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Space charge accumulation under the DC field is one of the most challenging issues in the further
development of HVDC extruded cable systems. The electric field distribution over the insulation
thickness is strongly affected by space charge, which further control the long-term reliability and
life expectancy of the cable system. Although extensive efforts have been made to investigate the
space charge behaviour in dielectrics, the charge generation and transport mechanisms are still not
yet well understood. The space charge and field distribution in cable system cannot be calculated
accurately by the conductivity model, which serves as an important reference for DC cable design.
Thus this dissertation devotes to study space charge by numerical modelling and experimental

investigation of space charge behaviour in cable insulation.

A numerical modelling approach based on bipolar charge transport theory has been developed to
simulate the space charge dynamics in polymeric insulation of coaxial geometry. Based on previous
experimental observations, a threshold electric field (10 kV/mm for polyethylene-based material)
at which the charge injection takes place is introduced. The build-up of space charge in the medium
size cable insulation in the presence of temperature gradient has been modelled and the field
inversion phenomenon has been verified under the applied voltage of 90 kV. Compared with the
traditional conductivity model, the new modelling method performs better as it well describes the
charge generation and transport mechanisms. The space charge and field distribution in cable
system under the voltage polarity reversal have been calculated, and the significant field
enhancement near the conductor suggests that particular attentions need to be paid on the DC

cable design and the operation methods of polarity reversal.

Considering the practical operation of HVDC cable systems, the thermal transient effects on the

space charge behaviour in cable insulation have been investigated. It is found that the field



inversion can only take place with a higher load current which represents a higher general
temperature and a larger temperature gradient, and this phenomenon can still be maintained even
with the temperature decreasing. It is suggested that different loading conditions need to be

considered in designing DC polymeric cables.

To study the hetero charge accumulation in cross-linked polyethylene, the formation and transport
of the ionic charges have been considered and fed into the bipolar charge transport model. By
introducing the impurity molecules serving as the ion-pairs with a dissociation coefficient, the
modified model can be employed to investigate the hetero charge formation in XLPE material.
Simulations have been performed in XLPE flat specimens, and it is found that if the ionic charges
distribute predominantly and offset the electronic charges, the net charge distribution will exhibit

as a hetero charge accumulation.

A pulsed electro-acoustic system for measuring space charge accumulation in cable insulation has
been designed and built, and considerable hetero charges have been experimentally observed in
the XLPE insulated cables. The modelling approach considering both the charge injection and ionic
dissociation is employed to investigate the space charge behaviour in XLPE cables, and both the
space charge and field distribution are consistent with the experimental observations in the original
cables. It is found that the ionic charge behaviour interplays tightly with the electronic charge
behaviour, and it is also suggested that the impurity concentration gradient needs to be considered

in the degassed cables.
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Chapter1 Introduction

High voltage direct current (HVDC) transmission systems have been developed rapidly in recent
decades, as this technology contributes to large-scale power delivery over long distance and the
integration of renewable electricity sources [1]. As the main component of the HVDC power
transmission, many different HVDC cable technologies have been developed and deployed
successfully around the world. Although the majority of the well-established HVDC cable systems
currently in service are based on paper/oil or mass impregnated insulation systems, the HVDC cable
based on extruded polymeric insulation attracts more interests due to the factors of higher
operating temperature, easier installation and maintenance and less environmental impacts [2].
However, it is well reported that the electric field distribution across the HVDC extruded cables can
be greatly affected by space charge, which controls the cable system behaviour, particularly, its
long-term reliability and life expectancy. By creating zones of high electric field, space charge
accumulation can accelerate dielectric ageing process and even lead to early electrical failure [3]
[4]. Therefore, measurement, understanding and modelling of space charge processes are
essential, in order to calculate the electric field distribution in cable insulation for HVDC cable design

and service lifetime estimation.

1.1 HVDC cable systems

Itis well known that the transmission lines can be either overhead lines or cable lines. The overhead
lines are cheaper; however, the cable lines are more attractive for crossing the vast urban area, and
it is considered to be the only technically feasible solution for sea-crossing power transfer [5].
Compared with overhead lines, cable lines offer no visual impact and a reduced environmental
impact, at least as perceived by the general public. Particularly, cable lines can be a technically
attractive option when railway or motorway tunnels are already available. Using HVDC
transmission for underground or undersea cable systems involves significant savings in the costs of

installed cables and power losses, which will be illustrated in the following section.

1.1.1 HVAC versus HVDC transmission

The commercially electrical energy transmission first started with direct current (DC) in 1870s [6].
However, as alternating current (AC) technology was introduced in the development of electric
power systems, the dominance of DC was soon terminated. Indeed, AC benefits from using
transformers, which are straightforward to manufacture and efficient to achieve voltage conversion

[7]. Furthermore, three-phase synchronous generators are superior to DC generators due to its
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more economical production and much higher efficiency. For these reasons, electric power is
usually generated, transmitted and distributed in the format of alternating current [5]. However,
it was found that high-voltage AC transmission have several disadvantages, which might compel a

change to the DC technology, such as:

1. In AC transmission links, the transmission capacity and the transmission distance are
limited by inductive and capacitive elements of overhead lines and cables [8]. Especially for
a cable, since it can be treated as a long cylindrical capacitor, the AC transmission length is
mainly limited by the charging current, and the reactive compensations are required with
increased expense.

2. Direct connection between two AC systems with different frequencies is not possible [7].

With the development of high-power AC/DC and DC/AC conversion systems in past century, the
costs, performance and reliability of the conversion systems are becoming acceptable [2] [9] [10].

Compared with HVAC transmission, the advantages of HVDC technology are attractive, for example:

1. HVDC lines involve lower capital costs (bipolar lines vs three phase lines), and the lower
energy losses with the same current in the conductor. HVAC transmission not only has the
ohmic losses in conductor but also induces more losses in conductor, sheath and armouring.
Actually, the skin effect and the proximity effect in the conductor are absent in HVDC cables,
as well as the additional losses outside the conductor, making the conductor section being
exploited more efficiently. Furthermore, the mean higher operational electric field stress
of HVDC cables also leads to a higher utilization of the cable [2].

2. HVDC link can interconnect the unsynchronized AC networks or that operated at different
frequencies. The power flow in a DC scheme can be easily controlled at high speed,
therefore a DC link can provide the stability of the interconnected AC grids [11].

3. HVDC cable lengths are not limited by charging current and no reactive compensation (for
the cable itself) is required at the end stations or at intermediate points, as in the case of

AC transmission systems.

Whenever long-distance power transmission is discussed, HVDC systems are always considered to
be more economical than the corresponding HVAC systems with the same power rating due to
lower line cost and lower losses, as shown in Figure 1-1 [5]. The concept of “break-even distance”
is the value of transmission line length such that the savings in HVDC line and loss costs offset the
higher converter station costs. For cable lines, the HVDC solution is generally more preferable than
HVAC from the distances of about 40-50 km [11]. Currently, HVDC cable systems have been used
worldwide for the transport of electrical energy, and one typical example of HVDC cable application

is the submarine power transmission [12] [13]. In this case, overhead lines cannot be employed.
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Furthermore, there is a drop-off in cable capacity with AC transmission over distance due to its
reactive component of charging current. Therefore, HVDC cable systems are considered to be the
only technically applicable solution for long distance undersea connections. Another typical
application of HVDC transmission is to transfer power between two independent AC networks that
are not synchronized, and one example of this is the 2,000 MW England-France interconnector

linking the British and French transmission systems [5].

Costs 1
Total ACcosts , _______
Total DC costs
AC losses
DClosses|  JS— T -
BE.Ie AC line
DC
terminals
Acioc L A
converters AC terminals
. break-even transmission Distance
distance distance

Figure 1-1. Qualitative plot comparing the costs of HVAC (black lines) and HVDC (red lines)

transmission systems [5].

1.1.2 Different types of HVDC cables

A typical cable system consists of a cable and its accessories, i.e. joints and terminations. Joints are
frequently applied in a HVDC cable system when the cable becomes too long to be produced in one
length. Terminations are applied at the ends of a cable circuit to grade the electric field and to
connect the cable to the power line. The types of HVDC cables can be classified by the different

insulation systems. In the following, the main types of HVDC cables are briefly reviewed.

Oil-filled (OF) cable

Oil-filled cable, also known as fluid-filled cable, usually uses multi-layer impregnated paper as the
main insulation, and the conductor of it incorporates a longitudinal duct to permit oil flowing along
the cable. Generally, there are two kinds of OF cables, the first type is filled with low viscosity oil

that requires pressure feeding units and oil refill tanks to maintain the high oil pressure in the cable
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in order to avoid generating bubbles in the oil, which limits the length of cable [7]. The second one
is filled with the high viscosity oil in the cable to keep a stable pressure along the cable. In this way,
this kind of OF cables does not need extra oil feeding units, and theoretically, the length of this kind
of cable can be unlimited [14]. The potential capacity of the OF cables can be extremely large if the
conductor could be cooled by the oil. The voltage rating of the OF cables reached 600 kV, and was
able to be designed up to 1400 kV DC voltage [15]. However, because of its obvious disadvantages,
like the risk of oil leakage, the limited cable length, oil-filled cables were gradually replaced by mass-

impregnated cables or extruded cables.

Mass-impregnated (M) cable

As an established cable technology for HVDC for over 60 years, Ml cables have shown high
performance and reliability in large HVDC power transmissions at up to 500 kV DC voltage [12]. The
copper or aluminum conductor is covered by pure cellulose paper impregnated with oil and resin
in Ml cables. The length of Ml cables can be unlimited based on the principle, due to no oil feeding
system and external pressure being required. Moreover, the environment impacts can be
neglected because there is no oil leakage in Ml cables. However, the transmission capacity of Ml
cables is limited by the conductor temperature, which typically should not exceed 55°C [13]. It is
also reported that the power capacity of Ml cables can be potentially enlarged by applying
laminated polymeric film and paper, such as polypropylene-laminated-paper (PPLP), to achieve
operating under higher conductor temperature (80-90°C) [16]. The HVDC Ml cable with PPLP
insulation has been applied in commercial projects with improved power capacity and voltage level.
For example, a 385 km MI submarine cable (improved by PPLP) was applied in the western HVDC
link project, which is the first 600 kV subsea HVDC cable transmission with a 2200 MW power

capacity in the world [17].

