University of Southampton

Space Charge Measurement in Polymer Insulated

Power Cables Using the PEA Method

By

Mingli Fu

A thesis submitted for the Degree of
Doctor of Philosophy
In

The Department of Electronics and Computer Science

April 2002



UNIVERSITY OF SOUTHAMPTON

DEPARTMENT OF ELECTRONICS AND COMPUTRER SCIENCE
Doctor of Philosophy
SPACE CHARGE MEASUREMETN IN POLYMER INSUALTED POWER
CABLES USING THE PEA METHOD
By Mingli Fu

Abstract

The Pulsed Electro-Acoustic (PEA) technique has been widely used to measure space
charge distribution in solid dielectrics. A considerable amount of work has been done on the
charge dynamics in plaque samples. Recently, there have been several attempts to apply the
technique to polymeric power cables, but it has been hampered by experimental difficulties in
achieving a universal electrode system to maintain an intimate contact between the curved
ground electrode, transducer and absorber.

In this research, a modified system employing a flat ground electrode, transducer and
acoustic absorber has been introduced. By thoroughly analysing the propagation of the
acoustic pressure in the new electrode arrangement, it is concluded that the revised electrode
system will give the same detection sensitivity and spatial resolution as that of the old version.
The new PEA system not only achieves an intimate contact acoustically but also has
advantages of easy assembly of cable sample and is suitable for different sizes of cables
without any modification.

The basic principle of space charge measurement in cable geometry with the new system is
fully outlined. To remove the influences of the geometry factor, the acoustic propagation
attenuation and dispersion through the polymer material, a compensation algorithm has been
developed to improve the measurement accuracy both on charge density and position.

A comprehensive program with the functions of data acquisition, deconvolution of original
signal, calibration and compensation both to geometry and propagation factors has been
developed in the LabView' ™ environment. The method to calculate the electric stress
distribution from the results of the space charge profile in cable geometries has been proposed.

For practical application, space charge distribution measurements were carried out on
several prototype cable samples which adopt modified XLPEs (undegassed and degassed) as
insulating materials. The comparisons were conducted on both the space charge accumulation
and its influence on the electric stress distribution. The results showed that the modification to
the XLPE material is profitable from the point of view of space charge suppression. Moreover,
the thermal treatment to the sample showed that the removal of the volatile residue had a
significant influence on the space charge behaviour.

To study the effects of the modification of the XLPE and its residual impurities on the
space charge accumulation, a PEA system capable of measuring the space charge distribution
in thick plaque samples was built. Space charge measurements were carried out on different
XLPE samples and with a variety of residue contents.

In the voltage polarity reversal operation of a dc system, the previously accumulated
stationary space charge may not promptly respond to the polarity inversion. This situation may
result in a very complex electric stress distribution and raise the risk of insulation failure due to
the localised electric stress being too high. The space charge evolution during and after the
voltage polarity reversal was experimentally studied in two commercial XLPE cables.

Finally, reasons were sought experimentally for the sheet charge at the outer surface of the
semiconducting sheath and the shift of the peak of induced charge at inner interface. Some
appropriate measures have been suggested to eliminate their effects.
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Chapter 1

Introduction

1.1 Research background

Nowadays, a considerable amount of transmission and distribution of electricity,
especially in urban areas, is carried out by means of underground power cables.
Growing public awareness of environmental issues and the need to maintain a highly
reliable system have led to polymeric materials progressively replacing oil impregnated
paper insulation in underground cables. On the other hand, with large energy pools and
separate load centres, the/ control of the large reactive power becomes difficult in
alternating current (ac) uﬁderground transmission system. Owing to the absence of
periodic charging current with direct voltage, high voltage direct current (hvdc) cable
would be an attractive option and could play an increasingly important role in direct
current (dc) transmission links. Therefore, dc transmission by cables is not only
frequently applied in cross-channel project, but also may be expected to take place in
inland schemes where the greater utility of underground cables is required whilst the
use of overhead lines are increasingly restricted because of the amenity consideration.
Furthermore, the ease of fault current control and low dielectric loss are other merits in
comparison with the alternating current system [1]. This renewed interest in high
voltage dc transmission has led to many manufacturers worldwide investing in dc
polymeric power cable development.

Among the polymeric materials used as insulation both in ac and dc power cables,
the most prominent has been polyethylene (PE), either pure or its cross-linked form

(XLPE). This is due to their high dielectric strengths and electrical resistivities



combined with some good physical properties, such as resistance to cracking and
moisture penetration [2].

However, under certain operating conditions, their good electrical insulation
properties may become degraded. For example, trapped or low mobility electrically
charged species within the bulk could give rise to space charges. This is particularly
true when the dielectric is subjected to a dc stress. If some space charge is formed in
the extruded insulation of a polymer power cable, the electric stress distribution may be
greatly distorted. This can result in localised electric stress enhancement leading to
premature failure of the cable at stresses well below the anticipated or designed values.
Prediction by conventional numerical techniques (e.g. finite element) of the trapped
charge and subsequent stress distributions only give limited information. Although the
models of charge mobility, transportation and trapping phenomena have also been
established [3] lack of information on realistic parameters has limited their application
in practice. Therefore, there is a need for a better understanding of space charge
accumulation characteristics in polymeric materials under dc electric stresses.

For these reasons, space charge measurement has attracted the attention of many
researchers over the past two decades, and several new techniques based on the
acoustic wave propagation through the material have been developed for non-
destructive measurement of both the location and the density of space charge in
dielectrics. They are the pressure wave propagation method (PWP), the laser induced
pressure wave propagation method (LIPP) and pulsed electro-acoustic method (PEA).
Among them, the PEA technique is the most commonly used method because of its
lower cost and satisfactory sensitivity and resolution [4-6].

Until now, a considerable amount of research has been concentrated not only on
developing the detecting technique but also on studying the mechanism of space charge
formation, migration and accumulation in sheet samples. Fruitful results have
consequently been achieved [7-20]. After several years of successful space charge
research in film samples, attempts had been made to apply these techniques
(particularly the PEA method) to measure space charge in extruded polymeric
insulation power cables [21-24]. However, the step of moving on from planar to cable
geometry systems has shown up some problems with the PEA technique and the
associated signal processing. This has hindered its application in practice both in
industry and academia. Firstly, in all studies on cable samples, a curved ground

electrode, transducer and absorber have been used in the PEA system. This



configuration is problematic due to the difficulty of obtaining good acoustic contact at
the interfaces between the following different media, the outer sheath of the cable
sample, the ground electrode, the transducer and the acoustic absorber block. This
arrangement limits itself to a particular cable size. Obviously, the modification of the
system for various cable diameters is complex and the assembly of the apparatus and
sample is time consuming.

Secondly, for a full sized cable sample, the attenuation and dispersion of acoustic
wave propagation through the cable insulation due to the lossy and dispersive
properties of polymeric material may be significant and is no longer negligible if a
more accurate measurement result is required. Additionally, the cylindrical geometry of
the cable causes a variation on the pulsed electric stress distribution throughout the
insulation thickness and the divergence of the acoustic pressure wave intensity when it
travels along the radial direction from the inside part of the cable insulation. All these
effects of the material and the geometry can impair the measurement of the space
charge distribution in charge density and position resolution. This influence depends on
the cable size and structure. To ensure an accurate measurement of the space charge
distribution, these factors have to be considered in the data processing.

Thirdly, the electric stress enhancement due to the space charge accumulation plays
a key role in electrical failure of the cable insulation. However, the method of
calculating the electric stress across the cable insulation on the basis of the space
charge distribution is not so far available. A literature review reveals that the main
attention has been placed only on the electric stress at the interface. The interfacial
stress variation under different ageing conditions has been extensively discussed in
relation to the space charge [21, 24]. It is obviously true that the interfacial stress can
be easily obtained from the induced charge density at the interface of insulation and
electrode, and it is also important in the situation where a heterocharge appears in the
sample as the electric stress at the interface is strengthened. On the other hand, it may
also be possible for the maximum electric stress to appear in the bulk insulation in the
case of homocharge or packet charge formation somewhere in the central part of the
insulating material. Therefore, it may be meaningful to obtain the detailed electric
stress distribution across the cable insulation from the space charge measurement.

The principle objective of the research is to solve the previously mentioned
problems in space charge measurement in cable geometry both by introducing a flat

electrode design and a proper signal and data processing algorithm.



Thanks to the extensive research on space charge phenomena in polymer materials,
several modifications have been made to the XLPE for the purpose of suppressing the

space charge accumulation. The effectiveness of these attempts needs to be tested both

on cable samples and thick plaque samples.

1.2 Project overview

The above mentioned issues concerned with the space charge detection in different
cable geometries have been fully taken into account and the following objectives have
been ;tchieved:

o A modified PEA system was built employing a flat ground electrode, transducer
and absorber, enabling the space charge distribution for different sizes of
polymer insulated cables to be measured. A theory has been developed for the
modified PEA system and experimental results have validated the system;

e A data processing algorithm has been developed to obtain a true representation
of space charge distribution across the thickness of the cable insulation. This
takes account of the possible errors due to acoustic wave attenuation and
dispersion, as well as divergent electric pulse stress and acoustic pressure in
coaxial geometry;

e A quantitative appraisal of the electric stress profile across the insulation has
been developed, taking the applied stress and the contribution from the space
charge into consideration.

Based on the above achievements in advancing techniques of space charge
measurement of polymer power cables, space charge distributions in several power
cables employing different modified XLPE materials as insulation were measured
using the newly modified PEA system. A comparison was made between these cables
and the reference cable which had XLPE as insulation, both under fresh and degassed
conditions. The results from the aspects of space charge formation and the new electric
field strength distribution showed that some of modifications to the XLPE material are
preferable in the polymer dc cable insulation.

To closely study the effects of the modification of the material and residue on the
space charge characteristics; a group of thick plaque samples made of different types of

XLPEs and with a variety of impurity contents were tested to measure the space charge



distribution. The differences in the space charge accumulation amongst the different
amended materials are quite significant. The experiment revealed that the residue of the
material plays a key role in space charge behaviour.

When the polarity of a dc transmission system is reversed, the space charge formed
corresponding to the initial polarity does not change instantaneously to that of the new
polarity. This can be very dangerous to the cable insulation because some localised
stress may be extremely enhanced. Space charge evolution in the process of voltage
conversion was measured in two XLPE cables and their electric stress distributions
were correspondingly obtained. The highest stress can reach about 50kV/mm from its
applied value of 32kV/mm.

This thesis is divided into 11 chapters with appendices. As fundamental
background, the basic concepts concerning with the mechanisms of space charge
formation, migration and accumulation in dielectrics (particularly in polymer
insulations) is presented in Chapter 2. For a better understanding of the results obtained
in the project, the chemical and physical structure of polyethylene (PE) and cross-
linked polyethylene (XLPE) are also briefly introduced.

Chapter 3 reviews the techﬁiques of space charge measurement in dielectrics and
their applications in plaque and cable samples, including the evolution of the
techniques, brief principles of each method and a simple comparison between them.
The background of space charge detection in cable samples and current achievements
are briefly presented.

A modified PEA system for coaxial samples, which adopts a flat ground electrode,
is introduced and the acoustic wave propagation in the new electrode configuration is
briefed in chapter 4. The basic principle based on the modified PEA system, and the
essential techniques such as the raw signal deconvolution and charge density
calibration is fully discussed. Chapter 5 deals with the data processing technique on
geometry and acoustic propagation compensation. Chapter 6 details the method to
calculate the electric stress distribution from the space charge measurement. An overall
program capable of carrying out the above data acquisition and processing algorithm is
developed in LabView™ environment. The interface (front panel) and the block
diagram of the program are listed in an appendix.

As a practical application of the techniques developed in this thesis, the space

charge measurement results in cable samples and thick plaque samples (all made on



different XLPEs) are presented and discussed in chapter 7 and 8. Comparisons are
made between different modified materials with different residue contents.

Space charge evolution during and after voltage polarity reversal is experimentally
investigated and the results are presented in chapter 9. From the electric stress profile
derived from the space charge distribution, very high localised stress has been
identified at the moment of the polarity switching.

In chapter 10, some of the problems encountered in the space charge measurement
in cable samples, such as the interference peak caused by the pulse voltage at the outer
surface of outer semiconducting sheath and the shift of the induced charge at the inner
electrode and insulation surface are experimentally studied. Results are presented and

discussed.

Finally, the whole project is summarised in chapter 11 and some further work is

suggested.



Chapter 2

PE, XLPE Insulation and Space Charge Formation

2.1 Introduction

Space charge is the term given to the electrical charge that becomes trapped within the
bulk of a dielectric and can occur as a result of electron beam irradiation [25], or an
electric potential application across the insulation sandwiched between two electrodes
[26, 27]. In many cases the trapped space charge will be extremely stable and may exist
in the dielectric for many months or even longer after the electrodes have been shorted
together. A stable charge distribution in a dielectric is of great use in the area of
electrets, where the incident pressure will interact with the space charge and cause a
current to flow in an external circuit [28]. However, when the space charge is present in
high voltage insulation systems (e.g. polymeric insulation in power cables), the electric
stress distribution may be greatly distorted. This can eventually result in localised stress
enhancement leading to premature failure at stresses well below the anticipated or
designed values.

In these two completely different situations, it is desirable to understand the
physical processes involved for the purpose of being able to control them. For instance,
it may be necessary to obtain long life-time space charge distributions in electrets or, in
contrast, to prevent the formation of space charge in insulation materials.

In this chapter, the basic concepts concerning the mechanisms of space charge
formation, migration and accumulation in dielectrics, particularly in polymer materials
will be presented. As fundamental knowledge, the chemical and physical structure of

the most popular polymers used in power cable insulation, polyethylene (PE) and cross-



linked polyethylene (XLPE) are briefly reviewed. Furthermore, other relevant theories
are also briefly introduced, such as the conduction of the polymer that is inclusive of

ionic and electronic conduction and disassociation of impurity dipoles.

2.2 Polyethylene (PE) and cross-linked polyethylene (XLPE) used in power cables

2.2.1 Chemical and physical structure of polyethylene (PE)

Most of the synthetic high polymers are organic compounds consisting of long, chain-
like molecules where repeated molecular units are linked by covalent bonds. A single
molecular chain commonly contains a thousand or more repeated units and reaches a
total length in excess of 1 um [29]. Polyethylene is produced from ethylene gas by a
process known as “polymerisation”, in which the monomer molecules (i.e. CH, =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 must be able to react
on two sites of the molecules (i.e. bi-functionality of ethylene is achieved by opening
the carbon to carbon double bond). Figure 2.1 shows the monomer ethylene and
repeated monomer in polyethylene, where “n” is the number of monomer units (i.e.

CH, -CH, groups) in the polymer chain, which is known as the “degree of

polymerisation”.
oy
Sl
H H H H
- “n
Ethylene Polyethylene

Figure 2.1 Chemical structures of ethylene and polyethylene

These chains run partly parallel to themselves or to other chains, see the illustration
in figure 2.2. These parallel regions form the crystalline part of the polymer. For
another part of their length, the chains follow an arbitrary path and create amorphous

regions. These regions where impurities would accumulate are susceptible to the

formation of space charge [30, 31].



Figure 2.2 Diagram of polymer crystallinity model

The percentage of the volume that is occupied by the crystalline region is called the
“crystallinity” or “crystalline ratio”, and affects some of the mechanical characteristics
of the material, such as density and Young’s modulus. The high density of polyethylene
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)”, and its density is around 945-960 kg/m’. It has fewer and
shorter chain branches than “low-density polyethylene (LDPE)” with typically 45-55%
crystallinity and a density of 916-930 kg/m’. Among other physical properties, the
melting point of the polymer increases with the crystallinity. The crystalline melting
point of polyethylene increases from 110 °C (LDPE) to 130 °C (HDPE) as the density
is increased from 916 to 960 kg/m’ [30].

Generally speaking, the conduction of charges in the amorphous region is far better
than that in the crystalline area in polymer material, and the former is likely to collect
impurities and traps. There will therefore be more chances for charge carriers being

initiated and trapped in the amorphous regions [30, 31].

2.2.2 Evolution of PE for cable insulation

a. LDPE

In the late1930s, low density polyethylene (LDPE) exhibited “a unique combination of
electrical and mechanical properties” in power cable insulation, which enabled cables
to be light, flexible, clean and easy to install [2]. It was believed that LDPE was an
ideal insulating material, because of its exceptionally high intrinsic dielectric strength,
low permittivity, negligible dielectric losses, good thermal conductivity and an

apparent watertightness, etc.



However, it had quite a low crystalline melting temperature (105 to 115°C), and
was sensitive to oxidation, and electrical discharge. It had poor resistance to
mechanical and electric stress cracking. Another problem of using LDPE is its high

expansion coefficient with increasing temperature.

b. HDPE

The development of HDPE insulated power cable was parallel to that of LDPE with a
time lag of 8 to 10 years. HDPE is more difficult to implement than LDPE, but it was
still preferred by some manufacturers because of its better mechanical and thermal
characteristics. It has a higher crystalline melting temperature (125 to 135°C), which
increases the operational temperature of the cable from about 70°C for LDPE to 80°C
for HDPE, and 90°C instead of}80°C under short time overloaded conditions [2].

c¢. XLPE

Despite their excellent electrical properties, their thermoplastic properties have limited
the wide use of LDPE and HDPE in péwer cable insulation. At the end of 1950s, cross-
linked polyethylene (XLPE) was developed which had an impact on the extruded
polymer insulated power cable industry. Cross-linking results in bridging the molecular
chains between carbons and changing the thermoplastic polyethylene into a thermo-set
counterpart. Because of this, XLPE conserves some mechanical resistance when it gets
hot, enabling the operating temperature of XLPE insulated cables to go to 90°C under
steady state conditions, 100 to 105°C or even higher in an emergency, and even to
250°C under short circuit conditions [2].

Moreover the chemical stability and dielectric properties of PE are preserved, as
well as its mechanical resistance under cold conditions. The tendency to stress cracking
is significantly eliminated. In addition to anti-oxidants, various additives can be

introduced in the cross-linking operation to improve some specific properties of XLPE.

2.2.3 Cross-linking processes and byproducts
In fact, XLPE may be considered to be composed of three parts: a cross-linked part, a

non-cross-linked part and a part with molecules of lower molecular weight. The cross-

linked part has a three-dimensional network structure formed by the curing reaction.
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The non-cross-linked part is essentially LDPE. The low molecular weight part includes
residual byproducts of the cross-linking process and some additives [32]. XLPE is
therefore semi-crystalline and may have a variety of morphologies.

The cross-linking processing of: polyethylene is generally finished in two types of
chemical reactions; they are Dicumyl peroxide cross-linking process and Silane cross-
linking process [33].

Dicumyl peroxide (DCP) is the most widely used peroxide in the cable industry to
give fast cross-linking. A fairly low proportion (i.e. about 2.5%) of the peroxide is
added to the base polymer. Due to the temperature used for the cable extrusion
(between 130 to 150°C), the dicumyl peroxide remains inactive. However, when the
temperature is raised to about 180°C the dicumyl peroxide quickly decomposes and
initiates the cross-linking reaction.

Another cross-linking process, “Silane cross-linking” proposed by Dow Corning, is
progressively replacing the conventional peroxide cross-linking method to manufacture
low voltage XLPE cables. This process is classified as a “two component system” for
two materials such as cross-linkable graft polymer and a catalyst master batch need to
be prepared before the cross-linking process. The 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.

The cross-linking operation is much more complex than that explained here.
However, we are only interested in the by-products which are formed and reside in the
material after the manufacturing process. These residues, such as acetophenone, cumyl
alcohol, methyl styrene, and methanol together with some extra additives are the main
source of space charge formation and accumulation [32-35]. It is also known that DCP

cross-linked XLPE contains significantly higher concentrations of byproducts than

silane XLPE [33].
2.3 Space charge formation in polymer insulation

When the polymer insulating material is subjected to high electric stress, it tends to
become charged and the charges may remain in the material for a certain period of
time. These charges or charge carriers can be supplied from the electrodes or can be
generated within the bulk of the material. Generally, the charge generation and

accumulation can be categorized as in the following process:
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Injection and extraction, which controls the emission or extraction of
electrons or holes at the polymer/electrode interface. These processes are
strongly dependent on the conditions of the interfaces such as materials,
surface defects and impurities.

Ionisation, is associated with the electric field assisted dissociation of
chemical species such as residues of cross-linking byproducts, additives.
Hopping controls the charge migration within the polymeric bulk insulation.
Trapping, the charges or charge carriers created by the above processes
accumulate somewhere within the insulating material. This is dependent on
the availability (concentration) of the trapper, the depth and the nature of the

trap site inside the bulk of the material.

2.3.1 Homocharge and heterocharge

For the convenience of easy description, the space charge accumulated in insulation

materials is often classified as homocharge and heterocharge according to its polarity

and the polarity of the adjacent electrode. Homocharge has the same polarity as the

electrode, while heterocharge has the opposite polarity of the electrode, as shown in

figure 2.3.
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Figure 2.3 Illustration of homocharge and heterocharge near the electrodes

Generally speaking, trapping of an injected charge may form homocharge near the

electrodes. Consider a dielectric-metal sandwich system in which electrons can be

injected into the dielectric from the cathode. The same argument can also be reasonably

applied to positive holes. The consequence of homocharge formation will be to reduce
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the interfacial electric stress between the insulation and electrode and enhance the
stress in the middle of the sample.

Heterocharge can be generated by field-assisted ionisation of dissociable species in
the material. Under the external applied electric stress, negative charges or charge
carriers will migrate toward the electrode of opposite polarity (positive) and may
become trapped there. In contrast, heterocharge will result in an enhancement of the
electric stress at the interfaces and a reduction in the middle of the material.

It should be emphasized that homocharge or heterocharge do not necessarily arise

at both electrodes at the same time [31].
2.3.2. Charge injection (surface effect)

Consider now the interface between a metal electrode and a dielectric material.
Electrons in the metal are free to move throughout the bulk, but when they reach the
surface, they are subjected to a constraint imposed by the noncontinuity of the solid. In
order to move beyond the surface, they require excess energy. The work done in
removing an electron to infinity is called the work function. With the contact with the
dielectric, the potential barrier at the interface will be modified and both electrons (at
the cathode) and holes (at the anode) may be injected, depending upon the energy level
in the dielectric.

Figure 2.4 shows the typical energy-band diagram for the metal-polymer interface.
Under this situation, charge flow will take place so as to equalize the Fermi level of the
two materials and will therefore give rise to either a negatively or a positively charged
barrier according to the difference between their work functions. Thus the barrier

heights or the energy required for electron and hole injection are
A 1 2.1)

and
¢h = Eg _¢m + Z (22)

where ¢, is the work function of metal electrode, and y is the electron affinity of

polymer, and E is the band gap.
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Figure 2.4 Potential barriers between metal electrode and polymer

There are three ways by which the energy required for an electron to escape from

the metal may be supplied:

(1) by a thermal process known as thermionic emission,
(2) by the application of high electric fields in field emission, and
(3) by photon absorption at sufficiently short wavelength in the photonemission

Process.

In mechanisms (1) and (2), charge injection from electrode to an insulator may take
place by field-assisted thermionic emission known as the Richardson-Schottky effect or
simply Schottky emission [36].

Schottky emission governs the conduction current, which is connected with

temperature 7 and electric stress E, and is given by the following equation
—¢, + BEV
J = AT? exp e tBET (2.3)
kT

and

p. = (e3 / 4re, g, )1/2 2.4)
where J is the injection current density, 4 is the Richardson — Dushman constant, & is
the Boltzmann constant, gy is the permittivity of free space and ¢, is the relative
permittivity of the dielectric.

The interface between the metal and dielectric presents an essentially ohmic contact
at electric field below about 1kV/mm, while at the field greater than 100kV/mm
electron tunnelling through the barrier becomes the more probable process. However,
electron injection into polymers has been observed at electric stresses between 4kV/mm
and 300kV/mm for PE and at 20kV/mm for PET. There is a tremendous variation on

the emission stress [36].
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Generally speaking, electrical conduction of a polymer depends strongly upon the
nature of the electrode-polymer interface as well as that of the polymer bulk [37, 38].
Injection of electrons at the cathode and extraction of electrons at the anode are the
main mechanisms for the emission of charges in most polymers. However, this is not
necessarily the case for all polymers, as some polymers emit and conduct “holes” [30].
Ieda [39] has summarized dominant carrier injections in different polymers, as shown
in Table 1. Of course, the electrode material plays a critical role in the issue of whether

an electron or a hole is injected.

Table 1. Injected carriers in different polymers

Injected carrier | Polymer
Electrons PE, PET, PEN
Holes EVA, PPX, PTFE, FEP

PET — polyethylene terephthalate
PEN — polyethylene naphthalene
EVA — ethyl vinyl acetate

PPX — poly-xylylene

PTFE — Teflon

FEP — fluor ethylene propylene

Due to the complex physical and chemical structure of the polymer, the
determination of the type of injected charge carrier is not clear at the moment. The
extraction of electrons from the polymer, or in other words injection of “holes” to the
polymer is even less well understood than the injection of electrons [36].

For the charge accumulation under electron injection, there are two possible
situations classified by injection capability which result in different net charges in the
locations adjacent to the electrodes. First, when the electrons move faster through the
polymer than they are supplied from the cathode, a layer with insufficient electrons is
present and a positive charge (holes) is formed adjacent the cathode, see figure 2.5 (a).
Meanwhile, the electric stress at the cathode is strengthened and the electron emission
increases as shown in equation (2.3). The positive charge decreases and becomes more
evenly distributed.

Similarly, if the extraction speed of electrons at the anode is lower than that of

electrons from the cathode and the bulk of the polymer, there will be an electron layer

formed in front of the anode and can be regarded as heterocharge. On both sides of the
\
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polymer dielectric, the charges are trapped within the amorphous state, the
imperfections, and the impurities or at interfaces of different morphologies [40].
Another situation occurs when more electrons are injected in the dielectric than that
can be carried away, as shown in figure 2.5 (b) and a homocharge layer is formed at the
cathode. A similar process may occur at the anode if more electrons are extracted from

the polymer leaving positive holes adjacent to the anode.
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(a) Insufficient injection (b) Too much injection

Figure 2.5 Formation of hetero and homocharge in electron injection

2.3.3 Contribution of electronic conduction to space charge (bulk effect)

With regard to the basic conduction mechanism, it is immaterial whether the material is
a metal, semiconductor or dielectric, the energized electrons always constitute the
major part of the conduction current. When the moving electrons become trapped in the
dielectric, space charge appears. Despite the fact that the electronic conduction in
organic molecular compounds differs in several important ways from metals and
inorganic semi-conductors; the well-known band theory of atomic lattices has provided

the basic concept for the discussion of conduction in polymer insulations [29].

a. Band theory

In the atom model, a number of electrons move in separate orbits around the nucleus of
the atom. Not every orbit and only a limited number situated at discrete distances from
the nucleus are available for the acceptance of electrons. An electron can leap from one
orbit to another, which represents a discrete energy level. There will be no electrons in
between. In an insulator, as shown in figure 2.6, the lower energy band, called a
valence band is completely filled with electrons. A separation, known as an energy gap

E, lies between the valence band and the higher level band, called a conduction band.
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No states or orbits are available for electrons in the energy gap. The highest energised
electrons in the ground state must gain additional energy, equal to E,, before they can

reach empty orbits and become mobile to take part in electrical conduction [36].
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Figure 2.6 Illustration of energy bands in insulator

An insulator is characterized by its band gap E,. At absolute zero temperature, any
solid with an energy gap is non-conducting. However, at any finite temperature, there is
a probability that some electrons may be thermally excited across the energy gap into
the lowest unoccupied molecular orbital band (conduction band), leaving behind
unoccupied positive holes in the valence band. Since the electrons in the bottom of the
conduction band and the positive holes in the top of the valence band are molecular

orbits that extend throughout the entire material, both can contribute to the conduction

process.

b. Electronic process in polymer

Basically, the transport of charge within the macromolecule itself and the transport
between molecules are the two main factors that affect conduction in polymers [41].
The intermolecule transport of charge is generally poor due to its weak interaction
between the polymeric chains. Moreover, the partially crystallized phase possesses only
a small range of order resulting in low carrier mobility.

The Poole-Frenkel mechanism can be regarded as the bulk-limited analogue of the
Schottky effect [42]. For the Pool-Frenkel mechanism to occur the insulator must have
a wide band gap and must contain donors and acceptors. In this analysis we only
consider the case of an insulator containing donors with energy k7 below the

conduction band to simplify the treatment.
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An electron trapped in a donor state is surrounded by a potential barrier with height
¢. When energised, the Columbic force between the electron and the donor will modify
this energy barrier, as shown in figure 2.7. With an applied external electric field, the
reduction of the barrier becomes proportional to the square root of the applied field.
The relationship between the conductivity and the applied field is given by

12
c=o0, exp{'g—;}gf—} (2.5)

where f,,. = (e3 [7ng,e, )1/2 , and oy is a constant.

