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Abstract

This thesis reports on aspects of the design (i.e. electrical, electronic, mechanical and control
software) and construction of the “laser induced pressure propagation (LIPP)” system, which can be
used to investigate the space charge formation and evolution within the dielectric material with
different sample treatments under both dc and 50 Hz ac ageing conditions.

As the space charge distribution in cables is of great interest to the manufacturers and the end users,
the newly designed LIPP system was extended so as to be used for planar and coaxial cable
structures. The theoretical principles of the LIPP technique for cable geometries and the
corresponding data processing method have been developed. From the preliminary results from the
XLPE cable samples, the calculated electric stress distribution based on the developed method
showed a very good agreement with the theoretical profile. However, due to the limitation imposed
by the HV dc power supply and ac transformer in the current system, the applied electric stress is
low. Consequently the SNR of the measurement signals in the cable sample is low and the space
charge effect was not significant. Therefore, in this project our interests are to study space charge
under both dc and ac conditions in the planar sample, the space charge measurement in the cable
sample will be left as further work.

Several technical issues related to the LIPP technique have been addressed. These include
unexpected sample breakdown within ac ageing period, the high frequency noise, offset of the point
on wave voltage, effect of the semicon thickness to measurement resolution and mismatch of the
acoustic properties between the semicon and HV metal electrode. In order to ensure the high
accuracy and consistence of the newly designed LIPP, two correction factors i.e. variation in laser
power and target efficiency, are introduced and verified.

Under dc condition, space charge measurements on XLPE and LDPE plaques with two different
treatments and semicon electrodes demonstrated that the degassing process reduces the dc threshold
stress for space charge creation in the XLPE samples with XLPE semicons (approxiately 30%
reduction), but not with LDPE samples with XLPE semicons. However, by using LDPE semicons
with bulk LDPE insulation, there was no indication of space charge up to ~19.2 kV/mm during the
ramp rate measurements.

The dc ageing measurements illustrated that the space charge performance of the LDPE samples
with LDPE semicons is better than the XLPE samples with XLPE semicons and the LDPE samples
with XLPE semicons. Also, the results showed that applying XLPE semicons to LDPE bulk
insulation, the cross-linking byproducts from the semicons may diffuse across the XLPE/LDPE
interface, and affect the space charge performance.

In the case of ac, a qualitative and simple quantitative appraisal of the stress and charge profiles at
the electrode interfaces (i.e. X-plots and Dev%) has been introduced and validated enabling the
processing of a vast amounts of ac raw data without resorting to a complex mathematical treatise.
The results confirmed the existence of space charge in the insulation material subjected to 50 Hz ac
conditions and showed that space charge effects in XLPE and LDPE with XLPE semicon electrodes
are significant when the applied ac stress is above 11.3 kV/mmp., and the fast charge formation
(charge injection) is more pronounced than the slow charge under the 50 Hz ac electric stress.
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Chapter 1

Introduction and overview

1.1 Introduction

With the requirement of a stable and reliable power transmission system the use of ultra
high voltage has been well established. Transmission of electric power from the generator to

the customer can be realised through either overhead lines or underground cables.

Within the last thirty years, the overhead line is more heavily favoured to transfer large
blocks of electrical power within the power system rather than the underground cables. This
is because as far as the economics are concerned, the cost of manufacturing an insulated
underground cable is typically above ten times as much as the overhead line for a given
capacity. Moreover, the installation and maintenance cost of underground transmission
systems are considerably higher than the overhead lines, accounting as much as 40 % of the

total capital cost of the entire system [1-2].

In addition, the system fault of an overhead line can be found relatively quicker and repaired
at a reasonable cost. Therefore, the overhead line can then be restored to service in a matter
of hours. However, for an underground cable, location of the fault within the underground
transmission system is time consuming and involves a considerable expense [3-4], hence the

cable may be out of service for a week or more.

As the cable is buried under the ground, it is to all intents and purposes placed in a thermal
blanket; hence the cable transmission capability becomes thermally limited [5]. However,
this is not the case with most overhead lines, which can be cooled by convection in the
ambient air. The use of underground cables has been largely limited by the above reasons.

However, in the past decade there are clear indications that the conditions just described are

changing due to a number of factors:
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Firstly, the cost of land purchased in the densely populated urban areas to build pylons to
carry the overhead lines have increased dramatically in the last two decades, leading to the

overhead power transmission system became prohibitively expensive.

Secondly, in the late 1980’s and early 1990°’s there was heightened awareness by the general
public to the environment and the aesthetics of the overhead lines. Underground
transmission system has relatively minor aesthetic impact to our living environment
compared to the overhead line. Therefore, at some locations where particular environmental
sensitivity, such as UK national parks or the pump storage power station at Dinorwig in
Wales, the underground cable is used to link the power station to an existing overhead

transmission system.

Nevertheless, other than the economic and environmental reasons, the underground power
transmission system does however have some technical advantages over the overhead
transmission line. The dc power transmission is a non-synchronous transmission technique;
therefore it can be used to link two different HV ac systems (i.e. different frequencies).
Also, as the cables are entirely in an enclosed system and not exposed to environmental
conditions, all the detrimental factors such as rain, ice, wind, lighting strikes, ocean spray,
dust and air-borne pollutants, which normally influence the efficient operation of the

overhead line are eliminated.

1.2 Development of underground cables

Underground power transmission was first used in the 1880°s by Edison (USA) and Ferranti
(UK), both for electrical lighting systems. The cables used were solid copper rods, insulated
with jute wrapping. Currently, there are two predominant types of solid insulation used for
underground cables; these are traditional paper/oil and polymeric insulation. However, in
recent years the traditional paper/oil is progressively being replaced by the polymeric

insulation.

In recent years there has been a worldwide swing away from paper insulation towards
polymeric insulation, although the latter are derived from mineral oil, which seems to have

an ever-escalating price. Rather surprisingly the costs of paper and polymeric material have
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risen at roughly the same rate in the past twenty years. The reason that the cost of paper has
kept pace with that of polymeric material is because the manufacture of paper from wood is
a very energy intensive process. The dramatic increase in oil price have an immediate effect
on the price of polymeric material but there is a delay with paper price until the increased oil

price is reflected in a higher price for electricity [6].

Another factor in the changing pattern of preferred cable types is that it is becoming increase
difficult to secure, at a reasonable cost, the skills which are required to joint and terminate
the traditional paper/oil cable. This is especially the case in the developing countries.
Inevitably, the simpler concept and the reduced level of expertise, which is involved, with
the installation of polymeric cables has a significant influence on the swing away from

paper cables [7].

There are a various kinds of polymeric material for power cables on the commercial market,
for example: butyl rubber (IIR) [8], polyvinyl chloride (PVC) [8], ethylene-propylene
rubber (EPR) [8-21], polyethylene (PE) [22-24], and cross-linked polyethylene (XLPE) [24-
29]. However, polyethylene and cross-linked polyethylene insulation material seems to be

dominating the cable industry worldwide.

Polyethylene was first produced in 1936, and is now one of the cheapest and most widely
used polymeric material [30]. Although initial attempts were made in 1943 to use low-
density polyethylene as an insulating material for the power cables, it was not until the late
1950°s and early 1960°s that the use of polyethylene as insulation for power distribution
applications became established. The advantages of the polyethylene over the paper/oil type
are their lower manufacturing cost [2], their ease of installation and handling [2,31], their
high intrinsic electric strength typically above 10° V/m (intrinsic electric strength is the short
term value under ideal test condition, i.e. in the absence of voids, contamination and
discharge) [32], high resistivity (typically >10'® @2m”) [33], low dielectric loss angle
(tan5=0.0001 to 0.001) [31] and good resistance to chemicals as well as the ease of
processing. However, as the maximum rated temperature of the polyethylene cable is only
70 ©C, it means that the sustained current rating, overload and short circuit temperatures of

this kind of underground cables system are limited.
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The temperature stability was improved in the 1960’s by converting the thermoplastic
polyethylene into a cross-linked thermoset (XLPE), which allows the insulation to operate
continuously at a maximum temperature of 90 °C [34]. Cross-linked polyethylene is now a
widely accepted material for the cable manufacture industry. However, due to the premature
failure rate for polymer insulated power transmission system (2 x 10° faults/circuit
metre/year) [35] is about 6 times higher than the paper/oil cables (3 x 107 faults/circuit
metre/year) [36], the take up rate over the traditional paper/oil insulated cable has slowed
down. At extra high voltage transmission cable such as 400 £V to 750 kV, the insulation is

still predominantly paper/oil [31].

1.3 Relationships between space charge and cable failure

In order to reduce the failure rates of the underground transmission cable system, new
challenges to the insulation engineers and material scientists have been arisen. It is
imperative that there is a better understanding of the factors, which affect the failure of the
polymeric insulation. Once these factors are fully understood then it may be possible to
design a high voltage polymeric cable that is able to operate with low incidence of failures

at any high transmission capacity conditions.

For many years, the majority of published experimental results show evidence that cable
failures were mainly assigned to the cable manufacturing process, such as the inclusion of
contaminants, cavities and internal defects [37]. For example, the cables that have failed in
their first few years of service (almost three quarters of the failures) have been found to be
due to some sort of defect [15]. After four years of service the majority of failures are
reported to be due to water treeing [15], which can be initiated from water filled voids

within the polymer [38].

However, the contribution of trapped charge to cable failures has acquired more interest
from many researchers in the past two decades, it has known that when the solid extruded
polymeric materials are subjected to a high electric stress for a certain period of time (i.e.
ageing), their good electrical insulation properties may become degraded. The trapped and
low mobility electrically charged species within the bulk can give rise to “space charge”,
resulting in localised electric stress enhancement. This can cause further concentration of

charge and lead to premature failure of the polymeric material. Moreover, in order to
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increase the knowledge of space charge dynamic in the polymeric insulation, much effort
has been made and several non-destructive measurement techniques for detecting space
charge within the solid polymeric material have been developed. One of the well-known
pressure wave propagation (PWP) techniques for space charge measurement was established
by Laurenceau et al, which is called “Laser induced pressure propagation” method (LIPP).
This technique is not only a reliable non-destructive method, but also has a quite reasonable

spatial resolution of the concentration of the space charge in the material.

1.4 Overview of the project

Numerous studies have been carried out using the LIPP system to develop a better
understanding of the formation of space charge within solid polymeric materials in the last
few decades [39-68]. The majority of work to date has been concentrated on the space
charge characteristics under dc electric stresses. However, work on the dynamics and the
role of space charge on electrical breakdown under 50 Hz ac conditions have only received
limited attention and have not been conclusive [69-73], this may due to the technical
difficulties to construct an ac LIPP system. As there is an increasing body of opinion that
space charge build up can be a contributing factor to electric treeing [74-75] and the
majority of XLPE cables will be operating under ac conditions in the immediate future, it is

appropriate to investigate the charge trapping and mobility under such conditions.

In this research project, a new version of the LIPP system was designed and developed,
which can be used to investigate the space charge formation and evolution within LDPE and
XLPE samples with different treatments under dc and 50 Hz ac ageing conditions [76].
Comparison between the space charge distributions under both dec and ac ageing with
different sample polymers and treatments and semicon electrodes are presented. In addition,
as the space charge distribution of cable geometries is of a great interest to the
manufacturers and the end users, the newly designed LIPP system was extended to cable

structures as well as plaques.

This thesis is divided into eight chapters with appendix; chapter 1 includes the introduction

and overview of the project.
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In chapter 2, the chemical and physical structure of polyethylene (PE) and cross-linked
polyethylene (XLPE) are reviewed. Also, in order to provide a fundamental background for
the experimental results presented in this thesis, the basic concepts concerning mechanisms

of space charge formation, migration and accumulation in the insulation have also been

presented.

In chapter 3, the basic principles and the existing dc LIPP system are given. As the one of
the main objectives of this research project, is devoted to the design and construction of the
new version LIPP system which can be used to investigate the space charge formation and
evolution within polymeric sample with different treatments under both dc and 50 Hz ac
ageing conditions therefore the ac operation principles, technical design and construction of
the newly designed LIPP system are reported. Review is also given to several experimental
techniques, which can be used for the determination of the space charge and electric field
distributions in the solid polymeric material. The information on the measurement
principles, typical resolutions, limitations and the advantages associated with each method

are shown in Appendix 1.

Since the newly designed LIPP system will be employed to investigate the space charge
effect in the XLPE materials from plaque to cable structures for both dc and ac stress
conditions, the relevant theoretical principles in cable geometries for space charge
measurement using the LIPP technique is still not well defined and these basic principles
constitute a significant part in the data processing. Therefore, in Chapter 4 the basic
theoretical principles of LIPP technique, the corresponding data processing methods and the
development of the theoretical principles in cable geometry for space charge measurement

using LIPP system is described in details.

Chapter 5, prior to the application of the newly designed LIPP system to investigate the
space charge evolution in the polymeric insulation, the performance validation of the
electronic control system, online laser monitor system are given. In addition, during the
stages of the system design, a great deal of time and effort has been spent solving some of
the technical problems such as, unexpected sample breakdown during ageing period, the
high frequency noise, offset of the point on wave voltage and the effect of the semicon

thickness to measurement resolution. Therefore, in order to share this valuable experience
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with the other researchers and give ideas for the further develop of the ac LIPP system;

details of the problems and the solutions have also been reported.

Chapter 6, reports on the space charge measurements of ~1.5 mm thick as-received and
degassed XLPE and LDPE plaques with two different kinds of semicon electrodes (carbon
loaded XLPE and carbon loaded LDPE). Samples were subjected to dc electric stresses for
24 hours in the region of 25 kV/mm (at room temperature). Measurements of charge profiles
and stress distributions were made using the newly designed LIPP system. Emphasis has
been placed on comparing the space charge characteristics of these two insulation systems
with the different semicon electrodes. The effects of sample treatment (i.e. degassing) on the

space charge dynamics are also reported.

The XLPE and LDPE samples being tested in this project are purpose designed for HV dc
power cable. Therefore, the space charge level under HV dc electric ageing is expected to be
lower than the conventional XLPE insulation. To verify this information, comparisons have
been made between the purpose designed samples and the conventional insulations, which
have been tested previously in another project. The entrance and exit current peaks of the
LIPP signal are correlated to the interfacial stresses and the space charge within the bulk
insulation, and in order to compare the electric ageing effect between different materials
without resorting to a complex mathematical treatise, a simple method, which based on the

percentage deviation of the entrance peak is introduced.

Chapter 7, reports on the space charge measurements of ~1.5 mm thick as-received and
degassed XLPE and LDPE plaques with two different kinds of semicon electrodes subjected
to an ac electric stresses at room temperature (25 °C). It brings an experimental proof of the
presence of space charge in the polymeric insulation under 50 Hz ac condition. Emphasis
has been placed on establishing a simple method, termed “X-plots” to analyse ac space
charge data without resorting to a complex mathematical treatise. Results of the space
charge and electric stress distributions of as-received and degassed cross-linked
polyethylene (XLPE) plaques that are electrically aged for 24 hours in the region of 25 to

30 kV/mmpeqr are presented.

In chapter 8, the project conclusions and recommendation of the further work of this PhD

project are given.
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Chapter 2

Production, physical structure, and space charge

mechanism in PE and XLPE insulation

2.1 Introduction

As stated in the previous chapter, in the last decade synthetic polymeric materials are
progressively replacing paper/oil for the insulation of underground cables particularly in
medium voltage systems. The range of polymeric material available in the cable industry is
extensive, and any variations in chemical composition enable specific mechanical, electrical
and thermal properties to be obtained. Where appropriate, these properties may be further

modified by addition of specific fillers, antioxidant and many other ingredients.

In this chapter, the production and physical structure of polyethylene (PE) and cross-linked
polyethylene (XLPE) are reviewed. Also, in order to provide a fundamental background for
the experimental results presented in the latter part of this thesis, the basic concepts
concerned with the mechanisms of space charge formation, migration and accumulation in

the bulk insulation have also been given.

2.2 Polvethvlene (PE)

Polyethylene is a non-polar organic material, based upon the elements carbon and hydrogen.
It is synthesised through the process of polymerisation, with the ethylene gas molecules with
the repeat unit of CH, —groups are linked by the covalent bonds as shown in figure 2.1 to
form a polymer. The polymer is named by adding the prefix “poly” to the name of the

monomer from which it is derived, hence polyethylene from ethylene [77].

However, according to the use of different polymerisation methods, a variety of grades
differing in molecular weight and density of the polyethylene can be obtained. Sometimes

side chains may occur during the polymerisation process, which will disturb the regular
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shape of the macromolecules. In fact, the main chains of the polyethylene have a length of
thousands to tens of thousands of CH; —groups [78]. These chains may run partly parallel to

themselves or to the other chains as shown in figure 2.2.

H H H H
ESSSESNeNSNE
SRR RREARRN
H—C~——H
H

Figure 2.1 Chemical structure of polyethylene

Amorphous region Crystalline region

Figure 2.2 Diagram of the polymer crystallinity

The parallel chains region will form the “crystalline part” of the polymer. For another part
of their length, where the chains follow an arbitrary path; “amorphous regions” are created.
Generally, the conduction of the charge inside the amorphous region of the polymer is far
better than that in the crystalline region because the additives such as impurities and anti-
oxidants are easily accumulated and the chance for the charge being initiated and trapped

within these regions is enhanced [79].

The percentage of the volume that is occupied by the crystalline region is called the
“crystillinity or crystalline ratio”, which affects the some of the mechanical characteristics

of the material, such as density and Young’s modulus. The high density of the polyethylene
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is a direct consequence of higher crystallinity, which results in the reduction of the chain
branching. Polyethylene with 70-80 % crystallinity is called “high-density polyethylene
(HDPE)” [80], its density is around 945-960 kg/m’, and has fewer and shorter chain
branches than “low-density polyethylene (LDPE)” [80-81] with typically 45-55 %
crystallinity and density of 916-930 kg/m’. Among other physical properties, melting point
of the polymer increases with the crystallinity, the crystalline melting point of the
polyethylene increased from 110 °C (LDPE) to 130 °C (HDPE) as the density is increased
from 916 to 960 kg/m’.

Nowadays, a newer class of polyethylene, which has limited application in the cable
industry has been invented which, is called “linear low-density polyethylene (LLDPE)”. It is

made by a low-pressure manufacturing process, similar to that used for HDPE, but the

polymer has purely methyl group side chains [82]

2.3 Polyethvlene production - polymerisation

Polyethylene is produced from ethylene gas by a process known as “polymerisation”, in
which the monomer molecules (i.e. CH, —groups) are linked together to produce the polymer
chains. To synthesise a polymer chain the monomer must be at least bi-functional that
means it can be able to react on two sites of the molecules (i.e. bi-functionality of the
ethylene is achieved by opening carbon carbon double bond). The basic idea of polyethylene
polymerisation process is shown in figure 2.3, where “n” is the number of monomer units

(i.e. CH —groups) in the polymer chain, which is known as the “degree of polymerisation”.

o
n ((3:~ ﬁ——?— ?——
H H H H J

= n
Ethylene Polyethylene

Figure 2.3 Polymerisation of polyethylene

There are two principal processes for the polymerisation, which are “addition
polymerisation” and “step growth polymerisation” [80]. Step growth polymerisation

describes the process where smaller molecules link together to form large molecules. These
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molecules can then link to further monomer or polymer molecules. This type of
polymerisation process is typical in the production of polymers such as polyesters.
However, in the case of polyethylene, addition polymerisation is applicable, which describes
the process where the polymer chain is formed by successive addition of monomer units

until to the end of the polymer chain.

2.3A Addition polymerisation of polyethylene

The addition polymerisation is based on a free radical propagation mechanism [81]. The
links between the monomer units (i.e. CH, —groups) do not occur instantly but in rapid
succession. The process is initiated by the free radical (i.e. an atom or molecule with one
unpaired electron). These radicals are known as “initiators”, which are added to the ethylene
gas in trace quantities of 0.1 to 1.0 %. The function of the initiator is to attach itself to an
ethylene molecule and causing the carbon carbon double bond to open (reaction 1). The
resultant molecule of this reaction is also a free radical, as there is a free unpaired electron
on the carbon atom of the ethylene molecule. This new molecule can then react with another
monomer in the same manner and the polymer molecule can then continue to grow by
adding monomer units one by one to the end of the active chain (reaction 2). Finally, the
polymerisation reaction will stop until the end of the active chain-reacts with a molecule that
prevents further growth, possibly another free radical or a growing polymer chain (reaction
3). The summaries of the addition polymerisation process in the polyethylene is shown in
figure 2.4, where the initiator is denoted by symbol “I”, the unpaired electron denoted as

“e” and the terminator by the symbol “T”.

Since the polymerisation reaction of the polyethylene can be terminated at any stage of the
production process, therefore the length of the resultant polymer chain can vary and produce
a wide range of molecular weight molecules within the polymer. The ratio of high and low
molecular weight fraction will affect the physical properties of the polymer. If the range of
the molecular weight is broad, then the presence of both low and high molecular weight
fractions will cause the polymer to behave differently from a narrow range of molecular
weight. For example, the presence of low molecular weight fractions will enhance the
melting flow of the polymer. However, in the case of high molecular weight fractions the

polymer will has higher physical strength and resistance to chemical attack [81,83].
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Figure 2.4 Addition polymerisation process of polyethylene [84]

2.4 Cross-linked polyethvlene (XL PE)

Despite its excellent electrical properties, the use of the polyethylene as an insulation for
power cable has been limited by an upper operational temperature of about 70 °C, due to its
thermoplaticity. However, this constraint of the polyethylene has removed in the 1960’s by
converting the thermoplastic polyethylene into a cross-linked polyethylene (thermoset),
which allows the insulation to operate continuously at a maximum working temperature of

90 °C.

Broadly speaking, polyethylene can be cross-linked by using two kinds of chemical
reactions, such as (1) Dicumyl peroxide crosslinking process and (2) Silane crosslinking
process. In order to provide basic ideas how the additives and cross-linking byproducts
formed inside the bulk insulation during the cable manufacturing process, both of these

cross-linking processes will be described.

2.4A Dicumyl peroxide cross-linking process

Dicumyl peroxide (DCP) is most widely used peroxide in the cable industry to give fast
cross-linking without procuring in the extruder. A fairly low proportion (i.e. about 2.5%) of

the peroxide is added to the base polymer. The temperature used for the cable extrusion is
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between 130 to 150 OC, and the dicumyl peroxide remains inactive. However, when the
temperature is raised to about 180 °C the dicumyl peroxide will quickly decompose and
initiates the cross-linking reaction. Figure 2.5 illustrates the cross-linking mechanism of
polyethylene by using dicumyl peroxide. First of all, two cumyloxy radicals are formed by
the thermal decomposition of the dicumyl peroxide (reaction 1), then the cumyloxy radicals

produced react with the polyethylene chain by abstracting a hydrogen atom (reaction 2).

The polymer chain is now considered as a radical, as it has an unpaired electron on the
carbon atom from which the hydrogen atom has been removed. However, cumyl alcohol
may also be produced as a decomposition product of the reaction 2, which can then be

dehydrated as shown in reaction 3 to form a-methyl styrene and water.

The cumyloxy radical rearranges to form an acetophenone molecule and methyl radical
(reaction 4). The methyl radical can then abstract the hydrogen atom from another
polyethylene chain (in a similar way to the cumyloxy radical in reaction 5), hence another
polyethylene chain radical is produced. Finally, the polyethylene radicals “R"” produced
from the above reactions are bonded together by a strong covalent bond (reaction 6); hence

the cross-linking polyethylene is obtained.

