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ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

SPACE CHARGE DYNAMICS IN POLYETHYLENE UNDER PERIODICAL HIGH
VOLTAGE ELECTRIC FIELDS

By Churui Zhou

During the last two decades, space charge has been recognised to be a major factor
influencing the electrical performance of cable insulation. A significant amount of work has
been carried out to investigate space charge dynamics within polymeric insulation under
high voltage direct current (HVDC) fields. Modern charge mapping techniques are adopted
to obtain the necessary information about space charge within the insulation. However,
the underlying physics of charge transport and the charge trapping characteristics of space
charge are not well understood. Employing theoretical modelling based on numerical
simulation to analyse the space charge features can provide an insight view into the charge
distribution in dielectrics under realistic conditions. This thesis focuses on the analysis of
space charge phenomenon within polyethylene insulation under common operating

electric fields through both experimental and numerical investigations.

An improved pulsed electro-acoustic system along with a data processing procedure has
been developed to investigate space charge in polyethylene under AC and superposed AC
and DC voltages. Raman spectra and Attenuated Total Reflectance Fourier-transform
Infrared (ATR-FTIR) spectra are collected to confirm the influences of the magnitudes and
frequency of AC fields on the physical characteristics of polyethylene. Evaluation of pure
AC and DC voltage tests as specified in the international standard, BS EN 61378-2:2001, has
also been done by comparing the space charge profiles under the real superposed AC and

DC voltage and the deduced testing voltages.



A numerical simulation model based on bipolar charge transport theory has been
developed to analyse space charge phenomenon in polyethylene under periodical complex
electric fields. The build-up of space charge in polyethylene under DC electric fields has
been modelled, and the simulation setting has been optimised based on the measured
results. The model is also introduced to simulate the charge dynamics under AC and
superposed AC and DC fields. The simulation results exhibited good agreement with the

measured profiles.

Besides, the effects of applied field characteristics (frequency, field magnitude, and field
composition) on the charge formation and transportation have also been investigated and
using both the experimental and numerical approaches. Furthermore, the numerical model
has been further applied to analyse the relationship between space charge phenomenon
and electrical breakdown in insulation. It has been found that the different region where
breakdown happens caused by different charge dynamics is a significant reason leading the

various breakdown strengths of the same material different, under AC and DC voltages.

The outcome of this dissertation can aid the fundamental understanding of charge dynamics in the

insulating materials under general operating high voltage electric fields.
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Chapter 1 Introduction

Chapter 1: Introduction

Over the years, space charge phenomenon has been regarded as an important factor causing the
ageing and electrical failures of insulation designed for high voltage apparatus. Localised charges
produced either by electronic injection or material ionisation can slowly (comparing with charge
transport in metal) transport within the insulation due to the applied fields and distort the internal
electric field in return. The interactive effects of mechanical and thermal stress caused by either
the applied electric field or the local environment could further exacerbate this distortion. In long-
term time, the enlarged distortion will accelerate the emission of light electroluminescence (EL)
and partial discharge (PD) processes, which are the primary incentive of cable ageing [1]. During
the last three decades, a few non-destructive charge-mapping methods have been established to
investigate the space charge dynamics within polymer materials [2-5]. Considerable efforts have
also been made to interpret space charge characteristics based on numerical modelling [6-9]. In
this Chapter, the general solid insulating material, polyethylene, the charge dynamics, and the
space charge detection methods are discussed and illustrated respectively from 1.1 to 1.3. 1.4
summaries the motivation and objective of the dissertation, and 1.5 highlights the contribution of

the research. An outline of the structure of the thesis is presented in 1.6.
1.1 Polyethylene

111 Structure of polyethylene and its electrical properties

Polyethylene is a common solid polymer, composed of long chain molecules within branching of
methylene groups. The long chain molecule contains numerous repeated monomers (Methylene
bridge) connected by covalent bonds. The number of monomers in the chain can be tens of
thousands, which results in a molecular weight of millions of atomic units. The structures of
ethylene (C;H4) and polyethylene are shown in Figure 1-1. The parameter n represents the scale of
polymerisation of the material, which can range from 100 to 25000 or more [10]. The polymerised
structure gives polyethylene some unique characteristics compared with simple ethylene. Ethylene,
a hydrocarbon with carbon-carbon double bonds, is a gas at room temperature. After
polymerisation under high pressure and temperature, the molecules are tightly bonded together,
producing a solid. Polyethylene is a semi-crystalline polymer. Some molecular chains are arranged
in an ordered fashion, forming a crystalline region, whilst others retain a disordered irregularly and

entangled structure. During melting, they create an amorphous region within the polymer.
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Figure 1-1 Structure of ethylene and polyethylene [10]

Aiming to analyse and understand the crystalline and amorphous regions within polyethylene,
Hermans proposed a fringed-micelle model in early 1930 [11]. This model suggests that long fibrillar
polymer chains grow parallel with or perpendicular to each other through some portion of a volume.
This process continues until the chains stretch into amorphous regions, as shown in Figure 1-2. Due
to the long-chain macromolecules, polyethylene seldom forms straight chains. Herman’s model is
partly inaccurate as it is not in agreement with the electron diffraction results of polyethylene. Later
in 1938, Storks [11] proposed another model suggesting that polymer (polyethylene) chains can
align and strack on the top of one and another, piling up together into so-called 'lamella’.
Consequently, the molecules form a crystalline region, as illustrated in Figure 1-3. In some cases,
the chain of polyethylene can depart the lamella areas and drift into an amorphous region. These
chains can enter an amorphous region for a space or re-enter at an adjacent site as shown in Figure
1-4 (the 'switchboard' model) [11] . Besides this behaviour, lamella fibrils can extend from a nucleus
in radial directions, forming a spherulite. This behaviour occurs when they are crystallised from
molten polymers (polyethylene), as illustrated in Figure 1-5 [11]. The amorphous areas between
layers always contain weak chain ties, which easily break under high temperature or pressures.
Spherulites can be observed under microscopes. Time and length of crystallisation influence the
size of spherulites. As Figure 1-6 shows, spherulites normally terminate their growth upon
encounting anthor spherulte. If such termination doesnot occur, they are idealy spherical [12].

Region of High crystallinity .
Amorphous Region

Figure 1-2 Fringed micelle model of polymer [12]
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Figure 1-3 Lamella configuration: stacked chains [12]
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Figure 1-4 The switchboard model of lamella [12]

= Entangled
interlomellor
links
8ranch
points

Figure 1-6 Growth of partitioned spherulites of polyethylene from melt over one minute [12]
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Polyethylene as a non-polar thermoplastic material has relatively low permittivity and high
breakdown strength comparing with conventional paper insulation. Polyethylene is hence
becoming a more competitive insulating material for high voltage apparatus, especially for power
transmission cables. Compared with paper/oil insulation, polyethylene insulation systems have low
manufacturing, installation and maintenance costs. Table 1-1 lists the common electrical properties

of polyethylene [13-17].

Since the introduction of polyethylene as cable insulation in the 1950’s, the methods of designing,
manufacturing and maintaining solid insulated high voltage cables have advanced rapidly. In 1969,
a 225 kV low-density polyethylene (LDPE) insulated cable was firstly installed in France. The
application of 400 kV cables has been performed since 1985. Further investigation of 500 kV cable
has been made since the 1990s [18, 19]. Due to the relatively low melting temperature and large
thermal expansion coefficient, LDPE is not suitable for insulating underground cables, whose
average operating temperature can reach 90°C [20]. The sustained current rating, overload and
short-circuit temperature of LDPE cables are also limited. This problem was solved by introducing
the cross-linking technology to the manufacture of polyethylene in 1980s [21]. The resulting cross-
linked polyethylene (XLPE) can still maintain adequate strength under temperatures in the range of
120-150 'C. The mechanical properties at relatively high temperature and the susceptibility to
water treeing of the material have also been improved. Based on all of the above, the XLPE insulated
cable has gradually replaced the paper/oil variety in newly constructed transmission or distribution
power systems. The economical manufacture, installation and maintenance of XLPE cable enable it
suitable for underground transmission among highly populated cities and urban areas. The first
extruded 145 kV XLPE submarine cable was installed in 1973 by ABB. Since then high voltage XLPE
cables varying from 110 kV to 500 kV have come into service with the help of improved methods
for producing clean polyethylene, advanced cable manufacturing technology and a new generation
of extrusion systems [21, 22]. In the past decade, the research and installation of high voltage direct
current (HVDC) cables with polymeric insulation has been emerging globally, with the development

of HVDC power transmission techniques. [23].

Table 1-1 Electrical properties of polyethylene [13-17]

Parameters LDPE HDPE XLPE
Permittivity (@1 MHz) 2.25-2.35 2.3-2.35 2.4
Tand (@1MHz) <5%10% 103 103
Breakdown strength (kV/mm) 20-160 20-160 50
Volume resistivity (Q-cm) >1016 >101% ~10%®
Arc resistance (sec) 135-160 200-250 -
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1.1.2 Classification of polyethylene

Classification of polyethylene is mainly dependent on its density and branching, as the mechanical
properties of polymers are significantly influenced by the crystal structure, the extent, and types of
branching. In consideration of solid materials, Low-Density Polyethylene (LDPE), High-Density
Polyethylene (HDPE), Cross-linked Polyethylene (XLPE) and Linear Low-Density Polyethylene (LLDPE)
are the most commonly used polyethylenes. A brief introduction of the four materials is presented

below.
e Low Density Polyethylene

Low-Density Polyethylene (LDPE) is regarding the polyethylene having a density range from 0.910
to 0.940 g.cm™ [10].Typical LDPE has a significant amount of short and long chain branching, and
these chains are not combining the crystal structure under certain cases. Consequently, there is less
force between the molecules, due to the reduced instantaneous-dipole and the induced-dipole
attraction. All these above, cause the tensile strength of the LDPE is relatively low, while its ductility
is excellent. Besides, the great extent of long chains branching gives molten LDPE the unique flow
properties. LDPE can be manufactured by free radical polymerization [17]. It is a primeval

polyethylene insulator and mainly used as rigid containers and plastic film.
 High Density Polyethylene

High-density polyethylene (HDPE) is defining polyethylene with a density equal or greater to 0.941
g/cm3 [10]. Unlike LDPE, HDPE has a relatively small extent of branching. Thus, the intermolecular
forces of HDPE are reduced. HDPE is produced by polymerisation of ethylene using Ziegler-Natta or
supported chromium catalysts [17]. In some cases, HDPE is copolymerized with a tiny amount of 1-
alkenes, aiming to introduce some short-chain branching, and reducing the crystallinity of HDPE. In
this way, the toughness and crack resistance of HDPE can be enhanced. HDPE is mainly used in
production and packaging industry. Containers like milk jugs, detergent bottles, butter tubs, and
water pipes are generally produced using HDPE. Moreover, HDPE owns an outstanding advantage
in recyclability. Degraded HDPE does not diffuse hazardous emissions containing toxic chemicals,

leaving less harm to the environment.
e Cross-linked Polyethylene

The volume mass density of cross-linked polyethylene (XLPE) is smaller than that of high-density
polyethylene. Due to plenty of cross-link bonds inside the material, XLPE is changing into thermoset
rather than thermoplastic. Both the chemical and physical stabilities of XLPE under high

temperature are improved, and its corresponding chemical resistance of it is enhanced. Peroxide
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cross-linking method (developed by Engel in 1960s), Silane-based method (proposed by Monosil in
1974), and vinylsilane method (1986) are extensively used to produce XLPE in high voltage cables

manufacture [20, 21].
e Linear Low Density Polyethylene

Linear Low-Density Polyethylene (LLDPE) is defining polyethylene with a density range of 0.915-
0.925 g/cm3. LLDPE can be treated as a compromised product between LDPE and HDPE in
consideration of structure and property. LLDPE is named accounting its linear polyethylene
backbone components, which are usually randomly attached with short alkyl groups [10]. In
comparison with LDPE, LLDPE is improved on tensile strength, impact, puncture resistance, and
cracking resistance. Meanwhile, LLDPE remains LDPE’s high toughness and flexibility under stress.
However, the manufacture of LLDPE is relatively complex compared with LDPE, and LLDPE is not as
transparent as LDPE, caused by its lower content of amorphous regions. Moreover, similar to HDPE,
LLDPE is usually copolymerized with 1-alkene. Widely used methods to produce HDPE are Ziegler-

Natta catalyst, metallocene catalysts, and supported chromium or SSC (Single Site Catalysts) [17].

1.1.3 Degradation of polyethylene

When a When a polyethylene-insulated cable is in operation, the insulating material will experience
a combined action of electric fields, thermal stresses, and mechanical forces. The degradation of
insulation could be initiated where high or divergent electrical pressure occurs due to the influence
of impurities, defects and microvoids inside the insulation or at the interfaces between insulation
and conductive metal. The degradation in polyethylene can develop into different behaviours such
as electroluminescence, partial discharge, treeing and eventual breakdown, at various ageing
stages. The treeing in polyethylene regarding as a prebreakdown phenomenon can be classified
into three types: electrical tree, water tree and electrochemical tree [24]. The electrical tree is one
of the essential reasons for long-term degradation of polymeric insulation in high voltage ac (HVAC)
system. Extensive research has been focused on electrical trees in polyethylene [25]. Electrical trees
grow within the regions under high stress, like metallic asperities, conducting contaminants or
structure irregularities. It is ineluctable that microvoids exist in polyethylene. These voids have
relatively low permittivity and electrical strength. Thus, the local electrical field within voids could
be higher than outside, and it may cause breakdown of gas in voids, triggering partial discharge
within the insulating material. Partial discharge can accelerate the degradation of void surface,
which can further facilitate the electrical treeing phenomenon [11]. At the initial stage of electrical
trees, the formation of degradation region and electroluminescence (EL) are generally observed

[26]. The relationship between EL and the degradation of XLPE has been analysed and presented
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by Fan etal. in 2001 [27]. The results suggest that the electron impact theory can explain the EL and
electrical degradation rather than photo-degradation mechanism. Until now, the degradation of
polyethylene is still not fully understood due to the complex dynamic nature and various factors
(electrical, thermal and mechanical stresses) affecting the process. Nevertheless, all kinds of
electrical degradation are regarded to be related to charges within materials or at the interfaces,
especially at the initial stages. Charges inside the insulation are generated from either electrode
injection or dissociation from ionization of impurities and particles within dielectric materials.
Polyethylene’s low conductivity and charge trapping sites will further contribute to local
accumulation of charges (space charge phenomenon). The localised charges will distort the electric
field distribution within polyethylene. Partial discharges, electrical trees, electroluminescence and
other degradation processes are more natural to initiate within insulation under the enlarged
electric field [11, 25, 26]. Therefore, remarkable space charge accumulation and intensive charge
dynamics can accelerate general degradation or ageing process based on their significant

contribution to local field distortion within polyethylene.

1.2 Space charge phenomenon in polyethylene

Space charge describes localised charges accumulated in the bulk of dielectrics and insulators or at
the interface between different materials, which are commonly carried by electrons, ions or
charged particles. Some of these charge carriers are sourced from electrode injection, and others
are from polarisation, dissociation or ionisation of the contamination inside the material. Besides,
these charges can be either mobile or trapped in the dielectric materials. Charge carriers with
opposite polarities can be recombined and neutralised. This process often results in photonic

emission effects.

Generally, space charge can be classified into two types: homocharge and heterocharge. Charge
with the same polarity as the adjacent electrode is called homocharge and that with opposite
polarity is named heterocharge. Homocharge generally comes from the electrode injection while
heterocharge is mainly caused by ionisation within the insulating materials. As shown in Figure 1-
7, the Homecharge usually results in the field enhancement in the middle of the insulation, while

heterocharge often cause field enhancement in the surface region of insulation.
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Figure 1-7 Schematic illustration of Homo-charge and Hetero-charge

The parameter conductivity is generally defined to demonstrate the material’s ability of charge
transportation, in the description of charge transport within the dielectrics. The conductivity o is

described as follows:
o = unq 11

Where g is the elementary charge; u is the drift mobility of charge carriers; and n is the

concentration of free charge carriers [28].

As for polyethylene, the typical value for conductivity, o, is around 102> Sm™, while the mobility u
is about 10*m?2Vv-1s?, and q is equal to 1.60x 10 C [29]. In this way, the corresponding amount of
charge carriers within polyethylene is of 10®m=, and the intrinsic concentration of charges within
insulator is usually less than 10*®> m3 [11]. The larger difference between the two values indicates
the existence of non-intrinsic sources of charge carriers in dielectrics. These sources are primarily
affecting the electrical performance of insulators when subject to electric fields as they contribute
the major charges within the materials. Their generation and transportation process are mainly

discussed here.

1.2.1 Charge generation

There are two major sources of charge generation in an insulator: ionic process and electronic
injection. lonic process is the process by which an atom or a molecule capture a negative or positive
charge by gaining or losing electrons to form ions in insulation. This process is mainly caused by
chemical impurities or dissociation of additives. Electronic injection describes a phenomenon that

electrons or holes immigrate from the electrodes (conductors) into the bulk of the insulators

8
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(polyethylene) when the applied electric field exceeds a certain value. The ionic process within the
insulating polymers has been greatly reduced along with the significant improvement of material
production, leading to the electronic process dominating the charge sources within the
polyethylene. Therefore in this work the charge caused by ionic process is neglected and in this part,

the procedure of electronic charge injection is mainly discussed.

When the electrodes (metal) are in contact with the insulators, free carriers will flow from the
electrodes to the insulator or reversely from the insulator towards the electrodes until the Fermi
levels of both are equal, which indicates that an equilibrium condition is established. The direction
of the flow is determined by contact states and work functions of both materials [30]. Under HVDC
conditions, as shown in Figure 1.8, the work function of the anode, ¢,y,4, is higher than that of
insulator (@), while the work function of the cathode, ¢,,5 , is lower than ¢ initially due to the
polarity of the applied field. Therefore initially electrons within the system flow from the cathode
to the insulator and transport towards the anode. Because of these, positive charges are left in the
insulation near the positive electrode, while negative charges accumulate at the interface and bulk

of the insulator adjacent to the negative electrons.

In Figure 1-8, Ery is the original Fermi level of the electrode (metal); Er is the initial Fermi level of
the insulator, y is the electron affinity of the insulator; Ecis the lowest energy level of the conduction
band of insulator; Ey is the highest energy level of the valence band of insulator; Eg is the band gap
of the insulator; E is the Fermi level of the contact system and ;s is the potential barrier height at

the interface of connection.
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Figure 1-8 Energy diagrams of the electrical contacts between electrodes and insulator [30]

According to Figure 1-8, it is the potential barrier at the interface of electrodes and insulator that
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blocks the charge injection, which can be reduced by the image force (Effects of charges built up in
the electrodes as charges inside dielectrics approach the metal-dielectrics interface) of the applied
electric field. Consequently, the external field can enhance the injection of charge carriers at the
interface between electrodes and insulator. A Richardson-Schottky injection theory has often been

applied to analyse this phenomenon.
Richardson-Schottky injection

The lowering of the potential barrier under a uniform field to the neutral contact (metal and
insulator sharing the same Fermi level before their contact) between a metal and an insulator is

illustrated in Figure 1-9.
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Figure 1-9 Schottky injections at the interface of electrodes under electric field [30]

As shown before in Figure 1-8, the original potential barrier @gis equal to (¢m - x). Once a field E is
applied, a new barrier will be generated in consideration of the field and image force, and the new
potential barrier, {(x), can be obtained using the following equation according to Richardson-
Schottky theory.

qz
16mex

P(x)=@Qm—X— —qEx 1-2

X indicates the electron affinity force. From the equation, it is clear that the image force (third term
in the equation) tends to attract electrons back to the metal, while the force of the applied field
(fourth term in the equation) drives electrons away from the metal. Resulting from this conflict
trend, an optimal point exists, where the overall lowering effect becomes maximal. Using the
differential of equation 1-2, the value of distance where the lowest potential barrier, x,,, can be

calculated, with respect to x.

When x = x,,, ,dl’:ix) =0.So

10
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— q _
Xm = \I 16meE 1-3
Then the lowering potential barrier height Agg is
Agp = (L) + qEx = |% whenx = 14
B = l6mex qeEx = 4n'swenx_xm )
In this way, the lowered potential barrier height becomes
W= op— APy = P —X— = 1-5
= @B Pp=Pm — X 4me

The lowered potential barrier of the contact interface will result in the thermionic emission of
electrons from the electrodes (metal). According to the Richardson-Dushman equation, the rate of

thermionic emission of electrons from a unit area is

—4-T2 _r -
J=A-T?exp( %aT 1-6

Where A is a constant equal to 1.2*10% Am2K?,  is the potential barrier height and ks is the

Boltzmann constant.

Combined equations 1-5 and 1-6, the injected current density from the electrodes (metal) into an
insulator caused by the lowered potential barriers height at the interface can be obtained, known

as a Richardson-Schottky injection (equation 1-7).

il
4-11'8)

—4.T2 _ %8 1 -
J=A-T?exp( kBT)exp(kBT 1-7
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Figure 1-10 Current density caused by Schottky injection
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The current density resulting from various injection barriers based on Schottky injection theory is
illustrated in Figure 1-10. The graph clearly demonstrates the injected current density increases

exponentially with the reduction of Schottky injection barrier.

1.2.2 Charge transportation processes

The conduction within the insulator is a complex process and demonstrates a field dependent
feature when the external electric stress is applied. The defects and impurities within the insulator
are believed to cause a bulk limited conduction effect, whilst the charges injected from the
electrodes can similarly bring an effect called electrode limited conduction. These two effects share
almost the same influences in consideration of the charge transportation within the insulator.
Besides, the distribution of space charge caused by the above conduction processes will in return
distort the electric field within the material and consequently affect the behaviour of charge

carriers, which complicates the situation furthermore.

In general, there are three theories proposed to analyse the charge transportation within insulators:

hopping mechanism, Poole-Frenkel effect, and space charge limited current (SCLC).

A wide band gap, between the conduction and valence bands, is believed to be possessed by
polyethylene (The experimental measured result is from 7.6eV to 9eV [11]). In reality, a few
localised energy states exist within the wide band gap. Electrons can easily move between them,
although they are rarely travel through the full gap. These localised states are caused by
polyethylene’s mixed structure of crystalline and amorphous regions, for example, the wave tails
of electrons within the amorphous regions, which can extend themselves into the band gap and
create the localised energy states. Other chemical defects like additives and impurities can also
generate the localised energy states within the gap. A graph (Figure 1-11) shows the nature of the

forbidden energy band of polyethylene.

Conduction Band

Localized
ggr;d< - — Energy
states

Valence Band

Figure 1-11 Schematic graph of energy band in polyethylene [31]

12



Chapter 1 Introduction

Hopping mechanism

The hopping mechanism assumes that a series of single-level trap sites with an energy of ¢ are
localised in the band gap of polymers. Electrons, which are trapped in these sites, can jump between
traps with a separation distance a, after thermal excited. The probability of electrons hopping over

during a unit time can be described as [32].

P = vexp(—% 1-8

where v is the attempt-to-escape frequency, and normally is around 10 to 10%s?; ¢ is the single
level trap site’s energy; kg is the Boltzmann constant, 1.38x 10 2m?kgs 2K, and T is the temperature.

Based on 1-8 the mobility of electrons hopping over can be obtained:

2
— wa 2 -
o =T exp( kpT 1-9

When an electric field E is applied, the potential barrier will tilt in the direction of electric field, and

the potential barrier height will be lowered. Consequently, the potential barrier will be modified
into (¢ —%an).Then the current density contributed by the hopping over process can be
described as:

qEa
2kgT

J = 2qnvaexp(— %)sinh( ) 1-10
B

where g is the electronic charge, 1.60x10°C; n is the concentration of charge carriers.

Poole-Frenkel effects

An internal Schottky injection-like effect can be assumed to happen in the bulk of insulator between
the localised energy states. Just the Columb force in the Poole-Frenkel effect, which causes the
reduced potential barrier, is due to a fixed positive charge, while the Schottky effect causes the
image force to lower the barrier induced by the mobile charge. Therefore, the general theories for

these two effects are similar, and the only difference is the lowering extent.

The lowering effect of the potential barrier for the Poole-Frenkel mechanism is twice as large as
that of Schottky injection [33, 34]. The corresponding conductivity contributed by Poole-Frenkel

effect is deduced as below:

3E
A(psch = ﬂsch\/E = h 1-11
3E
A@pr = BppVE = 2B VE = «ﬂt_s 1-12
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BprVE q |[qE
o = 0yexp ( Z'LFBT ) = 0y exp <2kBT \/;) 1-13

where gy is the low-filed conductivity of the insulator.

Space charge limited current (SCLC)

This theory proposes an analysis of current density caused by the accumulated space charge
neglecting the effects of traps in the bulk of insulation. This approach is based on the following

three assumptions [35]:

(a) Only one type of carrier (holes or electrons) is injected at the contact from a metal into an

insulator;
(b) The mobility of free charge carriers is independent of electric field;
(c) The diffusion of charge carriers is not considered.
If only hole injection is considered, the contributed current density can be expressed as:
J = quanp(0)E(x) 1-14

where q is the electronic charge; us is the mobility of free holes; nn(x) is the concentration of holes
within the material; E(x) is the local electric field in the material and x is the coordination axis in the

direction of the material thickness.

The corresponding electric field can be obtained using Gauss’s Law below:

JdE(x) — qnp(x) 1_15

ax &

€ is the permittivity of the materials.

After that, integrate equation 1-15 using the boundary conditions of:
E(0) = 0 and [} E(x)dx =V 1-16

where d is the material thickness, and V is the applied voltage. The electric field E at the electrode
is assumed to be zero due to the large amounts of charges injected adjacent to the electrode. The

electric field caused by these injected charges neutralise the applied field at the boundary.

Therefore, the current density can be expressed as following (Square law):

9 vz
J = geﬂhﬁ 1-17
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While under low electric stress (<10kV/mm for LDPE) [30], the ohmic conduction is dominant in the

current density composition and its induced current density can be expressed below:
1%
Jo = qnopn 1-18

In this way, the whole picture of conduction current density through a theoretical insulator over

the voltage range can be obtained, as shown in Figure 1-12.