Generally, it is difficult to distinguish between the Schottky and the Pool-Frenkel
mechanisms as the data from both cases may fit the mechanism equally well. However,
the proper distinction may be made according to the mechanism to see whether the
effect is bulk or electrode dominated, The Schottky effect should depend upon the
electrode material while the Pool-Frenkel does not [41, 42].
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Figure 2.7 Charge in electron potential near donor site due to the external electric field

2.3.4 Ionization (bulk effect)

According to Suh [31], in most cases space charge limited conduction (SCLC) is the
major conduction mechanism in polyethylene. This means the conductance of the
polymer is governed mostly by the electron injection from the electrode. This situation
may be easy to understand for most polymers, particularly, in that they have long
molecules which are saturated in the chemical sense (no double bonds), such as PE and
XLPE. There will be no significant electronic conductivity because of a lack of
energised electrons. So the constituents of the polymer, specifically in XLPE are
believed to be another mechanism causing conduction and subsequently space charge

accumulation if the charge carriers are trapped [32, 34].

18



Low field conduction in polymers is frequently found to obey the Arrhenius-type

relationship [41, 42]
o(T) =0, expl:' —]_?]—:} = Zqinilui (2.6)

where o is a material constant, ¢ is the activation energy, k is the Boltzmann constant,
T is the temperature, g;, n; and g; are the ith charge, density and mobility of conducting
species respectively. This usually is attributed to an ionic conduction mechanism.
Although it is not possible to identify the ions experimentally, it is reasonable to
assume that they are derived mainly from fragments of the polymerisation catalyst,
degradation and dissociation products of the polymer itself and residues after the
material processing [37].

As stated in the section 2.2, the available PE and XLPE materials for power cable
insulation contain various impurities such as catalysts, antioxidants, voltage stabilizers
and by-products from the cross-linking reaction [43, 44]. Under the application of
external electric stress these impurities may be separated into ion pairs by the
dissociation process as expressed in the following reaction

AB< A" + B~ 2.7)

This determines the ion concentration in the polymer and is of course, directly related
to the initial concentration of ionic compound. If the mobility of ions is very limited,
this will simply appear as additional atomic polarization. However, when the ion
mobility is appreciable, the ion would move towards the electrode of opposite polarity
under the applied stress by the “hopping process”, and would lead to the build up of the
heterocharge [39].

2.3.5 Charge trapping and detrapping

In the previous section, on the basis of the theory of conduction in polymer insulation,
the origination and transport of charge and charge carrier has been briefly introduced.
When the charges are produced in the dielectric, a portion of them contributes to
electrical conduction and some may become trapped as space charge. At the same time,
the moving charge or charge carriers may also be trapped elsewhere. Therefore the
space charge accumulation in the dielectric material is dependent on the availability
and the nature of the traps. The residence time of a charge carrier in a trap will be

dependent on the depth of the trap, (i.e. the energy required to activate the carrier free
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of the trap) and the temperature and the external applied electric field. It is well known
that the trapping ability is closely related to the structure of the polymer, such as the
crystallinity, molecular weight and morphology. The chemical modification of the
polymer also plays a key fole in the charging activities [45-48].

Actually, the process of detrapping (e.g. the escape of Séme of the trapped charge
from the trap site) will occur simultaneously if the charges possess enough energy.
Therefore, it is easy to understand that the space charge formation in the material
results from a competition between a trapping rate and a detrapping rate.

As stated previously, charge carriers in an insulating material can be trapped at
impurities or physical defects. Immobilization of the carriers reduces conductivity and

so contributes to the space charge formation. The capture rate for free electrons by a

single trapping level can be described in term of a time constant ..

dn n
“r == 2.8
( dt ]caplure LTU'&[J ] ( )

where n is the number of free electrons. Here for a given material, the lifetime toward
trapping can be regarded as constant. More precisely, the above equation should be
expressed in kinetics formulation with a rate constant 4, as

d

where A, is the trap concentration, #;, is the concentration of filled traps. This processing

is schematically illustrated in figure 2.8. If #; << N, the detrapping reaction takes place

at a rate constant of 4, at a rate given by

dn,
=A,n (N, —n 2.10
( dt ) excitation ’ ( t ) ( )
In the thermal equilibrium conditions of Fermi statistics, it follows that
~(E.-E,)
A, = A exp| —— 2.11
2 1 p!: T ] ( )

In the above equation, the trap depth (E~E,) is simply the binding energy of the
charge in the trapping centre [36].
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Figure 2.8 Trapping and detrapping processes of an electron

Thermally stimulated current (TSC) and thermally stimulated luminescence (TSL)
are two typical applications of proving the trapping and detrapping process in

dielectrics. They are more sensitive techniques for studying traps and their depths in

dielectrics [39, 49].
2.3.5 Charge trapping in PE

Several traps have been reported as existing in the polyethylene [37, 50], and are

summarised in Table 2, including their nature and origins.

Table 2. The nature and origins of the charge traps in PE

Origin Region Trap depth (eV)
0.1-0.3
Lamellar surface 0.3
Amorphous 0.24
Defect ; Amorphous 0.8-1.0
Amorphous-crystalline 1.0-1.4
interface
Crystalline 1.2-1.7
Unstable oxidation Amorphous
products
Stable oxidation Amorphous-crystalline 1.4
products interface
Cross-link Amorphous 1.0
Antistatic agent Amorphous 1.2

From Table 2, it is noticed that polyethylene has a wide range of trap depths which
may be classified into two broad groups as shallow traps and deep traps. Shallow traps
stand for the traps having depths ranging from 0.1 to 0.3eV, and normally have a high

concentration in polyethylene, whereas deep traps have depths in the range between 0.8

21



and 1.7eV and are relatively few in polyethylene. From the previous description, it is
known that the deeper the trap the greater the energy required to release a trapped
charge. Therefore, the trapping level is an important characteristic for the insulating
material used in dc polymer power cables. For the dc cable, an insulating material
containing shallow traps will ensure that any charge that accumulates within the bulk
can easily be conducted away.

Despite the considerable amount of research on the effects of the impurities and
morphology on space charge behaviour in insulating polymers; e.g. in PE and XLPE
[32, 34, 35, 51-53], the detailed mechanism is still ambiguously defined. Nevertheless,
a polymers’ morphology and thermal history may be as important as its molecular

structure in determining the trapping effect.

2.4 Summary

As a fundamental background to space charge characteristics in polymer insulations,
the physical and chemical structure énd the processing technology of PE and XLLPE has
been briefly illustrated in this chapter.

The space charge origination in the dielectric material is generally attributed to two
mechanisms. The first one is based on Schottky emission, in which the electrons or
holes may be injected through the electrode - polymer interface when they acquire
adequate energy to overcome the potential barrier. This process is strongly dependent
on the conditions at the interfaces that include material, surface defects and impurities.
The second mechanism is the generation of charge within the polymer itself. This has
been discussed from the viewpoint of the conduction of the dielectric material.
However, because the polymer lacks free electrons, the charge or charge carrier taking
part in the conduction is believed to be associated with ionisation of chemical species
in the polymer. These may be the by-products introduced during the manufacture of the
material, such as residues of the cross-linking reaction, antioxidant and other
impurities.

The injected charges or other kinds of charge carrier initiated in the bulk of the
material are trapped in sites where inhomogenities appear, such as
crystalline/amorphous interfaces, impurities, at which space charge develops. This
process is dependent on the availability of traps (or trap density) and the nature of traps.

The charge resident time is directly connected with the trap depth, which is expressed
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by the energy required to activate the charge carrier free from the trap. In polyethylene,
for instance, both shallow and deep traps were found with trap depths of the range
0.1~1.7eV. Obviously, the factors of material crystallinity ratio, concentration of
residues, additives after manufacturing and other impurities will also affect the
insulations charging ability. The detrapping of charge carriers always occurs at the
same time as trapping, thus the appearance of the space charge within the material is
the resultant of trapping and detrapping. This may be influenced by the temperature and
external applied electric field.
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Chapter 3

Review of Space Charge Measurement in Plaque and

Cable Geometries

3.1 The necessity of space charge measurement in polymer insulation

When a polymer insulator is subjected to a high dc electric stress, it will tend to become
charged and the charge may remain in the material for a quite long time. As described
in the foregoing chapter, these charges may be supplied from the electrode injection or
the ionisation of the impurities in the bulk material itself.

Specifically for PE and XLPE, previous researchers have shown that the electric
stresses are not the only parameters involved in the space charge formation. The cross-
linking, melting, softening and permeation processes can also result in space charge
accumulation [38, 54]. Once the space charge is accumulated in the insulation of an
XLPE power cable, the profile of the original designed electric field intensity may be
greatly distorted. This can result in localised stress enhancement leading to premature
failure of the cable insulation at a stress well below the anticipated or designed values
[55-59].

Even for ac XLPE power cables, it is a common practice to use a dc testing voltage
instead of ac voltage to check the insulation integrity after manufacture or on site after
installation or in routine tests during system operation. This is because the large
charging current under ac voltage requires a bulky or even unrealistic ac supply for the
test. An EPRI sponsored project has shown that dc testing results in a loss of life for ac

XLPE cables [57]. In this situation, the space charge induced during the dc voltage test
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is believed to have played a critical role in the deterioration. It has also been reported
that the space charge is responsible for dielectric ageing through the initiation and
growth of so-called electrical trees [58-61].

The above hazards brought about by space charges in polymer insulation,
particularly in PE and XLPE, have prompted a considerable number of studies on space
charge accumulation and their effects on insulation characteristics [58-64]. Initially,
most of these were only qualitative discussions as the lack of space charge position
distribution information. Therefore, the measurement of space charge distributions, in
particular with an adequate spatial resolution, is required in order to give an
informative insight into space charge formation, migration and accumulation inside
polymer insulating materials. Consequently, the knowledge of the modified electric
stress profile due to the generation of space charges will lead to a better understanding
of the electric breakdown and treeing phenomena in polymer insulation. All the
knowledge obtained from this measurement together with on-going material research
may fulfil the long-standing endeavour to finally control the space charge accumulation

in the insulating materials.
3.2 The techniques of space charge measurement

Space charge measurement in insulating materials had previously been performed
through the use of conventional techniques such as the thermally stimulated current
(TSC) and thermal pulse methods. TSC had been a popular method for studying all the
fundamental mechanisms of charge storage and release in insulators, but it is unable to
supply position information of space charge distribution [64]. The thermal pulse
method and its modified type, such as the thermal step method [66] and the laser
intensity modulation method (LIMM)[67] can be used to determine the location of
space charges. However, the position resolution is high near the exciting electrodes but
decreases with the increasing depth due to thermal expansion.

Over the last two decades, several new techniques based on the principle of pulsed
pressure waves have been developed for non-destructive measurement of both the
location and the density of space charge in dielectrics. They are the pressure wave
propagation method (PWP) [68-70] and pulsed electro-acoustic method (PEA) [4-6].
The category of PWP can be subdivided into the laser induced pressure pulse (LIPP)
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and the piezoelectrically induced pressure step (PIPS) according to the mechanisms of
pressure wave generation.
The basic principles and their features of the above-mentioned techniques are

briefly explained in the following sections.

3.2.1 PIPS method

The principle of the PIPS method [4, 71] is illustrated in figure 3.1. A mechanical
pressure pulse is exerted by a piezo-electric device on a ground electrode contacting
with the sample to be tested. The resulting perturbation of the charge layer on the
sample induces a change of the surface charge on the electrodes. The time dependent
signal of displacement current in the external circuit contains the information about the

space charge distribution in the sample. By detecting this current, the charge profile is

obtained.
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Figure 3.1 Principle diagram of the PWP method

The pulsed pressure wave p(?) is generated when an impulse voltage v,(?) is applied
to a piezoelectric device. In order to maintain the shape of the pressure pulse, a proper
acoustic impedance match between the piezoelectric device and the electrode is
necessary.

When the pressure wave propagates through the charged sample, the time
dependence of the surface charge dq(?)/dt leads to a current i(%) in the external detecting
circuit. According to this principle, it is known that the current signal is given by the

convolution of the space charge p(z) and pulsed acoustic pressure p(?). A mathematical
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technique known as deconvolution is therefore needed to obtain a true space charge

distribution profile.
3.2.2 LIPP method

The LIPP method [68] is one of the common techniques of PWP, and works on the
same principle as PIPS. A laser pulse is aimed at a target attached to one side of a
sample. The absorption of the laser energy results in a fast expansion of the target
which produces a short but intense pressure wave into the sample, as shown in figure
3.2. As the very narrow compressed pressure pulse travels through the specimen at the
velocity of sound, the current caused by the charge movement is directly proportional
to charge distribution, i.e. i(?)ap(z), where i(z) is the displacement current detected in
the external circuit and p(z) is the charge density distribution along the sample
thickness. Usually, a laser pulse with width 100ps~10ns from a Nd:YAG laser is used.
This technique is applicable to both thin (10~100pm) and thick (1~20mm) specimens.
A powerful laser pulse would result in a big current signal that is detectable without
averaging the signal over a period to eliminate the system noise. An ideal set-up of a
LIPP system could provide positional resolution as high as ~Ium. Because of the very
fast laser, the initially compressed region in the sample is small and the profile of the
current signal in the time domain is directly proportional to the charge distribution in
space and no deconvolution is required [72]
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Figure 3.2 Schematic diagram of the LIPP method

3.2.3 PEA method

The PEA technique was developed in the early 1980s to measure the space charge

distribution in dielectrics [73]. After twenty years of development and profiting from
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progress in both measurement technology and data processing, this technique has
become the most widely used for space charge measurements in solid dielectrics. A
detailed description of the basic principle and relevant technique can be found
elsewhere [74-77] and only a brief overview is given here.

Considering the plaque sample shown in figure 3.3. The space charge layer g,
induces image charges ¢; and g3 on the electrodes (q;+ ¢g3= ¢q2). An external voltage
pulse v,(?) applied across the sample produces an electric stress ey (7). The interacting
between the pulsed electric stress and the charge layers will introduce a perturbation
force p;, p2 and p3 on the material where the charges are present according to Lorentz
law and cause a slight movement of the material in the term of micro-scale. As a result,
acoustic pressure waves proportional to the charge magnitudes will be launched in the
dielectric material. A piezoelectric transducer detects the acoustic pressure waves and
converts them into electrical signals, vs;, vs; and vs;3. Measurement of the time
dependent voltage enables a profile to be obtained which is related to the amplitude of

the space charge coincident with the propagating acoustic pulse.
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Figure 3.3 Basic principle of pulsed electro-acoustic (PEA) method
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Figure 3.4 shows a schematic setup of the PEA system for space charge
measurement in planar samples. The space charge profile contained in the output
acoustic signal is extracted and calibrated through the use of digital signal processing.
Normally, the frequency response of the piezoelectric device and its detection circuitry
is not perfect over a wide frequency range. The output voltage signal v(?), which
contains the information of the space charge distribution may be deformed, so the
deconvolution technique should be applied to recover the actual space charge

distribution. This will be discussed specifically in chapter 4.
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Figure 3.4 Schematic setup of PEA for plaque samples
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3.3 Space charge measurement in plaque samples

With the benefit of developments in the space charge distribution measurement
technology in solid dielectric materials, a considerable amount of research has been
carried out on the space charge characteristics by taking measurement not only in sheet
samples but also in coaxial cables. Because of the vital impact of the space charge
accumulation on the polymer insulation system, about 80% of the publications on this
subject have centred on polyethylene and polyethylene-based materials [78]. The
emphasis of this research has been on the space charge development mechanism and
the possible measures for suppressing it. The effects of the temperature, the electrode
material, the interface status between different dielectrics and the residue (impurities)
content on the space charge generation, migration and accumulation have been
extensively studied. Fothergill [79] has demonstrated the “versatilities” of space charge
measurements. Together with the current measurement, the information of free charge
and bound charge on the electrode, conduction current, displacement current, power

density and temperature increment in time and space can be obtained which may
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provide a comprehensive way to study space charge and its effects on the dielectric
properties.

Before the techniques measuring space charge distributions in solids were available,
an abundance of investigations had been carried out to study the effect of the electrode
material, as well as the different media interfaces on electrical conduction and charge
injection in planar samples [37, 38, 62, 63, 80]. It has been shown conclusively that
electron or “hole” injection from the electrode is a major source of electronic carriers in
polymer insulation. The barrier height between electrode-polymer is generally as high
as 2 to 3eV and the surface status affect the electrode injection [62]. In addition to the
accumulation of space charges in the bulk material, charges may easily develop at the
interfaces of polymer/electrode (metal or semiconductor) and polymer/polymer. With
the aid of advanced measuring techniques, Chen and other researchers [81-85] have
continued more precise research into space charge distribution in so far as their position
and time evolution. For the common electrode materials used in either the laboratory or
power cable industry, i.e. aluminium, gold and carbon-black-loaded-XLPE, the charge
injection process takes place in all cases as soon as the applied electric stress exceeds a
certain threshold. However, the amount of the injected charge and the dominant charge
polarity is significantly dependent on the electrode material under the same applied
electric stress [81].

The dependence of space charge accumulation upon the residues in XLPE
(additives, oxidation products and by-products from the chemical reaction) has
attracted a great attention of the researchers over the world [34, 35, 47, 86-89]. The
research has covered the different material cross-linking method and the conditioning
process after the manufacture. Comparison between two commonly used cross-linking
reactions, e.g. dicumyl peroxide (DCP) and silane-based grafting has been made as they
give different residue content to XLPE. The DCP method favours heterocharge
whereas the silane-based grafting process favours the homocharge owing to the latter
producing low residue concentration in XLPE [89]. By treating the newly prepared
XPLE under different temperature or low-pressure conditions, or with combinations of
both of them, some volatile residues may be removed from the samples. As a result,
space charge accumulations have presented noteworthy variations. This suggests that
the residue plays an important role in space charge accumulation in the volume of the

polymer insulating material. Moreover, the pre-treating (degassing) conditions of
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temperature and holding pressure had significantly different effects on space charge
control [90].

Li and Takada [91] had experimentally observed charge transport and injection in
XLPE sheet samples under external applied stress reversals. In their research, the
charge was likely to transport more easily within the bulk than across the polymer
/electrode interface under voltage reversal conditions.

On the basis of these extensive researches and fruitful achievements into the
mechanism of space charge development, some researchers have attempted to describe
the charging phenomena using a mathematical model [92, 93], in which the space
charge density evolution was numerically simulated as a function of position, time and
field. The results were compared with experimentally obtained profiles. However, the
mechanisms of space charge dynamics are more complex than the parameters they
considered, and a more sophisticated and comprehensive model containing all possible
parameters can only be developed on the basis of further experiments.

At the same time, the PEA method was modified to measure very fast varying space
charge distributions in sheet samples [94-96], which enabled synchronous space charge
distribution measurements to be carried out in a planar sample under any shape of
voltage application, such as step voltage or ac voltage at any frequency and any phase
angle. In the system developed by Fothergill and See [95, 96], a high voltage (up to 4
kV) and narrow (5 ns) pulse was adopted to obtain good spatial resolution in charge
distribution under rapidly varying voltage. Using this method, they have observed the
formation and migration of charge packet in XLPE under dc voltage [97, 98]. As a
common practice, very low frequency voltage, say 0.1Hz, is used when testing high
voltage cable insulation integrity, but the space charge characteristics under low
frequency ac is not yet clear. This modified PEA technique makes it possible to
dynamically observe space charge evolution under ac voltage with different frequency.
This has shown that space charge can develop and be accumulated in XLPE under a
low frequency ac stress. As the frequency increases, the space charge density decreases.
When the frequency is higher than 0.2Hz, measurement of space charge development
and accumulation in XLPE becomes more difficult. All the above technology
development on the space charge measurement has supplied the possibility of
understanding the failure mechanisms of solid insulators under transient voltage,
voltage polarity reversal and ac conditions. Ohki, Ebinuma and Katakai [99] have used

the same technology to study the space charge formation in water-treed insulation. The
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space charge generated in the vicinity of a tree tip was attributed to the interfacial
polarization due to the high conductivity of a tree channel and the carrier injection from
the tree tip at high electric stress. On the other hand, this technique has provided a
method of clarifying the electrical properties of the water tree.

Most recently, some new efforts have been made on the measurement of three-
dimensional space charge distributions and simultaneous measurement of TSC with

charge distribution [100, 101]. These attempts could further enrich the method of space

charge research.
3.4 Space charge measurement in specimens with cable geometries

Since Fukunaga made the first attempt to measure the space charge distribution in a
coaxial cable using the PEA method [14], there have been quite a few researchers
devoted to this subject using the PEA or the LIPP technique [21-24, 102, 103]. It is
scarcely necessary to mention that the PEA method is still the favourable technique
because of its low cost and its ease of operation. Figure 3.5 shows a typical
arrangement of the electrode system for a coaxial cable PEA that was employed in the
previous researches. This conventional design employs a curved ground aluminium
(Al) electrode to maintain an intimate contact with the cable outer screen. A
piezoelectric transducer (polyvinylidene fluoride PVDF) film is placed around the
outside of the coaxial shape electrode. Additionally, a curve shaped absorber block is
used to back the PVDF transducer and it is necessary to minimize unwanted reflections
of acoustic waves at the interface. It is made from a material having similar acoustic

impedance to the transducer, such polyethyl methacrylate (PMMA).
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Figure 3.5 Schematic diagram of a conventional PEA for cable geometry
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Hozumi ef a/ measured space charge in cables at much higher electric stresses [21].
In their study, the cable sample was longer than several meters to meet the requirement
of adequate termination for high voltage application. Its insulator could therefore no
longer be regarded as a lumped capacitor. The pulsed voltage injected at the
termination might be significantly distorted when it arrives at the test point. A
specially designed electrode system was adopted in their research to solve this problem.
Direct observation of time dependence of the space charge in an XLPE cable under
different electric stresses showed that hetero-charge accumulation takes place mainly
under low stress (~23kV/mm) and then tends to saturate. Under high stress
(>100kV/mm), it was observed that heterocharge appeared soon after the application of
the voltage, and was then followed by electron injection from the cathode. Afterwards,
an intermittent injection of charge packet from the anode took place and propagated
towards the cathode. The space charge consequently undergoes a kind of oscillation
during the whole period of test time without stabilization. In another work of Hozumi et
al [104], the same space charge behaviour in a cable sample under lower and higher
stress was reproduced in sheet specimens of XLPE and LDPE. The effect of
acetophenone, (one of main byproducts of the cross-linking process) on space charge
generation was investigated by comparing the results of samples as-received (fresh)
with dried (degassed) samples or samples dipped with acetophenone. It was found that
the packet charge tended to occur when the electric stress was over 70kV/mm. This was
thought to be related to the local ionization of impurities by the high field.
Acetophenone was believed to assist the ionization of impurities.

Several research projects focusing on the effects of conditioning and external
applied voltage polarity on space charge behaviour have been conducted in extruded
polymer power cables [23, 89, 102]. Some valuable results for the development of dc
cables have been obtained. The most remarkable one is that achieved by Takeda er al
[105] and Terashima ef al [106] on a newly developed +250 kV XLPE dc full-size
cable that has shown an excellent performance from the viewpoint of space charge
suppression. Two kinds of modifed XLPE materials, which were loaded with polarized
inorganic filler and conductive inorganic filler respectively, were used as insulations in
two prototype dc cables. In addition to their satisfactory electrical, mechanical and
long-term ageing performances, no significant space charge activity was observed in

these two cable samples.
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Using the LIPP method, Holb@1l1 ef al [103] investigated the space charge building
up in an XLPE cable in which there was a non-uniform temperature distribution across
the insulation. The core was heated by the Joule effect, while the outer sheath remained
at the near ambient temperature. The temperature ranged from 20 to 80°C and the
maximum temperature gradient across the insulation was up to 15°C. Except for the
strong heterocharge accumulation at the cooler outer screen, the temperature
dependency of space charge density across the cable insulation was not clearly
observed. Due to the significant attenuation of the acoustic wave across the 5.5 mm
insulation, the space charge profile near the inner electrode interface was not clearly
presented.

Recently, space charge measurements have been used to investigate the water
treeing in polymer insulated power cables [107]. It was found that the space charge
distribution in and around the blue water tree is more harmful than the white tree. By
examining this, it was revealed that an abundant space charge existed only at the tree
tip, but not in the tree branch. This result indicated that the very high conductivity of
the blue water tree is responsible for its harmfulness.

However, compared with the great amount of research on sheet samples, less
attention is given to the space charge measurement in full sized cables and the
development of the relevant technique. With the most commonly used curved electrode
system, it is problematic to undertake measurements on cables with diverse radii,
because the modification of electrode and transducer as well as the absorber is time
consuming and difficult to carry out.

Moreover, several factors of data processing have not been tackled in the research
so far described. Firstly, the acoustic wave propagation mechanism is still based on the
plate-plate electrode system instead of one with a cylindrical geometry. The variation
of the pulsed electric stress and acoustic pressure intensity along the radial direction is
not considered. Secondly, in the case of a cable sample, the insulation can be several
millimetres thick, so the attenuation and dispersion of acoustic waves travelling
through the insulating material may be very significant. In order to obtain more
accurate results both in charge density and position resolution, these effects should be
taken into account. Finally, in the previous researches, only the electric stress at the
electrode/insulation interface was determined. This was by comparing the peak height

of the induced surface charge at the electrode with that obtained in the calibration. But
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in practice, the maximum electric stress is likely to appear in the central part of the
cable insulation, as homocharges appear. Additionally, the inhomogenity of the
material and the non-uniform impurity distribution may lead to the development of
packet charge in the bulk insulation and produce a complex electric stress distribution.
Therefore, there is an essential requirement to obtain a whole electric stress profile
across the cable insulation from space charge distribution measurements so that the
effect of space charges on insulation performance can be thoroughly understood.

From the above review of research on space charge measurements both in planar
geometries or in polymer insulated coaxial cables, it can be concluded that space
charge generation and accumulation is still the main concern in high voltage dc cable
insulation design. An effective method is therefore needed urgently to evaluate the

space charge characteristics, especially in the prototype stage of dc cable development.



Chapter 4

Newly Modified PEA System and the Principle for

Space Charge Measurement in Cable Samples

4.1 Introduction

As the PEA method is gradually being improved, more and more researchers in this
field have been supplying valuable insights into the mechanisms of space charge
formation, migration and accumulation in the dielectrics. Consequently, it has become
possible and necessary to apply this technique to extruded polymer insulated power
cables in the selection of insulating material. Hopefully in the near future, this method
can also be used as a quality control measure in the process of polymer cable
manufacturing.

As mentioned in Chapter 3, several researchers have applied this technique to
extruded polymer insulated power cables, aiming to study the effects of thermal
treatment and stress polarity on space charge evolution. However, without exception
among these investigations, the same kind of PEA, i.e. a shaped outer electrode,
transducer and absorber design has been used.

In order to overcome the intrinsic drawbacks of this PEA system as outlined in the
preceding chapter, a new design adopting a flat electrode for coaxial cables is briefly
introduced in this chapter. The transmission of an acoustic pressure wave through
several interfaces between different media is analysed for this electrode configuration.
Based on the theoretical discussion and the comparison of practical measurement

results obtained from two systems, it is concluded that the new system is capable of
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giving the same measurement results both in charge density and position resolution as
that of the conventional design with the curved electrode arrangement.

In the previous work on the space charge measurement in sample of cable
geometry, Liu et al [22] have comprehensively described the principle of the method
used by those researchers, who adopted a curved ground electrode structure.

The theory of the modified PEA system with a flat electrode arrangement is
outlined in this chapter. The relevant fundamental techniques, such as the data

processing, calibration and deconvolution are also detailed.

4.2 Experiment setup

The schematic diagram of the new PEA system for the cable geometry is illustrated in
figure 4.1. In this new design, the cable sample sits on an earthed flat Al electrode. The
acoustic transducer (PVDF) is placed on the other side of the Al electrode. The
interface between the outer screen of the cable sample and the earthed electrode is
approximately in a line contact instead of an area contact as in old structure, and an

intimate contact between the sample and the electrode is easily maintained in the new

system.
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Figure 4.1 Schematic diagram of modified PEA system for cable samples

The whole setup consists of an electrical pulse generator, a dc high voltage power
supply and a plate ground electrode under which an acoustic transducer (PVDF) and a
wide band amplifier are assembled in a shielding box. The transducer signal is
amplified and collected by a digital oscilloscope and the data is transferred through a
general-purpose interface board (GPIB) to a personal computer for further processing.

The whole data acquisition and processing is implemented in a program developed
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under a graphical programming environment LabView™ (Laboratory Virtual
Instrument Engineering Workbench).

The system is equipped with a +100kV dc power supply and the polarity of the
applied voltage can be easily changed. The electrical pulse generator produces a
voltage with a width of 50ns and a range of amplitudes from 2kV to 8kV. Through the
coupling capacitor bank, the pulse voltage can be applied to the core of the cable
sample simultaneously with the external dc voltage. A 20kQ resistor is connected in
series with the external dc high voltage circuit to limit the current in the case of

breakdown or flashover of the sample.

The photograph shown in figure 4.2 gives a general idea of the arrangement of the
new PEA system for the cable geometry.

Cable specimens to be tested are normally prepared as shown in figure 4.3. The
outer semiconducting layers at the two ends are sufficiently stripped back and removed
to ensure the high voltage can be applied to the cable without surface flashover. Two
stress relief rings are also built at the screen cuts to reduce the possibility of failure of

the insulation over long term testing of the cable sample.
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Figure 4.3 Illustration of prepared cable sample

4.3 Acoustic wave transmission through the interfaces and different media

In the conventional version of the PEA apparatus for cable samples which employs a
curved ground electrode, acoustic transducer and absorber, the acoustic wave initiated
inside the insulation propagates outwards through different media and interfaces, and
impacts normally on the transducer’s surface.