Reaction 1 CH, C'f'a CH,
(hc—0—0-c ) -:e-a:-} 2 )—c—o0
~/ | N4 2
CH, CH, CH,
Dicumyl peroxide Cumyloxy radicals
Reaction 2 CH, CH,
<fj>-c!:~wo' + RH o= /i/C")OH + R
cH, CH
Cumyloxy radicals Cumyl alchol
Reaction 3 CH 3 CH,
=\ 4 B Heat =\ | -
(\\)ICJ: OH ﬁ <K§_{:/~C~MCH2+ H,O
CH,

Cumyl alchol a-Methyl styrene  Water
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Reaction 4 CH, CH,
I | Heat — | .
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CH,
Cumyloxy radicals Acetophenone  methyl radicals
Reaction 5 CH; + RH _!» CH4+ Ro
methyl radicals methane
Reaction 6 RO + RO _* R-—R
Crosslinking
Reaction 7 CH, CH,
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@), ﬁwo AH ssmm—) \.\:‘_/N,ﬁ'{—OH A
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Cumyloxy radicals Cumyl alchol Inert products
Reaction § CH, + CH, mmss) CH,—CH,
Ethane

where RH = Polyethylene chain
AH = Antioxidant
e = Free radical
Figure 2.5 Schematic cross-linking mechanism of polyethylene by

using dicumyl peroxides [85]

Referring to [85], it is important for the peroxide system to choose the suitable antioxidant
because they may react with the free radicals during the cross-linking process (reaction 7) to
reduce degrees of cross-links. Phenolic antioxidants are particularly reactive and there are
two of them, such as Santonox R (Monsanto) and Irganox 1010 (Cib Geigy), which are
commonly used by the cable manufacturers. In addition, during the cross-linking process
some volatile by-products such as acetophenone, cumyl alcohol, methyl styrene and water

are formed within the bulk insulation.

2.4B Silane cross-linking process

Silane cross-linking established in early 1970 by Dow Corning in UK is progressively
replacing the conventional peroxide cross-linking method to manufacture low voltage XLPE

cables. This process classified as a two components system, for which two materials such as
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cross-linkable graft polymer and a catalyst master batch need to be prepared before the
cross-linking process. Then these two materials are blended together at the fabricating
machine and the mixed product is subsequently cross-linked by immersion in water or low-

pressure steam.

Figure 2.6 illustrates the schematic cross-linking mechanism of polyethylene by using
silane. Since the polyethylene radicals “ R*” are constantly regenerated in the cycle by the
reactions 3 and 4, therefore the amount of dicumyl peroxide required is smaller compared to

the peroxide cross-linking process (typically 0.1 % instead of 2.5 %5).

Recently, the above cross-linking process has been further improved by BICC and Maillefer
[86]. The improved process introduces all the ingredients together by metering them into the
cable extruder, so that the separate grafting stage is eliminated making it easier to ensure
that the material is free from contamination. This method can eliminate the problems of

limited storage life of the graft polymer, hence reducing processing cost.

Preparation of cross-linkable graft polymer:

Reaction 1 CH, CH, CH,
/=N ] ’ /o Heat S :
Qs—o—o==L) m— 2 () C— O
CH, CI[-I3 CI[—I3
Dicumyl peroxide Cumyloxy radicals
Reaction 2 C!—I3 CH,

=~y . ) | .
{ ) —C— RH { ) —C—O0OH +R
) >0 + RH ey () \
CH, CH,
Cumyloxy radicals Cumyl alchol

Reaction 3 OCH, OCH,

| |
R" + CH,—~CH —Si-—OCH, = R —CH, —~ CH—Si-—OCH,
! |
OCH, OCH,

Reaction 4 OCH, OCH,

|
|

; | .
R—CH,— dH—?imOCHS + RH e RmCHZ—«CHZ—TQA—OCH3 + R

OCH, OCH,
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Crosslinking process using catalyst:
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Figure 2.6 Schematic cross-linking mechanism of polyethylene by using silane [86]

2.5 Charge formation and transport in the PE and XI.PE insulation

Although the cross-linking in the XLPE material may act as localised charge trapping
centres within the bulk insulation, the electrical properties of the polyethylene should still
remain relatively unaltered after the cross-linking process [87]. However, the additives and
by-products from the cross-linking reaction will act as impurities and significantly affect the
electrical properties of the polyethylene [88-90]. In order to provide a fundamental
background for the experimental results presented in this thesis, some of the basic concepts
concerning the mechanisms of charge formation, migration and accumulation in the PE and
XLPE material are given. To study space charge formation and transportation inside the

polymeric material, several physical processes are of importance:

1. “Injection and extraction”, which control the emission or extraction of electrons or
holes at the polymer/semicon electrode interface. These processes are strongly
dependent on the conditions of the interfaces such as semicon material, surface

defects and impurities.
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2. “Ionisation”, which is associated with the electric field assisted dissociation of
chemical species such as residues of cross-linking byproducts, additives or other

impurities in the polymeric bulk insulation,

3. “Hopping”, which controls the charge migration within the polymeric bulk

insulation,

4. “Trapping”, the charge created by the above processes accumulates somewhere
within the bulk, which is dependent on the availability, depth and the nature of the

traps site inside the polymeric bulk insulation.

2.54 Homocharge and heterocharge

The accumulated space charges within the polymeric material can be defined as
“homocharge” or “heterocharge” according to its polarity and the polarity of the adjacent
electrode as shown in figure 2.7. Homocharge implies space charge of same polarity as the

adjacent electrode and the heterocharge implies charge of opposite polarity.

Homocharge Heterocharge
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Figure 2.7. Definition of types of space charge near the electrode
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Cathode
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Cathode

Normally, homocharge is formed by trapping of the injected charge near the injecting
electrodes. The resulting homocharge distribution will reduce the interfacial stresses and

enhance the electric stress within the dielectric bulk.

Heterocharge can be generated by electric field assisted ionisation of the dissociable species
in the dielectric material. Under an applied electric field, the charged molecules or ions may
migrate towards the electrode with opposite polarity where they may become trapped. The
resulting heterocharge distribution will increase the interfacial stresses and reduce the

electric stress within the dielectric bulk.
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2.5B Electrode process

e Injection — homocharge formation

Generally, when an underground cable is manufactured with PE and XLPE insulation,
semiconducting screens (semicons) are normally required over the conductor and
insulation for voltages of above 3.6 kV [91]. Semicon screens can provide an
equipotential surface on the outside surface of the insulation, eliminating any electric
discharges arising from air gaps adjacent to the cable insulation. For example, the
coefficient of expansion of polyethylene is approximately 10 times greater than either
aluminium or copper conductor [91]. Therefore, when the cable conductor is operating
at its maximum temperature of 90 °C, a sufficiently large air gap may be formed
between the insulation and the surface of the conductor, allowing electrical discharges.
These discharge sites and any others sites that are formed around a conductor, can be

eliminated by applying a semicon layer over the conductor.

dielectric dielectric

(a) Ideal band diagram of the ohmic (b) Shape of energy band diagram
contact after contact (Ohmic)
dielectric dielectric

|
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(c) Potential energy due to applied (d) Resultant shape of energy band

electric field diagram

Figure 2.8. Modification of the potential barrier at the electrode/dielectric

interface by an applied electric field

Depending on the nature of the semicon/polymer interface contact, the charge (i.e.

electron or holes) will transfer across the boundary even without the application of an
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external electric stress. The charge transfers can be either from the semicon electrode to
the polymeric insulation or from the polymeric insulation to the semicon electrode.
Basically, two electronic processes, termed “Schottky injection” (thermal excitation over
the barrier) and “Fowler-Nordheim tunnelling” are normally used to explain the charge
transport between the semicon/polymer interfaces. They are based on the very simple

energy band diagram as shown in figure 2.8a.

Considering the interface is an “Ohmic” contact [92], electrons must overcome a

potential barrier ¢,,,,, on the interface to enter the polymeric bulk insulation (figure

2.8b). Therefore, as the negative potential (F=Ex) is applied to the electrode (i.e.
cathode) at temperature 7 (figure 2.8c), the original height of the potential barrier ¢,,,,.,

on the interface is reduced to ¢, (figure 2.8d). This will increase the probability of an
electron having sufficient energy to jump over a potential barrier ¢, and encourages

electron transfer from the electrode to higher energy states within the bulk insulation,

this process is called “Schottky injection” [93-94].

The injection current density J due to the Schottky injection can be expressed as the
applied electric stress E and the testing temperature 7" as shown in equation 2.1, details

can be found elsewhere [93-94].

_ /2
J = AT? exp[ % ;fE } @2.1)

B dmem(kT)’
=

where A4 is the Richardson — Dushman constant,

k 1s the Boltzmann constant,

h  is the Planck’s constant,

1

ﬂs = (e3/47[gr80 )5 ?
e is the unit of electronic charge,
&, is the permittivity of free space, and

&, is the relative permittivity of the dielectric material.
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On the other hand, a quantum mechanical process “Fowler-Nordheim tunnelling” is
often used as the second explanation for the electrons passing through the potential
barrier at the interface. In fact, electrons can exhibit a particle-wave duality. The electric
stress £ increases the bending over of the conduction band at the interface as shown in
figure 2.8d. This results in the width of the potential barrier “d” being reduced, creating
a finite probability that the charge penetrates into or escapes from the material through
the barrier despite having insufficient energy to surmount them. The generalised formula
gives the relationship connecting the tunnelling current density J with the applied
voltage V for a barrier of arbitrary shape as shown in equation 2.2, details can be found

elsewhere [95-96].

12 12
J=J, (;?5 exP(_ 49 / J_ [;H eV) exp[— A(¢+ eV) D ---------- 2.2)

e 47Z'ﬂAS 1/2
————— and 4= 2 ,
27(pAs) o h (2m)

As is the width of the barrier at the Fermi level of the cathode,

where J, =

¢ is the means of the barrier height above the Fermi level of the cathode,

h  is the Planck’s constant,
m is the mass of the electrons,
e is the unit of electronic charge,

S is the function of barrier shape and is usually approximately equal to

unity.

In fact, injection of electrons at the cathode and extraction of electrons at the anode are the
main mechanism normally used to explain the charge emission at the electrode/
polyethylene interface. However this is not necessarily the case for all polymers. According
to the studies of Ieda, some different group of polymer may emit and conduct “holes” across
the electrode interface. Table 2.1 shows the summarised dominant injected charge carrier in
different polymers [97]. However, due to the complex physical and chemical structure of the
polymer the determination of the type of injected charge carrier in different polymers is

fraught with complexities and it is still not clear.



Injected carrier Polymer
Electrons PE, PET, PEN
Holes EVA, PPX, PTFE, FET
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Table 2.1. Summary of injected carrier in different polymer [97]

where PE~ — Polyethylene
PET — Polyethylene terephthalate
PEN — Polyethylene naphthalene
EVA — Ethylene vinyl acetate
PPX — Poly-xylylene
PTFE — Polytetrafluoroethylene
FET — Fluor ethylene propylene
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where

¢oc = The potential barrier height at the interface

¢0,. = The potential barrier height in the insulation buik

¢0S = The maximum barrier height due to the surface states
E, = The bottom of the conduction band
E; = The Fermi energy level
-e- = Empty electron donor sites

Figure 2.9. Effect of the surface states on the energy band at the interface

In addition to the above electronic processes, another factor, termed “surface states” which
concerns the physical condition of the polymer/semicon interface can also influence the

charge injection process at the electrode. During the cable manufacturing process, a number
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of physical imperfections, which including broken bonds [98], chain branches [99],
imperfect contact [98-99], absorbed gas [100], oxidation products [98,101-105] and
additives [101,106] may lead to the formation of the acceptor states (i.e. trap states) at the

polymer/semicon interface, which is called “surface states”.

Considering the “Ohmic” contact as an example, the surface states will act as acceptor states
for the negative charge injection from the electrode to create the energy equilibrium. This
high, negative, charge concentration becomes trapped close to the interface and causing a
formation of a double charge layer. The effect of this double charge layer on the energy
band diagram at the interface is shown in figure 2.9. It is noticed that the bending over of the
energy band iﬁcreases the height of the potential barrier from @, fo ¢os at the interface.
Hence, the probability of electrons having sufficient energy to be injected into the insulation
by Schottky injection may be reduced. However, as the width of the potential barrier is

reduced, the probability of fowler-Nordheim tunnelling is enhanced.

2.5C Bulk process

e Jonisation -- heterocharge formation

As stated in section 2.4, the available PE and XLPE material for the underground cable
contain various different organic and inorganic impurities such as catalysts, antioxidants,
voltage stabilizers, cross-linking agent and by-products from the production process
[88,90]. Under the application of the applied electric stress these impurities within the
bulk may be separated into ion pairs by the dissociation process and its reaction is given

as,

AB < A" + B™ —mmmmmen- (2.3)

Both positive and negative ions present in the polymeric bulk will migrate to the counter
electrode under the applied electric stress. For example, the negative ions will move
towards the anode by the “hopping process”, leading to the build up of the positive
charge close to the cathode and negative charge close to the anode, hence resulting in

heterocharge formation.
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Charge trapping and hopping in the polymer — charge migration

The semi-crystalline polymeric insulating materials (i.e. PE and XLPE) contain
impurities and structural inhomogeneities in the amorphous region, they may cause
“traps” in the forbidden band of the polymer, the charge injected from the electrode or
created inside the bulk by ionisation process may be trapped there. Generally, a trap for
the electron is called an “acceptor” and a trap for holes is called “donor”. Other trap,
which is able to trap either polarity of the charge, can act as recombination centres. The
time that the charge spends in the trap depends on the depth of the trap, defined as the
energy needed to liberate the trapped charge.

Referring to the thermally stimulated current (TSC) studies by many researches
[98,101,107], it has shown that there are several traps present within the polyethylene
material. Summaries of the nature and origin of the carrier traps are shown in table 2.2.
More precise descriptions of the TSC technique can be found elsewhere [108]. The
depths of the traps found in polyethylene may be classify into two broad groups [5],

I. Shallow traps, energetically located in the region of 0.1 to 0.3 eV below the
conduction band. In polyethylene the concentration of the shallow traps has
been found in the region of 10'® traps/cm’.

II. Deep traps, energetically located in the region of 0.8 to 1.4 eV below the
conduction band. In polyethylene the concentration of the shallow traps has

been found in the region of 10" traps/cm’.

An occupied electron trap can be drawn in terms of an idealised energy band diagram,
called “potential well” as shown in figure 2.10. The slope of the bend in the walls will
depend on the force of attraction between the trap and the electron according to the
Coulombs law. The trap depth ¢p below the conduction band can be considered to be
equal to the barrier height inhibiting the movement of the electron, which is therefore

equal to the energy required for the electron to escape from the trap.
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Peak temperature | Trap depth Region Origin
°K) (V)
130 0.1-0.3 Lamellar surface Defect
180 0.24 Amorphous Defect
250 0.8-1.0 Amorphous Defect
250-310 1.0-1.4 Amorphous/Crystalline Defect
interface
310-330 1.2-1.4 Crystalline Defect/oxidation
products

Table 2.2. Summaries of the charge traps in polyethylene [108]
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Figure 2.11. Schematic diagrams of the (a) Poole-Frenkel effect and

(b) hopping process in the dielectric material

Figure 2.11 shows a schematic diagram of the charge migration process within the

dielectric bulk, termed “hopping”. When an electric stress is applied, it will interact with
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the potential barrier of the trap, the height of the barrier between the traps is then
lowered “A¢” by "Poole-Frenkel effect” and the probability of trapped electrons and ions
having sufficient energy to escape the trap become higher. This means that the charges
are transported through the insulation by hopping [109-110] from one trap to another

(i.e. charge migration).

The relationship between the applied electric stress and the current density J is given in

equation 2.3, details can be found elsewhere [111-112].

12
J=J, exp[ﬁ;’}j J 2.3)

where J, is a constant, and S, =24, = (e3 /7[8,80)2 .

Normally, it is difficult to distinguish the Schottky and Poole-Frenkel effect as the
experimental data may fit both mechanisms equally well. The Schottky injection
mechanism should depend upon the semicon electrode material whilst the Poole-Frenkel

effect is determined by the bulk insulation [113].

2.5D Relationship between space charge and heterogeneity of dielectric material

In this thesis, we have concerned ourselves with ideal dielectric samples, which are entirely
homogeneous. However, in the practical case, a dielectric material like cross-linked
polyethylene (XLPE) is always likely to have heterogeneous regions with the presence of
second phase materials. For example, the stabilisers added to the polymers to prevent
thermal degradation are usually dispersed second phase materials. Impurities such as traces
of monomer, solvent, and water may also make the practical polymeric system

heterogeneous.

When a dielectric material is composed of two or more phases (i.e. heterogeneous
dielectrics) a type of polarisation occurs as a result of the accumulation of virtual charge at
the interface, (both phases having different dielectric constants). For the polymeric material,
charge carriers usually exist that can migrate for some distance through the dielectric bulk.
When the charge carriers are impeded in their motion, either because they become trapped

in the material (or at the interface) or because they cannot be freely discharged (or replaced
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at the electrodes), space charge may be built up at the macroscopic interfaces. Such a
distortion appears to an observer as an increase in the capacitance of the sample and may be
indistinguishable from the real rise of dielectric constant. In fact, a polymer crystal
inevitably has a large number of defects such as impurities and additives within the bulk.
Free charge carriers migrating through the crystal under the influence of an applied field
may be trapped by a defect. The effect of this will be creation of localised dipole moments.

This phenomenon is given the name Maxwell-Wagner effect or interfacial polarisation.

2.6 Conclusions

In this chapter, the chemical and physical structure of polyethylene (PE) and cross-linked
polyethylene (XLPE) are reviewed. To show how the additives and byproducts being
formed inside the PE and XLPE insulation during the sample preparation process, the

chemical processes for manufacturing sample are given.

In addition, to provide a fundamental background for the experimental results presented in
the later part of this thesis, the basic concepts concerning mechanisms of space charge
formation (i.e. injection and ionisation), migration (i.e. tunnelling and hopping) and

accumulation (i.e. charge trapping) in the dielectric insulation are presented.
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Chapter 3

Space charge measurement: Laser induced pressure

propagation method

3.1 Introduction

Historically, measurements of trapped charge within solid insulation have been difficult to
execute and interpret. The simple but destructive method is to cut the dielectric into slices
and measure the charge in each slice using charge sensitive powders. Red coloured lead
oxide (Pb3O4) was used to detect positive charges and yellow-white coloured sulphur (S)
used to detect negative charge. However, as it is clear that direct, reliable, non-destructive,
quantitative measurement of space charge distribution would be better way of understanding
the space charge dynamic in solid dielectric materials Therefore, several non-destructive
space charge measurement principles have been developed in the last twenty years. To save
listing too many authors a comprehensive bibliography on non-destructive techniques for

space charge measurements is given in Appendix 1.

The method used for the space charge measurement in this project was the laser induced
pressure propagation technique (LIPP), which was developed by P. Laurenceau et al in 1977
and widely use by J. Lewiner [114-122]. Work in the past decade has been devoted to
determining the space charge characteristics under dc electric stresses [39-68]. Work on the
dynamics and the role of space charge on electrical breakdown under 50 Hz ac a condition
have only received limited attention and has not been conclusive [69-73]. The difficulty of
an ac measurement system over the dc one lies in how to construct a discharge free HV
insulation system and design an automatic data acquisition technique to ensure a direct
correlation between the instantaneously applied electric stress and the measurement taken.
As there is an increasing body of opinion that space charge build up can be a contributing
factor to electric tree initiation of high voltage insulation [74-75] and because the majority
of polymeric cables will be operating under ac conditions in the immediate future, it is
appropriate to extend the LIPP system to investigate the charge trapping and mobility under

ac.
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In this chapter, the basic principles of the LIPP system and the existing dc LIPP
arrangement are reviewed. One of the main objectives of this research project is devoted to
design and construct a new version LIPP system which can be used to investigate the space
charge formation and evolution within a polymeric material with different treatments under
both dc and 50 Hz ac ageing conditions. Therefore, the operational principles, technical
design and construction of the newly designed LIPP system are given. In addition, as the
space charge distribution of cable geometries is of great interest to the manufacturers and
the end users, the newly designed LIPP system was modified, which allows space charge

measurement in the coaxial cable sample.

3.2 LIPP principle and the existing dc LIPP system
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rode B D HV blocking

capacitor
!
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v circuit
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&
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w ........ e eiiter
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Figure 3.1. The existing dc LIPP system

A schematic diagram of the existing dc LIPP system is shown in figure 3.1, where a sample
of homogeneous dielectric material is held in a screened chamber and electrically stressed
between semicon electrodes ‘A’ and ‘B’. A very short laser pulse (~ns) generated by a Q-
switched 1.064 pm Nd/YAG laser system irradiates and heat the surface of the front

electrode ‘A’. This will cause the surface of the electrode ‘A’ to expand rapidly and relax as
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it cools; thus an acoustic pressure wave as shown in trace (I) in figure 3.2 is produced and

transverses through the sample at the velocity of sound u,, [123-124].

As the dielectric sample is compressed by the leading edge of this pressure wave, then its
atomic structure will be compressed and two effects are observed. A charge attached to the
atomic structure will be slightly displaced and the relative permittivity of the sample

modified due to the local variation in dipole and charge concentration as the pressure wave

passes by.
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Figure 3.2. Schematic diagram of the LIPP technique

These two effects create a slight displacement of charge resulting in a simultaneous change
in the induced charges on electrode ‘A’ and ‘B’. Due to the 50 (2-load impedance (input
impedance of the amplifier) in the LIPP system, the change in the induced charges on the
electrodes will produce a output current signal /(f) in the external circuit, which can be
defined in terms of pressure wave profile and stress distribution within the sample (Equation
3.1). The output current is directly related to the space charge within the sample and though

the evolution of the current information on the space charge distribution under the applied
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electric stress can be obtained. Further details of the equation 3.1 are given elsewhere [122,
125-129]. According to J. Lewiner [114], it was demonstrated that the existing dc LIPP
system has a high spatially resolution (10um ) and the signal to noise ratio (SNR). However,
the main disadvantage of this measurement system is that the capital cost of the Nd/YAG

pulse laser in the system is high.

I(t)= ZCOG(g)fOE(z,t)ip(z,t)dz or where C,, = s
zf dt d
b d
1) =1, 2CG(e) [ Bz ) plz,t )z —mmeeenee 3.1)
Zs dz
where X Compressibility of the sample,
Co Capacitance of the non-compressed material,

zr (1) Position of the wave front at time ¢,
E(z,t)  Electric stress distribution,

p(zt)  Pressure wave profile,

z Distance through the sample,

u Speed of acoustic in the sample,

G(s)  Coefficient that depends on the relationship between the

permittivity and the pressure wave.

Trace (II) in figure 3.2 shows the charge distribution within the polymeric plaque sample,
assuming the insulation is devoid of any space charge except for the surface charge on the
sample/electrode interfaces due to the applied high voltage. As the pressure wave passes
into the sample, it crosses the front sample/electrode interface; the charge on the surface of
the electrode A is consequently moved and recorded as a current pulse. Assuming that there
is no further charge throughout the bulk, then there will be no further current recorded until
the pressure wave reaches the end of the sample. As the pressure wave pressure passes out
of the sample, the surface charge on the rear sample/electrode interface (B) is displaced.
This moving charge is also recorded as the second current pulse, which is of opposite
polarity to that of the front electrode as the surface charge is equal but has opposite polarity

to one another.
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In practice the pressure wave is not an impulse but is in fact a compression wave with a fast
leading edge followed by a gradual relaxation. As such, the surface charges through which
the pressure wave passes will not be seen as a current impulse but will produce a current
waveform as shown in trace (II) in figure 3.2. This waveform shows that the two equal but
opposite surface charge produce two equal but opposite current peaks at the interface.
However, in the practical case the typical output current signal as shown in figure 3.3 is not
as simple as described. The amplitude and the profile of the pressure wave will be degraded
(i.e. attenuated and dispersed) by the imperfect elastic properties of the polymeric material.
As such, direct calculation of the charge distribution from the output current waveform is
impossible and equation 3.1 must be solved by taking the pressure wave profile into
account. In addition, the second peak of the current signal will also be interfered by the
reflection wave (3™ peak of the current signal) from the metal electrode in the system, and
some data processing method is required. Further discussion of these processing techniques

will be given in a later chapter.
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Figure 3.3 Typical LIPP current signal of the 1.5 mm XLPE sample at 15 and 30 £V dc

3.3 Difference between dc and ac LIPP system

For a dc LIPP system, the applied electric stress across the polymeric sample is constant

throughout the ageing or measurement period; therefore a computer control data acquisition
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system for the space charge measurement is not essential [130]. However, for an ac LIPP
system, the applied electric stress is time dependent and the space charge distribution is
complex due to the magnitude and polarity variations of the applied stress. It is impossible
to perform the successive measurement at different precise points on wave manually. In
addition, an electronic control system is required to perform automatic data acquisition as
considerable amounts of data are generated for ac operating conditions in a short period of

time.