Polymer-insulated or extruded cable

Different from the paper insulated cables, polymeric material is used as the main insulation in
extruded cables, as shown in Figure 1-2 [13]. The main insulation is polymeric and mostly based on
polyethylene compounds, among which the preferred one is cross-linked polyethylene (XLPE). The
cable manufacturing is done through a so-called triple extrusion line, as presented in Figure 1-3 [5].
The bare conductor enters the triple extrusion head, where insulation and screens are applied in
sequence, followed immediately by a cross-linking phase of the insulation to give it the appropriate
thermomechanical properties. The extruded cables have many significant advantages compared
with other types of cables. First, the polymeric insulation can withstand a higher operational
temperature, allowing more electrical power to be transferred for a given conductor cross-section

than Ml cables. Moreover, the cables are generally mechanically robust and the weight is lighter
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than the Ml cables. Furthermore, the installation of extruded cables is simple and fast due to the
easier jointing process. The last, the environmental problems can be avoided, because extruded
cables will not cause any oil leakage. Due to these benefits, extruded cables have been developed
rapidly in recent years, and they are expected to replace the traditional mass-impregnated lapped

paper cables.

Figure 1-2. XLPE-insulated cable [13].

Metal Conductor Cable

Inner Semi-conducting Outer Semi-conducting

Screen Extruder Screen Extruder

Insulation Extruder

Figure 1-3. The triple extrusion stage for the extruded cable [5].

Up to now, most extruded HVDC cable systems employ XLPE as the main insulation material, and
they have been successfully applied in many HVDC projects at up to 300 kV voltage rating and up
to 1000 MW power rating [18]. In 2014, a 525 kV HVDC XLPE insulated cable system with a power
rating range of up to 2600 MW has been produced by ABB [19], and shortly afterwards, a 640 kV
extruded DC cable system with at least 3000 MW power rating is developed by NKT [20]. Recent

research also suggests that polypropylene (PP) could be utilized as the insulation material for HYDC
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cables, due to its high temperature stability and excellent recyclability [21]. Since the PP-based
HVDC cables can be manufactured without the crosslinking and degassing processes which cause
pollution and energy consumption, as a recyclable thermoplastic polymeric material, PP is
becoming a hotspot in the research and development of next generation insulation material for
HVDC extruded cables [22] [23] [24]. Prysmian group has launched a new breakthrough HVDC
recyclable cable technology of 525 kV based on PP insulation [25]. However, the stiffness and
brittleness of PP under low temperature limit its application, and the researchers are still dedicated
to improve its mechanical properties, such as by blending with thermoplastic elastomers [26]. In

general, the PP-based cable is still not a fully established technology for DC cable systems yet.

The main drawback which limits the performance of HVDC extruded cable systems is, the easy
formation of space charge inside the insulation, which can result in localized high electric field,
accelerating degradation and ageing processes of insulation material [3] [4] [27]. Moreover, during
or shortly after voltage polarity reversal, the presence of space charge can lead to considerable
electric field enhancement and may cause permanent failure in the insulation [28]. To understand
the issues related to space charge accumulation and meet the requirement for future HVDC cables,

the research directions in past decades have been mainly focused on:

1. The development of space charge detection methods, especially considering the thermal
impacts.

2. The development of dielectric material with improved electrical, thermal and mechanical
properties, such as using additives or nano-fillers.

3. The development of numerical approaches for predicting the material behavior, to study

the space charge generation and transport mechanisms in polymeric insulation.

It is generally agreed that the space charge accumulation must be minimized in HVDC cables for
improving the performance [5]. Some efforts have been made to suppress the space charge by
limiting the charge injection from electrodes, via a modification of the characteristics of the
interface between the conductor/insulation [29] [30]. In addition, it is also reported that the
properties of the bulk material can be improved by adding additives or nanocomposite fillers [31]
[32] [33], and a 500 kV HVDC XLPE cable has been developed based on the homogeneously
dispersed nano-sized MgO-filler [34]. The performance of the nanocomposite-filled insulation is
not only dependent on the types of nano-particles, but also determined by other complexities, such
as size, concentration level, surface treatment, dispersion and moisture [35]. Although the
mechanism of nano-filler function is still not fully understood, it can be argued that the trap
distribution and the trap depth may be altered by adding nano-fillers into PE-based compounds [5].

Another space charge suppressing method is to improve the cleanliness of XLPE by minimizing the
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chemical species introduced into XLPE during the manufacturing, and a superior electrical
performance XLPE insulated cable with high purity is commercially available for 525 kV HVDC

transmission [19].

1.2 Space charge in polymeric insulation material

Polymeric insulation has been successfully used in AC cable technology since 1960s, and now it is
still dominating [28]. However, the use of polymeric material for HVDC cables was not as successful.
Different attempts had been made to apply this excellent insulating material for manufacturing
HVDC cables since four decades ago, and a lot of emphasis was put on the ability of polymeric
insulation to withstand the polarity reversal since HVDC converters of the Self-commutated voltage
source (VSC) type were in the infant stage and the HVDC systems were dominated by the Line-
commutated current source (LCC-CSC) type [28] [36]. Nevertheless, those attempts were aborted
and most existing HVDC cables were mass-impregnated or oil-filled cables. It has to be illustrated
that, in LCC-CSC systems the power flow direction reversal is achieved by changing the pole voltage
polarity since the current flow cannot be reversed. On the contrary, in VSC systems the current
flow direction is reversed while the same pole voltage polarity is always maintained to accomplish
the power flow reversal [10]. Until 1999, the first commercial HVDC cable system with extruded
insulation, the Gotland HVDC link with the VSC technology, was able to be commissioned [37].
Today the design of HVDC extruded cables is still one of the most challenging issues in the cable
industry, as the electric field distribution over the insulation thickness can be highly affected by the
accumulation of space charge, which can control the cable system behaviour, particularly, its long-
term reliability and life expectancy. In fact, space charge can be easily accumulated in the polymeric
insulation under DC field, due to charge injection from the electrodes or to ionization of dissociable
impurities within the insulation bulk. The accumulated charges can deform the electric field by
creating zones of high overstress, and if the space charge density becomes sufficiently high, the
local electric field strength may exceed the breakdown strength of the dielectric, leading to
dielectric failure. Even if the enhanced field created locally by the trapped charges is not high
enough to exceed the breakdown strength, the overstress can still boost the degradation reactions
by the electrostatic energy associated with the accumulated charges and cause the formation of

weak points in the material, triggering ageing processes [4].

1.2.1 Space charge field

From a macroscopic point of view, insulating materials allow a weak electrical conduction under DC
field. This weak flow of charge within the insulation may not be uniform due to a local non-

homogeneity of the material, thereby forming space charge. According to the current density
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continuity equation, when a divergence takes place between the incoming and outgoing charge,

charge builds up in this region,

= Op _
V-j+ ot =0 (1-1)

where j is the current density, p is the space charge density and t is the time. According to Gauss’

Law, space charge field E; is associated to a charge distribution:
p=V- (EOETES) (1-2)

where g is the vacuum permittivity and &, is the relative permittivity of the insulation. Therefore,
the electric field £ within the cable insulation in the presence of space charge is given by the sum
of two contributions: the space charge field E; and the external field Ey, which is created by the

applied voltage,

E:E5+EO (1-3)

ol L
tlee oGl +l8e  e&3|.-
Anode @ e Cathode Anode @ @ Cathode
e® ©g e %y
® © S) ®
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(a) (b)
Figure 1-4. Representation of space charge build-up at the electrodes. (a) homo charge distribution.

(b) hetero charge distribution.

With reference to the space charge build-up in the vicinity of the electrodes, two types of space
charge distributions are showed in Figures 1-4a and 1-4b. The homo charges have the same polarity
as the adjacent electrodes, and is usually due to the trapping of injected charges [38]. As shown in
Figure 1-5a, the presence of homo charges can lower the electric field at the interfaces of the
electrodes, but enhance the field in the bulk. In contrast, the hetero charges have the opposite
polarity to the nearby electrodes, and they are generally believed to be originated from the
ionization of the dissociable chemical species present in the insulated material. These species can
be introduced during the manufacturing of the material, such as antioxidants, crosslinking by-
products, or other additives and impurities [39] [40] [41]. Itis also reported that the hetero charge

distribution may be due to the injected charge from one electrode partial blocking at another
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electrode [42]. The build-up of hetero charges can result in enhancing the electric field near the

electrodes and a consequent reduction in the middle of the insulation, as presented in Figure 1-5b.

-~

Electric field deformed by homo-charge Electric field deformed by hetero-charge

Eo

-

(a) (b)
Figure 1-5. Schematic representation of electric field distribution deformed by space charge. (a)

with the presence of homo charges. (b) with the presence of hetero charges.

The accumulated space charge can be released from the insulation when the external field is
removed and the insulation is short-circuited. However, this process can last long, depending on
the type of insulation and on the temperature. A consequence of this phenomenon is that the
accumulated charges will be kept within the insulation when the DC voltage is removed or when
the polarity of the external DC voltage changes. In the case of the formation of homo charges in
the HVDC cable insulation, when the polarity reversal is operated, the homo charges become hetero
charges, and the insulation near the electrodes is suddenly subjected to an extremely high field.
This fact has been confirmed by experimental results that presents polarity reversal leads to a

reduction in the life of the insulating material [43].