In the new modified system, however, the acoustic propagation is different due to
its new configuration. It may be questioned whether the new system gives the desired
sensitivity and spatial resolution. Therefore, a thorough understanding of the new
system’s acoustic characteristics is essential. The propagation of the acoustic wave in
this new electrode configuration is schematically illustrated in figure 4.4. A detailed
analysis of the wave travelling through the polymer, Al electrode and PVDF transducer

film, as well as its action at each interface is presented in the following section.
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Figure 4.4 Acoustic wave propagation model in new PEA system

The four media subjected to the acoustic wave propagation have the following
acoustic impedance: air z,=415 rayls, polymer z,=1.8x10° rayls, Al z,=1.4x10’ rayls

[108] and PVDF sensor z3~z; respectively. p;; and p;»> represent the acoustic pressure
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wave amplitude travelling to the Al electrode at normal and oblique incidences
respectively, and their corresponding reflection and transmission pressure wave
amplitudes are denoted using subscript 7 and 7.

In the case of a plane acoustic wave striking the plane interface between the
polymer and the block electrode at normal incidence, the relationships between

incident, reflected and transmitted waves pressure are given by [109]

Pn_5 % (4.1)
by zZ,*tZ

and
P _ 2% (42)
by Z,tz

When analysing the action of an acoustic wave interacting with a boundary across
which there is a change of acoustic impedance between the two media, the process can
be described in terms of the acoustic transmission and the acoustic reflection
coefficient, & and ¢,. For example, considering the normal incident acoustic wave at
the interface between the polymer and the Al electrode, the transmission and reflection

coefficient are given by [109]

4z z,
=172 4.3
T lrny @3
and
2
a = (Zz_‘i)_ (4.4)
(Zz +z )~

Using the acoustic impedances listed previously, the values of o; and o, are 0.4 and
0.6 respectively at the interface between the sample material (polymer) and the metal
electrode. These results suggest that 40% of the incident acoustic wave is transmitted to
the second medium and 60% is reflected back when the outer surface of the cylindrical
sample is in direct contact with the flat electrode.

In the case where the acoustic wave is at an angle of & colliding with the Al
electrode surface, the acoustic wave has to travel through the air gap formed between
the outer surface of the cable sheath and the Al electrode first before arriving at the Al
electrode. The acoustic wave transmitted into air from the polymer is defined as p,; and
that of the reflected pressure wave p,;. Again from equation (4.3) (4.4) &y and «, are

found to be 0.001 and 0.999 respectively. This implies that at the polymer/air interface
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the acoustic wave is almost reflected back into the polymer medium and only a
negligible fraction of the incidence can transmit. Even if this transmitted acoustic wave
piz keeps propagating towards the Al electrode obliquely, there will be another
significant reflection occurring at the interface of the air and the Al electrode. The

expression for the acoustic waves transmitted and reflected at the air and Al interfaces

for the incidence angle &; can be written as

o = 4z z,cosd. cosl, : 4.5)
(z,c086, + z, cos 9,)
and
2
o - (z,c086, -z, cosd),) (4.6)

" (z,c086, + z, cos6, )
In practice, we only consider the effective area covered by the transducer which

normally is of width of 5mm, so 6 is presumed small and cosé, =~cos6, ~1.

Substituting the corresponding values into equation (4.5) and (4.6) and noting z;>>z,
vields a0 and o,~1. The result indicates that no acoustic wave travelling to the Al
electrode surface in the angle &, will get into the Al electrode and reach the transducer.
From the above analysis, it can be concluded that only the acoustic wave
propagating towards the Al electrode and transducer in the normal direction will
partially travel through the interfaces of polymer/Al and Al/ transducer and can be
detected by the transducer finally, although some reflection occurs at the interfaces.
The acoustic wave radiating along the radial direction at an angle & with the flat
electrode surface is almost totally reflected at the interfaces of polymer/air and air/Al
due to the air gap. Therefore, the transducer cannot sense the contribution of the

acoustic wave from an oblique angle.
When the acoustic wave p(t) arrives at the transducer and propagates through it, a

charge ¢q(#) on the transducer surface is introduced due to the piezoelectric effect and

this is given by [76]
q(r) = kplt)s 4.7)

where £ is the piezoelectric strain constant of the transducer and S the area of the

transducer.

Thus the potential difference across the transducer and the output voltage v, in a

open circuit can be found from the transducer’s capacitance C,,.
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where C,=g&5/d. & the permittivity of free space and & the relative permittivity of
PVDF transducer, and d is the thickness of the transducer. In equation (4.8), it is
apparent that the electric potential generated by the acoustic pressure wave p(?) is
dependent on the thickness d but independent of the area S of the transducer. A

comparison between two electrode systems is simply illustrated in figure 4.5.

Curved electrode Flat electrode

1 Cable sample |
Q Al electrode

i Transducer

S1 < | Transducer | __» S2
effective area

Figure 4.5 Illustration of curved and flat electrode system

The above analysis suggests that the output of the transducer is directly related to
the magnitude of the pressure wave and transducer thickness but not the contact area.
The implication of this conclusion is that the PEA system with a flat electrode and
transducer arrangement can give the same detection sensitivity as that of the curved
electrode system. The other components of the acoustic wave radiating in the oblique
direction with the electrode surface, for instance along the routes of p;,, p;> and pys in
figure 4.4 become negligible because of the two significant reflections occurring at the
interfaces of polymer/ air and air/Al. Thus this part of the pressure wave will not affect

the spatial resolution of the resultant measurement in spite of its relatively long route.
4.4 Practical comparison between the conventional and the improved system

No conventional PEA system was available in the laboratory, so the results of the space
charge measurement in a 6.6kV XLPE power cable found in the literature [110] are
quoted for comparison with the new system. The thickness of the cable insulation was
3.5mm and the outer radius of the insulation was 10mm, the externally applied dc stress

at the inner and outer interfaces of the semiconducting layer and insulation were
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approximated as 14.3kV/mm and 9.3kV/mm respectively when a 40kV calibration
voltage was applied. As the measurement was carried out soon after the voltage
application, only surface charges were introduced at the two interfaces. The measured
charge density at the outer electrode was about 1.2C/m?, with a half-peak height width
(e.g. the resolution) of about 180um.

The spatial resolution of space charge distribution in a given system is defined
theoretically as the product of the pulse voltage width and the acoustic wave velocity in
the polymer material. In this example, the applied pulse voltage width was 50ns and the
acoustic wave travelling velocity in XLPE was considered as 2.2um/ns, thus the best
resolution of the system is estimated as 110um. The difference between the theoretical
resolution (110um) and the practical value (180um) was probably caused by the
application of the mathematical deconvolution technique, which utilizes a low pass
filter to remove the high frequency noise introduced by round-up errors and Gibbs
oscillations at the point of discontinuity in the data processing [111].

In order to make the result comparable with that presented previously, a XLPE
cable with 3.5mm thick insulation with inner and outer radii of §.4mm and 11.9mm
respectively was selected to carry out space charge measurement in our laboratory
using the flat electrode PEA system. Similarly, when the 40kV dc voltage was applied
to its central conductor the corresponding stress at the inner and outer interfaces were
13.6kV/mm and 9.6kV/mm respectively. The stresses are quite close to the values
quoted in 6.6kV XLPE cable at the outer electrode/insulation interface in the literature.
The space charge was measured at the beginning of the stressing voltage application,
and no space charge accumulation was assumed in the bulk of the insulation except that
induced surface charges by the external voltage at the electrodes, as shown in figure
4.6. The charge density at the outer electrode was measured as 1.2C/m> and half-peak
height width was about 200um. Obviously, the difference both in charge density and
spatial resolution between these two sets of results obtained from different laboratories
and different apparatus is not very significant. A comparison of the results is

summarized in Table 4.1.
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Figure 4.6 Space charge distribution obtained from new PEA system

Table 4.1 Comparison between two PEA systems

Curved electrode Flat electrode
Thickness of insulation 3.5mm 3.5mm
Electric stress (inner/outer) ~143/93 kV/mm  13.6/9.6 kV/mm
Charge density (inner interface) ~0.75 C/m** 1.7 C/m®
Charge density (outer interface) ~12 C/m’ 1.2 C/m’
Spatial resolution (inner interface) ~180 um 200 um
Spatial resolution (outer interface) ~400 pm* 200 pm

* No compensation was performed on the results from literature [110], so
the peak representing the induced charge at the inner interface appeared

lower and wider.

The results shown in figure 4.6 are after the geometric and propagation
compensation. The ratio of charge densities on the inner and outer electrodes
(1.7/1.2~1.4) is in good agreement with the ratio of the externally applies electric
stresses at these two interfaces (/3.6/9.6 ~1.4) if they are simply derived from the ac
voltage in cable geometry.

In addition to the low pass filter adopted to improve the signal appearance after the
deconvolution, a second filter was introduced to remove the noise produced from the
data processing of the compensation algorithm for the geometry divergence and

acoustic propagation attenuation and dispersion. All of these measures, however, in
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turn will degrade the whole system’s spatial resolution. This is the main reason that the

spatial resolution in this example is reduced from the theoretical value of 110m to

about 200um in practice.

4.5 Principle of the PEA method in the new electrodes arrangement

4.5.1 PEA system for cable geometry

Figure 4.7 illustrates the principle of the newly modified PEA system for space charge
measurement in cable geometries. The cable consists of the central conductor,
insulation, inner and outer semi-conducting layers, and is firmly held against the Al
ground electrode. The PVDF transducer is attached on the other side of the ground
electrode and is supported by a piece of acoustic wave absorbing material that has the
same acoustic impedance as the PVDF. Much care is required to achieve an intimate
contact between the electrode surface and the cable outer sheath to prevent acoustic
wave loss and reflection.

In figure 4.7, it is assumed that a space charge distribution of density p(r) exists in
the cable insulation along the radial direction. According to the basic principles of the
PEA technique described in chapter 3, a narrow pulsed voltage v,(#) is applied
externally to the cable conductor via a coupling capacitor C. The pulsed electric stress
ep(t) introduced by this voltage interacts with the space charge layer and a perturbation
force is produced according to the Lorentz force. The pressure wave p() resulting from
this force propagates towards the central conductor and outer sheath of the cable. The
acoustic wave arriving at the outer sheath is sensed by the piezoelectric transducer and
is converted into an electrical signal. By detecting this output signal v(%), and applying
the necessary data processing techniques, the space charge distribution p(r) can be

obtained.
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Figure 4.7. Principle of PEA method for coaxial cable sample

To simplify the description of the principles, we have to assume that the length of
the cable is much greater than the thickness of the insulation and the material along the
axial direction is homogenous. The space charge distribution is only changing in the
radial direction within the insulation thickness. Therefore the acoustic pressure wave

generated by the space charge density variation in this direction is also a one-dimension

distribution depending only on the radial position.

It has to be pointed out that, in a non-dispersive medium, all the components of the
pressure wave with different frequencies propagate with the same velocity. This fact is
derived from the superposition principle and the pressure wave is viewed as a
composition of harmonic components having the same speed. However, in a dispersive

medium, the superposition principle is still applicable, but each harmonic component

travels at its own speed [109].
4.5.2 Acoustic wave generation and detection

As shown in figure 4.7, the inner and outer radii of the cable insulation are a and b
respectively. In the presence of space charge in the insulation with distribution p(7), a

small volume with thickness dr at position r has the elemental space charge p(r)dr.
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According to Lorentz law, the force Af(r, t) induced by the pulsed electric field on this

elemental charge is given by
Af(t,r) = e, (1,r) p(r)dr (4.9)

where e,(t,r) is the applied pulse electric field, which varies through the thickness of

the insulation and is expressed as
e, (t,r)=v, (1)/rIn(b/a) (4.10)

where v,(?) is the applied pulse voltage. To obtain a satisfactory spatial resolution for
the space charge profile, the pulse voltage width should be as narrow as possible.

Ideally, it should be described by the unit step function %(?) in the following equation
v ()=v,[u@)—u@t - AT)] (4.11)

v, and AT are the amplitude and the width of the pulsed voltage.
Let o(a) and o(b) represent the induced surface charges at the inner and outer
interfaces between the insulation and semiconducting layers, so the pulsed forces acting

on these charge layers are

ft,a)=oc(a)e,(t,a)+ %gog,.epz (t,a) (4.12)
at radius a, and

f(t.b)=o(b)e,(t,b)- —;—goe,‘ej (1,b) (4.13)

at radius b. The interfacial charge densities o(a) and o(b) at the two interfaces are given

as below
o(a) =¢,&, E(a) (4.14)
o(b) =¢g,e, E(b) (4.15)

where E(a) and E(b) are the total static interfacial electric stresses at a and b, which are
attributed to the applied dc voltage and the accumulated space charge in the bulk
insulation. & is the relative permittivity of the insulating material.

It is noticed that there are two terms in equations (4.12) and (4.13), the second term
presenting the force due to the charge induced by the pulse voltage at the interfaces.

Practically, the pulse voltage v,(?), is normally not higher than several kilovolt (e.g. in
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the range of 2~8kV in this project and also with a very short duration). This is much
smaller than the applied dc voltage which is of several tens of kilovolt, so the
contribution from the charge caused by pulsed stress is much smaller than the first term
and can be ignored.

During the application of the pulse voltage, the forces Af(t,7), fit,a) and f(t,b) will
cause the charge layers p(r)dr, o(a) and o(b)to move slightly. This movement launches
acoustic waves that propagate in two directions, one towards the electrode and the
transducer and another in the opposite direction. The acoustic waves arriving at the

transducer attached on the other side of the electrode will be detected and are

represented by
_ 05K, KK p(r)
PO== 0 f EYAGE (4.16)
K. K,K,K,
=1 3 4 3 t— 4.17
P, @ nba) olay,(t-1,) (4.17)
K,K,K
py(0)= —“;—“i—s‘—“ﬂ(b)vp (t-7,) (4.18)
(6)” In(b/a)

where K; , K, are defined as the coefficients representing the ratio of the acoustic wave
propagating towards the transducer to the total acoustic waves generated at the inner
and outer interfaces between the semiconducting layers and the insulation respectively.
If the acoustic impedances of the semiconducting layers and the insulation are the
same, both K; and K, are 0.5. This is particularly true in XLPE cable where the
semiconducting layer is also made of XLPE with certain additives. K3, K, and K are
the pressure transmission coefficients of acoustic pressure at the interfaces of the
insulation/semiconducting layer, the semiconducting layer/ground electrode and the
ground electrode/transducer film (PVDF). Similarly, K3 is approximately unity so
K;=2K;=2K, if the acoustic impendence of insulation is the same as that of
semiconducting material. 7;, 7, and 7 represent the time required by the acoustic wave
initiated at each charge layer to reach the transducer. Only the portion of the acoustic
pressure wave propagating towards the outer sheath of the cable is considered, so a
constant 0.5 is used in the equation (4.16). The terms of (@) and (5)"? in the equation
derived from the effects of the cylindrical attenuation of the acoustic wave propagating

through the cylindrical geometry. This will be considered in detail in the next chapter.
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The total pressure sensed by the piezoelectric device (PVDF film) is the sum of

Ds(8), pa(t) and pyp(t) and is given by
p)=p, @O+ p, )+ p, () (4.19)

If we assume the bandwidth of the transducer response is much wider than the
frequency spectrum of the pressure pulse generated by interaction between the charge
layer and the pulsed electric stress, the induced charge g(#) on the transducer surface
due to the piezoelectric effect is linearly proportional to the pressure and the sensor

area and is given by [76]
g(t) = kp(t)S (4.20)

where £ is the piezoelectric strain constant of the transducer and S the area. Otherwise,
if the bandwidth of the transducer is less than that of the pulsed pressure, a
deconvolution technique must be used to recover the space charge distribution. This

case will be discussed later.

As described in the foregoing part of the chapter, the output voltage v, from the

transducer (in a open circuit) can be found from the transducer’s capacitance C,
(,)
v,()= L9 = 2 o)< K, pio (421)
p 0“r

where Kj is a constant associated with the electro-mechanical coupling property of the

transducer.

When the transducer is connected to an amplifier that has a frequency bandwidth
wider than that of the input signal, then the amplified output voltage signal v(#) will be

proportional to the pressure pulse p(#) too. It is given as
v(t) = GK, p(t) (4.22)

G is the gain of the amplifier.

Considering the equation (4.16), (4.17), (4.18) and (4.19), we can obtain

_ pr).
v ()= l(b/ f()l/z =7, )dr +

o, (t-7,)

o(a), (t -7, )

K
1/2
(@) In(d/a) w23

") nfe/a) ( a)
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in which K=GK ;KK K, because K3=2K;=2K,=1 in XLPE cable.

4.5.3 Calibration of charge density

As the duration AT of the pulsed electric stress ey,(?) is usually much shorter that the
transit time of the acoustic wave through the cable insulation, v,(?) in equation (4.23)
can be considered as a delta function with an amplitude V). Thus, v() is directly

proportional to the space charge distribution p(7), as shown in the following equation

plu,.t)
()" In(t/a)

V,u,At + o‘(a)V +—170'(b)VPJ (4.24)

"“’:K{ » B no/a)

1
(a)"”* In(b/a)

where, uy, is the velocity of acoustic pressure propagation in the insulation.

As the PEA technique is an indirect method of measuring space charge distribution
in the dielectric material, the relationship between the piezoelectric transducer output
and the charge density or the constant K has to be determined by calibration. To do so,
a low dc voltage, under which no charge is introduced in the bulk of the material, is
applied across the sample insulation. In this case, the first term of the equation (4.24) is
zero and the following two components are regarded as the signal produced by the

induced surface charges at the inner and outer interfaces and are represented by

K
Voo () = WU (@), (4.25)

ANOE @)T”][i—(% oy, (4.26)

where, vo(t) and vop(t) are the output voltages of the amplifier associated with the
surface charges ofa) and orb) resulting from the calibration voltage with low
amplitude. Theoretically, both equation (4.25) and (4.26), or the induced charge at the
inner and the outer electrode can be used to calculate the constant K as long as the
acoustic attenuation and dispersion are negligible. However, in practice, the signal
initiated at the outer interface, von)(7), is preferred because there is no attenuation and
dispersion occurring. The outer semiconducting layer and the Al electrode is the

common path for the acoustic waves initiated both from bulk charge and surface
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charges, so the attenuation and dispersion occurring in all the acoustic waves are the
same and can be cancelled out in the calibration procedure.

By integrating equation (4.26) within the region 4z, we get

‘ K
v ()t = ————0cb) At (4.27)
[ v (6)” In(3/a) oY,
The physical meaning of the left-hand term in equation (4.27) is the area under the
voltage signal vom(?), which is proportional to the surface charge density at the outer

electrode and is calculated in equation (4.15). Thus

12 t
_(6)" In/a) [ Vo @t 4.28)

K O'(b)Vp

Substituting K into the first term of equation (4.24), the space charge distribution across

the insulation of the cable can be expressed as

() v(t)o(b) 1 429)

o) = plur) = ) u A ftvo(b)(t)dt

Figure 4.8 shows a typical calibration output voltage signal from a XLPE power
cable with a wall thickness of 2.85mm when +25kV dc voltage was applied to the
central conductor.

To verify that no space charge is formed in the calibration, the output signal was
recorded after the removal of the calibration voltage, showing a straight baseline

superimposed upon white noise from the system.
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Figure 4.8. Calibration output signal from a XLPE cable at 25kV dc

4.5.4 Interfacial stress used for space charge density calibration

As the PEA technique is an indirect method of measuring the space charge distribution
in the dielectric material, the relationship between the piezoelectric transducer output
and the charge density has to be determined using a calibration procedure. A
sufficiently low voltage is applied across the cable insulation for a short period of time
which ensures no space charge is developed in the insulating bulk. The only charge
present is the induced surface charge at the inner and outer insulation/electrode
interfaces due to the external voltage, as shown in figure 4.8. The induced surface
charges at the inner and outer electrodes are expressed in equation (4.14) and (4.15). In
figure 4.8, the peak height or the area under each individual peak is proportional to the
charge density at the electrodes. If we know the actual charge density at a given
interface, the constant relating the output of the PEA system to the charge density will
be determined by integrating the output signal throughout the peak duration. Here
arrives another question, - how to determine the dc interfacial electric stress in sample
of cable geometry?

It is known that the electric field distribution in an ac cable is dependent on the
capacitance (or permittivity), whilst in dc cables it is governed by the conductivity of
the insulating material. The variation of dielectric permittivity with either the

temperature or electric stress is normally insignificant. In contrast, the conductivity is
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dependent on the temperature and to a lesser degree on the electric stress. Discussion
on the reasons for this dependence is however still limited on the empirical basis and no
physical interpretation is available at the moment. Thus, it is difficult to predict the
electric stress distribution across the cable insulation under dc conditions with the
accuracy that can be achieved for ac cables [112]. As a result of the conductivity
dependence with temperature and electric stress, in a fully loaded dc power cable the
maximum electric stress will be at the outer semiconducting screen rather that at the
conductor. Even without the temperature gradient across the cable insulation, as is the
case with the present study which is being carried out at ambient temperature, the
electric stress may also be influenced to an unknown extent by the non-uniformly
distributed electric stress itself in the coaxial geometry. These characteristics, mainly
limited to the oil-paper insulation, had been qualitatively analysed or described by the
empirical formulae from the later 60°s to 80°s [112-116]. All the discussion was highly
theoretical and the data were so scattered that Wiseman [116] indicated in his
discussion that “There are no two papers in agreement when it comes to the influence
of the applied voltage when there is a temperature gradient across the insulation”. A
literature search has found only very few reports on the dc electric stress distribution in
polymer insulated power cables. It has been reported [117-120] that the conductivity in

polymeric materials can be expressed empirically as
y =y, e E” (4.30)

Yo is the conductivity of dielectric material at reference temperature, ¢ and p are the
temperature and electric stress coefficients of the material, 7 is the temperature and £ is
the electric stress. The derived electric stress at a distance r from the centre of a cable
conductor is given by
&y
b’ -a°

where 0 is a constant and is determined by the material, temperature difference across

E(r)= (4.31)

the cable insulation, and U is the applied voltage.

However, the constant & in equation (4.31) suggested by Liu and MaAllister [117,
119, 120] is different from that by Tanaka [118]. According to their suggestion, in the
case of a cable without a temperature gradient, & takes the typical value of 2/3 and 1/2

respectively for XLPE insulated power cables. Consequently, the electric stress profiles
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obtained for the different & are significantly different. The ratio between the electric
stresses at the inner and outer electrode is (b/a)l/ 5 and (B/a)”? respectively
corresponding to different & values. Obviously, they both differ from the electric field

distribution derived from the expression governed by capacitance in the ac case, i.e.

E(r)= (4.32)

U
rin(b/a)

No matter which expression (equation (4.31) or (4.32)) is more precise in
describing the actual situation, the electric stress distribution in a dc cable tends to be
more uniform across the insulation in the absence of temperature gradient and space
charge. However, the issue here is what value is used for the interface stress to
determine the charge density in the calibration procedure. In view of the complexity of
the above problem, the method suggested by Tanaka [118] has been adopted in this
research to calculate the electric stress distribution in polymer insulation of a dc power
cable when it is void of space charge. Thus the electric stress at the outer

insulation/electrode interface is calculated from

U
E(b)= m (4.33)

The attraction of using the electric stress at the outer electrode is that a relatively
small amount of attenuation and dispersion of the acoustic wave occurs at this point.

Similarly, the stress at the inner semiconducting layer has the form of

U

E(a)= m (4.34)
and the ratio between the stress at the outer and inner interfaces is

E()/ E(a)=Ja/b (4.35)
which differs from that obtained in the expression for the ac voltage, e.g. a/b. As
mentioned previously, the induced surface charge is proportional to the interfacial
stress, so the factor of \/61/7 has to be adjusted to the acoustic signal originating from
the inner electrode in the attenuation compensation scheme in next chapter.

Although the calibration based on the electric stress determined by 6=1/2 is of
some extent an approximation, it is the first time that the electric stress factor in a dc
cable has been considered in space charge density measurements [14, 21-23]. If a more
precise charge distribution is required, the & values will need to be determined by a

series of conductivity measurements.
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4.6 Deconvolution of the raw signal

From the foregoing section, we know that the pressure waveform can realistically
represent the space charge distribution both in spatial position and in quantity if the
pulsed electric stress is sufficiently narrow. Nevertheless in some cases, the electric
output signal from the piezoelectric transducer may be different from the actual space
charge profile when the bandwidth of the transducer is not wide enough, or the
detecting circuitry cannot give a perfect response to the piezoelectric device output. All
the above factors may make it difficult to get the true space charge profile from the
final signal output from the PEA system.

For instance, the waveform shown in figure 4.8 is a typical calibration signal with a
very low dc voltage applied across the cable insulation. It is devoid of any trapped
space charge except for the induced surface charges (indicated by grey shaded peaks).
Any space charge in the bulk material would alter the voltage peaks and give rise to the
voltage at the positions of trapped charge as shown in the shaded area in pink.
However, in some cases the frequency response of the transducer and the amplifier can
cause distortion of the output signal that can be wrongly interpreted as space charge. In
other words, the output waveform without space charge could also look similar to the
waveform shown in figure 4.8 as the pink shaded area [111, 121, 122].

To remove this effect, a deconvolution technique has to be employed to restore the

original signal.

4.6.1 Frequency characteristics of the transducer

In section 4.5, we assumed that the frequency responses of both the transducer and
amplifier are sufficiently wider to make the output linearly proportional to the charge
distribution. The PVDF film used in the PEA has a very large bandwidth and a low Q
and is believed to be superior to the ceramic transducer from the frequency response
point of view [123]. If the transducer’s thickness is d and the acoustic pressure travels

through the transducer with a velocity u,, then the transit time across the transducer is

r =L (4.36)
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7, is also known as the acoustic time. The transducer film used in our apparatus has a
thickness of 52um, so the acoustic transit time 7, is 23.6ns if it is assumed that the
acoustic pressure velocity in PVDF is ~2.2um/ns. The cut off frequency of the

transducer transfer function is about 42 MHz (//7,).

As the external pulsed electric field e,(?) has a duration of time 4¢ 50ns, its first zero
point in the frequency spectrum after Fourier transformation is ~20 MHz. From this
point of view, the frequency response of the transducer seems wide enough to cover the
acoustic pressure wave.

However in practice, the frequency response of a transducer is much more
complicated than described here, and may be influenced by the conditions of acoustic
impedance match on both ends, in particular when it is sandwiched between two
different materials [124]. This issue will be discussed together with the output circuit

response in the following section.
4.6.2 Frequency characteristics of interface circuit and amplifier

In the PEA system, the piezoelectric transducer is directly connected to an amplifier
with a finite input impedance, assumed to be dominated by the resistive input
impedance R,. Thus the output of the acoustic transducer can be modelled as a voltage
source with an inherent capacitance C, due to its geometry and permittivity. A first
order Thevenin equivalent model of the electrical output network for the piezoelectric
voltage in series with a single capacitor and resistor is shown in Figure 4.9. This one

order high pass filter has a time constant z, = R,C,, and the input capacitance of the

amplifier is small in comparison with C, and is neglected. The output voltage vy(?)
across the resistor represents the transducer response to an acoustic pressure signal

input.

L,
@ R 2 __:)(f)

Figure 4.9 Equivalent output circuit of detector before the idea amplifier
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The voltage signal detected by the amplifier is found by solving equation given by
the Kirchhoff’s Voltage Law (KVL):

__1_.517.".9@+v0 (O =v,1) (4.37)

RC, dt
and the transfer function of this high pass filter in the frequency domain is

V(@) _ jor, _ J2#R.C, 438)
Vi) 1+ jor, 1+ 24R,C,

W(w)=

The product of R, C, is called the electrical time constant 7, of the detecting circuit.
In our case, R, is 50kQ and C, is about 310 pF (the PVDF transducer has =8, area
215mm?* and thickness 52um), thus the time constant of the input circuit is determined
as 16us, which is considered much longer than the transit time of the acoustic wave
across the sample insulation. (For instance, in Smm thick insulation, the transit time is
~2.5us). The 3dB cut-off point of this high pass filter is ~63kHz, so that W(w) can be
regarded as having a flat frequency response over the relevant pass-band.

From the specification of the amplifier, its frequency response also has a wide band
range from dc to S00MHz and should be able to respond accurately to the input signal.
The transfer function of the amplifier is denoted as 4(w).

However, according to Bernstein [124], the transducer produces a frequency-
dependent open circuit voltage by integrating the electric stress across its thickness
which is then detected through the RC filter. The time-domain output is the convolution
of these two functions. In the frequency domain, this transducer sandwiched between
the Al electrode and the back absorber in a resonant configuration gives a large

response to signal components over the frequency determined by 7', but it attenuates

the lower frequency components. This means that the transducer adopted in our setup
cannot guarantee to give a flat response between the frequencies determined by the
detection circuit’s time constant 7., and the acoustic time 7,, e.g. ~63kHz -42MHz.
When an impulsive pressure excites the transducer, the final output from the whole
system may look like the waveform shown in figure 4.8 due to this imperfect response.
The pink shaded part was judged to be as the system’s response and was ascertained by
switching off the external voltage so that the output signal should return to the baseline

since no space charge was developed under the calibration voltage.
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4.6.3 Modelling of PEA signal system

From above description, we see that the signal containing the information about the
space charge distribution can only be obtained after several conversions, e.g. the
generation of the acoustic pressure by the interaction of the space charge layers and the
pulsed electric field, the electric output as the acoustic pressure impinges on the
piezoelectric device and the final output from the amplifier connected to the transducer.
In practice, it is difficult to characterise each individual component, especially when
they are connected together and influence each other.