— Current density
Eoo Ohm's Law E
—--Square Law

Current density

....... V
............... ‘]Q = qhy i, E

TR : £

Vo Voltage

Figure 1-12 Log scaled current density for holes injection in a trap free insulator [30]

1.3 Space charge measurement methods

13.1 Charge detection techniques

Space charge detection techniques for insulating materials are classified into two kinds: destructive
and non-destructive ones. The early approaches were destructive, e.g., dust figure method [36] and
probe method [37]. The general principle of these techniques is cutting samples into pieces and
then detecting the charge distribution characteristic on the surface of slices [38]. However, sample
preparation procedures including the cutting can significantly affect the detected results [39]. A
non-destructive method for measuring charge dynamics in solids was first proposed by Collins in
the middle of 1970s [40], and it has been developed into multi-branch of techniques. The
fundamental principle for non-destructive methods is externally applying series of waves (thermal
or acoustic/pressure) to the sample and allowing them propagating through the whole sample to
create a temporary and non-destructive displacement of space. This displacement will add amounts
of time-dependent changes to total induced space charge, which can be detected from the
electrodes. Non-destructive methods can be divided into three categories as presented below,

according to the applied waves’ type:

eMethods using thermal propagation: thermal pulsed methods (TPM) [41], laser intensity
modulation method (LIMM) [42], thermal step method (TSM) [43].
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eMethods using elastic wave propagation: laser induced pressure pulse method (LIPP) [44, 45],

piezo-electrically induced pressure pulse (PIPP) [46, 47], non-structured acoustic pulse method

(NSAPM) and pulsed electro-acoustic method (PEA) [48, 49].

eMethods under electric stresses: field probe methods used for surface charge and surface

potential measurements [50-52].

A brief introduction of generally used non-destructive charge detection methods is presented

below in Table 1-2.

Table 1-2 Summary and comparisons of space charge detection methods [52]

Scan Detection Sample
Method Disturbance . Resolution . P Comments
mechanism process Thickness
Absorption of Diffusion . .
. . High resolution,
Thermal pulse short—light according to Voltage change .
1 . . 2 um 25 um Requires
method pulse in front heat conduction across sample .
. deconvolution
electrode equations
. . Absorption of Frequency- .
Laser intensity Current between Numerical
. modulated dependent .
2 modulation . . sample 2 um 25 um deconvolution
light in front steady-state .
method . electrodes required
electrode heat profile
Absorption of Propagation
Laser induced short laser . Current between .
. . with 100-1000 No deconvolution
3 pressure pulse light pulse in o sample 1um .
longitudinal um required
method front . electrodes
sound velocity
electrode
. Absorption of .
Thermoelectrica P Propagation
short laser . Current/voltage .
Ily generated . . with Deconvolution
4 . light pulse in o between sample 1um 50-70 pm .
laser  induced ; . longitudinal required
thin buried . electrodes
pressure pulse sound velocity
layer
Absorption of . .

. . P . Resolution improved
Piezo- piezo- Propagation . .
electricall electricall with Current/voltage with deconvolution.

5 4 4 o between sample 10 pm 5-200 um  Uses for  surface
Induced generated longitudinal
. . electrodes charge
pressure Pulse short pulse in  sound velocity
measurements.
metal target
HV spark
Propagation Used for solid and
Non—structured  between . pag Voltage between L . )
. with 10000 liquid dielectrics.
6 acoustic  pulse conductor and o sample 1000 pm . .
longitudinal pum Higher resolution
method metal . electrodes . .
. sound velocity with deconvolution.
diaphragm
Absorption of Propagation Deconvolution is
Laser generated p' . . pag Voltage between .
- laser light in with required. Target and
7 acoustic  pulse . T sample 50 um 3000 pum . .
thin paper longitudinal sample immersed in
method . electrodes . s
target sound velocity dielectric liquid.
Absorption of Propagation
. P . . pag Voltage between
3 Acoustic probe laser light with sample 200 um 2000-
method pulse in front longitudinal P " 6000 pum
. electrodes
electrode sound velocity
Piezo- . .
. Electrical Propagation
electrically - . Current between . .
excitation of with Deconvolution is
9 generated . . o sample 1um 25 um .
piezoelectric longitudinal required
pressure  step . electrodes
plate sound velocity
method
Thermal ste Applying two Thermal Current between 2000~ Deconvolution is
10 P . PPIng expansion of the sample 150 pm 20000 .
method isothermal required
sample electrodes um
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sources across

sample
Force or . . .
. Propagation . . Deconvolution is
Electro—acoustic  modulated . Piezoelectric .
. . with 10000 required. Also used
11 | stress pulse electric field - transducer at 100 pm
. longitudinal pm for surface charge
method on charges in . sample electrode
sound velocity measurements.
sample
L Absorptlon. of External Current between Non-destructive for
Photoconductivi  narrow light . N
12 . movement of sample 1.5um - short illumination
ty method beam in )
light beam electrodes time.
sample
Parallel
. illumination of
Space charge Interaction of sample volume Photographic Mostly  used  on
13 P . g polarized light P grap 200 pm - transparent dielectric
mapping e or movement of record .
with field . liquids.
the light beam
or sample
forrton of BT g e chors
14 | Spectroscopy radiation  in  radiation source ™ the observed 50 um - Few applications
spectrum
sample or sample
Capacitive Non-destructive
15 | Field probe None coupling to the Current 200 pm - !
. surface charge tests
field
1.3.2 Pulsed electro-acoustic method (PEA) technique and schematic of equipment

In consideration of measuring range, resolution and construction costs, Pulsed electro-acoustic
(PEA) technique is adopted in this work to detect charge dynamics in insulation. The primary

principles and structures of the space charge measurements are presented below.

PEA is mainly using the Coulomb force induced by a pulsed electric field to cause the exchanges of
momentum and consequently generating acoustic waves. The generated waves propagate in the
specimen and at the end are detected by a piezoelectric sensor changing into electrical signals. The
piezoelectric sensor is assembled at the ground electrode. The amplitude of the detected signal will
be proportional to the charge amount, while the distribution of the accumulated charges can be
deduced from the coordinate position of the detected signal. The acoustic waves will be converted

into electrical signal by the piezoelectric sensor.

Figure 1-13 [38] shows a sketch of a PEA system for the general purpose used for the measurements
under DC fields. In the system, a DC source applies the high voltage to the sample through a
protecting resistor to prevent the fault current which may damage the voltage source. A coupling
capacitor is connected between the pulse source and the electrodes to allow the high-frequency
pulse signal going through while filtering the DC noise associated with the pulse signal. The sample
will be firmly pressed between the top and ground electrodes. The thickness of the ground
electrode is typically designed to create a suitable time delay, for filtering the disturbances from
the pulse and avoiding the overlap between original waves and reflected ones [38]. Beneath the

ground electrode, a polyvinylideneuoride (PVDF) is used as the piezoelectric transducer, converting
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the acoustic signals into electrical ones. The magnitude of the converted signal is positively
proportional to the thickness of the PVDF. The converted electrical signal is then amplified by the
connected amplifiers. The PEA system used for DC space charge measurements in this work has a

typical spatial resolution of 10pum and a sensitivity of 0.1 Cm= [53].

Pulse source

DC source <} . /\
. Sl
w |
R el
Top electrode e - | . o
\,\ ‘\:: /_‘_/
T L Sample

Ground electrode

Figure 1-13 Structure of PEA system used in HVDC measurements [38]

All the space charge measurements in this work were conducted on the low-density polyethylene
(LDPE) films. The experiments were implemented using the same batch of LDPE products to ensure
the consistency of the quality of the tested materials. (Additive free for virgin samples, and aged
samples are prepared using the same batch products as the virgin ones.) The LDPE films are stored

in a dark and dry condition at the room temperature.

The DC experimental work (including DC polarity reversal tests) described in this thesis was
obtained using a PEA measurement system associated with a user-defined data acquisition
processing LabVIEW program. The testing DC voltage range of the system is 1 to 30 kV. The pulse
voltage used in the measurement system has a voltage amplitude of 1 kV and a width of 5 ns. The
frequency of the pulse voltage is 1 kHz. The amplified output electric signal is acquired and averaged
by a digital oscilloscope with a sampling frequency of 2 GSs™™. Besides, a thin layer of silicone oil is
filled at the interfaces of the testing sample and electrodes for supplying a good contact to minimise
the reflection and attenuation of acoustic waves during the acoustic signal propagation.
Furthermore, an absorber is assembled to firmly contact with the sensor to delay and suppress the

acoustic reflections.

Unlike DC measurements, the PEA system needs to be further improved for measuring space charge
under complex fields, e.g., AC, superposed AC and DC fields. The space charge dynamics are
frequently altered, following the alliteration of applied fields. Two essential components are
enhanced: a higher frequency and high voltage pulse generator to shorten the averageing time

required and ensure enough measuring points for situations under the field with high frequency,
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and a high-speed digital signal computing unit, for data acquisition, average, and storage. Generally,
the oscilloscope cannot store or transmit a large amount of data continuously, and results under
certain phases of applied fields are always randomly lost under high frequency cases. Therefore, to
measure the space charge dynamics under the periodical complex electric field, a high voltage pulse
with 2kHz frequency and a signal averager, Eclipse, is used in my experiment. Eclipse uses binary
numbers to store and transmit data to computers, which is super quick and qualified to proceed
measured data under relatively high frequency fields. A schematic diagram of the measuring system

under periodical complex electric fields is shown in Figure 1-14.

PP TREK 20/20B
S HV Amplifier

Periodic complex

stress Pulse |
vienerator

]
PEA setup Signal Averager
Eclipse
Trigger

Figure 1-14 Schematic diagram of space charge measurement under periodic complex fields [53]

The space charge under periodic voltage signals within a frequency range of 0 to 100Hz can be
successfully measured by using a 2kHz high voltage pulse [31]. The large memory computing
component, Eclipse, can capture the details of the space charge dynamics. As Figure 1-14 shows,
the field is applied across the polymer sample using a high voltage amplifier. The output of the high
voltage amplifier is controlled by a function generator to apply designed periodical fields to the
testing sample. The high voltage pulse voltage is applied to sample to excite the localised charges
within the sample, generating acoustic signals, and simultaneously, to trigger the Eclipse for data
acquisition. The raw data of the PEA system is acquired by Eclipse and stored in its memory, and
then transferred to a PC for subsequent data processing and analysis. To distinguish the phase-
resolved PEA signals and resultant space charge profiles, a purpose-designed data processing

program is developed and applied in this project. Its detail is presented in Section 3-1

1.4 Motivation and objectives of research

During the last few decades, extensive efforts have been made to understand the correlation
between space charge and electrical performances of insulating materials. A bipolar charge
transport model has been proposed to analyse the space charge dynamics in polyethylene under

DC voltage. Based on this model, the dynamics of charge transport, trapping/detrapping, and
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recombination under DC conditions have been studied. However, the applied electric field plays a
vital role on the space charge behaviours, which has rarely been investigated, either experimentally
or numerically, for example, under alternative or more complex high voltage. Therefore, the
general objective of this research work is to obtain a better understanding of space charge dynamics
characteristics in polyethylene under various complex electric fields. The current lack of research is

mainly due to the following two reasons:

1) Space charge phenomenon is relatively hard to be detected under power frequency AC and
superposed fields. This difficulty results from three main reasons. Firstly, to acquire
sufficient information under AC and superposed fields, high frequency data acquisition,
transmission, and storage are essential, especially for electric fields under power frequency,
the three processes should be finished within 0.001 seconds considering 20 results per
cycle. Besides, high resolution of the measurement system, as well as precise phase
determination process are required to accurately present the charge profiles within
insulation under AC and superposed fields. The procedures are virtual because significant
amounts of charges may accumulate adjacent the electrodes due to the continuous
reversal of applied field polarity and the applied field phase of AC and superposed fields
can remarkable affect the charge dynamics inside the insulation. Furthermore, breakdown
and surface flashover happen under relatively low strength under AC fields. Particular
attention should be focused on the electrical pressure relief of the PEA system designed for
AC and superposed AC and DC fields.

2) In primeval, researchers believed space charge phenomenon is insignificant under HVAC
fields due to consistent polarity reversals. This idea based on the assumption that the
characteristics of electrons’ and holes’ generation and transportation within the insulation
are entirely the same, whereas different features of electrons and holes are widely
observed under high voltage stresses. Moreover, severer electrical ageing and degradation
of insulation are observed under HVAC comparing with under HVDC, and all electrical
ageing and degradation within insulation are affected or related to the space charge

phenomenon.

The features of applied fields (magnitude, composition, and frequency) can also in return affect the
space charge phenomenon inside the insulation. Therefore, in the present research, another
objective is to investigate the influence of the applied fields’ features on the charge dynamics based

on the measured and simulated results.

Moreover, the presence of space charge in solid dielectric materials can lead to electric field

distortion and affect the electrical performance. Local electric field enhancement in the solid

20



Chapter 1 Introduction

dielectric materials may significantly contribute to the early ageing and even electrical breakdown.
The above effects have been highlighted in many research papers under HVDC conditions and space
charge has been considered as the key to the understanding of many observed phenomena under
high electric fields. Therefore, in this thesis, the effect of space charge on the electrical breakdown
of polymeric material is also aimed to be investigated based on the proposed charge transport

numerical model.

1.5 Contribution of the research

This thesis aims to aid the understanding of space charge characteristics in polymeric insulation
through both theoretical modelling and experimental investigations. The dynamics of space charge
in polyethylene under various categories of periodical electric fields are investigated using both PEA
measurements and numerical simulations. The influences of applied field features on the space
charge phenomenon within insulation are researched based on obtained experimental and
numerical results. Space charge’s role in the electrical breakdown has also been evaluated in this

dissertation. In this research, the main contributions are summarised as follows:

1) Animproved PEA system and data analysing procedure have been proposed in this thesis. This
improvement enables the accurate recovery of the applied field phases under high frequency
stresses. The system and process combined with the subtraction method can precisely
demonstrate the localised charge profiles inside insulation under high frequency complex
electric fields. Besides, Raman and Attenuated Total Reflectance Fourier Transform Infrared
(ATR- FTIR) Spectra have been used to investigate the ageing effects on the structure of LDPE

caused by the frequency and the magnitude of electric fields.

2) An evaluation of British converter transformers standard dielectric testing has been applied
based on measured charge results. Two significant signs, charge amounts and local field
distortion, indicating space charge effects inside insulation have been analysed and compared
between results under practical operating fields and reduced standard testing fields. Advice on

the improvement of the standard has been proposed.

3) The existing DC bipolar charge simulation model has been revised and modified in this work.
The revised model is capable of analysing charge dynamics under more general applied fields
(AC, superposed fields and even under ramping voltage up to breakdown). A procedure to

enable the simulated results directly comparable to the measured data has also been proposed.

4) Adopting the proposed experimental and numerical method, the effects of applied field

magnitude, frequency, as well as the composition of applied fields on the charge dynamics and
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local field distribution have been studied in this research. The numerical model has also been
used to investigate the underlying relationship between space charge phenomenon and
electrical breakdown of insulation. Elaborated analysis and discussion have been made to
interpret the empirical principles (Relationships between breakdown strength and testing
sample thickness, Relationships between breakdown strength and testing voltage ramping
rates) and experimental observations (Significant differences between the measured AC and

DC breakdown strengths of same materials).

1.6 Outline of thesis

The thesis contains seven chapters in total.

Chapter 1 Introduction: This part gives an overview of the background of the project. The structure
and characteristics of the experimental material, low-density polyethylene is included. Additionally,
a brief introduction of space charge detection techniques is provided. Furthermore, the objective

and outcomes of the project are presented.

Chapter 2 Space charge mechanism and measurement: This part reviews the literature using the
bipolar charge transport theory to analyse the charge dynamic in insulation. The development of
pulsed electro-acoustic (PEA) has also been illustrated. In addition, a discussion has been made on

the relationship between space charge and electrical breakdown.

Chapter 3 Measurements of space charge under high voltage electric fields: This part presents and
analyses the results of space charge measurements under various kinds of electric fields. Specific
procedures for data collection, calibration, and analysis are illustrated. The characteristics of charge
dynamics under different types of applied fields are discussed. The corresponding local field

distortion and ageing effects on the tested samples have also been evaluated.

Chapter 4 Modelling of space charge under high voltage electric fields: This chapter illustrates a
method to simulate charge dynamics in polyethylene under various categories of electric fields,
based on bipolar charge transport theory. Simulated charge motion and physics behind are
analysed and discussed. A procedure to proceed the simulated results capable of direct comparison

with the experimental data has also been presented.

Chapter 5 Space charge dynamics under complex stresses: This chapter investigates the relationship
of influences of three features (magnitudes, frequency, and percentage of the AC and DC voltage)

of the applied electric fields on the charge dynamics within the polyethylene.
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Chapter 6 Space charge and its role in the electrical breakdown of solid insulation: In chapter 6, the
proposed numerical model is used to explain the impact of space charge during the electrical
breakdown process. Features of applied fields, the thickness of samples’, as well as testing voltage
ramping rate’s influence on the breakdown strengths are analysed and discussed using the

numerical model.

Chapter 7 Conclusions and Future work: This section summarizes the findings from above chapters,

discusses the limitations of my work and outlines the possible work for future.

23



Chapter 2 Space charge mechanism and measurement

Chapter 2: Space charge mechanism and measurement

The space charge formation within insulation is widely applied as a sign for evaluating the
degradation of the dielectric material [2]. This application is considering the degradation
phenomena are generally affected or related to electric charges within insulation or at interfaces.
The low conductivity and trapping sites in the insulation will lead to the accumulation of space
charge, which could result from either the charge injection from electrodes or the ionisation of
impurities or particles within the insulation. The localised charges in bulk or at the interfaces of
insulator/electrode can distort the electric field distribution, and enhance the local electric field.
This distortion could in certain circumstances enlarge the local field strength several times larger
than the applied field, which may eventually accelerate the damage of dielectrics. This damage can
be early degradation, electric treeing or even complete insulation failures. Thus, numerous
researchers, both numerically and experimentally, have been carried out on investigating the space

charge accumulation, transportation, and recombination in polymeric materials [5][54].

In this Chapter the related literature of PEA charge detect techniques, bipolar charge transport

theory, and relationship of space charge, and electrical breakdown are reviewed and discussed.

2.1 The evolution of pulsed electro-acoustic method

Pulsed Electro-acoustic (PEA) technique is a widely used method in both research and industry
studying the profiles of space charge dynamics in insulation [64]. Since it was proposed in 1983 [48],
PEA method has been continuously improved and modified fulfilling different specific requirements.
A conception of the pulsed electroacoustic method produced by Takada is illustrated in Figure 2-1.
In this work, the PEA technique is adopted to detect charge dynamics in polyethylene under various

electric fields conditions.
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Figure 2-1 A conception of the pulsed electroacoustic method produced by Takada [48]
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In 1987, Takada initiatively presented a result of space charge measurements using the PEA
technique [65]. In the paper, Takada demonstrated in theory that this method could be used to
determine the space charge profiles. Unfortunately, the obtained signals are not directly indicating
the charge profiles within the sample, because the used ceramic piezoelectric transducer (PZT) had
only a limited frequency band. When a narrow single acoustic pulse propagates through the ceramic
transducer, part of the high frequency components of this pulse is lost. Therefore, the detected
charge profiles were not triggered by a single pulse signal and contained some oscillations which

have no relation with the charge dynamics inside the insulation.

To obtain accurate space charge profiles, a deconvolution technique was developed in 1988 [66].
The measurement results of the PZT was also improved after using this method to avoid the loss of
high frequency component. With this data processing technique, the accurate charge profiles can

be obtained.

A new polarized homo-polymer family of piezo and pyroelectric transducers based on highly polar
polyvinylidene fluoride (PVDF) film has become a commercial reality in the 1990s [67]. The ceramic
transducer initially leads zirconium titanate (PZT), or lithium niobate (LiNbOs) was replaced by the
PVDF transducer. PVDF’s high levels of piezo activity, an vast frequency range, broad dynamic
response, and low acoustic impedance, make it possible to overcome the disadvantage of the
ceramic transducer in frequency characteristics and to simplify the deconvolution technique. It also
assists the application of the PEA methods to very thin samples. The polymeric transducer is a
flexible, compliant, and optically clear plastic film, which can be readily cut, shaped and adhered,
to form transducers for the complex application. It was also used as adhering electrode in coaxial
cable systems [67-69]. A comparison of the piezo-ceramic and piezo-polymer is presented and

discussed in Table 2-1.

Along with the development of signal transducer, efforts on the improvement of the PEA
measurement system have been made over the decades. Initially, Hozumi et al. in 1992 [68]
adjusted the system enabling the measurements of charge profiles under high electric fields. Liu et
al. in 1996 [70] introduced a three-electrode system to ensure the uniform electric field distribution
that applies to the sample. Later in 1999, Vazquez et al. [49] proposed a signal processing technique
to recover the actual charge distributions from dispersive samples, by taking consideration of
acoustic attenuation and dispersion factors of the insulating material. In 2003, Fu and Chen et al.
[5] made a further improvement on the application of a flat outer electrode in the PEA system to
enable space charge measurements in extruded polymeric cables with different geometries.

Subsequently, in 2006, a novel calibration technique for PEA measured data was developed by Chen
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et al. [72] to solve the problem of the induced charge on electrodes and to reduce the impacts of

the pulse voltage on space charge.

Table 2-1 Comparison of piezo-ceramic and piezo-polymer transducers

Piezo-ceramic transducers

Piezo-polymer transducers

Typical sensor
material

Chemical

formula

Centre
frequencies

Acoustic
impedance

Lead zirconate Lithium niobate
titanate

Pb[Zr,Ti1x] O3 LiNbO;
(0=x<1).

<10MHz

Integral complex electrical impedance
to ensure acoustic impedance closer
to 50 Ohms

Polyvinylidene fluoride

-(CoH2F2)s-

Precision acoustics even for

frequency higher than 35MHz

Impedance could be matched over a
limited frequency range, and simple
inductive matching are effectively

used

Testing sample Up to millimetre stages sample Up to micrometre stages sample

range

Waveforms obtained from PEA measurements may be distorted due to the acoustic signal
attenuation and dispersion, especially when using the loss or dispersive media of thicker samples.
In most cases, the magnitude will be reduced by attenuation while the waveform will be broadened
by dispersion. Effects of these two will lead to the more deteriorated second peak of the sensed
signal. In 1994, Li[31] developed an approach to recover the distorted waveform, and this is applied

to recover the measured waveform of the solid insulation samples.

Since then a relatively mature PEA space charge detecting system has been established. Numerous
experimental works under DC voltage have been done using PEA system along with the
development of the detecting system [73-77]. In 2000, Montanari et al. [78] proposed a method
based on HVDC charge measurement to detect space charge under HVAC stresses using a time-
resolved PEA system. The work proposed a method to improve the detection quality to capture the
guantitative information from the PEA system of small and fast-depleted trapped charges under
HVAC fields. However, this method requires a complicated mathematical analysis process, and it is
not able to present the phase differences of charge profiles within the cycles of the applied fields.
Subsequently, in 2004, Chong et al. [79] proposed a phase-resolved based PEA system. This method
avoided the massive calculations in the data recovery of a time-resolved system and enabled

detecting and averageing data according to the phase. Therefore, cycle differences of charge
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profiles can be distinguished and illustrated using this modified system. In 2008, Thomas et al.
performed some measurement work of space charge under AC electric fields and proposed a new
method of detecting charge dynamics under arbitrary periodic stress using PEA techniques [80, 81].
Their results have confirmed that the PEA technique is also suitable for measuring space charge

under complex electric fields.

In 2014, Zhao et al. [82] presented some initial charge profiles measured by a similar PEA system
under combined ac and dc fields. His results demonstrate that DC component within the applied
fields can significantly affect the charge dynamics within the insulation. However, peak values (at
the entry electrode) of the PEA signals were used in Zhao's results as the basis for determining the
applied field phase of the obtained profiles. This approach is inappropriate as significant amounts
of charges can accumulate in the region close to the surface of the insulation even under power
frequency periodical fields, which will make the charge peaks at the electrodes not proportional to

the applied voltage.

In 2015, a subtraction process was proposed by Ning [84] which assists better illustration of space
charge inside the insulation. The method can remove the effects of capacitive charges at PEA
electrodes while not losing any localised charges inside the insulation. This process is more suitable
for space charge analysis under AC and more complex applied fields than traditionally used volt off
method (Short time voltage off measurements), as a remarkable percentage of accumulated
charges under the fields is shallow trapped which can be significantly lost during the volt off

measurements.

2.2 The development of bipolar charge transport theory

The first version of bipolar charge transport model in dielectrics was proposed by Alison and Hill in
1994. This model was introduced to simulate the behaviours of space charge in degassed XLPE. [7]
They proposed injections and extractions of charge carriers from the both electrodes. A schematic
representation of their bipolar charge generation, trapping, and recombination model is shown in
Figure 2-2 [7].Their simulated results demonstrated charge could be localised due to the traps
inside the insulation and supported the qualitative interpretation of space charge dynamics in XLPE.
However, in this primary model, they neglected the existence of potential barriers, assuming that
charges can freely immigrate in both injection and extraction processes. Other mechanisms, such
as charge trapping and recombination, are only briefly proposed by simplifying the mobility of
charge carriers is constant in solid. Therefore, their numerical results were not well matched with

the experimental data.
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In the same year, Fukuma et al. introduced Schottky injection mechanism into Alison’s model to
further describe the potential barriers of injection and extraction at the electrodes. Hopping
conduction mechanism was also applied to analyse the charge transport process with a field
dependent velocity. [59] These efforts enormously refined the bipolar model, and the obtained

results can fit the measured ones better.

In 1999 Kaneko et al. proposed a similar revised model but considering the extraction of charge at
the boundaries without a barrier. [60] This revised model can generate packet-like charge
distribution curves, which are more suitable for analysis of charge dynamics under relatively high

HVDC electric fields (> 50kV/mm).
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Figure 2-2 Schematic representation of bipolar charge trapping dynamics within insulation [7]

All these above bipolar models can simulate reasonable charge profiles in dielectrics, and they
together present an evolution of the bipolar charge transport theory. Their works characterised the
charge dynamics within in dielectrics and established the basic framework of the bipolar charge
transport theory. Numerous researchers have further improved the charge transport model to
extend the model on the space charge behaviour under various conditions and explore the
understanding of the charge dynamics in insulation. [6, 8, 9, 61] However, the majority of these
works were limited to the study of charge dynamics under HVDC with the extension of the charge
transport mechanisms from the semiconductors to the insulators. Limited research was focused on
the application of the bipolar theory on charge dynamics under complex electric stresses such as
AC and superposed AC and DC fields or the illustration of the relationships between space charge

characteristics and dielectric properties, such as conductivity or breakdown strengths.
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In 2010, Zhao et al. [62] demonstrated that the bipolar model is reasonable for analysing the space
within polyethylene under HVAC. His results also showed the bipolar charge transport theory’s
potential on studying space charge under complex conditions, e.g., dynamics under superimposed
electric fields or under temperature gradient environments. A bipolar charge transport model
similar to the simulations under HVDC has been used, and a power’s law was involved computing
the mobility of charge carriers. The obtained results presented reasonable matching in net charge
amounts and current density along with the measured results. Nevertheless, no specific charge
distribution comparison was presented in the work, and Zhao has stated the model required further
improvements to give proper fittings of charge positions and amounts, comparing with the
experimental results. In 2012, Chen et al. [63] offered an approach to use measured charge velocity
versus the electric field curve to analyse the charge transportation process, giving a more factual
analysis for the proposed numerical model. The principal features of these bipolar charge models

are reported in Table 2-2.