1.2.2 Space charge detection technique

In the past decades, many techniques have been developed for measuring space charge, in order
to assess the behaviour of a specific material under different stresses. Following the history, space
charge measurement techniques could be simply classified as destructive and non-destructive
ones. Early methods of studying space charge distribution in polymers employed destructive
techniques, such as Dust Figure Method [44] and Probe Method [45]. The general principle of these
techniques is cutting samples into pieces and then detecting the charge distribution characteristic
on the surface of slices. However, because the methods involve slicing, the sample preparation
procedures can affect the detected results greatly. From the early 1980s to mid-1990s, a number
of non-destructive methods have been developed to investigate space charge distribution in solid

polymeric materials. The first non-destructive technique for space charge measurement was
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introduced by Collins [46], from which space charge measurement methods are improved gradually,

and they can be generally divided into two categories:

“Thermal methods”: Thermal pulse method (TPM) [47]; Thermal step method (TSM) [48]; Laser

intensity modulation method (LIMM) [49].

“Wave propagation methods”: Pulsed electro-acoustic method (PEA) [50]; Laser-induced pressure

pulse method (LIPP) [51]; Pressure wave propagation method (PWP) [52].

Table 1-1. Summary and comparisons of space charge detection methods [53].

Group Method | Disturbance Scan Detection | Thickness | Resolution Comments
mechanism process (um) (um)
Force of Propagation | Piezoelectric | 25-20000 | 1.6-1000 |Deconvolution required,
modulated with transducer at also used for surface
PEA electric field | longitudinal bottom charge measurement.
on charges in sound electrode Better resolution can be
samples velocity achieved by using a pulse
voltage of narrow width.
Absorption of | Propagation Current or <1000 ~1 Deconvolution required.
LIPP short laser with voltage The resolution can be
Wave light pulse in | longitudinal between improved by using a
propagation front sound sample femtosecond laser pulse.
electrode velocity electrodes
Absorption of | Propagation Current or 50-1000 10 Resolution improved
PWP short laser with voltage with deconvolution. Also
light pulse in | longitudinal between used for surface charge
metal target sound sample measurements.
velocity electrodes
Applying two Thermal Current 10-20000 1-150 Deconvolution required,
isothermal | expansion of between measurements
sources the sample sample performed on thinner
across the electrodes samples require a faster
TSM . .
sample heating. The resolution
can reach the order of nm
using a femtosecond
Thermal pulse.
Absorption of Diffusion Voltage 25-200 2.5 Deconvolution required.
short light according to change The resolution can be
PM pulse in front heat across enhanced by collecting
electrode conduction sample the data from both sides
equations of the sample.
Absorption of | Frequency- Current <100 22 Deconvolution required,
LIMM modulated dependent between the resolution can be
light in front | steady-state sample improved by using a very
electrode heat profile electrodes narrow laser.

Table 1-1 summaries the generally used space charge detection methods, and the most widely used

methods at present are the PEA and the TSM techniques, due to their better resolution and wider

measuring range. Indeed, the two methods both enable the measurement to be performed over

the whole insulation thickness even of full-size power cables. However, the PEA method seems

superior overall since it exhibits better performance on time resolution. Actually, the PEA method

10
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requires the application of a very short voltage pulse, which can be applied to the samples being
tested without interrupting the poling voltage. On the contrary, The TSM method not only needs
the application of a thermal step to the specimens, which is more time-consuming for the heat to
be delivered from the thermal diffuser to the specimens; but also the HVDC source has to be
switched off during the measurement. Hence, one single space charge measurement via the TSM
requires a much longer time than one single measurement via the PEA technique. Moreover, the
power source has to be disconnected while performing space charge measurement by means of
the TSM and resumed thereafter, namely the TSM method is not suitable to observe space charge
behaviour continuously in long-term ageing sample test. Compared with the other methods,
another main advantage of PEA method is that the high-voltage circuit and the circuit for detecting
the pressure wave signal are electrically separated by the ground electrode. In this case, even when
dielectric discharge takes place, the ground electrode can protect the amplifier and oscilloscope,
and that is why the PEA method is considered as the safest method for studying space charge in
samples subjected to high voltage. The details will be illustrated in section 2.3. For the above
reasons, considering the resolution, construction cost and measuring range, PEA method is adopted

in this study.

1.3 Research gap and objectives

For HVDC cable transmission systems, the trend nowadays is towards XLPE insulated cables with a
service temperature of 90°C at the core and a design field of 20 kV/mm [54]. However, space charge
accumulation under HVDC stress has been confirmed as one of the major technical problems in the
further development of HVDC extruded cable technology. In past two decades, extensive efforts
have been made from space charge measurements in order to investigate the space charge
behaviour and to understand the relationship between space charge and electrical performance of
the dielectrics. Due to potential electrical degradation ageing process triggered by the
accumulation space charges, the IEEE standard 1732 was established for measuring space charge
in HVDC extruded cables as the qualification tests in 2017 [55]. However, the space charge
detection methods cannot distinguish the charge carrier species, and the understanding of the
charge generation and transport mechanisms in polymeric insulation is still not fully established. In
addition to improve the insulation material properties and minimize space charge effects,
numerical modelling is extremely useful to understand and predict material performance. A
conductivity model which serves as an important reference for HVDC cable design has been
recognized with limited performance, as it lacks descriptions on space charge behaviour [56]. A
bipolar charge transport theory, which brings the details of the electronic charge generation and

transport mechanisms, has been proposed and successfully applied to analyse the space charge

11
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dynamics in polyethylene [57]. However, such model is always utilized for flat specimens, and the
extension to coaxial geometry is still missing. Due to the cable geometry factor, the divergent
electric field and the temperature gradient can severely affect space charge accumulation [58].
Especially when considering the operation stages of the HVDC cable systems, the space charge
behaviour and the transient electric field distribution need to be investigated under the polarity
reversal and the thermal transient. Furthermore, most emphasis has been devoted to study the
electronic charges injected from the interface of electrode/insulation, although the ionization of
dissociable impurities also plays an important role in the space charge accumulation, no attempts

have been made to investigate the ionic charge behaviour in the HVDC XLPE cable.

The general objective of the present study is to obtain a better understanding of the space charge
behaviour in HVDC extruded cable insulation. The calculation method of space charge and electric
field distribution in the DC cable systems will be developed, in order to provide tools and principles
to support the design and operation of HVDC extruded cable systems. The following milestones

were set for the dissertation:

e The investigation of space charge behaviour in the DC extruded cable in the presence of
temperature gradient by employing the bipolar charge transport theory.

e The investigation of polarity reversal and thermal transient effects on electric field
distribution in HVDC cable systems.

e The methodology proposed to simulate the hetero charge formation in XLPE by additionally
considering the ionization of dissociable impurities.

e The measurement of space charge accumulation in XLPE insulated cables, and the

implementation of a model to simulate the space charge behaviour in XLPE insulated cables.

1.4 Contributions of this research

This dissertation contributes to the understanding in space charge behaviour in HVDC extruded
cable systems through theoretical modelling and experimental investigations. A threshold electric
field at which the charge injection takes place is introduced into the bipolar charge transport model,
and the dynamic space charge and field distribution in DC cable insulation in the presence of a
temperature gradient are numerically modelled. Compared with the traditional conductivity
model, the new approach is superior in calculating the electric field in DC cable systems, since such

model provides well descriptions on charge generation and transport mechanisms.

The space charge behaviour and transient field distribution under the operation stages of the HVDC

cable systems are first investigated by employing the bipolar charge transport theory. By exploring

12
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the electric field variation under the polarity reversal, the modelling approach can provide

operational recommendations for HVDC cable systems and assist DC cable design.

The thermal transient effects on the space charge behaviour and the transient field distribution are
first investigated by numerical modelling. Due to the temperature dependence of charge
generation and transport, it is suggested that different loading conditions need to be considered in

designing DC polymeric cables.

By considering the ionization of dissociable impurities in XLPE, the formation and transport of ionic
charge carriers are taken into account and fed into the bipolar charge transport model for
simulating the hetero charge formation in XLPE. The proposed model can not only contribute to
simulate space charge dynamics and field variation in the cable insulation material, but also assist

in understanding the mechanisms of charge generation and transport in solid dielectrics.

A pulsed electro-acoustic system for measuring space charge in XLPE cables is designed and built.
The space charge measurements have been carried on XLPE insulated cables at room temperature
and the obvious hetero charge formation can be detected. Based on the proposed model, it is the
first time to simulate the hetero charge formation in XLPE insulated cables by considering the ionic

charge carriers.

1.5 Outline of the dissertation

The thesis will be organized as following chapters:

In Chapter 2, the basics of space charge in polymeric insulation material are reviewed, including the
charge generation and transport mechanisms, and the principle of the pulsed electro-acoustic

method is also described.

In Chapter 3, comparisons of the two models, the conductivity model and the bipolar charge
transport model, on calculating the electric field in DC polymeric cable are made. The two models
are described respectively and employed to simulate the space charge and field distribution in a
medium voltage size DC cable in the presence of a temperature gradient. The advantages and
limitations of them are summarized after analyzation of their results compared with the previous
experimental work. Simulations of space charge and transient field distribution in DC cable under

the voltage polarity reversal are also performed.

In Chapter 4, the thermal transient effects on space charge dynamics in DC cable insulation are
investigated by means of the bipolar charge transport theory. The space charge and field

distribution in cables subjected to cyclic load are also studied.
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In Chapter 5, space charge measurements are taken on LDPE, fresh and degassed XLPE flat
specimens separately at room temperature, in order to observe the homo charge and hetero charge
formation. A modified model by considering the ionic dissociation of impurities has been proposed

and employed to simulate the hetero charge formation in XLPE.

In Chapter 6, the experimental setup of the cable PEA system is described, and the space charge
measurements are carried on the XLPE insulated cables at room temperature. The space charge
and field distribution in the XLPE insulated cable are also simulated by the proposed modelling

approach.