Fortunately, from the engineering point of view, the issue concerned with the PEA
application can be modelled as a simple, linear time-invariant system (LTI), from
which a mathematical interpretation can be adopted to obtain the relationship between
the exciting input (space charge distribution) and the response output (electrical signal).
For simplicity, a LTI system takes an input signal x(#) and produces an output signal
y(t) which is the convolution of x(?) and the indicial response 4(7) of the system. The
aim of the project is to obtain the space charge profile from the output signal of the
PEA. To achieve this, a system has to be developed which is cascaded with the
previous system (where the distortion happens during the signal transmission) to yield a
replica of the desired signal. This system is known as an inverse system that carries out

a deconvolution operation. The above two systems are shown in the cascade connection

in figure 4.10

|
|
x(t) | o I[N . U
| |
: Direct Inverse :
[ system system I

— e —— - — . = ——— — — — — — — ]

Figure 4.10 Invertible LTI system

In the PEA technique for the space charge measurement, the acoustic wave signal
p(t) received at the transducer is converted into a voltage signal, which is then fed
through an electronic interface to an amplifier. This conversion process can be

described schematically in frequency domain form by the block diagram shown in
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figure 4.11. The mathematical description of the above process with the final signal

V(1) from the whole system is given in time domain as
v(t) = ple)* s()* wlt)*a(t) (4.39)
and
v(t) = h(e)* pt) (4.40)

where s(t), w(t) and a(t) are respectively the unit impulse response of the transducer,
the interface filter and the amplifier, and “*” denotes the mathematical operator of the

convolution integral.

Figure 4.11 Equivalent LTI system in PEA

We can define A(%) as the unit impulse response of the overall PEA system which
represents the total effects of all the transmitting steps from the piezoelectric effect to
the electrical amplification of the signal. In the frequency domain, the previous
relationship between the acoustic pressure wave P(w) and the electric output V(@) can

be expressed in the following equation by introducing the transfer function of the whole

system, H(w).
V (w) = H(w)- P(w) (4.41)

where V(w) is obtained from the Fourier transform of the amplifier output v(z). If the
transfer function of the system H(w) is known, the acoustic pressure wave in the
frequency domain P(@w) can be determined. Consequently, with the following steps
which use the inverse Fourier transform, the acoustic wave profile containing the

information about the space charge distribution p) can be obtained. The
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deconvolution method in the following part of the section is to determine the transfer

function H(w).
4.6.4 Concept of deconvolution

If the unit impulse response /(%) of a continuous system is known, we can, in principle,
work out the response of the system to any input x(?). For instance, the input signal x(z)
shown in figure 4.12 can be approximated as a succession of rectangular pulses each of
width A7 and height x(7), so that the area of a typical pulse centred at r=7is x(79)Az. If
the pulse widths are assumed very small compared to the response time of the system
under investigation, then each pulse can be modelled as an impulse of the form AJ(#-17),
where the magnitude 4 of the impulse is equal to the area of the pulse and J(t-7) is the
unit delta function, the area under the delta function is finite and is equal to unity. Thus
the signal x(z) can be modelled as the continuous sum of impulses, each having the
form of [x(79) A7/ d(t-7). In the limit as the pulse with width approaches zero, A7 can be

replaced by dz, and x(?) written as the integral

x(t) = [; )t —7)dr (4.42)

4 x

T t

Figure 4.12 Illustration of the input (original) signal
Since we are dealing with a LTI system and we know that a unit impulse &(7) gives
rise to a response A(?), then a scaled , time-shifted impulse will give rise to a similarly
scaled and time shifted response. So using the principle of superposition we can

likewise express the response y(#) of the system to an input x(#) as an integral

summation of all the individual impulse response

y0)= [ x(@hle—)ir (4.43)
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This integral is called the convolution integral and it defines the continuous

convolution of x(t) and h(t).
() = x(t) lr) = h(e)* x(1) (4.44)

As we have previously shown in figure 4.10 that the direct system (known as a
distortion system) yields an output y(#) which is the convolution of the input x(7) with
the impulse response A(?). The inverse system operation taking y(?) and producing x(?)

1s therefore called deconvolution.

4.6.5 Application of the deconvolution technique

In equation (4.43), H(@) can be evaluated in the calibration procedure where a low dc
electric stress is applied to the sample over a short duration of time to ensure no space
charge is formed inside the insulation. The induced surface charge layers at both
electrode interfaces are negligibly thin. In practice, it is impossible to get the charge in
a line distribution due to the finite width of the pulsed voltage and the limitation of the
whole system’s spatial resolution. However, it is reasonable to assume the launched

acoustic wave has a Gaussian distribution that is expressed in the following equation

pi(0)= Ade™ (4.45)

A is the magnitude of the acoustic wave and is a constant for a given sample with a
fixed thickness, dc stress and pulsed electric stress. « is a constant and is determined by
the system’s spatial resolution. Its frequency domain expression is P;(w).

Correspondingly, its electric output in frequency V(@) may also be given as
V(@) = H(w)- B () (4.46)

thus, the transfer function of the whole system is determined from the above equation.
Finally, P(w) in equation (4.41) can be obtained uniquely by the deconvolution
technique.

To apply the deconvolution technique, we must firstly select the peak of the output
signal, which contains the features of the whole system response. In figure 4.13, the
curves in red and green colour represent the typical response of a system to the induced
charges at the inner and outer interfaces. As there is no attenuation and dispersion at

the acoustic signal from the outer electrode, the first peak and its follow-up exponential
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overshoot response in figure 4.13 (the section between two dot-dashed lines) is selected

as the reference signal to calculate the system transfer function.

Figure 4.13 Response of the system and the definition of the reference peak

15

10

15

-
o

(%]

| I start point of 1st peak l

]
|l end point of 1st peak [

g ¢\
~— 5 —
= I
57 F%c .
N\ =7
: T
(=]
]
e -5
g ' Typical response of the =
5 system
£ 10 ! Y T
3
3 | .
-20 T T T ™ T
0 1 2 3 4 5

Position (mm)

! outer elctrode

inner electrode

T 1 (cathode)

(anode)

>_----

J

\

v

Decovoluted signal (mV)
o

[
-
5,

1 2 3 4 5
Position (mm)

Figure 4.14 Deconvoluted signal

At the same time, a “unit impulse function” is generated by the software at the start
point of the first peak (or the reference peak), which is expressed as d(t-7) in a
continuous-time system or &(n-k) in a discrete-time system, where 7 and k are the delay
time or point of the first peak in continuous or discrete time system. Physically, this
“unit impulse function” does not exist at all. So it is denoted here by y(#), a triangular

function with a very short duration At [125]. Obviously, when At—0, y1)= o(1).
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Spectra of the so called unit impulse function y#) and the reference output signal
vi(1) at the outer electrode interfaces are obtained using a Fast Fourier Transform, and

are given by
Fo)= [ y@)e™dt = FFT{y(:)] (4.47)

(@)= [ v dt = FFT[y, (¢)] (4.48)

Thus the transfer function of the system from the acoustic pressure to the electric

output signal is determined in the frequency domain by

/()
H(w)= (o) (4.49)

Similarly, applying the Fast Fourier Transform to the whole output voltage signal
v(t) and its frequency domain expression, V(@) can be obtained. From equation (4.41),

we have

Plw)= ZH—% (4.50)

The acoustic pressure wave p(#) containing the space charge distribution
information (as described in equations (4.16)-(4.18) and (4.23)) can now be obtained by
using a inverse Fast Fourier Transform. Finally, the real space charge profile is
achieved from equation (4.24) in which the constant K is known from the calibration
process. Figure 4.14 shows the voltage signal after the deconvolution. The resuit
achieved at this stage can be further used to carry out charge density calibration. For
the purpose of getting more accurate results, compensation for the geometry effect and

propagation of the acoustic wave in the cable insulation will also be made on the basis

of this waveform.

4.6.6 Deconvolution algorithm

The algorithm adopted in the research to perform the deconvolution is illustrated in

figure 4.15.
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Figure 4.15 Flowchart of deconvolution

4.7 Summary

To overcome the inconvenience of the conventional PEA system in space charge
measurement on cable samples, a newly modified system has been introduced in this
resecarch, which adopts a flat ground electrode. The new design offers several
advantages such as ease of assembling the samples to maintain intimate contact at the
interface of the cable sheath and the ground electrode. It is applicable to different sized
cables without any modification to the electrode system.

In order to theoretically analyse the detection sensitivity and the position resolution
of space charge measurement of this new PEA system, the acoustic wave propagation
through all the media particularly the transmission property at the different interfaces
has been discussed. The output of the piezoelectric transducer is proportional to both
the pressure of the incident acoustic wave and the transducer thickness, but is

independent of the contact area between the cable sheath and electrode or the effective
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area of the transducer. Therefore the system which adopts a flat electrode can achieve
the same detection result both in charge density and spatial resolution as that from the
curved electrode configuration. This conclusion has been experimentally proved by the
result obtained from the newly modified system in comparison with that obtained by a
researcher [104] using the conventional PEA system.

The basic principle of this improved PEA system is described in detail from the
signal conversion to the system’s response. To acquire more reliable space charge
distributions, the deconvolution technique is essential in order to remove improper
responses of the system.

As a critical technique for the precise space charge measurement, the determination
of the electric stress at the cable insulation and electrode interface used for charge
density calibration is briefly discussed. Since the electric stress distribution in a dc
cable is governed by the conductivity of the insulating material which is temperature
and electric stress dependent, this introduces a complexity which throws the calibration
of space charge densities in cable geometries into question: how does one determine the
electric stress at electrode/insulation interface? The electric stress derived from ac
voltage in a cable geometry used by all the researchers in charge density calibration is
suspicious in the term of the accuracy in dc case. The electric stress at the outer sheath
of the cable insulation is usually used for the charge density calibration and this is
higher than the value obtained from the ac case. In particular, when the space charge is
measured in the cable insulation with a temperature gradient to simulate the loaded
cable, the error introduced by the calibration based on the ac voltage is even bigger.
Two typical methods among the very limited advances in this area have been briefly
discussed. One of them is adopted in this work for the purpose not only of improving
the measurements, but most importantly for drawing more attention to the calibration

technique required in space charge measurements in cable geometries.
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Chapter 5

Geometry and Propagation Compensation to the

Original Signal

5.1 Introduction

After the successful attempts to measure space charge in power cables by Fukunaga ef
al [14, 22, 104], there is a need to carry out measurements with more accuracy both in
charge density and spatial resolution. For the PEA method, the above two measurement
specifications are basically determined by the system design, for instance the width of
pulsed voltage and the transducer thickness will directly influence the amplitude and
the shape of the output signal. Additionally, the signal to noise ratio is another vital
factor affecting the measurement result. In particular, when the method is applied to a
full-sized power cable, the signal of interest may be significantly attenuated and
broadened due to the attenuation and dispersion of the acoustic wave during its
propagation through the thick insulation.

Moreover, owing to the coaxial geometry, the pulsed electric stress will vary across
the cable insulation and the acoustic wave intensity will diverges along the radial
direction of the cable insulation. Both factors will affect the finally detected signal at
the piezoelectric transducer.

In this chapter, the above-mentioned factors are analysed in detail. To allow for all
of them in the data processing, a compensation algorithm is developed to correct both
for the geometry and propagation factor in the original signal in order to obtain a true

space charge distribution profile across the cable insulation.
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5.2 Compensation to the geometry factors
5.2.1 Divergence of the pulsed electric stress

Unlike the plaque samples across which a uniform electric stress distribution is
assumed to be due to the external pulse voltage, the electric stress e, for the coaxial

geometry is given by the following equation:
(5.1)

where g and b are the inner and outer radii of the cable insulation respectively and v,(?)
is the externally applied pulse voltage. This means that the pulsed electric stress
decreases across the insulation from the inner electrode to the outer electrode. The PEA
technique is based on the principle of detecting the acoustic pressure wave produced by
the interaction between the pulsed electric stress and the charge layer. Thus, with the
variation of the pulsed electric stress, the same space charge density near the inner
electrode will give a higher acoustic signal than that close to the outer electrode. As a
consequence of this non-uniform electric stress distribution, the acoustic pressure wave
initiated by the above interaction will depend not only on the charge density but also on
the position. Thus the variable distribution of the pulsed electric stress needs to be

taken into account when a quantitative space charge distribution is sought in cable

samples.
5.2.2 Divergence of acoustic waves in a coaxial geometry

As it is assumed that the space charge distribution only changes in the radial direction,
the acoustic wave containing information about this space charge profile will depend
only on the radial position. In this case the acoustic wave equation in cylindrical
coordinate is given by [109]

1_°4(.r) _9¢(.r) , 10g(t.r) (5.2)
u o or’ roor .

sa

where ¢@(t,r) is the velocity potential of vibrating motion in the medium, and u,, is the

velocity of the acoustic wave propagation. The solution of equation (5.2) is
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J—r-ot)
Uy

A
¢(r,t)=7_—e (5.3)
2
with k = co/ u,, , the above equation changes to
A ke (r—u,t)
B(t,r) == (5.4)
Jr

where, o is angular frequency of the acoustic wave, w=27f, and 4 is a constant and is
determined by the boundary condition.
Thus, the pressure wave per unit area at position 7 is [109]
a¢(t: ”') . j/’lusaAk ejk(r—umt) (5.5)

pler)=p =T

ot

where 4 is the density of medium in which the acoustic wave is launched and travels.
This equation describes the propagation of an acoustic wave in an elastic (or lossless)
medium within a cylindrical geometry in the radial direction. According to this
equation, the intensity of a pressure wave generated by the space charge will decrease
along the radial direction causing a reduction in signal intensity when it travels to the

outer sheath. This factor can be best described by the following equation

ple+ALD) gy (5.6)
ple.r)

p(t.r) and p(t+A41,b) are the acoustic waves produced at radius » and detected at the
outer sheath b, and At is the time for an acoustic pulse travelling from position 7 to b.
As the outer semiconducting layer is the common path for all the acoustic pressure
wave produced within the bulk of the cable insulation (including the surface charge at
the insulation/electrode interfaces), any divergence in this layer is neglected for the
sake of simplicity.

The two divergent factors (pulse electric stress and acoustic pressure wave) are

simply illustrated in figure 5.1.
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Figure 5.1 Divergent effects of pulsed electric stress and acoustic pressure

5.2.3 Correction to geometry divergences

Divergent effects due to cylindrical geometry can be explained in the following way.
Assume that there are two charge layers with the same density at the inner and outer
insulation/electrode interfaces. The acoustic pressure produced at the inner interface is
(b/a) times higher than that at the outer interface because of the divergent distribution
of the pulsed electric stress. On the other hand, the detected pressure wave at the outer

2 times its originating value due to

sheath, originating from the inner interface, is (a/b)
the acoustic transmission divergence, as described in equation (5.6). The resultant
effect of the two factors will therefore suggest that the charge density at the inner

'”2 times that at the outer interface. In practice, the original signal after

interface is (b/a)
the deconvolution must be corrected by the geometry factor (b/r)"? where r lies

between the outer and inner electrode radii.
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Figure 5.2 Output signal before and after geometry compensation

The signal in the blue colour in figure 5.2 is the original output after deconvolution

(same as shown in figure 4.14), and the waveform in red shows the result after
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2 introduced previously, the

geometry compensation. According to the factor (b/r)
actual measured signal of the induced charge at the inner electrode can be 1.15 times

higher than its true value, since the inner and outer radii of the cable insulation are

8.75mm and 11.55mm so (11.55/8.75)1/2 =1.15. For some of the samples tested in the

project, the outer radius of the insulation was twice the size of the inner radius, so the
possible correction factor required can be as high as 1.4 (/b/a = 2~14 ). Thus the

error introduced in the measured value of the space charge in the vicinity of the inner
electrode can be as high as ~40%. It is therefore necessary to implement a correction to

the original signal to remove the influence of geometrical factors.

5.3 Compensation to attenuation and dispersion of acoustic wave
5.3.1 Attenuation and dispersion of acoustic wave in polymer insulation

So far, it has been assumed that the polymeric dielectric is an ideal medium for acoustic
wave propagation, and neither attenuation nor dispersion is considered in the protocol
of dealing with the acoustic wave propagation through the insulation. This assumption
has been adopted by previous researchers on power cables [21-23, 102, 105] and may
be valid for making space charge measurement on thin insulation or for comparing
different materials. In full sized cables with thick walled insulation, the influence of the
polymer characteristics on pressure wave propagation in the material is significant and
can no longer be neglected if accurate results of charge density and distribution across
the insulation are required. In this case, some measures must be taken to ensure the
accuracy of the measurement result.

In the theory of elasticity, the stress and the strains in the medium are related by a
constant [109], and the deformation process is completely reversible. However, it is
known that most polymers exhibit an explicit departure from this type of behaviour and
are regarded as being of visco-elastic or lossy. They are then dispersive media.
Attenuation and dispersion may occur as acoustic waves propagate through. This
phenomenon had already been observed in the early research where the acoustic waves
were significantly attenuated and scattered during their propagation through the

dielectrics, such as PE, XLPE and some other polymer insulating materials [75, 126,

127].
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It is well known that if the medium is non-dispersive, acoustic waves with different
frequencies propagate at the same velocity. The superposition principle therefore
allows the possibility of a general wave being viewed as a composition of harmonic
components having the same speed, which can also be called the phase velocity. When
a medium is dispersive (as the polymeric material discussed here) the superposition
principle still holds, but each harmonic component propagates with its own velocity
[109]. Clearly, the location of wave packets within the pulse undergoes redistribution
during propagation: faster ones travel to the front, while the slower ones move to the
rear. The absorption and dissipation of acoustic wave energy into heat or other forms of
energy are believed the major sources of attenuation [108].

Consider a plane harmonic pressure wave propagating through a solid elastic

medium. It can be represented by
p(t;x) = ppe’ ™™ (5.7)

As noted earlier, the phase velocity us, is a constant and has a relationship of &£ = a)/ u,,
with the wave number £, and o as the angular frequency of acoustic wave.

In the linear visco-elastic medium, the real wave number £ must be replaced by its
complex generalization k(jw)= f(w)— ja(w). Substituting this relation into the
above equation yields the wave propagation in a visco-elastic medium

ilot—k(jo)x]

p(t,x) = pe’t = pye e/ ) (5.8)

where « and f are defined as the attenuation and dispersion factor respectively. Both of
them are functions of @. The plane wave intensity is decaying (x>0, o>0) during
propagation with a frequency-dependent decay rate governed by the imaginary part of

the complex wave number a(@). The wave velocity is given by
Uy, (@) = of f(w) (5.9)

which is also frequency dependent and is governed by the real part of the complex
wave number.

These two effects, which are referred to as wave attenuation and wave dispersion,
constitute a radical difference between the behaviour of a purely elastic medium and
that of visco-elastic medium. To appreciate the physical consequences of the above two
effects, it is useful to imagine the propagation of a pulse in each of the above two

media. In a perfectly elastic material the pulse does not suffer any distortion. On the
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other hand, in a visco-elastic material the pulse decays due to the attenuation, and the
waveform of the pulse is broadened since different harmonic components propagate

with different acoustic velocities.
Real and imaginary parts of the complex wave number are not independent of one
another. Their interdependence is determined by the Kramers-Kronig relationship [128,

129], further discussion of which is beyond the scope of this project.

5.3.2 Attenuation and dispersion factors in cable geometry

The attenuation and dispersion properties of the acoustic medium are characterised by
the a and f functions of @w. As mentioned previously, they are interrelated by Kramers-
Kronig relationship [128]. Mathematically, for a causal system, a(w) is related to f(w)
and vice versa. In practice, they can be determined experimentally in a given system.

By application of the Fourier transform, equation (5.8) in cylindrical coordinate is

transformed into
P(w,r) = P(w,a)e” @D X (5.10)

where P(w,a) and P(w,r) are the Fourier transforms of the acoustic wave at radius of a
and r respectively, and r is varying from a to b.

Equation (5.10) can be used to describe the propagation of an acoustic pressure
wave in the visco-elastic medium in the frequency domain. If the attenuation factor
a(w) and dispersion factor f(w) are known, the propagation characteristics of the
acoustic wave through the lossy and dispersive material can be determined. The
transmitted acoustic wave at any position r is obtained by inverting the Fourier

transform
1 Jor
ptr)=—— [ P@,r)e’do (5.11)

In section 5.2, we have already solved the problem caused by the geometric
divergence of the pulse electric stress and acoustic pressure along the radial direction.
This means that to determine the attenuation and dispersion factor later on, there is no

need to consider the geometrical factors any more.
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Generally, the attenuation and dispersion factors « and S of acoustic waves can be
determined from pressure wave measurements at two different positions within the
medium, by making use of equation (5.10) [109].

In a practical application of the PEA technique to a cable sample, a(w) and f(w)
can be deduced from the measured values of the induced surface charges at the inner
and outer electrodes in the calibration test. It is known that the magnitudes of the
induced surface charge densities are linearly proportional to the interfacial electric
stresses. The basic requirement of the calibration or the interfacial stress used for the
calibration in dc cable case has been briefly discussed in section 4.5.4. Removing the
geometry factor in the preliminary data processing converts the subject from the
cylindrical geometry to the planar geometry. The induced charge peak at the inner
interface is then regarded as attenuated and scattered result of the surface charge at
outer interface after propagation across the cable insulation. Therefore the attenuation
and dispersion properties of the cable insulation will be determined from these two
peaks. The detailed procedure is described as below.

The frequency spectra of the acoustic pulse at ¥=a and r=b are given as
P(w,a) =|P(o,a)e ") (5.12)
P(a,b)=|P(w,b)e """ (5.13)

where 'P((o, a) and 'P(a),b] are the amplitude spectra for the waves at the inner and

outer interfaces, and @(m,a) and ¢(w,b) are the phase spectra for the acoustic wave at

the inner and outer interfaces respectively.

Substituting equations (5.12) and (5.13) into equation (5.10) and let r=b, the

following equations can be obtained

|P(@.b) =|P(w, a)e =) (5.14)

#(@.5)= p(o.a)+ po)b - a) (5.15)

Considering the induced charge density proportionally connected to the external dc
stress that has been discussed in section 4.5.4, the ratio of the electric stresses at the
inner and outer electrode ,/a/b has to be rectified to the acoustic signal from the inner

electrode. Thus the attenuation and dispersion factors are obtained consequently
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]1‘ Plob) (5.16)

alw)= 3.2 n’P(a),a)*\/a/—b’

Blw)= b%alqﬁ(w,b)— Hw,a) (5.17)

Hence, the relationship given in equation (5.10) between the initial acoustic pulse
P(wa) and the transmitted pulse P(w,7) is identified by a(w) and f(w)and the relevant

acoustic transfer function at position 7 is given by

G(o.r)= ifii% = e (5.18)

This transfer function can be used in the frequency domain to compensate for the
attenuation and dispersion occurring during acoustic propagation at different positions
r. Thus, the actual acoustic pressure profile across the cable insulation may be obtained

by the inverse Fourier transform as given in equation (5.11).
5.3.3 Algorithm for the signal recovery

The algorithm for the signal recovery is illustrated in figure 5.3. It is worth pointing out
that we are discussing the acoustic pressure attenuation and dispersion caused by a
lossy and dispersive medium, so it is convenient to represent the acoustic pressure
wave by the notation p(z,7) or P(w,r) in the time and frequency domains. However, in
practice, the signal we deal with is the electrical output (voltage signal) from the
transducer and the relationship between this and the pressure wave is given by equation
(4.22). We also know that after the deconvolution of original signal, the acoustic wave
profile is linearly proportional to the voltage output of the PEA system so from now on,
the signal involved in the processing will be denoted as voltage, v(t,7) in time domain
and V(w,r) in frequency domain.

In the discrete system, the signal compensation for the attenuation and dispersion in
the frequency domain is detailed in the following steps.

In discrete form, the sequence of signals after deconvolution and geometry

compensation is presented as

v(t, 7 ) = [v(t, 7, ), v(t, 7 ), v(t, r, ), ...... , v(t, Ty )] (5.19)

N is the number of sampled points, /=1 to N. In the frequency domain, the signal after

the fast Fourier transform (FFT) is expressed as
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V(w,r,)= FFT[Ww,r,)|= [V (w7, ) V(0.7).V (@0.7, )V (@, 7 )] (5.20)

V(w,r; is the frequency spectrum of the signal at position ;.

To remove the attenuation and dispersion effect, the transfer function obtained in
equation (5.18) is applied correspondingly to each individual point (layer by layer).
Thus the recovered signal corresponding to an individual point in the frequency domain

is given in voltage form as

Viw,r)=V(w,r,) Glo,r,) (5.21)

The superposition principle is then applied to the thickness of the sample insulation
and the total spectrum of the recovered signal is given as

V(a):gv<w,n)-G(w,n> (5.22)

Finally, the Inverse Fast Fourier Transform (IFFT) yields the signal after the

compensation in the time domain.
V(t)=v(r/u,)=IFFT[V (0)] (5.23)

where uy, is the velocity of acoustic wave travelling through the cable insulation.
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Figure 5.3 Algorithm for attenuation and dispersion compensation

Figure 5.4 represents the results before and after the attenuation and dispersion
compensation. Two peaks that are selected by the vertical cursor lines in figure 5.4(a)
are used to calculate the attenuation and dispersion factors. Diagram (b) is the final
result after the data processing, for which the output has been converted to space charge
density distribution by means of the calibration and the horizontal axis represents the
location (in mm) within thickness of the cable insulation. Notice that the amplitudes of
these two charge layers are consistent with the externally applied electric stresses at the
two interfaces.

The interface appearance and the block diagram of the data acquisition and the

processing program developed in LabView™ environment is shown in appendix A.
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5.4 Summary

Geometrical effects on the measurement of space charge in coaxial cables are fully
analysed. Due to the cylindrical geometry, the pulsed electric stress varies across the
insulation and so does the pressure of the acoustic wave as it propagates from the inner
side to the outside. These two effects will make the measured space charge at position
to be (b/r)"” times higher than the real value. The effect of these geometry factors has
been removed in the subsequent data processing of the measurement of the space
charge.

Acoustic wave attenuation and dispersion in polymeric cable insulation is briefly
described. On the basis of this analysis, a method of determining the attenuation and
dispersion coefficients from the experiment is suggested such that correct charge
profiled can be obtained.

An algorithm has been developed in the project by taking all the effects such as
geometry as well as the attenuation and dispersion from acoustic wave transmission
into account. The result reported here from a XLPE cable measured at calibration

voltage has proved the correctness of the compensation method.
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Chapter 6

Modification of the Electric Stress by Space Charge

6.1 Introduction

The electric stress distribution modified by the space charge in cable insulation is the
main concern in polymer-insulated dc power cable development. The presence of
space charge in the cable insulation will result in the distortion of the initial electric
field profile and causes localised electric stress enhancement. As a result, premature
failure of the cable insulation may take place well below the anticipated or designed
values. Takeda er al [106] estimated the electric stresses at the inner and the outer
interfaces between the insulation and the semiconducting layer from the magnitude of
the induced surface charges using the fact that the induced surface charge at the
electrode is proportional to the interfacial stress. In most insulation systems, the
interface is believed to be the weakest point where electrical breakdown is likely to
occur. However, when space charges are present in the insulation the maximum electric
stress does not always have to appear at the insulation/electrode interface. It may arise
somewhere inside the bulk of the insulating material if distributed homocharges or
irregular packet charges are present. Figure 6.1 graphically illustrates how accumulated
space charge in a planar sample with parallel electrodes can distort the electric stress
distribution. The appearance of the heterocharge causes the electric stress to be
enhanced at the two interfaces and to be decreased in the centre part of the material, so
the maximum electric field appears at the dielectric and electrode interface. The
contrary situation exists in the case of the homocharge accumulation, in which the

highest stress occurs in the bulk of the dielectric material.
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For a full sized cable (especially that with a thick walled insulation) the
heterogeneity of the insulating material may be inevitable because of the variation of
molecular structure (crystalline degree) and distribution of cross-linking by-products
and other additives in the material. Hozumi et al [104] have directly observed the
packet charge formation and migration through the XLPE cable insulation due to the
ionisation of impurities. This uneven and unpredictable charge distribution through the
cable insulation thickness may change the local stress, and is likely to generate stress
enhancement at certain regions of the insulation. With such a complex space charge
profile, the electric field distribution distorted by the packet charge may become
complicated and unpredictable throughout the whole insulation.

One of the most important tasks for research into extruded polymer insulated dc
power cables is the accurate determination of the electric stress profile across the bulk
insulation in the presence of bulk space charge. The reliability of the electrical
insulation is still one of the most important factors determining the safe operation of the
entire cable transmission system.

In this chapter, the method of determining the electric stress distribution across the
cable insulation from the space charge profile is fully described. The total electric stress
profile, which includes the externally applied divergent field and the component from

the trapped charge in the bulk material, will be achieved by the method.