Table 2-2 Features of the principal bipolar transport models

Alison and hill Fukuma et
Reference Kaneko et al. [60] Zhao et al [62]
[7] al. [59]
Issuin ) .
1ing DC fields, XLPE AC fields, LDPE
conditions
Constant L
Generation Schottky injection
source
Non—blocking Extraction Extraction according to Extraction according to
Extraction . mobility, and non-blocking mobility, and non-blocking
electrodes barriers electrodes issued electrodes issued
Constant Power’s law
Transport effective Hopping conduction .
. controlled mobility
mobility
Trapping One deep trapping level, no detrapping
For mobile and For mobile and trapped
Recombination | trapped charges Only for mobile charges carriers ) PP
. charges carriers
carriers
Joule effects accounted
Other for initial bulk charges
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(a) Resonant tunnelling between two
states. An electron in site i is thermally
excited to an energy E at which it
proceeds by resonance tunnelling
through the intermolecular energy
barrier V(x) to a state j. In this example,
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(b) Poole-Frenkel mechanism. The
potential energy E, of the site is
assumed to be of Columbic form. In the
presence of a field, the energy of the
site is modified (Lowering of the barrier
in the drift direction).
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(c) Trap controlled mobility. The

migration of an electron occurs through
trapping in successive states. Mobility
is deduced from the average time
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Figure 2-3 Three basic principles for charge transportation [83].
Coulomb shape of barriers exist in cases (a), and (b) (sites in interactions) and the square shape is

generally used in case (c). The diagrams (a) and (c) are represented in zero field conditions.

The main theoretical difference between models designed for AC and DC simulation is the
procedure of deducing charge transport mobility. For DC conditions due to the limited change of
electrical fields within insulation, trap controlled mobility, mobility deduced from the average time
charges stay in traps, can be used to analyse charge transport for the sake of calculation
simplification. However when concerning charge transport under AC applied fields, the mobility
field dependent effect become quite significant, and therefore more complex mobility deducing
procedures are generally involved in illustrating the charge transport process better. Figure 2-3
illustrates some basic principles of charge transport theories.

2.3 The role of space charge in electrical breakdown of solid insulation

Electrical breakdown tests are often performed to assess the electric performance of insulation
systems. Several mechanisms, including electronic, avalanche, electromechanical, thermal theory,
and partial discharges have been proposed to explain the processes [85]. In mechanical breakdown
theory, it is believed that the internal electric fields induce the mechanical force, which breaks the
whole material when it is sufficiently high [85]. For thermal breakdown theory, the increased
temperature, which is caused by adding electrical conductivity, results in a thermal runaway of the
material [85]. Besides, in the electrical breakdown theory, it is assumed that breakdown process
happens when the internal field reaches a critical value, “intrinsic” dielectric breakdown strength.
[85] Figure 2-4 illustrates the variation of breakdown strength of solids with the time of applied
field stressing. From the graph, it is clear that the intrinsic breakdown is accomplished in the time
order of 10® s and therefore, has been postulated to be electronic and regarded as a property of
the material and temperature only. For low-density polyethylene (LDPE), the “intrinsic” dielectric

breakdown is estimated to be 500kV/mm [86].
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Figure 2-4 Variation of breakdown strength in solids with time of stressing [11]

According to the three types of breakdown theories mentioned above, only the electrical
breakdown mechanism has considered the breakdown position within the testing sample. In the
mechanical breakdown theory, the internal field is usually regarded as the applied field, regardless
of the distorted local fields induced by the trapped charges. Therefore, the breakdown process can
randomly happen anywhere within the testing sample in the mechanical theory. Similarly, in the
thermal breakdown theory, it assumes that dielectrics are under homogeneous electric fields, as
only the average electrical conductivity and the electric field strength are considered. This
assumption is not appropriate, which has been demonstrated in Matsui’s work as shown in Figure
2-5, [86]. The localised electric fields just before breakdown can be twice larger than the applied
fields in the case of LDPE. Based on the mechanical and thermal breakdown theories, the probability
of breakdown occurs at this electric field enhanced region is much higher than the other areas. This
distorted field region will also accelerate the charge dynamics within the insulation, which could

shorten the time to reach breakdown.

The relationship between the space charge accumulation and breakdown phenomenon in dielectric
materials is still poorly understood, although many efforts have been made on investigating various
materials under different conditions [87-89]. The significant impacts of space charge on breakdown
phenomenon have been widely realised after Bradwell’s report in 1971 [87]. However, few direct
evidence has been obtained during the following three decades due to the complex nature of
breakdown process and the difficulty of establishing measurement equipment. In 2003, Matsui et
al. developed a PEA system capable of detecting charge dynamics under a very high electric field
until electrical breakdown occurs [90]. Using that measurement system, Matsui later in 2005
published a space charge observation in LDPE at prebreakdown [86]. His results demonstrated the
experimental evidence of the impacts of space charge phenomenon on the electrical breakdown.
The results also confirmed the electrical breakdown theory and obtained an estimated intrinsic

breakdown strength of LDPE. Using that estimated breakdown strength, Chen et al. in 2012 applied
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a bipolar charge transport model to simulate LDPE’s electrical breakdown strength under DC
conditions [63]. Their results indicated the breakdown strength of LDPE is strongly related to the
thickness of the testing sample and the ramping rate of the testing voltage. An inversed power’s
law, which was used for describing the breakdown strength versus testing sample thickness, was
obtained and well agreed with the trend introduced in [87], although they are using different
analysing theories. Their results also demonstrated and emphasised the influence of the external
voltage ramping rate on the DC breakdown strength. In more details, their charge distribution
results obtained by the model presented the trends of holes dominating the overall charge
transportation process, and the amount of trapped positive charges was apparently larger than
negative charges. Under this circumstance, severe electric field distortion occurs when plenty of
positive charges and negative charges encounter, as shown in Figure 2-6 (Maximum field distortion
happens where positive and negative charges meet.). These trends are consistent with
experimental results under HVDC conditions, which, however, are not matching with experimental
results under HVAC fields. Much fewer charges are trapped within LDPE under HVAC than those
under HVDC. Moreover, there is no evidence showing that the positive charges | dominate the

overall charge dynamics under HVAC.
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2.4 Summary

Based on above review, it is clear that concerted efforts have been made worldwide to investigate
space charge within dielectrics both experimentally and numerically. Before this research, relatively
sophisticated PEA techniques capable to accurately detect charge profiles under HVDC fields are
available. Based on that numerical model which offers a reasonable physical explanation of charge
dynamics and are capable of qualitative prediction under HVDC fields are proposed. However little
method has been introduced in literature either to measure or to simulate charge profiles under
AC and more complex high voltage fields. For space charge under AC fields, significant amounts of
researchers regarded its effects on the electrical performances of dielectrics were limited based on
their initial hypothesis and rough detected results. As for superposed AC and DC fields, the majority
of researchers agree space charge should have significant influences on the dielectric performance.
However, no specific methods have been proposed to evaluate or predict the effects. When it
comes to dielectric breakdown, the situation becomes even worse. No comprehensive and
convincing theory has been proposed to explain the process, and the relationship between space

charge and dielectric breakdown is ambiguous.

This research aims to improve the current experimental approaches to enable more precise
detection and analysis of charge profiles under AC and superposed AC and DC fields. Based on that,
more reasonable and accurate evaluation of space charge’s effects within dielectrics under AC and
superposed AC and DC fields can be obtained. Further improvement of current testing standards
can also be made based on the analysis and evaluation. Besides, the numerical model in literature
are also aimed to be revised. The new model is capable of analysing charge dynamics under general

operating and testing electric fields (AC, superposed AC and DC fields and ramping breakdown
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testing fields). The underlying physics behind the observation in measurements are explained and
discussed based on the improved model. Space charge’s contribution to dielectrics’ electrical

performances are also aim to be better assessed.
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Chapter 3: Measurements of space charge under

periodic high voltage electric fields

Space charge dynamics under HVDC HVAC and superposed AC and DC fields are experimentally
investigated and discussed using the PEA system in this chapter. The details of the improved
measurement system and the revised data processing technique are exhaustively interpreted in
this Chapter. Moreover, to further investigate the influences of AC field’s magnitudes and
frequency on the physical and chemical characteristics of polyethylene, results of Raman spectra
and Attenuated Total Reflectance Fourier Transform Infrared spectra (ATR-FTIR) have been
presented and discussed in 3.3.1. The different impacts caused by the pure AC, pure DC and
superimposed AC and DC stress on space charge dynamics are investigated based on measured

results in 3.3.2.

3.1 Experimental setup and data processing

When a pulsed field is applied across a specimen with internal charges, these charges will be excited
by the high voltage pulse stress, generating acoustic waves. Those acoustic signals will propagate
through the sample and be detected and converted into electrical signals by the piezoelectric
transducer, which is attached to the ground electrode. In this way, the obtained electrical signals
contain the spatial position and magnitude information of charges. These charges include both the
accumulated and induced charges, and the accumulated ones are the charges that are mainly
concerned in this work. A sketch of the above process is illustrated in Figure 3-1. It is assumed that
acoustic propagation is primarily focused on the vertical dimension of the sample with a constant
acoustic velocity in a uniform material is kept the same. The effects of attenuation and dispersion
of the acoustic wave are generally ignored in thin polyethylene films. The linear superposition
principle is applicable when two or more acoustic waves interact. Based on all above, the obtained

electric signal can be represented as [31]

Vs(t) = K[61 + 02 + V5o ATP (x| €p 3-1

where K'is the constant associated with the electro-mechanical coupling property of the transducer,
0, and g, are the surface charges at electrodes, vy, is the sound velocity through the material, AT
is the width of the pulse, p is the bulk charge and e, is the magnitude of the pulse. For a planar

sample with no bulk charge inside, the third term in equation 3-1 is zero.

Therefore, the output signal at the electrodes can be written as
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Vs = Koge, 3-2
— 8 Ve
Pulse voiage signal y
[ "l\ *nal ¢ wluT.:o\-w. gnal
——0—1, ——D—1,
Applied voltage, -] < l«u-(ﬁ-ldl
+ o o od
: O o)
- Testing Sample |+ .
wit) o, o wit) @ ~®
Slacirode g T Electode Eectoce O PR RO oe
- Testing Sample
has > Charge p(x)
Amplifier Charge o) Ampiier /
Vs(t) - (1)
] I
Acoustic wave Acoustic wave
w(t) w(t)
Tiw) T
Output
Output
Output s(t)
Vs(t) - Ve (U o
1 \V Tiws)
\) [ Tios) V) ’ (] —
(a) (b) ©

Figure 3-1 The principle of pulsed electro-acoustic (PEA) system [53]

(a): The signal only caused by the external electric field; (b): The dynamics only caused by
the internal charges, and the induced charges on the electrodes. (c): The final PEA output
signal containing both the influences of applied fields and internal charges.

3.1.1 Calibration and deconvolution process

The PEA output signal contains the information of spatial position and quantity of trap charges
within the insulation. A deconvolution process can be used to remove the overall system response
of the PEA system, and to obtain the original charge profiles. This is because that in most cases, the
PEA system can be regarded as a linear time-invariant (LTI) system [65]. Besides, an amplifier with

the broadband width is typically attached to the PEA system. The amplifier is another LTI system.

If the unit pulse response h(t) of an LTI system is known, the respond of the system can be obtained
based on the input signal, x(t). The standard system yields an output y(t), which is the convolution
of the input x(t) with the impulse response h(t). Therefore, to obtain x(t) by a known output y(t)
and h(t), a deconvolution process can be applied. The deconvolution process is illustrated in Figure
3-2. In summary, assuming the transfer function of the system is G(j), encompassing the influence
of transducer H(j), the amplifier A(j), and the resisters and capacitors circuit W(j). Therefore, if G(j)
can be found, the actual space charge distribution can be efficiently computed using Fast Fourier

transform (FFT), division, software filtering and inverse Fast Fourier transform (IFFT).

Figure 3-2 (c) demonstrates a typical oscilloscope output of signals from a solid insulation which
contains almost no internal charge. (For virgin LDPE it is generally believed all charges are from

electrodes injection [53]. When the applied field’s strength is below the injection threshold, it is
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generally regarded, as no charge will be injected from the electrodes [29, 92]). The obtained curves
commonly contain overshoot peaks immediately after the electrode peaks (Figure 3-2(a)), due to
the limitation of the frequency response of a piezoelectric transducer and the amplifier. However,
the peak is not representing the real charge density and needs to be removed from the raw signal.

The calibration process is presenting in Figure 3-2 (d).

Fast Fourier transform (FFT) of an actual peak (a) and FFT of an ideal peak FFT of the original output (c), getting
(b), getting P, (f) and P, (f) respectively. Porig ().
\' C/m? \V; __ Original output
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Figure 3-2 Calculation flow of calibration process [38]
(a): The measured peak at the top electrode; (b): The ideal peak at top electrode; (c): The

original output of oscilloscope; (d) The results after calibration

3.1.2 Analysis techniques to remove capacitive charges

Although the system response and noises are removed by the calibration process, it still contains
the capacitive charges caused by the applied fields on the electrodes. The amount of capacitive
charges usually are much larger than that of the accumulated charge, which could cause difficulties
on the observation of the accumulated charges. Moreover, the numerical model only simulates the
dynamics of the accumulated charges. Therefore, to achieve the comparability of the measured
data and the simulated data, two methods can be further utilised: removing the effects of the non-
ideal pulse and the capacitive charges within the measured data, or adding in these effects to the
simulated data. As for the elimination of the effects of capacitive charges, two methods: Volt off

measurements and Subtraction methods are commonly adopted.
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Volts off measurements are defined based on the volts on measurements, and the specific

descriptions of these two methods are presented as following:

Volts-on measurements:

Space charge within the sample is measured during the application of external voltage. Results
contain charge dynamics of insulation in bulk and at the electrodes. The charges at electrodes
comprise both the induced charges and the capacitive charges. This is a most commonly applied

space charge measurements.

Volts-off measurements:

Space charge is measured while the DC voltage is absent and while the test object is short-circuited.
The space charge present in the bulk of the insulation is detected. Besides, charges, which are
induced by the space charge, are also detected at both electrodes. This method loses certain
amounts of charges, and the amounts are relatively negligible compared with the overall
accumulated amounts under HVDC as significant amounts of charges are generally deep trapped
under relatively HVDC fields. [3,5,29,38,53] However, for HVAC or other complex field conditions
while large amounts of shallow trapped charges accumulated adjacent to the electrodes, Volts-off
measurements are inaccurate and subtraction method is introduced as a replacement for this work.

Details of performing time of Volts-on & Volts-off measurements is illustrated in Figure 3-3.

AV
| @® Volts-on
Apply X  volts-off

Voltage
L «—Volts-on period —*

le—>
Waiting time till voltage decreasing to zero Time
Figure 3-3 Schematic diagram illustrates volts-on and volts-off measurement time

Subtraction process is a method proposed by Ning et al. [84] to directly illustrate dynamics of
accumulated charges’ movements without losing any of them. The subtraction method is using the
measured space charge data under applied high electric fields (higher than charge injection

thresholds) subtract the amplified reference data under low electric fields (lower than the
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thresholds). The amplified reference data can be regarded as the charge density data at applied
voltage without the accumulation of space charges in bulk. (It is assumed that there is no charge
injection under field lower than the injection threshold.) The amplified ratio is equal to the
magnitude proportion of applied fields verse the reference fields by reasonably assuming that the
induced charges on electrodes are linear to the applied voltage. An example of the subtraction

process is presented in Figure 3-4.

For the case, the space charge measurements were taken from a 180um LDPE sample under 3.6kV,
and the reference was data recorded under 1kV. The subtraction process is carried out as follows:
Figure 3-4 (a) is the measured results under 3.6kV after calibration at fields stressing time 60min,

Figure 3-4(b) is the corresponding reference, and Figure 3-4(d) is the final result.
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Figure 3-4 An example of subtraction process:

(a) Charge density at applied fields, p4pp(X); (b) Charge density at reference voltage, pref(x); (c)
enlarged reference data where Vs and Vapp denote reference and applied voltages; (d)

Charge density after subtraction, pacc(x).

The obtained results after subtraction are aiming to illustrate only the trapped charges within the
insulation, eliminating the other, such as the pulse responses and the capacitive charges on the
electrodes. It is clear from Figure 3.4 (d) that significant amounts of positive and negative charges
can be observed in the vicinities of the cathode and anode respectively. The corresponding induced

charges at the electrodes can also be observed.

Subtraction is a perceived way to demonstrate the trend of space charge dynamics within the

insulation. The accuracy of the results is sufficient for qualitative analysis. However, unexpected
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errors may occur as the amplified noise in the reference data (the noise has also been amplified by
the ratio). Therefore, a further improved method, which can minimise the adjustments of the

measured data, will be described in Section 4.3.

3.13 Phase determination for periodical electric fields

The PEA system for periodical electric fields measurements comprises a 2 kHz, 5ns fast HV pulse
which is used to excite charges to generate acoustic waves and to trigger the signal average device
(Eclipse) simultaneously. The PEA signals were detected by a 9 um thick piezoelectric transducer to
achieve a spatial resolution of 10um. In experiments, 20 PEA signals were detected within each
applied voltage cycle. For example for the power frequency, 50Hz, the cycle time is 20ms, and the
time for acquisition and processing is less than 1ms. Eclipse is used accounting for its superfast data
acquisition and data storage rate (stable performances within 0.5ms). An example of PEA system

sampling process for data under 50Hz AC stresses is presented in Figure 3-5.
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Figure 3-5 PEA system sampling process for 50Hz AC stresses

The phase angles of the obtained signals are randomly distributed with an interval of 18° within the
applied voltage’s cycle, as the start of data acquisition was not synchronised with a specific phase
of AC voltage supply. The benefit is that the space charge dynamics in any phase angle has the
probability to be measured, although an additional phase angle determination technique is
required. The phase angles of specific charge profiles are determined according to a comparison of
their deducing voltage (obtained by integrated electric fields distribution) and applied voltage,
rather than peak values at the entry electrode of PEA signals using in Zhao’s work 2014 [82]. This is
in consideration of significant amounts of charges present in the region close to the surface of the

insulation under power frequency HVAC fields [93], which makes the charge peaks at the electrodes
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not proportional to the applied voltage strengths. The specific processes of determining phase
angle are stated following: Firstly, a charge profile under relatively low (<threshold) HVDC fields of
the testing sample was initially measured (before applying AC voltage) as the reference to calibrate
charge profiles measured under AC voltage. A calibration process as presented in section 3.1.1 is
applied to transform the PEA signals from voltage values into charge density values and to obtain
the distributions of electric fields in the bulk of testing sample films. The electric field results of the
20 signals (tested within an applied voltage cycle) are individually integrated to get 20 estimated
real-time applied voltages. These 20 results are combined into an array, Y, which is then curve-fitted
with a sinusoid function as shown in equation 3-3 to obtain the initial phase shift, ¢, of the start of
data acquisition. The precise applied voltage at each sampling point can be obtained using the curve
fitted equation 3-3. An example of the phase angles determining procedure is illustrated in Figure

3-6.

Y =V -Sin(wt + @) 3-3

Fitting coefficients and goodness
General model of Sine wave:
f(x)=a1"sin(b1*x+c1)
Coefficients (95% confidence
bounds):
al=7.055(6.852,7.258)
b1=1.001(0.98651.016)
¢1=-0.2491(-0.3042,-0.194)
Goodness of fit:
SSE:1.471
R-square: 0.997
Adjusted R-square: 0.9967
RMSE: 0.2942

eYvs. x
31 Fitted applied voltage f{(x)
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Figure 3-6 An example of phase angles determination process

Y is the estimated real-time applied voltages in kV. x*b1 is equal to w*t, where x is an array of
radian[r/10: /10: 2*nt]. Consequently, al is equal to V (The apply voltage magnitude), while c1 is
equal to ¢. For this specific case, the testing applied voltage is 5kV (rms) 50Hz HVAC and 20 results
are even sampled with an interval of 18°. Therefore, the ideal values for a1 and b1 should be 7.071
and 1, which are close to the fitted results (<0.5% differences). The final deduced phase angles for
this group of 20 signals are [3.75° 21.76° 39.78° 57.80° 75.82° 93.84° 111.85° 129.87° 147.89°
165.91° 183.93° 201.94° 219.96° 237.98° 256.00° 274.02° 292.03° 310.05° 328.07° 346.09°]. The

curved fitted signal function for real-time applied voltage is 7.055sin(1.001*18°*t- 0.2491/ t *180°).
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3.2 Space charge phenomenon under DC voltage

Under HVDC fields, charge dynamics within polyethylene generally demonstrate three stages
depends on the magnitude of applied fields. At the first stage when the applied field strength is
lower than the injection threshold of materials, charges accumulate at the electrode and insulation
interface, while almost none of them are capable of transferring through the materials. Plenty of
researchers has focused on the injection threshold of insulations, and the threshold level of LDPE is
generally believed to be 10kV/mm [29, 92]. When the applied field is more intensive than the
threshold level, noticeable charges can be injected into the insulation, which can further transport
or trapped, generating localised charges within the material. The second stage indicates the applied
field strength is higher than the threshold level while not intensive enough to cause charge packet
phenomenon. The third defines the field strength, which will generally cause the charge packet
phenomenon. Charge packet phenomenon indicates the charge accumulated like a packet, and the
shape is maintained as they travel across the insulation due to the high density of localised charge
amounts. Charge packet stated here is slow charge packets, which have a low mobility in the order
of 10 to 10 m2v-1s?, and strongly related to homocharge injection. For LDPE the charge packet
phenomenon generally happens when the applied strength is higher than 50kV/mm, and generally,
only positive charge packet can be observed [86, 94, 95]. As little localised charge exists under stage
one, charge dynamics under stage two and three are generally used to investigate the space charge
phenomenon under HVDC. Figures 3-7 to 3-12 present the space charge dynamics evolving with the
increase in applied field. Figures 3-13 and 3-14 record the integrated charge amounts (Obtained
using equation 3-4) and field distortions (Obtained using equation 3-5) respectively to further
analyse the trend. Based on the results, the characteristics of bipolar injection and transport under

various extents HVDC are clearly demonstrated and compared.
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3.2.1 Charge and field distribution under DC voltage
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Figure 3-7 Charge profile of LDPE under 20kV/mm HVDC, (a):Charge profiles after calibration,
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Figure 3-8 Electric field within LDPE under 20kV/mm HVDC
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Figure 3-7 presents the charge dynamics under 20kV/mm electric field, and Figure 3-8 illustrates
the local field evolution. From the results, it is clear that homocharge accumulation can be observed,
and the charge amounts of electrons and holes are similar under 20kV/mm fields. The maximal field
distortion happens where the electrons and holes encounter each other. The electron has higher
mobility under this field strength, as the position is initially adjacent to the anode and later move
back in the central area of the material. After around 40 minutes of field stressing, the charge

transport reach a dynamic equilibrium, therefore the accumulated charge amounts and maximum

field distortion remain almost no charge.
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Figure 3-10 Electric field within LDPE under 40kV/mm HVDC
Larger amount of accumulated charges can be observed at both electrodes when the applied
electric field is 40kV/mm. It is also noticeable that dynamic equilibrium can be reached in a shorter
time (30minutes), due to the quicker charge movement. The local field distribution presents a
similar dynamic trend as under 20kV/mm, but the maximum field distortion is significantly

enhanced.
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Figure 3-11 Charge profile of LDPE under 60kV/mm HVDC, (a):Charge profiles after calibration,

(b):Subtracted results of (a)
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Figure 3-12 Electric field within LDPE under 60kV/mm HVDC

The above two cases relate to charge dynamics under relatively low amplitude of HVDC fields,
where the charge packet phenomenon is not significant. For LDPE when the applied field strength
is higher than 50kV/mm, positive charge packet phenomenon can be clearly observed.(Figures 3-
11 and 3-12) The positive charges packet phenomenon indicates positive charge present a pocket-
like motion transporting towards the opposite electrodes, and the motion is repeated along with
the stressing time. Under 50kV/mm, the positive charge movements will dominate the overall
charge profiles after a short period of field stressing as presented in Figure 3-11. The amount of the
accumulated positive charges is much larger than that of negative charges. For the charge dynamics,
the front edge of negative charge peak is moving away from the anode due to the effects of positive
charge pocket transport. The field distortion is further enlarged under this strength, and the region
where it occurs is moving towards the cathode due to the transportation of the positive charge
pocket. Saturation happens around 20minutes of field stressing, while the overall accumulated
charge amount and maximum field distortion decreases a little after reaching the dynamic

equilibrium.

3.2.2 Discussion of total charge amount and maximum field distortion

In order to evaluate the contribution of the accumulated charge on the overall characteristics of
the material, the maximum electric field distortion is recorded. Moreover, the charge distribution
over spatial coordinate is integrated to obtain the total charge amount, which can be used as a
useful evaluation tool to analyse and discuss the simulation results. The integration of charge used
is shown in equation 3-4, and the maximum local electric field has been compared with the applied

field, deducing the maximum field distortion (Equation 3-5).

TC(t) = fodp(x, t)dx 3-4
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Where TC is the total charge amount as a function of time, d is the sample thickness and p is the

charge density, a function of time and spatial coordinate.

Af = % x 100% 35

where Af is the maximum field distortion, f, is the maximum local electric field and V is the applied

voltage.
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Figure 3-13 Positive and negative charge amounts comparison under various strengths of HVDC

stresses

Figure 3-13 presents the calculated charge amounts within the LDPE under various magnitudes of
HVDC electric fields. Positive and negative charges are considered separately. It is clear that the
amounts of the both positive and negative charges will reach to a stable value eventually during
one hour of HVDC field stressing. The time for reaching the steady state decreases with the increase
of the applied field. Besides, negative charges amount increase gradually with the magnitude of
external fields. On the other hand, the positive charge amounts demonstrate significant changing
when the fields are enhanced from 40kV/mm. This indicates the holes’ packet-like motion can
significantly enhance the amounts of positive charge. Therefore, positive charges dominate the
overall charge dynamics. Furthermore, the amounts of positive charges accumulated are always
about one time larger than those of negative charges. This indicates the electrical injection and
transportation processes are more severe for holes rather than electrons under high strength HVDC

in LDPE.

