corona is in reducing its undesirable

effects such as:

• electromagnetic interference

• audible noise

• associated power losses reducing the inefficiency of the electrical system

• possible damaging of insulation over extended periods of exposure to corona.
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Figure 2.6: Corona Discharges of a Rod-plane Configuration [13]

Figure 2.7: Characteristic Corona Discharge Pattern

14



2.2.4 PD Testing

Since the presence of PD is usually an indication of an undesired condition of the

insulation, electrical equipment needs to be tested for PD as a condition assessment

criterion. A popular diagnostic parameter in power cable testing is therefore that

of partial discharge (PD) activity [11]. PD detection and measurement is a field

of study which dates back to 1924, when a loss factor bridge was first used to

detect PD events [22]. Since then many electrical and non-electrical procedures

have been developed for PD recognition. The detection of partial discharges is

important because the major breakdown mechanisms leading to insulation failures

are either thermal or a slow deterioration of the material’s dielectric strength due

to PD [10]. Therefore, PD testing is commonly employed throughout the lifetime

of a power cable; from design to installation and finally for diagnostics to assess

whether the condition of the cable warrants possible repairs or replacement.

PD is a stochastic process where an electron is required to initiate the electron

avalanche leading to the voltage breakdown across a localised part of the insulation

[11]. Variations in the time required for this free electron to appear in the void are

known as the statistical time lag. A delay in the appearance of an initiating elec-

tron will result in the applied voltage rising above the intrinsic breakdown voltage

of the discharge gap, until an initiating electron becomes available. As a result,

phase variations of the PD pulse positions relative to an applied sinusoidal voltage

wave may occur, indicating changes in the breakdown voltages and resultant PD

pulse magnitudes [22]. This unpredictable behaviour can result in interpretation

difficulties in PD pattern recognition and thus PD measurements require multiple

readings for reproducibility and validation [22].

The current or voltage pulses resulting from partial discharge activity occur-

ring within insulation, are measured using suitable detection circuits in terms of a

variety of quantities related to the PD pulses [16]. These quantities typically in-

clude PD charge magnitude, phase angle, repetition rate, discharge current/power,

as well as the inception and extinction voltages of the PD pulses. Some of these

quantities are commonly presented as a function of another, such as charge magni-

tude plotted versus phase angle to form a phase-resolved-partial discharge pattern

(PRPDP). An example of a PRPDP is shown in Figure 2.7.
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Figure 2.8: Basic PD Measurement Circuit [16]

PD measurement characteristics are dependent on a variety of factors which

include type and location of defects, operating and test voltages, circuit operating

conditions and type of insulation material [11]. Most electric PD measurement

circuits consist of a number of basic components namely; the test object usually

represented by a capacitor (Ca), a coupling capacitor (Ck), a measuring instrument

and a high-voltage supply [16]. The measurement system should have a sufficiently

low level of partial discharges and background noise at the specified test voltage,

and if need be, an impedance or filter can be introduced to reduce noise. A basic

PD measurement circuit is shown in Figure 2.8.

PD measurements are most commonly conducted using any of the three differ-

ent AC voltage source types namely; sinusoidal continuous (20-300 Hz), very low

frequency (VLF) (0.01-1.0 Hz) and damped AC (20-500 Hz). The results of PD

testing for these different sources cannot be directly compared, as the PD charac-

teristics have been shown to be different at different frequencies [11]. VLF testing

is advantageous because of the power requirements being directly proportional to

the test frequency, thereby minimising the size of the test source [23]. Thus VLF

test sets may be up to 500 times smaller than a power frequency (50 Hz) test setup

of comparable capacity. Furthermore, insulation ageing changes are more visible

at VLF than at power frequency [11]. Therefore, VLF is increasingly becoming the

test frequency of choice, and it is in this context, that this research work focuses

on studying cable accessory PD under VLF test voltage.
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2.3 Cable Accessory Defects

A number of different cable fault analysis studies have shown that a high percent-

age of cable faults result from accessory failures [7, 24]. According to Jiang et

al. [7], the State Grid Electric Power Research Institute in China has found that

as high as 70% of cable failures resulted from cable accessory faults. In a cable

accessory failure analysis conducted by the National Electric Energy Testing Re-

search and Applications Center (NEETRAC) of the USA, it was found that cable

accessories accounted for nearly half of the cable failures of the utilities involved

in the study [24]. The accessories which include joints, terminations and junc-

tions, showed a steady increase in the percentage of total cable failures since the

1970s [24]. The leading cause of these cable accessory failures was poor workman-

ship with 49% of the total failures, while manufacturing problems and dielectric

breakdown only accounted for 24% combined [24].

A joint or termination failure can be defined as when a burned path is formed

through or along the insulation of the joint/termination by the flow of power or

test current to ground or an another phase [25]. In general cable termination and

joint failures originate from one or more of following causes: improper application,

wrong material, inadequate design, wrong assembly, hostile environment, mechan-

ical damage, thermal damage, cable/device interface problems, abnormal voltages

or potentially damaging test voltages such as applying DC to an AC cable [25].

The major failure modes of cable accessories relating to poor workmanship, along

with the resulting damage is given in Table 2.1 [2]. According to the cable fault

analysis studies mentioned above, as well as the causes and consequences of a ca-

ble accessory failure, it can be seen that defects in power cables pose significant

potential risk. Therefore, this work focuses on defects in power cable accessories.

2.4 PD Testing of Cable Accessory Defects

Power cables along with their accessories should be tested in the field prior to

operation as part of an acceptance test, to ensure the cables are free of defects

[11]. However, due to factors such as outsourcing, there are many cases especially

in medium voltage systems, where the cable accessories are mounted on site by
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Table 2.1: Major Failure Modes of Cable Accessories [2]

Failure Mode Resulting Damage

Improper stress grading
Failure spot near the insulation screen or
shield boundary

Inadequate distance between con-
ductors and shield boundary

Failure of the insulation along the surface
between the conductor lug and screen
boundary

Semi conducting layer partly or
completely missing over stress con-
trol cone

Failure of insulation

Cut in insulation at the boundary of
the semi conducting layer

Puncture of insulation in the region near
the termination screen

Inadequate jointing of conductor
Overheating of insulation around conduc-
tor joint

Floating or missing metallic shield
Degradation leading to failure of joint in-
sulation

Improper protective covering of ter-
mination

Erosion and tracking on the insulation
and termination surfaces

Incorrect sealing of joint
Deterioration of joint as a result of mois-
ture ingress

Knife cuts and/or traces of semi-
conductor material on the surface
of the cable insulation

Rapid degradation and failure of insula-
tion

Overloading of the cable accessory
Change in colour and softening/charring
of insulation over the conductor joint and
near the lug
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subcontractors rather than by the cable/accessory manufacturers [26]. As a result,

poor workmanship due to a lack of installation knowledge and quality awareness,

may lead to partial discharges and dielectric stressing. Therefore, suitable testing

procedures are employed to discover evidence justifying the removal of joints/ter-

minations in anticipation of an imminent failure.

Insulation condition assessment of power cables is an important area of research

which has been investigated by researchers such as Gulski et al. [9], with regard

to supporting utility asset management in decision processes about cable mainte-

nance and replacement policy. In the condition assessment of cables, the basic PD

quantities such as magnitude, inception/exception voltages and derived quantities

such as PRPD patterns, form what is termed a PD fingerprint [9]. These fin-

gerprints may be useful for making decisions regarding the insulation integrity of

cable systems, although the dependence on factors such as cable type, age, service

history, and accessories (location/type) need to be taken into consideration.

Extensive research has been conducted in the area of testing cable accessory

failures, with work done on HV terminations and joints in [6, 7, 10] and similar

work conducted at MV in [26–28]. A summary of the literature is given in Ta-

ble 2.2. Although the PD magnitudes are in similar ranges, and resemblance may

be drawn between different discharge patterns, it is difficult to directly compare

and find correlation between results in the literature, due to the many factors in-

volved. Therefore, continued research into the effect of these different factors, such

as the test voltage source and the type of defect, may provide useful diagnostic

information.

In terms of PD testing of cable accessory failures, particular focus has been

placed on HV terminations and joints [6, 7, 10]. Ahmed et al. [6] found that

PD most often occurred in the stress-relief assembly of the HV transmission cable

terminations which were tested. The PD activity creates high frequency pulses

which propagate alongside the cable conductor and ground connection of the ter-

minations [6]. Rush [10] reported that corona inception/extinction voltages were

used to characterize HV termination performance in terms of its connectors. Typ-

ically, connectors made with good overall quality control had inception/extinction

values with small variance, while large variances indicated poor control of internal

dimensions such as creep lengths, seals and geometries.
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Table 2.2: PD Testing of Cable Accessories; A review of the literature

Researchers
Voltage

Range &
Type

Highlights of Findings
CommentsMagnitude

(pC)
PDIV
(kV)

PDRP
(◦)

Y. Jiang et
al. [7]

110 kV at
Power

Frequency

20-100
(max)

-
Peaks at

90 &
270

Defects included
insulation incision,

semi-conductor layer
tip & air-gap and
metal particles on

insulation.

K. Rethmeier
et al. [26]

6.6 kV VLF
(0.1 Hz)

and Power
Frequency

400-500
(max)

5-17
Peaks at

90 &
270

The PD diagnostic
results at VLF (0.1
Hz) showed good

comparability to those
achieved at power

frequency.

S. Tokunaga
et al. [28]

6.6 kV at
Power

Frequency
650 (max) -

Peaks
on

rising/
trailing

edges of
test

voltage

The PD mechanism of
degradation for the
needle void defect is
interpreted; whereby

PD concentrates at the
weak point (void),
forming a pit and

leading to tree
initiation.

Y. Wang et
al. [29]

10 kV
Damped

Oscillating
Voltage

500-2000
(max)

100-700
(average)

-
Peaks at
30-70 &
220-250

Statistical maps of
different defects

significantly distinct &
increasing severity of
defect resulted in a

magnitude difference
of up to 10 times.

W. Wang et
al. [27]

110 kV
Damped

Oscillating
Voltage

-
12.2-
56.4

-

Acoustic PD detection
was used in this

investigation, other
non-electrical methods

include visual/optic
and chemical

detection.
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Connectors which failed during testing, experienced dielectric breakdown for the

following reasons [10]:

• Irregular geometry of braid shields at the wire/braid shield interface leading

to concentrated electric fields.

• Breakdown through an insulator wall to the electrode contact, as a result of

sharp corners in the electrode geometry.

• Dielectric breakdown in the connector interface area between the mated

plug/receptacles interfaces. This is indicative of a lack of dimensional control

of mechanical interfaces resulting in a reduction of mating forces and thus

compromising the seal.

The PD pattern characteristics of six artificial defects typically found in HV

(110 kV) cable joint terminations, were studied by Jiang et al. [7]. The artificial de-

fects were metal particles on XLPE insulation, insulation incision, semi-conductor

layer tip, axial direction shift, semi-conductor layer air gap and a high potential tip

on the conductor. Some of these defects are illustrated in Figure 1.1. A variety of

discharge magnitude versus phase angle patterns (PDPRP) were observed for the

different artificial defects, with the majority of the peaks occurring around 90◦ and

270◦. The semi-conductor layer tip defect pattern was distinct from the rest with

two clusters of PD maximum magnitudes around 80-100 pC occuring before 90◦.

The maximum magnitudes ranged from 20 pC for the insulation incision defect to

as high as 100 pC for the semi-conductor layer tip defect.

In terms of MV cables, PD experimentation involving cable accessories has

been studied in [26, 28, 29]. Wang et al. [29] studied partial discharges of four

typical artificial defects in 10 kV XLPE cable accessories of varying severity. The

PD activity of all four defects differed in number and quantity of discharge, while

concentrating around 30◦-70◦ and 220◦-250◦ in the PRPD patterns. The maximum

discharge quantities ranged between 500 pC and 2000 pC for the different defects,

while the average quantities ranged between 100 pC and 700 pC. It was found that

the statistical maps of the different defects showed significant difference and that

increasing the severity of a defect such as doubling the dimensions of a semicon

cusp or air-gap, resulted in a PD magnitude difference of up to ten fold [29].
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A similar study by Rethmeier et al. [26] was conducted measuring PD of

MV cable systems with artificial defects, focusing on inception voltages. The PD

inception voltage was lowest for a short cable test sample missing a termination

(∼5 kV) and highest for a needle artificial defect (∼17 kV), while a void under

the stress cone of a termination resulted in an inception voltage of about 10 kV.

Furthermore, the PRPD pattern of the void artificial defect showed four significant

clusters symmetrical to the zero-line around the rising positive and trailing negative

edges [26]. The discharges were again concentrated before 90◦ and 270◦ as seen in

the study by Wang et al. [29], but closer to the patterns observed by Jiang et al.

[7].

Tokunaga et al. [28] studied the PD characteristics until the failure/breakdown

of 6.6 kV XLPE cable joints with needle void defects. Discharge patterns resem-

bling those found by Wang et al. [29], with peaks of up to 650 pC occurring on

the rising and trailing edges of the test voltage, were recorded. The mechanism of

degradation for the needle void was interpreted as follows [28]: after a certain age-

ing time, PD occur and concentrate at the weak point (needle void defect). When

PD concentrate at the weak point, the area of PD appearance decreases, resulting

in the PD charge decreasing below a detectable level due to the electric field con-

centration caused by the weak point. Then a pit is formed as degradation caused

by PD processes, until after a time whereby PD activity greatly increases lead-

ing to tree initiation [28]. An increase in residual charge left at the predeceasing

half-cycle gives rise to a sudden increase in PD charge at the next half-cycle [28].

This abrupt increase in the PD magnitude leads to tree formation and eventual

breakdown.

While damped oscillating test voltages were used in studies by Wang et al.

[27] and Gulski et al. [9], power frequency (50/60 Hz) was the most commonly

used test frequency investigated in the literature review [7, 10, 26, 28]. However,

as highlighted in [26], lower test voltage frequencies such as VLF (0.1 Hz) are

more commonly being used for field testing due to test system size and costs.

According to the research of Rethmeier et al. [26], PD diagnostic results at 0.1

Hz and power frequency showed good comparability for cable accessory testing,

confirming previous work done by Kalkner et al. [30].