In Chapter 7, the conclusions based on the present work are summarized and some suggestions for

the future study are given.
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Chapter 2  Space charge mechanisms in HVDC extruded

cable and the pulsed electro-acoustic method

In order to achieve the understanding of space charge behaviour in polymeric insulation material,
the basics of space charge have to be acknowledged. This chapter first introduces the charge
generation mechanisms, and then the classic theories of charge transport are reviewed. Note that
the dielectric material focused here is polyethylene, not only due to its simple chemical formulation
subjected to many theoretical studies, but also to the main insulation of HVDC extruded cable is
polyethylene-based. Apart from these, the space charge detection technique applied in this study

is reviewed in detail as well.

2.1 Charge generation

Space charge in polymeric material may originate from the charge injection at the electrodes, or
from the ionization process of some dissociable chemical species presenting in the bulk, such as
cross-linking by-products, antioxidants and other impurities [38] [40] [41] [59]. Generally, the
charge injection processes are responsible for homo charge distribution, while hetero charge
formation results from the ionization of the dissociable chemical species or partial blocking of

injected charge carriers.

2.1.1 Electronic injection

The injection of charges from the electrodes involves the transfer of electrons (and holes) through
the electrode-polymer interface, and such process is highly dependent on the condition of the
interface, including the electrode material, the surface defects, the impurity and the oxidation level.
The electronic charge injection can always be described by the two mechanisms, the Schottky
injection and the Fowler-Nordheim injection [38]. A coulombic potential barrier usually limits the
transfer of electrons between electrodes and polymeric insulation, and this barrier can be reduced
both in height and width by high electric fields [38]. Due to the combination of the applied field
and the image force, the reduction in barrier height enhances the probability that there will be
electrons/holes with sufficient thermal energy to overcome it, and this kind of process is called
Schottky injection [60]. The other effect of high field is the reduction in width of potential barrier,
making the electrons/holes possibly tunnelling through the barrier even with insufficient energy
due to the particle-wave duality of electrons/holes, and such mechanism is called Fower-Nordheim

injection. It should be noted that the tunnelling effect is only expected to occur at very high electric
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field (over 10° V/m) [61], and therefore in this study towards HVDC cable application the Schottky

injection is considered to be the primary form.

Pimage(X, image)

Polymer

Metal

P

<y

a)

-eEx

—_—X
(c) (d)
Figure 2-1. Modification of the coulombic potential barrier at a metal-polymer interface by an
applied electric field E, as a function of the distance of the electron from the interface,
x: (a) total barrier height; (b) shape of barrier including effect of coulombic image force;

(c) potential energy due to applied electric field; (d) total barrier shape [38].

Based on the simple electron energy-band diagram shown in Figure 2-1, the coulombic potential
barrier at the interface prevents the injection of electrons from the metal into the insulator. The
barrier height depends on the interface, and in the case of metal/polymer, the height of barrier, ¢,
is dependent on the metal-insulation work function difference and local conditions of electrical
polarization [38]. When an electric field E is applied, the barrier height could be reduced by the
applied field and the image force effect so that enhanced electron injection can take place at the

interface, resulting in a reduced potential barrier of the form [38]:

62

¢(x) =p— ———— —eFEx (2-1)

167eye, x

where x is the distance of electron from the interface, e is the elementary charge; & is the vacuum
permittivity and & is the relative dielectric permittivity. The image force tends to attract the
emitted electrons back to the metal, while the driving force due to the applied field tends to drives
the emitted electrons away from the metal. There is an optimal point where the net force acting

on the electrons is zero and the potential barrier height becomes maxima. By setting the
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differential of the potential barrier height as a function of distance is zero, the optimal point x,, is

PR L — (2-2)
™\ 167meye, E

At the optimal point xm, the lowering potential barrier height A¢n, can be calculated as [38]:

obtained [38]:

e*F

Apn = dmeqe, (2-3)
Therefore, the effective potential barrier height can be expressed as [38]:
e*F
Gesp =P — Areoe, (2-4)

In accordance with the Richardson-Dushman equation, the emitted current density J at

temperature T is of the form [38]:

_ a2 Y
J=AT exp< kBT> (2-5)

where A is the Richardson constant (1.2x10° A/m?/K?), ks is the Boltzmann constant, ¢ is the
potential barrier height (eV). By introducing the expression of the effective potential barrier height,

the Richardson-Schottky law of electron injection from metal into insulator is obtained by [60]:

R ¢ 1 | e3E
J=AT exp< kBT>eXp(kBT 47T805T> (2-6)

It should be noted that, the above Schottky injection current takes place at a metal-polymer

interface. However, indeed, there is always a semicon layer between the metal and the insulator
whether in HVDC extruded cable systems or in the space charge measurement system. When
considering the interface between the semi-conductive electrodes and the polymeric insulation, it
still can be assumed that such potential barrier exists due to work function difference, as the

semicon layer can be treated as a conductive medium compared with the polymeric insulation.

2.1.2 lonic process

Insulating polymeric material may contain ions, groups capable of ionizing, or groups into which
ionic material have been introduced [38]. In most insulating material, water is always a source of
ions. It is generally not easy to identify the ions experimentally in solid polymers, but it is

reasonable to assume that they are derived mainly from fragments of polymerization catalyst,
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degradation and dissociation products of polymer itself, absorbed water, and other impurities
introduced into the polymer during the fabrication process, such as cross-linking by-products [60].
For example, if AB molecules are the only dissociable species present in the material, and a

molecule AB can be dissociated into A* and B ions, as expressed following,

dissociation

AB e, g+ 4 B~ (2-7)

recombination

In thermal equilibrium, the relationship between the concentration of generated ions and the

neutral ion-pairs can be expressed as [60]:

CKD — nio KR (2'8)

where cis the density of the neutral ion-pairs; nso is the equilibrium free ion concentrations; Kp and
Kg are the dissociation and recombination rate respectively. The dissociation is a thermally
activated process, and therefore Kp can be written as [60]:
-E,
Kp=Kpoexp|——= (2-9)
D Do €XP coe kT

where Kpo is a constant, Ep is the activation energy for dissociation. The recombination rate Kz is

related to ionic species mobility and is of the Langevin form [60],

_ (et ) (2-10)

Kr
EoEr

where u, and u. are the mobility of free positive and negative ions respectively. The positively
charged cations moving toward the cathode and the negatively charged anions moving toward the
anode under an applied field will create hetero charges near the electrodes, deforming the electric
field. The accumulated hetero charges may trigger the injection of electrons from the cathode or

holes from the anode when the amount of them reaches a certain critical value [60].

2.2 Charge transport

Charge transport in insulating polymers is very complicated and depends primarily on the nature of
charge carriers. Furthermore, the conduction demonstrates different field dependence over a
specific range of electric fields. It is also believed that the impurities and defects contribute to the
conduction processes. Therefore, charge conduction is not an elementary mechanism but consists
of different transport mechanisms. There are several basic theories describing the charge transport
in insulating materials, such as hopping conduction, Poole-Frenkel mechanism and space charge

limited current theory (SCLC), which are presented below.
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2.2.1 Hopping conduction

energy

A
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Figure 2-2. Schematic representation of state density in a disordered dielectric material. Shallow

and deep traps are related to physical and chemical disorder respectively [62].

Polyethylene is considered to be a wide band-gap material, and the value of the forbidden gap as
derived from calculation or experimental measurements is of the order of 8.8 eV [63], which implies
polyethylene would have an intrinsic conductivity of 10 s/m [64]. However, this level of
conductivity has never been measured as the reality of polyethylene is much more complex than
the idealized band diagram, as present in Figure 2-2 [62]. Indeed, polyethylene molecules may have
different conformations, which introducing “disorders” into the supramolecular organization, such
as physical, conformational or topological disorders [62]. Consequently, the local disorder of chain
segments creates localized energy states on the either side of the forbidden gap, which are
accessible for charge carriers and are always referred to as “shallow traps” due to their typical
energy level of less than 0.3 eV [65]. Additionally, in polyethylene, chemical defects can be found
due to side chains, additives, reaction products and impurities, which introduces additional energy
levels in the forbidden gap, generally at a deeper energy level of 1 eV [65]. Such “deep traps”
related to the chemical disorder are believed to restrict charge transport, while the “shallow traps”
are considered to assist the conduction process. In hopping conduction mechanism, it is assumed
that a series of single level trap sites with an energy of ¢ are localized in the band gap of polymers,
and the electrons trapped in these sites may jump over the potential barrier with a separation
average distance d, by receiving thermal excitation [38]. The probability of electrons hopping over

the traps in the absence of electric field can be described as [38]:

P=v-exp <— kSOT> (2-11)
B
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where v is the attempt-to-escape frequency in the order of 102 to 10 s, When an electric field
E is applied, the potential barrier will tilt down in the direction of electric field, as presented in

Figure 2-3. The barrier height will be elevated along the field direction by term +1/2qd.E and will

"
AN

After application of
electric field

be reduced against electric field by -1/2qd,E.

da

Before application of
electric field

(a) (b)

Figure 2-3: Schematic representation of hopping conduction: (a) before the application of electric

field; (b) after the application of electric field [60].

Therefore, the net probability of charge carrier movement in the direction of electric field is given

by:

1 1
Y= 5qd.E ¢t 59d.E
P(E) =v-exp CTTRT | TVl T

. Y qd.E\ fqdaE> (2-12)
v exP( kBT)[eXp<2kBT> exP( 2k, T

— o, P N (9d.E

=2 exp( kBT>Smh<2kBT>

and the hopping mobility of charge carriers can be expressed as [66]:

B _ 2d,v AW qd. E
w=P(E)d,/E= i exp( kBT)Smh< ) (2-13)

hence the current density contributed by the hopping mechanism is of the form:

. d,FE
J = unqE = 2qnvd, - exp < ka>s1nh <ngT> (2-14)

where q is the electronic unit charge; n is the concentration of charge carriers.