In addition, as the LIPP utilises a high power Nd/Yag laser to generate the pressure wave, it
will create excessive heating on the semicon target material; resulting in damage of the
target and modification of its ultrasonic properties. For a dc space charge measurement, the
semicon electrode (semicon target) on the test sample would need to withstand ~20 laser
shots during an entire experiment (including ageing), and it transpires that the effect of
target ablation to the signal calibration is insignificant. However, in the case of ac, the
semicon target experiences “n” laser shots for each measurement (“n” is equal to number of
point on wave measurement per cycle), therefore within the whole period of an ageing test,
the target may be subjected to more than 60 laser shots. Under these conditions the effect of
target ablation on the output current signal becomes significant and this would affect the
measurements considerably [131]. To reduce the damage of the target, a target cooling

system has been installed and controlled by electronics.

According to equation 3.1, the magnitude of the LIPP signal induced by the pressure wave
depends on both the internal electric field distribution and the pressure shape (i.e. pulse
magnitude and width). The pressure shape is directly related to the laser power; therefore
any laser power variation from shot to shot during measurement can cause invalidation of
the signal calibration. An online laser power monitor system has been installed in order to

eliminate the effect of the laser power variation on the measurements.

3.4 Experimental principle of the ac LIPP system

Prior to the electrical, electronic and mechanical designs of the ac LIPP system, the
establishment of its working principles is essential. For the space charge measurement under
ac condition, considerable care must be exercised to ensure a direct correlation between the

“instantaneously” applied electric stress and the measurement taken.
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Figure 3.4 Measurement of space charge signal at successive point on wave of

same cycle of applied ac voltage

This is best achieved with “point on wave” control of the applied voltage triggering the laser
[76,130,132]. This control is made easier because the travel time for the propagation of the
acoustic wave through a 2 mm XLPE sample (typical ~ 1 psec) that is small compared to the
period of one cycle of 50 Hz ac voltage (20 ms). Provided the laser is triggered on a specific
point on the ac waveform, the applied stress can be considered constant during the period of
a measurement. Therefore, it makes the ac LIPP system possible, where the space charge
measurement at a number of different points on the voltage waveform is possible as shown

in figure 3.4.

In order to overcome the problem of the damage of the semicon target changes in its

ultrasonic properties, two measures have been utilised,

Measure 1: A liquid cooling system for the target has been installed. The principle of which
is to inject silicon oil on to the surface of the semicon target material just before firing the
laser pulse. (Silicon oil was used to eliminate the problem of oil absorption by the XLPE
material, which could affect the measurement) This oil film not only assists in dissipating
the majority of the laser energy and prevents the target being damaged but it also assists in
increasing the efficiency of the conversion of the light energy into acoustic energy, hence

helping to increase the output signal amplitude.
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Measure 2: The space charge measurements are performed over successive ac cycles rather
than a single cycle. Therefore, only one laser shot per ac cycle is used instead of firing many
numbers of laser pulses on the target per ac cycle, hence the semicon target has enough time

to cool down thus reducing the damage to its surface.

AWAW

[Time t=1000+ 1/16" 20 ms]

Time t=2000+ 2/16* 20 mg
time

Figure 3.5. Measurement of space charge signal at successive phases
of different cycles of applied ac voltage

1 Voltage kV

For example, in order to achieve 17 measurements at different points on an ac wave, a time

delay between two successive pulses is employed as shown in figure 3.5, which is equal to,

1000ms + % *20ms ----- 3.2)

3.5 Newly designed LIPP experimental set-up

Figure 3.6 shows the block diagram of the newly designed LIPP arrangement. The
polymeric sample placed in a holder is connected both to the high voltage power supply and

the measurement system.
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The laser is activated at a point on the ac wave using an electronic control system, which is
controlled by the computer and synchronised with the ac high voltage. The instant voltage

applied to the sample at a particular point during a measurement is stored on the computer.
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Figure 3.6. Block diagram of ac LIPP system (with plaque sample holder)

3.6 Electrical system design

In the newly designed LIPP system, there are three main electrical components, (1) the high
voltage blocking capacitor, (2) the high voltage capacitor divider, and (3) the over-voltage

pulse protection box.

3.6A4 The high voltage blocking capacitor

In order to de-couple the high voltage and the measurement system, two 140 pF HV
blocking capacitors (in series with a total value of 70 pF) have been inserted between them.
An equivalent circuit of the LIPP system including the blocking capacitor, sample

capacitance and the amplifier is shown in figure 3.7.
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Figure 3.7. Equivalent circuit diagram of the LIPP system with the
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As the circuit design is based on the capacitance of the dielectric sample and some pre-

chosen parameters (i.e. load impedance, etc) of the measurement circuit, it is important that

with the inclusion of the blocking capacitor, all the frequency elements of the output current

signal corresponding to the space charge distribution in the bulk should be below the cut off

frequency of the circuit. The following four steps are used to ensure that the value of the

capacitance is adequate.

Step 1: Pre-chosen values of the measurement circuit  R,=50 2

C,=20 pF
Cy=70 pF
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Step 2: Obtain the range of the electrode area of the samples

The system is capable of measuring space charge for samples with various sizes and the

changes in electrode diameter and sample thickness are as follow:

Range of the electrode diameter: 0.01 m — 0.03 m

Range of sample thickness: 200x10 m — 0.003 m

Area of the electrode with 10mm diameier

2
Area;=z-r’ = 7[(%) =78.540x10"¢m?

Area of the electrode with 30mm diameter

2
Arear=r-r*=rx- (0—3—3) =706.858x107° m?

Therefore, the range of electrode area is 78.540x10°m?* < 4 <706.858x10%m’

Step 3: Calculate the range of the capacitance of the dielectric sample C|

According to the dimensions of the sample with two extreme cases of electrode area 4, the

range of the sample capacitance C, can be determined by equation 3.3 [133],

Cc =5 % <A
* d
where &, =8.854pFm™, &, =2.3 and d is the thickness of the sample

(F) (3.3)

For case 1:

A=78.540x10"m? and d=0.003 m
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C _ 2.3x8.854x78.540x10°°
M s(Smallest) 0.03

=0.0533pF

For case 2:

A=706.858x10"m> and d=200x 10m

L _ 2.3x8.854%706.858x10°°
©* “s(Largest) 200)(10-6

=71.973pF

Step 4: Verification of the design

As mentioned earlier, the importance of the design is to ensure that all the frequency
elements of the output current signal are below the cut off frequency after the blocking

capacitor is inserted in the measurement circuit.

Blocking capacitor

C
Cs 70PF
| | |
i 1
1 — S, R, Vs
——Sspé& -1 20pF 500hm
S

=

0.0533pF<Cs<71.973pF

Amplifier

Figure 3.8. Equivalent circuit diagram of the LIPP system with the
inclusion of the blocking capacitors (Simplify)

The equivalent circuit in figure 3.7 can be simplified and redrawn as shown in figure 3.8.

The cut off frequency of the output signal can be expressed as follow (Figure 3.9),

R

a

1 + R aCaS ]space _ Rn . ]space

V.= . = where S =jo
R, + C+CG CS R, +§Li§i-(l+RaCaS) =

1+RC,S CC,S Cc.C,S




And the cut off frequency is f, =

which means that the output V, is proportional to [

R R,

C +Ca:’ ']Sp ace ] space
RCS+ &G arRres) T GG [RCG CHG, o g
G, G, L G Cy o
' Ve |_ R G | e (3.4)
Liaee €+ G 1+[Ra € G, R,-C, IS
C, +C,
V. 4
R,C,/ (C,+C,)
>
f frequency

c

Figure 3.9 Frequency response of the quivalent circuit with the

inclusion of the blocking capacitors (Cut off frequency)

1

2-7-R|C,+ G
C, +C,

5

(3.5)

capacitance is equal to,

fo= 1 =158.73MHz

-12 -12
2.7-50- 2Ox10—12+0.0533x10 x70x10
0.0533x107% +70x10™

space

158.73 MHz (i.e. the rise time (t;) of the signal > 1.5 ns).
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For case 1, the cut-off frequency corresponding to the system parameters and the sample

if the signal frequency is below
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For case 2, the cut-off frequency corresponding to the system parameters and the sample

capacitance is equal to,

f= 1 = 75.37MHz

2'ﬂ-50-[20x10—12 19731077 ><70x10_12}

71.973x1072 + 70x 107"

which means that ¥, is proportional to /_ ., if the signal frequency is below 75.37 MHz

pace

(i.e. the rise time (¢,) of the signal > 3.3 ns).

In the LIPP system, the rise time of the short circuit current signal produced by the pressure
pulse on the semicon electrode is greater than 3.3 ms (i.e. Typically 20 ns) and its
corresponding frequency is well below the cut off frequency determined above. This verifies
that the value of the blocking capacitor is acceptable without affecting the frequency

response of the measurement circuit.

3.6B The high voltage capacitor divider

In order to record the actual high voltage value and obtain the synchronised ac signal to
activate the electronic board for the ac space charge measurement, a high voltage capacitor
divider has been installed in the LIPP system. The circuit diagram for the high voltage
measurement is shown in figure 3.10. To determine the values for capacitors, following

steps are used.

Step 1: Obtaining the transfer function of the high voltage divider

For AC operation, if R, >>———, then i, <<i,, and i, =i, +i,, =i,

]&)Cbp
P EPWP N B
Ja)Cl ﬁ{l + ]a)Cbp
1
vy R +jaC, 56
4
1 1

. +1
Jok, — +jaC,

/4
1



58

= R (eC) RGS where S = jo
(1+joC, R )+ R(jC) 1+R(C +C,, JS
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Figure 3.10. Circuit diagram and equivalent circuit for high voltage measurement
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Step 2: Design of the high voltage capacitor divider

According to Gauss's law [133], £ - Ids —E2m=% and E= Eg_
£ ey

where ¢ is the charge per unit length of the capacitor, and

r is the radius of the capacitor

Let a=—c£ and b——-—122 as shown in figure 3.11,

As the outer surface of the main body is grounded, i.e. V, =0, the above equation becomes

)
q.ln_
f T g > -V,=—-Y

2ng
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Since C:—q— = C= L
- )
a ln _
a

And the value of capacitance of length L is C = Zﬂf bﬁ (3.9

per unit length

In

It is clear that the high frequency noise created by corona discharges will affect the space
charge signal and reduce the signal to noise ratio of the measurement. Therefore, in order to
avoid discharges in the system, the entire free volume inside the sample holder and main

body at the high voltage end has been filled with 2-bar pressurised SF¢ gas. (Dielectric

constant = 1.0019)

E BNC PTFE €r=2
g 5mm High voltage conductor
N\
_i_ \ /A
4 ; FElectrode
/7
| N I R = | SITITIREES O SR G T SR S
+ l
T / LSS A \
E E ™ Length of capacitor "L"  [*~
3 > SFs & =1.0019

Figure 3.11. Mechanical drawing and dimensions of the ac LIPP coupling system

Table 3.1 below is the pre-chosen dimensions of the ac LIPP coupling system, and the

length of the coupling capacitor is designed tobe L =0.1m.

Coupling capacitor PTFE
—%=£=7.Smm:7.5x10‘3m a:%:27mm=0.027m
D 54 b:ﬁ=32mm=0032m
b=3=?=27mm20.027m '

Table 3.1 Pre-chosen dimensions of the ac LIPP coupling system
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Substitute the above dimensions into equation 3.9; the capacitance of the coupling capacitor

is,
_ 27-1.0019-8.85x107% x 0.1

C =
! ( 0.027 )
ln Y
7.5x10

Substitute the above dimensions into equation 3.9; the capacitance of the PTFE is,

=4.349x10" F =4.35pF

B 27-2-8.85x1072 x0.1

G, = =65.5"F =65.5pF
; 0.032 2op
In| ——
0.027
. .V, QG . .
By using the transfer function 3 ~ ol from the step 1 and with a transform ratio of the
1

bp

capacitor divider % = 10;00 , therefore the value of the C,, = 43.5x10” =43.5nF and the
i

value of the variable capacitor used in the pre-amplifier box should be equal to

C,=C,-C= 43.47° F = 43.4nF . Also, in order to prevent high frequency noise entering

the control and measurement systems, both circuits are placed in enclosed shielding boxes.

3.6C Protection circuit against the voltage pulse

HV blocking capacitor Spikes protection circuit
140pF 40kV 1nF 400v 1k 2W 1k 2W
Ay Ay N |
v 7| 7| AVAYAY NNV
140pF 40kV Amplifier
N <
'l al
s B B/
° 2
Sp rker 1N4148
ref: Siemens 9093

Figure 3.12 Circuit diagram of protection box
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To avoid any damage caused by high voltage discharge ‘spikes’ to the costly components
like the wide band amplifier and the computer system, a protection circuit with unity
transfer function as shown in figure 3.12 has been inserted between the blocking capacitor
and the wide band amplifier. The 1nF capacitor acts as a high-pass filter, which removes
any dc offset from the output voltage signal. Any voltage spike (> 0.6 V) within the output
voltage signal will be shorted to the ground by the ‘sparker’ device and dissipated by the
resistor (6 ££2). Two sets of double diodes arrangement are acting as the final protections to

ensure the output voltage is within £0.6 V before entering to the amplifier.

3.7 Electronic system design

One of the technical difficulties of an ac LIPP system over a dc one lies in how to construct
an automatic data acquisition system. It is because the space charge distribution in the
sample alters correspondingly to the applied ac voltage in an order of “msec”. Therefore, in
order to perform the successive measurement at different precise points (or phase) on the ac
wave and control the target cooling system, an electronic control system has been used,
which was original designed by the “HLP technologies” and modified by Southampton
University. The electronic control system makes the automatic data acquisition and target
cooling possible. It synchronises the ac high voltage and triggers the laser firing at precise
point on wave for the measurement. In addition, it controls the solenoid to inject silicon oil
on to the surface of the semicon electrode just before firing the laser. Details of the circuit

and the working principles of the electronic system can be referred to in Appendix 2.

3.8 Mechanical system design

Mechanical design is an essential part of the ac LIPP system to ensure reliable

measurements. It includes high voltage insulation system, mechanism of cooling system and

sample holder.

3.84 The compressed gas high voltage insulation system

If there are corona discharges in the HV system, the high frequency noise generated will

superimpose on the measured signal and reduce the signal to noise ratio. Moreover, the ac
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waveform obtained from the HV capacitor divider acts as an activation signal to the
electronic system, if it contains any high frequency noise from the discharge, it may cause a
mistrigger and affects the reliability of the measuring system. Therefore, it is important to

eliminate any discharge activities.

In order to avoid discharge in the system, the entire free volume inside the sample holder
and main body at the high voltage end has been filled with 2-bar pressurised sulphur
hexafloride (SF¢) gas. “SF¢ ” is universally used for high voltage equipment. It is non-
poisonous, colourless and heavier than air and has a good insulating properties. However,
one adverse characteristic of the SFg gas is that an extremely aggressive and poisonous
byproduct will be produced if any discharge occurs [134]. Therefore, safety precaution must
be taken; i.e. the pumping system for the exhaust gas must be filtering by the special
chemical before it can be released. No discharge has been observed under 80 £V dc and ac

up to 30 kVpear

3.8B The target cooling system
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Figure 3.13. The systematic diagram of the target cooling system
using gravitational force
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In order to eliminate any inconsistent amount of silicon oil injected on the target surface for
each measurement, a pressure pump has been installed. It was used to control the pressure
and the amount of oil injected to the target surface. However, the main drawback of such an
arrangement is the pump creates bubbles inside the oil, which can deposit on to the target. If
the laser pulse lands on the oil film containing bubbles an unexpected loss of laser energy
may arise. An alternative method using a header tank to create the liquid pressure as shown
in figure 3.13 was then adopted. Since this method only relies on the gravitational force, no

gas bubbles are created.

According to the Bernoulli’s energy equation 3.10 [135], as the silicon oil tank with radius

“r” is placed at height “/4,” above the outlet of the liquid system, then

Rl + 4 +h, = il +£ + frictionalhead lost ---------- (3.10)
g 28 pg 28
AV, = AV, —=-mmeen (3.11)

where P and V, are the pressure and velocity of the oil at the outlet of the water tank,
P, and V, are the pressure and velocity of the oil inject to the sample,
4, and 4, are the cross-section area of the host,
p is the density of oil,
g is the pull of gravity,

Assuming that the cross-section area of the host liquid is constant and the energy by the

frictional head loss is zero, then equation 3.10 can be rewritten as equation 3.12. It shows
that the pressure P, of the oil at the injection point to the sample will only depend on the

pressure and height of the oil tank.

o=t (3.12) where P, =P8
g 2

gl
rg

As mentioned, any inconsistent amount of oil on the target surface will invalidate the signal

calibration. Therefore, in order to avoid the accumulation of oil on the target surface from
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shot to shot, an electrical pump has been installed as shown in figure 3.13 to remove the oil

runoff from the target surface.

3.8C Construction of the plaque and cable sample holder

The newly designed LIPP system was further developed to include coaxial cable structures.
The mechanical joins between both sample holders (i.e. plaque or cable) to the high voltage
main body are the same, therefore depending on the geometry of the test sample it is only
necessary to swap the sample holder to complete the measurement system. Sample holders
for plaque and cable samples are constructed as shown in figure 3.14 and 3.15 respectively.

(The details of mechanical drawing are shown in Appendix 3 and 4)

Figure 3.15 Cable sample holder for the LIPP system
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3.9 Online laser power measurement and laser beam focusing system

Referred to equation 3.1, the magnitude of the LIPP signal induced by the pressure wave
propagation through the sample depends on both the internal electrical field distribution
E(z,t) and its pressure shape p(z,7). The pressure shape is directly related to the laser
power. Any power variation during the measurement can cause a serious problem to the
calibration and reproducibility of the space charge measurement. In order to eliminate the
effect of the laser power variation on the space charge measurements, two solutions have

been considered.

The first solution is to record a few signals and average them. This must be carried out for
each measurement (calibration and ageing), and the effect of laser power variation becomes
less important. In addition, this averaging method has a second beneficial effect. It can
reduce the random noise level by a factor of Jn where n is the number of shots. However,
target damage and the heating effect must also be taken into account, as each measurement
“consumes” n shots of target. This method in fact can only apply to the sample stressed

under dc condition.
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Figure 3.16. Characteristic and dimension of the laser splitter [136]

Another solution, which has been adopted in the LIPP system, is a “online laser power
monitor”. Since the magnitude of the space charge signal was directly proportional to the
laser power, by measuring a small fraction (5 %) of laser power (Beam splitter), it is

possible to normalise the output signals before any numerical treatment. The characteristic
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of the laser beam splitter is shown in figure 3.16. If 5 % of laser power is reflected by a laser

beam splitter to a laser power meter, the incident angle of the laser to the splitter should be

15 degree.

As mentioned earlier, space charge distribution in power cables is of great interest to the
manufacturers and the end users, and one of the objectives is to use the LIPP system to
investigate space charge formation and trapping characteristics in coaxial cable structures.
However, due to the limited laser power, the pressure generated by the laser used for the
2 mm planar sample measurement was not powerful enough to obtain a signal with

reasonable SNR for 4.5 mm or 6 mm thick cable.

In order to achieve higher laser power density (W/em?), one solution is to reduce the

diameter of the laser beam.
. . : ‘Plaser
Equation of laser power density: Power density = —=2~ =--m-n-ae- (3.13)
7

Since the original laser beam for the plaque samples was around 5 mm in diameter and the

P
laser power density is equal to 2)_016£S28_r5~’ by changing the optical lens ‘A’, the laser beam
. z

diameter in the LIPP system can be reduced to 2.5 mm or 1.5 mm and the density of the laser

P P .
power will increase 4 times to ——%““___ and 11 times to ——2_ respectively. In the
0.0156257x 0.005625x

system, an online laser power measurement and an optical system for the laser beam
diameter reduction have been incorporated into a single unit with all the lens and power

detecting sensor housed in an enclosed metal box as shown in figure 3.17.

As the time interval between 2 consecutive laser shot for ac space charge measurement is
only “1000+(1/N)*20 ms”, it is impossible to collect the laser power of each shot manually.
A program that allows the communication between the laser power meter (FieldMaster GS)
and the computer by using the serial port has been written under visual basic environment.
This makes automatic data collection possible. The details of the technical parameters used
in the visual basic program and the pin numbers assessment for the construction of the data

collection cable are given in Appendix 5.
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Figure 3.17 Block diagram of the online laser monitor system

3.10 Measurement resolution

In order to interpret the signal calibration correctly the measurement resolution of the LIPP
system need to be considered. Broadly speaking, the spatial resolution can be determined at
any position within the sample from the length of the leading edge of the pressure pulse
[136]. This can be calaculated at the interfaces by measuring the rise time of the current
pulse from the electrode/sample interface and multiplying the velocity of the sound for the
material being tested. An example of such a measurement for a typical current pulse
recorded from a front sample/electrode interface is shown in figure 3.18.

The typical rise time “7,,” of the current pulse in the newly designed LIPP system with

target cooling system and semicon electrode is around 20 »s, hence giving a spatial
resolution of 40um as the velocity of sound in cross linked polyethylene is about 2000ms ™
[138]. Moreover, after the deconvolution of the current waveform the resolution can be
increased by factor of 3 [137,139], which in this case the spatial resolution increases to
about 13um. However, in the rear sample/electrode interface the measurement resolution
will be slightly lower than that of the front sample/electrode interface due to the dispersion
of the pressure wave through the sample. Therefore it will ultimately depend on the
thickness of the sample. The resolution at any point within the sample can be determined by

an interpolation between the spatial resolutions at the front and rear interfaces.
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Figure 3.18 Illustrative diagram of the current pulse at the front

sample/electrode interface (target) for the resolution calculation

The spatial resolution of the current signal of the LIPP system can also be affected by the

bandwidth of the electronic elements and equipment used. In our LIPP system, the wide

band amplifier and the 1 GHz digital oscilloscope have a bandwith of 400MHz and

250MHz respectively, therefore the electronic system resolution will be limited by the

oscilloscope rather than the amplifier.

Capability of the digital oscilloscope

The “percentage error” of the typical current pulse with a 20 ns-rise time can be found by

using the equation 3.14,

T, —T
Error% = -riemeasured o 1(J()0% w-m-m-mm- (3.14)
Trise
where 7, is the signal rise time = 20 ns
T is the measured signal rise time

measured

Also, with reference to [140] the “measured signal rise time” is defined as,
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2 2
Tmeasured = \/Tinstrument + Trz’se __________ (3 A5 )

where T, is the “instrument rise time” equal to [140],

instrument

350

Tinslrument = . (3 . 1 6)
Bandwidth (Hz)

For a 20 ns rise time current pulse the percentage error of the measurement signal will be
around 0.24 %, which is within 5 % of the acceptable experimental error. In order to ensure
the current signal does not suffer excessive quantisation noise during digitisation, the
sample rate of the analogue to digital converter within the oscilloscope should also be
considered. The oscilloscope used in our system samples at 1 GHz, which for accurate
digitisation of the signal should be ten times the signal frequency. So that the maximum
measurable frequency can be considered to be about 0.1 GHz, which is about twice of the

highest frequency component of the typical current signal with a 20 zs rise time [139].

3.11 Conclusions

The basic principles of the LIPP technique and the existing dc LIPP arrangement are
reviewed. The operational principles for ac LIPP system (i.e. point on wave measurement),
technical design (i.e. electrical and electronic components) and construction (i.e. mechanical
arrangement) of the newly designed LIPP system are given. In addition, as the space charge
distribution of cable geometries is of great interest to the manufacturers and the end users,
the newly designed LIPP system was modified, which allows space charge measurement in

the coaxial cable sample.