Non-electrical methods of PD detection exist, including acoustic, visual/optic
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and chemical detection [16]. An example of this is the study of the acoustic

emissions of PD signals in 110 kV XLPE cable accessories with known defects by

Wang et al. [27]. Four different insulation defects were investigated namely; cavity,

protrusion, semi-conductor layer cusp/ tip and a floating piece of semi-conductor

layer. Partial discharges were measured for an applied voltage of 12.2 kV for the

protrusion defect, while applied voltages of between 46.4 kV and 56.4 kV resulted

in PD activity for the remaining defects [27]. The frequency spectrums of all the

PD emissions were largely concentrated between 100 and 300 kHz [27].

As can be seen from the reviewed literature section, a large volume of research

has been conducted into the partial discharges of cable accessories with artificial

defects for both MV and HV cables. From this previous work, PD fingerprints may

be extrapolated in order to diagnose defects in the accessories of cable systems.

However, due to these fingerprints being influenced by a wide range of variables

and because different cables/accessories as well as their typical defects may be

more relevant to certain industries/countries, continued research is imperative to

expanding the knowledge database of PD in cable accessories.

Although a range of defect types have been investigated in the literature, the

two most common types are semi-conductor layer contaminants and cavity/void

defects in the cable insulation. As a result, this research focused on these two

defect types. The PD testing was conducted at VLF (0.1 Hz) due to its increasing

use in industry, thereby motivating the need for further research into the effect

of different test frequencies on PDs when compared to traditional 50 Hz testing.

According to the literature, the common method of experimental study of defects

in cable accessories, involves creating artificial defects in cable samples, applying

an appropriate voltage and measuring the resulting PDs. This is the method which

was adopted for this research work and is presented in detail in the next chapter.

2.5 Summary

As this research work is motivated by improving cable fault diagnosis through the

use of PD measurements, an understanding of electric fields in cables is necessary.

Furthermore, the basic concepts of partial discharges and its testing methods are

essential background knowledge. Lastly, a thorough analysis of PD cable testing
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literature, gives a complete review of the platform of previous work. From all

the aspects presented in this chapter, the basis of the experimental work can now

be covered in detail. This background information and review of the literature

allows for an explanation of the experimental methodology that will be used to

investigate the PD diagnosis of defects in MV cable accessories.
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Chapter 3

EXPERIMENTAL WORK

METHODOLOGY

The experimental work methodology consisted of cable terminations sample prepa-

ration, followed by the implementation of a suitable testing protocol. This chapter

details the preparation of the cable termination artificial defects, followed by the

PD test setup and procedure, described in terms of the test circuit, test durations

and data collection. Lastly, a brief outline of the measurement data analysis is

covered.

3.1 Sample Preparation

The cables under test were 3 core 6.6/11 kV XLPE, 70 mm2 copper conductor,

with individual screening on each core. An illustration of the terminations used in

this investigation is shown in Figure 3.1. This choice of MV cable was motivated

by its common use in the South African mining industry. Furthermore, three-core

cables allowed for test results to be compared for adjacent phases with the same

configuration (defect) [11]. Properly prepared (defect free) terminations were first

applied to both sides of two 20 m test cables. The healthy terminations were then
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Figure 3.1: The Major Components of a Medium Voltage Heat-Shrinkable Three-
Core Cable Termination System [31] reproduced with permission from © TE
Connectivity Ltd

tested at 50 Hz and verified to have an acceptable PD level below 5 pC (at 1.7

U0), according to South African and International standards [5]. Both cables were

then cut in half into two 10 m lengths. Each of the four (10 m) cable lengths

were then terminated with a different artificial defect. For each artificial defect,

identical test samples were prepared on two of the cores to ensure verification and

reproducibility of the results. The severity of the defect on the third core was

increased in terms of its dimensions, in order to identify any trends. In each test

sample, typical identical defects were created as explained in the following section.

3.1.1 Type of Defects

Cables’ semi-conductor layers are designed to increase the effective radiating sur-

face area of electrodes and to minimize the electrical stress caused by the transition

of electric fields between materials with dissimilar dielectric constants [32].
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Therefore, any abnormalities or defects introduced in and around the semi-conductive

layer may result in excess electrical stresses beyond the design limits of the cable

and the accessories. This research focused on defects in the semi-conducting layer

and the XLPE insulation layer of the terminated cables being tested, namely; a

semi-conductor layer feather (Figure 3.2), tram lines cut into the XLPE layer (Fig-

ure 3.3) and a ring cut in the XLPE insulation at the border of the semi-conductive

layer (Figure 3.4). These defects were chosen due to their relevance in the industry,

as being some of the most common causes for cable accessory failure. In terms of

the artificial defects’ dimensions, the following were used for each:

• Semi-conductor feather: Triangular canals with 10 mm base & perpendicular

height (core 1&2) and 5 mm base & 25 mm perpendicular height (core 3).

Figure 3.2: Semi-conductor Feather Defect
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• XLPE tram line: 1 mm deep, 0.4 mm maximum thickness (cores 1&2) and

2 mm deep, 0.6 mm maximum thickness (core 3).

Figure 3.3: XLPE Tram Line Defect

• XLPE ring cut: 1 mm deep, 0.6 mm maximum thickness (cores 1&2) and 2

mm deep, 0.8 mm maximum thickness (core 3).

Figure 3.4: XLPE Ring Cut Defect
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3.2 PD Measurement Experimental Setup and

Procedure

3.2.1 Overvoltage and PD Testing

High voltage field testing is commonly conducted at VLF due to the portability of

the test system [26, 33]. It is therefore necessary to understand PD characteristics

at VLF of common defects in cable accessories, allowing for the results of this

research to be used for comparative purposes in future field testing.

Since the key objective of this research was to characterise artificial defects

which pass high voltage installation tests and yet have significant PD activity, a

typical overvoltage (withstand) commissioning test was conducted during which

PD activity was monitored.

The testing procedure was in accordance with the IEC 60270 (VLF PD testing),

IEEE 400 (insulation testing of power cable systems) standards, SANS 1339 &

6284 and South African industry standards [5]. The test circuit is illustrated in

Figure 3.5, with photos of the setup shown in Figures 3.6 and 3.7 .

According to IEEE 400.3 (Guide for Partial Discharge Testing of Shielded

Power Cable Systems in a Field Environment), currently there is no specific stan-

dardised test protocol for online/off-line PD testing [34]. The standard does how-

ever recommend test voltages and durations, albeit only for power frequency. Typ-

ically, PD testing is restricted to 2.0 U0, where U0 is the phase-to-ground cable

operating voltage, in order to accommodate for abnormal operating conditions

which the cable may experience, such as an earth fault transient voltage of 1.7 U0

[11]. However, new cables and accessories may be tested to a maximum of 3 U0.

The test protocol used in this research work is presented in a flowchart format

as given in Figure 3.8. The test procedure involved subjecting the cable to a VLF

(0.1 Hz) sine wave at 1.7 U0 for 30 min, which is the industry standard voltage

withstand test according to Goodwin [5]. The applied voltage was then increased

to 2.0 U0 up until 3.0 U0 in steps of 0.5 U0 every ten minutes.

The IEEE 400.3 standard specifies a maximum test time of 15 min at power

frequency to protect the cable from damage, while ensuring sufficient time for

electrons to be available in cavities to initiate PD [34]. Once the PD magnitude

29



Figure 3.5: Test Setup for Cable Terminations

level exceeds that of the acceptable level of the cable (inception voltage), the data

should be recorded for a maximum of 15 s to allow for accumulation of sufficient

data. These test times are recommended for 50 Hz testing with a period of 0.02 s,

therefore these values needed to be adapted for this research. For testing at VLF

(0.1 Hz), which has a period of 10 s, and to ensure collection of sufficient test data,

a data collection time of 10 min/60 cycles of the source voltage and a complete

test time of 60 min were used. These values correspond to 1.2 s and 0.12 min at

50 Hz respectively, scaled according to the number of cycles.

During the testing, the values of relative humidity, temperature and air pres-

sure were in the following ranges; 42-52%, 21-23◦C and 98.5-101.6 kPa. The en-

vironmental conditions did not change significantly throughout the experiments,

conducted in the controlled lab environment, and thus would have negligible ef-

fect on the results between tests. Other common practices for PD testing were

followed, such as ensuring the surface of the external insulation of the test cable is

clean and dry making sure that moisture or contamination do not cause additional

PD activity [16].
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Figure 3.6: Photos of the Test Setup; Cable under test (top left) and VLF supply
& PD Detector (bottom left)
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Figure 3.7: Photos of the Test Setup; Blocking Resistor & Coupling Capacitor

Following the completion of the overvoltage (withstand) test, an inception/ex-

tinction voltage test procedure was conducted for the defects that showed PD

activity below 11 kV. The voltage was increased in steps of 0.5 kV up until 11

kV and then decreased in the same fashion, allowing for a minimum of three cy-

cles at each voltage level. Inception voltage was defined as the voltage value that

the apparent charge rose above the noise floor for three consecutive cycles. Simi-

larly, extinction voltage was defined as the lowest voltage at which the maximum

apparent charge was above the noise floor for three consecutive cycles.

The last PD test procedure was pattern acquisition to obtain PRPDPs for the

different defects. The hold function of the PD instrument was employed to capture

the charge magnitude and count at discrete phase angles over a test duration of

ten minutes. Although a longer test duration is advantageous in producing a more

clear pattern with a greater number of readings, ten minutes was decided upon in

order to limit total testing time for each defect.
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Start with test voltage
at 1.7 V0 for 30 min

Increase test voltage
to 2.0 V0

Is there PD >

cable’s acceptable
level? i.e. PDIV

Is the test voltage at
3.0 V0?

Terminate
measurments

Record PD for a 10
minute period

YES

NO

Is it within 30 min
of first voltage
application?

Increase test voltage
by 0.5 V0

Record data every
10 min for 30 min

Does the sample fail
within 30 min?

YES

NO

NO

YES

YESNO

Figure 3.8: The Experimental PD Test Procedure
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All the terminations with artificial defects passed the VLF overvoltage com-

missioning test in accordance with the IEEE 400.2 standard [35], SANS 1339 [36]

and South African Industry standards [33], whereby a voltage of 1.7 U0 & higher

was applied for 60 minutes without failure.

The VLF PD parameters as well as the discharge patterns of the terminations

at 11 kVRMS (1.7 U0), are presented in Appendix A. The maximum (Qmax) and

mean (Qav) apparent charge are average values over the 30 min test duration,

while the inception/extinction voltages were measured after the overvoltage test.

It should be noted that the tests were conducted in a screened room and the

noise floor was typically between 1 pC and 2 pC, which was deemed an acceptable

variation between experiments.

3.2.2 Comparative PD Testing at 0.1 Hz and 50 Hz Test

Voltages

In addition to the original scope of this research, the work was extended into char-

acterizing and comparing the PD activity of the termination installation defects at

0.1 and 50 Hz test voltages. The results of this additional work form an important

control to validate the experimental results of this study, with 50 Hz testing being

a common and relatively well understood type of PD test. Details of this work

may also be found in Appendix B.

In terms of experimental work methodology, the additional testing was con-

ducted on the same cable/termination samples as used in the initial overvoltage

testing. Similarly, an identical test setup (Figure 3.5) was used with the only mod-

ification being that of the voltage source for the 50 Hz testing. Two procedures

were adopted to compare and contrast the PD activity under the different test

frequencies, with a particular focus on discharge patterns. The first procedure

involved recording PD data for both test frequencies for the same number of test

voltage cycles. A test period of 10 s (500 cycles) was chosen for 50 Hz excitation to

ensure significant data was captured while ensuring that the corresponding VLF

test period of 5000 s (∼83 min) was practical. Conversely, the second test proce-

dure involved recording PD data of both test frequencies for the same number of

PD pulses (∼500 000). Both procedures were conducted using a test voltage of
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1.7 U0.

An inception/extinction voltage test procedure was also conducted for the de-

fects showing significant PD activity below 1.7 U0. The voltage was increased in

a linear fashion for 50 Hz and in steps of 0.1 kV for VLF, up until 1.7 U0, and

then decreased in the same fashion, allowing for a minimum of three cycles at

each voltage level. Inception voltage was defined as the voltage that the appar-

ent charge rose above 10 pC for three consecutive cycles, with extinction voltage

defined similarly as the voltage at which the apparent charge dropped below 10

pC.

3.3 PD Data Analysis Techniques

An important aspect of the research methodology is that of the data analysis and

verification. There are a variety of different ways of PD characterisation, which

were briefly discussed in Section 2.2. While the apparent PD charge magnitude

and the inception/extinction voltages are quantities that were directly measured

during testing, other important characteristics such as phase angle, repetition rates

and phase resolved patterns were determined through post-processing. This test

data processing was conducted using Visual Basic (VB) scripting to obtain the raw

data from the Power Diagnostix ICM CompactTM PD instrument as well as for ma-

nipulation, after which Matlab® was used for final processing and graphic output.

Furthermore, a statistical analysis of the results was conducted using VB scripting

to further classify, understand and compare the data with similar investigations,

such as those described in Section 3.1.1. The VB script files were obtained from

the PD instrument’s manufacturers (PDIX) and were modified according to the

needs of this research, thus further details of the script files and their procedures

are deemed outside the scope of this project.
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3.4 Electric Field Simulations in the Cable Ter-

minations

A number of simple finite element analysis 2D simulations were conducted using

the FEMM software package. These simulations were aimed at investigating the

inception electric field of each defect under ideal conditions, in order to compare

and contrast the results of the physical testing. The terminations and defects were

modelled as accurately as possible according to their known dimensions/proper-

ties, however, there were limitations on the results which are further discussed in

Section 4.1.

Each artificial defect was simulated as a static magnetics problem, using the

material properties as given in Table 3.1. Only the most aggravated defects (core

three) of each of the terminations were simulated, as well as healthy terminations

for comparative purposes. All the terminations were simulated at 11 kVRMS/15.6

kVP (1.7 U0) and the electric field plot results are presented here, while the in-

ception field strengths are presented in Section 4.1.6. The semi-conductor feather

and tram line defects were simulated as planar problems, due to their geometries

being unsuitable for axisymmetric simulation. Conversely, the ring cut defect was

more accurately simulated as an axisymmetric problem. Due to possible singu-

larities/abnormalities in the simulated electric field patterns occuring at material

boundaries, only electric field strengths not closer than 0.01 mm to a boundary,

were considered for the inception field strength and maximum electric field mea-

surements.