2.2.2 Poole-Frenkel mechanism

The Poole-Frenkel mechanism within the insulation bulk can be argued that it resembles the
Schottky effect at the electrode-insulation interface [38], which has been introduced in section

2.1.1. According to this mechanism, the electric field E reduces the height of barriers that localize
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charge carriers within the insulation. The lowering of potential barrier by the Poole-Frenkel effect
is double of which by the Schottky effect, as the coulombic force in the Poole-Frenkel effect exists
between the electron and the ionised donor, instead of which is due to the image charge in the
Schottky effect. The reduced barrier height has the form of [38],

¢°F

¢eff:Ep7A30p:Ep72 47.‘.505T

(2-15)

where E, is the potential barrier height in the absence of electric field, and the Poole-Frenkel

expression of conductivity is of the form [38],

_ (f E, )e 1 ¢°F
0= 00eXP\ 50 |OXP\ T drege, (2-16)

p

2kpT

where opexp < ) is defined as the low-field conductivity of the insulating material.

2.2.3 Space charge limited current

Space charge limited current (SCLC) is generally found in insulating thin films, and such theory is
commonly based on an energy band diagram with traps [38]. In this theory, the discussion is
illustrated in two parts: first the case of an ideal dielectric without traps will be considered, and the

other case with traps.
For the trap-free dielectric, several assumptions are made as following:

e No thermally generated charge carriers (the charge source is only from injection);
e Ohmic contacts implying good injection;

e Only one type of charge carriers injected (electrons or holes);

The total current density in the dielectric is made up of the three components of drift, diffusion and

displacement [38]:

dn, dE
. + Eo&r dt

J = p.n.qF —qD, (2-17)

where n. and p. are the density and mobility of electrons, D, is the Fick’s diffusion coefficient and

E is the applied field, assuming steady-state conditions then —-=0, and the equation becomes:

dE
dt

dn,

dz

J=p.n.qF —qD, (2-18)

Recalling Poisson’s equation and replacing the term n.:
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db _ neq 2-19
dxr &€, (2-19)
dE d*E
J= anrueEE — &g, D, ix? (2-20)

Assuming that the space charge concentration to be constant within the whole bulk, then the

diffusion term can be neglected:

dE
J—eosrueE% (2-21)

Integrating on both sides, and rearranging the equation, then the electric field E can be obtained:

E—= \/ 2J (z+ =z0) (2-22)

E0Er e

where xp is a constant of integration, and it is assumed to be much smaller than the sample

d
thickness d. Integrating the above equation, thatis, V :/ Edz, thus the relationship of the current

0
density to voltage can be expressed as [38]:

_ 9e0e, . V?

J= ¥E (2-23)

The current is proportional to the square of the voltage and this is known as the Mott & Gurney
square law [38]. The charge density in the dielectric is made up of two components, the intrinsic
charge density and the injection term, therefore the current density can be thought of as being

made up of two components as well, as expressed:

2
% (SCLC contribution) — (2-24)

|74 . .

J =noqpt, 7 (Ohmic contribution) +
where ng is the density of electrons intrinsic to the insulator. However, for the dielectric with traps,
although all the injected electrons contribute to the space charge formation, only a portion of
charge carriers contributes to the current due to the existence of trapping charge. Therefore, a

fraction coefficient 8 =n./n, is taken into account, where n. is the free charge density and n; is the

total charge density. Hence the current density can be reproduced as:

Vv 9eoe, p.V?

J:noqu +0 8d3 (2'25)

The SCLC behaviour can be schematically described in Figure 2-4 [38]. The first region, labelled as

Region 1, is dominated by Ohmic’s law, i.e. the first component in equation 2-25. In the Region 2,
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when the applied voltage exceeds the V4, defined as the transition voltage above which the space-
charge-limited contribution overwhelms the ohmic current, the SCLC behaviour is trap-limited, i.e.
the second term in equation 2-25. As the voltage is raised to the so-called trap-filled limit, V7, all
the traps are filled and consequently the current increases at an infinitely fast rate with voltage, as
shown in Region 3. Once the traps are filled and the fraction coefficient 8=1, the J-V characteristic
curve with follow the trap-free SCLC relationship, as described in equation 2-24, when the applied

voltage keeps increasing into Region 4.
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Figure 2-4. Schematic graph of an ideal space charge limited current behaviour [38].

Indeed, the energy levels of traps are broadly distributed, thus the trap-filled limit is not well
defined, thereby the distinction between regions 2 and 3 is fuzzy in practice [38]. Since the current
increases rapidly during region 3, breakdown usually takes place before the last region is reached.

In general, SCLC holds in thin insulating films and depends strongly on insulation thickness [5].

2.3 Pulsed electro-acoustic method (PEA)

The pulsed electro-acoustic (PEA) method was first developed in 1983 by Takada el al. [50], then it
has been improved gradually and widely used in academic research to investigate space charge in
dielectric materials. As a mature space charge detection method, the PEA method plays an
important role in measuring space charge distribution and understanding the electrical properties

of dielectric materials.
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231 The principle of PEA method
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Figure 2-5. Basic principle of the PEA method [67].

The principle of the PEA method is based on the Coulomb force law (ﬁ = qE). An externally applied
pulse electric field induces a perturbing force in the material in the presence of accumulated charge.
The disturbance generates acoustic waves which propagate through the bulk. Then they will be
detected by a piezoelectric transducer attached on one of the electrodes, which can convert the
acoustic signals into electrical ones. The amplitude of the detected signals will be proportional to
the charge amount and the time delay indicates the distance from the sensor, i.e. the position of
the charge. These signals are amplified and transferred to an oscilloscope. After the appropriate
calibration processing and mathematic treatment, the space charge distribution in the specimen

can be obtained. The basic principle of the PEA method is illustrated in Figure 2-5 [67].

A typical measurement apparatus of the PEA system is presented in Figure 2-6 [68], which is mainly
composed of following parts. The top and ground electrode systems, at which the dielectric
specimen is sandwiched. Note that when the DC and pulse voltages are applied to the sample, a
semi-conductive layer is usually inserted between the sample and the upper electrode to improve
the acoustic impedance matching. A DC voltage and a pulse voltage are applied from the top
electrode to the specimen via a protecting resistor (in the order of 10 kQ) and a coupling capacitor
(in the order of nF), respectively. A thin polyvinylidene fluoride (PVDF) film is usually used for the

piezo-transducer, which is attached on the bottom surface of ground electrode, detecting the
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pressure wave and then transferring into electrical signals. Moreover, in order to prevent the
acoustic reflection at the end of transducer, an absorber is placed beneath the transducer. An
amplifier is closely linked to the piezo-transducer since the output voltage signal is usually very
small. In addition, an electrically shielding box is needed to cover the detecting circuit, aiming to
minimize any noise. Finally, the amplified voltage signal can be observed by using an oscilloscope,

and be further calibrated by a digital signal processing.

HVDC
power source GHV Pulse PC Desktop E
enerator

i EEOS

Screw to mechanically
. press the sample

Copper Shielding

—— Coupling Capacitor

Protecting Resistor

Upper electrode
______scmplea.
—,— Lower electrode
Digital Oscilloscope
. Amplifier
Figure 2-6. A typical PEA measurement system [68].
2.3.2 Modified PEA system for cables
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Figure 2-7. Space charge measurement system with the PEA method for cables [69].

25



Chapter 2

The measurement of space charge in the cable insulation is fundamental in the development of
HVDC extruded cables, since space charge accumulation distorts the field distribution severely
under DC voltage. The first space charge measurement in a coaxial cable by the PEA method was
carried out by Fukunaga et al [70], through a system similar to that shown in Figure 2-7 [69], where
the ground electrode is of a coaxial structure, providing a close contact between the cable and the
electrode, and a piezo-transducer of PVDF is tightly wound around the coaxial-shaped electrode in
order to prevent acoustic wave reflection at the interface. Hozumi et al. successfully observed the
accumulation of hetero-charges in an XLPE cable of 3 mm thickness by using such cable PEA systems,

as presented in Figure 2-8 [71].
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Figure 2-8. Space charge profile evolving with time measured in a 3 mm thick XLPE cable insulation

when +70 kV DC voltage was applied [71].

Puise

=+ Acoustic sensor Absorber PMMA

Figure 2-9. Schematic diagram of modified cable PEA system with flat ground electrode [72].

However, a possible limitation to this application is that the measurement system is only suitable
to a specific diameter of cables. Fu et al. proposed a solution of replacing the curved cell by
introducing a flat ground electrode, as presented in Figure 2-9, and in this way, the improved system

can be used to measure space charge in cables of different sizes [72] [73]. To further investigate
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the space charge behaviour in XLPE cable in practical situations, the induced-current heating
technique was introduced by Bodega et al, and the schematic diagram is represented in Figure 2-
10 [74]. By means of a current transformer, an AC current is induced in the cable conductor, and a
temperature gradient can be formed across the cable insulation due to the Joule losses. By using
this technique, the effect of temperature gradient on space charge accumulation in medium-size
XLPE insulated cables has been investigated by Fabiani et al., and the results indicated that the
temperature gradient of 20 °C greatly contributed to the charge accumulation at an electric field of

20 kV/mm, even leading to the field inversion [75].
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Figure 2-10: Schematic representation of the induced-current heating technique [74].

However, there are still several limitations of the cable PEA systems. Due to the great complexity
of the signal processing, it is necessary to consider the divergence of the voltage pulse and of
acoustic wave across the insulation, in order to get an accurate space charge profile. Particularly,
the acoustic wave can be highly attenuated and distorted due to the large thickness of insulation
under test. The grounding system requires particular care in order to avoid spurious signals in the
output waveform. In addition, for space charge measurement in full-size cables, the outer tape and

screen along the measuring area must be removed.

233 Space charge waveform recovery method

Generally, the PEA signal collected by the oscilloscope does not directly represent the space charge
distribution in samples. In fact, the output waveform can be distorted due to the frequency
response of the piezo-transducer and amplifier, which two in series operates as a high-pass filter
with a cut-off frequency that may lie in the range of the frequency content of the acoustic signal,

as shown in Figure 2-11, where Us is the output voltage signal produced by the transducer; Cris the
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static capacitance of the transducer (in the order of nF); R4 is the input impedance of the amplifier

(50 Q).