Local field distortion can be affected by both the amounts and the position of the accumulated
charge charges, illustrating an integral effect of space charge phenomenon, which is strongly
related to dielectric strength, ageing, and degradation of the materials. [84, 86, 87] A comparison

of the maximum field distortion evolving with time under various amplitudes of HVDC fields is
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presented in Figure 3-14. For 20kV/mm, the maximum field distortion is still increasing after the
accumulated charge amounts reach steady values. This indicates the charges inside insulation are
still in intensive motion after the homocharge injection are suppressed by the internal field
distribution caused by the space charge. When the applied field is high, the trend of field distortion
(More rapidly to reach the steady state) is similar to the accumulated charge amount, due to the

higher charge carriers’ mobility accelerating the charge dynamics.
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Figure 3-14 Comparison of maximum field distortion under various strengths of HVDC stresses

3.23 Conclusions

Based on above, it is clear that space charge phenomenon is noticeable within dielectrics under
HVDC. Homo charge injection and bipolar charge transport can be observed in LDPE. Charge
dynamics under all issued cases reach a dynamic balance within one hour of field stressing. This
duration to reach equilibrium is relatively short compared with the operating lifetime of insulation,
which generally can up to decades. Various charge accumulation characteristics can be observed
when the magnitude of applied field changes. This different feature indicates the transport and
injection of charges are strongly related to the magnitude of fields. Under HVDC fields, especially
when the magnitude is high, the positive charge packet phenomenon is significant, which can
remarkably increase the accumulated positive charge amounts. Besides, the noticeable local field
distortion caused by space charge phenomenon can be observed. This distortion indicates charge
dynamics in return can further modify the local fields. The maximum field distortion occurs in bulk
of insulation where the positive and negative charges encounter under all the measured HVDC
fields. The maximum field distortion also increases along with increasing applied field magnitude,

and the percentage can approach 25% when the applied field magnitude is larger than 40 kV/mm.
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When the applied field magnitude reaches this stage, the positive charge packet phenomenon is

remarkable in the insulation.

3.3 Space charge phenomenon under AC and superimposed AC and DC

voltage

Space charge measurements are of great difficulties under periodic electric stresses due to the
altering polarities. This is because the amount of accumulated charges is generally small under the
field with alternating polarities, which results in a small signal to noise ratio. Based on the
introduction of the schematic structure of space charge measurements under complex periodic
fields, as mentioned in section 1.3.2, the experimental results will be analysed and discussed in

this section.

Firstly, to describe the percentage of DC component within the combined electric stress, a DC

offset ratio is defined as equation 3-7:

DCoffset’s ratio = —2¢ 3-4
VacgustVoc

Eclipse is used to measure space charge under periodic complex fields, and the charge profiles can
be classified and averaged according to their phase angles. The results in this section are mainly
focused on the electric field with a power frequency, 50 Hz, in order to investigate the space charge
characteristics closed to reality. Besides, the overall RMS values of all the applied voltages are 5kV,
for the LDPE samples with a thickness of 100um. This RMS value is chosen to clearly demonstrate
the charge accumulated under AC and superposed AC and DC high voltage electric fields without
damageing the system. (LDPE under AC electric fields is easy to breakdown, normally around
100kV/mm.) Furthermore, the maximum testing duration for AC and superposed AC and DC cases
in this work is 7 hours. Choosing this period is because surface flashover and discharge are
occasionally happen under AC fields testing, which requires monitoring during the testing and the
maximum working hour within our laboratory is 8 hours. The influence of applied field magnitude,
frequency and composition on the charge dynamics within insulation is analysed and discussed in

detail in Chapter 5.

3.3.1 Charge dynamics under AC voltage

From the results under HVDC fields, it is clear that the electrons and holes present a different
relationship with the electric field regarding charge injection and charge transport phenomena.
Electrons generally have a much higher mobility than holes, depending on the electric field. On the

other hand, the relationship of holes’ mobility and the applied field is more complicated. Numerous
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researches indicated that the mobility initially increases with the electric field, while start
decreasing after the field reaching certain levels. [91, 96, 97] The observation of positive charge
packet is the direct consequence of the combination of electrons and holes mobility characteristics.
Under AC fields, electrons and holes are injected during the first half cycle, and then neutralised a
significant amount by the injected opposite charge carriers during the next half cycle with the
opposite polarities. However, due to holes and electrons’ various characteristics, a few charges can
be left within the material after a cycle of field stressing, and the amounts of residual charges could
be increased with the application of electric fields. A schematic hypothesis of the charge dynamics

is shown in Figure 3-15, to demonstrate the space charge phenomenon under ac conditions.
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Figure 3-15 Schematic model for ac space charge formation

Figure 3-15(a) shows a typical AC voltage waveform. The two dot lines represent the threshold
voltages for charge injection. In the first half cycle, when the applied electric field exceeds the
charge injection threshold field, both electrons and holes can be injected into the material, and
charge distribution will be represented in Figure 3-15(b). When the polarity changes in the next half
cycle, all the injected holes will recombine with part of the accumulated electrons due to larger
injected amounts of electrons comparing with holes. More importantly, as the holes travel much
slower than electrons under the majority of applied field phases, only electrons trapped adjacent
the electrode are neutralized, while those electrons away from the electrode are less affected.
These electrons can move towards the opposite electrode due to the applied field. Similar trend

happens at the opposite electrode. The picture of a possible charge distribution after a complete
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cycle is illustrated in Figure 3-15(c). The electrons can move further in bulk in subsequent cycles.
The above processes will be repeated many times along with cycles proceeding, the final charge
distribution will look like Figure 3-15(d), and the corresponding local field distribution is illustrated
in Figure 3-15 (e). The assumption predicts the charge accumulation under HVAC stresses will
mainly accumulate adjacent to the electrodes, and the localised charges generally cause field

distortion near the electrodes, which may gradually age the surface region of the insulation.

Figure 3-16 and Figure 3-17 illustrate the volts on results of charge dynamics within an AC field cycle
initially and after 7 hours of AC field stressing. The results before and after subtraction are all
illustrated as comparison. Figure 3-18 demonstrates the time dependant charge dynamics when
applied field phase angle is around 90°. The corresponding local field distribution is presented in
Figure 3-19. Besides, typical charge decay result of the testing samples after 7 hour field application

is shown in Figure 3-20.
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Figure 3-16 Charge profiles (a) and subtracted results(b) within the cycle instantly after apply
fields (50kV/mm, 50Hz)
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The charge dynamics caused by the different field phases are clearly illustrated in Figure 3-16 (initial)
and Figure 3-17(7 hours). Comparing Figure 3-16 with Figure 3-17, it can be noticed that charge
dynamics within an applied field cycle present significant differences after 7 hours of field
application. The differences of the accumulated charges dynamics are relatively hard to directly
distinguish from the original charge distribution profiles, due to the remarkable amount of
capacitive charges at electrodes. Therefore, the subtraction method is applied to remove the
influences of capacitive charges within the profiles, and the corresponding results are shown in

Figure 3-16(b) and Figure 3-17(b).
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Figure 3-17 Charge profiles (a) and subtracted results(b) within cycle after 7 hours apply fields
ageing (50kV/mm, 50Hz)

As shown in Figure 3-16 (b), very few charges can be observed shortly after the voltage application.
On the other hand, in Figure 3-17 (b), severe charge accumulation can be observed in the regions

adjacent to the electrodes. This indicates the characteristics of the surface region of the insulation
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material may have been aged following a certain time of HVAC fields application. To further verify
the change of surface region characteristics, Raman and ATR-FTIR spectroscopy tests have been
done, which will be discussed in Figure 3-20 to Figure 3-22. When the amount and mobility of
injected charges are increased, the charges can further intensify the electric field distortion
adjacent to the electrodes. Besides, the accumulated charges are very close to the electrode, which
can be overlapped with the capacitive charge peaks at the electrodes in the original charge
distribution curves, as shown in Figure 3-17. Due to the limited resolution of the PEA system, it is

hard to distinguish them in the overall charge distribution profiles (Figure 3-16(a), Figure 3-17(a)).
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Figure 3-18 Charge evolution around applied fields phase 90°(a), and after removing the

capacitive charge (b) within 7 hours of ac field stressing (50kV/mm, 50Hz)

Figure 3-18 demonstrates the charge evolution within the sample with stressing time. Charge
profiles under the applied voltage at the phase angle of 90° with different ageing times are
discussed to reduce the influence of different phases of the applied voltage on the charge

distribution. From Figure 3-18(b), it can be observed that the amount of the accumulated charges
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adjacent to the electrodes increases with the ageing time. This trend can also be observed in 3-18(a)
significantly. Another interesting observation is the dominant of negative charges within the charge
profiles, especially for a long duration of the voltage application. Similar features have been
reported previously in [98]. This may be related to the different charge injection rates and mobility

for positive and negative charge carriers, as discussed in Figure 3-15.

Figure 3-19 presents the decay results after 7 hours of 50Hz 50kV/mm HVAC ageing. Comparing
with Figure 3-17, it is apparently that the amount of charges within the sample are much smaller
than that when the voltage applied, indicating the majority of charge shown in Figure 3-17 are
mobile charges. These mobile charges generally have a high mobility so that they can escape from
the insulation quickly after the removal of the applied voltage. Besides, due to their high velocities,

those charges were hardly observed in previous decay or Volts_off measurements [98, 99].
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Figure 3-19 Decay results of trapped charge after 7 hours apply fields ageing (50kV/mm)

In summary, a significant amount of charges (Maximum charge density after 7 hours is around 20
C/m?3.) within LDPE can be observed under 50Hz HVAC stresses based on the improved AC PEA
system and the proposed data analysis method. It also indicates that the little space charge
amounts of measurement under relatively high frequency (>0.1Hz) HVAC in the literature [81, 82,
99, 100] may not be accurate, due to the following three reasons. Firstly, a significant amount of
fast velocity charges was ignored in some of their results [99, 100], and only deeply trapped charges
(like charges measured in the decay results) were observed. This is because these mobile charges
can evolve within the applied sinusoidal field cycle and escape from the insulation quickly after
removing the applied field. Therefore, those fast charges are hard to observe, if the measurement
systems are unable to distinguish profiles under different applied fields’ phase or simply use Volts_
off measurement to detect the charge inside the insulation. Secondly, the majority of these

measured charge dynamics are under relatively low applied field (<40kV/mm) [81, 100]. The overall
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trapped charge amounts, both deep and shallow, are small when the strength of applied fields is
lower than 40kV/mm. A detailed discussion of the influences of applied field magnitudes is
presented in section 5.1. Finally, a high resolution for the measuring system is essential to
distinguish the accumulated charges adjacent to the electrodes, and a method to remove the effect
of capacitive charges without losing any charges inside samples is also necessary. Otherwise, they

will be overlapped with the capacitive charges at the electrodes and hard to be observed [81, 82].

Based on results in this section, it is clear that the observed significant charges mainly accumulate
close to the electrodes. They can respond to the voltage change with power frequency. The range
of their evolution is enhanced with the duration of its application. This will further deteriorate the
internal field distortion within the insulation. Overall, when the insulation is stressed under high
fields (>40kV/mm) for several hours, the internal electric fields within the material will be severely
distorted in the region close to the electrodes, which may cause ageing to the surface region of
testing material and even trigger a breakdown of the entire material. In fact, several breakdown
occurred during charge measurements when 60kV/mm was applied to the samples. Figure 3-20
presents the charge profiles under 60kV/mm, 50Hz AC fields within 4 hours of field stressing. For

this case, the testing sample breakdown happened around 5 hours of field stressing.

Comparing this with Figure 3-18, it is clear that under 60kV/mm, after only 4 hours of stressing the
accumulated charges amounts are similar to the cases after 7 hours of 50kV/mm field stressing.
This further confirms the accumulated charge amounts in the surface region of samples increase
along with applied field strengths and can accelerate the breakdown of materials by severely

distorting local electric fields.
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Figure 3-20 Charge evolution around applied fields phase 90°(a), and after removing the

capacitive charge (b) within 4 hours of ac field stressing (60kV/mm, 50Hz)

3.3.2 The chemical and physical structure characteristics of AC stressed samples

In order to further investigate and validate the effect of space charge phenomenon on ageing within
the surface region of testing samples under HVAC fields, the structure characteristics of virgin LDPE
samples and samples after 7 hour of various AC field stressing were measured by the means of
Raman spectra and Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectra.
Raman tests can provide information about functional groups or chemical bonds of a particular
layer within testing samples through the testing sample thickness, while ATR-FTIR techniques are
applied to a thin layer of the testing sample and measure the functional groups’ formation within
the surface region of the materials. Combined the results of these two, the structural differences
of surface region and bulking area of testing samples after 7 hours of AC fields stressing can be

clearly classified.
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The Raman experiment was conducted using Leica microscope and Renishaw Raman RM1000
system with a 785 nm CW diode laser of 25 mW. The system uses Peltier cooled charged coupled
device (CCD) detector. There is a holographic grating of 1800 grooves mm™, to disperse the
scattered radiation by wavelength. A holographic (notch) filter is also attached that prevents back-
scattered radiation from entering the detector. The device was set up in confocal mode, with a slit
width of 15 um and a CCD area of 4 pixels (image height) x 574 pixels (spectrometer range) which,
together with the mechanical slit, acts as a virtual confocal pinhole. These settings are consistent
with Renishaw’s recommendations for the confocal mode. For a start, the lens was focused on the
top of the sample. Then the focal point was adjusted to go 10 um deeper and further until it reached

the bottom (around 100um) of testing sample.

Table 3-1 Band assignments of Raman bands of polyethylene [101]

Bands(cm™)

Assignments

Features

1465 C-H rocking Crystalline; Anisotropic
1454, 1439 C-H bending Anisotropic
1445, 1417 C-H bending Crystalline

1370 C-H wagging Amorphous

1308 C-H twisting Amorphous

1299 C-H twisting Crystalline; Anisotropic

1169 C-H rocking Crystalline
1128, 1062 C-C stretching Crystalline; Anisotropic

1084 C-C stretching Amorphous

Table 3-1 presents all of the key peaks in the results of Raman spectra for identifying the structure
of polyethylene, and their band assignments [101]. Among them, 1439 1417 C-H bending, 1370 C-
H wagging, 1169 C-H rocking, and 1128 1062 C-C stretching peaks are selected for the
characteristics analysis. The trends to describe the groups changing v.s. the position within samples
under different stressing conditions are illustrated in Figure 3-20. The original Raman spectra and
details of data processing are illustrated in the Appendix B. A similar trend of the intensity changing
along with virgin sample thickness like blue lines in Figure 3-21, has been observed by Macdonald
et al [102] in 2003. It is noticeable that the different groups of the surface region of the testing
samples have been modified after 7 hours of AC fields stressing with different trends, comparing
with the virgin ones. However, the general trend for the position-dependent group characteristics
is challenging to be concluded due to the altering of spectra focus. Therefore, ATR-FTIR tests have

been down to identify the relationship further.
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Figure 3-21 Comparison of polyethylene characteristic band peaks in Raman spectra. The points in
curves indicate the actual measured results and the lines are the fitted trends, using

polynomial functions.

ATR-FTIR is a very sensitive technique and is especially suitable for surface analysis. A sketch
illustrating the ATR technique is presented in Figure 3-22 [103]. The incoming light is focused
through the crystal onto the sample/crystal interface. Some light is absorbed by the sample while
the left unabsorbed light is reflected out of the ATR crystal to the detector. A Thermo Scientific iD7
ATR device is used as the accessory to produce ATR-FTIR tests. Critical band peak, 750-650 cm™,
indicating the C-H rocking of the crystalline structure of Polyethylene is chosen as an example for
comparison of the relationship between the characteristics of testing samples and the trends of
intensity. The results are illustrated in Figure 3-23. The whole comparison of the ATR-FTIR results

and the data analysing process are shown in Appendix B.
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Figure 3-22 A sketch of ATR technique [103]

Based on the charge dynamics under HVAC stresses, it demonstrates that 1): under the higher

strength of applied fields, more charges can be accumulated within the insulation, 2): under the
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higher frequency of applied fields, charges will be accumulated more closely to the electrodes.
Consequently, the surface region of samples under 50Hz 50kV/mm fields stressing should be the
most severely aged one comparing with samples under 0.5Hz 50kV/mm fields and 50Hz 30kV/mm
fields. Figure 3-23 clearly illustrates the trend, and it demonstrates that the applied frequency

(versus applied field strength) having more significant effects on surface ageing of materials.
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Figure 3-23 Reflectance Fourier transform infrared (ATR-FTIR) spectroscopy of LDPE sample after

7 hour of various AC field stressing

Based on the Raman and ATR-FTIR results, it is clear that the high frequency HVAC field can
influence the structural characteristics of the surface region of polyethylene. (Maybe physical or
chemical, and current results are not sufficient to qualify the characteristics.) These results also
verify the existences of adjacent electrodes charge peaks accumulated under HVAC stresses. This is
because the severe charge dynamics can accelerate the material ageing at the surface area or break
some weak bond between branches within crystalline or amorphous regions by severely distorting
the local electric fields and the movement of the energised charges. The damaged regions could
further enhance the injection and transportation of charges, causing more significant field

distortion within materials.

3.33 Charge dynamics under superimposed AC and DC voltage

Under relatively high frequency, AC electric field, a significant amount of negative charges can be
observed within LDPE after several hours field stressing, as discussed in the previous section. This
is due to the difference in charge transport and injection characteristic between electrons and holes
under intensive electric fields. The charge dynamics will become more complicated when a DC
offset is superposed. The offset, itself could also cause stable charge formation and transportation,

which may promote or neutralise the influence caused by the AC fields

61



Chapter 3: Measurements of space charge under high voltage electric fields

Figure 3-24 presents the measured decay results of charge profiles after 7 hours of the applied field
with DC offset ratios are 0.2(a) and 0.5(b). It is evident that under field with a smaller DC component,
the distribution of the residual charges is similar to those under pure AC fields. Negative charges
still dominate the overall charge accumulation. The additional dc offset only cause the uneven
distribution and increase the total deep trapped charge amounts from -2.3 nC to -9.9 nC. When the
DC offset ration increases to 0.5, the residual charges distributions after 7 hours are more similar
to the charge distributions under pure DC, i.e., the influences of polarity reversal towards the

charge dynamics can hardly be observed.
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Figure 3-24 Decay results of charge profiles within LDPE after 7 hours of 50Hz combined stresses
with DC offset ratio 0.2(a) and offset ratio 0.5(b) with overall strength 50kV/mm
(RMS)

Measured space charge distribution under combined fields with various DC offset ratios are
presented below in Figure 3-25. The displayed results are the injected charge profiles with the

applied voltage on, after the subtraction process (method discussed in section 3.1.2). It is also
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validated that under fields with lower offset ratio, as shown in Figure 3-25 (a), the field’s polarity
reversal still contributes significantly to the charge dynamics. Negative charges still dominate the
charge dynamics in the bulk area due to their high mobility and more considerable accumulated
amount, like under pure AC stresses. The additional DC offset only causes an unbalanced charge
distribution, and generally increase the amount of accumulated charges, which cannot entirely
overcome the impact caused by the AC component. When a large DC ratio is applied (Figure 3-25
(c)), the effects of polarity reversal can only be distinguished at very initial stage (<2 minutes). After
a short period, the charge dynamics present almost no difference comparing with trends under

pure DC stresses.

The corresponding local electric field distributions (Figure 3-26) also support the above explanation.
Similar to the situation under AC fields (Figure 3-18), and the maximum field distortion happens
adjacent to the electrodes in Figure 3-26(a). In contrast, field trends under higher DC offset ratio
(Figure 3-26(c)) are identical to those under pure DC (Figure 3-8, Figure 3-9), and the maximum field

distortion happens in the middle of the sample.

63



Chapter 3: Measurements of space charge under high voltage electric fields

——30s —1m —2m 5m
—10m ——15m —30m —1h
—2h —3h ——5h

-==7h

Thickness/um (a)

~N

o

(7]

c

()]

(=]

Q

:l: ] —10m —15m —30m 1 —1h
S Thickness/um (b)

'
(42}

—3h —5h —7h

Charge Density/Cm-
Y

Thickness/um (c)

Figure 3-25 Subtracted volt_on results of charge evolution under combined stresses (50Hz

50kV/mm) with DC offset ratio 0.2(a) ratio 0.4(b) and ratio 0.5(c) Phase 90°)
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3.34 Conclusions

In summary, charge dynamics are obviously different under AC and DC electric fields. When the
polarity of the applied field is frequently reversing, significant unbalanced charge distribution can
be observed due to the different characteristics of electrons and holes. This uneven charge
distribution can cause outstanding field distortion, which may eventually result in the various
dielectrics ageing features under AC and DC fields. When a DC offset is superposed to the AC
stresses, the situation becomes more complicated, as both the offset magnitude and the frequency
of the applied field can remarkably affect the charge dynamics. In general, the additional DC offset
can significantly enhance the trapped charge amount within dielectrics. On the other hand, the
frequency of polarity reversal caused by the AC elements can induce the significant charge
accumulation adjacent the electrodes, which can cause the corresponding local field distribution
severely distorted. The effects of DC offset and AC component within combined AC and DC fields

on the charge dynamics within insulating dielectrics are exhaustively investigated in Chapter 5.
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Chapter 4: Modelling of space charge based on bipolar

charge transport theory

This chapter presents the fundamental principles of the bipolar transport model and the procedures
for establishing the numerical model to analyse charge dynamics under general periodical high
voltage fields (HVDC, HVAC and superposed AC and DC fields). The methodology of the bipolar
transport theory is stated in Section 4.1. Next, the specific numerical model descriptions for various
cases and typical simulated results are illustrated in Section 4.2. Finally, a methodology of fitting

simulated results with the measured ones is demonstrated in Section 4.3.

4.1 Bipolar charge transport theory

The bipolar charge transport theory assumes that there are two kinds of charge carriers
transporting within the insulation under high electric fields. This affects the whole charge dynamics

process: charge generation, transportation, trapping, and recombination.

The theory assumes charges can be injected from both electrodes through the interface of metal
and insulator (Electrons from the cathode and holes from the anode). Schottky injection mechanism
is used to describe the process. The injection threshold phenomenon [29, 92] is ignored, due to the
applied field strength is significantly larger than the testing materials’ threshold. After injection,
electrons and holes can drift into the bulk of the insulator towards the opposite electrodes
following the distribution of the applied electric stress, forming the conduction current. This current
is normally very small, because of insulator’s large band gap. However, the localised energy levels
will block or assist this conducting process by forming trap centres. It is generally believed that
shallow traps, originated by the physical defects, will help the charge carriers to transport within
the insulator’s wide band gap. This is because both electrons and holes are able to easily detrap
from the shallow traps. But for deep traps, which are usually caused by chemical defects, charges
trapped are generally considered to be unable to detrap. Therefore, they can prevent the carriers
to move further [7,60-62]. The transportation of charge carriers is described using the Ohmic
conduction theory. The diffusion process is neglected, to simplify the mathematical treatment.
When charges with opposite polarities encounter each other, they will recombine and give out the

energy in the form of light (Electroluminescence).

To describe the space charge dynamics in the polyethylene, three essential equations: Gauss’s Law,

Ohmic’s Law, and Continuity equation are adopted. In all these equations, charge carrier’s

67



Chapter 4: Modelling of space charge using bipolar charge transport mechanism

behaviour is described in a function of time and position, which significantly complicates the

computing process. The three equations are illustrated below:

Gauss’s Law:

IE(x,t) _ p(xt)
ax &

41

Where E is the local electric field, Vm™; p is the net charge density, Cm?3; € is the dielectric

permittivity of solids, Fm™; x is distance of the spatial coordinate, m; and t is the time, s [104].
Ohmic’s Law:
J(x, t) = pn(x, )E(x, t) 4-2

Where J is the conduction current density, Amm; i is the mobility of carriers, m?Vls and n is the

density of mobile species, Cm3[104].
Continuity equation:

an(xt) , dJ(xt) _

at ax 4-3
And s is the source term.
We can solve equation 4-3 by dividing it into two parts :
on(x,t) J(xt)
at ax =0 4-4
and
a
Imxh) _ ¢ 4-5
at

The equation 4-5 can be solved using the solution of 4-4 [104].

The source term is designed to present the effects of charge recombination and trapping, in
consideration of each species (mobile/trapped electrons/holes), and therefore the equation 4-5

should be presented in the following four terms.

LT S S 1 Dt
$1 = = oMy Mgy — I3NpyNey — Beneu( - )
at Npet
ony, n
_ "o ht
Sy = = —SNeNpy — S3NpyNey — By, (1 — )
at noht
_ on,, - _s s B 1 Net
S3 = = 72Ny Mgy — S9Ny Net + eneu( - )

at Nyet
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_ 6nht

Nht
54 =75,

= =S Np Ny — SoNp Ny + Bhnhﬂ(l o 4-6

where s;, 52, S3, S4 are the source term for each species; So, S;, Sz, S3 are the recombination
coefficients; B., By are the trapping coefficients for electrons/holes; ney, Net, Ny, Nt respectively
indicate the densities of each species: mobile electrons, trapped electrons, mobile holes and
trapped holes; ngerand nope are the trap densities for electrons and holes. The relationship of these

parameters is illustrated below in Figure 4-1 [104].

Conduction Band mobile
5 4 4 B, electrons i,
trapped
t 5 B electrons ng
localised srares

trapped v in band-gap
holes: S, B,
mobile
holes: i \ Y
ACRES: e Valence Band

Figure 4-1 Trapping and recombination of bipolar charge carriers [104]

It is assumed that the charge generation mainly results from Schottky injection of the electrodes,

the boundary conditions of the current density can be defined as:

. R —ew,,; e eE(0,1)

Jo(0,8) = AT?exp(—exp G | =5 =)

. _ 2 —ewp; e eE(d,t) R
jr(d,t) = AT“exp( KT )exp(kBT ) 4-7

Where j. (0, t) is the current density flux of electrons at the cathode while j, (d, t) is the flux of holes
at the anode; T is the temperature; A is the Richardson constant, 1.2x10® Am™ K™%, and we;, wp; are

the injection barriers for electrons and holes.