Simulations were conducted at both 0.1 and 50 Hz, with comparative results

between the frequencies being mixed. For the healthy and tram line planar models,

no change was observed in the electric field distribution or magnitude between fre-

quencies, therefore only one plot for each is presented. Conversely, for the healthy

and ring cut axisymmetric models, as well as for the semi-conductor feather pla-

nar model, a difference in electric field plots were observed for the two frequencies.

Therefore, plots at both 0.1 and 50 Hz are presented. The effect of frequency on

the electric field simulations will be further discussed in Section 4.1.5.

The limitations of these simulated results should be noted as follows:
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• All three defects were simulated as two-dimensional problems and therefore

information pertaining to the three-dimensional electric field may be lost in

the simulations.

• It is difficult to accurately estimate the geometry (dimensions) of possible

air bubbles trapped on the tip of the semi-conductor layer.

• The radius of curvatures (sharpness) of the voids are approximated according

to the known dimensions of the tram line & ring cuts.

Two different simulation configurations were investigated for healthy termina-

tions using the same assumptions and conditions used for the defect simulations.

For comparative purposes with the semi-conductor feather and tramline defects,

the healthy termination was first simulated as a planar, cross section at the border

of the semi-conductor layer, with a 1 mm depth. All the measurements (diameters)

are either taken to be ideal from the cable data sheet or have been measured from

the real test specimens (such as the heat shrinked products). The second simula-

tion for healthy terminations was modelled as an axisymmetric problem along the

z-axis (length of the termination), for comparison with the ring cut defect.

The PD inception field strength in the simulations was defined as the electric

field strength corresponding to the breakdown voltage of air for each defect gap

length. The breakdown voltages were calculated using the simplified expression

for Paschen’s law, Equation (3.1), which is taken from [14].

Vb = 6.72 ∗ sqrt(pd) + 24.36(pd) kV (3.1)

Where Vb represents the breakdown voltage, p is air pressure and d is the gap

Table 3.1: Electrical Properties of Materials used in Simulations

Material
Electrical

Conductivity [S/m]
Relative

Permeability [εr]
Air 5.50×10-15 [37] 1

XLPE 1.00×10-14 [38] 2.5 [38]
Stress Control Tube 1.00×10-7 [39] 35 [39]

Stress Control Mastic 1.00×10-8 [39] 15 [39]
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length. Equation (3.1) is valid for homogenous, uniform field gaps in air at 20◦C.

Although the coaxial field of a cable is non-uniform on a macroscopic level, the

field surrounding the defects on a microscopic level can be assumed to be uniform.

Furthermore, the temperature differential between the test conditions and the

stated temperature of Equation (3.1), are assumed to be negligible.

The values calculated from Equation (3.1) (with p=100 kPa) are thus taken as

the breakdown strength of air, whereby partial discharges are likely to occur. It

should be noted that the exact breakdown strength of air is a complex calculation,

dependent on a number of interrelated factors such as air pressure, humidity,

temperature and electrode configuration, and therefore the values used in this

project are an estimate. Furthermore, the same limitations of the electric field

plots may have an effect on the accuracy of the simulated inception voltages.

3.5 Summary

Each component of the experimental work methodology was covered in detail, be-

ginning with the cable termination sample preparation, followed by the PD mea-

surement procedure, the PD data analysis and concluded with the electric field

simulations in the cable terminations. Three types of artificial defects were pre-

pared in the cable termination samples, which included a semi-conductor feather

defect, an XLPE tram line and an XLPE ring cut. Two types of PD tests were

carried out, namely; the overvoltage PD tests and the frequency comparative PD

tests. Data analysis involved the collation and plotting of results through VB

scripting and Matlab. Electric field simulations for each defect were conducted

using the finite element software package, FEMM, for verification and comparison

of the physical test results.
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Chapter 4

RESULTS, ANALYSIS &

DISCUSSION

This chapter presents all the experimental and simulation results, followed by the

analysis, interpretation and discussion of each set of results.

4.1 Simulation Results: Electric Fields in the

Terminations

4.1.1 Healthy Terminations Electric Field Distribution

The electric field plot of the planar healthy termination model is displayed in

Figure 4.1, while electric field strength versus radial length for the model is plotted

in Figure 4.2 along the line indicated by (x) in the first figure. Furthermore, the

numerical (theoretical) electric field strength is plotted and is calculated according

to Equation 2.1. As can be seen from the figure, both lines have a very similar

decreasing gradient. However, the theoretical line is more smooth due to the

limitations of the simulations, such as the solver precision of the finite element

modelling.
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Figure 4.1: Electric Field Plot of a Planar Termination Model at 0.1/50 Hz

Figure 4.2: Electric Field Strength versus Radial Length Plot for Planar Model
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The second healthy termination model, that of the axisymmetric configuration,

is shown in Figure 4.3 with a similar electric field density plot. Typically, the di-

electric strength of polymer insulating materials is greater than 10 kV/mm [20],

however, the electric field stress should be kept well below this level to reduce age-

ing. As can be seen from the stress field enhancement around the semi-conductor

(core screen)/insulation layer interface in Figure 2.5 when compared with a similar

plot of a healthy termination model (Figure 4.3), the stress control products have

successfully mitigated the critical region of high stress. The maximum electric

field strength (at 0.1 Hz) has been reduced from 2.6 × 107 V/m to 0.45 × 107

V/m. The electric field strength has been successfully controlled through the use

of stress control mastic tape and stress control tubing. More specifically, through

the application of multi-layer conductor/insulator theory and the use of high per-

mittivity (εr >15) linear stress control layers, the termination design effectively

produces a less concentrated electric field distribution.

The simulated electric field plots of the healthy terminations (Figures 4.3 and

4.1) are as expected for the electric field distribution of a MV power cable. The

electric field between the electrodes is distributed (relatively) evenly in the XLPE

insulation, concentrating at the interface between the semi-conductive layer and

the stress control products. Although relatively high electric field strength peak

values are recorded for the healthy termination models (6 × 106 & 4.579 × 106

V/m), these values are well below the dielectric (breakdown) strength of XLPE,

which is typically > 20 × 106 V/m. Therefore, no partial discharges would be

expected.

4.1.2 Semi-conductor Feather Defect Electric Field Distri-

bution

The semi-conductor feather was simulated as a small, differential cross-section

of the cable termination near the end of the feather’s sharp point with a 1 mm

planar depth. The cross-section of the feather was simulated as a rectangle with

height equal to that of the semi-conductor thickness (0.4 mm) and a width of

1 mm. This configuration only involving the semi-conductor feather was first

simulated. After initial analysis and comparison with test results, a modified
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Figure 4.3: Electric Field Plot of an Axisymmetric Termination Model at 0.1 Hz
(above) and 50 Hz (below)
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configuration involving an air bubble was simulated, in order to explain and better

approximate the real/physical implementation test results. The small air bubble

trapped between the feather, stress control tube and the XLPE was simulated to

model the effect of such an air pocket on the resultant electric field. The air bubble

was simulated as a sector of a circle with a central angle of 90◦ and a radius of 0.25

mm. Although other air bubble configurations were simulated, such as different

dimensions and shapes, similar results were obtained.

The electric field plot of the semi-conductor feather defect is shown in Fig-

ure 4.4 for 0.1 Hz and Figure 4.5 for 50 Hz. As can be seen from the figures,

the electric field distribution in and around the semi-conductor feather/air bub-

ble differs between test frequencies, with higher magnitudes at 50 Hz. In both

cases, the electric field in the air bubble does concentrate at the interface with

the semi-conductor feather and the XLPE insulation. This result is expected as

the feather forms the return path electrode (earth) and therefore the electric field

will be highest nearest to the other electrode (XLPE interface). The electric field

strength magnitudes in the air bubble, at both frequencies, exceeds the breakdown

strength of air (2.54 × 106 V/m) for the semi-conductor feather configuration as

calculated using Equation (3.1). Therefore, partial discharges would be expected

granted that the conditions for PD activity were fulfilled, such as the availability

of initiating electrons.

4.1.3 Tram Line Defect Electric Field Distribution

The tram line defect was simulated according to the dimensions for the most

aggravated defect (core 3). The tram line was simulated for the worst case scenario,

i.e. at the edge of the semi-conductor layer. As with the semi-conductor feather,

the tram line simulation had a 1 mm planar depth. The electric field plot of the

tram line defect is shown in Figure 4.6. In comparison to the sharp concentration

of the semicon feather’s electric field, the (air) void of the XLPE tram line had a

much more evenly distributed electric field. As mentioned previously, no change

was observed in the electric field distribution or magnitude between frequencies.

With reference to the cross-sectional sketch in Figure 4.6, the radial variation

of the electric field across the healthy and defective parts of the cable are plotted in
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Figure 4.4: Electric Field Plot of the Semi-conductor Feather Defect at 0.1 Hz
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Figure 4.5: Electric Field Plot of the Semi-conductor Feather Defect at 50 Hz
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Figure 4.6: Electric Field Plot of the Tram Line Defect at 0.1/50 Hz
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Figure 4.7: Electric Field Strength versus Radial Distance from the Centre of the
Cable for the Tram Line

Figure 4.7. The electric field profiles along lines A & B of Figure 4.6, are plotted up

until the semi-conductor layer interface. Point C is illustrated in both Figure 4.6

and Figure 4.7, to show the tram line boundary. The tram line runs from point C

to the boundary of the stress control mastic at 8.1 mm. The profile along line A is

similar to that of the healthy profile (Figure 4.2), while the tram line profile of line

B has a notch at point C, before rising above line A in the tram line. The electric

field strength magnitude throughout the tram line is greater than the breakdown

strength of air for the tram line defect (2.48×106 V/m) and therefore PD activity

could be expected.

4.1.4 Ring Cut Defect Electric Field Distribution

As with the tram line defect, the ring cut defect was simulated for the most

aggravated defect (core 3). The ring cut defect was simulated as an axisymmetric

problem along the z-axis (length of the termination). The electric field plots of

the ring cut defect are shown in Figure 4.8 for 0.1 Hz and Figure 4.9 for 50 Hz.
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Figure 4.8: Electric Field Plot of the Ring Cut Defect at 0.1 Hz

The ring cut has both a distributed electric field in its void and sharp concentra-

tions at the corners bordering the semi-conductor & stress control mastic layers.

As with the semi-conductor feather, the electric field distribution in and around

the ring cut, differs between test frequencies. Although a similar electric field gra-

dient was observed in the ring cut between frequencies, magnitudes at 50 Hz were

greater than at 0.1 Hz. As with the first two defects, the electric field strength

magnitudes in the ring cuts, at both frequencies, exceed the breakdown strength

of air for the ring cut (2.48 × 106 V/m).
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Figure 4.9: Electric Field Plot of the Ring Cut Defect at 50 Hz

49



Table 4.1: Maximum Simulated Electric Field Strength for the Defects at 50 and
0.1 Hz

Artificial
Defect

Maximum Electric
Field Strength (V/m)

50 Hz 0.1 Hz
Semicon Feather 10.0×106 4.9×106

Tram Line 4.4×106 4.4×106

Ring Cut 9.3×106 5.9×106

4.1.5 Effect of Frequency on Electric Field Simulations

For the healthy and tram line planar models, no change was observed in the electric

field distribution or magnitude, between frequencies. Conversely, for the healthy

and ring cut axisymmetric models, as well as for the semi-conductor feather planar

model, a significant difference in the electric fields were observed between 0.1 Hz

and 50 Hz. Therefore, in terms of simulations, test frequency had no effect on

the models with a continuous semi-conductor layer (electrode) structure, i.e. the

healthy planar and tram line models. However, due to the fact that the healthy,

axisymmetric termination model experienced a change in electric field between

frequencies, suggests that the planar models do not fully simulate the physical

conditions of a termination. More specifically, the planar models do not simulate

the core screen cut back (discontinuous semi-conductor layer). Therefore it is

assumed that the electric field distributions of all terminations (healthy and with

defects) are affected by frequency, according to the simulations.

As can be seen from the healthy termination electric field plot in Figure 4.3,

frequency has an effect on the electric field, in terms of magnitude and distribution.

The simulation at 0.1 Hz yields a maximum electric field strength of 0.46×107 V/m

versus 1.34×107 V/m at 50 Hz. Similarly, for the semicon feather and ring cut

defects, the maximum electric field strengths in the defects were smaller for 0.1 Hz

than 50 Hz (Table 4.1).

This trend towards greater electric field strengths at 50 Hz than at 0.1 Hz

confirms work done by Walker et al. [38], on simulating electric stress distribution

in cable accessories at different test frequencies. The electrical stress of some

of the cable accessory layers (XLPE, insulation) were higher (relatively) at the
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supply voltage for 50 Hz when compared to 0.1 Hz sinusoidal. Furthermore, the

electrical stress distribution in cable joints was found to be influenced by the test

voltage frequency, according to simulations done in [38]. It was found that phase

shifts of the electric stresses of the joint layers occur relative to the supply, for

sinusoidal test frequencies of less than 10 Hz, while above this value no phase

shifts occur. This phenomenon is the result of cable accessories being made up of

multiple layers, each having a varying response to different frequencies in terms

of electrical stressing, according to the permittivities and volume resistivities of

the materials. Typically, at higher frequency voltages (such as 50 Hz), the voltage

and electrical stress distribution is a function of the permittivity of the materials,

whereas at lower frequencies closer to DC, the voltage and stress distribution is a

function of the volume resistivity of the materials [38]. Therefore, as frequency is

decreased to 0.1 Hz, charge distribution is dependent on both the permittivity and

conductivity of the materials, and interfacial/space charge polarization may have

a larger effect at VLF than at 50 Hz. Physical testing supporting this phenomenon

may be found in [40], whereby low frequency electric fields stressed the resistance

of a cable’s insulation, while the effect of the cable’s capacitance dominated at

higher frequencies. The cable’s tanδ readings, which are a measure of resistive

power loss, were an order of magnitude higher at VLF than at 50 Hz [40]. The

direct result of these phase shifts in electrical stress due to supply frequency, may

be an accompanying phase shift in PD activity between patterns recorded at 50

Hz and 0.1 Hz.