In order to provide accuracy and consistency for space charge measurement, the effect of the
“shot to shot laser power variation” in the magnitude of the output current signal is
considered. To eliminate the measurement errors caused by this factor, an “online laser
power monitor system” has been introduced. A correction factor has been taken into account
during the stage of signal calibration and subsequent measurements to modify the output

current signal before any numerical treatment.
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Chapter 4

Data processing method for planar and cable

sample

4.1 Introduction

The technique using for space charge measurement in this project was the LIPP method. In
the present chapter some preliminary results and the details of the calibration and data

processing method for planar sample are reported.

In addition, the relevant theoretical principles of space charge measurement in cable
geometries using the LIPP technique is not well defined. Therefore, this chapter addresses

this aspect and giving details of the analysis, calibration and data processing method used.

4.2 Quantitative space charge density calculation & calibration for the

planar sample

With reference to section 3.2, the short circuit current obtained by the LIPP system using the

short circuit measurement arrangement is shown as follow,

1(t) = —u,, yC,Gl¢) f °E(z,t)i p(z,t)dz
7 dz

If the duration of the pressure wave is very short in comparison to its transient time through
the dielectric sample, it can be considered as a form of step input and the above equation can

be simplified [139]. The instantaneous short circuit current will be dependent on the electric

stress and is given by,

_ —I(t)
Hen= u,, 2C,G(£) p(z,1) *D
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Assuming that the test sample is a homogenous dielectric, then the space charge density
distribution can be determined by the differentiation of the electric stress (equation 4.1) with

respect to the position “z” through the sample. Thus, the electric stress profile E(z,f) and

space charge density distribution o(z,¢) can be found.

GE(z,t) (4.2)

p(z,1) = &§,¢&,

However, as there is no quantitative reference about electric stress and charge distribution, a
scaling factor is required which can be derived from the calibration. In fact, a numerical
solution of equation 3.1 is possible; however it is not stable because the small signal noise
and numerical errors can produce large oscillations in the results [141]. Fortunately, there is
another approach, which will give qualitative as well as quantitative information of the
electric stress and charge distributions without recourse to any complex deconvolution

process of equation 3.1.

Let the pressure wave start at the target electrode at “z = 0 sec” and after period of “#sec”

the leading edge of the pressure wave arrives at position z =z, (¢) , therefore the equation

3.1 can be rewritten as,

() :—usaXCOG(g)ff(t)E(Zrt);l,a‘;‘p(Zst)dZ ““““““ 4.3)

Assuming that the electric stress on the target electrode during measurement is equal to

E(0,¢) and the front of the pressure wave P(z,,r) =0, then the short circuit current 1(z)

corresponding to the target electrode/sample interface can then be simplified as equation

4.4, details can be referred to [138],

1) = -, 2CoGle) EQ.0) [ p(z.0)dz = —u,,2C,Gle)- EO.0)[p(z,.0) - p(0.0)]

I(t) =,y 2CoGle)- E(0,1) - p(0,0) =--mnm-- (4.4)

where E(0,7) is the electrical field at the target electrode
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With a similar approach, the electric stress on the rear electrode during measurement is

equal to E(d,,t) and the tail of the pressure wave P(z,,t) =0, the short circuit current 7(z)

corresponding to the rear electrode/sample interface is [139],
1) = ~14,,2C,G(5)- EQ.) [ plz.t)dz = -, 2C,G(e) E(dy )] p(dyst) ~ plz,.1)]
1) = =4, 2CGle) E(dy,1)- p(dy,1) === (4.5)

where E(d,,?)is the electrical field at the rear electrode

4.2A4 Space charge signal calibration of plaque sample

It is clear that the space charges can easily be formed in the bulk by the application of an
electric stress to the sample for a period of time, which will significantly alter the local
electric field in the dielectric [143-144]. Therefore, in order to obtain the calibration data
without space charge effect, the sample has to be stressed below a threshold voltage for a

short period of time.

This calibration data obtained will only correspond to the surface charges p(0,7) and

p(d,,t)on both target and rear electrodes created by the applied voltage. Based on

electromagnetic theory [145],

V 1 odO—Z

E = dz ---------- 4.6
anode do (90 5,. do ID (Z ) z ( )
V 1 0o Z
E . =—- e Y. p— 4.7
cathode do 6'0 gr f’ do 10 (Z ) Z ( )

In the absent of space charge inside the bulk, the surface charge and the electric stress on

both the anode and cathode should be the same (i.e. V/d,) and hence

E(0,t) = E(d,,t) = E,,. Assuming that the magnitudes of the pressure wave at the target and

cal *

rear interfaces are equal to p, and p, , then the calibration current at both target (equation

4.8) and rear (equation 4.9) electrodes are equal to,

Ical (09 t) = usaZCOG(g) : Ecal : pO """"""" (48)

[cal(dO’t) = _usaZCOG(g) ) Ecal ) pdo __________ (49)
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By partial integration of equation 3.1 and p(z,,r)=0 [114,139], the space charge current

signal corresponding to position “z” within the bulk is,

Ispace (t) = usaXCOG(g)[E(O’O) ’ p(o’ t)] + usaZCOG(S)‘f/ g—(gc—gzz,—t))p(z’ t)dZ

u Gle
=u,, yC,G(£)[E(0,0)- p(0,5)]+ %‘;—Q f " p(z2)-p(z,t)dz ---- (4.10)
0“r
Assuming that, the position where the space charge current measurement performed is far
away from the interface and the change in space charge density is slow and approximately
constant over the region covered by the pressure wave. The current signal that contributes to
the first term of equation 4.10 can be assumed zero. In order to perform the calculation, it

assumes that the value of the pressure amplitude and dispersion at position “z” are p, and
u,7, hence the pressure wave can be expressed in the form of ff p(z,t}lz =p, U, T,

[139], and

[SPace(t) = ui‘i“g)‘q(f) - p(2) ff p(Z,t)dz

0“r

_#a2C0E) i g @.11)

&E,
By equating the constant terms u_, xCoG(g) at the equation 4.8 and 4.11, the space charge

density distribution of the LIPP system at position “z” within the bulk is obtained
[139,146],

pz) = LD Py 06y Br (4.12)
]cal (0’ t) pz usaz-

where p(z) 1isthe charge density at location z,
I () 1s the current recorded at location z,
1,,(0,r) is calibrated current at the target interface,
po is the amplitude of the pressure wave at the target

interface,
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p. is the amplitude of the pressure wave at location z,
&, isthe permittivity of free space,

& is the relative permittivity,

is the electric stress for calibration,

u_ 1is the velocity of acoustic wave in the sample,

7  is the width of the pressure wave at location z.

Referring to equation 4.12, it is noticed that some qualitative information should be gleaned

for the determination of the charge density distribution p(z),

=F

cal

e Threshold voltage V.

cal

-d,,

e Calibrated peak current /__ (¢) at the target interface during the application of the

space
threshold voltage,

e The pressure wave profile (i.e. magnitude and width) at location “z”.

4.2B Threshold voltage and calibrated peak current for dc and ac_measurements of
plaque sample
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Figure 4.1 Typical plots of the LIPP current signal of the 2 mm degassed
XLPE Sample at 5 £V and 25 kV
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A low voltage, say “5 kV”, is normally used for the calibration on 2 mm XLPE sample
(Figure 4.1), based on the assumption that at this level of electric stress (2.5 kV/mm), no
charge can be formed inside the bulk. Unfortunately, the “noise” is the main drawback at a
low voltage calibration. The signal processing technique using high order wavelet filters can
remove the noise, however it also reduces the signal peak amplitude and distorts the shape
of the entrance and exit peak of the original signal. Hence, an error for the space charge

density calculation could arise as a consequence.

Since space charge can be easily produced at a high electric stress, the calibration at high
voltages should not be adopted without the information on the threshold voltage at which

the space charge starts to accumulate and form inside the sample.

In order to determine the threshold voltage under dc stressing conditions, a “ramp rate test”
is introduced which makes the higher voltage calibration possible. For a dielectric material
without trapped charge in the bulk, the magnitudes of the current peaks and hence the
interfacial stresses would be linearly dependent on the applied voltage. Once the space
charge is formed in the bulk, the magnitudes of the current peaks will deviate from the

linear relationship depending on the nature of the charge inside the material.

Referring to equations 4.6 and 4.7, if heterocharge is formed close to the interface, the
interfacial stress becomes higher than the applied stress and the magnitude ofi the current
peak will deviate negatively from the straight line. Conversely, if the magnitude of the
current peak deviate positively from the extrapolated straight line, then it means that the
interfacial stress is less than the applied stress, indicating the formation of homocharge close

to the interface.

Figure 4.2 show a typical plot of the peak magnitudes of the output currents of the entrance
and exit peaks against the applied dc voltage of a degassed sample. It can be seen that below
23 kV the entrance peak magnitude follows a straight line. However, when the applied dc
voltage reaches 23 kV, the entrance peak against the applied voltage starts to deviate,
showing that space charge is present in the bulk. Thus, the threshold voltage and the

calibration peak current can be established.
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However, in the ac case, the space charge distributions are measured at a number of
different points on the wave for a complete ac cycle (i.e. 17 points on wave), hence no ramp
rate test is needed. By using the same approach as the dc ramp rate test (i.e. magnitude of

the signal peak against the applied voltage), the threshold voltage (i.e.V,,= %9 kV) of a
XLPE plaque with 0.8 mm bulk insulation for the calibration can be established as shown in

figure 4.3.

Moreover, in order to perform the above calibration technique correctly, a limitation factor
like the “measurement resolution” is needed to be considered. Practically, the leading edge
of the pressure wave will not be instantaneous but be of a fixed duration (or distance), and
the amplitude of the current pulse at the inteface will not simply be due to the stress across

the interface but also dependent on the charge close to the electrode.

For example, if there is some positive charge extremely close to the anode, then the charge
will produce a positive current close to the interface. If the surface charge on the electrode
and the space charge in the bulk occur very close to one another, and the resolution is poor,
then the output signal associated with the charges will be superimposed on each other
increase the resulantant current pulse. Hence, in this case homocharge leads to an increse in
the current signal amplitude. For this reason, before the current waveforms are used for the
calibration correction, it should be examined carefully in order to determine what had

actually caused the deviation in the current pulse amplitude at the interface.

4.3 Correction factor for the target ablation of plague sample

Producing a well defined, consistent pressure wave is essential for accurate measurement of
space charge. The efficiency of the laser absorption of the semicon surface will degrade
after experiencing many laser shots. Consequently, the profile or shape of the pressure wave
will change. Therefore, the effect of the target ablation of the semicon on the pressure shape

must be taken into account especially for the ac space charge measurement.

For the dc space charge measurement, the semicon target on the test sample will only need
to withstand less than 30 laser shots in total, therefore the effect of target ablation to the
output current signal is insignificant. However, in the case of ac, the semicon experiences

“n” laser shots in each measurement (“n” is equal to number of point on wave measurement



78

per cycle), therefore within the whole period of an ageing test, it may be subjected to more
than 60 laser shots, thus the effect of target ablation to the output current signal becomes

significant.

Figure 4.4 shows the variation of the entrance and exit peak magnitude against the number
of laser shots for a 2 mm as-received sample stressed at 10 £V (5 kV/mm). 1t is assumed that
no space charge can be formed inside the bulk at this stress and both the current peak
heights (i.e. interfacial stress) against the number of laser shot should be constant. However,
it is obvious that after ~50 laser shots on the semicon target, the magnitude of the entrance
peak decreased significantly with the number of laser shots, indicating that the efficiency of
the target material was degraded. In order to ensure that the magnitude variations of current
signal or the deviations of the current peak heights against the applied voltages were caused
purely by the space charge effect, a correction factor which according to the linear
relationship shown in Figure 4.4 has been introduced to modify/normalise the raw current

data before any data processing was performed.
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Figure 4.4 Variation of the current peak height against number of

laser shot for an as-received sample

As the correction factor for semicon target degradation is dependent on both the semicon

material and the sample thickness, it will vary from sample to sample. In order to obtain the
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correction factor for an individual sample, a target ablation test needs to be performed on
every new sample before any ac ageing experiment commences. After the target ablation
test, the sample is then taken out of the sample holder and a new area on the semicon

electrode selected before commencement of the ac-ageing test.

4.4 Recovery of the reflection current sisnal of plague sample

The semicon electrodes placed on either side of the planar sample are an essential part of the

test system, in that they allow the sample to be electrically stressed.

o  For the target semicon electrode,

» The material must have a high absorption coefficient of light at wavelengths emitted
by the laser, and acts as a target to absorb the laser radiation and initiate the pressure
wave,

» The thermal conductivity and vaporisation must be low to avoid damage by the high
power laser,

> It must have a good contact (i.e. no air-gap) with the insulating sample to allow the
pressure wave to pass from the target electrode into sample efficiently, and

» The mechanical and acoustic properties between the target semicon electrode and the
insulating sample material must be matched. Otherwise, unexpected reflection or

loss of energy may arise at the interface.

o  For the rear semicon electrode,

The basic material properties are the same as the target semicon electrode. However, after
the pressure wave crossed the rear sample/electrode interface, it will traverse the semicon
electrode until it reaches the high voltage electrode of the LIPP system (metal). Therefore,
as the mechanical and acoustic properties between the semicon material and metal are not
matched, the pressure wave will be reflected back through the sample electrode towards the

insulating material. This produces a current signal superimposed on the exit peak as shown

in figure 4.5.
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Figure 4.5 Typical LIPP current signal of 2 mm degassed sample at 50 £V dc

To avoid this reflected wave superimposing or interferring with the exit peak at the rear
electrode, the thickness of the rear semicon electrode must be considerablely thick
(~0.5 mm). However, in some cases, the rear semicon electrode may not be thick enough for
the trailing edge of the pressure wave leaving the sample prior to the reflected leading edge
re-entering the sample as shown in figure 4.5, hence a data processing for signal recovery is

necessary.
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pulse by reflection

”
'Reference region

Extrapolation regio

\J y
Ref. A Ref. B Ref. C Ref. D

Figure 4.6 Systemic diagram of the recovery of the reflection wave at the rear electrode



81

08 : ! : :
0.4

0.2

Current (mA)
=) o)
BN N o

=
o

-0.8

Time (ns)

Figure 4.7. Typical LIPP current signal of 2 mm degassed sample

after rear peak recovery process

The diagram in figure 4.6 illustrates a typical resulatant waveform of the current signal at
the rear electode. The first current pulse at the rear electrode (red trace) is interferred by the
reflected waves (black trace). In order to recover the trailing edge (blue trace) of the first
current pulse at the rear electrode an approximate method that is based on the high order
extrapolation technique has been adopted. Assuming that the distance between Ref. A to
Ref. D is equal to length of pressure pulse shown in figure 4.5, therefore by extrapolating a
line (blue trace) from the cross point at “Ref. C” to the termination point at “ref. D” using a
higher order polynomial within the reference region (“Ref. B” to “Ref. C’), the whole
waveform of the first current pulse can be mapped and the trailing edge of the first current

pulse at the rear electrode recovered as shown in figure 4.7.

4.5 Pressure wave profile calculation of plague sample

Referring to equation 4.12, apart from the threshold voltage and calibrated peak curent, the

pressure wave profile is another factor, which affects the subsequent space charge density
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distribution calculation. When the pressure wave p(z,r) travels through the sample, a

considerable degradation by the attenuation and dispersion will occur.

Figure 4.8 shows a typical pressure wave profile of the space charge calibration signal at the
threshold voltage after the recovery of signals due to reflections. As there is no space charge
accumulated inside the bulk, the amount of surface charges as well as electric stresses on
both entrance and rear electrodes should be equal. In an ideal case, with no attenuation and
dispersion during acoustic propagation, the shape of the pressure wave at both
electrode/sample interfaces should be the same. However, it is obvious that the amplitude
and the width of the rear (second) peak are significantly lower and broader than the entrance

(first) peak, indicating that attenuation and dispersion of the pressure wave have occurred.

According to the basic principle of the LIPP technique for the planar geometry sample, the
pressure wave created by the laser pulse can be expressed in terms of the frequency

components [147],
pz,t) = 51- f " F(P)(z,0) - expli2zvt Jdw ---------- (4.13)
T M

where F(P)(z,0) = Jj ' p(z.1)-expl-i2zvtfdt --e-mmm- (4.14), and

F(P)(z,v) is the Fourier component of the pressure wave at the angular frequency

v and at abscissa z.

Assuming that all the frequency components of the pressure wave propagate at the velocity

v "
, the pressure wave at position

of sound u, (v) with attenuation a(v) and dispersion

sa

“z” in term of the entrance pressure pulse and degradation factor is,

F(PYzw)= F(PYow) e e 5l oomerre 4.15)

where  g): is the attenuation term,
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27u- e . .
e "= isthe dispersion term,

2zv

Given that k(v) = —ia(v) and A(v)=e ™,

sa

F(P)zv)=F(P)o0}AD)f -------- (4.16)

By using the entrance and exit pressure wave at “z =0 and z =d,,”, the degradation factor

A(v) can be obtained,

A = [Tl 0% _(FPXdy )%y 1,
FFT[p(0,1)] F(P)(0,0) A

The pressure wave profile at any position z within the bulk can be calculated using the

inverse Fourier transform based on equation 4.18 and the results are shown in figure 4.8.

plz) = FFT [F(PY00) [AQ)F | - (4.18)
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Figure 4.8 Example of the calculated attenuation & dispersion curve of a 2mm XLPE
sample (20 V)
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4.6 Calculation of the electric stress distribution of plaque sample

As shown in figure 4.9, the semicon target limits the measurement resolution, therefore the
pressure wave is no longer an impulse and its width will cause the magnitude of the charge
density near the front and rear electrodes (0~z¢) and (z~dg) to be inaccurate. However, over

the region (z¢~z;) the current profile can be considered a good representation of the charge

density distribution [141].

Image
charge

B e D

o

0 /| \E“\pw r f' %\
/ Zf \’J\’_‘———-\_\:\,__Iﬁich

I

Front Rear
electrode electrode

Figure 4.9 Charge density profile (with volts off) [141]

Assuming that the pressure waves during the entrance and exit of the sample are in the form

of a step function, the electric stress £_ at the interface between the electrode and sample is

given by,

where I, is the peak current at interface,
I, is the calibrated peak current at either the input or output interface,

E, is the applied electric stress for the calibration.

In an ideal case, if the pressure wave is an impulse, the electric stress profile inside the bulk

(O - do) can be obtained theoretically by integrating the charge density,

E(z)= f i;i?dz+c R R—— (4.20)
0

¥
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The constant C can be determined from the “equal energy” principle,

f " E(2)dz=Ey-dy = V —weeemeee 4.21)

dy z
V=f( ! -J‘p(z)-dz+Csz
o\% & ¢

d,

of 2 d,
V= I -I(fp(z)-dz]-dz+f€-dz
& 0 0

O'gr 0

do z
3N p(z)-dzj-dz+C-do --------- 4.21)

go'gr (AN}

1

V =

Hence, the constant value of C can be obtained as:

dyf z
V- f p(z)-dz]-dz
C= & &, o\ 0
d,

1

(4.22)

where d|, is the thickness of the sample.

The electric field profile inside the bulk (0 — d, )is given,

] yo1 -j(]p(z)-dz}-dz

&€
~jp(z)-dz+ 0 7 070
£ € d,

0 r 0

E(z) = (4.23)

Reiterating the point that the semi-conducting target limits the measurement resolution and
the pressure wave is no longer an impulse equation 4.23 cannot be applied directly. The
interfacial stress of the front and rear electrodes can be calculated using equation 4.19.

Equation 4.24 is then used to obtain the preliminary shape of the electric profile within the

region (z ;> z,),

E(z)= j_j L’@dz+ C, 2f<z<z-mmmmm- (4.24)
s &€,
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Either end of the ‘electric stress profile’ is joined to the interfacial stress at the front and rear
electrode by a higher order polynomial extrapolation. Finally, the “equal energy” principle
is employed to check the area under the applied electric stress E, and the area under the
modified electric stress E(z) due to the presence of space charge in the bulk of the sample,

hence the areas of both are equal and the final electric profile (0 — d,,) obtained.

4.7 Electric field distribution in cable sample

The schematic diagram of the space charge measurement system for the coaxial cable using
the LIPP method is shown in figure 4.10. Referring to equation 3.1, the current signal
obtained by the LIPP technique is equal to the integration of the convolution of the electric

profile and the change of the pressure wave.

HV supply

N pressure wave
I Laser Beam
s XLPE

I Conductor

Outer electrode
Inner electrode

Cross-section of pressure wave propagating in a radial
manner through the cable geometry

Figure 4.10. Schematic diagram of the LIPP measurement system for coaxial cable

1() = A[” E(z)- % P(2, )z —mrmmmemme (4.25)
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where 4 =-u_yC,G(s) and z is the radius reached by the wave front at time ¢
(ie. z;=R-u,t)

Similar to the planar sample, the electric stress distribution E(z)in the cable sample
contains two components as shown in equation 4.26. However, in the case of the cable

geometry the term E,(z) is position dependent [148].

E(2) = Eo(2) + E g (2) - (4.26)

where E (z) and E,, . (z)are the electric stresses due to the applied voltage and space

charge respectively.

4.74 Calculation of E,

In the absence of space charge, the electric stress distribution within the cable [133] should

only the related to the applied voltage ¥, and the position “z”, the E,,(z) contributed by

the space charge should be equal to zero,

LE(@Z)=E(2) = 1

z ln(% )

4.7B Calculation of Eyc.

(4.26)

However, if there is space charge formed or accumulated inside the bulk, the electric stress
profile at different positions “z” within the cable sample will be distorted, resulting in local

electric stress enhancement or reduction by a value of E,,,(z), which can relate to the

charge density p(z) at “z” abscissa.

According to the Poisson’s equation and for a cylindrical geometry, the electric potential in

the presence of space charge can be expressed as [149],

2 2 2
a? la/_%a€+6g=_pﬁﬁf) 4.27)
oz z 0z z° 0¢ or &&,
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where p(z,¢,r) represents charge density at any point,
&, 1is the permittivity of free space,

&, is the relative permittivity of the material.

To simplify the above equation, it is assumed that the material is homogeneous; therefore
the charge density p(z) can be regarded as one dimension and only dependent on the “z”

abscissa. Thus, Poisson ‘s equation 4.27 is reduced to [149],

2
AR -\ C) R— (4.28)
0z° z Oz &E,

By substituting %g = —F into equation 4.28, then
4

OF 1p_ P2 (4.29)

0z z &€,

The equation 4.29 is a typical linear equation and its general equation can be found [150],

[ 2p(2)dz+-C = oY — (4.30)
zZ

E(Zf) =
2,68, ;

where C =constant, z, = R—u,t,and r<z, <R

Thus, E . (z,) = 1

1 V.
2 | o, _E/ zp(z)dz—/—(——)ln 1% +C

4.8 Geometric effect on the pressure wave in cable sample

Referring to equation 4.13 and 4.14, the pressure wave can be expressed as,

plz,t) = L Jj " F(P)(z,0)-expli2nvt jdw ----nmmmm- (4.13)
2w
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where F(P)(z,v) = fz p(z.1)- exp[— i27wt]dt -------- (4.14), and
F(P)(z,v) is the Fourier component ofi the pressure wave at the angular frequency

o and at abscissa “z”.

However, due to the cylindrical structure of the cable sample, the propagation ofi the
pressure wave within the cable is different from that of the planar sample. The pressure
wave will propagate radially inwards from the outer electrode, radius “R”, towards the inner

electrode, radius “»”, at a velocity of u,, (red trace, velocity u,, for XLPE = 2000 ms™) and

the Fourier transform ofi the pressure wave must satisfy the propagation equation 4.31 for

the coaxial geometry [151, 152],

BF (P)+ @;)—F(P) ) S (4.31)

2 2
e 0 F(IP) +l OF(P) N (27[02)
0z z Oz u

sa

F(P)=0

. 270 1 . .
Since == >>—"!, then the solution of the Fourier transform of the pressure wave at the
u z

sa

frequency “v” that propagates through the insulator for the coaxial geometry is given by

[148, 151-153],

F(P)(z,0) = \/-;i - F(P)(R,v)expl-a(v)-(R - z)]exp{— izzg(R - z)jl ---------- (4.32)
V4 U,
where u_ Velocity of sound in the sample and opposite direction to z

sa

abscissa, the velocity frequency dependence,

F(P)(z,v) Fourier transform of the pressure wave at the angular frequency

v and at z abscissa,

1 _
'Since v € [500kHz;1 00MHz]; u,, =2000ms™; z e [5mm;50mm]; so (Q—@)—) > ISOOm‘l] >> [— < 200m ]j
u z

sa
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R/ Geometric factor that indicates the strength of the acoustic wave

4 . . .
varies with the square root of abscissa z.