The extraction of charge carriers at the electrodes can be obtained using Ohmic’s Law. Furthermore,

as the diffusion effects are not considered in this work, the extraction fluxes can be expressed as:
Je (dt) = HeNey (d,)E(d,t)
jn(0,8) = ppnp, (0,)E(0,t) 4-8

The total current density J (x, t) is obtained from the Maxwell equation as follow:

FE(x,0)

== 4-9

J(x,t) =j(x,t) + ¢
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where the first item is the conduction current density and the second is the displacement current

density.
The total recombination rate can be expressed as:

TRR = Sonhtnet + S1nhtneu + Sznetnhu + S3nhuneu 4-10

4.2 Numeric modelling of the charge behaviour within polyethylene

under various electric fields

Bipolar charge transport theory has been used to analyse space charge within insulation for more
than thirty years. The majority of the work contributes to the modelling under HVDC. The accuracy
of the model is improved based on the comparison of computed and experimental results. Besides,
as for parameters setting for mobility, numerous works used constant mobility for charge carriers
to simulate space charge dynamics under HVDC fields [8, 9, 61], which illustrated reasonable results
and qualitatively explained the dynamics within insulators under relatively low electric fields
(<£30kV/mm). However, when constant mobility is used for simulating space charge dynamics under
higher fields (>30kV/mm), the value of the mobility needs alteration to fit with experimental results
well. The errors increase further when the applied HVDC field is too high to form packet-like positive
charge movements [91, 97]. Thus, the consideration of the field dependent charge carriers’ mobility
effects is essential to establish a universal charge transport model under various strengths of
electric fields. The solution for this problem becomes more important when building a model to
analyse cases under HVAC and other periodical high voltage fields. This is because the magnitude
of these fields is continuously changing, which will cause significant error in computing charge
dynamics if the constant mobility setting is applied. To overcome this problem, a field dependent
mobility is used in the numerical model in this work. The mobility for holes is calculated using the
measured velocity results, whilst power’s law relationship [53] is used for analysing the mobility of
electrons (Specific analysis for building the mobility field dependent model is illustrated in section

4.3.3).

The finite element method is applied for the numerical simulation. The first step is to divide the
specimen into certain elements (m) according to computing sample thickness (d) and decide
calculation time step (At). Generally, a Courant-Friedrich-Levy (CFL) relation [106] should be

satisfied when choosing m and At values for specific cases. The CFL relation indicates the charge
displacement within At should be less than the calculation slice size (Ad = %) [107]. Equal divisions

are used for HVDC simulation in this work while the unbalanced divisions (more precisely divided

slices near the electrodes) are used in computing HVAC and complex periodical fields’ conditions.
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This is because the majority of the charges under HVAC and complex periodical fields are

accumulated near the electrodes, according to the results in Chapter 3.
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Figure 4-2 Discretion of the specimen under high voltage electric stress

In Figure 4-2, E is the local electric field of each element; j. is the flow of mobile electrons from the
k™ division into the k+1t division, and j, is the flow of mobile holes. £, j. and ji are the field, flow
of electrons and flow of holes respectively, when the polarity of the applied field reversed. E, E, je,
je, jnand j, of each element are computed progressively from the 1° division to the m" division at

each time step At (At =0.1s for HVDC while (100-f)!s for periodical applied fields with a frequency
of f).

The simulation procedure flow is presented in Figure 4-3. The simulation is implemented using

MATLAB coding and PDE (Partial Differential Equation) solvers.
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Figure 4-3 Flow chart of space charge simulation, N = = ——— .
Simulation time step

4.2.1 Numerical modelling under DC electric fields

In section 1.2 and 4.1, the charge transport is specifically described using the conduction process
characterised with the mobility of the charge carriers. The mobility of the electrons and holes are
computed differently in consideration of their different field dependent characteristics. The
mobility of electrons is analysed using the power’s law, while for holes, the mobility is obtained
from the experimental results of [91] by utilising a curve-fitting procedure as shown in Figure 4-4(a).

The specific process is illustrated below:
It is believed that the charge mobility can be obtained from drift velocity using: [91]

p=v/E 4-11
Then the velocity of electrons using Power-law can be expressed as:

v, = poE™ 4-12
where up is the low field mobility in LDPE, [108] and m; is the power index. The velocity of holes can

use curve-fitting results of Figure 4-4(a), getting:
[ vp = aE + a,E? + azE3(0 < E < E,)

v, = bET™2(E > E,) 4-13
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Where m; is the power index, and E. is a critical field distinguishing the low and high electric field

phenomena for positive charge carriers. In Figure 4-4(a). Its value is 100kV/mm [91, 97].

The velocity of both electrons and holes of this model is presented below in Figure 4-4(b).
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Figure 4-4 Measured holes’ velocity versus fields and used velocities versus fields

The final parameters used for charge dynamics simulation under HVDC is presented in Table 4-1.

The parameters are selected based on previous simulation work [8, 63, 91], and the specific values

of injection barriers, mobility constant and trap coefficients are further determined according to

the fitting results with the experimental data The details of obtaining these values are discussed in

section 4.4.
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Table 4-1 Parameters for charge dynamics under DC electric fields

Parameter Value Unit
Barrier height for injection
Wi (electrons) 1.26 eV
W4, (holes) 1.18 eV
Power-law Mobility (n=1.165)
Ho (electrons) 1.095x101* m2v1s?
Trap density
Noet (electrons) 100 Cm3
Nont (holes) 10 Cm?3
Trapping coefficients
Be (electrons) 0.1 st
Bh (holes) 0.2 st
Recombination coefficients
So trapped electron-trapped hole 4x1073 m3Cls?
S: mobile electron-trapped hole 4x1073 m3Cls?t
S, trapped electron-mobile hole 4x1073 m3Cls?t
Ss mobile electron-mobile hole 0 m3Cls?
Temperature T 300 K

The simulated results using parameters in Table 4-1 for 180mm LDPE under various extents of HVDC

fields are presented from Figure 4-5 to Figure 4-7.
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Figure 4-5 Simulated charge and local field distributions of 180mm LDPE under 20kV/mm HVDC

fields
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Figure 4-7 Simulated charge and local field distributions of 180mm LDPE under 60kV/mm HVDC

field

The simulated results do not contain the capacitive charges caused by the applied stresses.

Therefore, the obtained charge density values cannot be compared directly with the measured

results. However, both the charge distribution and charge amounts are consistent with the

experimental data. Besides, the maximum field distortion deduced from the computed local field
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distribution in the simulation is also compatible with what observed in experiments (Figure 3-8,
Figure 3-10 and Figure 3-12). The specific comparison of the simulated and measured results under
the three fields is demonstrated in section 4.3, where a procedure of fitting simulated results with

measured ones is presented.

Furthermore, the simulation results can offer additional information explaining the observation in
measurements. In measurements, it is observed that under HVDC, the maximum charge density of
positive charge keeps almost the same with the increasing of the applied field strengths. That is the
main reason causing the positive charge moving like “a packet” under high applied HVDC fields
(Figure 3-7, Figure 3-9 and Figure 3-11). From the simulated results under various fields, it is clear
that for both positive and negative charges, the percentages of mobile charge amounts are
relatively small, which indicates the shape of accumulated charges is mainly contributed by the
trapped charges. The simulated “packet-like” positive charge profiles indicate the less amount of
positive charges traps and negative differential mobility are the main reason for the limited
maximum density for the positive charges and their “packet-like” movements when the applied DC

field is enhanced.

4.2.2 Numerical modelling under AC and other periodical complex electric fields

In 2010, Zhao et al. published a paper on the space charge simulation under AC electric fields using
the bipolar charge transport theory [109]. In this work, a similar numerical model is applied to
simulate the conditions under the HVAC and periodical superimposed AC and DC fields. The core
computing mechanism is identical to the case under HVDC fields. The mobility for electrons is using
power’s law to fit, while the mobility for holes is using a curve-fitted function of the measured
velocity results (Specifics process is demonstrated in section 4.2.1 and Figure 4-4). However, the
strategy of element division for AC and DC electric stresses are different in consideration of charge
dynamics nature caused by various applied voltage types. For AC conditions, the charges are
primarily accumulated close to the surface due to constant alteration of the polarity of the electric

fields, which requires higher precision to ensure accuracy.

The parameters used in under the periodical fields are presented in Table 4-2. The parameters are
chosen consulting the previous work of numerical modelling (Zhao et al. [109] and Murakami et al.
[110]) and the measured charge profiles presented in Chapter 3. The application of asymmetrical
parameters demonstrates the different characteristics of electrons and holes. Similar to the DC
optimised parameter values, the holes are assumed to be more easily injected into the materials,
compared to electrons. For example, the lower injection barrier heights are applied, in considering

observations in the literature [109] that applied combined AC and DC electric stresses can lower
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electrical injection barriers of insulating materials. Trap density and trapping coefficients are

defined in a different order of magnitude to illustrate the holes’ pocket moving effects [91].

Table 4-2 Parameters for charge dynamics under AC and combined AC and DC fields [109, 110]

Parameter Value Unit
Barrier height for injection
W.i (electrons) 1.18 eV
Wi (holes) 1.16 eV
Low field Mobility: Lo 4.5x107® m?vis?
Power law’s index of mobility: n 1.165 m2V1s?
Trap density
Noet (electrons) 100 Cm?3
Nont (holes) 10 Cm?3
Trapping coefficients
Be (electrons) 7x1073 st
By, (holes) 7x10° st
Recombination coefficients
So trapped electron-trapped hole 4x1073 m3Cls?
S1 mobile electron-trapped hole 4x1073 m3Cls?
S, trapped electron-mobile hole 4x1073 m3Cls?
S3 mobile electron-mobile hole 0 m3Cls?
Temperature T 300 K
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Figure 4-8 Simulated dynamics within LDPE under 50Hz, 50kV/mm HVAC (phase 0)
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Figure 4-9 Simulated charge dynamics within LDPE under 50Hz, 50kV/mm superposed HVAC and
HVDC field with DC offset ratio 0.5 (phase 0)

For simulation of charge dynamics under HVAC and combined electric fields, numerical factors
caused by the characteristics of the applied fields can influence the charge dynamics within the
insulation. For applied HVAC electric fields, both the frequency and fields’” magnitudes can affect
the charge dynamics within LDPE. As for the combined conditions, the composition of the
superposed fields can act as a third factor influencing charge dynamics. All these factors complicate
the analysis of the simulation results under the periodical complex electric fields. However, in this
chapter, the main concern is illustrating the numerical model used in the work. Thus, two typical
simulated results (HVAC in Figure 4-8, superimposed fields in Figure 4-9) are presented and
discussed. The specific analysis of the influences of factors within periodical electric fields on charge

dynamics within LDPE is illustrated and discussed in Chapter 5.

Comparing the simulated results (Figure 4-8) with measured data (Figure3-16 to Figure 3-18), it is
clear that the simulated charge dynamics under HVAC can correctly demonstrate the different
dynamics of holes and electrons. The majority of the accumulated charges is mobile rather than
trapped. Furthermore, the significant field distortion caused by the accumulated charge adjacent
to electrodes can be observed in both measurements and simulations. As for the superimposed
condition, the influences of the DC offsets are clearly demonstrated in the simulation. Stable charge
formation and transportation caused by the additional DC offsets can be clearly observed. The
impacts of AC component within the applied field towards the charge dynamics can hardly be

observed under large DC offset ratio (0.5) case. However, the mobile charges still occupy a
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significant percentage in the overall accumulated charges like cases under pure HVAC fields. Also,
from both the simulated and measured results, it is clear that the additional DC offsets can

significantly increase the accumulated charge amounts and accelerate the charge transportation.

According to the discussion, the present model is reasonable in qualitatively analysing charge
dynamics under HVAC and superimposed conditions, although the specific values of the computed
profiles still present some differences when comparing with the measured ones. Those differences
may because the simulation has not considered the injection thresholds phenomenon [29, 92] and
charges are therefore consistently injected from the interface between the electrodes and
insulation. Besides, the mobility calculation model in the simulation may involve some errors for
the cases when the applied electric field is lower than the injection thresholds, which can further
enlarge the differences. Therefore, the numerical model proposed here for periodical complex
electric fields can be considered as an initial qualitative analysis model and requires further

adjustments with the development of space charge detect techniques.

4.3 Fitting simulated results with experimental data

One of the essential factors evaluating the performance of simulation models is to compare the
simulated results with measured ones. In Chapter 3, a subtraction method is proposed to obtain
the trapped charges within LDPE, aiming to be compared with simulated results. However, the
subtracted results are the convolution results of trapped charge density distributions with a
Gaussian filter due to the non-ideal reality of the measuring pulse in the PEA system. Besides, the
subtracted results can sometimes contain certain unexpected errors, as the references are linear
magnified and used as subtrahend, which at the same time, causing the noise levels within the
results are magnified. Due to all these above reasons, it is clear that the subtraction method is not
suitable for high accuracy quantitative comparison of the simulated and measured results.
Therefore, in this section, another method is proposed to fit the simulated results comparable to
the measured ones and to evaluate the simulated results quantitatively. Eventually, an optimised
simulation parameter setting for computing charge dynamics within LDPE under HVDC fields is

obtained.

43.1 Methodology of the fitting procedure

Space charge profiles obtained by the PEA method are influenced by the system responses, e.g.,
the effects of the excitation pulse, the bandwidth of the piezoelectric sensor, the amplifier, and the
oscilloscope. Therefore, capacitive charges measured within a perfect insulator under applied field

appear as Gaussian peak curves.
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On the other hand, the simulation is only computing internal localised charges. The results do not
include the capacitive charges at the electrodes caused by the applied field and induced charge on
the electrodes caused by the space charge in bulk. In this way, it is essential to figure out the surface
charge densities to construct overall charge profiles comparable to the measured results. The
surface charge at the electrodes can be calculated using [33]:

1 jdd—x (x.59 g0,V
pcath_ dx 0 d p\X, X dxd

go&rV
dx-d

1 dx
Panod = _Efo Ep(x: t)ox + 4-14

where the first term on the right is the induced charge density on the electrode. The second is the
capacitive charge density. dx is the discrete element size; d is the thickness of polyethylene film;
p(x,t) is the charge density in the bulk of polyethylene; €y is the permittivity of free space; €, is the

relative permittivity of polyethylene; V is the applied voltage.

As it is not practical to correct the position of charges in experimental data, a numerical filter is
applied to the simulated data aiming to lose parts of the resolution. This was achieved by
convoluting the simulated data with a Gaussian filter. The numerical filter is applied to both
electrodes and internal charges and then combining them to generate a charge profile comprising

both simulated space charge and induced surface charge.

Furthermore, electrons and holes have different properties in charge injection and transportation.
Consequently, asymmetric parameters for electrons and holes are employed in the simulation to
improve the fitting of the measured space charge dynamics in polyethylene under dc electric fields.
For a particular applied field, constant mobilities are applied to holes and electrons respectively.
Those two constant mobilities, which will not vary with the local electric field, represent the
“apparent” mobilities under the certain magnitude of the applied field. Different “apparent”
mobilities will be obtained under different applied field magnitudes, by the optimised fittings with
experimental data. By doing this, the trend of the “apparent” mobility against the applied field
magnitudes can be acquired. An example of the procedure of the optimised fitting by the
comparisons of computed results with experimental data is presented in Figure 4-10, and Figure 4-
11. The parameters adjusted are injection barriers for holes and electrons. In Figure 4-10 and Figure
4-11, ‘E’ represents the injection barrier for electrons, while ‘H’ indicates the injection barrier for

holes and the units for these two barriers are eV.

In Figure 4-10, the 20kV/mm DC experiment data is compared within a group of simulated results
with various injection barriers of charge carriers. The differences among all the results are limited

(Errors around 10%). This is because the duration of the applied stress is very short, which causes
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very few charge accumulation within the insulation. Therefore, the adjustments of the parameters

in the simulation should be determined based on the comparison of simulated results and

experimental results with longer applied field’s duration.

From Figure 4-11, it is clear that when the field stressing time comes to 60 minutes, the differences

among various injection barriers’ results are noticeable. It is clear the symmetric parameters (used

in numerical simulation work [7-9]) for injection barriers (1.2eV for both electrons and holes) results

in a lower amount of holes injection and a higher amount of electrons compared with experimental

results. Therefore, the injection barrier for electrons is raised, and for holes, it is lowered for

optimising simulation parameters. The optimised injection barriers for simulation are 1.255 for

electrons and 1.18 for holes based on the comparison of simulated results with measured ones

(Figure 4-11).
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Figure 4-10 Curve matching results at 30s for LDPE under 20kV/mm DC fields
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Figure 4-11 Curve matching results at 60min for LDPE under 20kV/mm DC fields
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Moreover, when the number of variable parameters is more than 2, the optimisation of the fitting
process becomes much more complicated. A multiple parameters optimisation program is
developed to solve the problem. This program can find the optimised parameters to achieve the
minimal differences between the simulation and experimental results by continuously enumerating
the parameters in their variable ranges (proposed by Alison [7]) and saving those results within 10%
difference compared with the experimental data. The final fitted simulation results are subtracted
from the measured results to demonstrate the differences between them, as Figure 4-12 “Errors”
line indicates.

——Errors
—— Simulated_20kV/mm_60min
—— Measured_20kV/mm_60min

A P B —_—
10% Error line

Charge Density (C/m°)
[
1

T T
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Figure 4-12 Differences of the simulated and measured results after 60mins 20kV/mm DC fields

43.2 Optimised fitting results under various magnitudes of HVDC fields

The final optimised parameter values for charge dynamics under various magnitudes of HVDC fields
are demonstrated in Table 4-3. The differences between the simulated and measured results under
different applied fields are demonstrated in Figure 4-13, to evaluate the optimisation under various

circumstances.
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Figure 4-13 Differences between the simulated and measured results under various extends of

external fields
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Table 4-3 Fitted parameters for dc space charge simulation with a constant mobility

DC electricstress  0cv/mm  40kv/mm 50kV/mm  60kV/mm  80kV/mm

Parameter

Barrier height for injection

Wei (electrons) /eV 1.26

whi (holes) /eV 1.18

Mobility

He (electrons)/ m?vis? 6.5x101° 7.8x10°1 8.3x101° 8.6x10  9.1x10
un (holes)/ m2vist 1.2x101 7.5x101° 5.3x10° 3.7x10%° 1.7x107%°
Trap density

Noet (electrons) / Cm3 100

Nont (holes) / Cm™3 100

Trapping coefficients

Be (electrons) 0.025 0.05 0.1

Bn (holes) 0.05 0.1 0.2
Recombination coefficients

So trapped electron-trapped hole 4x103 m3Cls?t

S1 mobile electron-trapped hole 4x103 m3Cls?t

S, trapped electron-mobile hole 4x103 m3Cls?t

S3 mobile electron-mobile hole 0

Temperature T/K 300

In Figure 4-13, it is clear that the severe difference between the simulated results and the measured
ones occurs near the electrodes. The overall differences are within 10% of the maximum measured
charge density under cases (as marked in Figure 4-13). Moreover, the differences increase slightly
with the increased applied field magnitudes, due to the larger accumulated charge amounts under
higher electric fields. The specific fitting results of charge dynamics under 40kV/mm and 60kV/mm

fields are attached in Appendix C.

433 Effect of field dependent mobility and an embellished simulation model for space

charge under HVDC field

From the fitting results in 4.3.2, it can be found that the constant mobility used in the previous work
[6-9] of modelling is not accurate for describing charge transport under relatively high HVDC fields.
In Table 4-3, the optimised charge carriers’ average mobility for the three electric stresses is distinct,
showing a strong field-dependence effect of the mobility. Therefore, in this part, three types of
field-dependent carrier mobility, Hopping, Power-law, and Poole-Frenkel, have been used to
analyse and an improved field-dependent mobility model for space charge simulation under HVDC

fields has been proposed.

Hopping mobility

Hopping mobility model describes the transport of electrons or holes within the insulations, which
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can hop between the trap sites localised in the band gap, and even into the conduction or valence
band of polymers. The mobility of the carriers caused by the hopping effect can be expressed as

[11]:
u= ZT exp(— l)sinh(qE—a 4-15
B

where v is the attempt-to-escape frequency; a is the separation distance between trap sites; w is
the energy level of trap depth; E is the local electric field; g is the electronic charge; ks is the

Boltzmann constant and T is the temperature.
Power-law mobility
Power-law mobility model is a mathematical analysis method, which describes the mobility of
carriers as a power function of the electric field, [11]

u = poE"1 4-16
where up is the mobility at low electric field [108]; n is the power index, and E is the local electric
field.

Poole-Frenkel mobility

In the Poole-Frenkel mobility model, the mobility can be computed as [11]:

= poexp( ‘P—E) 4-17
P = Hoexp Amk3T2gge,

where L is the zero-field mobility [111]; e is the electronic charge; & is the permittivity of free
space; & is the relative permittivity of dielectrics; ks is the Boltzmann constant and T is the
temperature.

The overall mobility field dependent effects of the three models are illustrated in Figure 4-14. The
processes of mobility vary with the electric field, described in the above three models and the

experimental fitting results of mobility are presented below in Figure 4-15.
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Figure 4-15 Mobility field dependant phenomena comparison among different model

From Figure 4-15, it is clear that the power-law is better at predicting the electron’s mobility under
various electric stresses, although the Poole-Frenkel mobility demonstrates strong field
dependence at high electric fields. However, as for holes, it seems none of these models are suitable
for prediction of mobility. This is because the transportation process of positive charge carriers is
more complicated than the electrons. Holes’ mobility through the amorphous phase (Polyethylene
contains numerous amorphous regions) generally exhibit a maximum as a function of the electric
field due to super-exchange quantum mechanical tunnelling [112]. Consequently, substituted

methods are generally used to deduce the positive charge mobility under various strength fields.
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In 2005, Poplavskyy [113] proposed a result of measured velocity of positive charges altering along
with the electric field (€100 kV/mm), and Chen et al. in 2011 [97] completed the high electric field
part. The whole picture of positive charge velocity versus the electric field has already shown in
Figure 4-4(a), and the measured results are curve fitted to obtain a function predicting the positive

charge mobility as a function of the electric fields.

434 Evaluation of final adopted model

The final adopted parameters for simulation model under DC, AC and superposed AC and DC fields
are presented in Table 4-1 and Table 4-2. To evaluate the model for various conditions, the
maximum numerical differences under various cases are recorded below in Table 4-3. Simulated
charge distributions after 1 hour of field stressing are used in comparison with the measured results
to reduce the depreciation effects caused by the intensive AC fields in measurements. From Table
4-3, it is clear that the current model can relatively accurate predict the charge distributions under
DC fields. However, for cases under AC and superposed AC and DC fields, remarkable numerical
differences still exists. This may due to ignorance of charge injection threshold phenomenon. The
current mobility calculation model also can contribute to the errors, as it is relatively inaccurate in
deducing charge mobility under electric fields lower than 20kV/mm. After all, the proposed model
can still quantitative-accurately illustrate the charge dynamics under AC and superposed AC and DC
fields, as the simulated charge dynamics trends are identical to that observed in the experiment.
Therefore, the numerical model is further adopted in Chapter 5 and 6 to investigate the physics

behind the experimental observations.

Table 4-4 Comparison of simulation and experimental results

Maximum
differences 20kV/mm 40kV/mm 60kV/mm]
DC 9.9% 9.6% 4.3%
AC 35.5% 37% 46.7%
DC ratio: 0.2 DC ratio: 0.4 DC ratio: 0.5
Superposed AC
and DC fields 21.7% 16.7% 13.8%
(50kV/mm)

4.4 Conclusions

In conclusion, a bipolar charge transport simulation model, which can be applied to analyse charge
dynamics within solid dielectrics under common operating electric fields, is proposed in this

Chapter. The specific settings for this model under various categories of periodical electric fields
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(DC, AC and combined AC and DC) are described and explained. A mechanism adapting the
simulated results directly comparable to the measured results is proposed, A group of optimised
parameters for simulation according to the measured results under HVDC is obtained. The charge
carriers’ different dynamics and the fields’ dependent effects of those dynamics are illustrated and

discussed.

From the presented results, it is clear that the numerical model for charge profiles within LDPE
under HVDC is quite mature, demonstrating remarkable affinity when compared with the measured

results.

The model can also correctly predict the trends of charge dynamics under HVAC and superimposed
AC and DC fields. The formation of space charge under ac fields is complicated by the frequent
reversal of the applied field, which leads to small quantities of charge accumulation compared to
the dc case. However, it seems the current simulation underestimated the accumulated charge
amounts under AC fields. The computed specific values still present notable quantity differences
when comparing with measured results in Chapter 3. However, the differences will not affect
qualitatively predicting and analysing the charge dynamics and local field trends within LDPE. In this
way, this model is still adopted in the following Chapters, investigating the charge dynamics under

specific operating conditions.
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Chapter 5: Space charge dynamics under complex

stresses

According to the discussion of previous Chapters, it is noticeable that the charge dynamics under
complex stresses are complicated and could be influenced by many factors. In this chapter, the
influences of the external fields” on charge dynamics within LDPE are investigated using both
proposed measuring procedures (Chapter 3) and bipolar simulation model (Chapter 4). The
influences of magnitude, the composition of fields and frequency are the three major factors,

representing the influences of characteristics of the applied fields on the space charge dynamics.

For the sake of clarity, the results are divided into three sections in this Chapter. Section 5.1
contains the results of 50Hz pure AC stresses with different applied field magnitudes, aiming to
demonstrate the field magnitudes’ effects on charge dynamics. Section 5.2 describes the results
under applied fields with different DC component’s percentages, targeting the effects of the DC
offsets ratio. Section 5.3 presents charge profiles under applied fields with different frequencies,

for the sake of showing the frequency’s impacts on charge dynamics within LDPE.