Cr +_r
-C

Figure 2-11. Simplified circuit consists of piezoelectric sensor and amplifier.

Ra

The capacitor Crand the resistor R4 compose a high pass filter circuit, and its cut-off frequency can
be presented as following:

1

fo= 3RO (2-26)

Due to the limitation of frequency response of the detection circuit, the distorted output signal
could be mistaken as space charge formation inside the sample. For example, a positive overshoot
peak following the induced charge peak at the electrode could not be the result of real measured
hetero charge accumulation, but of the frequency response of the measurement system, as shown
in Figure 2-12a [76] [77]. Therefore, a deconvolution technique is used to obtain the transfer
function of the PEA system and recover the space charge signals. The calibrated space charge

profile is shown in Figure 2-12b.

overshoot 10
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(a) (b)
Figure 2-12. (a) A Typical PEA output signal. (b) The space charge profile after calibration [77].

Since the distortion of the signal is a kind of systematic error of the measurement system, the
obtained voltage signal ry(t) is described as the following convolution of the impulse response of

the system h(t) and the charge distribution x(t):
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+oo

Ty (t) = h(t) Xz (t) / h(t—71)z(r)dr (2-27)

-0

Therefore, by obtaining the impulse response h(t), the charge distribution is calculated using the
so-called “deconvolution” technique. In frequency domain, the above equation can be expressed

as following:

Rs(w) = X (w) X H(w) (2-28)

where Rs(w), X(w) and H(w) are Fourier transforms of ry(t), x(t), and h(t) in frequency domain
respectively. In general, H{w) is called a “transfer function” of the measurement system, and this
function could be evaluated when a relatively low DC electric stress (reference voltage) is applied
to the sample over a short duration of time to ensure no space charge accumulates inside the
insulation. Under this reference voltage, the signal derived from the induced charge on the
electrode can be treated as an impulse (delta function) xo(t), and the signal itself is the impulse
response of the measurement system. The data is called a “reference signal” ry(t), and should be
composed of two same shape peak. However, the pressure wave generated at the upper electrode
might be distorted during propagation through the sample by attenuation or dispersion, thus the

signal derived from the lower ground electrode is adequate for calibration.

Fast Fourier Transform (FFT) is applied on the impulse function xo(t) at the outer electrode interface

and the reference signal ro(t) from the induced charge, as shown below:

Xo(w) = / T as (e dt = FFT [0 (8)] (2-29)

(o}

Ro(w) = / (e dt = FFT o ()] (2-30)

oo

Thus, the transfer function of the system can be obtained in the frequency domain as:

Ry (w)
H(w) = 2-31
Consequently, the charge density in frequency domain X(w) can be given as:
Rs(w)
X(w) = (o) (2-32)

Finally, by applying Inverse Fast Fourier Transform (IFFT) on X(w), the space charge distribution over

the sample thickness can be obtained.
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However, when considering the coaxial geometry of cable samples, the measured signal could be
affected due to divergence of the pulse electric stress and the acoustic wave transmission, as
illustrated in Figure 2-13 [78]. The non-uniform pulse electric stress and the divergent pressure
wave will distort the real space charge distribution. Furthermore, attenuation and dispersion of
acoustic wave may occur during the propagation through the thick insulation of polymeric material.
The detected acoustic wave signals at the piezoelectric transducer could be affected by the above

factors, and the compensations and corrections to them need to be considered.
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Figure 2-13. Schematic representation of pressure wave propagation in coaxial cable (not to scale)

[78].
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The pulsed electric field e, across the cable insulation can be given by:

v, (t)
e, (tr) = 233
rln (7)
a
where a and b are the inner and outer radii of the cable insulation respectively and v, is the applied
pulse voltage. The above equation indicates that the pulsed electric stress decreases across the
insulation from the inner to the outer electrode. With the variation of the pulsed electric stress,

the space charge density near the inner electrode will induce a higher acoustic signal than that close

to the outer. The acoustic wave propagation equation in cylindrical coordinate is presented as:
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0°6,(t,r) _ 0%6.(tr) | 196.(t1)

1
w2  Ot2 or? r Or (2-34)

where the us is the velocity of acoustic wave; ¢ is the velocity potential of vibrating motion in the

medium. The solution of the above equation is:

Ao jk(r —u,t)
s(t, 1) = —=e"" " -
¢, (t,r) Jr (2-35)

where Ay is a constant which is determined by the boundary condition; k=w/us, and w is the angular

frequency of the acoustic wave. Therefore, the pressure wave per unit area at position ris [79]:

ast,r 'ssAk" jk(r —u,
p(t,r) = p, ¢6(t )]p\u/;‘) e (2-36)

where ps is the density of medium. This equation describes the propagation of an acoustic wave in
an elastic medium in the radial direction, indicating the amplitude of the pressure wave generated
by the space charge should decrease along the radial direction when it travels to the outer sheath.

The factor can be described by the following equation:

p(t+Atb) <r> 3 (2-37)

p(t,r) b

where p(t,r) and p(t+At,b) are the the acoustic waves produced at position r and detected at the

outer sheath b, and At is the time of the acoustic wave travelling from position r to b.

Assume that there are two charge layers with the same density at the inner and the outer electrode
respectively. The acoustic wave pressure produced at the inner electrode is (b/a) times bigger than
that at the outer electrode due to the divergent pulsed electric stress. Moreover, the detected
wave pressure at the sensor, which is generated at the inner electrode, is (a/b)"? times to its original
value because of the acoustic transmission divergence. Therefore, the detected charge density at
the inner electrode is (b/a)¥? bigger than which at the outer electrode. Consequently, the signal
after the deconvolution must be corrected by the geometry factor (b/r)?, where r lies between the

inner and the outer radius [80].

In addition, attenuation and dispersion of waves may occur when acoustic waves propagate
through the cable sample. In the linear visco-elastic medium, the wave number k should be

replaced by its complex form of:

k(jw) = B(w) — ja(w) (2-38)
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where aand fare defined as the attenuation and dispersion factor respectively. By application of

the Fourier transform, the acoustic wave pressure can be presented as:
P(w,r) = P(w,a)e ™0 g ifw) o (2-39)
where P(w,r) and P(w,a) are the Fourier transforms of the acoustic wave at the position r and at the

inner radius a respectively; (r-a) is the distance between the position in the insulation bulk and the

inner electrode. The attenuation coefficient a(w) and the dispersion coefficient f(w) are satisfied

as [78]:
1 P(w,b
aw) =-3——1 (w,b) (2-40)
P(w,a) %
1
Bw) = —a l¢(w,b) — p(w,a)] (2-41)
Hence, the transfer function of the cable PEA system at position r is given by:
G(w,r) = Plwr) _ e 1) + i) (r—a) (2-42)

P(w,a)

The above transfer function can be used in the frequency domain to compensate the attenuation
and dispersion factors during the acoustic wave propagation at different positions, and the actual
acoustic pressure profile across the insulation can be obtained by applying the inverse Fourier

transform [78] [80].

2.4 Summary

The theoretical background of charge generation and transport in insulating polymers has been
reviewed to provide a basis of space charge modelling for the present research. The space charge
detection technique adopted in this study, the PEA method, has also been illustrated, which will be
applied to measure the space charge distribution in both flat and cylindrical geometry polymeric

insulation samples.
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Chapter 3  Electric field calculation in HVDC cable

insulation

The electric field distribution in HVDC cable system does not follow the same rules as for AC stress, and
till now the field estimation in HVDC extruded cable is still very challenging for cable design. Several
calculations of the electric field distribution within the HVDC extruded cable insulation have been
published, and such approaches are serving as an importance reference for HVDC cable design [81] [82].
However, the limitations of such models have been recognized as the results are generally different
from the experimental observations [56]. In this chapter, first, the differences in the electric field
distribution between AC and DC cables will be discussed. Both the traditional conductivity model and
the bipolar charge transport model are introduced and employed to simulate the space charge and field
distribution in a medium voltage size polymeric insulation cable. Comparisons are made between the
two models based on the experimental data and simulation results. The transient field distribution in

DC cable under the polarity reversal is investigated.

3.1 Differences in electric field distribution between AC and DC cables
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Figure 3-1. Schematic representation of the electric potential at any point in cables: (a) in AC cables;

(b) in DC cables.

As shown in Figure 3-1a, in AC cables, the electric potential along the radius of the insulation is
controlled by capacitance. Therefore, the electric field Exc depends on the permittivity € of the
dielectric, which changes little within the working range of temperature and field [83]. On the contrary,
the electric potential at any point in DC cables is determined by the resistance, and the electric field Epc

becomes conductivity o dependent, which in turn depends on the temperature and Epc.
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By assuming the permittivity of the insulation is constant with temperature, the electric field Exc at
any radius in AC cables can be drawn easily, as presented in following,

Uo

Eac(r) = m

(3-1)
where Up is the applied voltage on the dielectric (in AC regime, it is the phase-to-ground voltage); r
is the position along the radius; r; and r, is the inner and outer radius of the cable insulation
respectively. A typical electric field distribution within the insulation of a HVAC cable is shown in
Figure 3-2, and it is called a capacitive field distribution [5]. It can be observed that the maximum
field strength Enax in @ HVAC cable always occurs at the conductor/insulation interface, while the

minimum field strength Exyyalways occurs at the insulation/metallic screen interface.

conductor

insulation

metallic screen

Figure 3-2. Electric field distribution in a HVAC cable insulation (capacitive field distribution) [5].