Heterocharge Homocharge

Eo=Vo/d

Electric stress

Figure 6.1 Illustration of electric field modified by space charge
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6.2 Electric stress calculation in coaxial coordinates

The variation of the voltage potential distribution in a volume involving the space

charge is generally described by Poisson’s equation. Its general expression in

cylindrical coordinate with charge density p is given as

2 2 2
O°U 10U 10U U _ _ plr.4.2) ©.1)
o’ ror rPogd &’ £yE,

where p(r, @, z) represents the charge density at point P in figure 6.2, & the permittivity

of free space and &, the relative permittivity of the dielectric material in the volume.

It is assumed as before that the insulating material is homogeneous along the
cable axial direction and the length of the cable sample is much bigger than its
insulation thickness. The space charge distribution therefore only varies in the radial
direction. So the charge density p can be regarded as dependent only on the cable

insulation radius r. Thus, Poisson’s equation (6.1) is reduced to

2
d’U 14U __plr) 62)
dr* r dr £,E,

or, by substituting dU/dr = —E into equation (6.2), it becomes

dE(r) 1, _plr) (6.3)
ar r £, '

This is a typical first order linear differential equation and its general solution is

given by

1 1
E(r):: g frp(r)dr +;C (6.4)

where C is a constant considered below.

The electric stress E(r), including the contributions from both the applied voltage
and accumulated space charge in the bulk of the cable insulation, is defined as the total

electric stress E(7) and is expressed as

E'total(r ) = Echarge (I" ) + Eappliea(r ) (65 )
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where Eypiiea(r) stands for the externally applied electric stress. Its complex distribution
across the cable insulation under dc voltage has been briefly described in section 4.5.4

on the charge density calibration. For the convenience of referring, the expression is re-

stated:

6-1
57’ Uapplied ( 6. 6)

E pppiiea (1) = B —a°
Ugppliea 1s the externally applied voltage, and J is a constant depending on the
characteristics of the insulating material. For XLPE used in cable insulation, & has the
value 1/2. C in equation (6.4) is a constant and can be determined by considering the
equal energy principle as expressed in equation (6.7). In practice, C is adjusted to make
the area under the applied electric stress profile Egppiicqa(r) equal to the area under the
modified electric stress due to the presence of the space charge E;(7). In other words,

the algebraic sum of the area comprised under the electric stress profile attributed to the

pure space charge Ecparge(r) must be zero.

fEtotal (r ﬂr = fE applied (7' )dr =Uapp1ied (67)
7 p at(r, ¢ 2)
‘ V4
P\
r
y
—>
r

¥

Figure 6.2 Cylindrical coordinate with space charge distribution p(7, ¢, z)

Implementation of the previously described procedures of electric stress calculation
is schematically illustrated in figure 6.3. Two situations are discussed. Figure 6.3 (a)
shows the measured result for a calibration procedure when no space charge is present
in the bulk of the material. Figure 6.3 (b) deals with the case of space charge being

present.
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6.3 Practical calculation of electric stress distributions from space charge profiles

The electric stress distribution in a commercial ac XL.PE power cable was practically
calculated using the above method. One result was obtained under the calibration
voltage when no space charge was developed in the bulk insulating material except for
the induced surface charges at the two electrodes. The measured space charge is shown
in figure 6.4 (a). Another result displayed in figure 6.5 (a) was obtained after the
sample has been stressed at the dc voltage of +80kV for a period of time, in which a
considerable heterocharge had been accumulated near the two electrodes.

The electric stress profiles derived on the basis of those space charge measurements
are plotted in figure 6.4 (b) and figure 6.5 (b) respectively. For comparison, the electric
stress distribution due to the external voltage (which is governed by the cable
geometry) is also presented in the same diagram. Under the calibration voltage, there is
no charge generated in the insulating material except the induced surface charge, so the
total electric stress is only attributed to the calibration voltage. Its distribution is
therefore determined by the cable geometry, as shown on the curve plotted in red. As
expected, the electric stress distributions obtained from the space charge measurement
(with only surface charge present) is in a good agreement with the externally applied

stress.
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Figure 6.4 Space charge and its modified electric field at calibration voltage

Obviously, the component of electric stress due to the bulk space charge is zero if
the geometry-governed stress is subtracted from the total stress. As a check, the
potential across the insulation is calculated from equation (6.7) by integrating the total
electric stress throughout the cable insulation. The result gave just the value of the

applied calibration voltage.
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Figure 6.5 Space charge and its modified electric field after a certain time ageing

Similarly, the electric stress distribution modified by the space charge in the same
cable after a period of ageing is displayed in figure 6.5 (b). In this situation, the initial
electric stress profile due to the external voltage has been considerably distorted by the
space charge. As the heterocharges accumulated in the cable insulation, the electric
stresses at the inner and outer electrodes are enhanced to about 27 kV/mm and 29
kV/mm respectively from their original values of 25 kV/mm and 20 kV/mm. On the
other hand, the stress in the central part of the insulation is reduced by a certain extent
as the electric field of these heterocharges counteracts the applied stress. In the same
way in which the previous calculation was checked, the electric potential is calculated
by integrating the electric stress across the insulation. The applied voltage value was

obtained.
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6.4 Improvement in method for electric stress determination

The method introduced above for calculating the electric stress distribution across the
cable insulation is correct from the theoretical point of view, and has been used by
many researchers working in sheet samples [6, 78, 130]. However, if we look at the
results at the interfaces in figure 6.4 (b) and 6.5 (b), there may be some suspicions
about its apparent position and the corresponding stress at these areas. Because of the
limited spatial resolution in the space charge profile across the insulation, some errors
may also be introduced into the result of electric stress calculation. Theoretically, if
heterocharges are present as indicated by figure 6.5, the maximum value of the electric
stress should appear at the two interfaces defined by the dashed lines in figure 6.5 (a).
However, the actual position of the maximum electric stress formed by integrating the
induced surface charge could only appear at the point of the surface charge peak
returning back to zero. Therefore, the interface position indicated by the electric stress
profile has shifted from both sides towards the centre of the insulating material.

Davies et al [131] proposed a method in the application of LIPP to the planar
sample to overcome the above problem. It can be extended by analogy to cable
geometries.

As the position resolution of the PEA system is limited, the magnitude of the charge
density in the vicinity of an electrode is not accurate due to the overlap of the signals
representing the surface charge and the bulk charge in the dielectric material. This
difficulty can be somewhat solved by removing the stressing voltage to eliminate the
surface charge at the electrode due to the external voltage, and leaving the bulk charge
in the sample and its image charge at the interface. Figure 6.6 (a) shows a charge
distribution in the same sample as that in figure 6.5 after the removal of the applied
voltage. Figure 6.6 (a) is considered to be a good representation of the real space charge
distribution over the region between lines ¢ and d. Integration of the charge density

over this region will give the correct electric stress distribution due to the space charge

alone.
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Figure 6.6 Electric stress distribution calculated by improved method

As noted previously, the surface charge density is linearly proportional to the
interfacial stress, so the actual interface stresses E, and Ej; at the inner and outer
electrodes can be determined from the amplitude of the surface charge at these two
points when the external voltage is on. Specifically, as the interfacial stress and its
induced surface charge amplitude under the calibration voltage is known, by comparing
them with the surface charge under the test condition, the interfacial stresses, E, and Ej,
can be figured out. Knowing the electric stresses at the interfaces and the stress
distribution in the middle of the sample and by using a higher degree polynomial to
extrapolated a line from a to ¢ and from d to b, the electric stress over the whole
thickness (between line A and B) can be mapped. Such a curve is presented in figure
6.6 (b).

The constant C in equation (6.4) is calculated according to the “equal energy”

principle, i.e.
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f E i (P)dr = fEa,,,,,,»ed (r)dr (6.8)

The graphical meaning of the above equation is that the area under the applied electric
stress distribution Egprieq(?) is equal to the area under the modified electric stress profile
Etotal(?).

Comparing figure 6.6 (b) with figure 6.5 (b), it is noticed that the two curves of
electric stress distributions derived from different methods have almost the same shape.
There might be some slight difference in the trend of the modified electric stress in the
central insulation. This, however, may be attributed to the variation of space charge
profile before and after the removal of the applied voltage. This suggests that the
accuracy of the improved method of assessing electric stress from the space charge is

limited to slow rates of charge change.

6.5 Summary

The calculation of the electric stress profile throughout the cable insulation from space
charge measurements is firstly presented. Due to polymer materials’ inhomogenities,
the packet charge in the bulk material or the homocharge close to the electrode, the
maximum electric stress appears to be somewhere in the insulation other than at the
dielectric/electrode interface, like most researcher presumed. Knowledge of the electric
stress distribution across the whole insulating material could lead to better
understanding of the effects of space charges on polymer insulation characteristics in
dc power cables.

The implementation of the method is introduced in detail by considering a XLPE
cable sample in which electric stress profiles both under the calibration voltage and on
ageing test voltage are derived from the space charge results. As a check, the
integration of the electric stress through the cable insulation thickness has been found
to give the calibration voltage and ageing voltage respectively.

In order to overcome the shortcomings brought in by the system’s spatial resolution
in measuring the space charge distribution and the subsequent determination of the
electric stress profile, an improved method was adopted. The electric stress attributed to
space charge is obtained by simply integrating the bulk charge within the insulating
material as the external voltage is removed. The interfacial stress is determined from

the amplitude of the surface charge peak, and the whole stress profile across the cable
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insulation is then mapped by extrapolation using a high degree polynomial. This
method may give more accurate results to the electric stress in the region close to the

electrode if no fast charge accumulation is involved in the insulation.
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Chapter 7

Space Charge Measurement in Cable Samples

7.1 Introduction

The aim of studying space charges in polymer insulation in electrical apparatus (e.g.
extruded polymeric power cables), is to acquire better understanding of space charge
behaviour in a practical structure. In particular, in an on-going project to develop a dc
XLPE power cable, space charge measurements on a full sized cable sample can give
insight into the effects of a number of features. These include the effects of the actual
semiconductive layers, XLPE insulating materials actually being produced in the
manufacturing process, and the divergent distribution of dc electric stress on space
charge accumulation. It would also be convenient and realistic to investigate the effect
of a temperature gradient across the insulation on the space charge distribution by
heating the cable with an inducted current. This would create the exact situation of a
loaded cable in service. As discussed in a previous chapter, the dc electric stress
distribution in a cable insulation is governed mainly by the conductivity which is a
rapidly increasing function of temperature and, to a great or less extent of the field
strength [117-120, 132]. Therefore, the lowest electric stress in a fully loaded dc cable
may appear in the insulation near the conductor because of the high temperature
generated by Joule heat of the transmitted current, while the highest electric stress
appears near the outer sheath.

In this chapter, the results of space charge measurements through the insulation of
prototype cables incorporating different modified XLPE materials are presented and
discussed. Attention is given to the material amendments on the fast space charge

formation due to a voltage ramp, the charge build-up rate and decay speed, and the net
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charge and its distribution. Moreover, each sample was tested separately before and
after thermal treatment, and the space charge measurements showed significant
differences between them. The removal of volatile residues by thermal treatment can

considerably suppress space charge accumulation in these cable samples.

7.2 The experimental condition and cable samples

To ensure comparability among the different samples, measurements were conducted
under almost similar temperature and externally applied electric stress conditions. Due
to the large size of the cable samples, it was difficult to maintain a constant temperature
during the experiments. The results discussed in this chapter were obtained under the
room temperature ranging between 21 °C and 25 °C. The choice of electric stress and
ageing time was determined on the basis of practical consideration, a literature review
and preliminary space charge measurements in sheet and cable samples [9, 105, 133].
Of course, the limitation of the test facilities is another consideration.

The charging electric stress was chosen from what is encountered in practical dc
power cable insulation. Hvdc cables with mass impregnated paper insulation currently
operate at a stress of about 30kV/mm [41, 133]. The latest reported electric stress in a
prototype product rated to +250kV with XLPE insulation is only 25kV/mm [105].
Considering the capability of the testing rig in the current research, the electric stress
for space charge measurement was therefore chosen from 10 to 30kV/mm, depending
on the sample’s insulation thickness.

It was found that the space charge in most samples could reach its steady
distribution in 24 hours, so the space charge profile evolution within this ageing time
only is discussed.

No measurement was carried out on cable insulation with a temperature gradient,
because of the difficulty of precise control of the temperature through the thin
insulation and the limited project time-schedule. However, such research is suggested
for further work.

Three types of cable samples were investigated in the project and incorporated
different modified XLPEs as insulating material. The comparison was conducted not
only among different materials but also between the fresh sample and the sample

subjected to heat conditioning (degassing) at 90°C for 100 hours to see the effect of
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removing the residue produced in cross-linking on the space charge accumulation. The
exact recipe of the modified materials is not known due to the commercial reasons. The

cables made from three modified materials are labelled as 1491, 1494 and 1495.

7.3 Space charge measurement
7.3.1 Sample stressed under ramp voltage

In the space charge measurement on cable and plaque geometry, the sample was firstly
stressed with a quick voltage ramp and the amplitudes of the induced charge peaks at
the two electrode/insulation interfaces were recorded. There are two reasons for doing
this ramp test. First, it is to see if there is any fast space charge formed during the
process of the voltage increase. It is known that the induced charge at the electrode
interface is linearly proportional to the interfacial electric stress. If there is no bulk
charge with the insulating material, the interfacial stress is directly related to the
external applied voltage, and the induced charge should also be proportional to the
external voltage. If some space charge has been developed in the volume of the
insulating material, the measured peak values of the induced charge deviate from the
linear relationship (straight line) and their increases with the applied voltage will speed
up or slow down depending on the space charge polarity, as the illustration in figure
7.1.

Second reason for the ramp test is to determine the threshold stress (or voltage)
from which the space charge starts to build up. This value is used to check the validity
of the calibration, which must be carried out below this voltage.

A Threshold
voltage Heterocharge

The height of induced
charge peaks
I
[e]
3
8
g
«©
[4]

L -
Applied voltage

Figure 7.1 Illustration of ramp test
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7.3.2 Cable 1491

Ramp test

The ramp test results of cable 1491 are shown in figure 7.2. When the applied voltage
reaches 70kV, the relationship between the induced surface charge and the external
voltage in the fresh sample starts to diverge from the linear tendency. As shown by the
curves of figure 7.2(a), the induced surface charge at the cathode (outer electrode) is
speeded up, whereas the charge at the anode (inner electrode) is slowed down as the
voltage exceeds 70 kV. This un-proportional variation of the induced surface charges at
the electrodes with the voltage increase implies that some positive charge has begun to
accumulate in the bulk of the insulation as the applied voltage goes over 70kV. This
space charge accumulation during the voltage ramp was also clearly observed from the
space charge measurement after the voltage ramp test. This can be seen from the space
charge profiles noted as “0 time” in figure 7.3 (a) and figure 7.4 (a), where a
considerable amount of heterocharge (positive) at cathode has developed during the
voltage ramp. On the contrary, no space charge was observed in the degassed sample
during the voltage increase and the peak heights of the induced surface charge at two

electrodes vary linearly with the applied voltage over the range from 0 to 80 kV, as

shown in figure 7.2 (b)
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Figure 7.2 Interface charge variation with the external voltage in cable 1491

The inner and outer radii of the insulation were 5.62 mm and 11.50 mm
respectively. The threshold stresses of the undegassed cable 1491 at the inner and outer
interfaces are 14.5 kV/mm and 10.1 kV/mm corresponding to the voltage of 70 kV.

Space charge evolution

Figures 7.3 and 7.4 show how the space charges evolutes with the external voltage
application over a period of time. The measurements were carried out under the

conditions of both voltage on and voltage off.
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Figure 7.4 Space charge distribution of cable 1491 (volts off)

The curves denoted as “0 time” in these figures are the space charge measurement

obtained soon after the end of the ramp voltage test which lasted about 5 minutes.
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Obviously, a considerable positive charge has formed in the undegassed sample over
this period of time, as shown in figure 7.3 (a) and figure 7.4 (a). After that, the packet
positive charge gradually increases and accumulates near the outer electrode over the
whole period of the ageing time. Simultaneously, a small positive charge is also
generated adjacent to the inner electrode.

The space charge accumulations in the vicinities of the two interfaces are
substantially different in this undegassed sample. It is noticed that a heterocharge
(positive) has accumulated near the outer electrode (cathode), while a homocharge
(positive) is near the inner electrode (anode). Furthermore, the former is much bigger
than the latter in terms of the charge density. The location of the homocharge near the
inner electrode is detached from the interface charge by a certain distance, rather than
being adjacent to it. The heterocharge at the outer electrode and the packet shape of the
positive charge close to the inner electrode indicates that the bulk effect of the
ionization of residual impurities in the cable insulating material dominates the space
charge accumulation in this situation.

From the results of the space charge initiation during the voltage ramp and the
charge accumulation in the following ageing period, it is concluded that the space
charge development, in particular for the heterocharge at the outer electrode, is very
quick in the fresh cable 1491sample. As the heterocharge accumulation near the outer
electrode in the voltage ramp procedure, it is believed that the interfacial electric stress
has been enhanced; the higher electric stress in turn accelerates the ionization and
results in a fast charge accumulation. The situation at the inner interface was in
contrast because the interfacial stress was reduced by the positive charge. This might be
the reason why the space charge density near outer sheath is higher than that close to
the inner electrode even though the initial electric stress here is higher. No doubt, the
distribution of residue concentration across the insulation may be another factor
affecting the space charge distribution, but there is no available method to determine it.

By contrast, only a small net positive charge is found in the degassed sample with
an even distribution through the cable insulation after 24-hour ageing time. The
existence of these charges within the bulk insulating material can be discovered by the
two small negative induced surface charges at the electrodes in the figure 7.4 (b). For
this measurement the induced surface charge due to the external electric stress has been

removed by turning off the applied voltage.
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Space charge decay

After 24 hours of ageing, the external voltage was removed to carry out space charge
decay tests with the outer sheath and the central conductor having been short-circuited.
The space charge distribution was measured at certain intervals and the results are
presented in figure 7.5.

Surprisingly, the space charge accumulated in the fresh sample also presented a
fairly quick decay rate. Figure 7.5 (a) shows that a major amount of the space charge
dies out within 4 hours of the voltage removal. On the other hand, the charge in the
degassed sample is quite stable despite its very low density, as shown in figure 7.5 (b).
It is hard to see the variation among the results obtained over 8 hours in the decay

process.
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7.3.3 Cable 1494

Undegassed cable 1994 and 1495 were received in large coils without any wrapping to
prevent natural degassing. The results reported here were obtained after the sample has

been left exposed to the air for about one month.

Ramp test

Following the same procedure as carried out on the previous sample, the cable 1494
was firstly stressed with the ramp voltage from 0 to 80kV. The relationship between the
peak height of the induced surface charge at the insulation/semiconductor interface and
the applied voltage is plotted on figure 7.6. From the linear relationships, it can be
concluded that no space charge appears in the bulk of the insulation either in the fresh

or the degassed cable within this voltage range.
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Figure 7.6 Interface charge variation with the external voltage in cable 1494
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Space charge evolution

Space charge distributions in both the fresh and the degassed cable 1494 were
measured under the conditions of volts on and volts off throughout a 24 hour ageing

term. The results are exhibited in figurs 7.7 and 7.8.
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Figure 7.7 Space charge distribution of cable 1494 (volts on)

In the undegassed cable, a positive packet charge slowly accumulates close to the
inner electrode (anode) and reaches saturation within about 4 hours. Similar to the
situation in undegassed cable1491, this packet positive charge is also separated from
the inner electrode (anode) as shown in figure 7.7 (a). The result suggests again that the
charge accumulation in material containing residues is due to the bulk effect of
ionization of impurities. The interface effect or electrode injection might be quite weak

in comparison with the bulk effect. The quick initiation of the positive charge near the
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anode in turn would diminish the interfacial stress and subsequently weaken the charge
injection. Unlike the space charge distribution in cable 1491, figure 7.7 (a) and figure

7.8 (a) show no space charge accumulating in this sample in the insulation close to the

outer electrode.
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Figure 7.8 Space charge distribution of cable 1494 (volts off)

The removal of the volatile residues by heating the cable at 90°C for 100 hours has
virtually stopped the space charge accumulating. The measurements made on the
degassed cable 1494, as presented in figure 7.7 (b) or figure 7.8 (b), show almost no

space charge appearance in the cable insulation throughout the entire ageing period.

Space charge decay

The tendency for space charge decay in the undegassed cable 1494 is illustrated in

figure 7.9. In comparison with the cable 1491, the decay rate in the fresh sample is
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fairly slow. Change of the space charge over 12 hours is hardly visible. As no space

charge is shown in the degassed cable, no decay test was carried out.
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Figure 7.9 Space charge in decay process (undegassed cable 1494)

7.3.4 Cable 1495

Ramp test

Like cable 1494, no space charge is formed in the bulk insulation due to the application
of the ramp voltage on either the fresh or the degassed cable 1495 samples. This
conclusion is evident from the linear relationship between the height of the induced
surface charge peaks and the external voltage over the range from 0 kV to80 kV, as

shown in figure 7.10.

V)
>

T

|

*

-

»
|
|

Cathode
(outer electrode)

-
N
T

8
. /
6 Anode ~—
PS / (inner electrode)
4 Tpem—— L] ==
2 e
0

Peaks of output waveform (m

0 10 20 30 40 50 60 70 80 90
Applied voltage (kV)

(a) Fresh sample

101



-
>

-
N
t
|
|

=Y
-] o
a

:
|

Peaks of output waveform (mV)
o

A

0 1 20 30 40 5 6 70 8 90
Applied voltage (kV)
(b) Degassed sample

Figure 7.10 Interface charge variation with the external voltage in cable 1495

Space charge evolution

Figures 7.11 and 7.12 show the space charge evolution over the 24-hour ageing period
in the fresh and degassed sample under the conditions of the external voltage on and
voltage off. In both figures, the curves signified by “0 time” present the space charge
distribution after the ramp test, and show no space charge accumulation in the bulk
material. On the other hand figure 7.11 (a) shows that a bulk of positive charge
(heterocharge) is gradually accumulated near the outer electrode in the fresh cable over
the subsequent ageing process. By contrast, figure 7.11 (b) shows only a small packet
positive charge being developed in the central insulation of the degassed cable within
the same period of time. A space charge accumulation in both fresh and degassed
sample is clearly seen in figure 7.12 (a) and (b), where there are no induced surface
charges due to the external voltage on the electrode.

Whether cable 1495 is fresh or degassed, the final space charge distribution is an
accumulation of positive net charge in the bulk insulation. Degassing this sample has
only reduced the charge density to a certain extent without eradicating it completely. A
manifest feature of the space charge generation in this cable is its constant increasing
speed. Unlike the space charge observed in undegassed cables 1491 and 1494 which
saturates very quickly, the space charge in cable 1495 builds up gradually and

accumulates at an almost constant speed over the entire ageing term.
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Space charge decay

The space charges formed in both fresh and degassed sample of cable 1495 are
extremely stable compared with that in cables 1491 and 1494. In figure 7.13 it is hard

to notice the variation of the space charge profiles over the 48 hours decay time as.
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Figure 7.13 Space charge in decay process (cable 1495)

7.3.5 XLPE ac power cable with different inner and outer semiconducting layers

Space charge measurements were also carried out on a commercially available XLPE
ac power cable with insulation 2.8mm thick, and different semiconducting materials at
the inner and outer screens. To identify the effect of the semiconducting material on the
space charge characteristics, the space charge measurements were carried out either
with positive or negative voltages applied to the central conductor. The approximate
interfacial stress corresponding to an external voltage of 80kV is 30.7kV/mm and
26.7kV/mm respectively at the inner radius (8.75mm) and the outer radius (11.55mm)
in the absence of space charge in the bulk insulation.

The ramp test results showed a linear relationship between the induced surface
charge and the external dc voltage at both positive and negative polarities. This result
indicates that no space charge is formed in the bulk material at the stress below
30.7kV/mm in the short period of time like the voltage ramp process. This is in
accordance with what is expected. As a commercial cable has to be subjected to the
whole manufacturing process including the final stage of degassing, the majority of
volatile byproducts of the cross-linking may have been removed from the cable
insulation. As a result, no fast-accumulated charge will be built up over the ramp test.

However, throughout the following long ageing period, a packet homocharge
gradually accumulated adjacent to the outer electrode and another bulk heterocharge

(also corresponding to the outer electrode) is formed beside it. Figures 7.14 (a) and (b)

105



show the space charge evolution over a 30 hour ageing time when the central conductor

is energised either with a positive or a negative voltage respectively.
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Figure 7.14 Space charge distributions in a XLPE cable with reduced insulation

It is interesting to notice that the space charge distributions under positive and
negative voltage have almost the same shape except for the opposite polarities. Even
the charge densities across the insulation thickness and the charge build-up speeds are
similar under the two opposite voltage polarities. The same phenomenon has been
reported in the literature [23, 89] and is defined as a “mirror image effect” by Bambery
et al [89]. The results presented here clearly indicate that the outer semiconductive
layer made of LMO0531 has a charge injection property which is different from that of
the inner semiconductive layer, LE0590. The former probably has a strong charge
carrier injection ability both at the anode and cathode, while the latter does not, even

though the electric stress near the inner electrode is higher.
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Due to the limitation of the spatial resolution in the measurements, the homocharge
adjacent to the outer electrode is coalescing with the induced surface charge and is
rather difficult to distinguish (see the left hand peaks in figures 7.14 (a) and (b)). After
the removal of the external voltage, and its induced surface charges at the electrodes,

only the homocharge remains and is clearly shown on the results of the decay test as

presented in figure 7.15.

Space charge decay

The decay of these so called “mirror image” accumulated space charge under positive
and negative voltage conditions are illustrated in figure 7.15 (a) and (b) respectively,
and both of them decay extremely slow. The central conductor and the outer sheath of
the sample tested under positive voltage was short-circuited for as long as 48 hours for

the charge decay test, but the space charge variation over this period of time is hardly

visible.
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7.4 Discussion
7.4.1 Space charge accumulation characteristics

Except for the undegassed cable 1491, none of the cable samples have shown a fast
space charge accumulation in the voltage ramping process. These results cannot be
compared with those obtained from the plaque samples made of the same material,
which will be dealt with in chapter 8. It is believed that the electric stress in the cable
geometry is far less than that in the plaque sample, in which the uniformly distributed
stress could be as high as 36kV/mm even in the thickest sample (1.9mm) with 70kV
external voltage, whereas the applied electric stress in the cable specimen is around 20
kV/mm at the inner electrode at the test voltage. Additionally, the divergent electric
stress distribution across the cable insulation also makes it difficult to compare the
space charges in plaque and cable samples.

However, the measured results have exhibited a big variation among these cable
samples both of space charge generation and distribution, and some valuable
information could be obtained to evaluate the effect of material modification in
controlling space charges in dc polymer power cables.

The basic characteristics of: space charge accumulation in the tested batch of cables
are summarised in Table 7.1.

From the space charge profiles presented in the section 7.3 and the summary in
table 7.1, it is seen that the difference in space charge activity in the fresh sample and
the degassed sample is significant. After being thermally conditioned, all the samples
have very small space charge accumulations or do not possess space charge activity at
all in some samples. Even for some degassed samples in which small charge developed
(such as cable 1491 and 1495), charge build-up and decay speeds are extremely slow.
All these results suggest that the residues inside the XLPE insulation play a key role in
space charge accumulation but they can be removed by simply heat treatment.

According to the literature [34, 51, 133], a fresh sample with residual impurities
will in general generate heterocharges, while the degassed sample will produce
homocharges after a long period of stressing. The results obtained in the present work
from the cable samples generally agree with this rule too, particularly for the
undegassed sample. However, in degassed cable samples no homocharge was actually

observed in the vicinities of the two electrodes, but in some cases, such as 1491and
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1495, a small packet charge was slowly developed in the volume of the insulation. The
externally applied electric stress in these experiment was within the range between ~12
kV/mm and ~18kV/mm, which is believed to be much lower than the stress in plaque

samples where it ranged from 36kV/mm to 42kV/mm for the thickest and thinnest

samples.

Table 7.1 Charge formation in ramp test and final charge polarity after 24 hour ageing

Cable sample Fast charge Space charge after Charge Charge
during ramp 24hr ageing building-up decay
1491 Fresh Heterocharge at | Large heterocharge at | Fast Fast
sample | cathode cathode;
Homocharge at | Small homocharge at
anode anode
Degassed | No appearance | Small positive charge | Slow Slow
in the central
insulation
1494 Fresh No appearance | Large homocharge at | Moderate Slow
sample anode
Degassed | No appearance | Small charge
appearance
1495 Fresh No appearance | Large heterocharge at | Moderate Slow
sample cathode;
Small homocharge at
anode
Degassed | No appearance | Small positive charge | Slow Slow
in the central
insulation

Electron and/or hole injection at the electrode-dielectric interface is believed to
dominate the space charge accumulation in the degassed XLPE or the pure LDPE [32,
39], and the injection is mainly controlled by the applied voltage (or stress) for a given
dielectric and electrode interface. Therefore, the charge injection effect at the electrode
and dielectric interface may be too weak to develop noticeable homocharges within the
ageing time and with an electric stress similar to those in the cable experiments.
Alternatively, for an appreciable space charge accumulation under the lower stress, a
relatively long ageing time may be required. Sanden [133] had observed in a degassed
XLPE planar sample under the applied stress of 40kV/mm that the initially formed
heterocharge near the cathode was gradually replaced by a homocharge after about

2000 hours of ageing. This example on the other hand implies that the effect of the bulk
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and interface on space charge generation may occur at the same time but the
homocharge resulting from interface injection needs higher stress or longer stressing
time. This may also be the reason for no fast charge appearing in a degassed plaque
sample during the ramp test, but finally coming out after a certain time of stressing.