4.9 Quantitative space charge density calculation and calibration of cable

sample

In order to calculate the electric stress distribution within the cable bulk insulation, the
charge density profile in equation 4.30 must be obtained. According to the basic principle of

the LIPP technique, the short circuit current /() obtained from the cable LIPP system

shown in Figure 4.12 can be expressed as,

I(t) = AE’ E(Z).fiﬂ(i’_t)_dz where z, =R-u,t and 4 =ZCOG(5)

where ap(z.1) E;’t) =—u (=0

B d[?(Z, t)
=—Au_|" E(z)- 2222 g
Ysa 'g @) dz ? o dz

= B[ E2)- 1) 4, (4.33) where B=—A-u,
dz
Applying partial integration to equation 4.33, then the current at any position “z” is equal to,

I(t) = B[E(z)-p(z,t)]j{ -B £fd(—E£Z(Z—£-)—)-p(z, tdz
Z
d(E(z,t
10)= BlEG))- p(z )~ ER) pR0)]- B[ FEED. iz, e - (434)
By using the argument that p(z,,#) =0 [139], then the space charge current signal can be
rewritten as,

1) = B[- E(R)- p(R,1)]- B fﬂ%%’—)l  P(2,8)dz ==enmm- (4.35)

Assuming that the change in space charge density at the position where the space charge
measurement is performed is slow and the measurement position is far enough from the

outer cable interface (R), the width of the pressure pulse does not cover the measurement
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position and the electrode interface at the same time. Hence, the contributed to the current

signal by the first term of equation 4.35 can be assumed zero.

(@) (b)
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Figure 4.11 Cross section of cable ~ Figure 4.12 The output current signal obtained from
sample with dimensions a XLPE cable with 4.5 mm bulk insulation at 50 £}
dc

In order to perform the calculation, it assumes that the value of the pressure amplitude and
dispersion at position “z” are p, and u_7. However, as the direction of pressure wave is

[{92)

opposite to the z abscissa the pressure wave at position “z” can be express in the form of
rf p(z Yz =— -7. The current signal at any position “z” within the cable bulk

insulation is,

I(t)=—B-p(z,t)J:jp(z,t)iz where z, =R-u,t and z, <z<R
=B'p(zit)'pz'usa"r --------- (436)
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Figure 4.13 Example of the pressure pulse at the electrodes of the cable sample

Similar to the approaches used for the planar sample, the entrance and exit peaks of the
output current signal below the threshold voltage will be used for signal calibration. The
electric stresses at the outer (R) and inner electrode () are equal to E.(R) and Eu (7).

According to equation 4.35 and the figure 4.13, the current signals of the entry and exit

peaks are equal to,

At the entry, 1_,(R,t)=-B-E, (R) _['dp g:” Ja (4.37)
Atthe exit, I,(r,t)=B-E_(r) _[ 4 c(l:,t) -dz (4.38)

In addition, assuming that the pressure wave magnitude at the enter and exit interfaces are

equal to P(R,t) = p, and p(r,t) = p,, hence the calibration currents at both target and rear

electrodes are established,

At the entry, I.,(R.1)=-B-E,(R)-[p(z',/)~ p(R.1)]
= B-E,(R)- pg------- (439)

Attheexit, 1,(r,t)=-B-E_(r)-[p(r,0)- p(z",0)]
=—8- Ecal (r)' Py (440)
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vV V
where E_(R) = and E£_ (r)=
cal( ) Rln % cal( ) rln ]%

By equating the constant terms “B in the equations 4.36 and 4.39, the space charge density

distribution of the LIPP system at any position “z” within the cable bulk insulation is

obtained,

It)  pr & Eu(R) (4.41)
Ical (Rﬂ t) pz usaT

p(z,1) =

4.10 Calculation of the pressure wave profile of cable sample

According to 4.41, the general equation for the space charge profile calculation in the cable

sample is the same as the planar sample. The cable geometric effect is only reflected in the

terms, corresponding to the pressure wave profile (i.e. p, and 7).

When the pressure wave p(z,t) travels through the cable sample, the acoustic properties of
the dielectric material cause the pressure wave to be attenuated and dispersed. This effect on

the pressure wave can be represented by a factor of k(v).

By substituting £(v) = —C%—) —1i a(u) into the equation 4.32, the following is obtained,

sa

F(P)(z,0) = \E - F(P)(R,v)exp|- ik(v)-(R - z)] ------- (4.42)

Given that A(v) = exp[—— ik(v)] , then

F(P)(z,0) = E F(P)(R,0)-[4)] -oremrmev (4.43)

Applying z =r, then

1

| [r FP)r) &
A(u)_[\fR F(P)(R,UJ (4.44)
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The pressure wave profile at any abscissa z within the cable can be calculated using the
inverse Fourier transform equation 4.45. An example of the pressure profile corresponding
to the typical current signal obtained from a 4.5 mm XLPE cable at 50 £V dc is shown in
figure 4.14.

R-z

o] [R | [ F@)r0) [* (
plzt)=FFT \E F(P)(R,v) N; F(P)(R,UJ (4.45)

Attunation + divergence of the laser beam

o
o
&
y

o

o

=
T

A

NSO
SRR

DA
1.5 25 3 35 4 45

U‘ =
0 1

Pz ) (mA)

o

o

N
T

Dispersion of pressure wave

g 8

NI B
22

Dispersion waveform (ns)

Thickness z (mm)

Figure 4.14 Typical profile of the pressure wave propagating a
4.5 mm XLPE cable sample

The trace of the dispersed waveform is similar to that for the planar sample. However, the
resultant reduction (i.e. attenuation + laser beam divergence) of the pressure wave
magnitude for the cable sample (<10 % in 4.5 mm) is smaller compared to the planar sample

(40 % in 2 mm shown in Figure 4.9). This is because the dependence of the geometric term
“\/E ” corresponding to the laser beam divergence in equation 4.32 is partially
¥4

compensating the attenuation of the pressure wave [148].
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4.11 Calculation of electric stress distribution of cable sample

Similar to the planar sample, it is assumed that the pressure wave at the entrance of the

electrode/sample interface is in the form of a step function. Therefore, the electric stress £

at the interface between the electrode and cable insulation can be given by,

1
Eint = __I_”l_ ' caI(Z> t) --------- (446)

cal

where I, is the peak current magnitude of the measured signal at the
outer (R) or inner (7) interface,

is the calibrated peak current magnitude at the outer (R)

cal

or inner (r) interface

E_ s the electric stress at the outer (R) or inner (7) interface.

int
V is the electric stress at the interface between the outer

E. (z=Rorr)= R
zln 4 (R) or inner (7) electrodes of cable during calibration.
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Figure 4.15 Preliminary shape of electric stress profile of

the cable sample (50kV dc)
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After the interfacial stress at the outer and inner electrodes is calculated using equation 4.46,
then equation 4.30 will be used to obtain the preliminary shape of the electric stress profile
within the cable bulk insulation as shown in figure 4.15 (Blue dotted line). Finally, either
end of the ‘preliminary electric stress profile is mapped to the interfacial stress at the outer
and inner electrode by a higher order polynomial extrapolation (i.e. 5% order). The “equal
energy” principle is employed to check that the area under the applied electric stress £ and

that under the modified electric stress £(z) due to the presence of space charge in the bulk

are equal [141].
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Figure 4.16 Final shape of electric stress profile of the cable sample

Figure 4.16 shows the final electric stress distribution (black solid line) in the cable sample
corresponding to the typical current signal in figure 4.12b. Since the trace of the final
electric stress distribution is in a very good agreement with the trace of the theoretical one
(red dashed line), therefore it was believed that the newly designed LIPP system and the
data processing method for the coaxial cable sample has been successfully set-up. This

clearly demonstrates that the cable LIPP system is capable of studying space charge

characteristics under dc conditions.
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4.12 Current signal from the cable sample under ac condition
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Figure 4.17a to 4.17c. The current signal in the cable sample under 30 kV,.q ac conditions

Figure 4.17d The corresponding point on wave voltage during the ac space charge
measurement

Figure 4.17a to 4.17c show the three-selected output current signals obtained from a XLPE
cable (4.5 mm bulk insulation) under 30 V.. ac conditions using the newly designed LIPP
system. The corresponding points on wave voltage can be referred to 4.17d. It can be seen
that due to the limitation of the maximum voltage of the HV transformer (i.e. 30 £Vpea), the
SNR of the output signal is lower compared to the dc measurement (Figure 5.2b) and the
maximum applied electric stress that can be achieved for the ac space charge measurement
of the cable is 9.35 kV/mm at the inner electrode. The value is lower than the threshold

voltage 11.5 kV/mm required to initialise the space charge effect in XLPE insulation.

4.13 Conclusion

In this chapter, the theoretical principles and preliminary results of the LIPP measurement in
the planar and cable samples are reported. It is evident that the newly designed LIPP system

has been successfully set-up, and it is capable of measuring the space charge distribution of
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the planar and cable geometry sample under both dc and 50 Hz ac conditions. In addition,
the signal calibration and data processing method to recover the reflected current signal and
determinate space charge density as well as electric stress distribution in the planar and

coaxial cable sample have also been developed.

However, due to the limitation imposed by the HV dc power supply and ac transformer in
the current system, the applied electric stress is low. Consequently the SNR of the
measurement signals in the cable sample is low and the space charge effect was not
significant. Therefore, in this project our interests are to study space charge under both dc
and ac conditions in the planar sample, the space charge measurement in the cable sample

will be left as further work.
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Chapter 5

Technical notes and validation of the newly

designed LIPP system

5.1 Introduction

One of the main objectives of this research project is devoted to the technical design and
construction of the LIPP system, which is able to determine the space charge and electric
stress distribution of the planar and coaxial cable sample under both dc and 50 Hz ac
stressing conditions. Therefore, prior to the application of the newly designed LIPP system
to investigate the space charge evolution in the polymeric insulation, it is important to

validate the system performance and reliability.

5.2 Plague sample

Figure 5.1a shows a schematic diagram of a plaque sample, which was used for dc
measurements. However, samples with this sharp edge profile on the semicon, are prone to
electric failure under ac electric stress ageing within a short period of time. Figure 5.2
illustrates the break down site of a 1.5 mm XLPE plaque sample after 50 mins of 24 kV ac
ageing. It was noticed that the path of the break down was initialised at the sharp corner of
the HV semicon. Therefore, in order avoid the sample break down within the ac aging
period, a curve profile has been introduced at the edge of the semicon to relief the electric

stress at the edge of the semicon as shown in figure 5.1b.

All the plaque samples used for system validation and experiments in this project were cable
quality as-received and degassed cross-linked polyethylene (XLPE) or LDPE plaques
samples. The degassing process was to remove cross-linking byproducts, which was carried
out by taking the sample up to 60 °C for 48 hours. Both the front and rear semicon
electrodes with a thickness of ~0.5 mm were hot pressed into the insulation plate. The
electrodes were made of the same grade of XLPE or LDPE material with a large amount of

carbon black. The front electrode also acted as a target for the laser pulse.
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Figure 5.1a and 5.1b Plaque sample with sharp and curved profile semicon electrode

The advantage of such a sample structure is that the electrode/insulator interface is that
encountered in practice. The target is robust and able to sustain more laser impacts without
any noticeable reduction in thickness. However, the main disadvantage of this plaque design
is the target can only be placed on relatively thicker samples and this will place an upper

limit on the electric stress that can be applied.

Sharp edge on the
semicon (HV electrode)

Sharp edge on the semicon ~
(Ground electrode)

Figure 5.2 The broken down photo of plaque sample with sharp semicon profile

3.3 Cable sample and experimental arrangement

All the cable samples used for system validation and experiments in this project were 11 £V’

cross-linked polyethylene (XLPE) cables with a 4.5 mm thick of insulation, which was
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obtained from BICCGeneral cable. Figure 5.3a shows the cross section of the prepared cable

sample. The arrangement inside the screened cable sample holder is shown in figure 5.3b.

In order to obtain a compact measurement system with a small-screened sample holder
(figure 5.3b), a long high voltage termination on the cable sample cannot be used. To
eliminate the discharge and corona effect, 100 mm of the semicon layers at the two ends

have been stripped off and two stress relief cones placed on the either side of the cable

sample.

e <= 100mm-- ’i
Semi-conductor (target) :
onductor / : Semicen / 2 Bar SF,
Ve S84 Pulse laser ﬁ : ey
T 5 supply

| 45mm

XLPE Stress release cone

(a) (b)

Figure 5.3a and 5.3b Cross-section diagram of the prepared cable sample and the

arrangement of the sample inside the screened test holder

S.4 High frequency noise under ac high voltage

As stated in design section 3.4B, in order to avoid high frequency (HF) noise created by
corona discharges superimposed on the output current signal, the entire free volume inside
the sample holder and main body at the high voltage end have been filled with 2-bar
pressurised SFgs gas. It is expected a clear and high SNR current signal should be obtained.

However, when 30 £V ac voltage was applied to a 2 mm plaque sample, an unexpected HF
noise was found superimposed on the output current waveforms as shown in figure 5.4a to
5.4c and the corresponding points on wave voltage can be referred to 5.4d. The

characteristics of the HF noise were,

e The noise could only be observed under high voltage ac not dc,
e The noise extended well beyond the input electrode/sample interface, and

e The noise also increased with the applied ac voltage.
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Figure 5.4a to 5.4c The current signal with the high frequency system noise
Figure 5.4d The corresponding point on wave voltage during measurement
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Figure 5.5a to 5.5¢c. The current signal after the installation of the coupled capacitors
(DN441047) and figure 5.5d the corresponding point on wave voltage during measurement

According to the above characteristics, the initial thought was that the HF noise was not
from the laser or caused by some form of component failure in the system, but it might came
from the power supply or the transformer (i.e. live or ground). Eventually, it was found that

the HF noise was entering into the LIPP system via the lead of the power supply on the
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screened pre-amplifier box (referred to figure 3.3). Therefore, two coupled capacitors
(DN441047) were installed between the power supply and the shielding box and the HF
noise problem was solved. The current signals after the installation of the coupled capacitors
are shown in figure 5.5a to 5.5¢ and the corresponding point on wave voltage can be

referred to 5.5d.

5.5 Validation of the electronic system

In order to create an activation signal to the electronic system and record the actual high
voltage value at the point on wave where a measurement is carried out, a high voltage
capacitor divider has been installed in the LIPP system (Details can be found in section
3.6B). According to the design and the timing sequence of the electronic control board
(figure A2-1 and A2-2), by changing the pre-set value at the switch-U11, the period of time
delay between two consecutive laser shots as well as number of shot per cycle can be altered

(Table A2-1).

Figure 5.6 shows two typical ac HV waveforms recorded during space charge measurements
of a 2 mm planar sample stressed at 24 &£V ac with 17 shots per cycle. It can be seen that the
electronic control board gives repeatable results. However, the ac waveform is not
symmetrical as it should be, there exists a 1 £V offset and this can lead to a serious problem

for comparing the space charge effect between positive and negative cycles.
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Figure 5.6. The point on wave voltage by using the operational amplifier AD711J
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Any dc offset from the main power supply should be removed by the HV transformer, so
this problem was believed to be due to the poor response of the electronic circuit. In
order to solve this offset problem, an operational amplifier with high input impedance,
high speed and offset adjustment null should be used. There are not many operational
amplifiers, which have extremely high input impedance, say 10'* @ (Typical 10" £2)
with offset null function, which can replace AD711J. Therefore, a great deal of time and
considerable effort was spent to find a suitable device to replace this operational

amplifier.

Finally, a high-speed precision Difet operational amplifier OPA602 from BURR-BROWN
was found which is suitable for the ac LIPP system. Since OPA602 has a high input
impedance, 10" €2, as well as an offset null, hence less than 1 % offset was finally achieved

as shown in Figure 5.7.
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Figure 5.7 The point on wave voltage by using the operational amplifier OPA602

5.6 Validation of the online laser power monitor system

As mentioned previously, the entrance and exit peaks of the current signal is directly
proportional to the magnitude of the interfacial stresses and it is expected that both entrance
and exit peaks should increase linearly with the applied voltage in the absence of space
charge in the bulk. However, when the space charge is generated in the bulk, the slope of the

peaks height against the applied voltage will deviate from the linear response.
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Figure 5.8 Variation of the laser power at different measurement

However, if there is a variation in laser power from shot to shot during the measurement, the
deviation of the peak heights against the applied voltage will be affected and no longer
reflect the true stress value at the electrode. An online laser power monitor system has been
installed and a test on a 2 mm pure LDPE plaque sample has been carried out. As it is not
expected that any significant charge is formed at the maximum stress applied, both the
entrance and exit peaks should be directly proportional to the applied voltage under the dc
ramp rate test. (the applied voltage increased from 10 £V up to 40 £V with step size of 5 kV)

The laser power collected by the laser power meter during the dc ramp rate test of the LDPE
sample is shown in figure 5.8, which illustrates the high percentage variation (=+10 %) in

laser power from shot to shot.

Both linear regression lines of the entrance peak height against the applied voltage before
and after taking laser power variation into consideration have been plotted in figures 5.9 and
5.10 respectively. By comparing the coefficient of determination (R-square) between these
two linear regression lines, it can be seen that the R-square term for the entrance peak height
against the applied voltage after removing laser power variation is nearly unity. This
demonstrates that the peak height after removing the laser power variation fits a linear

model and verifies the usefulness of the online laser power monitor system.
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Figure 5.9 Regression plot of peak height against the applied voltage
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5.7 Effect of semicon target thickness on the measurement resolution

As mentioned in section 4.4, the thickness of the rear electrode should be at least 0.5 mm to

reduce the possible superimposition on the output signal due to pressure wave reflection
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from the HV metal electrode. However, in order to ensure a consistent measurement
resolution and avoid the pressure wave reflection at the target electrode, the thickness of the

semicon target electrode on the test sample is also need to be considered.
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Figure 5.11 Effect of the semicon target thickness to the measurement resolution

Figure 5.11 show two normalised entrance peaks from two identical 2 mm XLPE plaque
samples with 0.35 mm (blue trace) and 0.5 mm (red trace) semicon target respectively. It can
be seen that the spatial resolution using the thinner (0.35 mm) semicon is about 2 times
higher than the thicker (0.5 mm) semicon. Although the material used for the target
electrode was made of the same grade of XLPE material loaded with carbon black, the
acoustic properties are slightly different from XLPE without carbon black. Therefore, if the
target semicon is too thin (like 0.35 mm), then the reflected pressure wave will be created at
the front electrode/sample interface which bounces back through the target and is then
reflected from the front of the target semicon back towards the sample [5,40]. This pressure
wave will then pass through the sample/electrode interfaces a short time 350 ns (i.e.
350ns * 2000ms ™" *1000 = 0.7mm ~ 2 * semicon thickness ) after the original pressure wave

and create a second electrode/sample current peak as shown in figure 5.11. This could be

interpreted as a layer of charge within the sample.
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Therefore, in order to get a reasonable resolution, avoid the reflection at both electrodes and
provide a thick semicon electrode which can withstand many laser shots for the ac space
charge measurement, the semicon electrodes using on the plaque samples for system

validation and experiments in this project are ~0.5 mm in thickness.

5.8 Effect of sample thickness on the target relaxation

The rate of relaxation of the target, as it cools, is also an important factor. If the cooling
period of the target is long, then the target may still be relaxing (i.e. residual pressure) when
the leading edge of the pressure wave reached the rear interface. In some cases the leading
edge of the current pulse at the rear interface will interact with the tail of the current pulse
from the front interface, causing an incorrect space charge distribution indicated as a “signal

offset” towards the rear of the sample as shown as the red trace in figure 5.12.
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Figure 5.12 Effect of the incomplete relaxation of the pressure wave

In order to ensure the pressure wave has been completely relaxed before it reaches the rear
electrode, the bulk insulation inside the sample should be considerably thicker, say 2 mm

(blue trace). However, as the maximum ac voltage of the HV transformer is 30 £V, therefore
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it limits the maximum electric stress that can be applied for the space charge measurement.
To achieve higher ac stresses for the space charge measurement the thickness of the plaque
samples was reduced to 0.8 ~ 1.6 mm. Consequently, the current signal close to the rear
electrode may be not accurate due to a reduction in resolution, therefore a simple method
has been developed in Chapter 8, which enables a comparison of space charge effects due to

different treatments and ageing to be made.

5.9 Effect of the laser degradation on the space charge measurement

As far as the LIPP system design is concerned, the high power laser is only used as an
external source to produce an acoustic pressure wave for the space charge measurements.
Therefore, the initial considerations only concentrated on the effect of laser power variation
to the signal calibration and the usefulness of the online laser power monitor system to the

signal calibration.
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Figure 5.13 Unexplainable current signal due to the laser degradation
However, during one of the plaque sample ageing experiment, incorrect and unexplainable

current signals, which are similar to figure 5.13, has been obtained using the newly designed

LIPP system. A great deal of time and considerable effort has been spent to identify the
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cause of the 1% peak. The entire system has been stripped down and checked, it was
concluded that the 1¥ peak was not caused by the component failure in the system. It was
then suspected that the ionisation from the semicon electrode may be responsible for the 1
peak. However, referred to equations 4.6 and 4.7, if there were heterocharge formation close
to the entrance peak (cathode), the magnitude of the entrance peak height, which

corresponding to the interfacial stress at the cathode would be much higher than the result

obtained.

a ¢
Figure 5.14a Original shape and size Figure 5.14b Shape and size of laser
of the laser beam beam after flash lamp degradation

Eventually, and almost purely by chance, it was found that the output laser beam reduced in
size compared to the original beam (Figure 5.14). After the service engineer checked the
laser system, it was noticed that the flash lamp, which is used to produce the laser had
degraded. After the replacement of the flash lamp, perfect and clear current signals were

obtained.
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Chapter 6

Space charge accumulation in the plaque samples

under dc electric stress

6.1 Introduction

Generally speaking, several processes can take place when an insulation material is
subjected to a dc electric stress. Referring to [113], heterocharge and homocharge can be
accumulated within the bulk insulation of the as-received and degassed cross-linked
polyethylene (XLPE) during the period of dc ageing. The heterocharges in the as-received
sample are due to the bulk process, which may be caused by the ionisation of the cross-
linking byproducts and the impurities inside the sample and the homocharges formation in

the degassed sample was believed to be injected from the electrode.

As stated in Chapter 1, LDPE is another material, which has been used for the cable
insulation. However, as the insulation is not cross-linked it is generally believed that there is
no significant space charge formed inside the bulk under HV dc electric stress.
Consequently, a lot of effort have been made on the space charge measurements in XLPE
materials over the last decade, works on the dynamics and the roles of space charge inside

LDPE has received limited attention [157-161] and has not been conclusive.

The primarily aim of this chapter was to use the newly designed LIPP system to investigate
and compare the space charge evolution of the cross-linked polyethylene (XLPE) and LDPE
plaque samples under dc electric stressing. Space charge results taken during voltage ramp
and electric ageing of cable quality as-received and degassed cross-linked polyethylene
(XLPE) and LDPE plaques with both cross-linked polyethylene (XLPE) and LDPE semicon

electrodes are presented.

It was understood from the sample supplier (BICCGeneral cable) that the materials being

tested in this project were for newly designed HV dc power cables. Therefore, the space
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charge level under HV dc electric ageing was expected to be lower than the conventional
XLPE insulation. To verify this expectation, comparisons have been made between the
tested sample (Sample A to E) and the conventional insulation (P153). In addition, the
entrance and exit current peak of the LIPP signal are correlated to the interfacial stresses at
the electrodes. Therefore, in order to compare the electric ageing effect on different
materials without resorting to a complex mathematical treatise, a simple method, which

based on the percentage deviation of the entrance peak, has been introduced.