Following Maxwell’s equation, the steady state electric field in DC cables is given as following [75]:

ToOo

EDC(T) - EO 7'0'(7")

(3-2)

where Ep and oy are the electric field and conductivity at the reference position ry, ofr) is the
conductivity along the cable radius. Figure 3-3 presents the electric field distribution in a HVDC
cable under different load conditions, and such temperature-dependent electric field is called a
resistive field distribution [13]. When the DC field is first applied, the electric field is a quasi-
capacitive field distribution. Due to the joule heating from the conductor, a temperature gradient
would be formed across the insulation thickness, and the inner part near the conductor withstands
the highest temperature. In this situation, the conductivity of the inner insulation increases

significantly; therefore, the electric field near the conductor decreases considerably, but increases
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in the outer area. Generally, when the cable is fully loaded, the electric field can be reversed so

that the highest stress transfers from the inner to the outer insulation. The field inversion limits

the temperature rating of HVDC cables [84], and therefore, it is very important to calculate the

electric field distribution at different operational stages, due to the high dependence between

conductivity and temperature.
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Figure 3-3. Electric field distribution in a HVDC cable under different load conditions (resistive field

distribution) [13].
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Figure 3-4. Schematic representation of the medium-voltage XLPE cable sample.

Anticipating DC field distribution in polymeric insulation is more challenging when considering space

charge phenomena. In AC situation, the flow of charges inverts its direction too fast to allow space

charge accumulating inside the dielectrics, namely, the space charge field can be neglected in AC cables.

However, in DC cables, the space charge can build up in the bulk of insulation under various temperature

and field, and the presence of space charge can lead to the local field enhancement, which may

accelerate material ageing or cause electrical failures.
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Over the two decades, the understanding and measurement of space charge has become the focus of
the development of HVDC extruded cable technology. In order to study the space charge behaviour in
the HVDC extruded cables in the presence of temperature gradient, measurements have been
taken on a medium-voltage size XLPE cable by Fabiani et al. by means of the PEA detection method
[75]. The inner radius (r;) of the degassed XLPE cable insulation is 4.5 mm, and the outer radius (r.)
is 9 mm, providing an insulation thickness of 4.5 mm, as shown in Figure 3-4. A positive voltage of
90 kV was applied at the inner electrode, so the average electric field was about 20 kV/mm. A
steady temperature gradient was applied across the insulation. The inner temperature was set to
be 65°C and the outer temperature was 45°C. The experimental results showed the temperature
gradient could enhance the charge accumulation greatly, and further distort the electric field in

cable insulation, as shown in Figures 3-5 and 3-6 [74].
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Figure 3-5. Space charge profiles of XLPE MV-size cables with an average field of 20 kV/mm. (a) no

temperature gradient. (b) with a temperature gradient of 20°C (65-45°C) [74].
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Figure 3-6. Electric field distribution across the insulation under a steady temperature gradient

(65-45°C) in a MV size XLPE cable [74].

Numerical modelling of space charge and field distribution can assist to comprehend and predict
material performance. In this chapter, two field estimation methods are introduced to calculate the

electric field and space charge distribution in this medium voltage XLPE cable. All the electrical and
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thermal conditions were set to be same as the experimental measurements, so the results of both

models can be compared with the experimental observations.

3.2 Conductivity model

It has been revealed that the volume conductivity of the cable insulation depends on both
temperature and field, and thus the conductivity model was developed to anticipate the field
distribution in loaded DC cable systems. This kind of methods is serving as an important reference
for DC cable design, and actually started with the work of McAllister et al. in 1994. [82] [85] [86]
[87]. Such macroscopic approaches consider the charge accumulation within the insulation
resulting from conductivity gradient, and they can simulate either a positive or a negative charge
accumulation inside the bulk. In their work, charge accumulation is considered to be the
consequence of a non-uniform electrical conductivity, and the effects of temperature and field on

conductivity are considered.

3.2.1 Model descriptions

Generally, this kind of model considers the cable insulation as a weakly conductive continuum in
which a conductivity gradient is induced by the non-uniform electric field and the temperature
gradient across the insulation. Due to the local non-homogeneity of the material, the current
density at any point along the radius is not uniform, thereby forming space charge. Based on the
current continuity equation, in a dielectric sample where a DC current of density j is flowing, a space
charge density p can be acquired when a divergence takes place between the incoming and

outgoing charge flow:
Vej=-"%- (3-3)

where j is the current density, p is the space charge density and t is the time. According to Gauss’

Law and Ohm’s Law,
p=V" (€0€TE') (3-4)
j=oF (3-5)

By combining these three equations, the space charge density can be described in the dielectric

material as:

_ && Op > E0Er
o Ot T V< o ) (3-6)
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Space charge p accumulates if the ratio between relative permittivity & and conductivity o were
not uniform across the insulation, in the case of j # 0. The permittivity can be considered as a
constant within the range of temperatures and DC fields, but the conductivity has to be considered
as a function of both temperature and field [83]. An expression of the conductivity with Arrhenius’

Law has been widely used to describe the conductivity of the extruded cable insulation [88],

(3-7)

o (E.T) =Acexp< E, )smh(BclEl)

kpT |E|

where E, is the thermal activation energy; ks is the Boltzmann’s constant; constants A. and B, are
determined by the characteristics of the insulation material. The parameters in the above equation
can be obtained by fitting the conductivity function with the experimental results of conduction
current measurements on the planar samples of the material under a range of temperatures and
fields. In this model, a time-varying conductivity gradient could be formed across the DC insulation
due to the presence of temperature gradient and non-uniform electric field, driving the charge
dynamics, and the electric field and space charge distribution can be calculated straightforward.

The simulation flow chart is shown in Figure 3-7.
No

At =0.15

Figure 3-7. The simulation flow chart of the conductivity gradient model.
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With the assumptions of the radial space charge distribution within the cable insulation is the same
along the whole cable, independently on the axial and the angular position, the conductivity
gradient model is resolved in 1-dimension, function of radius. The finite element method (FEM)
software, COMSOL, has been used to build this 1-D time-dependent model in the cylindrical
coordinate. Two different modules, Heat transfer (ht) and electric current (ec) have been coupled
and utilized. The medium-voltage size XLPE cable insulation, which is presented in Figure 3-4, is
equally divided into 200 partitions, and the specific quantities are assumed to be constant within

each partition and within a time interval At.

3.2.2 Simulation results

A steady temperature gradient that derived from the thermal Ohm’ Law has been applied across
the insulation, where the inner temperature T(r;) is set to be 65°C and the outer temperature T(r,)

is 45°C.

In (%) (T (n-z ~T(r,) -
In (*)

T

T(r) =T(r,) +

Table 3-1. Parameters used for the conductivity model [74].

Parameter Value Unit
Ac 1*10™ Am?
B. 2*107 Vim
Ea 1.48 eV

The parameters used in the conductivity model are shown in Table 3-1, and they were obtained
from fitting the conductivity function with the conduction current measurements on the thermally
pre-treated XLPE specimens [74]. However, it should be noted that the adopted activation energy
is fairly high in comparison with the values usually found in the literature for XLPE [88]. Although it
has been claimed that the adopted activation energy does not characterize the XLPE insulation
alone, it also includes the effect that the semi-conductive electrodes have on the conduction in the
XLPE. In literature [89], it has been reported that the semicon layer can enhance the charge
injection and further affect the charge behaviour in XLPE. However, there is still lack of evidence
to directly illustrate how the semicon layer affects the conduction mechanism in polymeric
insulation. The parameters are only considered from fitting the semi-empirical equation by
conduction current measurements, and their physical justifications are still need to be further

investigated.
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Figure 3-8. The conductivity gradient across the cable insulation in the presence of temperature

gradient.
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Figure 3-9. The space charge distribution in the MV size cable calculated by the conductivity model.

The conductivity gradient across the cable insulation is shown in Figure 3-8. Due to the temperature
gradient and the divergent field over the insulation thickness at the start, the conductivity at the
inner part is considerably high, but it is low at the outer insulation. The conductivity gradient
decreases with time gradually, and then maintains at a relatively gentle slope, as the field
distribution changes with time. Figure 3-9 presents the space charge distribution evolving with
time in the extruded cable sample calculated by the conductivity model. It can be observed that

only one-polarity (positive) charges accumulated inside the insulation bulk, and the sign is the same
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as the voltage applied at the inner electrode. At the beginning, very limited charges can be
observed at the outer electrode, conversely, much more charges are accumulated at the inner
insulation. The accumulation of charge is believed to generate from the non-uniform current
density along the radius. Due to the presence of the temperature gradient and the divergent field,
an extremely large conductivity gradient is formed across the insulation, therefore charges
accumulate very quickly at this stage, especially at the inner part of insulation. As the steady field
distribution is resistive under DC stress, the outer part will withstand higher electric stress due to a
lower conductivity, and the such resistive field distribution can reduce the conductivity gradient
and slow the charge accumulation. Until t=20000 s, the average of the space charge density in the

insulation bulk is about 0.12 C/m3.
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Figure 3-10. Electric field distribution in the cable insulation calculated by the conductivity model.

The calculated electric field distribution is shown in Figure 3-10. When the DC field is first applied,
the electric field distribution is quasi-capacitive, which is mainly dependent on the permittivity of
insulation, and the insulation close to the conductor withstands the highest electric stress. Because
of the presence of a steady temperature gradient (65-45°C), the conductivity at the inner side is
extremely large while that of the outer area is relatively small. Therefore, the electric field near the
conductor will decrease considerably, but increase in the outer area. Under this 20°C temperature
gradient, the field inversion phenomenon is predicted by this model so that the highest stress

transfers from the inner to the outer insulation.

Although the simulation results from the conductivity model can describe the space charge and
field distribution evolving with time in the cable insulation, there are still some differences when

compared with the experimental results shown in Figures 3-5b and 3-6. The space charge
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distribution calculated by the conductivity model cannot be compared with the experimental data,
as only one-polarity charge is simulated in the conductivity model. Meanwhile, the predicted
electric field distribution near the outer screen at t=20000 s is about 25 kV/mm, which is fairly
underestimated compared with the experimental data of 35 kV/mm. It must be emphasized that
the space charge considered here is not dependent upon the operation of any space charge
generation mechanism, in particular, the space charge distribution is calculated from the non-
uniform current density resulting from the conductivity gradient across the insulation bulk. It is
considered that the accumulated charges are contributed from all types of charge carriers, including
holes, electron and ionic charges, as the parameter conductivity considers the overall contribution

that each type of charge carriers has on the conduction process.