5.1 Dynamics of space charge under different magnitudes of AC

stresses

In this section, the influences of field strengths of the applied HVAC have been investigated both
experimentally and numerically based on the improved PEA measuring system and the revised
simulation model proposed in Chapters 3 and 4. The fast pulse and signal averager within the
improved PEA system have enabled the detection and signal processing of charge profiles within
insulation under power frequency periodical fields. Additionally, the proposed analysis procedure
for the measured data can better demonstrate the mobile and shallow trapped charges. Therefore,
charge dynamics under fast alternating applied fields can be better illustrated. As for simulation,
the proposed numerical model can successfully analyse charge dynamics under various applied field
conditions. Comparing with experiments, simulations can offer more information, such as specific
amounts of mobile and trapped charges, and the cases investigated can be more general and widely
ranged. Consequently, the numerical model proposed in Chapter 4 is adopted in this chapter to
analyse the underlying reasons for the corresponding various charge dynamics caused by different

magnitudes of the applied stress.
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Figure 5-1 Measured Charge evolution after removing the capacitive charge (Applied field phase
90°,graph (a)) and simulated charge profiles (Applied field phase 0°,graph (b)) within
initial 30 minutes of ac field stressing (60kV/mm, 50Hz)

Figure 5.1 and Figure 5.2 demonstrate the space charge and local field distribution within the initial
30 minutes of ac field stressing. In order to reduce the influences caused by errors of recovery
phases of applied voltage on the charge distribution, charge profiles under the applied voltage
around phase 90° at different field stressing times are mainly discussed for the measured results.
This is because the magnitude of the applied field changes slightly and slowly around phase 90°,
based on the shape of sinusoidal applied fields. However, all simulation results are chosen of

profiles at applied phase 0°, to purely demonstrate the space charge influences. 30 minutes is
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chosen to minimise the ageing effects caused by the high strengths AC fields (The ageing features

is discussed explicitly in Section3.3.1).
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Figure 5-2 Measured (Applied field phase 90°,graph (a)) and simulated (Applied field phase

0°,graph (b)) local field distribution within initial 30 minutes of ac field stressing

(60kV/mm, 50Hz)

Both the measurements and simulations demonstrate that the accumulated charge amounts

increase along with the stressing time. Negative charges can further transport into the bulk of the

sample due to their larger mobility. However, the positive charge adjacent the electrodes, as

predicted in simulated profiles can hardly be distinguished from the measured results. This may

cause by either the errors of estimating charge carriers’ mobility in computing process or the limited

resolution of equipment used in measurements. The local field distributions present great similarity
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in the comparison between the measured and simulated results (The simulated field distributions
are only caused by the localised charges.). Maximum changing happens adjacent the electrodes
where the charge density is severely changing. From the results, it is clear that the space charge

phenomenon is the principal reason of significant local field distortion under HVAC fields.
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Figure 5-3 Measured charge evolution after removing capacitive charges (Applied field phase
90°,graph (a)) and simulated charge profiles (Applied field phase 0°,graph (b)) within

initial 30 minutes of ac field stressing (40kV/mm, 50Hz)
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Figure 5-4 Measured charge evolution after removing capacitive charges (Applied field phase
90°,graph (a)) and simulated charge profiles (Applied field phase 0°,graph (b)) within
initial 30 minutes of ac field stressing (30kV/mm, 50Hz)

Figure 5-3 and 5-4 present the measured and simulated charge profiles under 40kV/mm and
30kV/mm HVAC fields. Mobile and trapped charges are demonstrated separately in the simulated
results. From them, it is clear that the mobile charge amounts are significantly larger than the
trapped charges under all applied field cases. Besides, unlike under 60kV/mm fields, specific
amounts of positive charges can transport further into the bulking areas of insulation under
relatively low field strengths. This existence of positive charges in bulk is further certificated in the

decay results after a long-term of field stressing, Figure 5-5, where certain amounts of deep trapped
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positive charge can be observed in the middle of the testing samples under HVAC fields of 40kV/mm
and 30kV/mm fields.
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Figure 5-5 Deep trapped charges comparison after 7 hours 50Hz AC fields ageing (from 30kV/mm
to 50kV/mm)

Figure 5-1 to 5-4 demonstrate the charge evolution under different magnitudes of the applied
voltage strengths within initial 30 minutes. A similar trend of charge dynamics can be observed.
However, the maximum amount of charges are apparently different. The higher the applied electric
fields, the more accumulated charges adjacent to the electrodes. Severe reduction of charge
amounts takes place when the field is reduced from 60kV/mm to 40kV/mm. Based on this trend, it
is predictable that, the amount of charges adjacent to the electrodes will become more significant
when the applied field is higher than 60kV/mm. Consequently, their effect on the local electric field
distortion will be further enhanced, which may cause critical ageing to the insulating material and
even trigger the breakdown of the overall insulator. In fact, several breakdown occurred during
charge measurements when 60kV/mm was applied to the samples longer than 4 hours. The
measured deeply trapped charges within the samples, as compared in Figure 5.5, present a similar
reduction trend along with decreasing applied fields. Charge amount also dramatically decrease
when the electric field decreases from 50kV/mm to 40kV/mm, although the deeply trapped charge
amounts are relatively small compared with the shallow trapped charge adjacent to the electrodes

shown in the subtracted results.

A significant amount of charge within LDPE can be observed under 50Hz HVAC stresses based on
the improved PEA system and proposed data analysis method (Chapter 3). On the other hand,
numerical modelling provides an alternative approach to investigate charge dynamics under
applied field within wider ranges of magnitudes. As the results presented in Figure 5-1 to 5-4 and

previous Chapters, the proposed model can quantitative analyse charge dynamics well under
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various applied fields. In this section, the model has also been used to investigate the dynamics of
positive (Figure 5-6) and negative charge amounts (Figure 5-7) under various magnitudes of HVAC

fields.

L B T S L L o S e e S I B B o SR Rttty )
1.2 -| ® Integral positive charge amounts of measured results T
Q
S 1f !
-
c
308fF i
§
0.6 b4 1
g ]
@
=04 1
(5] ° [
0.2 .
s s P S TR SR S ST R TR T T T T A S I S S SR S B AT S AT S A A Wl BT TN Tl ST N TR TNl PR TETTET] FRTRTRTITI STTRTTETTE [TATETTIT
10 15 20 25 30 35 40 45 50 55 60
Applied electric fields: kV/mm
3'5 T T T T L L L B LU LA AL LR ARLLLL R R L
-¥ Integral positive charge amounts of simulated results|
2
25
-
15
3 21 .
& 151 g .
& el
S 1t __-,-* _
o | s £ ]
05 RS REE A = =
______________ i ol
0* L 1 | 1 1 1 1 1 1 |
10 15 20 25 30 35 40 45 50 55 60

Applied electric fields: kV/imm
Figure 5-6 Integrated positive charge amounts of both simulated and measured results under

various applied fields

0 T T T T T T T T T
[}
Q ]
s 2r . B
=
S
]
E 4 i
]
=] .
1=
]
5 o s
® Integral negative charge amounts of measured results
S S B U P Y P T SPPR FAPPITPTET FRPPETI PYRVPIOT TP
10 15 20 25 30 35 40 45 50 55 60
Applied electric fields: kV/imm
'0.2 T T T T T T T T
e i *m = m - *---- EO—— _
o 04 TH s
= "%
- -0.6 — ~ ~. -
5 *
<] N
g 0.8 s, -
o *
g5 1 N
= Y
©q2f .
‘* Integral negative charge amounts of simulated results‘
_14 L " L L L P S S S I T S S S S RS RIS S S ST A A N T T ST T 1 |\||||\H|H\||\|\||*
10 15 20 25 30 35 40 45 50 55 60

Applied electric fields; kV/mm
Figure 5-7 Integrated negative charge amounts of both simulated and measured results under

various applied fields

95



Chapter 5: Fields’ characteristics on the space charge dynamics under complex stresses

Additionally, the maximum field distortion under various cases is presented in Figure 5-8. In these
three graphs, the asterisk line indicates the fitting trends using polynomial functions, while the dots
illustrate the actual results obtained from measurement and simulation. To eliminate the effects of
ageing of testing materials caused by the long-term stressing fields, the measured results after one

hour are shown here for comparison.

From Figure 5-6 and 5-7, it is obvious that the trend of simulated charge amounts presents
remarkable similarity comparing with the fitted trends of measured results, although the exact
numbers still show some differences. The accumulated charge amounts are increasing with applied
field magnitude rising, and the increase rate of negative charges become more significant under
more intensive fields. This indicates the difference of electrical performances, mobility and
electrical injection, between positive and negative charges are intensified by the increased HVAC
field. When the electric field is further measured above 40kV/mm, the field distortion is

dramatically increased due to the exponential relationship.

The differences between the maximum field distortions of simulated and measured results are
limited as illustrated in Figure 5-8, which is validate the simulation model can be applied to predict
the electric field distortion. The maximum field distortion increases with the applied field. The local
field distortion is mainly caused by the localised charges within the insulation. The localised charge
amount rises when applied field magnitude increases due to the enhanced injection rate and
transport mobility. This eventually causes the enlarging local field distortion along with the applied
field. Therefore, based on all above, the various electrical performances (Mobility and injection rate)
of positive and negative charges are the essential factor causing the space charge accumulation

under HVAC stresses.
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Figure 5-8 Deduced maximum field distortion of both simulated and measured results under

various applied fields

In summary, the applied fields’ magnitude mainly influences the charge dynamics under HVAC
based on their effects on charge amounts and carriers' mobility. This trend is consistent with
characteristics under HVDC. Increased the localised charge amounts and enhanced charge
transport mobility can be observed with the increasing HVYDC magnitudes. The enhanced charge
dynamics can intensify the local field distortion. Besides, charges mainly accumulate adjacent the
electrodes under HVAC fields, which results in the maximum field distortion occurring in the surface
region of the insulation. Furthermore, precise charge injection mechanism and mobility’s fields-
dependent model is essential for interpreting charge dynamics under AC conditions, as a broader
range of local electric fields is changing. By applying the mobility fields dependent mechanism in
the current simulation model, only the mobility of holes is certified by the measurements, and the
measures began with a relatively high field. This model is precise enough for simulating charge
dynamics under HVDC. Under HVDC, the local fields are not altering in a large scale, and the
movements of holes dominate the overall charge transport process (Section 3-2). However, that's
not the same for charge dynamics under HVAC, which causes the noticeable specific amounts
differences when comparing the simulated results under ac (mobility and injection mechanism
unchanged) with the measured ones. Therefore, for HVAC conditions, more accurate mobility
measurements are required for both holes and electrons, to quantity-accurate modelling the space

charge phenomenon.
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5.2 Dynamics of space charge under different DC offset’s ratios

To better illustrate the charge dynamics under superposed fields with the same power strength,
the applied fields in this section are all chosen to have the same RMS magnitude (50kV/mm). The
waveform of them is shown in Figure 5.9. The fields’ frequency is 50Hz, which is utilised to reflect
the common situations in high voltage power systems. The selected ratios for investigation are zero,
0.17, 0.2 0.33, 0.4, 0.5, and one, aiming to present a complete evolution of the DC offset’s ratio
influences within the combined stresses on the charge dynamic within insulations.
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Figure 5-9 First two cycles of applied combined stress with different DC offsets

Based on charge profiles discussed in sections 3.3.2 and 4.2.2, it is clear that the DC component
within the applied fields has a significant impact on the charge formation and local field distortion
within the insulation. Figure 5-10 presents a comparison of measured and simulated charge profiles
under combined stresses with DC offset ratio 0.5. It is clear that the adding of DC offset significantly
enhanced the accumulated positive charge amounts comparing Figure 5-10 with Figure 3-18.
Charge distributions in Figure 5-10 are more like under pure DC fields after 1 hour of field stressing
(Figures 3-9 and 3-11): i.e., positive and negative charges mainly accumulated at one side. The
effects of AC components within the applied fields on the charge distribution can only be observed

within the very initial stressing time (<2minutes in measurements and <10 minutes in simulations).
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Figure 5-10 Measured Charge evolution after removing the capacitive charge (Applied field phase
90°,graph (a)) and simulated charge profiles (Applied field phase 0°,graph (b)) within
1 hour of combined stress (50Hz, 50kV/mm, DC offset ratio 0.5)

In order to more clearly present the effects of DC offsets’ ratio on the charge formation and local
electric field distribution within the insulation, the integrated charge amounts and the maximum
field distortion of both simulated and measured results are also presented and discussed under

various circumstances.
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5.2.1 Total charge amounts

In this section, the integration of both simulated and measured results under 50Hz combined AC
and DC stresses with various DC offset’s ratio are presented, aiming to demonstrate the offset’s
ratio effects on the charge dynamic within the insulation. The amount of the integral net charge,

positive charge, and negative charge are illustrated from Figure 5-10 to Figure 5-12

Figure 5.11 presents the net charges within the sample under combined stresses within different
DC offsets. The overall trend for the curves shows a fluctuant period followed by a saturation period.
For the majority cases, the charge amount curves reach steady states at around 2 hours. There is
an exception for the case under combined AC and DC fields with DC ratio 0.4, where the dynamic
ends after approximately five hours. Both continuous polarity reversal and DC offset can affect
charge distribution within the materials. It seems these two effects are neutralising each other
under high fields, as a massive amount of positive charges observed under HVDC, while mainly
negative charges observed under pure HVAC fields. The situation of this two features’ effects alters
along with the changing of the composition of the superposed fields. Their confliction seems most

intensified under superposed fields with ratio 0.4, which also causes the extended dynamic periods.
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Figure 5-11 Integral net charge’s trend over time under various DC offset ratios. So, So.17, So.2, So.33,
So4, Sos, and S; indicate the simulated results under pure AC fields, under superposed AC and DC
fields with DC offset ratio 0.17, 0.2, 0.33, 0.5, and under pure DC fields. Mo, Moz, Mos, and M;
represents the measured results under pure AC fields, superposed AC and DC fields with DC offset

ratio 0.2 and 0.5, as well as pure DC fields

From Figure 5-11, it is clear that simulated and measured results present a great similarity in the

charge saturation amounts. The saturated net charge amounts for the seven conditions are
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different. The maximum saturation amount occurs under DC fields, while the minimum happens at
DC offset’s ratio 0.2. When the DC offset’s ratio is higher than 0.33, the steady state net charge
amount is positive, which indicates the point above which the effect of DC offsets on the space
charge formation is stronger. This is because under DC voltages positive charge generally dominate
the overall charge transportation and accumulation, as discussed in Section 3.2, while mainly
negative charges are observed in charge profiles obtained under AC fields. Furthermore, for all the
combined field cases, the saturated net charge amounts (absolute values) are larger than that
under pure AC, which indicates the additional DC offset can significantly increase the accumulated
charge amount of insulation. The total positive charge amount and negative charge amount and

their variation with time are presented respectively in Figure 5-12 and Figure 5-13.
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Figure 5-12 Integral positive charge’s trend over time under various DC offset ratios. So, So.17, So.2,
S0.33, So.4, So.5, and S; indicate the simulated results under pure AC fields, under superposed AC and
DC fields with DC offset ratio 0.17, 0.2, 0.33, 0.5, and under pure DC fields. Mo, M.z, Mo, and M;
represent the measured results under pure AC fields, superposed AC and DC fields with DC offset

ratio 0.2 and 0.5, as well as pure DC fields

Figure 5-12 and Figure 5-13 present the specific information of the integrated positive and negative
charge of simulated and measured results. The saturated amounts obtained from simulations are
similar to those measured results under the same condition, although the results within the initial

dynamics period (<300 minutes) present some differences, especially for the ratio 0.2 case.

It can be observed from Figures 5-12, 5-13 that, the magnitude of both positive and negative is
similar for pure AC and combined fields conditions, causing smaller net charge amounts presented
in Figure 5.11. For positive charges, the charge amount for pure DC is higher than the amount for

pure AC while lower than those combined conditions with DC offsets >0.33. Besides, the positive
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charge amount obtained for the combined conditions increases along with the DC offset’s ratio,
which indicates the charge formation is more close to the conditions under pure DC fields when the
DC component percentage within the combined stress increases. (Remarkable amounts of positive
charges are generally observed in polyethylene under DC stresses, while mainly negative charges

are observed under AC stresses. Specific results have been illustrated in Chapter 3)
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Figure 5-13 Integral negative charge’s trend over time under various DC offset ratios. Sy, So.17, So.2,
So.33, So.4, So.5, and S; indicate the simulated results under pure AC fields, under superposed AC and
DC fields with DC offset ratio 0.17, 0.2, 0.33, 0.5, and under pure DC fields. Mo, Moz, Mo, and M;
represent the measured results under pure AC fields, superposed AC and DC fields with DC offset

ratio 0.2 and 0.5, as well as pure DC fields

Nevertheless, the case for the negative charge is much more complicated. The integrated charge
amount with a lower DC offset’s ratio is larger than the amount under pure AC and DC. However,
negative charge amounts will reduce sharply when the offset ratio is higher than 0.33. It is expected
as the trapped positive charges are excessive compared to the negative charges when enough DC
offset added. Consequently, under fields with relatively high DC offsets, where the injection and
transportation of electrons are not strong enough to compensate the influence of positive charges,
the amount of electrons will show a complicated relationship with DC offsets, unlike holes, always

a positive correlation.

5.2.2 Maximum field distortion

Space charge phenomenon cannot only promote charge transport within insulation but also can
cause field distortion. This field distortion can induce the maximum strengths of local field

significant exceeding the operating field at certain phases, which can accelerate the ageing of
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insulating materials or even cause breakdown of the insulation. The exceeding effects get
remarkable when the sinusoidal applied field phase is around 90 or 270 degree. Therefore, in this
section, the field distortion at 90 degrees, regarded as the maximum field distortion, is investigated
under various conditions to illustrate the contribution of space charge phenomenon towards the
electrical performances of insulating materials. The maximum field distortion obtained from both

measured and simulated results are illustrated in Figure 5-14.

From the graph, itis clear that the maximum field distortion obtained from measured and simulated
results both present a non-monotonic trend and maximum values happen when DC offset ratio is
around 0.2, where the influences of DC components within applied fields is relatively small. This
indicates the field distortion caused by the DC and AC components are neutralising each other,
which is consistent with results of integrated charge amounts and observation in local field

distributions (Figure 3-12, Figure 3-26).
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Figure 5-14 Maximum field distortion vs DC offset ratio: Measured results (a), and simulated
results (b) The blue points are the maximum field distortion in all cases after 1 hour of fields

stressing.

5.2.3 Conclusions

Overall, from both the charge profiles and local electric field distributions, it is clear that the DC
component has a significant effect on the space charge phenomenon within insulations. The
obtained charge amounts are significantly more massive under combined stresses compared with
under pure AC fields, while the corresponding local field distortion under specific offset ratio

combined stresses can be more significant than both pure AC and DC conditions. Therefore, to
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estimate the electrical performance of dielectrics under combined stresses accurately, the
composition of the applied field should be exhaustively considered. Currently, in standards [114],
equivalent pure AC and DC fields are generally adopted for the dielectrics tests. Evaluation of
standard dielectric experiments on the space charge formation and local field distortion within

insulation has been discussed in the following section 5.3.

5.3 Comparison of charge dynamics under standard dielectric testing

fields and real operating combined AC and DC fields

According to the international standard (IEC 61378-2:2001), equation 5-1 and equation 5-2 (5-1 for
DC testing level and 5-2 for AC) are generally used to calculate dielectric withstand tests voltages
[114]. In this section, experimental approach has been adopted to evaluate the standard testing
procedure. This is because the current simulation model, as discussed in previous chapters, still
presents significant numerical differences compared with measured results when analysing charge

dynamics under AC and superposed AC and DC fields.

Testing for the six-pulse bridges transformer is used as an example. The number of bridges, N,
considered is 4. (For four-pulse bridges transformer. N could be 1 to 4. Choosing 4 is considering
the highest testing voltage.) The specific process of deducing the testing voltage for the chosen
condition is presented in Appendix D. According to the standard. The testing procedure lasts 1 hour
for AC conditions and 2 hours for DCin the standard. During the testing voltage stressing if no partial
discharge detected, the insulation is considered passing the qualification test. Partial discharge is
believed to be strongly related to the local electric field magnitude and space charge formation
[115]. Therefore, in this section, charge amounts and the maximum field distortion obtained from
PEA measurements are adopted to evaluate the standard dielectric tests. Results are presented in

Figure 5-14 and Figure 5-15.

Uge = 1.5((N = 0.5)Ug + 0.7U,yy,) >t
1.5((N—0.5)Udm+—ﬁ"‘""13>
V3
Uy = = (rms value) 5-2

where Uy is the dc test voltage; U, is the AC test voltage (rms value); N is number of four pulse
bridges in series from neutral of the DC line to the rectifier bridge connected to the transformer;
Udm is the highest dc voltage per value bridge; U,m is the maximum phase to phase ac operating

voltage of the valve winding convertor transformer.

From Figure 5-15, it is clear that in the standard test conditions, a strong influence of negative

charges can be observed under all DC offset ratio cases. The accumulated negative charge amounts
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under standard testing conditions are generally larger than the amounts obtained under
corresponding real superposed stress conditions. However, when considering the amount of
positive charges, it seems that the standard testing environments cannot cover all the cases,
especially for cases with higher DC offset ratio (0.5). The obtained positive charge amounts from
both AC and DC standard tests are significantly smaller than the amounts obtained in superposed

stresses.

c_lh_p macTestlh_p " c_2h_p mdcTest2h_p

Charge amount/nC

= DC offsets ratio

c_lh_n OacTestlh_n c_2h_n [OdcTest2h_n

Figure 5-15 Integral charge amounts within LDPE under real combined stresses conditions and

pure ac and dc testing conditions.

The Y-axis demonstrates the charge amounts in nC, and. The x-axis shows the DC offset ratio of the
issued applied field conditions. The solid squares indicate positive charge amounts (_p), and the
hollow bars (_n) represent the negative charge amounts. C_1h and C_2h indicate the measured
results after 1 hour and 2 hours of the combined fields stressing respectively. “acTest1h” and

“dcTest2h” present the measured results obtained from the standard testing environments. The
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duration of the test is chosen according to the standard (1 hour AC test and 2 hours DC test). Two
durations of the corresponding referred results measured under combined stresses are selected for

comparison

When considering the influences caused by charge distributions, the differences between under
standard tests and the real superposed stresses become larger. As for the maximum field distortion
(The percentage of the maximum field strength enhancements), Figure 5-16, it seems all the
standard testing conditions has underestimated the local field distortions. However, it is worth to
point out that the difference between the results of real and tested is relatively limited when the

DC offset ratio is 0.5.
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Figure 5-16 Maximum field distortion within LDPE under real combined stresses conditions and
under pure ac and dc testing conditions

In industry, when considering the electrical performances of high voltage insulation the
conductivity and breakdown strengths of the materials are mainly discussed. Under HVDC fields,
conductivity and breakdown strengths of the insulation are strongly influenced by the trapped
charge amounts within the insulation. The trapped charges can distort the local field distribution.
The intensified local field could further enhance the local conductivity (field dependent), which
eventually accelerates the breakdown process within the insulation. Whereas for HVAC and
superimposed HVAC and HVDC fields, the breakdown strengths of the materials will be affected by
not only the charge amounts but also the distribution of charges. This is because the consistent
reversal of the applied field polarity will cause the localised charges within insulation distributing
unbalanced: Excessive density of charges accumulate close the electrodes interfaces while almost
nothing in bulk. From results in Figures 5-15 and 5-16, it is clear that current standard has
underestimated the influences of space charge within insulation under superimposed HVAC and
HVDC fields. Although it can be applied to estimate the accumulated charge amounts under

combined stresses with relatively low offset ratio, it underestimated the field enhancement caused
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by local charges in most cases. Furthermore, unlike under DC fields, the charge and the local field
dynamics reach equilibrium within an hour, the localised charge amounts and the maximum field
distortion are still increasing after severe hours (>2 hours) of AC or superposed AC and DC fields
stressing (Discussion in sections 3.3 and 5.2). The 2 hours duration of AC field stressing adopted in
the standard tests may not be long enough to evaluate the charges and local field dynamics within
the insulation. Based on all above, it is clear that the current testing standard cannot accurately
evaluate electrical performances of insulation under combined electric fields, and further revise
and improvements are desperately needed in consideration of testing voltage magnitudes and

testing durations.

5.4 Dynamics of space charge under different applied field frequency

Another characteristic of the periodical electric fields is the alternative frequency. The impact of
applied field frequency on the charge dynamics are investigated in this section. This section
contains the results under 0.05Hz, 0.5Hz, 5Hz and 50Hz (power frequency) AC fields and combined
stresses with DC offset ratio 0.5. The selection of the analysed frequencies is settled consulting to
the paper of Tanaka et al. [116] about the frequency dependence of charge density under AC stress.
However, higher applied voltage magnitude (50kV/mm) is adopted in this part, as discussed in 5.1,
charge dynamics will be more significant under intensive fields. The frequency’s influences under
both AC and superposed AC and DC fields are also investigated in this work to demonstrate an
overall picture of the effects. In this section, the lowest investigated frequency is 0.05Hz, and
therefore the impacts of frequencies on the charge dynamics can clearly demonstrate in a broad
range. Choosing the pure AC and combined stress with DC offset ratio 0.5 for discussion is aiming
to demonstrate the frequency influence on charge dynamic under two typical cases. From the
analysis in Chapters 3 and 4, it is clear that both the proposed experimental and numerical method
can fairly detect and evaluate charge dynamics under periodical high voltage stresses. Experimental
approaches can directly present the charge profiles within insulation under periodical complex
fields, and the results are more close to reality compared with simulation. However, the simulation
can more clearly illustrate the differences caused by small alteration of environments. The effects
of applied field frequency on the charge dynamics weaken with the increasing DC offset ratio due
to the reducing AC component percentage. Therefore, experimental results have been used to
analyse influences of frequency on charge dynamics under pure HVAC electric fields, while
simulation approach has been chosen to investigate the frequency effects on charge dynamics

under combined stresses with DC offset 0.5.
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5.4.1 Influences of frequency on charge dynamics under AC electric fields

In this section, charge evolution (Subtracted volt on profiles) under various frequency applied fields
are shown from Figure 5-17 to Figure 5-20 and a comparison of remaining charges after 7 hours of
different frequencies field stressing are illustrated in Figure 5-21. The application of 7 hours field
stressing is because the phenomenon of surface flashover and discharge occasionally happen
during the AC measurements, if the stressing time is too long. Besides, long duration of fields

stressing the trend of charge dynamics can be more noticeable observed.
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Figure 5-17 Charge evolution around applied fields phase 90° after removing the capacitive charge

within 7 hours of ac field stressing (50kV/mm, 50Hz)
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Figure 5-18 Charge evolution around applied fields phase 90° after removing the capacitive charge

within 7 hours of ac field stressing (50kV/mm, 5Hz)
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Figure 5-19 Charge evolution around applied fields phase 90° after removing the capacitive charge

within 7 hours of ac field stressing (50kV/mm, 0.5Hz)

Figure 5-17 demonstrates the charge profiles within the sample with stressing time under 50Hz
50kV/mm AC stress. In order to demonstrate the influence of duration of voltage on charge
formation, charge profiles under applied voltage around phase 90° at different stressing times are
focused. From the graphs, it can be observed that the accumulated charge peaks adjacent to the
electrodes increase with the stressing time. Besides, the domination of negative charges, especially
for a long duration of the voltage application within the insulation, can be observed. Figure 5-18
and Figure 5-19 show charge profiles along with stressing time under 5 and 0.5 Hz applied fields
frequency. Together with the results in Figure 5-17, it is noticeable that charges can transport
further into the bulk of the insulation under relatively low frequency (<5Hz). The accumulated
chargesin the bulk decrease along with frequency, while the accumulated charge amounts adjacent
to the electrodes increases with the frequency. This indicates charges are more difficult to transport
into the bulk area of the insulation if the frequency of the applied field polarity reversal increases.
Because the trapped charges under higher frequency applied fields are more close to the electrode,
the local electric fields near the electrodes will be further distorted. This may explain the severer
ageing for the same material under power frequency HVAC fields, compared with under same
strength HVDC stresses [96, 99], as dc case can be regarded as an extreme case of ac, with a

frequency equal to zero.
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Negative charge amounts within LDPE under different frequency
of applied fields along within increasing aging time
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Figure 5-20 Negative charge amounts within insulation evolution with time under different

frequency of applied fields

For all frequency cases, negative charges are dominant the charge dynamics within the insulating
materials. Therefore, negative charge amounts under various circumstances, are calculated and
plotted verse time of the voltage application, as shown in Figure 5-20. It is apparent that the
negative charge amount decreases along with frequency. It seems under relatively low frequency
(0.5Hz) the negative charge amount can reach a quasi-steady stage after a few minutes applying
fields. This may because charges are able to transport across the insulation and reach the opposite
electrode, neutralising as well as keeping a balanced charge amount under relatively low frequency
applied fields, as similar as the situation under HVDC fields. Figure 5-20 also shows that the lower
the applied frequency, the more the charge accumulated inside the insulation. Significant charge
amount reduction can be observed when the applied field frequency increase from 5Hz to 50Hz.
Charge amount decreases more than 50% when comparing the results under 50Hz and that under

5Hz electric fields.