6.2 DC experimental procotols

6.24 Ramp rate test (Calibration)

In order to correlate the output current to the charge density and determine the threshold
voltage, at which the space charge starts to appear inside the bulk material, ramp rate
experiments were performed on the plaque samples. The applied voltage started from 0 £V

up to 30 kV with voltage step size of 5 kV.

6.2B DC ageing test

The plaque samples after the ramp rate experiment were subsequently stressed at a dc
voltage (30 kV) for a period of 24 hours at 25 °C. The space charge distributions were
measured at various times with and without voltage application within the period of dc

ageing.

6.3 Sample details

The samples used to investigate the time dependence of space charge accumulation were as-
received and degassed (i.e. heating the sample up to 60°C for 48 hours to remove the
volatile byproducts within the bulk insulation), cross-linked polyethylene and LDPE plaques
with a bulk thickness of between 1.3 mm to 1.6 mm. Semicon electrodes were made of the
same grade polyethylene loaded with carbon black. The sample details are shown in Table

6.1.
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Sample Polymer Semicon Treatment Bulk Applied

no thickness | Stress
(mm) (kv/mm)

A XLPE (XL1046) XLPE 1 1.30 23.10

B XLPE (XL1046) XLPE 2 1.40 21.43

C LDPE (P285) XLPE 1 1.29 23.26

D LDPE (P285) XLPE 2 1.24 24.19

E LDPE (P285) LDPE (P285) Nil 1.56 19.20

Table 6.1 Plaque sample details (Treatment 1: as-received, Treatment 2: degassed)

6.4 Experimental results and discussion

6.4A Results and discussion of the ramp rate experiment

The results of the ramp rate measurements on “Sample A” to “Sample E” are summarised in
Figure 6.1a to Figure 6.1e. It illustrates that the magnitude of the entrance peak against the
applied stress for all the samples with XLPE semicons deviates, positively, from the
“extrapolated straight line”. This line is obtained from the region over which the entrance
peak height of the current signal is linearly dependent on the applied stress. This implies that
above the threshold stress, the interfacial stress at the cathode is less than the applied stress,

indicating that homocharge has been formed close to the XLPE/semicon interface (cathode).

In order to establish the effect of the sample degassing on the threshold stress, comparisons
have been made between the ramp rate results of the as-received and degassed samples
(Sample A to B and Sample E to F). The results show that the degassing process reduced the
threshold stress in the samples with XLPE semicons by approximately 30 %. This suggests
that after the degassing process, which removed the cross-linking byproducts, the effect of
ionisation process in the bulk was minimal and the space charge was mainly due to charge
injection from the semicon electrodes. However, in the case of LDPE samples with XLPE
semicons, the threshold stress between the as-received and degassed samples showed only a
4 % difference. Since the LDPE samples have no cross-linking byproducts present within

the bulk insulation, therefore degassing would not have any significant effect on the



114

threshold stress. The homocharge present is mainly due to the charge injection from the

semicon electrodes.

To examine the influence of the semicon material on the space charge, a ramp rate
measurement on LDPE samples with LDPE semicons (Sample E) has been performed. It
illustrates that the entrance peak against the applied dc stress followed the extrapolated
straight line up to a significantly high stress (~19.2 kV/mm), indicating that no homocharge
has been formed close to the cathode. By comparing the results between “Samples C and
E”, it is resonable to assume that the source of the negative charge close to the cathode
during the ramp rate measurement in the samples with XIL.PE semicons was prossiblely due
to the homocharge injection from the XLPE electrode (cathode) rather that the ionisation

process of the byproducts inside the bulk, which is strongly dependent on the semicon

material.
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Figure 6.1 The plots of the peak magnitudes of short circuit current of the entrance

peaks against the applied stress on the samples A to F
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6.4B Results and discussion of charge evolution during 24 hours dc ageing

*» As-received XLPE with XLPE semicon plaque (Sample A)

Figure 6.2 shows the space charge evolution of “Sample A” with 24 hours of dc ageing
(23.1 kV/mm) at room temperature (25 °C). During the first hour of aging, there was
clear evidence of heterocharge accumulation close to both electrodes (i.e. positive
charge accumulation near the cathode and negative charge near the anode). This
phenomenon is believed to be associated with the electric field assisted ionisation
process of the cross-linking byproducts and impurities inside the bulk. Beyond 8 hours,
the positive charge near the cathode reduced gradually and may be due to the negative
charge injected from the cathode, which then recombine with the positive charge created
from the ionisation process. However, throughout the 24 hour ageing period, the
variation of the negative charge accumulated close to the anode was insignificant whilst

there was a marked change at the cathode side after the first hour.
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Figure 6.2 The evolution of the space charge formation of the “Sample A”

during 24 hours ageing process (Volts off)

Since the breakdown of high voltage cable is normally initiated at the interfaces,

therefore the interfacial stresses at the electrode/insulator interfaces is of a greater
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interest to the cable manufacturer and end user. For this reason, emphasis was placed on
the effect of space charge on the electrode/insulator interface stress rather than relevant
charge density distributions with “voltage on”. The effect of space charge evolution on
the interfacial stresses is shown in Figure 6.3. It can be seen that over the first 8 hours
ageing the stress at the cathode was increased by 9 % compared to the value at 0 hour
(-19.2 kV/mm =»-21.0 kV/mm), the increased stress at the interface coincident with the
heterocharge accumulation in the vicinity of the cathode shown in Figure 6.2. However,
from 8 to 24 hours, the interfacial stress at the cathode decreased from —21.0 to —16.2
kV/mm (-15 % compared to the 0 hour). One possible cause of this is that the stress
enhancement caused by the heterocharge (positive charge) close to the cathode initiated
the negative charge injection, which recombined some of the ionised dissociable cross-
linking byproducts (positive charge) close to the electrode and lower the electric stress at
the electrode/XLPE interface. This is supported by the diminish of the positive charge

close to cathode from 8 to 24 hours as shown in Figure 6.2.

Interfacial stress (kV/mm)
o
i
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Figure 6.3 The interfacial stress of the “Sample A” during 24 hours

ageing process (Volt on)

In the vicinity of the anode, there was an obvious heterocharge accumulation (Figure
6.2) after the first hour of dc ageing. However, the interfacial stress reduced by approx
5 % comparing to the stress at 0 hours (Figure 6.3). This phenomenon may probably be
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attributed to the relatively large amount of positive charge rather than negative charge
accumulated inside the bulk insulation after the first hour of ageing. In addition, as the
position of the positive charge is far away from the anode, the effect of the space charge
on the anode (5 % stress reduction) should be smaller than that at the cathode (up to 12
% stress enhancement). As the amount of positive charge inside the bulk insulation
decreased with the ageing period, the stress reduction at the anode was reduced from

5 % to 2 % after 24 hours.

Degassed XLPE with XLPE semicon plaque (Sample B)

In order to study the degassing effect, space charge measurements on the degassed
XLPE plaques with XLPE semicons has been performed. Figure 6.4 shows the space
charge evolution of “Sample B” versus ageing time up to 24 hours (21.43 kV/mm) at

room temperature (25 °C).

Referring to Figure 6.4, although there has already been clear evidence of negative
charge injection at the cathode during the ramp rate measurement (i.e. the magnitude of
the entrance peak against the applied dc stress of Sample B deviates positively from the
“extrapolated straight line” shown in Figure 6.1b), after the first hour of dc aging there
was still no appearance of charge accumulation within the bulk insulation when the dc
voltage was removed. After 8 hours, it noticed that there was a small amount of negative
charge (i.e. homocharge) starting to accumulate within the bulk with no indication of
any positive charge formation. Judging from the results, it was believed that after the
removal of the cross-linked byproducts (via degassing process), the injection process
governed the space charge dynamics and the source of these negative charges was
possibly due to the injection from the cathode. After 24 hours, the amount of negative

charge increased significantly and became widely distributed within the bulk insulation.

In order to verify the above explanation of the space charge evolution, the interfacial
stress at the cathode and anode during the 24 hours ageing period has been plotted in
Figure 6.5. Over 0 to 8 hours ageing, in contrast to the results of the as-received XLPE
sample (i.e. stress enhancement of 12 %), it has been noticed that the stress at the

cathode reduced from -16.8 kV/mm to —14.0 kV/mm (approximately 16.7 % reduction).
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The decrease in stress at the interface was believed to be associated with the

homocharge (i.e. negative) injection at the cathode.
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Figure 6.4 The evolution of the space charge formation of the “Sample B”

during 24 hours ageing process (Volt off)

However, similar to what was observed in the as-received “Sample A”, during the first 8
hours, the interfacial stress at the anode was approx 5 % reduced with respect to 0 hour
and remained constant over the next 16 hours of dc ageing. It was believed that although
the amount of negative charge accumulated inside the bulk increased with ageing time,
the trapping position is far away from the anode, and the effect of the space charge on

the interfacial stress at the anode was insignificant.
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Figure 6.5 The interfacial stress of the “Sample B” during 24 hours
ageing process (Volts on)

¢ As-received LDPE with XLPE semicon plaque (Sample C)

Based upon the test results of “Sample A” and “Sample B”, the space charge dynamics
in the XLPE materials were significantly affected by the degassing process. In order to
examine the effect of semicon on the space charge formation in the different insulation,
LDPE samples with XLPE semicons have been tested. This may give useful information
about how to select semicon screens for the cable manufacturers to control the space
charge within the bulk. Also, as there are no cross-linking byproducts present within the
LDPE insulation, the space charge dynamics is expected to be similar to the degassed

XLPE sample, which is mainly controlled by the charge injection process.

To investigate the effect of the sample degassing process on the space charge dynamics
of the LDPE insulation, two plaque samples (Sample C and D) with LDPE bulk with
XLPE semicon electrodes have been manufactured. “Sample C” tested at the as-received

condition and “Sample D” tested after degassing.
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Figure 6.6 illustrates the space charge evolution of “Sample C” within 24 hours dc
ageing (23.26 kV/mm) at room temperature (25 °C). Over 24 hours of the ageing period,
there was clear evidence of negative charge accumulation within the bulk insulation.
However, as there were no cross-linking byproducts within the LDPE insulation, the

accumulated negative charge is believed to be supplied by the electron injection from

the cathode.

In the vicinity of the cathode, it was noticed that a small amount of positive charge
accumulated after one hour, which became more pronounced after 8 hours of ageing.
However, from 8 to 24 hours this small amount of positive charge was gradually
reduced and eventually was masked by the positive image charge at the cathode.
Considering the above phenomena, a possible explanation, which relates to the sample
manufacturing process, is suggested. The semicon electrodes were made from the XLPE
material, and during the sample manufacturing process the cross-linking byproducts
within the semicon diffused into the LDPE bulk and caused the field assisted byproduct

ionisation close to the interface region to occur.
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Figure 6.6 The evolution of the space charge formation of the “Sample C”

during 24 hours ageing process (Volts off)
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Figure 6.7 illustrates the evolution of the interfacial stress at the cathode and anode of
the “Sample C” within 24 hours ageing. Over the first 8 hours aging, it was noticed that
the stress at the cathode and anode increased by +25 % (-15 to -18.8 kV/mm) and +11 %
(18 to 20 kV/mm) corresponded to that at to O hours. This was consistence to the
previous observations of heterocharge accumulation (i.e. ionisation) close to the
interface. However, from 8 to 24 hours, the interfacial stress at the cathode decreased
from -18.8 to -16 kV/mm (+25 % to +6.7 %). One possible cause was that the stress
enhancement due to the heterocharge close to the cathode initiated the negative charge

injection and lowered the electric stress at the electrode/LDPE interface.

E : 1 1 T
e T
. I P Anode
T 10} e s LR boooomoaooos dmmemmnnone o
S s
S R RN, SN S S———
2 :
S R SEURECEN SIS S ——— —————
w
]
CE o | RS SR e R e e SR e,
g T
o
§ .10 i e e e PP R TR
i Cathode
_25 1 1 i 1
0 5 10 15 20 p.

Time (ns)

Figure 6.7 The interfacial stress of the “Sample C” during 24 hours

ageing process (Volts on)
% Degassed LDPE with XLPE semicon plaque (Sample D)

In order to examine the effect of the degassing process on the space charge dynamics in
the LDPE sample with XLPE semicons and to verify that the source of the small amount
of positive charge accumulated in the vicinity of the cathode was due to the byproducts
diffusion, a degassed LDPE plaque with XLPE semicons (Sample D) has been tested.
Figure 6.8 and 6.9 illustrate the space charge and interfacial stress evolution of “Sample

D” within 24 hours ageing (24.19 kV/mm) at room temperature (25 °C).
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It can be seen from Figure 6.8 that in the degassed “Sample D” there was only negative
charge accumulation throughout the 24 hours ageing period. In addition, the evolution of
the space charge accumulation inside the bulk was similar to what was encountered in
the as-received “Sample C”. However, in contrast to what was observed in the as-
received LDPE sample with XLPE semicons, there was no indication of the small
amount of positive charge accumulated in the vicinity of the cathode. By comparing the
results of “Sample C and D”, the degassing process is responsible for the difference in
the observed results. The origin of the small negative peak at the interface region in
sample C over the first 8 hours of dc ageing is possibly due to the image positive charge
close to the electrode, which is created by the ionisation of the cross-linking byproducts
diffused from the XLPE semicons into the LDPE bulk during the sample manufacturing

process.
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Figure 6.8 The evolution of the space charge formation of the “Sample D”

during 24 hours ageing process (Volts off)

Referring to Figure 6.9, similarly to what was observed for the degassed “Sample B”, it
has been noticed that after 24 hours of ageing the stress at the cathode was reduced
approximately by 40 % compared to that at O hours. The decreased stress at the cathode

agreed with the suggestion that the homocharge (i.e. negative) injection from the
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cathode and the removal of the byproducts via the degassing process from the bulk of
LDPE sample with XLPE semicon was the cause of this effect.
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ageing process (Volts on)
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To correlate the semicon material selection to that of the space charge dynamics within
the bulk insulation, a LDPE plaque with LDPE semicons has been tested. Figure 6.10
and 6.11 show the space charge distribution and interfacial stress evolution of “Sample

E” within 24 hours of ageing (24.19 kV/mm) at room temperature (25 °C).

It was noticed that there was no significant trapped charge accumulation within the
LDPE bulk insulation (Figure 6.10) and electric stresses at both of the electrodes were
constant (Figure 6.11) throughout the whole period of 24 hours dc ageing. By comparing
the ageing results between samples with XLPE semicons and LDPE semicons, it is
confirmed that the negative charge injection from the cathode only takes place in the

samples with XLPE semicon electrodes, not with LDPE semicon electrodes.
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6.5 Sample comparison

According to the sample supplier (BICCGeneral cable), “X1.1046 (XLPE) and P285
(LDPE)” being tested in the project are newly designed material for use in HV dc power
cables. Therefore, the space charge level under HV dc electric stress was expected to be
lower than the conventional XLPE insulation material (P153), which has been extensively
tested by another researcher in the previous project. In order to verify the above information,
this section summaries the dc ageing results (shown in section 6.4) and makes a comparison

with the conventional insulation material (P153).

In the previous section, we have already demonstrated that the entrance and exit peak
magnitudes (i.e. interfacial stresses) of the LIPP signal are correlated to the space charge
evolution within the bulk insulation and the results have shown that the space charge effect
within the tested samples were more pronounced at the cathode (i.e. entrance peak) than
anode (i.e. exit peak). Therefore, in order to analyse and compare different materials during
the electric ageing period without resorting to a complex mathematical treatise, a simple

method, which based on the percentage deviation of the entrance peaks, has been used.

6.54 Method of analysis

The procedure used for analysing the ageing data was:

I. To calculate the entrance peak current per unit stress at each ageing time,

mA  Peak current 6.1)
kv, i ’
/n - Applied stress

II. To calculate the average value of the entrance peak current per unit stress at different
ageing times for each material, (more than one sample of each material had been

tested)

I Since the samples (P153) have been tested three years ago using the old LIPP system
(without the on line laser power monitor measurement), and in order to remove the
effect of the variation in the laser power and system setting on the output current

level, the average entrance peak current per unit stress at different ageing times was
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normalised with respect to the average entrance peak current per unit stress at 0

hours for each material.

IV. To plot the percentage changes in the normalised entrance peak currents per unit

stress obtained in step III, which represents the variation of the space charge level

during the ageing period versus the insulation material, semicon effect and the

sample treatment (Figure 6.12 and 6.13).

6.5B Results of the sample comparison

The percentage changes in the entrance peak for different samples during 24 hours dc

ageing are shown in Figure 6.12 and Figure 6.13. These results effectively indicate the

percentage change in the level of space charge, where 100 26 indicates no space charge

effect at the cathode. Any value below 100 % represents homocharge formation and any

value above 100 % represents heterocharge formation close to the electrode/ insulation

interface (i.e. cathode).
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Figure 6.12 Percentage variation in entrance peak magnitude after 1 and 4 hours
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According to the above results, the as-received and degassed P153 samples (i) gave a
positive percentage deviation (i.e. interfacial stress enhancement) of the entrance peak
within the whole period of dc ageing. The deviations became approximately 10 times higher
than that measured in samples (ii) and (iii) after 24 hours. These results clearly indicate the

improvement of the dc space charge performance in the newly designed material X1.1046

and P285.

By comparing the results between the newly designed as-received and degassed XLPE
samples (ii), it was also noticed that over the 4 hours to 8 hours of dc ageing, the as-received
XLPE samples give a positive percentage deviation (i.e. interfacial stress enhancement) and
the degassed XLPE samples give a negative percentage deviation (i.e. interfacial stress
reduction). The differences in the results clearly illustrate the effect of sample treatment
(degassing). It indicates that the space charge dynamics in the as-received sample is
governed by the ionisation process (i.e. heterocharge formation) and while in the degassed
sample it is governed by the injection process (homocharge injection) within the first 8
hours of dc ageing.
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Figure 6.13 Percentage variation in entrance peak magnitude after 8 and 24 hours
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After 24 hours, it can be seen that the percentage deviation of the entrance peak in the as-
received XLPE sample (X1.1046) gave a negative value (i.e. stress reduction at the cathode).
However, the conventional XLPE sample P153 still shows a relatively high positive
percentage deviation (i.e. interfacial stress enhancement). A few possible causes for the

phenomena observed above are listed below:

e As the recipe for P153 is quite different from samples tested even after the degassing
process, there might be more cross-linking byproducts left in P153 than that of as-
received XL1046.

e In addition, after 24 hours most of the dissociable byproducts in the as-received
XL1046 have been ionised, leading to formation of heterocharge close to the
cathode. The stress enhancement caused by the heterocharge formation (i.e.
ionisation) close to the cathode initiates the negative charge injection and reduces the

interfacial stress of the as-received X1.1046.

In order to get a better idea for material and semicon selection and to investigate the effect
of XLPE semicons on the space charge formation in the LDPE insulation, LDPE samples
with XLPE semicons have been tested. According to the results shown in Figures 6.12 and
6.13, it is interesting to notice that the trend of the interfacial stress at the cathode of (ii) and
(1ii) was similar during the dc ageing. Since both of the samples have the same semicons,
this suggests that the space charge is dominated by the semicon effect rather than bulk

insulation.

Finally, in the case of the LDPE with LDPE semicons, the samples showed a significant
lower level of space charge than the as-received LDPE with XLPE semicons. There was
only a <3 % reduction in the interfacial stress after 24 hours ageing. Compare this value to
the as-received LDPE with XLPE semicons (-20.5 %), it is believed that the difference may
be attributed to the LDPE semicon electrodes that were used with this sample. Consequently
the level of space charge in the tested samples A to D have been significantly affected and

increased by the XLPE semicons.
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6.6 Conclusions

In this chapter, the ramp rate (space charge threshold) and dc ageing results (space charge
evolution) on the as-received and degassed XLPE (XL1046) and LDPE (P285) samples with
different semicon electrodes (Sample A to E) are presented. The repeatable results have
proved that the newly designed LIPP measurement system is fit for the purpose, and is

suitable for the determination of the space charge distribution of the plaque sample under dc

stressing conditions.

In addition, in order to verify the space charge performance of the newly designed dc
insulation materials from BICCGenernal Cable, comparisons on the space charge level

between the tested samples (A to E) and the conventional insulation material (P153) are also

reported.

DC ramp and ageing test

e Ramp rate test

1. The ramp rate results demonstrated that by using XLPE semicon electrodes the

homocharge formation is significant during ramp rate measurement.

2. The results showed that the after the removal of the cross-linking byproducts within
the XLPE bulk insulations via the degassing process the threshold stress within
XLPE sample with XLPE semicon electrodes reduced approximately by 30.0 %.

3. Since there were no cross-linking byproducts in the LDPE bulk insulation, the effect
of degassing process on the threshold stress was found insignificant during the ramp

measurements.

4. The LDPE samples with LDPE semicon electrodes indicated that there was no
significant space charge formation even at high electric stresses (~19.2 kV/mm)
during the ramp test. Therefore, it can be concluded that the source of the negative
charge close to the cathode (i.e. Sample A to D) during the ramp rate measurement

was due to the homocharge injection from the XLPE semicon electrodes.
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Dc ageing test

The dc ageing results presented in this chapter have shown that the space charge
accumulation in the as-received XLPE samples with XLPE semicon electrodes mainly
resulted in heterocharge formation. These observations were consistent with the results
published by other researchers, where the charge formation was explained by field
assisted jonisation of cross-linking byproducts within the bulk insulation. However, as
the positive charge close to the cathode diminish gradually over the ageing period, it is
believed that after all the available cross-linking byproducts within the bulk insulation
have been ionised, the charge injection dominated the charge dynamics and the negative
charge injected from the cathode recombined with the positive charge, leading to a

reduction in positive charge.

For the degassed XLPE samples with XLPE semicon electrodes, there was no positive
charge formation inside the bulk insulation throughout the 24 hours dc ageing period.
However, the amount of negative charge within the bulk increased significantly during
ageing. This indicated that the injection process governed the charge dynamic in the
degassed XLPE sample and the negative charges are originated from the homocharge

injection from the cathode.

In the case of the as-received and degassed LDPE samples with XLPE semicon
electrodes, both of the resulting space charge distributions were similar to what was
encountered in the degassed XLPE sample, with the exception of a small amount of
accumulated positive charge at the interface of the as-received sample during the first 8
hours of dc ageing. It concluded that by applying XLPE semicons to LDPE bulk
insulation, the cross-linking byproducts from the semicons might diffuse across the

XLPE/LDPE interface, which affects the space charge performance.

For the LDPE samples with LDPE semicon electrodes, there was no significant charge
accumulation within the bulk insulation and electric stresses at both of the electrodes
were constant throughout the period of dc ageing. By comparing the ageing results
between samples with XLPE semicons and LDPE semicons, it can be deduced that the
negative charge injection from the cathode is only occurring in the samples with XLPE

semicons, not with LDPE semicons.
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Samples comparison

A great improvement in the dc space charge performance in the newly designed material has
been achieved. The interfacial stress of the conventional material (P153) is approximately a

150 % than the newly designed materials (X1.1046 and P285) after 24 hours dc ageing.

The difference in the interfacial stress between the as-received and degassed sample in the
newly designed materials is small (<15 %) compared to the conventional insulation material
P153 (~50 %) after 24 hours of dc ageing. This indicates that the effect of the sample
degassing process on the conventional insulation is more significant than on the newly

designed material for a given applied voltage.