4.1.6 Simulated PD Inception Electric Field Strength

The VLF and 50 Hz simulated and measured inception voltages of the most aggra-

vated defects (core three) of each of the terminations are presented in Table 4.2.
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Table 4.2: Simulated versus Measured Inception Voltages of the Artificial Defects
at 50 and 0.1 Hz

Defect

PDIV (kVRMS)

50 Hz 0.1 Hz

Measured Simulated Measured Simulated

Semicon Feather 8.8 2.8 8.5 5.8

Tram Line 8.2 6.4 7.1 6.4

Ring Cut 9.1 3.0 3.9 4.7

In a similar fashion to the electric field plots, the simulated inception voltages

of the artificial defects agreed well with the measured test results, according to

Table 4.2. Although the same limitations of the electric field plots may have

an effect on the accuracy of the simulated inception voltages. In comparing the

measured and simulated PDIV values, it may be seen that the 0.1 Hz results

show greater agreement. Simulated inception voltages decreased with increasing

frequency (except for the tram line), as a result of the simulated inception voltages

largely being a inverse function of electric field strength. Conversely, measured

PDIVs increased for increasing frequency, and thus were higher for 50 Hz than at

0.1 Hz. Therefore, inception voltage is dependent on factors over and above the

electric field strength necessary for PD inception. This concept will be further

explored in Section 4.2.3.

The difference between simulation and experimental results may be decreased

by improving the simulation modelling. Much effort was made to ensure the accu-

racy of the physical experimental results such as following the relevant standards

for PD testing and adhering to good scientific principles, such as reproducibility.

Therefore, improvement in the agreement between simulation and experimental re-

sults, would largely involve increasing the accuracy of the simulations. A number

of improvements could involve:

• Improving the geometrical modelling of the cable terminations, in particular,

moving from 2D planar models to full 3D models.

• Dynamic electric field modelling rather than static modelling. This would
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better represent the electric field stressing of AC frequency voltages.

• Different solver algorithms and increased solver precision of the modelling

package could be used.

• Important partial discharge characteristics/parameters such as statistical

time delay could be incorporated into the model.

4.2 Experimental Results: Frequency Compara-

tive PD Test Results

The frequency comparative PD test results for the different artificial defects, under

both 0.1 Hz and 50 Hz excitation, are given in Table 4.3. The results presented

include average (taken over each test duration) and maximum apparent discharge

magnitudes, PDIV, PDEV and repetition rates for the same number of pulses test

protocol. Similar values, typically within a variation of 10%, were recorded for

same number of cycles tests. The cables were subjected to minimal stress for the

shortest possible time to avoid the effects of ageing. However, the 0.1 Hz (cycles)

testing of the 25 mm semi-conductor feather (core 3) was not completed before

the effects of ageing were seen in the form of complete PD extinction at 11 kV. It

is postulated that the sharp point of the semi-conductive feather responsible for

the PD activity may have burnt out.

4.2.1 PD Magnitude as a Function of Defect Type & Test

Voltage Frequency

Semi-conductor Feather Defect

The semi-conductor feather defects on cores 1 & 2 of test specimen 1, gave average

(Qav) and maximum (Qmax) apparent discharge values only slightly above the

average noise floor. As expected, the more severe defect on the third core gave

significantly bigger PDs, well above the noise floor. This is the result of the PD

levels of the semi-conductor feather defects being largely dependent on the length

and sharpness of the feather. The length of the feather has an influence due to the

53



Table 4.3: PD Characteristics of the Terminations tested at 50 and 0.1 Hz

Measured
Quantities Semicon Feather Tram Line Ring Cut

10 mm 25 mm 1 mm 2 mm 1 mm 2 mm
0.1 Hz

Qmax (pC) 11 171 21 346 747 1223
Qav (pC) 5 69 8 139 300 491

Repetition rate
(pulses/s)

971 924 978 894 817 910

50 Hz
Qmax (pC) 5 397 17.8 722 2042 2972
Qav (pC) 2 160 7 290 1071 1648

Repetition rate
(pulses/s)

9758 4838 9527 3785 8435 3490

stress control mastic tape being applied over the XLPE layer typically for 10 mm

for this cable type and rating. Therefore, any feathers with a length of 10 mm or

less may be masked by the mastic tape. The sharpness of the feather also has an

impact on the PD activity of the defect, as it results in a more intensified electric

field at that point compared to the rest of the semi-conductive layer.

Tram Line Defect

The 1 mm deep tram line defects of test specimen 2 (cores 1 & 2) generated

relatively small PD in comparison to the deeper 2 mm tram line of core 3. At 1.7

U0, all the tram line defects generated PD magnitudes greater than the acceptable

level of 5 pC, in accordance with the IEC 60502-2 standard. The relatively small

PD values from the 1 mm tram lines may be the consequence of the mastic tape

filling up part of the tram line, as well as due to the heat shrink products (stress

control tubing and anti-tracking heat shrink) contracting the XLPE insulation

upon heating. Therefore, the significantly bigger PD magnitudes of the 2 mm

tram line would be the result of the covering layers being unable to fill up the

deeper and wider void.
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Ring Cut Defect

All of the ring cut defects generated significant PD magnitude values, with the 1

mm deep cuts of test specimen 3 (cores 1 & 2) having similar magnitude values,

thereby showing good reproducibility. The ring cut defects showed a much higher

PD magnitude than the tram line & feather defects and the possible reasons for

this are as follows:

• The ring cut voids had a much larger cross-sectional area between the elec-

trodes, as can be seen in Figure 4.17.

• The entire ring cut voids are in close vicinity to the semi-conductor layer,

while in the case of the tram lines, only a short length of the void is near the

semi-conductor layer (region of high electric field strength).

• The covering heat shrink products would have little to no effect in contracting

the ring cut voids.

Test Voltage Frequency dependency of PD Magnitudes

According to Table 4.3, the average and maximum PD magnitudes showed a trend

of significantly larger discharge magnitudes at 50 Hz than at 0.1 Hz, for magnitudes

greater than ∼20 pC. This trend holds for all the defects generating significant

discharges, including the third cores for both the semi-conductor feather and tram

line defects, as well for all three cores of the ring cut defect. The factor between the

corresponding PD magnitudes (>20 pC) at 50 Hz and 0.1 Hz is typically between

2-3. This trend confirms the work by Voigt & Mohaupt [41] and Irani et al. [40],

where comparable differences between the PD magnitudes measured at 50 and 0.1

Hz, were found. Furthermore, research into the breakdown voltage of cables with

contaminants [42], has found that the VLF (0.1 Hz) test voltage needed to be

between 2-3 times that of the 50 Hz voltage in order to achieve breakdown within

a comparable time.

The partial discharge magnitude distribution histograms in Figure 4.10 confirm

the second trend, namely that at power frequency, PD magnitudes are generally

bigger in terms of average and maximum PD magnitude, than at VLF. The PD

magnitude distribution histograms are for the same number of pulses recorded

55



for power frequency and VLF excitation voltages. Similar plots are obtained for

the same number of cycles measurements. As can be seen from Figure 4.10, for

the higher discharge magnitudes (>20 pC), the number of discharges at 50 Hz is

far greater than at 0.1 Hz, thereby resulting in greater average PD magnitude.

Furthermore, the tail of the histograms which effectively represent the maximum

PD magnitudes, extend further for 50 Hz than for 0.1 Hz.

This observed behaviour of partial discharge magnitude as a function of the

excitation voltage frequency can be explained in terms of the influence of the

following parameters on the discharge process:

i seed electron statistical availability time lag,

ii gap overvoltage (overstress),

iii rate of increase of the electric field.

Two well known conditions necessary for the initiation of a discharge avalanche

in a gas medium (partial discharge) are; an electric field equal or greater than a

critical threshold value (Einc) and the availability of a seed electron. Furthermore,

the seed electron should be in a favourable position to initiate self-sustaining ion-

ization avalanches. The background electric field (E0) in a discharge gap will

increase as the voltage across the electrodes increases, until it reaches Einc. If

a seed electron is available, a partial discharge should occur. However, if a seed

electron does not become available, the background electric field will continue to

increase beyond Einc at a rate proportional to the supply voltage frequency. If

and when the seed electron becomes available, E0 will have exceeded Einc by ∆

E0 (gap overstress). The resultant ionisation avalanches will thus occur under the

influence of a higher electric field (Etotal = Einc+∆ E0) than Einc. The bigger the

gap overstress E0, the bigger the resultant PD magnitude. This concept of gap

overstress phenomenon resulting from the delayed availability of a seed electron is

illustrated in Figure 4.11.

In void discharges such as the tram line and ring cut defects, the majority

of seed electrons are availed through surface emission mechanisms [43]. The rate

of rise of the background electric field is proportional to the supply voltage fre-

quency. As a result, there is a higher probability that a discharge occurs at higher
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Figure 4.10: Partial Discharge Magnitude Distribution Histograms; (a) Semicon
Feather, (b) Tram Line and (c) Ring Cut
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Figure 4.11: Gap Overstress Phenomenon due to Delayed Availability of Seed
Electron to Initiate PD

gap overstress (∆ E0) for power frequency than at VLF, as is the case in this

work. Other researchers such as Bodega et al. [44], Forssen et al. [45], Miller et al.

[46] and Wester et al. [47] have reported similar results. These findings suggest

that the acceptable partial discharge limits outlined in various standards/guide-

lines need to be evaluated and stated for corresponding frequency ranges of the

excitation voltage, rather than having a single limit for all frequencies, as is the

case traditionally.

4.2.2 PD Magnitude as a Function of Supply Voltage Mag-

nitude

The apparent charge versus test voltage graph of Figure 4.12 shows a steady

increase in charge magnitude for increasing test voltage for the semi-conductor

feather defect, with no such increase for the other two types of defects. The same

trend was observed for the maximum apparent charge and the number of PDs per

cycle. Similar results to those of the semi-conductor feather defect were found by

Illias et al. [48], specifically for surface discharges. However, for the void-type

discharges generated by the tram line and ring cut defects, there was constant

apparent charge (average & maximum) for increasing test voltage. This result is
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characteristic of void discharges, whereby a step increase of charge versus voltage

is expected at inception voltage, after which charge magnitudes plateau [49]. It

is suggested that the observed manner in which PD magnitudes respond to an

increase in test voltage is a distinguishing criterion for different defects.

Figure 4.12: Average Apparent Charge versus Test Voltage for Different Defect
Types

4.2.3 PD Inception/Extinction Voltage as a Function of

Defect Type & Test Voltage Frequency

Defect Type

The inception and extinction voltages (Tables 4.2 and 4.4) did not provide any

unique or distinct trends across the different defects. However, for the same defect

type but of different severity, it was found that there is a relationship between

the PD magnitudes and the inception/extinction voltage. A defect generating

relatively big PD magnitudes, had a corresponding relatively low inception and

extinction voltage. Therefore, the conclusion that may be drawn from these results,

is that the value of the inception/extinction voltage gives an indication of the

resulting PD magnitudes and thus the severity of the defect.
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Table 4.4: Measured PD Inception/Extinction Voltages of the Terminations tested
at 50 and 0.1 Hz

Measured
Quantities Semicon Feather Tram Line Ring Cut

10 mm 25 mm 1 mm 2 mm 1 mm 2 mm
0.1 Hz

PDIV (kVrms) - 8.5 9.2 7.1 4.0 3.9
PDEV (kVrms) - 8.5 8.8 7.0 3.9 3.8

50 Hz
PDIV (kVRMS) - 8.8 11.0 8.2 6.7 9.2
PDEV (kVRMS) - 8.7 11.0 8.0 6.4 8.9

Test Voltage Frequency

The literature regarding PD inception/extinction voltages at 50 and 0.1 Hz for

cable testing, is typically inconclusive about any overriding trends, with no signif-

icant difference of PDIV/PDEV noted between the frequencies [40, 41, 50].

In the present work, it was found that the inception/extinction results for the

semi-conductor defect (core 3) showed a good correlation between 50 and 0.1 Hz.

Conversely, the tram line and ring cut defects showed a substantial difference be-

tween the test frequencies. In particular, the 0.1 Hz inception/extinction voltages

were about half of the corresponding 50 Hz values, for the ring cut defects. It

is postulated that the delayed availability of a seed electron, as outlined in Sec-

tion 4.2.1, may also result in bigger PDIV at power frequency than at VLF. The

delayed availability of a seed electron, also known as statistical time lag or incep-

tion time delay (∆tinc), may be one of the major contributing factors to the sig-

nificant variation in inception/extinction voltages between test frequencies. This

phenomenon has been studied by Gross et al. [51], where it was found that despite

an internal electric field greater than that of the inception field, no seed electron

may be available to trigger the partial discharge electron avalanche. The PD event

will only occur when a free electron that is being accelerated in the electric field

strongly enough, is available [51]. Therefore, it follows that PD inception will only

occur when the voltage & electric field strength across the cavity are greater than
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Figure 4.13: The Influence of Statistical Time Lag on Partial Discharge Inception
for Varying Voltage Test Frequencies

the corresponding inception values, for a time longer than the statistical time lag

(∆tinc).

Assuming a typical statistical time lag in the range of tens of milliseconds for

XLPE, which is a reasonable assumption according to Forssen et al. [52] and Gross

et al. [51], it follows that PD inception is more likely to occur at a lower voltage

for 0.1 Hz than at 50 Hz. At 50 Hz, the voltage across the discharge area can

reach and exceed the intrinsic PD inception voltage (Vinc) before a seed electron

is available to initiate discharge. The actual discharge thus occurs at a point,

where the voltage across the discharge gap exceeds Vinc by ∆V (gap overvoltage).

The intensity of the discharge channel ionic avalanche processes and therefore the

corresponding PD magnitude is directly proportional to the gap overvoltage, as

discussed in Section 4.2.1. At VLF the rate of the rise of voltage is 500 times

slower than at 50 Hz, therefore, ∆V2 and the effective PDIV (Vinc+∆V2) is much

smaller than ∆V1 and the corresponding PDIV (Vinc+∆V1) for the 50 Hz case.

This concept is shown in Figure 4.13, with the voltage-time graph displaying the

effect that statistical time lag may have on the inception of different voltage test

frequencies.
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This concept of a delayed seed electron resulting in a gap overvoltage and larger

inception voltage for power frequency compared to VLF, is further reflected in the

inception field strength simulation results (Section 4.1.6). For VLF, there was a

relatively good agreement between the measured and simulated results, indicating

that PD inception at 0.1 Hz is largely dependent on the intrinsic voltage & electric

field strength inception values. This would be expected, as the lengthy period of 10

s (� ∆tinc) results in the statistical time delay having minimal effect on inception.