The deeply trapped charges within the samples, as compared in Figure 5-21, also present a
reduction trend along with increasing frequency of the applied fields. Charge amount decreases
around 70% when comparing the results under 5Hz and 50Hz electric fields, although the deeply
trapped charge amounts for all cases are relatively small comparing with the shallow trapped

charge results presented previously in Figures 5-17 to 5-20.
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Figure 5-21 Comparison of remaining charges within insulation under different applied fields after

instantly removing voltage

In summary, it is clear that the space charge amount within the insulation decreases along with the
frequency of the applied field. Based on the present results, it is noticeable that the increasing
frequency of the applied fields can significantly change the distribution of the accumulated charges
inside the insulation, apart from reducing the overall trapped charge amount (Figure5-16 to Figure
5-18). The presence of charge adjacent to the electrodes under high frequency stresses, even in
small amount, can cause severe local fields distortion when the polarity of the applied fields
reversed. This constant intensive field distortion can severely degrade the surface region of the
insulating materials and even trigger the overall sample breakdown. This may give an explanation
why the ac breakdown strength of the material is normally significantly lower than its dc breakdown
strength. A specific discussion of space charge’s role in the electrical breakdown of solid insulation

is illustrated in Chapter 6.

5.4.2 Influences of frequency on charge dynamics under combined stresses with DC offset

ratio of 0.5

Figure 5-22 presents the simulated charge distributions under 5Hz combined stress with 50% DC
offset. Figure 5-23demonstrates charge distribution under 0.5Hz combined stress with the same

ratio, and Figure 5-24 presents results under 0.05Hz combined stress.

It can be clearly observed from the three graphs that the accumulated positive charges move like a
packet towards the opposite electrode with time. Similar to the positive charge movements under
the DC condition due to the influence of 50% DC component within the applied field. However, the
peak values of both accumulated holes and electrons under the combined condition are larger than

those under DC condition.
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This is because the maximum magnitude of the applied combined field is larger than that of DC field
with the same RMS values, causing a larger amount of charge injections. The differences between
Figure 5-23 and Figure 5-24 are obvious: under 0.05Hz, the fluctuation can be observed on the
accumulated charge profiles due to the long applied field changing cycle. However, the differences
between Figure 5-22 and Figure 5-23 can hardly be distinguished. This confirms the limited
influences of frequency on the charge formation when the applied field frequency is higher than
0.5Hz. Besides, this also demonstrates the effects of frequency on charge formation under
combined AC and DC stresses are relatively limited compared with under pure AC conditions. An
integration is applied to the charge density profiles to get the charge amount along with time to
better distinguish the influences of applied field frequency on the charge dynamic under combined
stresses. Figure 5-25 to Figure 5-26 are the integrated charge of net charge, positive charge, and
negative charge. Because the differences among the results under high frequencies are too small
to distinguish, the high frequency part is zoomed in on a small graph nearby.
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Figure 5-22 Charge distributions under 50kV/mm superposed HVAC and HVDC field with DC offset
ratio 0.5 (5Hz)
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Figure 5-23 Charge distributions under 50kV/mm superposed HVAC and HVDC field with DC offset
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Figure 5-24 Charge distributions under 50kV/mm superposed HVAC and HVDC field with DC offset
ratio 0.5 (0.05Hz)

113



Chapter 5: Fields’ characteristics on the space charge dynamics under complex stresses

0.8 M —————————————— L A — N
& ———%————————
0.7 Xo.ns
Zoomin\_ 0.773
0.6
- 0771 b
S~
€ 05 0.769 - -
3 0.767 =
€ 04 0.765
) 10 20 30 40 50 60
s 0.3 —% ¢ L 4
i —
o
0.2
0.1
#Purely DC %f=0.05Hz *f=0.5Hz ©f=5Hz mf=50Hz
0 >
0 5 10 15 20 25 3? . 35 40 45 50 55 60
Time/min

Figure 5-25 Integral net charge’s trend over time under 50kV/mm fields with various frequencies

Figure 5-25 demonstrates the integrated net charge amount within the insulation under 50kV/mm
DC stress, under 50kV/mm combined AC and DC stresses with frequencies ranging from 0.05 to
50Hz (Ratio 0.5). It can be clearly observed from the graph that the amounts of net charge under
the combined AC and DC stresses are significantly larger than that under the DC conditions. The net
charge amount decreases with frequency increasing, and this phenomenon becomes insignificant
when the applied fields’ frequency is higher than 0.5Hz. This inhibition of charge accumulation of
applied field’s frequency under combined AC and DC conditions is consistent with the experimental
results under AC conditions. The accumulated charge amount within insulation decreases sharply

when the applied fields’ frequency is changing from 103 to 1072,

Besides, it can also be observed that the amount of net charges within the insulation under
combined stress is positive. This is because under DC fields that holes are easier to inject into the
insulation (lower injection barrier) compared to electrons. Therefore, holes are dominant in the

charge accumulation dynamics when the DC offset within the superimposed fields is large enough.
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Figure 5-26 Integral total positive charge’s trend over time under 50kV/mm fields with various
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Figure 5-27 Integral total negative charge’s trend over time under 50kV/mm fields with various

frequencies

Figure 5-26 and Figure 5-27 demonstrate the integrated results of positive charge and negative
charge amounts. The total positive charge amount and total negative charge amount under
combined with large dc offset (>0.33) are larger than those under purely DC conditions, and the

overall accumulated positive charge amounts of them are larger than the negative amounts.
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Besides with the frequency increasing, the saturated amount of holes decreases. In contrast, this is
not the case for electrons. The minimum amount of the saturated electrons occurs at the frequency
of 0.05 Hz instead of 50 Hz. These two graphs also demonstrate the increase in frequency can

weaken the charge accumulation within the insulation under the combined conditions.

In conclusion, the results show that the amount of the accumulated charges reduces with the
increasing frequency, and the reduction becomes insignificant when the frequency is higher than
0.5 Hz. It is consistent qualitatively with experimental results found under AC conditions. Besides
the frequency of the AC component within the applied electric fields can increase the time to reach

the steady state. This effect is also relatively weak when the frequency is high.

5.5 Conclusions

In this chapter, the characteristics of applied superposed fields’ influences on the charge dynamics
within the insulation are analysed using both experimental and simulation approaches. Charge
amounts and local field distortion enhance with applied field magnitude. Increased the localised
charge amounts and enhanced charge transport mobility can be observed under larger magnitude
applied fields, which eventually more severely distort the local fields. Localised charge amounts are
significantly larger under combined stresses compared with under pure AC fields. The local field
distortion under the superposed stresses can be more significant than under corresponding pure
AC and DC conditions. Pure AC and DC tests designed in international standard, IEC 61378-2:2001,
cannot reasonably evaluate the electrical performances of insulation under combined electric fields.
Further, revise and improvements regarding testing voltage magnitudes, and testing durations are
necessary. The amount of charges within the insulation decreases significantly with the applied field
frequency. The increasing frequency of the applied fields can also change the shape of the
accumulated charges inside the insulation. The fluctuation can be observed on the accumulated
profiles under applied fields with low frequency. Overall, the applied fields’" magnitudes and
composition have more remarkable effects on the charge dynamics. The frequency of the applied
fields demonstrates limited impacts on the charge dynamics when the frequency is higher than

0.5Hz, especially for the case where the DC offset percentage is high.
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Chapter 6: Space charge and its role in the electrical

breakdown of solid insulation

In this chapter, the influences of space charge phenomenon during the electrical breakdown
process of solid insulation are investigated based on the proposed bipolar charge simulation model.
The hypothesis of the simulation model is discussed in section 6.1. Specific setting of the numerical
model is presented in 6.2. Charge dynamics under DC and AC ramping voltages and their roles in
DC and AC electrical breakdown are analysed and discussed in section 6.3. The effects of sample
thickness, voltage frequency and ramping rate on the charge dynamics and the obtained
breakdown strength have also been discussed in sections 6.4 and 6.5 respectively based on the
simulation results. Pure empirical observations obtained from numerous experiments are explained
based on the analysis of space charge phenomenon within the insulation. Space charge’s significant

role in electrical breakdown process is clearly demonstrated.

6.1 Hypothesis of electric breakdown theory

Solid insulation plays a unique role in high voltage structures, which can provide the mechanical
support for the conducting components while at the same time insulating them from each other.
Therefore, it is of great practical importance to have an exhaustive knowledge of ageing and failure
mechanisms of solid insulation. If a solid material is pure and homogeneous, the maximum applied
voltage it can stand for a short time is defined as the intrinsic breakdown strength of the property.
The temperature and environmental conditions of the tests are carefully controlled, and the testing
sample is assumed to be without external discharges. The intrinsic breakdown happens in a very
short period (about 10%s). Therefore, it has been postulated to be electronic and regarded as a
property of the material and temperature only. The intrinsic strength is generally assumed to be
reached when large amounts charge carriers in the insulator have absorbed sufficient energy from
the applied fields to cross the forbidden energy gap between the valence and conduction band. In
pure homogeneous dielectrics, the conduction and valence bands are separated by a large energy
gap, and at room temperature, the electrons cannot acquire sufficient thermal energy to make
transitions from the valence to conduction band. In practice, however, all crystals contain some
imperfections in their structures, which act as traps for charge carriers laying within the energy
band gap. At room temperature, these localised trap levels can assist the charge transport within
the insulation, due to the small energy differences between the trapping levels and the bottom of
conducting the band. When a field is applied to the insulation, the charge transportation and

accumulation will reduce a local charge distribution (space charge distribution) within the
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insulation. Unbalanced regional charge distribution can severely distort the local electric field
within the materials when the applied field is intensive or changing polarity [86, 93, 118]. Charges
can acquire more energy from the distorted high electric field, which gives them a higher probability
to cross the forbidden gap and trigger breakdown of the whole material. This indicates a breakdown

phenomenon is a local event, which is strongly related to the charge dynamics in the insulation.

Several mechanisms (electronic, avalanche, electromechanical, thermal breakdowns, and partial
discharges) have been proposed to explain the breakdown process. [85] However, few of them
investigated the specific region where breakdown happens. From the charge dynamics presented
in the previous Chapters, it is clear that charge accumulates in different areas within the insulation
under HVAC and HVDC stresses. Those charges can severely distort the local electric fields within
the insulation. Based on the proposed electrical breakdown theory, the place where the breakdown
occurs should be affected by those charges. These locations could be differently located under AC
and DC fields. The relationship between these breakdown locations and the different AC and DC

breakdown strengths of same materials will be investigated in this Chapter.

Currently, few works have considered the space charge phenomenon during AC breakdown
process. This is because localised charge amounts under AC stresses can be significantly smaller
than same DC stresses due to the continuous polarity changing of the applied field [82, 99, 100]. On
the other hand, the measured AC breakdown strength is generally much lower than DC strength for
the same material [119, 120]. These two facts seem to conflict with each other. In general, the local
field distortion caused by space charge phenomenon is affected by both charge amounts and
charge positions. Although the accumulated charge amounts under AC stresses are relatively small
compared with the same applied DC stresses, the charges are mainly accumulated adjacent to the
electrodes. This can cause severe field distortion at certain applied field phases, and therefore, it is

hard to conclude that the local field distortion will be more severe under DC fields then AC.

For electrical breakdown tests, impulse, ramping and long term voltage application is usually used
to acquire the material breakdown strengths [122]. The short-term tests, impulse and ramping
voltage method, are commonly used for dielectrics breakdown evaluation [122]. As for the longer-
term tests, the lower measured strengths are generally obtained, due to the ageing of testing
materials. The acquired breakdown strength of short-time tests is more close to ideal intrinsic
breakdown strength of testing materials. Besides, regarding the constructing and maintaining costs,
ramping voltage tests are more convenient than impulse tests and therefore are more generally
applied to evaluate material breakdown strength. Based on all above, charge dynamics under

ramping breakdown tests conditions are mainly studied in this section.
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In this chapter, the electrical breakdown theory is mainly used to explain the breakdown process
within dielectrics, to address the influence of the distorted local electric fields caused by space
charge on breakdown position and breakdown strengths of the testing samples. The electrical
breakdown theory assumes that breakdown process happens whenever the internal field reaches
a critical level, dielectric breakdown strength. The proposed charge transport model is applied to
analyse charge dynamics under both AC and DC ramping voltage until breakdown, offering a

comprehensive view of space charge’s contribution in electrical breakdown process.

6.2 Numerical model for breakdown

The simulation of the breakdown process is based on the bipolar charge transport theory to analyse
charge dynamics inside the insulation. In Chapter 4, a numerical model designed for charge dynamic
analysis under both AC and DC fields has been introduced. The obtained numerical results present
a significant similarity when comparing with the measured results in Chapter 3. In the model,
negative differential mobility has been used to calculate the movements of positive charges. This
can facilitate the packet-like charge observation in measurements under pure DC and superposed
AC and DC fields. However, for space charge measurements under ramping voltage up to
breakdown, the positive charge packets are hardly observed [110], which indicates the negative
differential mobility model (Charge mobility model proposed in [97]) is not accurate in predicting
charge profiles under extremely high applied fields close to breakdown. Therefore, in this chapter,
power’s law is adopted to describe the relationship between the mobility of charge carriers and
electric fields under ramping voltage till breakdown. The obtained DC breakdown strength is
generally agreed with measured dc breakdown results [55, 110]. The proposed charge simulation
model is capable of analysing charge profiles under both AC and DC fields, and are further modified
according to the measured charge profiles under extremely high electric fields close to breakdown

[86, 109, 110].

Figure 6-1 presents the measured space charge distribution under DC ramping voltage with ramping
rate 300V/s and decay results after 7 hours AC field stressing. Figure 6-1 (a) shows the contour plots
of charge density distribution within LDPE. The charge density lines are at 10 C/m? intervals, and
the numerical values denote the charge density Q (C/m?3). Figure 6-1 (b) presents charge density
position plot. Figure 6-1 (c) demonstrates the decay charge profiles of LDPE after 7 hours of 50Hz
50kV/mm AC field stressing.

According to measurements, under ramping voltage test, the distribution of positive and negative
charge is relatively balanced. The accumulation of negative charge is slightly significant comparing

with positive charges. However, under AC case, it is obvious that negative charges dominate the
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overall dynamics. Therefore, lower Schottky injection barrier and high mobility are designed for
electrons in the numerical model. Besides, the mobile charge amount is much higher trapped
charge one under both ramping DC voltage and constant strength AC field (Comparing with results
in Chapter 3). Thus lower trapping coefficients (<1x1072) are used for both carriers. After many
iterations, trial and adjustments, the final adopted parameters are listed in Table 6-1. An example
of computed charge dynamics under ramping DC voltage (ramping rate: 300V/s) and under
constant strength AC field are presented below in Figure 6-2(a) and Figure 6-2(b) respectively. The
simulated results are very close to the measured ones (Figure 6-1(a), (b)) regarding both distribution
shape and accumulated amounts. All these suggest that the proposed model with modified
parameter setting can simulate the primary charge dynamics within insulation under both HVAC
and HVDC conditions, and it is reasonable to use it to analyse charge dynamics under ramping

voltage mode and to investigate the breakdown process.
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During the breakdown test, the voltage is applied from the two electrodes to the sample with a
fixed ramping rate until the breakdown occurs. The ramping breakdown measurement system
typically can test samples up to 0.1 mm thick, and the range of ramp rates can vary from 10 to 300
V/s. The typical ramp rate for samples under DC voltage is 100 V/s, while 50V/s for sinusoidal AC
voltage [119, 120, 122]. Therefore, in the numerical modelling, the externally applied voltage is

defined as follows:
V=R-t-sin2m-f-t) 6-1

where R is the ramping rate, and f is the external voltage frequency. In the simulation process, R

and f can be changed according to the analysis requirements.

Table 6-1 Parameters for charge dynamics simulation of breakdown strength [91, 109]

Parameter Value Unit
Barrier height for injection

W,; (electrons) 1.1 eV

Wi (holes) 1.12 eV

Low field Mobility peo 9x107%6 m2vis?
Low field Mobility pno 3x107%6

Power law’s index of mobility n 1.165 m2vigt
Trap density

Noe: (electrons) 100 Cm?3
Nont: (holes) 100 Cm?3
Trapping coefficients

Be (electrons) 7x1073 st

Bh (holes) 7x10° st
Recombination coefficients

So trapped electron-trapped hole  4x1073 m3Cls?
S: mobile electron-trapped hole 4x103 m3Cls?
S, trapped electron-mobile hole 4x103 m3Cls?
S; mobile electron-mobile hole 0 m3Cls?
Temperature T 300 K
Breakdown strength level 500 kVmm®?

The simulated material is a low-density polyethylene film with the thickness ranging from 50 to 200
pum. From the existing experimental results in [86], it has been observed that the breakdown occurs
when the local electric field strength in polyethylene is around 500 kV/mm. Thus in our simulation,

the breakdown strength level is settled to be 500kV/mm.

Whenever the maximum local field reaches that value, the breakdown is considered to have
occurred. After that, the current applied voltage is divided by the sample thickness to get the
apparent breakdown strength, which represents the obtained breakdown strengths in ramping

voltage tests. The apparent breakdown strength is deduced as equation 6-2.

Vs _ RT,
Dr  Dr
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where S is the apparent breakdown strength; Vs is the measured maximum voltage during the

breakdown tests; Dris the testing sample thickness, and Tyis the testing time.
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6.3 Charge dynamics and their role in breakdown region of the

insulating material

Numerous experimental studies on various insulating materials have demonstrated that normally
the measured DC breakdown strength of a material (Around 500KV/mm for polyethylene) is much
higher than its AC breakdown strength (Around 150kV/mm) [119, 120]. The acquired breakdown
strength of the same material increases with decreasing testing sample thickness, and the rising of
testing voltage ramping rate (For ramping voltage tests). For AC conditions, the breakdown strength
of materials decreases with the increasing frequency of applied voltage. These phenomena are
purely empirical, and many hypotheses (defect, percolation and threshold theories) have been tried
to explain the phenomena [85]. However, the majority of them are lack of creditable experimental

results and not able to describe dynamics under HVDC and HVAC [63].

6.3.1 Charge dynamics under DC ramping voltage tests

Under high HVDC electric fields, the positive charges transporting like a packet is generally observed
in measurements of space charge within the insulation. This can strongly distort the local electric
field inside and accelerate the breakdown process under HVDC. Therefore, to simulate and analyse
breakdown process under HVDC, the charge packet phenomenon should be intensively
investigated and considered. A computed example within 50um LDPE under 50V/s DC ramping
voltage until breakdown is discussed here to illustrate the charge dynamics during DC breakdown
process. The obtained apparent breakdown strength for this case is 421.8kV/mm, which is very

close to the measured DC breakdown strengths of LDPE. [55, 86, 110]

Figure 6-3 presents the charge and field profiles at the breakdown time under a ramping field.
Comparing it with profiles obtained under constant strength high voltage fields (Results in Chapters
3 and 4), it is noticeable that charge density under breakdown is significantly larger than those
under constant strength fields. Figure 6-4 illustrates the charge composition changing along with
field stressing time. It is clear that after 200s (applied field strength >200kV/mm), the majority of
the accumulated charges within insulation are mobile charges. These charges can rapidly respond
to the rising applied voltage and increase to an enormous amount when the breakdown happens.
The recorded field increment and the maximum field distortion in Figure 6-5 further confirm the
trend. The non-linear relationship can only be found in the initial 100s in the field increments when
the trapped charge percentage counts around 1/4. After that, the field increment is mainly caused
by the mobile charges and increases linearly with the applied voltage. Besides, due to mobile charge
can quickly transport within insulation, the obtained charge and electric field profiles are relatively

balanced. Breakdown happens in the central of the testing sample, as demonstrated in Figure 6-3.
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Figure 6-3 Charge (a) and electric fields (b) profiles at the breakdown for 50um LDPE under HVDC
with a ramping rate of 50V/s. Apparent breakdown strength for this case: 421.8kV/mm. The

marked points in graphs indicate the position where breakdown happens.

The computed breakdown strengths for this case is close to the measured DC breakdown strength
of LDPE under ramping voltage tests. [11, 55, 110] The simulated charge and electric fields profiles
are also identical to the experimental results under ramping DC voltage till breakdown in [110].
Figure 6-4 presents the field increment, and maximum field distortion deduced from simulated
profiles for 50um LDPE under HVDC with a ramping rate of 50V/s. The deduced field increment is a
little larger compared with the measured results obtained by Murakami [110]. This may due to the
smaller ramping rate used in the simulation, which causes the longer time for charges to distort the
local field further. From Figure 6-4, it is obvious that the field increment is insignificant during the
initial 50 seconds of testing. This is because ,during the initial 50s, the localised charges are
relatively close to the electrodes due to limited charge transportation under relatively low strengths
of fields, and the homecharge accumulation adjacent the electrodes suppress the further charge
injections. However, after 100s, the applied electric field is sufficient intensive, which significantly
enhance the charge transportation. Therefore the field increment becomes remarkable and in
proportion to the applied field strength. The enhanced charge transportation can also relief the
local field distortion as charges can be more balanced distributed. The deduced trapped charge
percentage in Figure 6-5 confirms the enhanced charge transportation after 100s ramping voltage
testing. After 100s, the trapped charge percentage rapidly decrease from more than 20% to less
than 5%, which indicates mainly mobile charge existing within the insulation after 100s of ramping

DC voltage testing.
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Figure 6-4 Field increment and maximum field distortion within the sample during the breakdown

testing process
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percentage within the overall accumulated charge amounts. The blue line indicates the negative

charges while the red line represents the positive charges.
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6.3.2 AC breakdown simulation

As for AC breakdown process, generally lower breakdown strengths are obtained comparing with
under DC voltages for the same material in ramping test measurements. Besides based on results
in Chapters 3-5, it is apparent that charge and field profiles within insulation present remarkable
differences under AC and DC conditions due to the quick change of the applied field polarity.
Therefore, it is of great significance to using the proposed breakdown simulation model analyse
charge dynamics within insulation under AC ramping voltage and explain the general observations

in breakdown tests.

Figures 6-6 and 6-7 present a simulated example of 50um LDPE subjected to 50 Hz HV AC voltage,
increasing from zero with a ramping rate of 50 V/s until breakdown. The obtained breakdown
strength for this condition is 160.8 kV/mm. This computed breakdown strength is close to the
measured results obtained by Hussin et al. [119]. In [119], following the analysis using Weibull
distribution on the breakdown data of 50um LDPE under the same testing condition, the
characteristic breakdown strength of 192.2kV/mm was obtained, with a 90% lower and uppers
bounds of 148 kV/mm and 226 kV/mm respectively. Charge profiles at the breakdown cycle are

illustrated in Figure 6-6, and the corresponding electric fields are shown in Figure 6-7.
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Figure 6-6 Charge profiles corresponding to breakdown cycle for 50um LDPE under 50Hz HVAC
with a ramping rate of 50V/ s. Apparent breakdown strength for this case: 160.8 kV/mm. The

marked points in graphs indicate the position where breakdown happens.
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Figure 6-7 Electric fields profiles corresponding to breakdown cycle for 50um LDPE under 50Hz
HVAC with a ramping rate of 50V/s. Apparent breakdown strength for this case: 160.8 kV/mm.

The marked points in graphs indicate the position where breakdown happens.

For the computed DC results show a much higher breakdown strength of 421.8 kV/mm, and it is
likely that the breakdown initiates from the middle of the sample where the maximum electric field
occurs. On the other hand, under AC conditions, the highest fields' distortion happens typically near
the electrodes. Although the integral area charge density at breakdown time is smaller under AC
stress (6.93x 10 C/m?2) than DC stress (1.24x102 C/m?), the maximum peak value of the charge
density is significantly larger under AC stress (5.58 x 10* C/m?3) than DC stress (1.19 x 10° C/m3). This
adjacent electrode charge peaks obtained under AC condition distorts the local electric field
severely (twice larger than the applied fields). Therefore, the local field reaches the breakdown
strength more quickly under the ramping AC stress as all these injected space charges accumulate
within a narrow region near the electrodes and significantly distort the local electric fields near the
surface. On the other hand, the injected charges under DC conditions can move further into the
bulk of the sample, and the maximum electric fields distortion happens in the middle of the sample,
where the holes and electrons encounter each other. Therefore, the local field under ramping DC
voltage will take a longer time to reach the breakdown level, compared with the AC voltage, which
corresponding the lower DC apparent breakdown strength of materials. Section 6.2.3 presents a

more specific analysis of the breakdown regions under various applied fields.
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6.3.3 Breakdown region

From both measured and simulated results in this work, it is clear that charges accumulate in
different regions under DC and AC stresses. Those trapped charges can severely distort the local
electric fields within the insulation. Local electric field enhancements will accelerate ageing and
eventually lead to the breakdown. All these above indicate breakdown may take place in different

regions under DC and AC fields.