The LDPE samples with LDPE semicon electrodes only shows a <3 % reduction in the
interfacial stress after 24 hours ageing, which is insignificant comparing with the value of
the as-received LDPE with XLPE semicon electrodes (-20.5 %). Therefore, from the point
of view of space charge performance, the LDPE samples with LDPE semicons is better than
the XLPE samples with XLPE semicons and the LDPE samples with XLPE semicons under
HV dc application.
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Chapter 7

Space charge accumulation in the plaque samples

under ac electric stress

7.1 Introduction

Work on the dynamics and the role of space charge on electrical breakdown under 50 Hz ac
conditions has only received limited attention. However, there is an increasing body of
opinion that space charge build up can be a contributing factor to electric tree initiation in
high voltage insulation. The majority of XLPE cables will be operating under ac conditions
in the immediate future, therefore it is important to investigate the charge trapping and

mobility under such conditions.

This chapter reports the results of space charge and electric stress distribution under 50 Hz
ac stresses by using the newly designed LIPP system. Samples used are the as-received and
degassed cross-linked polyethylene (XLPE) and LDPE plaque samples with two different
kinds of semicon electrodes. The samples were electrically aged at room temperature at
stresses in the region of 20 to 30 kV/mmp. for a period of 24-hours. Measurements were
taken at various times. Emphasis has been placed on establishing a simple method, termed
“X-plots” for analysing the vast amounts of ac space charge data without resorting to a
complex mathematical treatise. A comparison of the ac space charge characteristics between
these two insulation systems with the different semicon electrodes has been made. In
addition, the effects of sample treatment (i.e. degassing) on the space charge dynamics

under the ac electric stresses are also presented.

7.2 AC experimental procotols and sample details

7.2A Experimental protocols

According to Fanjeau et al [162], the effect of fast charge (charge with high mobility) is

expected to be more significant than the slow charge (charge with low mobility) under
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50 Hz ac ageing conditions. Consequently, all the measurements were taken with the ac

voltage applied across the sample (volts on). The as-received and degassed samples were

aged at ac stresses in the region of <30 kV/mmyeq for a period of 24-hours at room

temperature (25 °C). The charge distribution was measured at various times using the

protocols shown in Table 1.

Data Time (hrs) Data point
<25 kV/mm 30 kV/imm
1 cycle of data points 0 1-9 1-17
1 cycle of data points 1 10-18 18-34
1 cycle of data points 8 19-27 35-51
1 cycle of data points 24 28-36 52-68

Table 7.1 Ac experimental protocols

7.2B Sample details

Sample Polymer Semicon | Treatment Bulk Applied
no thickness | Stress
(mm) | (kv/mm)
F XLPE (XL1046) XLPE 1 1.30 23.10
G XLPE (XL1046) XLPE 2 1.40 21.43
H LDPE (P285) XLPE 1 1.29 23.26
I LDPE (P285) XLPE 2 1.24 24.19
J LDPE (P285) LDPE Nil 1.56 19.20
K XLPE (XL1046) XLPE 1 0.8 30
L XLPE (XLL1046) XLPE 2 0.8 30

Table 7.2 Plaque sample details (Treatment 1: as-received, Treatment 2: degassed)

The samples used in the study were as-received and degassed cross-linked polyethylene

(XLPE) and LDPE plaques. Both the front and the rear semicon electrodes were hot pressed

on to the sample. The semicon electrodes were made of the either XLPE or LDPE material,

but were loaded with carbon black to increase its conductivity. The resultant thickness of the

bulk insulation was between 0.7 mm to 1.6 mm. The degassing was carried out by heating
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the samples to 60°C for 48 hours to remove cross-linking byproducts. The samples details

are shown in Table 7.2.

7.3 AC data presentation --- “X-plots”

It is known from previous dc studies that without the presence of trapped charge in the bulk,
the magnitudes of the entrance and exit peaks (positions of both peaks are shown in figure
7.1) and hence the interfacial stresses are linearly dependent on the instantaneously applied
voltage. With space charge present, the magnitudes of the current peaks deviate from this

linear relationship depending on the nature of the charge formation inside the bulk.

Figure 7.1a shows a typical output current signals at 3 different selected points on the ac
waveform for a 0.8 mm XLPE plaque subjected to 24 kV .. ac voltage. The corresponding
voltages across the sample during the space charge measurements are shown in Figure 7.1b.
By plotting the magnitudes of the entrance and exit peaks against the instantaneous applied
ac voltages, a diagram which summaries the information of the ac space charge effect is

produced, this kind of data presentation is termed “X-plot” within this thesis.
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Figure 7.2 shows an example of the X-plot of a XLPE sample, illustrating that both entrance

and exit peaks vary linearly when the magnitude of the instantaneous voltage is below
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9 kVypear. However, when the instantaneous voltage magnitude is above 9 £V, the amount of
space charge in the bulk is sufficient to modify the interfacial stresses at both electrodes and
affect the linear dependence of the current peak height with the applied voltage. In this case,
9 kV is defined as the “threshold voltage” above which space charge can be formed within

the bulk insulation. Therefore, calibration should only carried out below the threshold

voltage.
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7.4 AC experimental results and discussion

7.4A Results of ac ageing in the region of 25kV/mmyeqx

o XLPE with XLPE semicons (Sample F and G)

The X-plots of Sample F and G at 0 and 24 hours ac ageing are shown in Figure 7.3. The
results show that during the positive half ac cycle at 0 hour (Figure 7.3a and 7.3c), the
magnitude of the entrance peak (cathode) of the as-received and degassed XLPE with
XLPE semicons both deviate positively from the extrapolated straight line by 30 % at
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+30 kV. It can be concluded that above the threshold voltage (+17 £V or +11.3 kV/mm),
the interfacial stress at the cathode is less than the applied stress, indicating homocharge

(injection) has been formed close to the semicon/XLPE interface (cathode).

For the negative half ac cycle at 0 hour, the magnitude of the entrance current peak
(anode) follows the extrapolated straight line and the exit peak (cathode) deviates
positively from the extrapolated straight line by 15 % at -30 £V (i.e. the interfacial stress
at the cathode has decreased by around 15 %). The change in the stress is believed to be
similar to the phenomena encounter in the positive half cycle in that negative charge

(homocharge) developed close to the cathode.
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After 24 hours of ac ageing, it was found that the deviation (from the extrapolated
straight line) of the entrance peak on the positive half ac cycle was reduced for both
samples. The difference between samples with treatment 1 and 2 was insignificant.

Therefore, it may concluded that the space charge dynamics for the XLPE with XLPE
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semicon electrodes, subjected to 50 Hz ac electric stress depends on the ac ageing period

and may be unaffected by the sample degassing process.
LDPE with XLPE semicons (Sample H and I)

The X-plots of Sample H and I at 0 and 24 hours of ac ageing are shown in Figure 7.4.
Similar to the results encountered in sample F and G, the magnitude of the entrance peak
(cathode) deviates positively from the extrapolated straight line by 30 % at +30 kV
during the positive half ac cycle (at 0 hour). It means that above the threshold voltage
(+13 &V or +8.7 kV/mm), the interfacial stress at the cathode is less than the applied
stress, indicating that homocharge (injection) has been formed close to the
semicon/LDPE interface (cathode).
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Figure 7.4. X-plots of Sample H and I at 0 and 24 hours (ac)
(Entrance peak-blue, Exit peak-red)

However, comparing with what was observed in the XLPE samples F and G, there was
no deviation (from the extrapolated straight line) of the exit peak (cathode) on the

negative half ac cycle. This may be due to the reduction of the measurement resolution
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at the exit peak because of the high attenuation of the signal through the LDPE sample
or the loss of acoustic energy due to the mismatch of the acoustic characteristic of the

LDPE bulk insulation and the XLPE semicons.

There is no significant difference between the X-plots at 0 and 24 hours for both
samples H and I (Figure 7.4b and 7.4d). It can be deduced that the space charge effects
in the LDPE with XLPE semicons may be independent on the ac ageing period (in the

region of 25 kV/mmy..) and also is unaffected by the sample degassing process.

LDPE with LDPE semicons (Sample J)

Figure 7.5 shows the X-plots of Sample J at 0 and 24 hours ac ageing. It is observed that
there is no peak deviation from the straight line either during positive or negative half ac
cycle at 0 and 24 hours (Figure 7.5a and 7.5b). These features indicate that there are no
space charge effects in the LDPE sample with LDPE semicon electrodes under 50 Hz ac
electric stresses. The interfacial stress at the cathode and anode is proportional to the

applied stress.

(a) Sampleé J (0 hour)

(b) SampleéJ (24 hour)
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Figure 7.5 X-plots of Sample J at 0 and 24 hours (ac)
(Entrance peak-blue, Exit peak-red)

7.4B Results of ac ageing of XL PE sample with XLPE semicon at 30kV/mmyp.qx

Referring to the ac ageing results reported in the previous section, it has been shown that the

effect of sample treatment (degassing) on the space charge threshold under ac conditions is
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not as significant as under dc. The results also showed that the effect of ac ageing on space
charge in the XLPE samples with XLPE semicons (i.e. Sample F and G) is evident, but not
in LDPE samples with XLPE or LDPE semicons (i.e. Sample H, I and J).
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Figure 7.6 (a) to (e). Space charge distribution signal at phase angle of
(@) 0°,(b) 90°,(c) 180° ,(d) 270° and (e) 360° (Degassed sample L at 0 hours)

In order to explore further the ac ageing effect in the XLPE insulation, two 0.8 mm thick
XLPE samples with XLPE semicons (Sample K and L) have been tested at the higher ac

electric stress level (30 kV/mmpeqr).
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Figure 7.6 shows the output current signals at five different selected points on the ac
waveform for a degassed XLPE sample (Sample L). The corresponding voltage and stress
across the sample during the space charge measurements are shown in Figure 7.7. By
plotting the magnitudes of the entrance and exit peaks against the instantaneous applied ac
voltage (X-plots), the threshold stress and the corresponding calibrated peak current /.5 can
be established.
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Figure 7.7. Five selected points on voltage wave during measurement

(Degassed sample L at 0 hours)

Figure 7.8 shows the X-plot of the degassed XLPE sample (Sample L) at the beginning of
the ac electrical ageing (0-hour). The threshold voltage is 9 Vpear (i€ 11.25 EV/mmpeat). In
order to achieve high accuracy, the calibration should be carried out at the voltage just

below the threshold voltage.

Figure 7.9 shows the calculated space charge density distribution of Sample L at +24 £Vpear
and -24 kV,ex, and the corresponding electric stress distributions by using the data

processing technique described in Section 4.5 are shown in Figure 7.10.
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Figure 7.9. Space charge density distribution of degassed sample L at 24 £V pqx (0-hour)

As electrical trees and breakdown in high voltage ac XLPE cable are normally initiated at

the interfaces, the emphasis has been placed on the effect of space charge on the stresses at
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the electrode/insulator interface (using the X-plot) rather than the stress distribution within

the bulk insulation as shown in Figure 7.10.
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In order to summarise the X-plots results and compare the space charge effect at the positive
and negative part of the cycle more clearly, the percentage peak deviations (i.e. Dev%) away

from the linear response are calculated by using the approach shown in Figure 7.11.

Figure 7.12 shows the change in the percentage peak deviations (i.e. Dev%) of the degassed
XLPE sample (Sample L) at the beginning of the ac ageing (0-hour). The zero deviation
between + 9 kVp.q confirms that no space charge is present within the bulk of the sample
below the threshold voltage. The interface stresses at both electrodes show a linear
dependence on the applied ac voltage. Above the threshold voltage, the deviation becomes
non-zero and this shows that there is sufficient space charge within the bulk to modify the
interfacial stresses as well as the electric stress distribution within the bulk insulation

(Figure 7.10).
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Figure 7.12 Percentage of the deviation of the entrance and exit peak heights
(Degassed sample L at 0 hour)

During the positive half ac cycle, the magnitude of the entrance current peak (cathode)
increases and the exit peak (anode) decreases with the applied voltage. At an instantaneous
applied voltage of 24 kVyear (30 kV/mmpear) the current peak corresponds to the interfacial
stress has increased by 15 % at the cathode and decreased by 15 % at the anode. This change

in stress may be due to positive charge (heterocharge) developed near the cathode and
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positive charge (homocharge) developed near the anode. This suggestion agreed with the
output current signal (Figure 7.6b) by the positive peak close to the entrance peak and the

broadening of the exit peak.

Referring to Figure 7.6¢, at the cross over point of the ac cycle (i.e. 180 degrees), there was
no space charge remaining from the previous negative half cycle. This shows space charge
can be appear and disappear very quickly under an ac voltage. This supports the assertion in
the ac experimental protocol that fast charge formation is more significant than slow charge

formation under ac ageing.

For the negative half cycle, different features have been observed at the entrance (anode)
and exit peaks (cathode). Figure 7.12 shows that the magnitude of the entrance peak current
decreases and the exit peak current increases with the applied ac voltage when the
instantaneous voltage across the sample is above -9 &V, (i.e. -11.25 kV/mmpeu). The
interfacial stress at the anode with the instantaneous voltage of -24 kVpew (i-e.
-30 kV/mmpear) decreases by 20 % and that at the cathode increases by 7 %. This suggests
that homocharge (positive charge) is developed near the anode and heterocharge (positive
charge) accumulates at the cathode. This agrees with the result shown in Figure 7.6d. The
entrance peak of the space charge signal (anode) becomes broader which is associated with
the positive charge formation near the anode and some positive current near the exit peak

(cathode) suggests heterocharge.

The technique used to produce Figure 7.12 can be applied to any point in the bulk of the
insulation. Figure 7.13 shows the magnitude of the current signal at a position +0.35 mm
from the middle (Figure 7.6) of the degassed sample (Sample L). If there was no space
charge present inside the bulk, the current magnitudes at these two points would show a
linear relationship with the applied voltage. In the present case, however, the magnitude of
the current signal at -0.35 mm starts to deviate significantly from a linear response at an
instantaneous voltage of +13 AVpear (+16.25 kV/mmyeq). This suggests that substantial
positive charge (heterocharge) has developed near the cathode during the negative half ac

cycle.
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Similar analysis was carried out on the as-received samples (Sample K), which were
electrically aged for up to 24-hours. It has been found that space charge build up showed
different features at the entrance and exit peaks during the 24 hours ac ageing period. In
particular, it was noted that the variation of exit current peak magnitude was insignificant

whilst there was a marked change in the entrance peaks over the period of ageing.

Figure 7.14 shows the percentage deviation of the entrance current peaks for the as-received
XLPE sample (Sample K) at 0, 4, 8 and 24 hours of ageing. Over the first 4 hours, the
results show similar characteristics to those for the degassed samples (Sample L shown in
Figure 7.12). However, after 8 hours ageing, the deviation of the entrance peak height at the
positive cycle changes from positive to negative and becomes more significant after 24
hours of ageing. The electric stress close to the cathode increases by approximately 8 %
over the first 4 hours and then decreases to —21 % over the next 16 hours. This suggests that
the initial accumulation of heterocharge is replaced by homocharge. One possible cause of
this is that the stress enhancement caused by the heterocharge close to the interface initiates

charge injection from the electrode.
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Figure 7.15 shows the percentage deviation of the entrance peak heights for the as-received
XLPE sample (Sample K) at three selected instantaneous voltages over a 24-hour ageing
period (i.e. 0 kVpear, 724 kVpear and -24 kVpeqr). It was found that at an instantaneous voltage
0 £V pear (€. 0 kKV/mmypeqr) the percentage deviation at the entrance peak remained ‘zero’; this
verifies that fast charge is more pronounced than slow charge over the 24 hour ageing
period. However, at an instantaneous applied voltage of -24 kV,.q (i.e. -30 kV/mmipeqr), the
deviation of the entrance peak decreases from —14 % to —7 % over the first 8 hours and then
gradually decreases to approximately -5 % over the next 16 hours. It implies the amount of
homocharge close to the anode at the instantaneous voltage of -24 kVpeq (i.€. -30 kV/mmipeqy)
is reduced over the ac ageing period. At an instantaneous applied voltage of +24 kVpeqr (i-e.
+30 kV/mmpear), the entrance peak height increased over the first 4 hours and then decreased

over the next 16 hours. This suggests that initially heterocharge is accumulated and then

replaced by homocharge.

7.5 Conclusions

In this chapter, ac ageing results for the as-received and degassed XLPE and LDPE samples
with different semicon electrodes (Sample F to L) are presented. The newly designed laser
induced pressure propagation (LIPP) system has been successfully used to study the space
charge dynamics of XLPE insulation subjected to 50 Hz ac electric stresses. In addition, a
simple quantitative appraisal of the stress and charge profiles at the electrode interfaces (i.e.
X-plots and Dev%) are presented and validated. It can process a vast amount of ac raw data

without resorting to a complex mathematical treatise.

The results from the X-plots have demonstrated and confirmed the existence of space charge
in the insulation material under 50 Hz ac conditions. It has been showed that space charge
effects in XLPE and LDPE with XLPE semicon electrodes are significant when the applied
ac stress is above a threshold value, say “11.3 kV/mmipeq”. Tt also illustrated that the fast
charge formation (charge injection) is more pronounced than the slow charge under the 50
Hz ac electric stresses. Moreover, the presence of the fast charge inside the bulk will modify
the ac electric stress distribution as well as the electrode/insulation interfacial stress by a

maximum of 30 % in some cases.
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According to the ageing results (Samples F to J) in the region of 25 kV/mmipeu, it was
noticed that the effect of sample treatment (degassing) on the space charge threshold of both
XLPE and LDPE under an ac electric stress is not significant comparing to the dc condition.
Moreover, the effect of the ac ageing can only be found in the XLPE samples with XLPE
semicons (Sample F & G), but not LDPE samples with XLPE semicons (Sample H & I).
These features ascertained that the space charge dynamics in the LDPE with XLPE
semicons samples might be independent of the ac ageing period in the region of

25 kV/mMpear.

Comparing the results of XLPE samples (Samples F & G) to the LDPE samples (Samples H
& 1), it indicated that the deviation of the exit peak (cathode) of the LDPE samples with
XLPE semicons is insignificant compared to XLPE samples with XLPE semicons in the
1egative half ac cycle. This phenomena may be due to the reduction of the measurement
resolution at the exit peak because of the high attenuation of the signal through the LDPE
sample or the lost of acoustic energy due to the mismatch of the acoustic characteristic of

the LDPE bulk insulation and the XLPE semicons.

However, in the case of the LDPE samples with LDPE semicon electrodes, both entrance
and exit peaks have followed the approximate straight line for the positive and negative half
ac cycle throughout the 24 hours ageing period. These features illustrated that there are no
significant space charge effects in the LDPE samples with LDPE semicon electrodes under

50 Hz ac electric stress condition (in the region of 25 kV/mmpeqr).

According to the limiting high stress ageing results (30 kV/mmypeqr) of two 0.8 mm thick
XLPE samples with XLPE semicon electrode (samples K and L), the space charge dynamic
of XLPE insulation under 50 Hz ac electric stress showed a strong dependence on the
applied ac stress level, polarity and the ageing period. The deviations in the interfacial stress
at 30 kV/mmpeq vary between 5 % and 20 % during ageing, which is lower than the

maximum 30 % deviation observed in the region of 25 kV/mme .

However, as there were only one as-received and one degassed XLPE sample with XLPE
semicons (0.8 mm thick) obtained from BICCGeneral Cable, the discussions included in the
section 7.4B are not conclusive but a possible explaination. The certain reasons for the

charge formation and the relationship between the applied voltage polarity and the space
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charge dynamic at 30 kV/mmyp., during ac ageing are not fully understood. In order to check
the validity of the ac ageing results at 30 kV/mmpeat, and to obtain a complete picture of

space charge dynamics under ac ageing condition, further study is required.
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Chapter 8
Conclusions and further work

The efforts and the technological achievements, which includes electrical, mechanical and
electronic design of the newly designed LIPP has been reported. Based on the “point on
wave” measurement technique, a new version of the LIPP system has been successfully
designed and constructed. The new LIPP system is capable of measuring space charge and
its evolution within polymeric materials with different sample treatments under either dc or

50 Hz ac ageing conditions for both plaque and cable samples.

Prior to the application of the newly designed LIPP system to investigate the space charge
evolution in the polymeric insulation, the system performance and reliability have been
carefully considered, and the newly designed LIPP system is adequate, gives repeatable

results and fully meets all the requirements initially set.

For the LIPP technique the accurate and consistence of the space charge measurements rely
on the assumption that a constant magnitude pressure pulse is produced each time.
However, in practice there are several factors, which may cause variations in the magnitude
of the output current signal between measurements. These include “shot to shot laser power
variation” and “laser target efficiency and target ablation”. In order to eliminate the
measurement errors caused by these factors, i.e. effects of the laser power variation (i.e.
online laser power monitor system) and target efficiency (i.e. target ablation test) have been
considered and verified. Two correction factors have been taken into account during the
stage of signal calibration and subsequent measurements to modify the output current signal

before any numerical treatment.

Data processing constitutes an important part of the result analysis, therefore, in order to
simplify the data processing process, labour intensive programs based on MATLAB
environment have been written, which can calculate the pressure wave profile as well as the
space charge and electric stress distribution within the bulk insulation. In addition, a high

order extrapolation technique has been adopted in the MATLAB program to recover the exit
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current peak due to the reflection caused by the acoustic mismatch between semicon and the

HV metal electrodes.

The space charge measurement for cable geometries using the LIPP technique are not well
defined; therefore the corresponding data processing methods have been developed in this
project. From the preliminary results obtained from the 4.5 mm cable samples, it is evident
that the newly designed LIPP system is capable of measurement of space charge
distributions in cable geometry samples under both dc and 50 Hz ac conditions. Moreover,
the calculated electric stress distribution derived from experimental results shows a very
good agreement with the theoretical distribution, indicating that the data processing method
has been successfully developed. However, limitations of HV dc power supply and ac
transformer produced poor SNR of the measurement signals from the cable sample and the

space charge effect was not as significant as that in the planar sample.

Solutions to some of the technical problems such as, unexpected sample breakdown within
the ageing period, the high frequency noise, offset of the point on wave voltage, effect of the

semicon thickness to measurement resolution etc have been successfully achieved.

Dc Results

In this project, the ramp rate and dc ageing results on the as-received and degassed XLPE

and LDPE plaque samples with different semicon electrodes are reported.

o DC ramp test

From the dc ramp rate results, it demonstrated that there is homocharge formation in the
XLPE and LDPE samples with XLPE semicon electrodes above the threshold stress.
Comparing the ramp rate results between as-received and degassed XLPE samples, it is
evident that the degassing process reduced the value of the dc threshold stress in the
samples with XLPE semicons by approximately 30 %. This suggests that with the
removal of the majority of cross-linking byproducts in the degassing process, the effects
of ionisation in the bulk was minimal and the space charge was mainly due to charge
injection from the semicon electrodes. For the LDPE samples with XLPE semicons, the

dc threshold stress between the as-received and degassed samples showed only about
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4 % difference. Since the LDPE samples have no cross-linking byproducts present
within the bulk insulation, degassing would not have any significant effect on the

threshold stress.

However, with the results of LDPE samples with LDPE semicon electrodes, it has
shown that there is no indication of space charge formation in the material at a
significant high stress (~19.2 kV/mm) during the voltage ramp measurements. By
comparing the result with the LDPE samples with XLPE semicon electrodes, it is
reasonable to assume that the source of the negative charge close to the cathode was due

to the homocharge injection, which is strongly dependent on the semicon material.

DC ageing test

Dc ageing results showed that space charge accumulation in the as-received XLPE
samples with XLPE semicon electrodes was heterocharge initially, which is believed to
be associated with the electric stress assisted ionisation of cross-linking byproducts
within the bulk insulation. However, after a few hours of ageing, the positive charge
close to the cathode reduces. A possible cause of this reduction is the recombination of
some of the ionised cross-linking byproducts within the bulk insulation with the charges
injected from the cathode. By contrast, for the degassed XLPE samples with XLPE
semicon electrodes, there was no positive charge formation inside the bulk insulation
throughout the 24 hours dc ageing. However, negative charge within the bulk increased
significantly during the ageing period. It is believed that after the removal of the cross-
linking byproducts (via degassing process), the semicon electrodes dominated the charge
dynamics in the sample and the negative charges were originated from the injection

process.