Conversely, at power frequency, the much shorter period of 20 ms means that the

statistical time lag will result in inception delay and an overvoltage. The nature of

the inception field strength simulations do not account for this delay/overvoltage

and therefore there is a much larger disparity between the measured and simulated

results.

Other factors which may influence PD inception/extinction voltages, includes

the presence of electronegative gases in the void, which can have an effect on the

statistical time-lag of the first PD according to Kim et al. [53]. In [53], it was

found that a decrease in oxygen and the resulting production of electronegative

molecules (CO2 and H2O) may influence the inception time/time lag of PD activity,

due to the capture/attachment of free electrons by oxygen and electronegative

molecules. Therefore, future work expanding upon the work done in [53], needs

to be conducted into the effect of test frequency on the inception time/time lag of

PD due to molecular changes.

4.2.4 PD Phase Resolved Pattern Variations as a Function

of Defect Type and Frequency

The theory used in interpreting the phase resolved patterns obtained in this work,

is presented first. The obtained phase resolved PD patterns of each defect are then

presented and discussed in their respective sections.

The observed PDPRP features of the different artificial defects can be explained

using the space charge dynamics in the discharge area according to Neimeyer’s

model for partial discharges [43], [54]. The three electric fields interacting in the

discharge give a resultant electric field, that when big enough initiates a discharge,

as illustrated in Figure 4.14.
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Figure 4.14: Space Charge Dynamics in a Partial Discharge Event

The effect of the excitation voltage frequency, the interaction of the various electric

fields in the discharge gap and the resultant shaping effect on the PRPDP is illus-

trated schematically in Figure 4.14, with corresponding explanations in Table 4.5.
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Table 4.5: The Interaction of Various Electric Fields in the Discharge Area as a Function of the Phase Position and the Resultant Effect on PDs

(A): Zero crossing PDs
on transition from the
negative to positive half
cycle

(B): Early positive half
cycle PDs

(C): Late positive half
cycle PD

(D): Zero crossing PDs
on transition from the
positive to negative half
cycle

• Etotal=Eres(N)

• If Etotal ≥ Einc and a
seed electron is available,
PD will occur.

• PD can occur at the
zero crossing, in the
absence of the
background electric field,
due to the residual
charge electric field.

• Etotal=Eres(N)+E0-
Eres(P )

• If Etotal ≥ Einc and a
seed electron is available,
PD will occur.

• The additive
superposition of Eres(N)

and E0 intensifies the
resultant stress in the
discharge area.

• If the statistical time
delay (∆tinc) of the seed
electron does not
change, the resultant
PDs are relatively bigger
than in the previous
events, thereby forming
the ’rabbit ear’ part of
the “rabbit ear” profile
resultant PRPDP.

• Etotal=E0-Eres(P )

• The space charges from
the negative half cycle
have completely
depleted.

• If Etotal ≥ Einc and a
seed electron is available,
PD will occur.

• The absence of Eres(N)

and the reduced rate of
increase of E0 diminishes
the resultant stress in the
discharge area relative to
previous events.

• If the statistical time
delay (∆tinc) of the seed
electron does not
change, the resultant
PDs are relatively
smaller than in the
previous events, thereby
forming the ’body’ part
of the “rabbit ear”
profile resultant PRPDP.

• Etotal=Eres(P )

• If Etotal ≥ Einc and a
seed electron is available,
PD will occur.

• The sequence of PD
events repeat but with
the corresponding
electric fields polarity
being opposite to those
in the positive half cycle.
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The sequence of events A,B,C and D in Figure 4.14 and the corresponding

descriptions in Table 4.5 use symbols defined as follows:

• Eres(P ) and Eres(N) are the space charge deposited on the insulation surface of

the discharge area by previous discharge events in the positive and negative

half cycles respectively.

• E0 is the background electric field in the discharge area due to the voltage

across the test object.

• Etotal is the vector sum of all the electric fields present in the discharge area,

thereby forming the resultant electric field.

If the resultant electric field (Etotal) becomes equal or bigger than the PD inception

stress, Einc, a discharge will occur provided a seed electron is available to initiate

the electron avalanches. Eres(P ) and Eres(N) may be termed the crossover residual

electric field, responsible for stress enhancement in the discharge area giving rise

to the “rabbit ear” shape of certain PRPDPs and PDs about the zero-crossings.

The crossover residual electric field is a function of how much residual charge is

retained on the insulation surface of the discharge area, which in turn is a function

of the defect geometry and the discharge surface conductivity. The extent of the

“rabbit ear” profile is thus dependent on the defect geometry and the ageing effects

of the PD on the discharge area [53].

The PRPDPs for core number three of the tram line and ring cut defects are

displayed in Figure 4.16 and Figure 4.18 for the cycles test, with these patterns

being more pronounced than those of the pulses test. The PRPDP for the pulses

test of core three of the semi-conductor feather defect is presented in Figure 4.15,

for comparative purposes. It is observed that each type of defect has a distinct

PDPRP. For each defect, the discharge patterns show a good visual correlation

between the patterns at power frequency and at VLF, notwithstanding differences

in PD magnitude ranges and population ranges of the PD.

Semi-conductor Feather Defect

The PRPDP of the third core of the semi-conductor feather (Figure 4.15) has a

resemblance to that of a corona discharge, with the maximum discharges occurring
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Figure 4.15: Semi-conductor Feather PD Patterns at 50 Hz and 0.1 Hz for the
Pulses Test

near the peaks and troughs of the supply voltage (90◦ & 270◦), particularly for

the 0.1 Hz pattern. The occupied phase positions are the widest between 0-150◦

and 180-330◦. The pattern may be differentiated from that of corona in air by the

absence of Trichel pulses, which are characteristic of corona.

The semicon feather has a geometry which is less favourable to the trapping of

residual charge compared to the tram line and ring cut defects, both of which are

essentially cavity defects. Therefore, resulting PD pulses, unlike corona [18], are

significantly displaced from the zero crossings and moreover do not have “rabbit

ear-like” features.

The PD of the semi-conductor feather defect is essentially surface discharges

along the insulation surface adjacent to the semi-conductive tip. The PD pattern is

consistent with patterns found by Illias et al. [48], for a surface discharge between

a pin electrode at HV separated from an earth electrode by XLPE, as well as by

Jiang et al. [7], for metal/semi-conductive particles left on the XLPE of a HV

cable joint.

The partial discharges of the semi-conductor defect occur when the electric field

at the surface of the electrode (feather point) exceeds the breakdown strength of

the air trapped between the stress control tube/mastic tape and the sharp point.

The result of this, is the ionisation of the air near the sharp point [48]. The

tangential electric field on the insulation surface reaches a high enough level to
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Figure 4.16: Tram Line PD Patterns at 50 Hz and 0.1 Hz for the Cycles Test

initiate PDs along the material’s surface. If the applied voltage is increased, the

number of electron ionisations increases and the electron avalanches can extend

further along the material surface [48], therefore giving bigger PD as presented

earlier in Figure 4.12.

Tram Line Defect

The PRPDP of the 2 mm tram line (Figure 4.16) displays PD activity on the

rising edges of the source voltage waveform, with bigger magnitudes occurring just

before the test voltage peaks and troughs. The phase positions of the tram line

PDs are largely between 0 and 70◦ for the positive half cycle, and between 180

and 270◦ for the negative half cycle. Unlike the semi-conductor feather, the tram

line is a cavity defect and consequently is more favourable to retaining crossover

residual charge. As a result, the tram line PRPDP is displaced towards the zero

crossings of the test voltage, forming a “rabbit ear” profile.

The tram line discharge pattern is indicative of a narrow cavity according to

Gulski et al. [18], with a wide distribution of PD about the discharge peaks, which

occur just before 90◦ and 270◦. A narrow cavity is defined as a void in which the

dimension of the cavity perpendicular to the electrodes (height) is much larger

than that of the dimension parallel to the electrodes (width). This is illustrated

in a cross-sectional view of the tram line in Figure 4.17.
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Figure 4.17: Cross-section of the Tram Line

Figure 4.18: Ring Cut PD Patterns at 50 Hz and 0.1 Hz for the Pulses Test

Ring Cut Defect

The ring cut defects are more favourable to retaining crossover residual charge than

the tram line and semicon feather defects, for similar reasons to those outlined in

Section 4.2.1. As a result, the PRPDP of the 2 mm ring cut (Figure 4.18) gives a

more enhanced “rabbit ear” feature than the other two defects, with an increased

tapering off of PD magnitude from the peak discharge. The ring cut pattern has a

wider distribution than the tram line, with PD pulses occupying the phase regions

0 to 120◦ and 180 to 300◦, in the positive and negative half cycles respectively.

The ring cut discharge pattern is characteristic of a flat cavity, as investigated

by Gulski et al. [18]. A flat cavity is the opposite of a narrow cavity with its
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Figure 4.19: Cross-section of the Ring Cut

width being much larger than its height. In the case of a ring cut, the width of the

void is much greater than the depth/height of the cut, as shown in Figure 4.19.

The resulting discharge pattern is one that has sudden peaks on the rising edges

of the test voltage near the zero-crossings. After these discharge peaks, the PD

pattern tapers off to a minimum following the voltage source peaks/troughs. The

first (large) partial discharge event is a streamer-like discharge, which is related

to a higher overvoltage due to electronegative gases according to Kim et al. [53],

after which the discharge magnitudes decrease as the gases are consumed.

Test Voltage Frequency Effect on PD Phase Resolved Patterns

In terms of discharge patterns, there was a good correlation between the PRPDPs

recorded at 50 Hz and 0.1 Hz, for all three defects, for both the cycles and pulses

tests. For the same number of cycles test, typically 3 to 5 million pulses were

recorded at 0.1 Hz, whereas 30-100 thousand pulses were recorded at 50 Hz. De-

spite a much larger number of recorded pulses for the 0.1 Hz cycles test when

compared to the 50 Hz test, the patterns appear similar in terms of the higher

magnitude discharges (Figures 4.16 and 4.18). This result implies that at 0.1 Hz,

the percentage of higher magnitude discharges was much less than at 50 Hz and

thus more discharges of lower magnitudes were measured at 0.1 Hz. This trend

is even more evident in the tests involving the same number of recorded pulses,

which saw a typical test time of about 60 s at 50 Hz and 600 s at 0.1 Hz. Despite

the same number of recorded pulses, the PRPDPs at 50 Hz appear more popu-
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lated for higher magnitude pulses than at 0.1 Hz, as can be seen in Figure 4.15.

This trend of more recorded (smaller magnitude) pulses at lower test frequencies

as discussed in Section 4.2.1, has also been reported by Pepper [55], for a needle

defect in XLPE cables.

4.2.5 Positive & Negative half-cycle PRPDP

For all three defects, the number and magnitude of the discharges occurring in

the negative applied voltage cycle were slightly higher than in the positive cycle

(on average). This trend is difficult to observe on the cumulative PRPDPs, but is

more prevalent on the instantaneous discharge-time graphs, such as in Figure 4.20.

This result may be attributed to the defects being located in closer vicinity to the

semi-conductive layer at earth potential (negative electrode). At the moment of

discharge, the nature of the material functioning as the cathode (electron supplier)

influences the relative magnitude of the resultant PD. An insulating surface is a

better supplier of electrons. Therefore if a defect is bounded by insulation on one

side and a conducting material on the other, in the half cycle where the insulation

acts as the cathode and the conducting surface is the anode, larger PDs occur [56].

Figure 4.20: Average Apparent Charge versus Phase Graph of a Ring Cut at 11
kV
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4.3 Summary of the Experimental Findings

The partial discharge activity of three different types of defects in MV power

cable terminations was characterised, using VLF and power frequency testing.

The defects investigated were semi-conductor feathers, tram lines cut into the

XLPE insulation and ring cut in the XLPE. The cable termination defects were

subjected to a typical overvoltage commissioning test, during and after which the

PD performance of the terminations was measured at 0.1 and 50 Hz test voltages.

These results were then compared and verified against the results of similar studies.

The important findings which can be drawn from this work are as follows:

• All the defects passed the industry pressure (overvoltage) test, despite most

of the terminations recording significant PD magnitudes.

• The PD magnitude values measured at power frequency were up to 3 times

greater than the corresponding values at VLF. This disparity is the direct

result of the (seed electron) statistical time lag and the rate of increase of

the electric field resulting in a larger gap overvoltage at 50 Hz than at 0.1

Hz.

• The PD magnitudes of the semi-conductor feather defect surface discharges

increased with voltage, while no such trend was evident for the void dis-

charges (tram line/ring cut defects).

• The 50 Hz inception/extinction voltages of the defects were approximately

double those of the corresponding 0.1 Hz voltages, for the ring cut defect. The

tram line defects also had lower inception/extinction voltages at 0.1 Hz, while

the semi-conductor feather defect had similar values for both test frequencies.

As with the PD magnitudes, the differences in inception/extinction voltages

between test frequencies, is the consequence of gap overvoltage/stress.

• Each typical defect gave distinct phase-resolved-patterns that are essentially

invariant whether the test voltage is at 0.1 or 50 Hz.

• The discharge pattern of semi-conductor feather defect resembled that of a

corona-like, surface defect, which was the result of an intensified electric field

at the sharp point of the feather.
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• The PRPDP and geometry of the tram line cut into the XLPE insulation is

consistent with that of a narrow cavity.

• The distinct “rabbit ear” profile discharge pattern of the XLPE ring cut

showed resemblance to that of a flat cavity. This pattern is the result of

molecular changes and electronegative gases in the void and the influence of

residual charge.
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Chapter 5

CONCLUSION &

RECOMMENDATIONS FOR

FUTURE WORK

This research aimed to investigate answers to the following research questions:

• Are there any specific characteristics in the partial discharge measurements

that uniquely distinguish different defects in MV cable terminations tested

at VLF HV?

• How do the characteristics in MV XLPE cable termination defects compare

and contrast at VLF & power frequency excitation voltages?

The results of this research work show that it is possible to use VLF PD

testing as a suitable means to distinctly characterise common defects in MV cable

terminations. The answers to the research questions and the key conclusions of

this research work are as follows:

• A heat shrink MV cable termination may pass typical high potential commis-

sioning tests and yet manifest significant PD activity, due to an underlying

defect.

• The PD magnitudes of the defects were typically bigger at power frequency

than at VLF, while the PD inception voltages were consistently lower at

VLF.
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• The PD magnitudes of the void defects, namely the tram line and ring cut

defects, were found to be relatively constant with increasing applied voltage,

while the surface discharges of the semi-conductor feather defect were found

to increase in magnitude.