The small packet charge within the volume of the degassed insulation in a cable
sample may be attributed to the ionization of remaining traces of impurities after the
degassing.

Consider now the undegassed cable samples, most of them displayed a much more
active space charge process than the degassed sample. Throughout the ageing term,
there was dominant heterocharge (positive) formation near the cathode in cables 1491
and 1495. At the same time a packet of positive charge was formed at the place close to
but not adjacent to the anode in cable 1491. This also occurred in cable 1494. However,
no space charge formation was found at the cathode of cable 1494 or at the anode of
cable 1495. The main reason for these asymmetric and uneven space charge
distributions may be the uneven concentration of impurities in the polymer. The non-

uniform electric stress across the insulation may be another reason.

7.4.2 Charge build-up speed

In practice it may be difficult to compare the rate of space charge accumulation in the
different samples because of charges in each cable have distributions which are
different in both position and charge polarity, especially when the divergence of
electric stress and the residue distribution throughout the cable insulation become the
major factors influencing the space charge development.

In this research, we use the concept of “relative speed”, which is defined as the time
needed by the space charge to reach its maximum density. The maximum space charge
can be positive or negative, and can also be anywhere in the insulation. This
comparison should give a more general judgment on the effect of different XLPE
modifications in controlling space charges. The space charge accumulation in the
degassed samples is too small for this comparison, so figure 7.16 illustrates only the

maximum charge density variation with ageing time in the undegassed cables.
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Figure 7.16 Percentage of charge built up by 24 hours in undegassed cable

Amongst these samples, the space charge accumulation in cable 1495 was much
slower compared with the others and maintained a constant accumulating rate
throughout the whole ageing process. On the other hand, the space charges in cables
1491 and 1494 accumulated very quickly in the first few hours and then slowed down
to a relatively low speed. Particularly, in cable 1491, an appreciable charge had already
been generated during the voltage ramp, but in the following ageing hours the rate of

charging was fairly slow.

7.4.3 Maximum space charge density

The bar-chart of figure 7.17 shows the maximum space charge density in different
cables under fresh and degassed condition. Cable 1494 exhibits a low maximum charge
density both before and after the degassing, while samples 1491 and 1495 have
relatively high charge densities. As the space charge in cable 1495 remains
comparatively stable after it has built up, it is much more harmful than that in the other
two samples. This situation should be avoided in dc cable insulation design [132].

The effect of degassing on space charge generation in the material is confirmed
once more by these results. No matter how high is the space charge density in a fresh
sample, heat treatment can significantly reduce the space charge accumulation.
Whether the degassing process can completely stop the space charge generation in

cable insulation is not yet certain. It needs to be investigated by long term ageing tests.




0.6 4
0.5
0.4

0.3
0.2
0 L
0 T
Cable 1491 Cable 1494 Cable 1495
HE Undegassed HDegassed

Max charge density (C/m°)

Figure 7.17 Maximum space charge density after 24-hour ageing

7.4.4 Space charge decay speed

The rate of space charge decay in the undegassed cables can be quantified by the ratio
of the total charge after certain time of decay to the initial value. The decay rate for
each cable is presented in figure 7.18. It is easy to see that cable 1491 has an extremely
fast decay rate, like it has a fast build-up speed. On the other hand, the space charge in
undegassed cable 1495 is so stable that it is difficult to see any charge dieing off over
the whole decay time. Just as it has a lower decay rate, so also does it exhibit a slow

space charge accumulation speed in the ageing process.
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Figure 7.18 Space charge decay speeds of different cables

In spite of small charge accumulation in the degassed sample, its decay speed is
extremely slow in comparison with that of the corresponding fresh sample. It has been

mentioned previously that the space charge in the degassed sample possesses a low
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accumulation rate. A preliminary conclusion can therefore be reached from the above
results that the faster the space charge builds up, the faster it decays, and vice versa.

This phenomenon will also be observed in chapter 8 for the plaque samples.

7.4.5 Space charge distribution shapes

Space charge distributions in power cables are not similar in form to those observed in
most polymer film samples where homocharges or heterocharges are accumulated
mainly in the region near the electrodes. Instead, most space charges in cable samples
exhibit a packet shape located elsewhere across the insulation. For instance, a small
packet charge developed in the central part of the insulation in degassed cable 1495;
and two positive bulk charges were near the anodes in undegassed cable 1491 and
1494. Similar space charge distributions of packet shape were also found across the
cable insulation in the researches of Wang et al [23], Fleming et al [82] and Lim et al
[134]. There may be two reasons causing these differences between sheet samples and
cable samples. One is material’s homogeneity. Due to the relatively small thickness of
the sheet sample, it is easy to make the material homogeneous and get an even
distribution of impurities, if there are any. In the thick insulation of a power cable,
however, the material may easily remain inhomogeneous both in morphology and
impurity distribution. These factors will directly influence the space charge distribution
across the insulating material. Another reason, of course is the non-uniform applied
electric stress which initiates the space charge at different locations by different
amount.

Some power cables may employ different materials for the inner and outer
semiconducting layers, such as the ac XLPE power cable tested previously. From
measurement of its space charge, it has been found that these two semiconducting
materials have considerably different capabilities for space charge generation in the
adjacent insulation. The homocharge was always found at the vicinity of the outer
semiconductive electrode under both the positive and negative voltage, but not at the
inner electrode, although the initial electric stress here was higher than that at the outer
sheath. Moreover, a large heterocharge (to the outer electrode polarity) was generated
just beside the above-mentioned homocharge. In view of the similar charge densities
adjacent to the outer sheath under the two opposite polarities, it seems that the material

used for the outer semiconductive layer possesses equal ability for electron injection

113



and hole injection (or electron extraction) to or from the XLPE insulation. On the other
hand, the material used for the inner electrode causes little charge injection under the

same condition, i.e. of electric stress and interface with the XLPE material tested here.

7.4.6 Origin of the “mirror image effect”

The reason for the “mirror image effect” in space charge distribution in the commercial
ac XLPE power cable is explained below.

As stated in Chapter 2, space charge accumulation in XLPE is generally considered
to be the result of electron injection or extraction at the electrode/insulation interface,
and/or the ionization of impurities in the bulk material by electron or ion separation.

When the cable insulation is first stressed with a positive voltage at the central
conductor, electron injection from the cathode occurs simultaneously with the
ionization of impurities in the bulk material. Although some volatile byproducts of
cross-linking may be removed by the thermal treatment during manufacture, some
organic or inorganic impurities may still remain in the insulation [23]. Ionization of
these impurities under electric stress inevitably results in the bulk space charge [32, 35,
87] in the insulation. At the interface (say the outer electrode, the cathode) if the
electron injection rate at the cathode exceeds the electron migration rate, a negative
space charge begins to accumulate adjacent to the cathode in the insulation. This
accumulation of homocharge will, in turn, increase the height of the barrier through
which the electrons must travel to enter the insulator, and consequently the injection
will decline. On the other hand, this newly injected negative charge layer will enhance
the electric field strength in the material between this homocharge and the anode. As a
result, the bulk effect of ionization will be advanced.

The same event may occur at the anode when the negative voltage is applied to the
central conductor. Positive charge will begin to accumulate adjacent to the outer
electrode (anode) due to the electron extraction or hole injection into the dielectric
material.

According to Lewis [135], electron transfer by tunnelling through an
electrode/insulator interface, no matter the direction, will involve only a narrow
“window” of combined donor and acceptor states in the insulation, centred on the

Fermi level and the states within the same energy range in the electrode. For a given
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electrode (same material), the equilibrium barrier heights and widths for electron
extraction and injection must be equal.

The interface injection effect in this situation will finally arrive at equilibrium due
to the decline of the interfacial stress as the homocharge is formed at the outer
electrode. Since the height and the width of a given barrier depends on the local electric
stress, in the present case the equal amount of negative and positive charge close to a
given electrode will be obtained under two opposite voltage polarities. This leads to the
same but opposite charges being generated near the outer electrode at two opposite
stressing polarities.

The bulk effects on the space charge generation within the volume of the insulating
material will be the same under two opposite stress polarities. Packet charges in the
central material are generated by the ionization of impurities and are normally assumed
to have negligible mobility so, under the opposite polarity stresses of equal strength,
they are reckoned to give the “mirror image” distribution too.

This discussion also applies to the situation of heterocharge development if the
material has a high charge migration. Under two opposite stressing polarities, a
corresponding sequence of events and similar equilibrium condition will occur except
when the voltage is reversed. The previously formed charge is quickly transported to
the electrode with opposite polarity before being neutralized by the new local charge.

This test was conducted on two pieces of cables stressed with different voltage
polarities separately. Space charge with the “mirror image” pattern was also obtained in
a cable which was stressed at one voltage polarity until equilibrium was reached and
was then switched to the voltage of opposite polarity. Results of this test will be

presented and discussed in chapter 9.
7.4.7 Electric stress distribution modified by the space charge

Accumulation of space charge in the insulation of power cable under dc electric stress
increases the field stress at some places, and decreases it at others. The increased field
stress may exceed the “threshold electric stress” above which electric ageing takes
place in the insulation. This could lead to premature failure of the cable.

The distorted electric stress distribution across the cable insulation due to the space

charge is calculated by the method introduced in chapter 6. Some results are presented
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in figure 7.19, where the electric stress is derived from the final space charge

distribution after the cables have been aged for a certain time.
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Figure 7.19 Electric stress distribution across the cable insulation after 24hr ageing

Figure 7.19 shows that the externally applied electric stress in the undegassed cable
has been crucially distorted by the space charge appearance. The worst situation
occurred in undegassed cable 1491 and 1495, where a large bulk of positive charge
(heterocharge) had formed close to the outer sheath (cathode) and resulted in a
significant increase of interfacial stress at that location. The stresses at the outer sheath
in these two cables reached 24kV/mm and 31kV/mm respectively, much higher than
the designed values for the cable geometries. On the other hand, in the central part of
the insulation and in the region near the inner electrode, the stress has been reduced to a

certain extent.
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Due to the positive charge adjacent to the inner electrode (anode) in the undegassed
cable 1494, the electric stress in the region near the inner electrode is appreciably
reduced. At the same time, the stress within the region from the position of the positive
packet charge to the outer sheath is enhanced. The highest electric stress appears in the
central part of the cable insulation with the value about 18kV/mm.

With the exception of cable 1495, most of the degassed samples didn’t show very
significant space charge accumulations in their insulations, so the electric stress
distributions derived from the space charge measurements agree well with those
calculated from the geometries. In the case of degassed cable 1495 some net positive
charge has formed with a relative even distribution along the cable insulation. As a
consequence, the electric stress at the inner interface of the electrode/insulation is

reduced, while enhanced at the outer interface.

7.5 Conclusions

Space charge measurements have been carried out on three types of prototype power
cables which employ different modified XPLE insulations under both fresh and
degassed conditions. The characteristics of the space charge within these materials are
studied in term of the accumulation speed, distribution profile and decay property.
Tests were also conducted on a commercial XLPE power cable, with different
semiconducting materials at the inner and outer electrodes. Based on the above results,
the following conclusions may be drawn.

Firstly, degassing treatment removes the residues after the cable manufacture and
can considerably reduce the space charge accumulation. For the same cable insulation
in a fresh condition, a considerable charge could develop within 24 hours of ageing
although the charge profiles differ from sample to sample. Conversely, the charge
accumulation in the degassed sample was much less active or even non-existent over
the whole period of ageing. These results show that the byproducts of the cross-linking
and other additives play an important role in the space charge accumulation in XLPE.

Secondly, amongst the results from different cables, no two samples showed similar
space charge distribution shapes. Even in the same sample, the space charge at the
inner and outer interfaces of the electrode-insulation also possessed quite different
charge accumulation. In addition to the influence of the non-uniform applied electric

stress, the inhomogenity of the insulating material (which includes the morphology and
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impurity distribution) is the main reason for the asymmetric space charge distribution
through the cable insulation, unlike that which is found in the film sample.

Thirdly, the differences between the space charge behaviours in these prototype
cable samples are very significant. In the undegassed condition, cable 1491 showed the
most active space charge accumulation. Even in the voltage increasing procedure, a
considerable heterocharge formed in the vicinity of the cathode. This cable also held
the highest space charge density, 0.52C/m>, amongst all of the samples. Cable 1495
also had a strong ability for space charge accumulation. After ageing for 24 hours at
80kV, a broadly distributed heterocharge (positive) had generated near the cathode in
the undegassed sample. The highest charge density in the bulk of the material has
reached 0.37 C/m®. However, the difference among the degassed samples is not very
substantial except for the formation of small positive packet charge in the centre of the
insulating materials of cables 1491 and 1495.

These samples also displayed large difference in space charge build-up rate. In
undegassed cable 1491, the space charge built up quickly at the beginning of the
application of the external voltage. During the ramp test, the space charge had reached
approximate 60% of its maximum density at the end of the ramp and then gradually
arrived at its maximum value in the following steady state. Cable 1494 also showed a
relatively high charge-accumulating rate. Surprisingly, it was noticed that the space
charges in these two samples also possess a relatively high decay speed. On the
contrary, the space charge decayed extremely slowly in cable 1495, just as its charge
accumulation speed was slow. In view of these results, it can be concluded that the
space charge build-up speed and the decay speed accord with one another, i.e. the faster
the space charge develops, the faster it dies out, and vice versa.

The electric stress distribution derived from the space charge measurement has
supplied a direct and quantitative way of understanding the impact of the space charge
on dc cable insulation. Clearly, the appearance of space charges in the undegassed
cable seriously distorts the geometry-governed electric stress (so called the designed
electric stress). The electric field strength at some positions in the insulation is reduced,
but in other places is dreadfully enhanced. For instance, in cables 1491 and 1495 the
electric stress at the outer sheath is doubled due to the heterocharge near the electrode.
The positive packet charge in the undegassed cable 1494 causes the highest electric

stress to occur in the central part of the insulation instead of at the interfaces.

118



Based on the above results, the “recipe” used in cable 1494 seemed to have a
favourable property from the space charge suppression point view. The material used in
cable 1495 has a high charging ability even after degassing, and a stable charge
distribution. These are weaknesses in comparison with others.

Finally, it is concluded that the “mirror image” effect in the space charge
distribution under two opposite stressing polarities is likely to be a common
phenomenon in XLPE insulation within the electric stress range discussed in the
project. This conclusion is drawn from the present work and from other papers in the
literature [23, 89]. The result from the XLPE cable with different semiconductive
layers suggests that the material used at the outer sheath has a higher charge injection
(or extraction) ability than that used at the inner electrode. It indicates that the

semiconductive layers also play an important role in the formation of space charge in

the material.
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Chapter 8

Space Charge Measurement in Thick Planar Samples

8.1 Introduction

Research into the space charge characteristics in insulated dc cables is time consuming
and costly because of the difficulty of the prototype cable preparation, many
experiments still need to be carried out on plaque samples to investigate the effect of
insulating material modification. The planar samples for this test can be made of
different modified materials and semiconductive electrodes, and can be prepared
exactly in the same processing procedure as the cable manufacture. A sample made for
this research is usually thicker in order to reduce the surface effect of the tin film
samples. Therefore, in the application of the PEA system for thicker plaque samples, a
relatively high voltage has to be applied across the sample to obtain an adequate stress
for the space charge formation. Of course, the attenuation and dispersion of the acoustic
wave propagation through the thick sample is another concern in the precise
measurement of the space charge distribution.

In this chapter, the PEA system suitable for thick plaque samples and the relevant
data processing technique are briefly introduced.

To investigate the effect of the modification to XLPE insulating materials on space
charge characteristics, a batch of thick plaque samples made of different amended
XLPEs were tested using this system. The space charge results among these samples
have shown a great variation in the fast charge initiation in the voltage ramping

process, in the charge accumulation over the ageing term and in the space charge decay
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after the removal of the applied voltage. Unsurprisingly, the space charge generation in
the sample is obviously affected by the degassing conditioning. To obtain more
informative insight into this issue, the samples subjected to different degassing
treatment (i.e. at the conditions of fresh (undegassed), partially degassed (0.5% residue)

and thoroughly degassed) were also studied in terms of space charge accumulation and

decay.

8.2 Set-up of the PEA system and data processing for thick plaque samples

8.2.1 PEA system for plaque samples

The photograph in figure 8.1 shows a view of the PEA system for thick planar samples
and is of the same principle as illustrated in figure 2.4. The embedded coupling
capacitor bank consists of three individual capacitors in series, each one with a rating
voltage of DC 40kV and a capacitance of ~2700pf. To satisfy the requirement of a
relatively high stressing voltage across the sample, besides the application of voltage
bushing on the high voltage electrode, adequate flashover distance is also required for
the sample along its surface from the upper electrode (high voltage) to the ground
electrode, thus a bigger sample in size is required in the test. This makes it difficult to
maintain an even contact between the sample and the electrode insulator surfaces.
Some air gaps may inevitably be formed between them. As a result, the flashover
voltage across the sample is significantly reduced. At the beginning of the test, this
problem frequently occurred through this air gap path over the surfaces of sample at a
voltage over 50kV. This difficulty was successfully solved by smearing some silicone
grease around the embedded semiconducting electrode of the sample. The PEA system

enables a dc voltage as high as 100kV to be applied across the sample.
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Figure 8.1 Photograph of the PEA electrodes system for the thick plaque sample

8.2.2 Data processing

Chapter 5 discussed acoustic wave propagation in cable insulation and showed the
significance of the attenuation and dispersion of the acoustic wave. This will also be
significant in the thick plaque samples and will give a lower detecting sensitivity and
poorer spatial resolution of the charge layer in the sample far away from the transducer.
A similar data compensation algorithm to that used in cable sample was developed to
correct the effects caused by the acoustic pressure travelling through the planar sample.
The program interface and its block diagram are presented in Appendix B. Diagrams
in figure 8.2 (a) and (b) show an example of the space charge distribution at the
calibration voltage before and after compensation for the acoustic signal propagation.
The attenuation and dispersion effect of the acoustic wave is clearly indicated in the
peaks of the induced surface charges at the two electrodes in figure 8.2 (a). The signal
from the upper electrode (the peak on the right hand) appears lower and wider when it
arrives at the transducer after transmission through the sample thickness. Owing to the
uniform distribution of the electric stress throughout the planar sample, the induced
surface charges at two electrodes should have the same charge density if there is no
bulk space charge present in the volume of the dielectric material, like the profile
shown in figure 8.2 (b), two surface charges have the same density and distribution.
Similarly, due to system response, the previously discussed deconvolution technique

also has to be applied in this system.
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Figure 8.2 Space charge profile (in calibration) before and after attenuation and

dispersion compensation

8.3 Sample preparation and test procedure

8.3.1 Samples

The samples tested in the research are reference XLPE and modified XLPEs. All have
the same semiconducting electrodes made of crossing-linked polyethylene with carbon
black and other additives. In order to understand the influence of the residue on the
space charge formation, samples having been subjected to different treatment
containing a variety of cross-linking byproducts were also tested. Figure 8.3 illustrates

a sample’s dimensions and its cross section.
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/

|
|

A-A

Figure 8.3 Sample dimension and its cross section

123



Apart from the flashover problem mentioned in the preceding section, several
samples from the first batch failed due to electrical breakdown occurring at the edge of
the semiconducting electrode in the voltage ramp procedure or during the ageing test.
For this reason, one more sample was sectioned through the test region to check the
attachment between the semiconducting electrode and the bulk insulating material, the
condition of the insulation and the profile of the electrode. No significant defect or poor
quality was observed in the insulation except for the sharp inner edge of the
semiconducting electrode. This is believed to be the main reason for the electrical
failure of the sample as it raising the stress in the vicinity of the edge. The photograph
in figure 8.4 shows the sharp electrode edges and an electrical breakdown path running
through the sample insulation from the upper electrode to the ground. A

semiconducting electrode with a rounded edge was used in the subsequent samples.

iGround electrode

p electrode (+)

Figure 8.4 Image of breakdown path through the sample

Commercial confidentiality denied us knowledge of the composition of the
modified XLPE and its processing procedure except for the thermal treatment. The
plaque samples tested are therefore coded and listed in Table 8.1. There were two

specimens of each sample, and both were tested with good reproducibility.

8.3.2 Experimental procedure

Space charge measurements on each sample started with the ramp with an applied
voltage ranging from low to the required value of 70kV. As mentioned in Chapter 7,
the intention of this experiment is to find the threshold voltage above which a bulk

charge starts to accumulate in the sample. The calibration voltage must be lower than

this value.
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The space charge measurement was then carried out over a certain period of ageing
time with the external voltage continuously applied. The space charge distribution in
most of the samples reached its equilibrium within 24 hours, and some them even
sooner. At the end of the ageing test, the space charge decay test was conducted by
recording the space charge profile at different time intervals as the applied voltage was

removed and the conductor and the outer sheath was short-circuited.

Table 8.1 Plague sample’s code, series number and treatment

Undegassed Partially degassed Degassed
(0.5% residue)
P3 % (Flashover) v % (Failed in
(Reference XLPE) ramp)
¥ (Flashover, v ¥
retested)
P28 v v % (Failed at
(Modified XLPE) 1.5 hrs)
% (Failed at 4 ¥ v
hrs)
P29 v v v
(MOdlﬁed XLPE) X (Falled at v v
12 hrs)
P30 v v v
(Modified XLPE) ¥ v v
LDPE v
(No peroxide)

8.4 Space charge measurement results

8.4.1 Ramp voltage test

The voltage ramp test results from different samples are presented in figure 8.5, in
which the variation of the induced charge at the two electrodes with the external
applied voltage is plotted. In order to minimize the influence of the stressing time on
the charge formation, the measurement at each voltage value had to be carried out
quickly. Hence, only the peak heights of the induced surface charges at the upper and
the ground electrodes were read directly from the oscilloscope in units of voltage. Due

to the attenuation of the acoustic signal across the sample, the peak height of the upper
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electrode (away from the transducer) is lower than those from the ground electrode.

However, its measured variation with the external applied voltage is exactly presented.
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Figure 8.5 Relationship between the induced surface charge and the external

voltage

The first degassed sample P3 failed during the voltage ramping, so the ramp test on
the second sample was terminated at 50kV. In order to avoid any other failure in this
sample, the space charge distribution was initially measured at 50kV for 24 hours and
the result showed no space charge accumulated at this voltage. After that, the ageing
voltage was upgraded to 70kV for another 24 hours. In the next batch of samples, the
inner edge of the semiconducting electrode had been improved to reduce the electric
stress concentration. With the aid of silicone grease smeared on the sample surface
around the semiconducting electrode, flashover never happened in the subsequent
experiments at voltages as high as 70kV.

From the ramp results presented in figure 8.5, it is noticed that for all the degassed
samples and the two samples with 0.5% residue a linear relationship exists between the
external voltage and the induced charges at the electrodes. These results indicate that
no space charges are accumulated over a short time in the bulk materials at voltage
between 0 kV and 70 kV. On the other hand in almost all of the fresh samples and in
some partially degassed samples, space charge accumulation in the bulk material was
initiated when the applied voltage reached about 50kV. As a result, the induced surface

charge density at the electrodes started to deviate from its linear tendency as illustrated
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by the dotted line. These results have also validated the charge density calibrations,

which were carried out at 25 kV on all the samples.
8.4.2 Space charge evolution during the long-term ageing

The space charge measurement results from all the planar samples are presented in this
section. Ageing tests as long as 24 hours were conducted by taking space charge
measurements at intervals over the ageing term. The charge profile titled “0 time” in
each diagram stands for the result obtained soon after the voltage ramp process, and

indicates the total space charge accumulation during the voltage ramp.

8.4.2.1 Sample P3

Sample P3 is made of reference XLPE material. Samples were subjected to three
different treatments, i.e. degassed at 90°C in an oven for three days, partially degassed
with 0.5% of residue and not degassed respectively. Owing to the failure of the first
degassed sample in the ramp test, the other one was tested at 50 kV for 24 hours to
acquire some data in the case of electrical breakdown happening again before the
voltage was increased to 70 kV. However, under neither voltage was there any space

charge formed in this degassed sample.

Volts on

Figure 8.6 shows the space charge distribution and progression among the samples
with different residue contents. From the results of the undegassed sample and the
partially degassed samples, it is seen that the influence of the residue content on the
charge distribution is not very significant. In figure 8.6 (2) and (b), two samples almost
have similar space charge distributions after 1 hour stressing. However, the charge
accumulation speed is obviously affected by the residue in the sample. In the ramp test
of the undegassed sample, a quite considerable charge had built up, whereas in the
sample with 0.5% residue, most of the charge formed in the following one hour ageing
after the voltage ramp. Due to the flashover occurring along the surface of the
undegassed sample from the semiconducting electrode to the ground, no further data

after one hour of ageing could be obtained as the test was terminated. Figure 8.6 (c)
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displays the results of the degassed sample being aged at 70 kV for 24 hours. Even

though the sample had been aged at 50 kV for 24 hours and another 24 hour at 70 kV,

no space charge appeared.
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Figure 8.6 Space charge profiles of sample P3 (volts on)
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As a remedial measure, the undegassed sample was retested two weeks later after
the burnt track of the flashover had been removed and the silicon grease had been
smeared around the electrode. The result is plotted in figure 8.7. As calibration was
required before the retest, the sample had to be left short circuited to release any
previously formed charge. Natural degassing of the sample was unavoidable during this

time. So the space charge distribution is much lower than that in the last experiment.
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Figure 8.7 Re-tested result of the undegassed sample P3

Volts off

Space charge distributions were also measured at the different times over the ageing
term after removal of the external voltage to check the homocharge, which may be

merged into the surface charge due to the external voltage. The results are shown in

figure 8.8.
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Figure 8.8 Space charge profiles of sample P3 (volts off)

Results from the volts on and off tests have shown the same space charge
distribution in the bulk of the material except in the degassed sample, in which a very
small homocharge was developed but was not observed when the voltage was on. In the
absence of the induced surface charge due to the external stressing voltage, the

homocharge in the degassed sample is clearly observed, as shown in figure 8.8 (c).

Charge decay

Space charge measurements on each sample were followed by space charge decay tests,
in which the two electrodes were kept short circuited after the removal of the voltage.
The space charge profiles measured at different times are plotted in figure 8.9, where
the charge diminution characteristics are displayed. It must be pointed out that the
results reported in 8.9 (a) from the undegassed sample are from the second experiment

with a comparatively low space charge density in the volume of the material. After the

131



flashover in the first test, no decay test was carried out since the pulse voltage could not

be applied across the sample.
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As the undegassed sample and the sample with 0.5% residue have a heterocharge

accumulation, they possess a fast space charge decay speed in comparison with that of

the degassed sample with a homocharge.

8.4.2.2 Sample P28

Volts on

Space charge measurements in sample P28 with the external voltage applied are shown

in figure 8.10.
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Figure 8.10 Space charge profiles of sample P28 (volts on)

Without exception, the undegassed sample possesses a relatively fast charge
generation speed, as shown in figure 8.10 (a). After the fast heterocharge accumulation
in the voltage ramp, the space charge distribution through the sample almost reached
saturation within the one hour in the ageing term. In the sample with 0.5% residue, the
space charge accumulation slowly progressed and saturated in about 8 hours. The space
charge evolution in this sample over the whole ageing period is displayed in figure 8.10
(b). The final charge distributions between these two samples are very comparable after
24 hours ageing. Unlike in the P3 material under the degassed condition, no space

charge was observed in the P28 material over the whole ageing time.

Volts off

In the same way, to determine the space charge development in the bulk material,
the measurements were also conducted as the applied voltage was switched off. The
results are presented in figure 8.11. The amount of charge in the undegassed sample is
higher than that in the sample with 0.5% residue. The lack of space charge
accumulation in the degassed sample is plain from figure 8.11 (c), where a straight base

line is shown when the voltage was removed after 24 hour ageing.
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Figure 8.11 Space charge profiles of sample P28 (volts off)

Space charge decay

As in the undegassed sample P3, the space charge in P28 also possesses a fairly high

decay speed. In figure 8.12 (a), the massive heterocharge in the bulk material has died
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off within two hours after the electrodes were short-circuited, whereas the sample with
0.5% of impurities displays a completely different charge decay property. The space
charge generated in this sample is so stable that no significant variation is observed
from the charge profiles presented in figure 8.12 (b) over an 8-hour decaying time. No

decay test was carried out in the degassed sample because of the absence of the charge.
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Figure 8.12 Space charge decay of sample P28

8.4.2.3 Sample P29

Space charge measurements on P29 were conducted following the same process as in

the previous samples.