Figures 6-3, 6-4 and 6-6 and 6-7 present computed examples demonstrating the charge
distributions and electric fields within polyethylene under DC and AC stresses respectively when
the breakdown happens. The simulated conditions for these two are the same, except for the
applied fields. From graphs, it is obvious that the charge dynamics under DC and AC ramping
stresses are different: Under DC stress, charges can transfer further into the bulk of the material,
while under AC, they mainly accumulate adjacent to the electrode. These different charge
distributions can cause different local field distortions, which eventually will make the value and
the location of the maximum electric fields (where breakdown happens) different. The field
distortion adjacent to the electrodes for AC cases usually is more intensive, as less amount of charge
and smaller charge transport distance needed to cause the distortion, compared with the distortion
in the middle region under same strength DC fields. Thus, the local electric field under AC condition
is more easily and rapidly to reach the breakdown level comparing with under DC stress, which
makes the apparent breakdown strength obtained in ramping breakdown tests much lower. (The
supplied electric fields of 160.8kV/mm for 50Hz AC and 421.8kV/mm for DC are required

respectively.)

To figure out the relationship among charge dynamics, apparent breakdown strengths, and the
applied field frequency, Figure 6-8 presents the distance of the breakdown region (left ordinate)
and apparent breakdown strength (right ordinate) evolving along with frequency increasing. It is
clear that breakdown happens within the area more close to the electrodes under higher frequency
applied field, as it is harder for charges under higher frequency fields to transport into the bulk of
insulation. Because the majority of them accumulate more closely to the electrodes with the
increasing frequency, the field within the region close to the electrodes of the material is more
severely and rapidly distorted. Therefore, breakdown can be triggered under lower applied electric

field when the frequency is higher.
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Figure 6-8 Computed results of the distance of breakdown region towards electrodes and the
breakdown strength of 100 um samples under various frequency applied fields with ramping rate
100V/s.

The blue curve is matching with the blue Y coordinate (left), indicating the distance of breakdown
place from the electrodes changing with applied field frequency. The red dash line matches with
the red Y coordinate (right), presenting the breakdown strength changing with applied field

frequency.

Breakdown region corresponds to the place where the local electric field is most severely distorted.
Besides, breakdown region can also represent where the most intensive charge dynamics happen
in the insulation. From Figure 6-8, it is also distinct that the distance of breakdown region to the
electrode demonstrates a similar trend as the apparent breakdown strength when the ramping rate
(R) and the thickness (D7) are fixed. Therefore, the distance, D, is proportional to the stressing time
to achieve breakdown, Ty, based on 6-2, when R and Drare fixed. This means the breakdown region

can, as a factor, indicate how rapidly the breakdown process conducts. (Tox D)

All these above confirm the assumption that the apparent breakdown strengths of insulation are
strongly related to the region where the breakdown takes place. Breakdown happens more rapidly
and more closely to the surface of dielectrics when the frequency of the applied fields is higher. The
more severely unbalanced and distorted electric fields, caused by charge dynamics, is a significant
reason leading to the lower apparent breakdown strengths of the same material under HVAC
comparing with under HVDC. Besides, the investigation of breakdown region can link the charge
dynamics in micro view with the overall material characteristics. Therefore, breakdown region

should be much more concerned in the study of breakdown process.
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6.4 Relationship between breakdown strength and testing sample

thickness

Based on numerous experimental results [89, 110, 123], the apparent breakdown strength of
insulating material demonstrates a decreasing trend along with adding testing sample thickness.
An inverse power’s law, shown in 6-3, is generally used to analyse the trend [123], and the principle
can apply to various kinds of dielectrics under different conditions. However, this principle is purely
empirical, and many attempts (defect, percolation and threshold theories) have been tried to
explain the phenomenon. Most of them are lack of creditable experimental results and not able to

describe dynamics in the material under higher electric fields. [63]
E(d)=k-d™ 6-3

where E is the applied electric field at the breakdown, in this Chapter it is equal to S, and kand n

are two constants that are associated with the testing materials.

150
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Figure 6-9 Breakdown strengths versus sample thickness under different frequencies fields (Fitted

index of power law: -0.0645—50Hz, -0.1351—5Hz, -0.0653—0.5Hz, -0.0151—DC)
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Figure 6-10 Breakdown strengths versus frequencies within different thickness sample

In this section, the relationship of the sample thickness and breakdown strengths is analysed and
discussed using the simulated results with a range of thickness from 50um to 200um under
different frequency stresses with a fixed voltage ramping rate of 100V/s. The calculated results are
presented in Figure 6-9 and Figure 6-10. Figure 6-9 demonstrates the calculated apparent
breakdown strengths of materials decreasing along with the increasing of testing sample thickness.
The reduction trend follows the inverse power’s law, consistent with the phenomena observed in
experiments [89, 110, 123]. From the fitted indexes of the power’s law under various applied fields
frequencies, it is clear that the breakdown strength changes more severely with the alteration of
the thickness under AC stress. However, all the fitted power indexes are smaller than its typical
value, 0.5, observed in measurements [123]. This may indicate the apparent breakdown thickness
dependent phenomenon is an integral characteristic caused by multiple factors. Charge dynamics
under high voltage stress are only part of the reason. Defects, percolation, and some other
procedure may have also contributed to the trend. Figure 6-10 presents the results in Figure 6-9 in
another view. In Figure 6-10, the trend of apparent breakdown strength decreasing within
increasing of the applied frequency under all cases is more directly illustrated. In addition, it is easy
to distinguish that the apparent breakdown strength presents a significant difference among
thickness when the applied fields’ frequency is changing from 0.5Hz to 20Hz. Moreover, for all
frequency cases, the apparent breakdown strength decreases sharply when the thickness is
enhancing from 50um to 100um. The differences of the strengths are relatively small when the

testing sample thickness is larger than 100um.
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Figure 6-11 The distance of breakdown region towards electrodes of various thickness samples

under 0.5Hz HVAC fields with ramping rate 100V/s.

The blue dot curve is matching with the blue Y coordinate (left), indicating the distance of
breakdown place from the electrodes changing with testing sample thickness. The red dash line
matches with the red Y coordinate (right), presenting the breakdown strength changing with testing

sample thickness.

The distance of breakdown region towards electrodes of various thickness testing sample is
recorded in Figure 6-11, to directly illustrate how inter charge dynamics cause the apparent
breakdown strength changing with thickness. Results under 0.5Hz fields are chosen to discuss, as

the charge can evolve within a relatively large region under this lower frequency AC stresses. From

. . . . . . . . D
Figure 6-11, it is clear that the distance D increases, while the distance to thickness ratio, (D—),
T

decreases along with thickness adding. The trends in Figure 6-11 indicates the electric fields
distortion, caused by severe charge dynamics in the surface region under HVAGC, is alleviated along
with the testing sample thickness increasing. However, this relief is quite limited, as in thicker

samples, the localised charges will become more difficult to transport to the other side. Breakdown

still happens adjacent to the electrodes (from (—), it is actually closer) within thicker samples under

D
Dt

HVAC stresses with relatively high frequency (>0.5Hz).

Besides, the fitted trend line of (DE) vs. Dr (thickness) seems to have a decreasing changing rate,
T

which indicates the extent of (DE) changing reducing with thickness adding. That leads to limited
T

changes of breakdown strength can be found for all frequency cases when the testing sample

thickness is larger than 100 um. Furthermore, when applied fields frequency increases, D reduces,
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but the extent of the changing rate is also decreasing (Figure 6-9). That explains the significant
differences observed among results under applied voltage with frequency lower than 20Hz in Figure

6-11.

In summary, the computed apparent breakdown strength shows a similar relationship with the
testing sample thickness comparing with observation in practice. This confirms the charge dynamics
within the insulation is a significant reason causing the apparent breakdown strength affected by
thickness. The apparent breakdown strength can have an enormous gap between the intrinsic
breakdown strength, especially for the thicker sample under higher frequency applied fields.
Breakdown region can be recorded as a factor containing information of charge dynamics and
electric fields distortion, to explain the relationship between apparent breakdown strength and
testing sample thickness. The simulation model and explanation in this Chapter are quite
preliminary, and based on many assumptions aiming to simplify the situation. In reality, the trend
of apparent breakdown strength decreasing with the increase of testing sample thickness may be
caused by numerous reasons, including the effects of charge dynamics with the insulation.
Nevertheless, based on the results shown in this session, bipolar charge theory demonstrates a

promising possibility to simulate and investigate the charge dynamics during breakdown process.

6.5 Relationship between breakdown strength and voltage ramping

rate

In addition to the thickness dependent trend of the measured breakdown strengths, it has been
reported that the ramping rate of the applied voltage can influence the measured apparent
breakdown strength of the material. Different ramping rates have been used to measure the
breakdown strength in various publications [89, 110, 119, 120]. To compare the apparent
breakdown strength obtained by the measurements with different ramping rates, the effect of the

ramping rate on breakdown strength is analysed and discussed using the proposed model.

Figure 6-12 presents the computed apparent breakdown strength under both HVAC and HVDC
conditions. For both conditions, the material breakdown strength increases along with the ramping
rate rising. A similar trend for the apparent breakdown strength has been observed experimentally.
[124] Rapid increase of the apparent breakdown strength happens from the ramping rate adding
from 50V/s to 250V/s. However, it seems the ramping rate has severer influences on apparent
strengths under AC conditions. From 50V/s to 500V/s, a change of more than 100kV/mm has been
observed. This may be account for the differences in testing breakdown strength for materials

under AC conditions presented in literature. Even for the same testing system and testing
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environment, the influence caused by the various ramping rates should also be taken into

consideration for comparing breakdown strengths of material under HVAC electric fields.
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Figure 6-12 Breakdown strengths under different ramping rate of applied fields.

The distance of breakdown region towards electrodes (D) under different ramping rates (R) is
recorded and analysed in Figure 6-13. An initial approach is proceeded here to explain how charge
dynamics can cause the apparent breakdown strength increasing along with ramping rate rising.
From Figure 6-13, it is clear that the distance D decreases, while the product of the distance and
ramping rate, (D - R), increasing along with thickness adding. This indicates severe charge dynamics
within insulation happens more closely towards electrodes, under higher ramping rate stresses.
However, the influences of these dynamics on the local field distribution are weakened along with
ramping rate increasing. This is because under higher ramping rate fields, it takes a shorter time to
achieve the same applied field strength and the charge formation and transport require specific

time to cause severe fields distortion.
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Figure 6-13 The distance of breakdown region towards electrodes of 100 um samples under 0.5Hz

HVAC fields with different ramping rates.

The blue dot curve is matching with the blue Y coordinate (left), indicating the distance of
breakdown place from the electrodes changing with testing voltage ramping rate. The red dash line
matches with the red Y coordinate (right), presenting the breakdown strength changing with testing

voltage ramping rate.

In conclusion, the apparent breakdown strength increases along with applied field’s ramping rate
rising. In the evaluation of materials’ breakdown strength, the ramping rate’s effects should be
taken into account. Currently, there is no general agreed trend illustrating how apparent
breakdown strength increases with the ramping rate raising. The work here presents a possibility
to use simulation and analysis of charge dynamics within insulation during the breakdown process
deducing and explaining the relationship. However, large amounts of experimental work are still

needed to convince the trend and explanation.

6.6 Conclusions

In this chapter, a simulation model suitable for analysis for both AC and DC breakdown process has
been proposed, based on bipolar charge transport theory. The influences of common factors,
applied field’s frequency, testing sample thickness and applied field’s ramping rate, have been
investigated and explained based on the model. The obtained charging trends of apparent
breakdown strength are consistent with general observations in breakdown strength
measurements. This confirmed the feasibility to use charge dynamics to explain and investigate

materials’ integral characteristics, like apparent breakdown strengths. It has also been found that
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the apparent breakdown strength is strongly related to the place where breakdown happens. The
different breakdown happening regions caused by divergent charge dynamics is a significant reason
leading the apparent breakdown strength of the same material different, under AC and DC
conditions. Different testing sample thickness as well as applied field ramping rate can also change

the breakdown happening region and the obtained apparent breakdown strengths.
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Chapter 7: Conclusions and future work

7.1 Conclusions

This work concentrates on analysing charge dynamics in polyethylene under various periodical high
voltage. A PEA system along with the promoted data analysis procedure has been proposed and
used to investigate charge dynamics under various electric stresses. A numerical simulation model
based on bipolar charge transport theory is proposed and specified for different applied fields’
conditions. A procedure of comparing measured results and simulated results are illustrated, and
for the simulation under HVDC, the parameter setting has been optimised to ensure the simulation
guantitatively accurate compared with measurements. Based on the research, it has been found
that the various local field distortion caused by the different charge dynamics is the fundamental
reason accounting for the different electric performances of dielectrics under various applied field
conditions. The features of applied fields such as magnitude, frequency and composition on the
charge dynamics within insulation have also been analysed taking advantage of experimental
results and the proposed numerical model. The influences of ageing within the insulation caused
by various stressing fields are discussed using Raman and FTIR spectra. Furthermore, space charge’s
contribution in electrical breakdown of solid insulation is also investigated, adopting the proposed

numerical model.

For the experimental part, PEA techniques have been used to measure charge profiles within LDPE
under HVDC, HVAC and superimposed AC and DC electric fields. A phase recovery process
accompanying with subtraction methods has been developed to straightforwardly illustrate the
accumulated charge profiles under periodic stresses in the different phase angles within a cycle and
the charge evolution along with stressing time at the same applied field phase. The measured
results clearly demonstrate that charge dynamics present various characteristics under HVDC and
HVAC stresses. Charges transfer from electrodes into the bulk of insulation continually under HVDC,
while mainly accumulated adjacent electrodes under HVAC stress. Remarkable amounts of positive
charges can be observed within LDPE under HVDC, especially for the field strength higher than
40kV/mm. On the other hand, mainly negative charges can be found under HVAC fields. These
cause the different field distortion under DC and AC fields, which eventually results in different
ageing and electrical breakdown mechanism under the two cases. Raman spectra and ATR- FTIR
tests have been done to check the ageing status of the various stressed samples, which confirmed

the different ageing effects caused by the applied fields’ magnitudes and frequency of polarity
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reversals. When small percentages of DC offset added in, charge accumulation and transportation
become more complicated. The overall accumulated charge amount is significantly enhanced under
superimposed electric fields, compared with under pure AC cases. Nevertheless, the situations for
the specific charge distributions and local field distortion is more complicated. Under superimposed
electric fields with relatively low DC offset ratio (<0.33), charge and local field distributions are more
close to profiles under pure AC fields with increased amounts, and as for fields with higher DC offset
ratio, the distributions are similar to those under pure DC fields. The influences of applied field

polarity reversals can only be observed very initially.

To understand the underlying physics behind the measured results, a numerical model based on
charge transport theory is proposed to analyse the charge profiles within LDPE under various
applied fields in this work. The proposed model can predict the charge dynamics under HVDC fields
guantitatively accurate. The differences between the measured and simulated results can be
controlled within 5%. The model has also been used to analyse charge dynamics and local field
trends under AC and superposed AC and DC fields, although at current stage its results cannot
match the measured values well as under DC cases. The model can successfully predict the trends
of charge dynamics and local field distortion caused by space charge phenomenon under AC and
superposed fields. The main reason lead to the quantitative differences between measured and
simulated results under AC, and superposed fields are the lack of accurate charge transport
mechanism under relatively low applied fields strengths (<20kV/mm). Under AC and superposed
AC and DC fields, the electric field within insulation alters within a significantly broader range
comparing with under pure DC cases, and there is a remarkable amount of time when the field

strength is lower than 20kV/mm.

The features of the applied fields are analysed using both measured and simulated results. Within
the examined range, the magnitude and composition of the applied fields seem to have more
significant effects on the charge dynamics within insulation, compared to the frequency of the
applied fields. With the enhancement of applied field magnitude, the accumulated charge amounts
under HVAC fields can be significantly increased. Due to charges mainly localise adjacent the
electrodes, severe local field distortion along with accelerated ageing happen within the surface
region of insulation. This severely unbalanced charge distribution can further accelerate and even
trigger the breakdown of the materials. When additional DC offset is added to the applied AC fields,
the accumulated net charge amount increased dramatically compared with results under pure AC
fields. Charges can further transport into the bulk area of insulation with the help of the DC offset
and localised positive charges can be observed along with the DC offset ratio increase. However,
the maximum field distortion within the insulation presents a complicated relationship along with

the adding DC offset ratio. The influences of consist changing of applied field polarity and DC offset
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on the charge formation and transportation seem to neutralise each other, which eventually results
in the maximum field distortion happens under superposed fields with relatively low DC offset ratio
(around 0.2 in the issuing condition: 50Hz 50kV/mm fields). As for influences of applied field
frequency, it is clear that the overall net charge amount decrease along with the increasing
frequency, and sharp deductions mainly happen within the range of 103 Hz to 10"'Hz. The trend
applies to the superposed fields with both higher or lower AC fields percentage, although the
effects of frequency are relatively insufficient under superposed fields with a small portion of AC
elements. The observations under various kinds of superposed AC and DC fields also indicate the
relationships of charge profiles and the features (magnitude, compositions, and frequency) of
applied fields are non-linear. Using pure HVAC and HVDC voltage to test the insulating materials
separately, cannot entirely replace the working environments of insulation under superimposed AC

and DC stresses.

The analysis of breakdown strengths of LDPE under various kinds of applied stresses can be
regarded as an application of the proposed numerical model. The influences of common factors:
apply field’s frequency, testing sample thickness and apply ramping voltage rate, have been
investigated based on the proposed model. It has been noticed that the regions where breakdown
initiated are different for DC and AC conditions, which eventually results in the lower AC breakdown
strength compared with the DC strength of the same material. The obtained trends for the apparent
breakdown strength are consistent with general observations in breakdown strength
measurements. The acquired breakdown strength of insulation demonstrates a decreasing trend
along with adding testing sample thickness. The breakdown strength increases along with applied
field’s ramping rate. The proposed numerical model also offers an initial approach of explaining the
empirical rules within AC and DC ramping breakdown tests, based on space charge dynamics. Based
on the discussion, space charge phenomenon’s significant contribution to the electrical breakdown

of solid insulation is clearly illustrated.

7.2 Future work

Bipolar charge transport theory has been employed to implement the simulation work in the thesis.
The simulation results can present the necessary behaviours of space charge and its evolution trend
in polyethylene subjected to various kinds of electric fields. For DC fields quantitative analysis with
high accuracy compared with measured results is possible based on optimised parameters.
However, for AC and superposed conditions, the current developed model is still remote from

numerical accuracy, and the model is reasonable for qualitative analysis only. This is because the
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current model ignored the effects of injection thresholds and charge carriers’ mobility calculation
model contains notable errors when the field strength is lower than 20kV/mm. In future, with the
help of involving injection thresholds and more accurate measured mobility results, the proposed
numerical model will perform better in quantitative analysis of charge dynamics under AC and

superposed AC and DC fields.

Besides, based on the measured charge profiles in this thesis, it is clear that the structure of the
surface region of the testing sample can be altered after several hours of HVAC field stressing. The
current simulation model does not consider these effects. In future, the depreciation of the
insulating materials will be studied in the numerical model to better illustrate and explain the
charge dynamics inside the insulation, especially under intensive AC and superposed AC and DC

fields.

As for breakdown process simulation, the influences of defects and percolation will be taken into
account to define when the breakdown happens in future. It will not ideally like the current
situation, assuming breakdown occurs wherever the local electric fields reach a specific value, and
the testing sample has uniform electric characteristics. The extent of the ageing and damaging will
also be investigated in different regions of the tested samples to experimentally confirm that the

place where breakdown happens will be different under divergent categories of the applied field.

The bipolar charge transport model may also be capable of being applied to other solid additive-
free dielectrics based on sufficient experimental and numerical investigations. However, if the
model is applied to the multilayer structure, interfaces should be settled between each layer. The
mechanism of charge passing through the interface can consult the experimental observations as
well as the existing set of metal and dielectrics interfaces. Cable geometry and temperature
gradient can also be realised by revising the initialisation of voltage and temperature setting of the
simulation. Also, in the proposed simulation model, concerns have mainly been focused on the
charge generation, transport, and neutralisation under various electric fields. The specific trapping
and detrapping characteristics are not exhaustively considered. The trapping features of real
charges depend on the distribution of trapping energy levels within the insulating materials, and
detrapping mechanism are significantly affected by the physical or chemical defects existing in the
insulation. The correlation between the trapping characteristics and the charge accumulation is
essential for the understanding of trap charge origins and their influences on the performance of
insulating materials under high voltage. These trapping and detrapping characteristics of charges
are not analysed explicitly in this work. Consequently, a new description of the trapping and
detrapping process based on trapping energy levels can be proposed in future, with the help of
more specific inspection of trapped charges generation and relaxation. Furthermore, the current

numerical model regards all localised charges within insulation are generated from electrical
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injections. This is not appropriate for hybrid or mixed insulating materials, where ionisation and
polarisation are the primary sources of space charge. Therefore additional mechanism of simulating
ionisation and polarisation can be introduced to the model to study the charge dynamics within the
hybrid or mixed insulating materials. With all these aspects, the simulation model can be more

sophisticated, and the computed charge and fields’ dynamics will be more close to reality.

In this work, single layer low-density polyethylene has been chosen as investigated materials for
both simulation and experimental work. In reality, oil press boards and crossing linked polyethylene
are the widely used as high voltage insulating materials, and multilayer structures are more
generally involved. Therefore, in future, research can be applied to the widely used insulating
materials with multilayer structures based on the contribution of this work. Cable geometry and
temperature gradient can also be considered to make the measurements and simulations more

close to the operating reality.

In future, the PEA system used for this work can be modified capable of detecting thick and
multilayer samples by reselection of sensor thickness and revision of equipment structure. Data
analysis processes may also need to be revised and developed to fit the new situations. For
example, the reflection and refraction of acoustic waves at interfaces of multilayer structure should
be exhaustively investigated in the calibration process, when consider testing multilayer structure
samples using PEA techniques. The structure of PEA system should also be modified to minimise
the overlapping of real charge peaks and inauthentic peaks caused by the reflection in detecting
process. The applied voltage distribution within the multilayer sample caused by the different
permittivity and conductivity of materials at each layer should also be considered and discussed.
The PEA system can be further developed into a cable PEA system to detect charge dynamics within
cable geometry. The temperature gradient can also be achieved if an additional heating circulatory

system is associated.
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Appendix A: PEA measurement results

PEA measured charge profiles in LDPE under HVDC
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PEA measured charge profiles in LDPE under superimposed HVAC and HVDC
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Appendix B: Raman and ATR-FTIR results

The Raman spectroscopy of the samples was performed using a Renishaw Raman RM1000 system

with a 780 nm diode laser; a laser power of 25 mW was used throughout. The spectrometer was

set up in line with Renishaw’s recommendations for the confocal operation of the instrument.

Microscope objectives of 50x and 5x magnification (NA 0.75 and 0.12, respectively) were used to

acquire Raman spectra from various locations to give depth profiles for each sample. To proceed

the obtained data, firstly spikes and noises (single events and random positions) are removed using

multiple accumulations (>1000 times) and polynomial filters. Then the data is normalisation with

the baseline correction using the following procedure (The normalisation reference peak chosen

for this work is 1294cm™ based on results in [101, 102]. ):

Calculate the average intensity values _ Yra(k)
for all wavenumbers: mT Ok
Centre the intensities: a'(k) = a(k) —ay,
Divide the centred intensities by the ") a' (k)

a =

length of the spectrum

V2 (@ (k))?

After the normalisation, the new spectrum will have a length of 1. An example illustrates the

differences between the original spectrum, and the normalised one is illustrated in the following

graph:
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The normalised Raman spectra used in section 3.3.2 are presented below:
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Raman spectra of virgin LDPE film at different focus thickness points (0 um-80 um)
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Similar denoise and normalisation procedure has been used for ATR-FTIR results presented in
section 3.3.2. The only difference is the results are demonstrating Transmittance v.s. Wavenumbers

rather than Relative intensity v.s. Wavenumbers.
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Reflectance Fourier transform infrared (ATR-FTIR) spectroscopy of LDPE sample after 7 hour of

various AC field stressing (wavenumber 500-3500 cm?)
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Appendix C: Fitting results of simulation and experiments under HVDC
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Appendix D: Standard dielectric tests for Line-commutated converter

transformers

The converter transformer is an integral part of an HVDC system. In an HVDC system the converter

transformer serves several functions:

e Supply of AC voltages in two separate circuits with a relative phase shift of 30 degrees for
reduction of low order harmonics (5Th and 7th harmonics).

e Act as a galvanic barrier between the AC and DC systems to prevent the DC potential to
enter the AC system.

e Reactive impedance in the AC supply to reduce short circuit currents and to control the rate
of rising in valve current during communication.

e Voltage transformation between the AC and the DC system.

e Reasonably broad ranges with small steps to give necessary adjustments in supply voltage.

The HVDD systems typically have their converters arranged several pulse bridges connected in
series, where the bottom end of the lower bridge is tied to the ground. In a Line-commutated
converter (LCC) transformers, thyristors are used to change the direction of power transmission.
Polarity reversal caused by the AC fields is essential to the operation of thyristors. Therefore filter
cannot be added between the transformers and converters to separate the AC and DC operating
range. The DC potentials on the two converter valves side winding will then affect the stresses
applied to the transformer when they are operating. A Figure demonstrates an example of an LCC

link structure is presented below:
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Simple 6-Pulse HVDC Transmission System 500 MW (250kV- 2kA)
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According to the standard (IEC 61378-2:2001), for DC and AC separate source withstand tests shall
be applied to all terminals of converter transformer windings, and the testing level should be

deduced using the following equations:

Uge =1.5((N = 0.5)Ugp, + 0.7U )

_ V2Upym
1.5<(N 0.5)Ugm+ 73 )

Upge = 7 (rms value)

In this section 5.2.3, the case issued is six-pulse bridges transformer, and the number of bridges, N,
considered is 4. U, indicates the highest DC voltage per valve bridge, and U,,, represents the

maximum phase to phase AC operating voltage of the valve windings of the transformer.

For 100um LDPE issuing 50kV/mm superimposed stresses with DC offset ratio 0.2, 0.4 and 0.5, the

AC and DC component magnitudes and testing levels are deduced and presented in the following

table:
AC component DC component AC testing voltage DC testing voltage
magnitudes magnitudes RMS values
0.2 ‘ 4 kV 1kV 4.39 kV 3.675 kV
0.4 ‘ 3 kV 2 kv 4.45 kv 5.775 kv
0.5 ‘ 2.5kV 2.5kV 4.49 kV 5.9 kV

Table: Standard testing voltages for various DC offset conditions

The profiles used in section 5.3 calculating charge amounts and field distortion are presented below:
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