• The phase-resolved-patterns of the defects were each shown to be different,

with the tram line and ring cut having distinct ”rabbit ear” profiles and the

semi-conductor feather exhibiting a corona-like, surface discharge pattern.

• The unique relationship between cable defects and their corresponding par-

tial discharge characteristics suggests possibilities of automatic defect recog-

nition using PD classification techniques.

More work may be necessary to investigate the influence of environmental con-

ditions and ageing on partial discharge characteristics. Therefore two important

extensions of this work could involve investigating the influence of temperature

variations and extended periods of stressing on the PD performance of artificial

cable defects. In terms of an investigation into ageing, the work could either take

the form of investigating the breakdown performance of the terminations or partial

discharge monitoring over time. An interesting combination of these two options

could involve stressing the cable at higher frequencies (>400 Hz) in order to repli-

cate the effects of ageing until breakdown occurs, while taking PD measurements

at set time intervals. Furthermore, different PD test frequencies could be used such

as 0.1 and 50 Hz, in order to further expand upon the comparative work done in

this research. The results of this future work could provide valuable information

for online condition monitoring, such as the long term effects of PD on different

defects and the suitability of PD test frequencies for predicting breakdowns.
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Abstract: The partial discharge patterns of three typical defects in MV cable terminations
were characterised. The defects included a semi-conductor feather, a tram line in the cross-
linked polyethylene insulation and a ring cut in the cross-linked polyethylene. Terminations were
prepared with these artificial defects and subjected to a standard overvoltage test, during which
partial discharge activity was monitored. All the defects passed the voltage test, despite some
showing significant discharges. The semi-conductor feather defect exhibited partial discharge
behaviour resembling a corona-like discharge. The tram line defect had a discharge pattern
consistent with that of a narrow cavity, and the ring cut showed a flat cavity partial discharge
pattern. Partial discharge magnitudes of the semi-conductor feather were found to increase with
increasing applied voltage, consistent with surface discharge behaviour. In contrast, the tram
line and ring cut defects showed constant discharge magnitudes with increasing voltage, thereby
verifying the two defects as void discharges. The results showed that common installation defects
in MV cable terminations can be characterised using partial discharge measurements.

1 INTRODUCTION

The mining industry in South Africa is one of the
biggest in the world, accounting for a large percentage
of the gross domestic product (GDP) annually. As a re-
sult, there is a large demand for medium voltage (MV)
equipment such as motors, transformers, circuit break-
ers and cables. A consequence of this, is the demand for
a reliable power network supported by its cable system.
Cross-linked polyethylene (XLPE) cables are typically
employed in South African mining operations due to
their superior electrical and thermal characteristics [1].
A number of independent cable failure analysis studies
have shown that a high percentage of cable failures re-
sult from accessory faults [2, 3]. According to the State
Grid Electric Power Research Institute in China, as high
as 70% of cable failures resulted from cable accessory
faults [2]. In a cable accessory fault analysis conducted
by the National Electric Energy Testing Research and
Applications Center (NEETRAC) of the USA, it was
found that cable accessories account for nearly half of
the cable failures of the utilities involved in the study
[3]. The accessories, which included joints, termina-
tions and junctions, have shown a steady increase in
the percentage of total cable failures since the 1970s
[3]. The leading cause of these cable accessory faults
was poor workmanship with 49% of the total failures,
while manufacturing problems and dielectric breakdown
only accounted for 24% combined [3].
Power cables along with their accessories should be
tested in the field after installation prior to operation
as part of an acceptance test, to ensure the cables are
free of defects [4]. However, due to factors such as out-
sourcing, many cable accessories are installed on site
by subcontractors rather than by the cable/accessory

manufacturers [5]. As a result, poor workmanship due
to a lack of installation knowledge and quality aware-
ness, may lead to partial discharges (PD) and dielectric
stressing. Therefore, suitable testing procedures are de-
veloped to discover evidence justifying the removal of
joints/terminations in anticipation of an imminent fail-
ure.
While joints and terminations are both important ca-
ble accessories, terminations are used more frequently
as they are required for all connections to equipment,
whereas joints are only used for very long cable sec-
tions or damaged cables. Therefore, this paper focuses
on XLPE MV terminations. Common defects on MV
XLPE cable terminations in a South African context
include:

• Semi-conductor layer not removed properly leaving
a feather, or removed with a rasp.

• Stress relief tube damaged or cut.
• Mastic tape incorrectly applied or not applied at

all.
• XLPE layer cut into, either as a ring cut or tram-

line, when removing the semi-conductor layer.

This study is aimed at improving the quality control of
MV cable terminations, with particular focus on South
African mining operations.
PD diagnosis is now a widely accepted method of char-
acterising the condition of electrical insulation. In the
literature on PD diagnosis of MV cable accessories, PD
magnitudes are in similar ranges across various stud-
ies, and resemblance may be drawn between different
discharge patterns. It is difficult, however, due to the
many factors involved, such as the test voltage and
the type of defect, to directly compare and find cor-
relation between results in the literature. Therefore,
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continued research into the effect of these different fac-
tors may provide useful diagnostic information. While
damped oscillating test voltages were used in [6] and
[7], power frequency (50/60 Hz) has been the most
commonly used test frequency investigated in the liter-
ature [2, 5, 8]. However, as highlighted in [5], lower test
voltage frequencies such as very low frequency (VLF)
(at 0.1 Hz) are more commonly being used for field
testing due to test system size and costs. In [5], PD di-
agnostic results at 0.1 Hz and power frequency showed
good comparability for cable accessory testing.
This paper presents test results of an experimental in-
vestigation into PD characteristics of typical installation
defects in MV cable terminations at VLF (0.1Hz) test
voltage.

2 EXPERIMENTAL WORK METHODOLOGY

2.1 Experimental Setup and Procedure

Since the key objective of this research was to char-
acterise artificial defects which pass high voltage in-
stallation tests and yet have significant PD activity, a
typical overvoltage (withstand) commissioning test was
conducted during which PD activity was monitored.
The testing procedure followed the IEC 60270 (VLF PD
testing) and IEEE 400 (insulation testing of power cable
systems) standards as much as possible. The test cir-
cuit is illustrated in Figure 1. According to IEEE 400.3,
currently there is no specific standardised test protocol
for online/off-line PD testing [9]. The standard does
however recommend test voltages and durations, al-
beit only for power frequency. Typically, PD testing is
restricted to 2.0 U0, where U0 is the cable operating
voltage, in order to accommodate for abnormal operat-
ing conditions which the cable may experience, such as
an earth fault transient voltage of 1.7 U0 [4]. However,
new cables and accessories may be tested to a maxi-
mum of 3 U0. Therefore, the test procedure involved
subjecting the cable to a VLF (0.1 Hz) sine wave at 1.7
U0 for 30 min, which is the industry standard voltage
withstand test according to [1]. The applied voltage
was then increased to 2.0 U0 up until 3.0 U0 in steps
of 0.5 U0 every ten minutes. The IEEE 400.3 stan-
dard specifies a maximum test time of 15 min at power
frequency to protect the cable from damage, while en-
suring sufficient time for electrons to be available in
cavities to initiate PD [9]. However, once the PD mag-
nitude level exceeds that of the acceptable level of the
cable (inception voltage), the data should be collected
for a maximum of 15 s, while allowing for a record of
sufficient data. This procedure was adapted for this
research due to the fact that testing was conducted at
VLF (0.1 Hz), which has a period of 10 s. Therefore,
to ensure collection of sufficient test data, a data col-
lection time of 10 min/60 cycles of the source voltage
was used.
An inception/extinction voltage test procedure was
conducted for the defects showing PD activity below
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Figure 1: Test Setup for Cable Terminations

11 kV. The voltage was increased in steps of 0.5 kV
up until 11 kV and then decreased in the same fashion,
allowing for a minimum of three cycles at each volt-
age level. Inception voltage was defined as the voltage
value that the apparent charge rose above the noise
floor for three consecutive cycles. Similarly, extinction
voltage was defined as the lowest voltage at which the
maximum apparent charge was above the noise floor
for three consecutive cycles.

2.2 Sample Preparation

The cables under test were 3 core 6.6/11 kV XLPE, 70
mm2 copper conductors, with individual screening on
each core. This choice of MV cable was motivated by
its extensive use in the South African mining industry.
Furthermore, three-core cables allowed for test results
to be compared for adjacent phases with the same con-
figuration (defect) [4]. Properly prepared (defect free)
terminations were applied to both sides of two 20 m test
cables. The healthy terminations were tested at 50 Hz
and verified to have an acceptable PD level below 5 pC
at 1.7 U0, according to South African and International
standards [1]. The cables were then cut in half into two
10 m lengths. Each cable length was then terminated
with a different artificial defect. For each artificial de-
fect, identical test samples were prepared on two of the
cores to ensure verification and reproducibility of the
results. The severity of the defect on the third core
was increased in order to identify any trends.

2.2.1 Type of Defects
The semi-conductive insulative layers of cables are de-
signed to increase the effective radiating surface area of
electrodes and to minimize the electrical stress caused
by the transition of electric fields between materi-
als with significantly different dielectric constants [8].
Therefore, any abnormalities or defects introduced in
and around the semi-conductive layer may result in ex-
cess electrical stresses for which the cable and acces-
sories are not designed. This research focused on de-
fects in the semi-conductive and the XLPE insulation
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Figure 2: Artificial Termination Defects with Illustra-
tions Adapted from [6]

layers of the terminated cables being tested, namely; a
semi-conductor layer feather (Figure 2a), tram lines cut
into the XLPE layer (Figure 2b) and a ring cut in the
XLPE insulation at the border of the semi-conductive
layer (Figure 2c). These defects were chosen due to
their relevance in industry, as being some of the most
common causes for cable accessory failure. In terms
of the artificial defects’ dimensions, the following were
used for each:

• Semi-conductor feather: Triangular canals with 10
mm base & perpendicular height (core 1&2) and
5 mm base & 25 mm perpendicular height (core
3)

• XLPE tram line: 1 mm deep, 0.4 mm maximum
thickness (cores 1&2) and 2 mm deep, 0.6 mm
maximum thickness (core 3)

• XLPE ring cut: 1 mm deep, 0.6 mm maximum
thickness (cores 1&2) and 2 mm deep, 0.8 mm
maximum thickness (core 3)

3 RESULTS AND ANALYSIS

3.1 Results

All the terminations with artificial defects passed the
overvoltage commissioning test. The PD characteris-
tics of the terminations at 11 kV (1.7 U0) are presented
in Table 1. The maximum (Qmax) and mean (Qav)
apparent charge are averaged values over the 30 min
test duration, while the inception/extinction voltages
were measured after the overvoltage test. It should be
noted that the tests were conducted in a screened room
and the noise floor was typically between 1pC and 2pC,
which was deemed an acceptable variation between ex-
periments.
The phase resolved PD patterns (PRPDP) of core three
of each of the terminations are presented in Figure 3,
with their patterns being more pronounced due to their
aggravated defects.

Figure 3: PD Patterns of the Terminations Defects at
11kV

3.2 Results Analysis and Discussion

3.2.1 Semi-conductor Feather Defect
Test specimen 1 with the semi-conductor feather ter-
mination (on cores 1 & 2) gave Qav and Qmax values
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Table 1: PD Characteristics of the Terminations tested at 11 kV

Test Specimen 1 Test Specimen 2 Test Specimen 3

Measured Semi-conductor Feather XLPE Tram line XLPE Ring cut
Quantities: Core 1 Core 2 Core 3 Core 1 Core 2 Core 3 Core 1 Core 2 Core 3

Qmax (pC) 6.0 6.5 65.4 18.3 16.5 183.4 408.7 437.2 690.1

Qav (pC) 3.5 3.8 52.9 11.5 11.1 139.7 375.6 371.7 551.6

Inception (kV) - - 8.5 10.5 11.0 5.5 4.5 4.5 4.0

Extinction (kV) - - 8.5 10.5 11.0 5.0 4.0 4.5 4.0

hardly above the average noise floor. However, the third
core with a longer semi-conductor feather defect gave
significantly bigger PDs well above the noise floor. This
is due to the PD levels of the semi-conductor feather
defects being largely determined by the sharpness and
length of the feather. The sharpness of the feather re-
sults in a more intensified electric field at that point
compared to the rest of the semi-conductive layer. The
length of the feather also has an influence due to the
stress control mastic tape being applied over the XLPE
layer typically for 10 mm for this cable type and rating.
Therefore, any feathers with a length of less than 10
mm may be masked by the mastic tape.
When the electric field at the surface of the electrode
(feather point) exceeds the breakdown strength of the
air trapped between the stress control tube/mastic tape
and the sharp point, ionisation of the air near the sharp
point occurs [10]. The tangential field on the insula-
tion surface reaches a high enough level to initiate PDs
along the material’s surface. If the applied voltage is
increased, the number of electron ionisations increases
and electron avalanche can extend further along the
material surface [10].
The PRPDP of core 3 of the semi-conductor feather
(Figure 3b) resembles that of a corona discharge, with
the discharges occurring around the peaks and troughs
of the supply voltage (90◦ & 270◦). However, the de-
fect pattern may be differentiated from that of corona
discharge in air by the absence of Trichel pulses, which
are characteristic of corona. The PD behaviour of
the defect is fundamentally that of a surface discharge
along the insulation surface adjacent to the semi-
conductive tip. The pattern is consistent with patterns
found in [10], for a surface discharge between a pin
electrode at HV separated from an earth electrode by
XLPE, as well as in [2] for metal/semi-conductor parti-
cles left on the XLPE of a HV cable joint.

3.2.2 Tram Line Defect
The 1 mm deep tram line defects in test specimen 2
(cores 1 and 2) generated relatively small PD activity
compared to the deeper 2 mm tram line in core 3. At
1.7 U0, all the tram line defects gave PDs of magnitude
greater than the 5pC acceptable levels in accordance
with the IEC 60502-2 standard. For the 1 mm tram
lines, the relatively small PD may be the consequence

Figure 4: Cross-sections of the Cable Voids

of the mastic tape filling up part of the tram line, as
well as due to the stress control tubing and the anti-
tracking heat shrink contracting the XLPE insulation
upon heating. The significantly bigger PD magnitudes
for the 2 mm tramline would therefore be the result of
the covering layers not being able to fill the deeper and
wider void.
The PRPDP of the 2 mm tramline (Figure 3c) shows
PD activity on the rising edges of the applied voltage,
with bigger magnitudes just before the test voltage
peaks and troughs. This pattern is characteristic of
a narrow cavity according to Gulski et al. [11], with
a wide distribution of PD about the discharge peaks
which occur just before 90◦ and 270◦. A narrow cavity
is a void in which the dimension of the cavity perpen-
dicular to the electrodes (height) is much larger than
that of the dimension parallel to the electrodes (width).
This is illustrated in Figure 4 for both the tram line and
ring cut voids in a cross-sectional view.