Volts on

Space charge accumulation activity was much less in this modified material compared
with the reference material and the sample P28. As shown in figure 8.13 (a) and (b),

small and slow heterocharge was developed in the sample under fresh or partially
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degassed conditions over the entire ageing time. In figure 8.13 (c), as expected, no

space charge accumulation in the degassed sample is observed.
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Volts off

The space charge evolutions in this bunch of samples are displayed in figure 8.14 when
no induced surface charges appear due to the external voltage. Again, the amount of
charge I the bulk in the undegassed sample is higher than that in the sample with 0.5%
residue. The result in figure 8.14 (c) clearly indicates no homocharge accumulation in

the sample under the degassed condition over the whole ageing time.

6
i 1
' 1
i —o0time i
4 E —thr [T -
a— I —24 hr :
1
52 : !
St 1
1]
£, E 2
H i i
T : i
) ! |
&2 A i
£ i 1
(8] i 1
1 1
4 ; :
1 1
1 1
1 i
-6 T it T
0 1 2 3 4 5
Position (mm)
(a) Undegassed sample
6 T
1 1
1 ]
4 i i
_ i [~ otime| i
e H —1hr '
52 : —24hr !
= | i
2 : :
. P N— —
5 0 Ty 1
o 1 1
) ' ‘
22— ; :
S i i
o 1 1
4 i : —
1 I
1 1
1 1
-6 T ! T . ! T
0 1 2 3 4 5
Position (mm)

(b) Partially degassed sample with 0.5% residue

138



ageing for 24hr
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Figure 8.14 Space charge profiles of sample P29 (volts off)

Space charge decay

After the stressing test, the sample was left for the space charge to decay for as long as
12 hours and the results are shown in figure 8.15. Surprisingly, the space charges in
both the fresh sample and the sample with 0.5% residue are very stable, although they
are of low charge density. Decay tests were not carried out on the degassed sample

because of no charge appearance.
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Figure 8.15 Space charge decay of sample P29

8.4.2.4 Sample P30

Volts on

Another modified XLPE sample is P30. Despite the modification to the material, space
charge accumulation in the undegassed and partially degassed sample is still very
active. This is clearly shown in figure 8.16 (a) (b). In both cases, a considerable amount
of heterocharge was formed during the voltage ramp test, and then reached its
equilibrium state within about one hour in the following ageing process. The fresh
sample has a slightly higher charge density than the sample with 0.5% residue. For the
degassed sample, it is hard to discern any changes of charge formation under the

applied external voltage from the result shown in figure 8.16 (c).
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Volts off

The results in figure 8.17 with no applied external voltage show the same space charge
evolution in the ageing test except for the case of the degassed sample. A small

homocharge is revealed in figure 8.17 (c).

141



o

1
e I
‘ —0time [
—1hr :
J —24hr '
D 1

1
1
T
1

»

N
|
|

Charge density (C/m°)
o

L E
" E
% ;
0 1 2 3 4 5
Position (mm)
(a) Undegassed sample
6

—1hr
[ —24hr

N »
|
|
|
N

Charge density (C/m"®)
o

1
1
:
—0 time :
1
1
1
1
1

N

A

&

1 2 3 4 5
Position (mm)

(b) Partially degassed sample with 0.5% residue

o

6 T T
1 1
1 1
dg—————— i —~
— i —10hr :
S 2l o | :
z ; |
a =, el
dc) 0 1= =
H E :
52 i i
5 ! 1
a i i
i i
1 1
] . : — ‘
0 1 2 3 4 5
Position (mm)
(c) Degassed sample

Figure 8.17 Space charge profiles of sample P30 (volts off)

Space charge decay

The space charge decay of sample P30 is plotted in figure 8.18. Both the fresh and the
partially degassed sample exhibit a fairly high decay rate, as seen by the profiles in
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figures (a) and (b), whereas the homocharge generated in the degassed sample

possesses a high stability after the external stressing voltage was removed.
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8.4.2.5 Sample LDPE

For reference, the space charge distribution and its development were also measured on
a low-density polyethylene (LDPE) sample. This has been prepared by thermal
pressing, and no peroxide was added to the sample. The test pursued the same
experimental procedure as the modified XLPE samples.

From the ramp test result shown in figure 8.19 (a), the linear relationship between
the induced surface charge and the external voltage suggests no space charge appearing
in the voltage increasing process. Within the following ageing period, homocharges
gradually accumulated in the bulk insulation at the vicinities of electrode, as shown in
figure 8.19 (b) and (c). The latter one shows more clearly the presence of homocharge
in the sample. Like all the homocharges observed in the previous degassed XLPEs, the

homocharge in this LDPE sample also showed a very slow decay speed, as illustrated

in figure 8.19 (d).

400
_Cathode —]

-~
T e

=

(%]
8
\

\

w
g
|

N
8

g

g

Peaks of output waveform (mV)
]
(=]

[<.]
o

o

10 20 30 40 50 60 70 80
Applied voltage (kV)

o

(a) Ramp test
6
— 0 time (after ramp) !
—1hr !
4 —2hr ——
& —4hr
£ —8hr
2 —.hr ¥/ O —
2 l—2a0e [}
7]
g0 i i
° 1 1
[ 1 1
82 — I
© 1 1
K= 1 1
(8] ]
e ; S ]
] I
] 1
r : - : —— ‘
0 1 2 3 4 5

Position (mm)

(b) Space charge profile (volts on)

144



(-2

F-

N

Charge density (C/m°)
N (=]

A

&

: 2 3 4 5
Position (mm)
(c) Space charge profile (volts off)

o

6 T T
i 1
| 1
: —decay 0 time :
4 1 —decay 1 hr 1 - 1
-— : —decay 2 hr :
g 1 —decay 4 hr 1
o2 T idecayehr [ ]
> 1 A |
= ! 1
2o A Lo
3 AV Vi
3 : !
2  — — —
T I 1
T) 1 1
| 1
4 i i
1 1
1 1
1 i
-6 L T 1 T
0 1 2 3 4 5

Position (mm)
(d) Space charge decay
Figure 8.19 Space charge behaviour of LDPE sample

8.5 Discussion
8.5.1 Threshold stress for the fast charge formation in ramp test

The ramp test results presenting the relationship between the induced surface charge
and the external voltage in figure 8.5 show that almost all of the undegassed XLPE
samples (except sample P29) have a heterocharge accumulation during the voltage
ramp process. As a result, the surface charge induced at the dielectric material and the
electrode interface increases more rapidly with the external voltage due to the
interfacial stress enhancement. This fact is clearly presented in the non-linear
relationship between the induced surface charge and the stressing voltage. The
heterocharge formation during the voltage ramp in two other partially degassed samples
(P3 and P30) was also observed in the same way. The threshold stress, above which

space charge starts to generate, is determined by dividing the corresponding voltage by
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the sample’s thickness. The specific threshold stress of each individual sample for the
space charge initiation is listed in table 8.2. For those specimens having no observed
charge in the voltage ramp test, the thresholds are described by the term “higher than”

(>) the stress determined by the maximum stressing voltage, e.g. 70kV.

Table 8.2 Threshold stress (kV/mm) of space charge formation

Un-degassed 0.5% residue Degassed
P3 28 31 >40
P28 33 >37 >38
P29 >40 >35 >41
P30 25 31 >42
LDPE >42

Obviously, in the undegassed samples (except for P29) space charges are initiated
at a relatively low electric stress compared with those of the corresponding partially
degassed or degassed samples. Amongst the undegassed samples, P30 has the lowest
threshold stress and its value is even smaller than that of the reference material XLPE
(P3). To assess the space charge behaviour at this stage, it seems that the modification
to the material of specimen P28 and P29 has achieved positive effects in suppressing
space charges. On the other hand, the modification of the material for sample P30 did
not show any improvement in space charge accumulation compared with that in the
reference material P3.

If the same materials are degassed by the thermal method to remove the volatile
impurities, the space charge accumulation can be suppressed to some extent or even
eventually stopped. For instance, the threshold stresses of samples P3 and P30 had been
increased from 28kV/mm and 25kV/mm respectively in the fresh samples (with
maximum residue content) to the values of 31 kV/mm in the sample with 0.5% residue.
If they are further degassed to remove all the cross-linking byproducts (the degassed
sample), no space charge at all may be quickly formed in the voltage ramp process.
Sample P28 behaved in a similar way after the degassing treatment. As in all the
degassed specimens, no space charge was observed in the LDPE sample when the
voltage ranged from 0 to 70kV, as the sample had no added peroxide or any other
additives.

From the above results, it could be simply concluded that the ionization of the
cross-linking residue in the XLPE insulation may take place at a relatively low electric

stress. This may be the main contributor to the fast space charge at low stress. This

146



demonstrates the leading role of impurities in governing space charge accumulation in

the bulk material.
8.5.2 Space charge polarity after 24hr ageing

From the above test results, it is evident that specimens with different modified
insulating materials and thermal treatments (degassing) have different space charge
development speeds and final charge distributions. In particular, samples with and
without residues may have space charge of opposite polarities in the volume of the
material adjacent to the electrode. Table 8.3 details the final space charge polarities of

these samples under different conditions.

Table 8.3 Space charge polarity of samples after 24hr ageing

Undegassed 0.5% residue Degassed
P3 Hetero Hetero Homo
P28 Hetero Hetero Not observed
P29 Hetero Hetero Not observed
P30 Hetero Hetero Homo
LDPE Homo

The results presented in this table clearly indicate that the residue or the impurity,
no matter how high its content, is the main source of the heterocharge. In samples like
pure LDPE or those from which impurities have been removed by degassing treatment,
it is very difficult to develop heterocharge under the electric stress applied in this test,
except for the small homocharge accumulation in some samples, such as LDPE, P3 and
P30. From the results of the degassed samples, one can therefore easily conclude that
the modifications to materials P28 and P29 are helpful in suppressing the space charge
accumulation in XLPE. Of course, the effect of the modification to XLPE on other
space charge characteristics, such as charge building up and decay speed, and charge
amount are other considerations to be taken into account in the material selection
process.

Additionally, the fact of the longer time requirement for the small homocharge to
develop in the degassed sample or LDPE sample may suggest that homocharge
formation is more difficult than heterocharge [132-133]. The former case may need
higher electric stress or longer time under the same electrode and dielectrics

arrangement in order to develop same amount of space charge.
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8.5.3 Space charge building up speed

As discussed in a preceding chapter, the time for the space charge to reach its saturation
status is the most practicable way to describe the space charge building up speed. It has
been observed that degassing treatment can radically influence the space charge
generation in these XLPE materials, so the comparison is made among different
samples, as well as different treatments.

The results shown in figure 8.20 reveal that for the samples having residual
impurities (which normally develop heterocharges as discussed in the previous section)
have shorter space charge saturation times than the degassed samples in which
homocharges appear. Among these samples, P3 and P30 display quite similar features
of space charge accumulation. In both of them in the undegassed or the 0.5% residue
condition, the space charge could reach its saturation distribution within 1 hour. The
development of homocharge in the degassed specimen was fairly slow.

As an exception, sample P29 shows a relatively slow space charge building up
speed in the undegassed sample and in the sample with 0.5% residue. Similar to the
degassed sample, thermally pressed LDPE has also shown a very low charge

accumulation speed.
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Figure 8.20 Saturation time of different samples

8.5.4 Maximum space charge density

To compare the charging ability of different samples, the maximum space charge

densities after 24 hour stressing are illustrated in figure 8.21.
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Among the four types of XLPE sample, irrespective of the concentration of the
residue within the material, P3 and P30 show higher charge densities than the other two
modified materials. In each type of XLPE, degassing treatment significantly reduces
the charge density, and even change the charging mechanism such as the formation of
homocharge in degassed P3 and P30.

By comparing the space charge densities in LDPE and degassed XLPEs, the former
material is seen to exhibit a much higher homocharge density than the other four
degassed XLPEs. On the assumption that no impurities remain in the thermally pressed
LDPE and degassed XLPE sample and provided the same electrode material is used,
the above results suggest that the cross-linked structure of the polymer has actually

suppressed the space charge accumulation.

8.5.5 Space charge distribution shape

In addition to the difference in the space charge polarity, building up speed and charge
density among the samples of different materials and residue concentration, a notable
difference also exists between the space charge distribution outline of sample P29 and
that of the other samples. In most samples, the space charge tended to accumulate in the
vicinity of the dielectric material and electrode interface, while in P29 the space charge
had a flat distribution and a deep location inside the sample away from the dielectric
and the electrode interface. The charge profile shown in figure 8.22 (a) is a typical
result of those found in most samples with certain amount of residue. The charge

locates dominantly in regions adjacent to the electrode. On the other hand, the space
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charge in P29 has a broader distribution through the sample thickness, as shown in

figure 8.22 (b).
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Figure 8.22 Comparison of space charge distribution between P29 and other samples

This distinctive distribution of space charge in P29 is also found in the sample with
0.5% residue. This feature must therefore be related to the unique nature of the residue
produced in the material processing. Mizutani et a/ [137, 138] and Kaneko et al [139]
have reported a similar finding in two types of LDPE (polymerised with a conventional
high-pressure method and a metallocene method respectively) but with the appearance
of homocharge. The space charge in one sample was closer to the electrode, and in the
other was spread away from the electrode. It has been suggested that injected carriers in
the material with a deeper charge distribution have a higher mobility. It is possible to
draw an analogy between their discovery and the case of P29. If the electron carrier is
liberated mainly by the bulk effect of instead of by electrode injection and has a
relatively low mobility, the positive charge, for instance, will have little chance to
transport to the cathode side and most of the carriers will reside where they are
initiated, so producing a broad distribution. In the same way, if the negative charge
carrier is fastened in the bulk material on other side of the material due to its low
migration, a flat negative charge layer will be formed close to the anode electrode. The
charge distribution, on the other hand, may also reflect the reside distribution in the
material. The low charge carrier mobility in the fresh or partially degassed samples of

P29 can also be proved indirectly by its low charge decay speed.
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8.5.6 Space charge decay rate

Space charge decay rates of different samples presented in section 8.4 have shown a big

variation associated with the different materials and different degassing conditions.

They are summarised and discussed as below.

Firstly, in most cases the space charge decay speed corresponds to its building up

speed, in that the faster the space charge accumulates, the faster it decays, or vice versa.

Typical results which lead to this conclusion are presented in figure 8.23 where P30

and P28 are regarded as typical fast charging and slow charging examples respectively.
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Figure 8.23 Space charge accumulation rate in accordance with decay rate
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As shown in figure 8.23 (a), space charge built up very quickly in the sample P30

(with 0.5% residue) and almost reaches saturation in one hour. Correspondingly, space

charge also decayed very quickly when the applied voltage was removed. Only ~20%

of initially accumulated charge was left when the sample was short-circuited for 8
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hours for discharge. On the other hand, in the sample P28 (0.5% residues, see figure
8.23 (b)), the space charge built up gradually and reached its equilibrium in about 15
hours after the ageing started. After leaving the sample electrodes short-circuited for 8
hours for the space charge to decay, there was still a high percentage of space charge
residing in the sample. The charge decay speed was fairly slow. The space charge in
samples P3 and P29 showed the same characteristics in the accumulation and the decay
process.

Secondly, homocharge in the degassed sample decays much more slowly than does
heterocharge in the undegassed sample. As shown in figure 8.24, heterocharge in the
undegassed sample P30 had a very high decay rate. After 3 hours, the maximum charge
density decayed to about 20% of its original value, while the homocharge accumulated
in the degassed sample was relatively stable. Of course, if we refer back to the section
8.4, we know that homocharge also has a very slow building up speed, which agrees
with the conclusion about the building up and the decay speed discussed previously.

Space charge evolution and decay in figure 8.19 (c) and (d) also show the same

features for the LDPE sample.
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Figure 8.24 Comparison of homo and hetero charge decay speed

o

For the degassed sample, the removal of residue means that the homocharge is
mainly contributed by electron injection at the cathode and extraction at the anode and
it accumulates because of the mobility of electrons in the material is low. The
homocharge due the trapped electrons and the left holes is more stable and as a

consequence the charge will decay slowly if the external voltage is removed.
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8.5.7 Electric stress distribution modified by the space charge

As a consequence of space charge accumulation in the insulation material, the external
applied electric field will be detrimentally distorted. To actually understand this effect
in the planar geometry, the modified electric stress distribution across the bulk of the
insulating material was drawn from the final space charge profile after a certain period
of ageing. The results are presented in figure 8.25, in which the evenly distributed
applied electric stress is also plotted for the convenience of comparison.

The method employed here to calculate the electric field is the same as that
introduced in chapter 6. in which the component attributed to space charge is derived

from the integration of the bulk charge along the sample thickness while the interface

stress is determined by the induced charge density.
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Figure 8.25 Electric stress distribution modified by space charge in plaque samples

As expected, the uniform electric stress distribution due to the externally applied
voltage is significantly distorted because of space charge in the fresh sample or in the
sample with some residues. As seen in the figure 8.25, the heterocharge has resulted in
the enhancement of the interfacial stress and in a stress reduction at the specimen
centre. In both fresh or partially degassed samples of P3 and modified P30 the large
bulk charge accumulation adjacent to the electrode causes the interfacial electric stress
at the anode to be increased from its applied value of ~36kV/mm to ~57kV/mm. No
charge was accumulated in the degassed samples P28 and P29, so the electric stress
distribution calculated from the space charge profile actually agreed with the externally
applied stress. Due to the small homocharge in P3 and P30, the electric stress in the
central area of the insulation has been slightly enhanced.

The influence of homocharge on the electric stress distribution is illustrated very

well by the LDPE sample because of its comparatively high charge density, and is seen
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in figure 8.26. As described previously, the interfacial stress between the insulation and

the electrode is actually reduced whereas the stress in the central material is enhanced.
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Figure 8.26 Space charge modified electric stress distribution in LDPE sample

To evaluate the effect of the modification on each material, a comparison was
conducted among the modified XLPEs from the aspect of the maximum electric stress
resulting from space charge accumulation. Figure 8.27 shows the maximum modified
electric stress in each sample through the insulation. The values here have been

normalised to the initial stress when no space charge was present.
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Figure 8.27 Comparison of maximum electric stresses among different samples

Owing to a large amount of charge accumulation in reference XLPE P3 and
modified XLPE P30, the electric stress at the interface of the insulation and the
electrode is ~1.4-1.6 times its original value. Modification in samples P28 and P29
obviously suppresses the space charge formation, but the final space charge distribution
still enhances the electric stress at the interface to some extent.

The homocharge in the LDPE sample has enhanced the stress in the central material

to about 1.1 times its externally applied stress.
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8.5 Conclusions

A brief introduction to the application of the PEA system for space charge
measurements in thick plaque sample is given in this chapter. Actual resultsof space
charge distributions from a batch of modified XLPEs and reference materials are
presented and discussed. Based on this research, the following conclusions may be
drawn.

Firstly, the PEA system introduced here is ideal for measuring space charge in thick
plaque samples which can be prepared exactly following the production of the
polymeric cable. It can be viewed as a necessary method for studying and selecting
materials for polymer insulated de power cables.

Secondly, space charge results have revealed significant differences between the
different XLPEs and the reference materials. They have proved the effectiveness of the
modification to the XLPE in suppressing space charges in dc insulation systems.
Amongst these modified XLPEs, the materials of samples P28 and P29 are the most
effective in preventing space charge formation. Neither sample displayed any space
charge formation when stressed at ~40kV/mm for 24 hours after being subjected to the
degassing treatment. Even in the fresh condition or with 0.5% of residue, these two
materials showed a lower space charge generating ability than the sample P30 and the
reference material (sample P3).

Thirdly, the by-products of cross-linking or the residual impurities play an
important role in the space charge accumulation in XLPE. For instance in sample P28
and P29, the modification to the material has reduced the space charge accumulation to
a certain extent in comparison with the reference XLPE (sample P3) in the fresh
condition, but a considerable amount of charge was still generated. When they were
partially degassed leaving 0.5% of residue in the sample, the space charge density was
impressively reduced. In the fully degassed sample, no space charge appeared in the
testing condition. In the other two degassed samples, P3 and P30, a small homocharge
was built up in the vicinity of the electrode. At this stage, space charge accumulation is
governed by the charge injection from the electrode.

Amongst the samples in the undegassed and partially degassed condition, sample
P29 displayed the lowest space charge accumulating rate and, the heterocharge
maintained an increase over the whole ageing period. In the sample of P3, P30 and

undegassed P28, the space charge almost reached saturation in the first two hours.
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However, the homocharge appeared in some degassed sample and in the LDPE showed
a fairly slow formation speed.

The space charge accumulation speed corresponds well with the decay speed. In
other words, the faster the space charge accumulates, the quicker it decays. It is also
found that homocharge in degassed material decays much more slowly than the
heterocharge in the same undegassed material.

Finally, the distortion of initial external applied electric stress caused by space
charge is significant. The highest electric stress in reference XLPE due to the

appearance of heterocharge reaches 1.6 times its original value.
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Chapter 9

Space Charge Distribution and Its Modified Electric
Stress Profile under the Applied Voltage Reversal

9.1 Introduction

Most dc transmission schemes in existence are provided with bi-directional power flow
capability. This is necessary and a quite usual operation in dc transmission system. The
power flow direction conversion is controlled by the exchanging roles of rectifier
(sending end) and inverter (receiving end). Thus to achieve a change in the direction of
the power flow, the voltage polarity is reversed too.

When the insulation of XLPE power cable is subject to a dc stress, and space
charge may form after a certain period of time. If such a space charge cannot move in
response to a sudden dc voltage polarity change, there may be a danger of insulation
failure as the localised electric stress can be very high. Such a problem may also be
encountered when the dc system suffers from transient overvoltage, which may be
caused by malfunction of the converter or by the intrusion of lightning surges.

In this chapter, the space charge behaviour within the XLPE cable under the
influence of external voltage reversal is investigated. The motivation for performing
these experiments is briefly summarised as follows:

e How does the space charge behave when there is a voltage polarity reversal?

e How does the rebuilding up speed of the space charge after the voltage reversal

differ from that under the previous polarity?
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e What will the modified electric stress across the insulation look like when the

voltage polarity is changed?
9.2 Experiment procedure

The tests were conducted on two commercially available ac XLPE power cables with
insulation thickness of 3.6mm and 2.8mm respectively. After the space charge
calibration, each sample was initially stressed from a low stress which was then
gradually ramped up to the required value. Space charge measurements were carried
out over the whole period of a subsequent ageing time under each polarity in turn to
observe the space charge evolution.

As soon as the space charge got stable, the external applied dc voltage was turned
off and the insulation of the cable sample was short-circuited for short time to release
the surface static charge. Finally, the dc supply was switched to the opposite polarity
and connected back to the sample again. The above implementation was finished within
about 90 seconds. The voltage of the new polarity was then stepped up to the desired
value, and the space charge distribution was measured at this reversed voltage in the
following time. The experimental procedure and the voltage application method are

illustrated in figure 9.1.

Voltage polarity
reversal

80kV —

Decay period

Ageing time

Measuring point

- 80KV
Figure 9.1 Voltage application form
9.3 Experimental results
9.3.1 Test of XLLPE power cable with 3.6mm insulation

Space charge accumulation with positive voltage at central conductor

After the space charge calibration at +30kV, the externally applied dc voltage was

stepped up to +80kV and the space charge was measured at each voltage. From the
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results shown in figure 9.2, it is noticed that no space charge accumulated in the voltage
ramping process (see the profile indicated as “0 time”). However in the following
ageing test, heterocharge gradually accumulated in the vicinities of the inner and outer

electrodes and reached a stable distribution in about 90 minutes.
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Figure 9.2 Space charge accumulation with ageing time (+80kV at central

conductor)

Space charge evolution after voltage switched from positive to negative

As described in the previous section, following the first round test under the positive
voltage, the applied voltage polarity was switched to negative. The variation of the
space charge distribution during the voltage change is presented in figure 9.3. In these
results, the previously formed charge (positive near the outer sheath, indicated in b)
remains almost the same when the voltage starts from —30kV. The induced charge at
the outer electrode (peak a) increases linearly with the external voltage as no fast
charge is developed during the voltage ramping process with the negative polarity.
However, the surface charge a is significantly suppressed by the remaining positive
charge b.

After the voltage reached —80kV, the heterocharge began to accumulate in the bulk
of the insulation again, see figure 9.4. The previously accumulated heterocharge
(positive) near the outer electrode was gradually neutralised by the newly formed
heterocharge (negative) at the same position, and resulted in the reduction of positive
charge. The final result of the neutralisation was the accumulation of the new
heterocharge (negative) and the induced surface charge at the outer electrode/insulation
interface increase. It took another 90 minutes for the sample at negative voltage to get

the same charge density as that at positive voltage.
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When the applied voltage polarity was reversed, the heterocharge accumulated near
both the inner and the outer electrodes under the previous polarity had to be neutralised
first. It was therefore generally expected that the charge would take a longer time to
reach its new saturation state or the same charge distribution as that in the first round of
test. However, the experiment showed that a similar space charge distribution to that at
positive voltage was rebuilt up within 90 minutes. The space charge near the inner
electrode/insulation interface took about 30 minutes to reach its highest charge density

at the reversed voltage. This was even faster than the charge near the outer electrode.
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Figure 9.3 Space charge response to the reversed voltage amplitudes

The final space charge distributions at two opposite stressing polarities are
displayed in the figure 9.5 which was obtained as the externally applied voltage was
removed. A “mirror image” charge distribution is observed again after ageing for the

same time at the positive and the negative voltages.
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Figure 9.4 Space charge accumulation with reversed voltage application time
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voltage for another 90 min

9.3.2 Test of XLPE cable with 2.8mm insulation

Space charge accumulation with positive voltage at central conductor

The same test was carried out on another XLPE power cable with 2.8mm thick
insulation. First, the evolution of space charge distribution at +80kV over 20 hours is
exhibited in figure 9.6. In the first 4 hours after the stressing voltage reached +80kV, a
small amount of positive charge (peak a) began to develop adjacent to the inner
electrode (anode). In the following hours, a large “lump” of positive charge
accumulated in the central region of the insulation (peak b). The result obtained at 20
hours shows its saturated state. It is seen that the charge close to the inner electrode

reached steady state much more quickly than the packet charge in the central insulation.
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Figure 9.6 Space charge accumulation with ageing time (+80kV)
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Figure 9.7 Space charge accumulation with time (+80kV off)

To check the homocharge adjacent to the electrode, the measurements after the
removal of the external voltage are shown in figure 9.7. The homocharge is clearly
displayed at the outer electrode in the absence of the induced surface charge due to the
applied voltage. In fact, the unsymmetrical shape of the peak at the outer electrode

suggests the existence of this homocharge in figure 9.6.

Space charge evolution after the voltage switch from positive to negative

When the voltage amplitude was stepped up from 30kV to 80kV after the polarity
reversal, the space charge profile in the bulk remained the same as what had been built
up previously, as shown in figure 9.8. The homocharge and the positive charge in the
central material remains unchanged, and the induced surface charges at the two
electrodes increase linearly with the negative voltage amplitude. With the bulk charge
in the central part of the insulating material, the induced charge at the outer interface
was obviously suppressed while heightened at the inner electrode.

As the application of negative voltage continued, the space charge profile started to
redistribute across the cable insulation. The variation of charge distribution with ageing
time is presented in figure 9.9.

It is notable again that the space charge re-distribution was faster than its
development in the first round of test at the positive voltage. The space charge
distribution after 4 hours of ageing is already comparable with that obtained at the

positive voltage for 20 hours. With continuous application of the reversed voltage, the
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negative packet charge in the middle of the material increased at a steady rate, and its

density became higher than that at the earlier voltage polarity.
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Figure 9.8 Space charge response to the reversed voltage amplitude
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Figure 9.9 Space charge evolution under the reversed voltage

As in the situation under positive voltage, a homocharge near the outer electrode
(anode) was developed again under the reversed voltage. This can be distinguished
from the unsymmetrical shape of the induced charge at the outer electrode or from the
result after the applied voltage is removed, as shown in figure 9.10.

Unlike the 11kV XLPE cable with the “mirror imagine” space charge distribution
under two opposite voltage polarities, the results in this sample after the same hours of
ageing at the positive and the negative voltages are quite different, as the profiles

shown in figure 9.10.
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9.4 Discussion
9.4.1 Space charge accumulation under opposite voltages

The above two cable samples were subjected to an electric stress at one polarity until
space charge equilibrium was reached, then the polarity was changed. In these two
stressing tests, some noticeable features of space charge accumulation have been
identified both in the process of voltage reversing and in the following ageing time.

Firstly, it seems that for both samples under the reversed voltage, a shorter time is
needed for the space charge to reach the same charge distribution as required under the
previous polarity. It can also be said that space charge under reversed voltage possesses
higher accumulation speed. For a better description of this fact, the total space charge
within a unit length of cable was obtained by integrating the space charge density
distribution across the insulation thickness. Its variation against ageing time is plotted
in figures 9.11 and 9.12 respectively for the two cable samples. The total charge here
stands for the sum of the absolute values of the positive and negative charges within the
volume of the insulation.

As seen in figure 9.11 (a) and 9.12 (a), the space charges in these two samples
accumulate a constant speed when the voltage is first applied. They then accumulate
more slowly until they reach equilibrium after about 70 minutes and 12 hours

respectively in the two cables.