In the case of the as-received and degassed LDPE samples with XLPE semicon
electrodes, the resulting space charge distributions were similar with the exception of a
small amount of negative charge accumulated at the interface of the as-received samples.
Comparing the results, it is suggested that these negative charges adjacent to the
interface were possibly due to the ionisation of the cross-linking byproducts from the
XLPE semicons, which had been diffused into the LDPE bulk during the sample

manufacturing process.
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No significant trapped charge accumulation is observed in the LDPE sample with LDPE
semicon electrodes after 24 hours of dc ageing. In summary, both the insulation and

semicon materials have a significant effect on the space charge characteristics.

e Samples comparison

The purpose designed HV dc materials from BICCGeneral cables (i.e. XL4931, XL1046
and LDPE) show around 5 ~ 25 % stress reduction at the electrode/polymer interface
after 24 hours dc ageing. However, the corventional material (P153) shows
approximately 150 % enhancement in the interfacial stress after 24 hours dc ageing. By
comparing these results, it evident a significant improvement in the dc space charge
performance of the purpose designed materials have been achieved. In addition, it is
noticed that the difference of the interfacial stress between the as-received and degassed
sample of the purpose designed materials (<15 %) is smaller compared to the
conventional insulation material (~50 %) after 24 hours of dc ageing. It is deduced that
the effect of the sample degassing process on the space charge in the conventional

insulation is more significant than the purpose designed material.

The LDPE samples with LDPE semicon electrodes only shows a <3 % reduction in the
interfacial stress after 24 hours dc ageing, which is insignificant comparing with that of
the LDPE samples with XLPE semicon electrodes (-20.5 %). This suggests that the
space chrge performance in the LDPE sample with LDPE semicon electrodes is better
than both XLPE sample with XLPE semicon electrode and LDPE sample with XLPE

semicon electrode under HV dc application.

AC results

In this project, 24 hours ac ageing on the as-received and degassed XLPE and LDPE
samples with different semicon electrodes are performed. The results illustrated that the
newly designed LIPP system is capable of studying the space charge dynamics of XLPE
insulations subjected to 50 Hz ac electric stresses. In addition, a qualitative and simple

quantitative appraisal of the stress and charge profiles at the electrode interfaces (i.e. X-plots
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and Dev%) are introduced and validated. It is able to process a vast amount of ac raw data

without resorting to a complex mathematical treatise. The results from X-plots demonstrated

the existence of space charge in the insulation material subjected to 50 Hz ac stresses. They

showed that space charge effects in XLPE and LDPE with XLPE semicon electrodes are

significant when the applied ac stress is above 11.3 kV/mmpeqr Also illustrated is that the

fast charge formation (charge injection) is more pronounced than the slow charge under 50

Hz ac electric stresses. Moreover, the presence of the fast charge inside the bulk modified

the ac electric stress distribution as well as the electrode/insulation interfacial stress by a

maximum of 30 % in some cases.

e AC ageing results (25 kV/mmpe,1)

The effect of sample degassing on the space charge threshold of both XLPE and LDPE
under an ac electric stress is not significant compared to dc. In addition, within the
period of ageing and specified ageing stress the effect of the ac ageing can only be
observed in the XLPE samples with XLPE semicon electrodes but not in LDPE samples

with XLPE semicon electrodes.

There are no significant space charge effects in the LDPE samples with LDPE semicon

electrodes under 50 Hz ac electric stresses conditions in the region of 25 kV/mmpeq.

AC ageing results (30 kV/mniyeqy)

According to the limited high stress ageing results (30 kV/mmipeq) from two 0.8 mm
thick XLPE samples with XLPE semicon electrodes (samples K and L), the space
charge dynamic of XLPE insulation under 50 Hz ac electric stress showed a strong
dependence on the applied ac stress level, polarity and ageing period. Further study is

still required.
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Recommendation of further work

According to the recent studies by different researchers, the temperature during the electrical
ageing has a significant influence on the space charge dynamic in planar samples under dc
and ac conditions. In practice, power cables experience elevates temperatures in normal
operation; therefore all the dc and ac ageing experiments reported in this thesis can be
repeated at different temperatures. It will provide valuable information for both cable

manufactures and the end users.

Polarity reversal is a quite common operation in dc transmission systems. When a dc cable
is stressed with one polarity of a dc high voltage, formation space charge begins either by
charge injection or byproduct ionisation. It reaches its steady state distribution after a certain
period of time. If such space charge cannot move in response to the sudden change in
voltage polarity, there will be a danger of insulation failure. So the space charge behaviour
in materials designed for dc power cable applications under voltage polarity reversal would

be another area for the further study.

The investigation into space charge in cables was limited by the HV dc power supply and ac
transformer in this project in that the stresses applied are not sufficient to generate space
charge in cables. However, as the space charge distribution in power cables is of a great
interest to the manufacturers and the end users, it is highly desirable to extend the current
work to high stresses under both dc and ac ageing at different temperatures and different

sample treatments.

Finally, in order to produce a complete picture of space charge dynamic within the dielectric
material, another technique such as Thermally stimulated current (TSC) and conduction
current measurement should be used in future work. For example, the TSC measurements
can give information about the depth of charge traps within the bulk material where as the
conduction current measurement is capable of distinguishing the Ohmic conduction and
other high field phenomena. Combining the results of these techniques should produce more

information about the charge trapping/transport processes within the dielectric.
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Appendix 1 Review of space charge measurement technique for solid

dielectrics

Al 1 Pulsed Electroacoustic method (PEA)

“Pulsed electroacoustic method” shown in Figure Al-1 has developed by Prof. T. Takada
(Japan) in close cooperation with Prof. C. M. Cooke (USA) in 1983 [163-167].

Electrode A
‘T'\ — d
Ly PUISj_L Electrode B " Amplifier
L i VO
Vi 7 >ﬁ@ (.’..°.
HV e p(t) Oscilloscope

Figure A1-1 Block diagram of the pulsed electro-acoustic method

Consider a planar dielectric sample with thickness d containing space charge p(z) trapped
in the sample. In order to measure the space charge distribution inside the bulk, a high-
voltage narrow electric pulse e, (¢) of duration AT (Sns) with a short rise and fall time is
applied to the sample between its electrodes A and B. As a result, spaces charge inside the
bulk is stimulated by the electric pulsed applied and experience a pulsed force that travels as
acoustic waves through the sample. By detecting the resultant pressure pulse p(f) arriving
at the piezoelectric transducer (PVDF foil) in intimate contact with the electrode B, the
space charge distribution in the dielectric sample can be obtained from the evolution of the

output voltage V' (f) of the transducer as given by [168].

pO) = k[ p()e, (t—1)dr —weremeeee (A1)
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where p(z) is charge density distribution,
p(t) is total acoustic density (N/m?),
k is a constant,
ep(?) 1s the electric pulse (V/m),
h(7) is the transfer function of the transducer (V/m)/( N/m?), and
V(¥ is the output voltage.

The resolution of the PEA system depends on the duration of the electric pulse and the
speed of the acoustic wave in the sample. A spatial resolution of 15 m in PE and XLPE has

been demonstrated with the application of a 350 ns pulse [169].

The main advantage of the PEA system is the cost of the instruments that is relatively low
compared with the other measurement system like “LIPP”. For the past limitation of this
method comes from the difficulty of detecting complex charge profiles. However, according
to a recent study by Li Ying [170], the use of a thin piezoelectric transducer with an
extremely wide frequency range, low acoustic impedance, and a very short duration applied
electric pulse makes it possible to avoid the deconvolution technique required to obtain the
space charge profile. However, as the measured voltage signal from the PEA system is

small, SNR is poor. An averaging approach is necessary for the PEA technique to reduce the
random noise level by a factor of Jn where 7 is the number of measurements signal for

averaging and is normally >200.

Al.2 Laser intensity modulation method (LIMM)

The “Laser intensity modulation method” was developed by Lang and Das-Gupta in 1984
[171-178]. This method utilises a sinusoidal-modulated surface heating of dielectric samples
to produce spatially non-uniform temperature distributions through the thickness. In the
LIMM system, the test sample is mounted in an evacuated (<10 forr) sample chamber
containing optical windows through which radiant energy can be admitted. Each surface of

the sample coated with an opaque electrode is exposed to a laser beam which is intensity
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modulated in a sinusoidal fashion by an acousto-optic modulator or a light chopper as

shown in figure A1-2.

As the laser beam is absorbed by the front of the electrode of the sample, the sinusoidal
modulation of the laser beam will cause a sinusoidal fluctuation in the temperature of the
electrode on which it impinges resulting in the propagation of temperature waves into the
sample. These temperature waves are both attenuated and retarded in phase as they progress
through the sample. The amount of attenuation and phase retardation is a function of the
depth in the sample and its thermal diffusivity. Thus, a non-uniformly distributed and time-

varying thermal force acts on the sample [179].

5mW He-Ne Acousto-optic
Laser modulator
‘ i
L] B
1 g‘g 50-400k J
— | 7 e
1 \ | i
Frequency | . = * |
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‘77 77 )
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L ] o =2 aa amel [ —

Figure A1-2 Block diagram of the laser intensity modulation method [179]

Under short circuit conditions, the interaction of the fluctuating temperature, the spatially
distributed polarisation and space charge produces a sinusoidal pyroelectric current /. The
amplitude and phase of this current 7 is in respect to the phase of the modulated frequency
with a lock-in-amplifier. Since the pyroelectric measurements are made for a number of

different temperature distributions, then the produced current should be a unique function of
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the modulation frequency, which can provide sufficient information to analysis the charge

distributions of polarisation as given below [176],

1 1+, fP (v {ucoshudeerC _gp(y)( nhuy—y)dy _________ A3)
Lo nho
=1+C, .EP ( (Ucos U( y))dy+C '[,0( (m Slu§1 y) (—y))dy-—-(A-4)
0
1
Where U:(-a)_)z L(l"'l), C] :w and C2 — ax —aa L
2K p »

i is the imaginary operator, /, the current [ at zero frequency, L the thickness of the
sample, K the thermal diffusivity, /, the pyroelectric current when the laser beam impinges
on the surface x =L, I, the current when the laser beam incident on the surface x =0, p
the pyroelectric coefficient, @ the angular frequency and «,, a, and «a, are the relative

temperature dependence of the polarisation, thermal expansion coefficient and permittivity

respectively. By using a coordinate x to represent the distance inside the thickness from

surface x=0 to x=L and with y= % , the unknown distributions of the polarisation

P*(y) and space charge p(y) can be found [173,176].

However, the disadvantage of the LIMM technique is that a mathematical complex
deconvolution technique is required to compute the polarisation and space-charge

distributions from the current-frequency data. The measurement resolution ~ 2um on the

polarisation and space charge distributions has been reported [180].

Al.3 Thermal pulse or Step method (TPM or TSM)

“Thermal pulse method” for probing space charge in dielectric was firstly proposed by
Collins in 1977 [181-183] and later modified by Suzuoki et al/ in 1985 [184]. The basic
principle in the latter system was the same as that described by Collin. However, the
Collin’s TPM system measures the open circuit voltage while the Suzuoki’s TSM system

measures the current response and utilises a longer, step like heat pulse.
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Basically, the thermal technique consists of applying a thermal pulse to one surface of the
dielectric by means of a light flash and measuring the electrical response generated by the
sample as a function of time while the thermal transient diffuse across the sample.
Moreover, this time dependence electric response carries the information about the trapped

charge and polarisation distribution inside the bulk.

However, as the TPM technique requires a complex mathematical deconvolution process
(Collins’ and Dereggi’s model) to compute the space-charge distributions, it limits the
usefulness of this technique (resolution >2am). In addition, as the principle interest lies in
the behaviour of space charge in a specimen under voltage application or short circuit
condition [184], it is more appropriate to measure the current response than the open circuit
voltage, which was utilised by Collins. The details of TPM technique will not be included
here and the full mathematical models and deconvolution methods can be found in [180-

181].

Specimen
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electrode A Filter
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Figure A-3. Schematic diagram of TSM experimental set-up [184]

Figures A-3 and A-4 show the schematic experimental set-up and representation of the
Suzuoki’s TSM system. It considers a planar dielectric specimen which containing an

arbitrary distribution of space charge p(x) under short circuit condition (Figure 2.5).
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0

When a step-like heat pulse is applied to one side, the dielectric specimen starts to expand
non-uniformly. This non-uniform thermal expansion will produce a variation of image
charges induced on adjacent electrodes and resulting a thermal pulse current in the external

circuit that is reflecting the space charge distribution inside the bulk.

In the TSM system, it assumes that the thermal pulse current (TPC) at the initiation of the
heat pulse is proportional to the electric stress at the electrode as given in equations A5 and

A6 [184].

J,=—A[l“x-p(x)dx (A5)
I ge
Jy=-4[%.2 ) (A6)
[ g¢

where / and /I represent the cases in which electrode 7 and /7 are heated respectively, 4 is a
constant, which can be determined experimentally, and gg is the permittivity of the

specimen.

The total space charge amount Q, and the position of charge centroid x, are given by

equation A7 and A8, details can be found elsewhere [184],

0, ~{ 20,047, 0) a7

where / is the specimen thickness.
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When the heat pulse is applied to the specimen under an applied voltage V, equations A5
and A6 of the resultant thermal pulse current can be rewritten as A9 and A10. Through the

evolution of this current, information on the space charge distribution inside the sample can

be obtained.

J, = —A( [ Z—;’i&;)dx—g ) S (A9)
&y
J, =—A(£3€—-p—(xldx+KJ=—AE,, -------- (A10)
[ ge )

where the additional terms represent the TPC due to the change in the capacitance of the
specimen with thermal expansion, V is the potential of electrode / with respect to electrode

IIand E, & E,, are the internal electric stresses at electrodes / and /7 respectively.

Al.4 Piezoelectically generated pressure step method (PPS)

The schematic set-up of the “piezoelectically generated pressure step method” which was
used by Gerhard-Multhaupt [186] is shown in Figure A1-5. This space charge measurement
method is based on the propagation of an acoustic step wave generated by the electrical

excitation of a piezoelectric quartz plate.

A 100 ns long square pulse with amplitude of 400 V' to 600 V generated by the relay-
triggered discharge of a coaxial cable is used to drive a piezoelectric X-quartz plate. The
resulting pair of alternating pressure steps will be coupled by the silicon oil layer and
passing into the dielectric sample. Considering a charged sample under a short-circuited
condition, the electric fields between the charge layers in the bulk will accompany the
induced charges on the electrodes. As a pressure step created from the piezoelectric X-
quartz transverses through the bulk then an inhomogeneous compression will create a
temporary rearrangement of the induced charges, which manifests a current /(¢) response
between the rubber electrodes and grounded quartz. Hence, a direct image of the space
charge of the dielectric sample is provided. Further details of the mathematical descriptions

can be found in [186].
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where A is the area,

e, is the apparent piezoelectric coefficient in the thickness direction,

A

v

is the thickness of the sample,
is the particle velocity of the step wave in the dielectric sample,
is the velocity of sound,
is the pressure amplitude of the step wave,
is the density of the sample, and

is the given time after the step wave entered the sample.

The disadvantage of the PPS method is that the electrical excitation of the piezoelectric

quartz permits variation of the acoustic pulse duration, which will degrade the measurement.

The resolution of the space charge distributions measurement by using the PPS method can

be 1.5.m [186].

Al S5 Thermoelectrically generated LIPP method

Figures A1-6 and A1-7 show the schematic experimental arrangement and representation of

the “thermoelastically-generated LIPP method” which was developed by R.A. Anderson and

S.R. Kurtz for measuring space charge in dielectric materials [180, 187-189].
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In the experimental arrangement shown in Figure Al1-6, a laser pulse with negligible
duration enters a transparent solid and encounters a buried optical absorbing layer. At the
instant energy is absorbed, the solid is constrained against the thermal expansion and a
compressive stress, which is proportional to the local temperature increment, which

generated and propagating across the dielectric sample.
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Figure A1-6 Schematic experimental Figure A1-7 Schematic representation of the
arrangement of the thermoelastically thermoelastically generated LIPP method

generated LIPP method

Consider a dielectric sample, which contains a plane of space charge (total amount of charge
Q) shown in Figure Al-7. The sample is imagined to be a pair of dielectric layers enclosing
the charge. The amounts of charge induced on the electrodes are found equating the
potential difference between the electrodes to ground. With zero net charge, the charge on

the right-hand electrode is given by [187],

___ 96
Q, = C.+C, (A12)

where C, and C, are the capacitances of the dielectric layers

d, and d, represent the respective electrodes and plane of space charge

As the pressure pulse depicted in the lefi-hand portion of the dielectric, approaching to the

embedded charge, then the capacitance C; increases and C, retains its unperturbed value
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[187]. At the moment the pressure pulse enters the right-hand portion of the dielectric, C;
assumes its unperturbed value while C; increases. By comparing the value of O, (equation
A12) before and after the passage if the pressure pulse through the plane of space charge,

the amount of charge, which is transferred via the external circuit at the moment of passage

may be calculated.

AQ = Q(g)(l A (Al3)

where d is the overall thickness of the sample,

¢ is the amount of mechanical displacement carried by the pressure pulse,

5 1s the uniaxial electrostriction coefficient.

Since each layer of space charge can yield a pulse of induced current in the external circuit
upon arrival of the pressure pulse, thus the induced current response provides a direct probe
of the space charge distribution in the bulk. Referring to [180, 187], a spatially resolution of
1um has been achieved by a numerical deconvolution. Anderson and Kurtz [187-189] have
used this method to resolve the distribution of field-injected charge in polymer film

capacitors electrically stressed at room temperature.

Al.6 Non-structured acoustic pulse method

This method was developed by A. Migliiori and J.D. Thompson in 1979 [180, 190], which
utilised a non-structured broadband acoustic pulse to compress locally a homogeneous
dielectric, in which space charge is present. By comparing the voltage signal output V,
(Figure A1-8) at the points distant (position z) from the compressed region, the space charge
distribution within the bulk can be determined by using equation A14, which relates the
voltage across the parallel plate capacitor to the local internal electric stress during the

acoustic pulse propagation. The full mathematical deviations can be found in [190].

V. ()= (2 - }1{—) ¥ [’; Pct — 2)E(z)dz --=nnm- (A14)

where V', (f) is the change in voltage across the capacitor,
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x is the pressure independent compressibility,
K is equal to the ¢/¢,, and

P(z) and E(z) are pressure pulse and electric stress amplitude in position z.
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Figure A1-8 Parallel plate capacitor geometry used for the derivation of the response

of an insulating system to a sharp, single acoustic pressure pulse [190]
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Figure A1-9 Diaphragm-type acoustic pulse generator used in the non-structured acoustic

pulse method to generate non-structured acoustic pulse [190]
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Figure A1-9 shows the diaphragm-type acoustic pulse generator used by A. Migliiori and
J.D. Thompson. To generate the non-structured acoustic pulse, the tube is filled with
transformer oil and the energy storage capacitor is charged gradually until breakdown (i.e.
HV spark) occurs between the electrode and diaphragm. This non-structured acoustic pulse
method has been used to study the electric stress and space charge distribution inside solid
and liquid dielectrics. A resolution of 1 mm, a sensitivity of 10 V/mm for a range of sample
thickness (up to 10 c¢m) have been demonstrated for the dielectric materials such as oil and
polymethyl-methacrylate [180,190]. However, the disadvantage of this method is that the
non-structured acoustic pulse has insufficient bandwidth and has a very high ratio of low-
frequency energy to high frequency noise. As the acoustic pulse has a poor reproducibility,

the consistence, sensitivity and spatial resolution of the measurement are degraded.

Al.7 Laser generated acoustic pulse method

In order to improve the resolution of the non-structured acoustic pulse measurement
technique, A. Migliiori and T. Hofler introduced another measurement technique in 1982
[180,191], which is called “laser generated acoustic pulse method”. The basic principles of
this method are the same as the non-structured acoustic pulse method described in section
Al.6, the only difference is the use of a laser as a power source for the acoustic pulse
instead of a diaphragm-type acoustic pulse generator. Equation Al15 describes the
relationship of the time-dependent voltage across the parallel plate capacitor to the electric

stress during the acoustic pulse propagation. The full mathematical deviations can be found

in [191].

V() = 1[5 +4- EJ [ P(~Z— - t)E(z)dz -------- (A-15)
3 & c
The schematic set-up of the laser generated acoustic method for space charge measurement
is shown in figure A1-10. An Apollo ruby laser [191] was used to produce 15 ns, 1.5 J laser
pulses. The laser beam is directed through a plate-glass window into an aluminjum tank
filled with liquid C,F;3;Cl; (Freon). The aluminium tank contains a laser-beam absorber
(convert radiation to pressure), pressure transducer, the sample under test and a pre-

amplifier. The laser beam absorber consists of a sheet of NU-KOTE carbon paper with the
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carbon side toward the beam. Acoustic pulses are produced when the laser beam is absorbed

by the carbon paper, heating the paper and the C.F3Cl; trapped between the paper fibres.

Absorber

Plate glass
window

[ Ruby laser >

NN\

Bias supply

sample voltage
supply

=
Acoustic pulse

J transducer

Aluminum tank

Storage

oscillscope

Liquid C,F,Cl,

Figure A1-10 Schematic set-up of the laser generated acoustic method

Referencing to [180,191], the “laser generated acoustic pulse method” for space charge

measurement method has achieved 50 yam spatial resolution in 3 mm thick PMMA samples

with the aid of a numerical deconvolution. This is shows a significant improvement

compared to a resolution of 1 mm obtained by the non-structured acoustic pulse method. In

addition, the sensitivity of the laser-generated acoustic pulse method has reported to be as

good as 5 x 10* V/m by using a pressure pulse with peak amplitude of about 5 x 10° Pa.
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Appendix 2 Circuit details and working principles of the electronic system

The following is the circuit details and the working principles of the electronic system. It

can be seen that the designed circuit has three main parts,
¢ The high voltage ac voltage synchronise system (Blue-box),
¢+ The timing control system (Red-box), and

¢ The shot pre-set and phase control system (Green-box).

e The high voltage ac synchronise system

Based on Chapter 3, a low voltage ac waveform corresponding to the magnitude of high
voltage ac applied to the sample will be obtained at the output of the pre-amplifier box.
This waveform is in phase with the HV ac voltage and will act as an activation signal to

the electronic system for the ac space charge measurement.

Referring to the circuit enclosed by the blue dash line in figure A2-1, the 50 Hz ac
waveform from the pre-amplifier box is firstly converted to the 5 Volr 50 Hz square
waves. Then by using the phase lock loop circuit, this 50 Hz square wave will be locked

and a 3.2 kHz square wave output is generated, which is the clock signal for the

following “timing control system”.

e The timing control system

In order to incorporate the “data acquisition” with the “target cooling system” and
ensure the space charge measurement starts at the same point (or phase) on wave. A
timing control system, which is enclosed by the red dash line in figure A2-1, has been
included. It initialises the measurement and triggers the target cooling system. The
timing sequence and the block diagram of the electronic circuit are shown in figure A2-2

and A2-3 respectively.

> The “Dual D-type positive edge-triggered flip-flop (74HC74D)” ensure the counter
starting with a “no load” condition, therefore the first laser shot will be triggered at

Phase=0° after the counter is reset for 1280 ms (16x16x16 = 4096 clock signal), and
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» The “4-bit synchronous binary counters Ul4, Ul5 and U16> are used to trigger the
cooling liquid device then fires the laser 40 ms later. The counter is then reset and the

above procedure repeats for any point on wave measurement.

e The shot pre-set and phase control system

The timing sequence in figure A2-2 illustrates that by changing the pre-set value at the
switch-U11 on the electronic board to different configurations, the period of time delay
between two consecutive laser shots as well as number of shot per period can be altered

as shown in table A2-1

In addition, referred to the equation 3.1, the time delay between two consecutive laser

shots are given by,

*20ms where N = number of shot per cycle

1000ms + 1
N

By changing the switch setting on U12 and U13 on the circuit, this delay time constant

“1000 ms” in the equation can be changed.

No of shots per period | Pre-set value of switch U-11 Time delay between two
consecutive laser shots (ms)
9 1000 1002.5
17 1100 1001.25
33 1110 1000.625
65 1111 1000.3125

Table A2-1
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Figure A2-1. The electronic board of the ac LIPP system
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