3.2.3 Ring Cut Defect
The 1 mm deep ring cuts of test specimen 3 (cores 1
and 2) generated similar PD magnitude values, thereby
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showing good reproducibility. The ring cut defects
showed a much higher PD magnitude than the tram
line defects. This is due to the following reasons:

• Ring cut voids had a much larger cross-sectional
area between the electrodes, as can be seen in Fig-
ure 4.

• The entire ring cut void is in close vicinity to the
semi-conductor layer, while in the case of the tram
lines, only a short length of the void is near the
semi-conductor layer (region of high electric field
strength).

• The covering heat shrink products would have little
to no effect in contracting the ring cut void.

The PRPDP of the ring cut in (Figure 3c) shows close
resemblance to the pattern of a flat cavity investigated
in [11]. A flat cavity is the opposite of a narrow cavity
with its width being much larger than its height. In the
case of a ring cut, the width of the void (dimension par-
allel to the electrodes) is the circumference of the cable
which is much greater than the depth/height (perpen-
dicular to the electrodes) of the cut, as illustrated by
Figure 4. The resulting pattern is that of sudden peaks
on the rising edges of the voltage source near the zero-
crossings. Following these peaks, the PD pattern ta-
pers off to almost zero after the voltage peaks/troughs.
The first (large) PD is a streamer-like discharge, which
is related to a higher overvoltage due to electronegative
gases according to [12], after which the PDs then slowly
decrease since the gases are consumed. The PRPDP
has a rabbit ear profile [12] and may also be explained
by a strong influence of residual charge deposited on
the cavity walls. The geometry of the ring cuts make
it easier for residual charge to be trapped after each
PD event, which in turn affects the magnitude of the
subsequent pulse.

3.2.4 PD Inception/Extinction Voltage
The inception and extinction voltages did not provide
any unique or distinct trends across the different de-
fects, however, for the same defect type but of different
severity, there is a relationship between the PD mag-
nitudes and the inception/extinction voltage. A defect
that would give a relatively big PD magnitude had a
corresponding relatively low inception/extinction volt-
age. Therefore, the value of the inception/extinction
voltage gives an indication of how big the resulting PDs
would be and thus the severity of the defect.

3.2.5 PD Magnitude vs Supply Voltage Magnitude
The apparent charge versus test voltage graph of Fig-
ure 5 shows a steady increase in the Qav for increas-
ing test voltage for the semi-conductor feather defect,
with insignificant change for the other two types of de-
fects. The same trend was observed for the Qmax and
the number of PDs per cycle. For the semi-conductor
feather, similar results were found in [10], but for sur-
face discharges. However, for the tram line and ring cut
defects, both of which are void-type discharges, there

Figure 5: Average Apparent Charge versus Test Volt-
age

Figure 6: Apparent Charge versus Phase Graph of the
Ring Cut at 11kV

was constant apparent charge (average and maximum)
for increasing voltage. This outcome is indicative of
void discharges, whereby a step increase of charge ver-
sus voltage will be observed at the inception voltage,
after which the graph plateaus [13].
It can be suggested that the observed manner in which
PD magnitudes respond to an increase in test voltage
can be used as a distinguishing criterion for different
defects.

3.2.6 Positive & Negative half-cycle PRPDP
On average for all three defects, the number and magni-
tude of the PDs occurring in the negative applied volt-
age cycle were slightly higher than in the positive cycle.
Although difficult to observe on the discharge patterns,
this trend is more prevalent in the instantaneous PD
charge versus time graphs, such as in Figure 6. This
may be attributed to the defects being located closer to
the negative electrode, which in this case is the semi-
conductive layer at earth potential. As a result, more
electrons are readily available from this electrode under
negative applied voltage and thus electron avalanches
are more easily developed [10]. In the case of a void de-
fect being located in the middle of the XLPE insulation,
a symmetrical PRPDP between the positive and neg-
ative cycles of the applied voltage would be expected
[10]. Furthermore, if the surface discharge was due to a
defect on the positive electrode, this should result in a
pattern with a higher number of discharges during the
positive voltage cycle.
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4 CONCLUSION

The partial discharge patterns of three different types
of defects in MV cable terminations were investigated,
namely; a semi-conductor feather, a tram line in the
XLPE insulation and a ring cut in the XLPE. The re-
search was conducted to investigate the PD activity
of cable termination defects at VLF which pass typical
industry pressure testing, as well as to verify and com-
pare the results of similar studies conducted at other
test frequencies. The key findings can be summarised
as follows:

1. All the defects passed the overvoltage commission-
ing test despite showing significant PD.

2. The semi-conductor feather defect showed a
corona-like, surface discharge which was the re-
sult of the electric field concentrating at the sharp
point of the feather.

3. The geometry and discharge pattern of the tram
line in the XLPE insulation resembled that of a
narrow cavity.

4. The ring cut was confirmed to have a flat cavity
discharge pattern with a rabbit ear profile, as a
possible result of electronegative gases in the void
and/or the influence of residual charge.

5. PD magnitudes of the semi-conductor feather de-
fects (surface discharge) increased with test volt-
age, while remaining constant for the void dis-
charges, i.e. the tram line/ring cut defects.

The results of this study shows that it is possible to use
PD to distinctly characterise common defects in MV
cable terminations.
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Introduction 
 

 Most power cable faults begin as defects in the cable accessories; terminations, joints and junctions. Poor 

workmanship is a common cause of the accessory faults [1], [2]. A contributing problem is that power cable 

accessories are sometimes conveniently assembled manually on site by subcontractors rather than by the 

cable/accessory manufacturers thereby increasing the risk on compromising quality.  

A common practice in checking the quality of a cable system after installation is conducting Hipot (high 

voltage withstand) tests in accordance with the applicable standards. It is however now known that some faulty 

cable accessories can easily pass the after-installation Hipot tests and yet would eventually fail well before the 

anticipated end of life. Hipot commissioning tests should therefore be complemented by other diagnostic tests 

such as partial discharge (PD) measurements [1], [3].  

  

Partial discharges (PD) in power cable accessories  

Since most of power cable accessory installation defects produce partial discharges when a voltage is 

applied, PD diagnosis has become a useful integral part of power cable installations commissioning tests. PD 

tests can be used to determine whether or not a cable accessory has been properly installed. The after-

installation PD measurements are also useful benchmarks for PD trending in the subsequent condition-based 

maintenance of the cable system. In PD diagnosis technology, it is known that many typical insulation defects 

can be recognized through the corresponding PD ‘signatures’ or ‘fingerprints’. In 1968, Cigré published a 

brochure of typical insulation defects and the corresponding typical PD signal characteristics [4]. Subsequently 

through significant contributions by researchers such as Gulski [5], the concept of automatic PD pattern 

recognition is now an inherent feature in PD diagnosis technology. Since in principle each type of PD source 

gives a unique PD fingerprint, researchers are interested in correlating typical cable accessory defects with the 

corresponding PD signatures. Such knowledge enables more accurate diagnosis and prognosis of newly 

installed cable systems. In that regard, the present paper contributes knowledge focusing on typical installation 

defects in XLPE medium voltage (MV) power cable terminations that were comparatively tested using power 

frequency and Very Low Frequency (VLF) excitation voltages. 

 

  

PDPRP of typical installation defects in MV XLPE power cable terminations are similar at VLF and 

power frequency voltages and yet distinct for each defect type. Apparent PD magnitude and PDIV 

parameters are generally bigger at power frequency than at VLF.  
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Types of excitation voltages used in equipment diagnosis - a cursory state of the art review  

In order to detect and measure partial discharges in power cable accessories as part of cable systems 

commissioning tests, an excitation voltage has to be applied. The challenge with power cable systems is that at 

power frequency, due to the relatively high capacitance of the power cable, the test voltage source has to be 

capable of supplying high cable charging current. Consequently power cable test sets become costly, heavy and 

physically big for viable field test applications. In mitigation, alternative cable test voltage sources have been 

devised such as the VLF [6], tuned series resonant [7] and the Oscillating Voltage Wave also known as the 

Damped ac Voltage (DAC) [8]. Since offline cable tests are now often conducted at non-power frequency 

voltages, a major interest among various researchers has been on how partial discharges generated at non-power 

frequency voltage compare and contrast with those at normal operational power frequency voltage; below are 

highlights of the key findings in that regard.  

In the 70s, contributions by Miller and Black [9], [10] concluded that the behavior of PD in response to the 

test voltage frequency variations was a function of temperature. Furthermore for air-filled cavities encapsulated 

in epoxy, the most probable PD magnitude was found to be independent of the test voltage frequency at room 

temperature (20oC). At a higher temperature (27oC) however, the most probable PD magnitude decreased with 

decrease in test voltage frequency. The behavior was explained in terms of how the electric field strength in the 

discharge area becomes more dependent on the material conductivity at lower frequencies. With increase in 

insulation conductivity at higher temperature, the relative electric field strength in the cavity decreases giving 

rise to the observed smaller PD pulses. In all cases investigated in [9], the PDIV was generally not responsive to 

changes in the test voltage frequency.  

Subsequent to Miller and Black’s work, it has become increasingly necessary to search for more 

comprehensive understanding of the relationships between the test voltage frequency and diagnostic parameters 

of insulation [11]. Other researchers have reported that cavity PD magnitudes in cast polyester at VLF were 

either smaller or equal compared to those at 50 Hz [12], [13]. They also reported that there was a threshold 

frequency beyond which the discharge magnitudes decreased with increase in frequency. Such findings to some 

extent correlate with Miller’s work. In addition to PD magnitude, other PD parameters such as PD phase-

resolved-patterns (PDPRP), PDIV and PD repetition rate are usually also investigated with respect to how they 

respond to variations in the test voltage frequency. 

 Another notable contribution is by Forssén and Edin [14]. Among other findings, they concluded that the 

average PD magnitude decreased with decrease in frequency of the supply voltage but only for the voltage 

magnitudes slightly above the PDIV.  For higher voltages, the PD magnitudes were independent of the test 

voltage frequency. 

While in most of the literature, there are some close correlations in trends between PD characteristics and 

variations in the test voltage frequency, findings by Cavallin and Montanari [15] are somewhat contrary. They 

reported that PD magnitudes in air-filled cavities encapsulated in epoxy resin decreased with increase in the test 

voltage frequency as the frequency was varied from 0.1 Hz to 300 Hz. It is therefore evident that there is not yet 

consensus on the understanding of how partial discharges behave across different test voltage frequencies for 

the same defect type and material. It is also noted that despite variations in the experimental findings, many 

researchers tend to use, Niemeyer’s phenomenological model of partial discharge mechanisms in the 

interpretation of PD measurements [16], [17]. 

The present work was conceived and conducted to search for incremental knowledge on PD characterization 

of common installation defects in MV XLPE power cable heat shrink terminations using VLF in comparison 

with power frequency test voltage. The obtained measurement results are analysed and discussed using 

Niemeyer’s model on PD mechanisms [16[, [17].  
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Experimental methods  
  

Test specimen preparation  

The cable test specimens comprised of 10 lengths of 3-core 70 mm2 6,6/11 kV XLPE insulated copper 

conductor with individual screening on each core as shown in Figure 1. Such cable types are extensively 

used in electrical distribution networks such as power utilities and the mining industry in South Africa.  

In making the test specimens, properly prepared (defect free) terminations were installed on both ends of 

a 20 m long cable. The cable was then subjected to high voltage withstand and partial discharge tests in 

accordance with the IEEE 400-3 2006 guideline [6] and the IEC 60270 standard [18]. A properly 

terminated power cable is supposed to withstand 1,7 U0 voltage for 15 minutes and the PD apparent charge 

magnitude not to exceed 5 pC [6]. The properly terminated cable would then be cut into two equal pieces of 

10 m each with one end properly terminated. The other end would be stripped and terminated but with 

specific identical defects deliberately introduced in each of the three cores. The procedure was repeated to 

make a total of 3 lengths of 3-core cable test specimens each with one set of 3 similar defects. On each test 

specimen, 2 cores had identical defects and this was to check on measurement repeatability. On the third 

core a similar defect (same geometry) was created but with bigger dimensions to check on the effect of 

increased severity. 

Power cable termination defects that are attributed to poor workmanship include knife cuts into the 

insulation (ring-cut and tramlines) and semiconducting material protrusions (semicon feather) as depicted 

and described in Table 1 [19]. 

r1
r2

r3

r4
r5

r6

 
Figure 1.  The 3 core 6,6/11 kV  XLPE cable used in the experimental investigation where r1=4.85 mm , 

r2=5.45 mm , r3=8.85 mm , r4=9.45 mm , r5=9.55 mm  and r6 =9.65 mm  (courtesy of Aberdare Cables™);  
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Table 1.  The artificial defects created in the cable terminations [18] 
 

Ring-cut Tramline Semicon feather 

  

 

 

 

 
 

 

 

 

 

 

 
 

 When stripping off the outer 

semiconducting layer, the knife edge 

can cut into the insulation thereby 

forming a canal along the boundary of 

the semicon and the insulation. 

 Geometry: 

 v-shaped air-filled canal 

 Dimensions:  

 1 mm deep, 0,6 mm maximum 

width (on cores 1 and 2). 

 2 mm deep and 0,8 mm maximum 

width (on core 3). 

 

 

 While stripping off the outer 

semiconducting layer, the stripping tool 

(knife) can rip into the XLPE creating a 

canal running longitudinal to the exposed 

insulation surface and ends on the edge of 

the outer semiconducting layer. 

 Geometry: 

v-shaped  air filled canal 

 Dimensions: 

 1 mm deep and 0,4 mm maximum 

thickness (on core 1 and 2). 

 2 mm deep and 0,6 mm maximum 

thickness (on core 3). 

 

 

 The edges of the outer semiconducting 

layer are rugged with feather-like 

protrusions of the outer semiconducting 

layer.  

 Geometry: 

Triangular shape with tip protruding onto 

the insulation surface. 