165



& 8 & &

Total charge 10° (C)
o 8

-
o
|

5 4
® *
0 : ; : :
0 20 40 60 80 100
Time (min)
(a) At initial polarity (positive)
45
40 E
—_— 4
0 351
‘5 30 - ¢ o —%
= L 4
0 25
2
© 20 -
S
515
© 10
5 4
0 : : - ;
0 20 40 60 80 100
Time (min)

(b) At reversed polarity (negative)
Figure 9.11 Space charge accumulations at initial and reversed polarities in XLPE cable

with 3.6mm insulation

As noticed in the previous section, the space charge distributed under the first
voltage is fairly stable at the moment of the voltage reversal and under voltage
amplitude ramping. In other words, the response of the space charge to the voltage
polarity reversal is very sluggish. As soon as the voltage is reversed, the total charge
across the cable insulation starts to reduce slightly in the cable with 3.6mm insulation,
but more quickly in the cable with 2.8mm insulation (see the curves in figures 9.11 (b)
and 9.12 (b)). However, the reduction of the total charge in these two cables stops at 20
minutes and 2 hours respectively. The total charge does not appear to reduce to zero
due to the neutralisation of the original charges by the newly formed ones. Instead,

before the total charge arrives at the zero, it starts to build up again in the ageing time.
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Under the reversed voltage, more space charge accumulates than that before the

polarity reversal in the same period of ageing.
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Figure 9.12 Space charge accumulations at initial and reversed polarities in XLPE cable

with 2.8mm insulation

The second feature of the space charge variation under the reversed voltage is seen
in figures 9.4 and 9.9, in which some packet charges (negative) are initiated from the
central insulation and then migrate towards the outer electrode as the result of the
neutralisation with the previously formed positive charge. The reason for the opposite
polarity of the charge initiated from this location may be the enhancement of the
electric stress at this region due to the applied voltage reversed. The detailed electric
field stress distribution will be discussed in the following section. On the other hand
this result may imply that under reversed stress polarity, space charge accumulation

may not start in the same place as the space charge under the previous voltage
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application, but from another location having a higher electric stress. Thus the newly
accumulated space charge will not be able to cancel out the old charge completely. In
particular, in these two cables whose insulation has relatively low charge migration
properties, the space charge distribution is fairly stable, because only adjacent charges
with opposite polarities can be neutralised. In the meanwhile, new charges will be
formed at locations where they cannot be cancelled by old charges. This may be the

reason for the total charge not approaching zero when the applied voltage was reversed.
9.4.2 Electric stress distribution during and after the voltage reverse

As introduced at the beginning of the chapter, the electric stress distribution during and
after the reversal of the applied voltage is one of the main concerns of space charge
research in polymer insulated cables. Under the influence of the modified electric
stress, the space charge initiation and development may be different under the reversed
voltage, as discussed previously. To understand the relation between the electric field
variation and the space charge re-distribution during the voltage polarity reversal, the
electric field profiles were calculated on the basis of the space charge distribution, and
the results are presented in figure 9.13 and figure 9.14.

Consider the cable with 3.6mm insulation after 90 minutes application of +80kV at
the central conductor. A considerable heterocharge has accumulated in the vicinities of
the outer and inner interfaces. As a result, the interfacial stresses at the outer and inner
interface have been increased from the applied values of 20.5kV/mm and 25.3kV/mm
to 30.3kV/mm and 27.3kV/mm respectively. The electric stress in the central part of
the insulation is reduced to a certain extent.

Immediately after the applied voltage is reversed and stepped to the desired voltage
of —80kV, the originally accumulated charge retains almost the same distribution due to
its relatively stable characteristic. The electric stress in the central part of the insulation
is significantly enhanced because of the contribution of the electric stress from the
space charge. The maximum stress in this region is about -30kV/mm, which is much
higher than the applied value of -25.3kV/mm at the inner interface in the absence of the
space charge. This is the region where the negative charge initiates and accumulates in
the subsequent ageing time after the negative voltage is applied. On the other hand, the

stresses at the inner and the outer interfaces reduce to about 20kV/mm and 10kV/mm
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respectively because the electric stress contributed by the previous heterocharge, which

has now become a homocharge, counteracts the applied stress.
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Figure 9.14 Electric stress distribution of 2.8mm insulation cable

before and after external applied voltage reverse

In the following ageing period after the voltage reversal, the space charge within
the insulation is progressively re-distributed. Since the final distribution of space
charge under the negative voltage is very similar to that before the voltage reversal
(except for the opposite signs) the modified electric stress profile also has a similar
shape as that obtained under positive voltage ageing. The stress at the interface area is
strengthened, but is reduced in the central insulation.

The situation in the cable with 2.8mm insulation is a bit different from the above
example. The electric stress variation caused by the voltage polarity reversal is
illustrated in figure 9.14. Because of the large packet charge (positive) accumulated in

the centre of the insulation under the previous voltage polarity, the electric stress near
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the anode electrode is obviously reduced. In the region near the cathode, the large lump
of positive charge has resulted in the enhancement of stress close to the outer electrode
and the highest stress is over 40kV/mm. As the applied voltage polarity is switched
from the positive to the negative and the amplitude is ramped up to —80kV, the
previously accumulated charge remains unchanged from that of figure 9.8. Therefore,
the electric stress attributed to the space charge has almost the same profile at negative
and positive voltages. However, as the applied voltage is switched to negative at the
central conductor, the stress near the inner interface is enhanced to about 47kV/mm,
which is much higher than the applied stress at the inner electrode/insulation interface
in the absence of any space charge. This lump of positive charge has caused a reduction
of stress in the area between it and the outer electrode.

After 20-hour stressing with negative voltage at the central conductor, a large
negative packet charge accumulates in the volume of the material near the outer
electrode. As a result of this space charge distribution, the electric stress is excessively
strengthened in this region. From figure 9.14, it is noticed that the highest stress could
be as high as 50kV/mm, which is much higher than the designed value at the inner
interface. In contrast, the stress in the region between this packet charge and the inner

electrode is considerably reduced.

9.5 Conclusions

Space charge accumulation in the process of the reversal of the external voltage
polarity and then under the reversed voltage has been experimentally studied in two
XLPE ac power cables. In order to understand the impact of the space charge on the
cable insulation as the voltage polarity in a dc system is switched, the electric stress
distributions have been calculated from space charge profiles measured during the
process of polarity reversal and in the ageing period following the voltage reversal. The
following conclusions can be obtained from these results.

Firstly, as soon as the space charge is accumulated in the cable insulation, its
response to the externally applied voltage change may be slothful. This is regarded as
the dangerous moment for dc power cable insulation as the pole polarity is reversed, as
the electric stress is likely to have a complex distribution due to the formerly
accumulated space charge. In the experiment, the voltage reversing process took about

90 seconds, which is much longer than the time by a real dc transmission system. Even
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so, the change ofithe space charge lags greatly behind the voltage reversal. This slow
response of the space charge is well illustrated in the space charge profiles obtained
during the voltage inverting and ramping process, as is shown in figures 9.3 and 9.8.

Secondly, as a consequence of the slow response of the space charge to the external
voltage change, any previously formed charge may make the electric stress distribution
through the cable insulation very complicated. Some localised stress will be much
higher than the designed values. Specifically in the first XLPE cable sample, the former
heterocharge appeared as a homocharge at the moment of the polarity change. The
electric stress in the central region of the material was strengthened to about 30kV/mm,
which was already much higher than the designed value at the inner interface. The
worst situation occurred in another cable sample in which a large lump positive charge
had previously been formed. When the applied voltage at the central conductor was
reversed from the positive to the negative, the electric stress close to the inner interface
of the insulation and the semiconducting layer reached about 50kV/mm, which was
much higher than the applied stress under the space charge free conditions. Owing to
the homocharge (negative) near the outer electrode before the voltage reversal, the
large positive packet did not cause any significant change in electric stress at the outer
interface when the polarity was reversed. However, the stress between the homocharge
and the lump positive charge was reduced.

In the same process on the second sample, a larger negative packet charge gradually
built up in the volume of the insulating material close to the outer electrode, and
resulted in the enhancement of the electric stress around this region to about 50kV/mm.

Thirdly, space charge development under two opposite voltage polarities may have
different rates, and is actually governed by the new electric stress distribution when the
voltage polarity is reversed. As the electric stress distribution is changed by the
reversed voltage, space charge may initiate and accumulate in the region where there is
a higher electric stress. Therefore, the formerly formed charge will not be completely
neutralised by the newly developed charges. This phenomenon is clearly displayed in
figure 9.9, in which a packet charge is initiated in the central part of the material and
eventually migrates towards the outer electrode as the charge density increases. At the
same time, the former positive charge is gradually cancelled out by this new bulk
charge. Before the original space charge is neutralised, a considerable amount of new

charge has already been developed elsewhere.
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Finally, over the same stressing time under the reversed polarity, similar or even
bigger space charge densities are obtained in the two cables. Considering that part of
the newly formed charge neutralizes the previous charge, it can be concluded that space
charges accumulate at a greater rate after the polarity reversal than they do when the

previous voltage is switched on from zero.
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Chapter 10

Investigation of Two Problems Encountered in Space

Charge Measurement in Cable Samples

10.1 Introduction

The space charge measurements reported in foregoing chapters show that the peak of
the induced surface charge at the inner electrode shifts towards the outer electrode in
the first few hours of ageing and this sometimes continues over the whole ageing term.
This peak shift shows little regularity. The same phenomenon, however, has also been
found by other researchers [14, 51] but with no further explanation. At the beginning of
this research, it was simply attributed to electrically induced mechanical strain in this
type of highly elastic material, e.g. XLPE, leading to the insulating material
contracting. In particular, it is believed that the induced mechanical stress may be
greater when space charges appear. Subsequently, the mechanical stress due to the
applied electric field and the space charge formation results in compression of the
polymer insulation. Since Stark and Garton discussed the electromechanical
breakdown [140] more than 40 years ago, the existence of this phenomena has been be
proved by growing evidence and the related theory is thoroughly discussed [141, 142].
However, according to the value suggested by Lewis er al [142], the electrically
induced mechanical stress could contribute to mechanical fatigue and ageing only when
the electric field stress exceeds 100kV/mm. This implies that in our research,
mechanical deformation caused by the electric stress cannot be big enough to be

observed.

173



In the initial trial stages of the space charge measurements in cables, a short length
of semiconducting screen was left as the outer electrode. This was in direct contact with
the ground aluminium electrode. With this configuration, a pair of peaks always exists
in front of the induced surface charge at the outer electrode. This might influence space
charge measurements if it is too close to the signal of interested.

The true reasons for above problems were investigated experimentally and some

proper measures were taken in the subsequent research to avoid them.
10.2 The reason for the shift of the inner induced charge peak

An XLPE cable sample with 2.8mm thick insulation was firmly held in the PEA test
system and the tightness of the clamp holding the cable was carefully controlled by a

M which could supply a controlled tightening torque.

“Torqueleader’

The waveform representing the space charge distribution across the cable insulation
was then obtained under three conditions. First, no dc voltage was applied to the
sample over the entire testing period except at the time of taking a measurement. The
cable insulation only bore mechanical stress from the clamping element in the test.
Space charge distribution (actually only the induced charge at the two interfaces) was
measured several times by turning on the dc voltage (30kV) and pulsed voltage for a
short period of time. The distance between the two induced peaks, i.e. the thickness of
the insulation was recorded each time. In this way, neither the electric stress nor the
space charge can influence the position of the induced charge peaks, since the
application times of dc voltage was too short to generate space charges in the
insulation. In the next two conditions, 30kV and 80kV of dc voltage were applied
across the cable insulation continuously over the test period to study the influence of
the electric stress on the distance between the two peaks. The pulsed voltage was only
switched on when measurements were taken. In the same way, the thickness of the
insulation (or the distance between the two induced surface charges) was recorded
against ageing time.

Due to the big size of the PEA system for cable samples and the use of the high
voltage, the measuring temperature was not controlled in the above experiment.
However, the ambient temperature in each round of test was recorded to check the

effect of any temperature change. The whole test procedure is schematically illustrated

in figure 10.1.
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Figure 10.1 Schematic diagram of the voltage application

The variation of the distance between the two induced peaks against cable holding
time under each test condition is presented in figure 10.2. With no applied electric
stress, the shift of the induced charge peak at the inner electrode is still represented by
change of the distance between the two induced surface charge peaks. This variation
takes about 20 hours to get stable. In the tests which followed with the application of
30kV and 80kV dc voltage applied separately for certain periods of time, no significant
change of the distance between two induced peaks was observed while the
heterocharge was gradually building up except for a small random change with test
time.

These results clearly show that the position of the right hand peak is not directly
related to the external voltage. When the dc voltage was applied, the distance between
two peaks showed some deviation around the value of 2.82mm. This was obtained after
the cable had been held for a certain period of time without the electric stress. However
the ambient temperature was observed to change within the range from 21°C to 24°C
throughout the experiment time. To verify the effect of temperature, the variation of the
insulation thickness is plotted in figure 10.3 against the temperature. Surprisingly, the
apparent thickness of the cable insulation measured from the space charge profile is

closely connected with the ambient temperature.

175



2.94
£ I
E292 ¢ Nodc voltage |
2 Odc 30 kV applied
3 29¢ A dc 80 kV applied
Q. -
)
22388
§ L 4

2.86 /
ioloe
22840100 | ¢ o
2 oM 0 A
£2.82 ] o o
o

2.8 T T : -
0 10 20 30 40 50
Cable holding time (hours)

Figure 10.2 Distance between the induced surface charge peaks changing with the

test time under three conditions

2.87

2.86 -

2.85 |

2.84

2.83

2.82

2.81

Distance between two peaks (mm)

L
©

20.5 21 21.5 22 225 23 23.5 24 24.5
Temperature (°C)

Figure 10.3 Distance between the induced surface charge peaks as a function of the

ambient temperature

Based on the above experimental results, the reasons for the shift of the induced
surface charge peak at the inner electrode can be discussed and summarised as follows.

First, the applied electric stress across the cable insulation in the experiment was far
lower than that suggested by researchers [141, 142] at which mechanical strain may be
induced. If in our situation there was some electrically induced mechanical stress in the
insulating material, its magnitude might be too small to be acknowledged. This has
been proved in the test on the sample which was stressed by the external voltage and no
systematic variation of the insulation thickness was observed, in spite of an appreciable
space charge having accumulated in the bulk insulation.

Second, the most significant reduction of the distance between the two peaks

happened in the first few hours after the sample was loaded onto the PEA electrode
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system. From figure 10.2, it is seen that the apparent thickness of the sample insulation
varied between 2.90mm and 2.83mm within the first 6-hour without any externally
applied electric stress. Therefore, the shift of the induced charge peak at the inner
electrode (i.e. the apparent reduction of the insulation thickness) can be attributed to the
creep property of the polymeric material itself [143] instead of the electrically induced
mechanical strain. A polymer having visco-elastic properties undergoes stress
relaxation when it is hold in a stiff clamping apparatus. The strain stays constant and
the stress decays slowly with time until it reaches its steady state. The creep property of

a polymer can be described by the exponentially decaying function [143]
K =K, exp(—1/7,) (10.1)

where kg is the initial stress when load is firstly applied, and 7, is the relaxation time.
As the holding time increases, the inner stress in the cable insulation gradually becomes
smaller and smaller due to the relaxation. After a certain period of time, when the
completely relaxed or unstressed state is approached, the material will give a smaller
apparent dimension. This pattern is consistent with the phenomena observed in the
experiment over the first 24 hours during which the distance between two peaks or the
insulation thickness reduced gradually.

Moreover, from figure 10.3 we can see that the distance between the two peaks is
also directly dependent on the ambient temperature. Apart from the effect of creep and
thermal expansion, the other factor which will influence the distance between the peaks
is the effect of the temperature on the acoustic wave speed [144]. Holb@ll [145] has
reported a big variation of the inner electrode peak position in his research where a

higher temperature was introduced in the sample.
10.3 The interference peak from the semiconducting screen

Throughout the work described in this thesis, a short length of the outer
semiconducting screen around the cable was directly in contact with the ground
electrode. With this configuration, a pair of peaks was always found to appear in front
of the waveform of the induced surface charge at the outer interface between the
semiconducting sheath and the insulation. This is shown in figure 10.4. The distance
between them is just the thickness of the semiconducting sheath. It is confirmed that

these peaks are launched from the outer surface of the semiconducting layer.
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It has been shown that the magnitude of these two peaks is directly proportional to
the magnitude of the pulsed voltage but is almost independent of the applied dc voltage.
As shown by the waveforms plotted in figure 10.4, the height of the interference peaks
remain almost the same when the external applied dc voltage increases from 10kV to
70kV, while the height of the peaks of the induced surface charges at the inner and the
outer electrode vary linearly with dc voltage. In order to verify the independence of the
interference peaks on the pulsed voltage, the measurement obtained without the dc
voltage is presented in figure 10.5. The same pair of peaks appears. This clearly
indicates that these peaks are caused by the pulsed voltage at the outer surface of the

cable’s semiconducting sheath.
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In practice, we are only interested in the signal from within the insulation’s
thickness, e.g. the signal in the region bounded by the two peaks of the induced charge
at the two electrodes. If the semiconducting layer is thick enough, the peak resulting
from the pulse voltage appears well in advance of the first peak due to the induced
charge on the outer electrode. The ensuing voltage oscillation can be neglected in the
processing of the data generated by the space charge distribution within the insulation.
However, when the semiconducting layer is thin, the voltage oscillation from the
interference peaks may still be present in the segment of interest in the whole
waveform. It may then interfere with the measurement of surface charge or the bulk
charge in the cable insulation.

The reason for the interference peaks caused by the outer semiconducting sheath is
simply attributed to the stray capacitance between the ground electrode and the
semiconducting screen, as shown in figure 10.6. It is believed that the pulsed voltage
produces a surface charge on the outer surface of the semiconducting sheath due to its
high resistivity at high frequency. This generates the initial voltage oscillation in the
output waveform as shown in figure 10.5. The time difference between the signal due
to the stray capacitance and the dc voltage induced charge on the
semiconductor/insulation is just equal to the time for the acoustic wave to propagate

through the outer semiconducting layer.
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Insulation
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Groundl""}l ‘
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Figure 10.6 Stray capacitance between the outer sheath and the ground plate

To reduce the effect of this stray capacitance, the outer semiconducting layer was
wrapped with 10pum thick aluminium foil. The improvement in the output waveform is
seen in figure 10.7 (blue line). It is noticed that peaks produced by the pulse voltage at
the outer surface of the semiconducting sheath is reduced tremendously. This method

was therefore promptly adopted in all the subsequent space charge measurements.
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10.4 Summary

Two problems have been studied experimentally in this chapter: (a) the variable
distance between the two peaks of the induced surface charges at the electrodes which
seems to indicate a change in the cable insulation thickness, (b) the influence of the
interference peaks caused by the pulse voltage at the outer surface of the semi-
conducting sheath.

A common phenomenon in space charge measurements in polymer dielectrics (in
particular in the thick sample such as the full sized power cables) is the shift of the peak
due to the induced surface charge as the test time passes. If this was due to a change of
the cable insulation thickness, it could be attributed to the creep property of the
polymeric material under a given strain. In the PEA system with a flat ground
electrode, the stress borne by the cable insulation at the contacting point is relatively
higher than that in a conventional design, and the variation in the distance between the
induced peaks from the two electrodes is more significant. Another reason explaining
this problem may be the temperature change which results in either the expansion or
contraction of the material or a change of the acoustic wave velocity through the
insulation.

It should be noted that the low electric stress levels in the experiments were
insufficient to generate any mechanical stress. As a counter-argument to this, the fact of
the mechanical stress induced by the electric field and the space charge in the material

is not observed in the research because of the low electric stress.
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Under the very fast voltage pulse, the high resistivity of the semiconducting
material may introduce a surface charge on the outer surface of the semiconducting
screen. This surface charge may cause some interference to the space charge
measurement in the cable insulation if the semiconducting layer is too thin. The signal
from this surface charge can be very significantly reduced by wrapping the outer sheath

with a thin aluminium foil.
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Chapter 11

Conclusions and Suggested Future Work

11.1 Conclusions

This thesis presents the technique and practical application of the PEA method of space
charge measurement in polymer insulated power cables under dc voltage.

A newly revised PEA system has been introduced which adopts a flat electrode and
greatly facilitates space charge measurements in coaxial geometry cable samples. There
are obvious disadvantages inherent in the conventional PEA system, such as the
difficulty of maintaining good acoustic coupling between the cable sample and the
ground electrode, and the inconvenience of testing cables with different sizes. These
have been successfully overcome by the new design of the electrode system.

The acoustic wave propagation in this new PEA system, particularly the
transmission at certain interfaces between different media has been analysed. The
cable sample is clamped to a flat electrode with only a small area (a narrow line-
contact) between the outer screen and the aluminium ground electrode. The analysis
concludes that the only acoustic wave which is finally sensed by the transducer is that
which propagates in a direction normal to the ground electrode having passed
(partially) through the different media and across the interfaces between them. The
portion of acoustic wave which travels to the electrode in an oblique direction is almost
totally reflected back by the air gap between the cable outer screen and the ground
electrode. This part of the acoustic pressure, propagating in a longer route than that in
the normal direction, will not degrade the system’s spatial resolution. The output from
the piezo-electric transducer depends on its thickness but not on its area, so even if the

outer sheath of the cable is in nearly-line contact with the ground electrode and the
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effective transducer area is relatively small, the whole piezo-electric system will still
have a satisfactory detecting sensitivity. The above analysis shows that the flat
electrode and transducer arrangement is capable of giving the same charge density and
position resolution as that of the curved electrode system. This conclusion has been
confirmed by comparing the space charge measurements obtained in the two PEA
systems.

The fundamental techniques of space charge measurement, including the charge
density calibration and the deconvolution of the original signal have been fully
described. Despite the careful selection of wide band frequency response and a high
input impedance amplifier, the deconvolution of the original signal is still necessary
because of the resonant response of the transducer sandwiched between the Al
electrode and the acoustic wave absorber.

Calibration is an essential part of the precise measurement of space charge
distributions in cable sample, and the technique was carefully considered in this
project. The charge density calibration is based on the induced charge at the interface of
the insulation and the electrode under the known externally applied dc electric stress.
This must be low in amplitude and short in duration so that no bulk charge is developed
in the volume of the dielectric material. This technique is easily implemented in a
plaque sample, in which the external electric stress is of uniform distribution
throughout the dielectric. However, the charge density calibration in a coaxial cable
geometry is much more complex in comparison with the plaque sample, as the dc
electric stress distribution in the cable insulation is controlled by the dielectric material
conductivity which is a complex function of the temperature and the electric stress.
Even if there is no temperature gradient across the cable insulation, the original
variation of the dc stress makes the stress distribution unpredictable, so the actual
determination of the interfacial stress used for the calibration is difficult. Therefore, the
electric stress derived from the ac voltage in cable geometries used by all the previous
researchers in their calibration process is of dubious accuracy in the dc case. Two
methods among the very limited advances in this area have been briefly reviewed in
this thesis and one of them is adopted not only for improving measured results, but
most importantly to draw attention to the calibration technique in space charge
measurements in cable geometries.

The coaxial geometry of the cable sample causes a divergent distribution of the

pulsed electric stress and a divergent propagation of the acoustic pressure from the
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inside to the outside of the insulation. The output of the system is therefore not merely
dependent on the space charge distribution, but also on the position from which the
acoustic signal originates. Furthermore, the polymer insulating material, such as PE or
XLPE, in the power cable cannot be regarded as an ideal medium for acoustic pressure
wave propagation. Its visco-elastic property will cause some attenuation and dispersion
of the acoustic wave as it travels through it. This loss of the acoustic wave amplitude
and the scattering of the acoustic pulse may give a poor space charge measurement,
both of density and position resolution. In particular, when the PEA technique is
applied to thick walled cable insulations, this effect may become more significant. To
achieve a precise space charge measurement, a compensation algorithm has been
developed by taking into account the above geometric and acoustic wave propagation
factors in the data processing. This applies corrections to the original signal.

A comprehensive program including the functions of data acquisition,
deconvolution, charge density calibration and geometry and propagation compensation
was developed under the LabView'™ environment. This makes the quantitative
measurement of space profiles in polymer cables more effective and more accurate.

The method of determining the electric stress distribution across the cable
insulation in the presence of space charges has been systematically introduced. The
method of integrating the whole space charge (inclusive of the induced surface charges
at interfaces) throughout the cable insulation would give correct results for the electric
stress magnitude, but the limited resolution of the space charge profile gives less
accuracy in the electric stress distribution at the interfaces. An improved method was
therefore introduced by only integrating the bulk charge within the insulating material
in the absence of an induced surface charge from the externally applied stress. The
interface stress was estimated from the amplitudes of the induced surface charges under
the calibration and test voltages respectively. Extrapolation was used to pad the points
between the integrated curve and the boundary values using a higher order polynomial.

Space charge measurements in a group of cable samples have shown a remarkable
difference between the different modified XLPE materials and those with different
residue content. Comparison of the results from fresh and degassed samples shows that
the degassing treatment significantly affects the space charge activity in XLPE
insulation. Upon removing the volatile residue through the degassing treatment, the

space charge density was tremendously reduced and the charge distribution was greatly
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changed. This result has confirmed again that the crosslinking by-products and the
additive residues play an important role in the space charge accumulation.

The space charge activity in the undegassed prototype cable sample 1491 was so
vigorous that an appreciable space charge was accumulated during the voltage ramp
process. Cable 1495 showed a strong charging ability. A broad space charge
distribution was developed after 24 hours of ageing at 80kV with the charge density
reaching as high as 0.37C/m’>. Except for the formation of a traceable positive packet
charge in the centre of the insulating material in cables 1491 and 1495, the differences
between the degassed samples, however, are not very significant.

Due to the presence of the space charge in the undegassed cable, the geometry
governed electric stress was greatly distorted. For instance, at the outer sheath in
undegassed cable 1491 and 1495 the electric stress had been doubled due to the
heterocharge near the electrode.

In view of the above results, it seems that the modified materials used in cables
1494 possesses the favourable property for space charge suppression. From the
viewpoint of dec power cable insulation design, the material used in cable 1495 has the
weakness of stable charge distribution besides having the high charging ability even
after degassing.

A further study of the effect of material modification was carried out on a set of:
thick planar samples. The effect of the crosslinking by-products on the space charge
development was clearly shown from the measurements. In the two fresh materials P28
and P29, the modification effectively reduced the space charge accumulation but it did
not thoroughly prevent it. When the volatile residue in the sample was partially
removed by degassing, the charge density was correspondingly decreased. However, in
completely degassed material some limited charge generation may still occur.

The polarity of the space charge is also directly related to the residues in the
material. In all the samples with residues, no matter how high the residue
concentration, the heterocharge was developed, while in at least two completely
degassed samples (such as P3 and P30, and LDPE without peroxide), small amounts
homocharge accumulation were found. In the latter situation, charge injection from the
electrode may dominate the charge development.

The results from both the cable sample and the plaque sample show that the space
charge building up speed and decay speed correspond well. That is to say that the faster

the space charge develops, the faster it decays, or vice versa. It is also noticed that
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homocharge in degassed materials develops with greater difficulty than the
heterocharge in the same material in the undegassed condition. The former initiates at
the higher electric stress and requires longer time, and is, of course, more stable as long
as it is formed.

Space charge distribution and evolution in cable samples when the voltage polarity
is reversed showed that the change of the space charge from its stationary distribution
logs greatly behind the voltage change. During the voltage reversing and ramping
process, the initially formed charge remained the same both in density and location. A
more complex electric stress distribution might therefore, be found across the cable
insulation. Some localised stress could get unexpectedly higher than the initially
designed value.

Finally, as a clarification experiment, the reason for the shift of the peak of the
induced sheet charge at the inner electrode has been investigated. It is concluded that
the creep property of the polymeric material results in stress relaxation after a certain
period of time when the sample is held. The material in the free state has smaller
dimensions in comparison with its stressed condition. Moreover, a temperature change
causes material expansion and contraction and a slight change of the acoustic wave
velocity in the material. This is another reason for the apparent change of the cable
insulation thickness during the test. The electrically induced mechanical stress may be

too small to have any effect in these experiments because of the relatively low electric

stress.

12.2 Suggested future work

In this thesis, the space charge distributions of cable samples employing different
modified XLPEs under ambient temperature have been discussed. However, the space
charge behaviour of these materials at high temperatures was not examined. The
temperature gradients which exist in the real dc cables in service will make the space
charge distribution more complex. Studies of the space charge evolution within the
cable insulation in this situation will give a direct insight into the material
characteristics of polymer insulated dc power cables. The actual electric stress
distribution which is dependent on geometry, space charge distribution and temperature

(conductivity) is supposed to be determined.
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It is noticed that the space charge accumulation in the XLPE was dominated by the
charge injection at the dielectric and electrode interface in the degassed sample.
Actually this effect must occur at the same time as impurity ionisation (bulk effect). If
we consider the ionisation of the residue as a consuming process, after a long-term
ageing the charge injection should finally overwhelm the bulk effect and gives a
homocharge distribution for the material with the residue. To verify the above
hypothesis, the space charge evolution over a long-term ageing should be investigated
on these modified materials both with and without the residue.

Further investigations are required into the formation and the slow build-up and
decay rates of homocharge in degassed samples when the external voltage polarity is

reversed. Long-term ageing tests are required.
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Appendix A Interface of data acquisition and processing program — cable geometry
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Appendix B Interface of data acquisition and processing program — planar geometry
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