 Dimensions: 

 10 mm base and 12,5 mm perpendicular 

height ( on cores 1 and 2). 

 5 mm base and 25 mm perpendicular 

height (on core 3). 

 

Setup and test procedure  

In order to measure and record the PD parameters (PDIV, PD apparent charge magnitude and PDPRP) for 

each defect at VLF and power frequency test voltages, the IEC 60270 [18] PD detection setup was used as 

depicted in Figure 2.  

 

 
 

Figure 2.  PD measurement setup for various defects in 3-core XLPE power cable terminations 

 

The PD measurements were conducted in a shielded laboratory environment where the noise levels were 

typically below 1 pC for the 50 Hz tests and 2 to 4 pC for the 0,1 Hz tests. Calibration was done as 

Conductor     XLPE    Semi-  Outer Layers                                
                                Con                                               

Top & Side 
view   

Conductor     XLPE    Semi-  Outer Layers   
                                   Con                                               

Top view   

                                           

Side view 
                                           

Conductor      XLPE    Semi-  Outer Layers   
                                    Con                                               

Top & Side view   
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specified in the IEC60270 standard [18]. Corona rings were attached onto the conductor end of each core in 

order to prevent corona inception at the maximum voltage used. For each test specimen, one core was 

tested at a time while the other two were short circuited and connected to ground on both ends of the cable 

as shown in Figure 2. The voltage was gradually increased in steps of 0,1 kV up to 11,22 kVrms (1,7 U0) 

where it would be held constant for a preset duration while recording the PD data. In order to make 

meaningful comparisons across the PD data at different excitation voltage frequencies, the corresponding 

voltage application durations were chosen such that the same number of PD pulses (500 000) would be 

recorded at 0,1 Hz and at 50 Hz  voltages. The test periods were therefore typically about 60 seconds at 50 

Hz excitation and 600 seconds (10 min) at 0,1 Hz excitation. Fixing the number of PD pulses also ensured 

that the specimens were exposed to the same degree of PD-induced ageing and thereby eliminating 

differences that could arise due to ageing. A second test protocol was also conducted where PD 

measurements were taken for the same number of voltage cycles; 500 cycles at 50 Hz and  5000 s (~83 

min) at 0.1 Hz.  

The VLF voltage source was a 60 kV HVA60™ set to give a sinusoidal 0,1 Hz voltage. The PD 

measurement instrument used was the Power Diagnostix ICMcompact™ linked to a computer. PD 

quantities; PDPRP, PD apparent charge magnitude and PDIV were recorded for each specimen excited at 

VLF and power frequency. The PDIV was noted as the voltage at which the apparent charge rose above     

5 pC, a level significantly above the noise floor, for three consecutive cycles.  

 

Results and discussion  
The average apparent charge PD magnitudes (averaged over the test duration) and PDIV test results for 

the different artificial defects in the power cable terminations under both 50 Hz and 0,1 Hz test voltages are 

presented in Table 2. The values are for the same number of pulses test protocol. Similar values, typically 

within variation 10%, were recorded for same number of cycles tests.  

 

Table 2.  The measured PD quantities of the termination defects at 0,1 Hz and 50 Hz test voltages  
 

Defect type  Defect severity Test voltage 
frequency  

(Hz) 

PDIV  
(kV) 

Average PD 
magnitude  

(pC) at 11,2 kV 

 
Ring-cut 

Core 1  
1 mm deep 

50 7 1071 

0,1 4 300 

Core 2 50 8 688 

0,1 4 284 

Core 3 2 mm deep 50 9 1647 

0,1 4 491 

Tramline Core1  
1 mm deep 

50 11 7 

0,1 9 8 

Core 2 50 No PD detected above the noise level 

0,1 11 7 

Core 3 2 mm deep 50 8 290 

0,1 7 139 

Semicon 
feather 

Core 1 10 mm long 50  

No PD detected above the noise level 0,1 

Core 2 50 

0,1 

Core 3 25 mm long 50 9 160 
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0,1 9 69 

 

PD inception Voltage (PDIV) and PD magnitude 

With reference to Table 2, for the ring-cut and tramline termination defects, generally the PDIV at power 

frequency are about twice higher than that at VLF. The average PD magnitudes at power frequency are 

about double those at VLF for all the defects. Partial discharge magnitude distribution histograms in   

Figure 3 confirm that at power frequency, PD magnitudes are generally bigger than at VLF. The PD 

magnitude distribution histograms are for the same number of pulses recorded at power frequency and at 

VLF excitation voltages. The same trends are obtained for the same number of cycles.  

 

 

 
(a) Ring-cut                                                          (b) Tramline 

 

 
(c) Semicon feather 

 

Figure 3.  Partial discharge magnitude distribution histograms for the artificial defects in heat shrink MV 

XLPE power cable terminations; (a) ring-cut, (b) tramline and (c) semicon feather  

 

The observed behavior of PD magnitude and PDIV as a function of the excitation voltage frequency can 

be explained in terms of the influence of the following parameters on the discharge process; seed electron 

statistical availability time lag, gap overvoltage (gap overstress) and the rate of increase of the electric field. 

The well-known conditions for initiation of a discharge avalanche in a gas medium are that the electric field 
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should be at least equal to a critical threshold value, Einc, and that a seed electron is available at a 

favourable position to initiate self-sustaining ionization avalanches. As the voltage on the electrodes 

increases, the corresponding background electric field (E0) in the discharge gap increases to Einc. If the seed 

electron does not become available, the background electric field continues to increase beyond Einc at a rate 

proportional to the frequency of the supply voltage. By the time the seed electron becomes available, E0 

could have exceeded Einc by ∆E0 (gap overstress) such that the resultant ionisation avalanches occur under 

the influence of a higher electric field (Einc+ ∆E0) than Einc as illustrated in Figure 4. The bigger the gap 

overstress ∆E0, the bigger the corresponding PDIV and PD magnitude.  

 

 

E0

Etotal

Einc

∆E0

 

Figure 4.  An illustration of the gap overstress phenomenon due to delayed availability of seed electron to 

initiate PD resulting in increased PD magnitude and PDIV  

 

In cavity discharges such as the ring-cut and tramline defects in the cable terminations investigated in the 

present work, seed electrons are availed mainly through surface emission mechanisms [16]. Where the rate 

of rise of the background electric field is relatively high such as at power frequency, the probability that a 

discharge occurs at relatively high gap overstress, ∆E0, is higher than at VLF and this translates into bigger 

PDIV and PD magnitudes as presented in Table 1. Similar results have been reported by other researchers 

[9], [12]-[14]. These findings suggest that the acceptable PD magnitude limits given in various standards 

and guidelines should be stated within the context of the corresponding frequency ranges of the excitation 

voltage.  

 

PD Phase-Resolved-Patterns (PDPRP)  

Typical PD phase-resolved-patterns (PDPRP) for the ring-cut, tramline and semicon feather artificial 

defects in XLPE heat shrink terminations at power frequency and VLF test voltages recorded for the same 

number of cycles are shown in Figure 5. It is observed that each type of defect has distinct PDPRP. 

Furthermore for each defect type the PDPRP are the same at power frequency and at VLF although the PD 

magnitude ranges are different. The PD pulse phase positions are a function of the defect type but 

independent from the frequency of the supply voltage. The PDPRP presented in Figure 5 also confirm that 

in all the cases the PD magnitudes are generally bigger at power frequency than at VLF.  
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 (a) Ring-cut  50 Hz                                                       (b) Ring-cut 0.1 Hz 

 (c) Tram line 50 Hz                                                   (d) Tram line 0.1 Hz 

(e) Semicon feather 50 Hz                                     (f) Semicon feather 0.1 Hz 

Figure 5.  PD phase-resolved-patterns of ring-cut; (a) at 50 Hz and (b) at 0.1 Hz,  tramline; (c) at 50 Hz 

and (d) 0.1 Hz and semicon feather; (e) 50 Hz and (f) at 0,1 Hz. power cable heat shrink terminations. 
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Ring-cut defects give patterns where the PD pulses occupy phase regions 0 to 1200 in the positive half 

cycle and 1800 to 3000 in the negative half cycle  and are characterized by distinct ‘rabbit ear like’ features. 

The tramline PDPRP are different from those of the ring-cuts in that the rabbit ears are less prominent and 

more importantly that the occupied phase regions are narrower than those of ring-cuts, that is, 0 to 700 and 

1800 to 2700 in the positive and negative half cycles respectively. The semicon feather PDPRPs are more 

distinctly different from both the ring-cut and tramline defects. The occupied phase positions are the 

widest; 0 to 1500 and 1800 to 3300. The distribution patterns are also close to normal Gaussian distribution. 

The negative half cycle PDs are more distinctly bigger than those in the positive half cycle in comparison 

to those of ring and tramline defects.                                                                                                                   

The observed PDPRP features of the ring-cut, tramline and semicon feather artificial defects in the cable 

terminations can be explained using the space charge dynamics in the discharge area based on Neimeyer’s 

model [16], [17]. As illustrated in Figure 6, there are three electric fields interacting in the discharge area to 

give a resultant electric field that when big enough initiates a discharge. How the excitation voltage 

frequency influences the interaction of the various electric fields in the discharge gap and resultant shaping 

effect on the PDPRP is illustrated schematically in Figure 6 with corresponding explanations in Table 3. 

 
- - - - -

+ + + +  

Eo

Einc

+-+-+ -+

-+ -+-+ - 

Eres(N) Eres(P)Eres(N)

+ + + +

- - - - 

Eres(P)

+ + + +

- - - - 

Eres(P)

Eo

A

Discharge gap 

electric field

Background 

electric field
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Figure 6.  Space charge dynamics in a PD explaining the cause of rabbit ear like feature in the phase- 

resolved-patterns in ring-cut and tramline defects of MV XLPE power cable terminations [16], [17].  
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Table 3.  The interaction of various electric fields in the discharge gap as a function of the phase position 

and the resultant effect on the PD  
 
(A): Zero crossing PDs on transition 
from the negative to positive half 
cycle  

 
(B): Early positive half cycle PDs 

 
(C): Late Positive half cycle PDs 

 
(D): Zero crossing PDs on transition 
from the positive to negative half 
cycle  
 

 

 Etotal = Eres(N) 

 If Etotal ≥ Einc and seed electron is 
available, then PD occurs. 

 It is notable that PD can occur at 
zero crossing in the absence of 
the background electric field but 
due to the residual charge 
electric field.  

 

 Etotal = Eres(N) + E0 - Eres(P) 

 If Etotal ≥ Einc and seed electron is 
available, then PD occurs. 

 The additive superposition of 
Eres(N) and E0 enhances the 
resultant stress in the discharge 
gap.  

 If the statistical time delay ts of 
the seed electron does not 
change, the resultant PD are 
relatively bigger than  in the 
previous events thereby forming 
the ‘Rabbit ear’ part of the 
rabbit-shaped PDPRP. 

 

 Etotal = E0 - Eres(P); the space 
charges from the negative half 
cycle have completely depleted. 

 If Etotal ≥ Einc and seed electron is 
available, then PD occurs. 

 The absence of Eres(N) and 
reduced rate of increase of E0 
weakens the resultant stress in 
the discharge gap relative to 
previous events.  

 If the statistical time delay ts of 
the seed electron does not 
change, the resultant PDs are 
relatively smaller than in the 
previous events thereby forming 
the ‘body’ part of the rabbit 
shaped PDPRP. 
 

 

 Etotal = Eres(P) 

 If Etotal ≥ Einc and seed electron is 
available, then PD occurs. 

 The sequence of PD events 
repeat but with the 
corresponding electric fields 
polarity being opposite those in 
the positive half cycle. 

 

 

The sequence of events labelled A, B, C and D in Figure 6 and corresponding descriptions in Table 3 use 

symbols defined as follows: Eres(N) and Eres(P) are the space charge deposited on the insulation surface of the 

discharge gap by discharge events in the negative and positive half cycles respectively. E0 is the 

background electric field in the discharge defect due to the voltage on the test object. Etotal is the resultant 

electric field in the discharge defect being the vector sum of all the electric fields present in the discharge 

gap. When the resultant electric field becomes equal to or bigger than the PD inception stress, Einc, a 

discharge can occur provided a seed electron is available to initiate the electronic avalanches. Eres(N) and 

Eres(P) can be termed the crossover residual electric fields that are responsible for stress enhancement in the 

discharge gap resulting in the zero-crossing PDs and the rabbit ear shape of the PDPRP. The crossover 

residual electric field is a function of how much residual charge is retained on the insulation surface of the 

discharge area which in turn is a function of the defect geometry and the discharge area surface 

conductivity. The extent of the rabbit ear is therefore dependent on the defect geometry as well as the 

ageing effects of PD on the discharge area [20].  

In the present work, the deeper ring-cut defects in the cable terminations are more favourable to retaining 

crossover residual charge than the tramline and semicon feather and therefore exhibit more enhanced rabbit 

ear feature as depicted in Figure 5 (a) and (b). In the semicon feather defect, the geometry is less favourable 

to trapping of the residual charge compared to the ring-cut and tramline defects that are essentially cavities. 

Consequently the pulses, like corona [4], [5], are significantly displaced from the zero crossings and occur 

around the crest and troughs of the excitation voltage, and moreover the PDPRPs do not have the rabbit 

ear-like features. 

The unique relationship between defects and the corresponding PDPRP in power cable terminations 

suggests possibilities of automatic defect recognition using PD classification techniques. More work may 

however be necessary to check out on how environmental conditions such as temperature variations may 

influence the PDPRP. It would also be interesting to know whether the distinct PDPRP could still be 

recognized in cases where the termination has more than one defect.  

 

Conclusions 
Some installation defects in heat shrink terminations on MV XLPE power cables can survive high 

potential tests but cause partial discharges that progressively degrade the insulation and eventually lead to 
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premature cable failure. Experimental tests and measurements in the present work have shown that each 

typical defect such as ring-cut, tramline and semicon feather give distinct phase-resolved-patterns that are 

essentially invariant whether the test voltage is VLF or power frequency. The PD inception voltage 

however is lower at VLF than at power frequency. Furthermore with power frequency excitation voltage, 

partial discharges tend to be generally bigger than at VLF voltage. The findings suggest possibilities of 

automatic recognition of unknown defects as part of after installation tests of power cable terminations 

using PD diagnosis techniques at either VLF or power frequency test voltages. 
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