The conductivity model is widely used, as only a few macroscopic parameters (e.g. conductivity as
a function of field and temperature) of the insulation material are required, making it applicable to
many practical situations (such as different geometries and external conditions). Moreover, the
calculation is relatively simple and timesaving. Therefore, this macroscopic model is widely
implemented to predict the electric field distribution for HVDC cable design. However, the
limitations of such models have been recognized as the simulation results are generally different from
the experimental observations [56]. As described above, the conductivity gradient model considers the
extruded insulation as a homogeneous material, and the calculated field and charge distributions are
continuous and regular. Nevertheless, it is well established that the localized space charge accumulation
can be formed in the HVDC extruded cable insulation, due to the complicated charge conduction
mechanism such as charge trapping associated with the highly non-uniform microstructure of the

extruded insulation [90] [58].

3.3 Bipolar charge transport model

An alternative to the macroscopic modelling is the bipolar charge transport theory, which was
developed based on the approaches used in semiconductor physics, providing well descriptions of
the charge generation and transport mechanisms. In the following section, the theory and the

simulation results of the bipolar charge transport model will be presented.

3.3.1 Historical evolution of the bipolar charge transport theory

The bipolar charge transport theory was firstly proposed by Alison and Hill in 1994 for simulation
of charge profiles in degassed XLPE insulation [91]. This primary model features the double
injection of charge carriers along with the extraction at both electrodes without considering the

existence of potential barriers. Moreover, charge carriers were assumed to transport with a
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constant mobility and the carriers could be trapped in deep trapping sites. Their simulated results
supported the qualitative interpretation of space charge dynamics. However, the numerical results
were not well matched with the experimental data due to the simple and limited descriptions on
charge migration and trapping processes. In the same year, Fukuma et al. revised the bipolar charge
transport model by introducing the Schottky injection mechanism at the interface of
electrode/dielectrics. Furthermore, charge transport procedure was described by a hopping
conduction mechanism which was dependent on the electric field and temperature. With these
updates, the simulated results could fit the measured data from Li and Takada well [92]. In 1999,
Kaneko et al. reported a similar revised model to simulate the formation of space charge packets in
XLPE films under high electric field [93]. Bipolar charges were generated by a Schottky mechanism
and transport followed a hopping mechanism. Charge recombination was taken into account and

no deep trapping level was considered. Results were compared with the experiment data including

space charge profiles and external current, nevertheless the fit was not totally satisfactory.

Table 3-2. Features of the principal bipolar charge transport model.

Reference Charge Charge Charge transport | Charge trapping Charge
generation extraction recombination
Constant source | Non-blocking | Constant effective | One deep trap For mobile and
Alison and at both electrodes mobility level, no trapped charge
Hill (1994) electrodes detrapping carriers
Fukuma et al Schottky Extraction Hopping One deep trap For mobile
(1994) injection at potential conduction level, no charge carriers
both electrodes barriers between sites of detrapping
the same energy.
Kaneko et al Schottky Non-blocking Hopping No deep trapping For mobile
(1999) injection at electrodes conduction charge carriers
both electrodes between sites of
the same energy.
Le Roy et al Schottky Non-blocking | Effective mobility / | Trapping on one | For mobile and
(2004-2006) injection at electrodes Hopping deep trapping trapped charge
both electrodes conduction; level with carriers
detrapping

Based on the previous work, Le Roy et al. gave a description of bipolar charge transport theory in

low-density polyethylene (LDPE) in 2004 [94].

In their work, bipolar trapping, transport and

recombination were taken into account, and the potential barrier for charge extraction was

43



Chapter 3

removed, as no evidence of hetero charge accumulation is found based on the experimental
observations in LDPE [95]. In 2006, they further improved the bipolar transport model by
considering the detrapping process [57]. Two kinds of traps in polyethylene were considered in
their approach: the conduction sites for hopping mechanism and the deep trapping sites. The
model parameters have been adjusted by fitting the experimental data from space charge
measurements and conduction current measurements. A good agreement has been achieved
between the experiment and simulation, and a correlation between the measured
electroluminescence and recombination rate has been proposed [96]. The features of the above

charge transport models are concluded in Table 3-2.

The above models can present reasonable charge dynamics within the dielectrics and they have
been further improved by many other researchers around the world, in order to predict the space
charge distribution and understand the space charge processes within the insulation bulk under
different voltage levels [97] [98] [99]. Generally, such models consider the charge generation
arising from injection at the electrodes, the charge transport processes are described by taking into
account trapping, detrapping and recombination. Their solution is always one dimensional,
function of the thickness of plane sample, and time dependent. However, only few attempts have
been made to develop the bipolar charge transport model in cable geometry [100]. Additionally,
the temperature gradient across the insulation also needs to be taken into account, because
temperature could have a huge impact on the space charge behaviour. In 2016, Le Roy et al
proposed a modified bipolar charge transport model within a cylindrical configuration, and the
radial temperature distribution was taken into account [100]. Nevertheless, the source of charges
is the electronic injection defined simply by a modified Schottky law at each electrode, which is

considered to be unsatisfactory for describing the charge injection under low DC field accurately.

In this study, the bipolar charge transport model is modified for simulating space charge behaviour
in a cable geometry. The temperature gradient across the insulation has been taken into account.
Based on many experimental observations, a threshold electric field at which the charge injection

takes place is introduced, in order to define the boundary condition more precisely.

3.3.2 Model descriptions

The bipolar charge transport theory starts from the injection of both positive and negative charge
carriers at the interface of the insulation/electrodes when the applied electric field exceeds the
threshold field. The injected electrons and holes migrate into the bulk of dielectrics towards the
opposite electrodes under the influence of the electric field, forming the conduction current. Due

to the localized energy states existing in the band-gap of the dielectrics, these “traps” may capture
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holes and electrons, forming trapped charge. Moreover, the trapped holes/electrons also have the
possibility to escape from these “traps”. In this model, deep trapping is taken into account through
the existence of a single trapping level for each kind of carriers, and charge carriers have a given
probability to escape from traps. When the charge carriers of opposite polarity encounter each
other in the bulk or at the interface of electrode/dielectric, they recombine and give out energy
normally in the form of light emission, i.e., electroluminescence, so the recombination of opposite
polarity charges also needs to be considered. Therefore, four species are considered in the model,

mobile electrons/holes, trapped electrons/holes, as shown in Figure 3-11 [62].
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Figure 3-11. Schematic representation of the bipolar charge transport model [62].

In the bipolar charge transport model, three space and time dependent equations are presented to

describe the charge behaviour in cylindrical geometry as following, neglecting diffusion,

0V (r,t) 4 10V(rt) _ prt)

or? r  Or €0E, (3-9)
—8n““§;(r’t) %—6 %“r' ) (3-10)
Ja (r,t) = o (r, ) 10y, (r,8) E (1, t) (3-11)

where j is the conduction current density; n is the charge density; E is the electric field; p is the net
charge density; & is the vacuum permittivity, &, is the relative dielectric permittivity, which is
considered as a constant (2.3 for polyethylene). Here a refers to the type of charge, and the

subscript u or t refers respectively to mobile or trapped charge. s are the source terms which
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encompass the changes in local density by the processes other than transport (trapping, detrapping

and recombination). The expressions for source terms of each species are given by:

on, N,
seu: Ttﬂl :781nhtneu S3nhu e B U2 <1 ng;) +-Denet
0
Spy = AL SoNet My — S3Mpy My, — Brn, <1 T ) + D), ny,
6t Mot (3 12)
on, )
Set — 8tt = S2nhu et SOnhtnet+B neu<]— ngﬁ) 7Denet
anht Mpt
S =g = = 1Ty — SoTuTe + By, <1 - ) — Dy
6t Noht

where Sey, Shu, Set, Sne are the source terms for each species; So, S1, Sz, S3 are the recombination
coefficients for different opposite species; B., B, are the trapping coefficients for mobile
electrons/holes; ney, Net, Nhy, Nyt respectively indicate the densities of each species; Noet, Nont are the
trap densities for electrons and holes. D., Dy are the detrapping coefficients for electrons and holes

of the form [101]:

—€- wtre,trh) (3_13)

D,,(rt) =v- exp( T (1)

where wi and wy are the potential barriers for charge carriers escaping from traps. The charge
carrier recombination is accounted by considering different coefficients S;for several electron-hole
pairs. These coefficients are of the Langevin form [100], function of the carrier mobility, hence

function of temperature, which can be written as follows:

So =8t n (7'7t) =0

(1,

Slz eyht(r t)_uggz )
¢ (3-14)

Sy = eth,u(r t) = M:;EZ )

pe (ryt) + g (ryt)
(r,t) = .

S3_ ep,hu

Conduction between shallow traps is described using a temperature-dependent hopping type

mobility of the form, for each kind of charge carriers:

2d,v Wee ) . + [eE(r,t)d
. ,t e, h 9 a _
Hen (1) = Fr p(mm) sin <2kBT<r> (3-15)
where d, is the the average distance between traps (in the order of nm) and the form of which has

been described in literature [101]; e is the elementary charge; T is the temperature inside the
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dielectric, function of radius; kg is the Boltzmann’s constant; w,. and w,, are the hopping barrier

heights for electrons and holes respectively. v is the attempt to escape frequency.

The Schottky injection of charge carriers takes place at the interface between the conductor and

the insulator when the applied field is higher than the threshold field, which is of the form:

0= ATQ(T)eXp<kBT( ))e p(kB;(r) Ziiﬁﬁ))

e eE(r,t) )

(3-16)
]h(rzvt) ATQ(T)eXp<kBT( )> exp (kBT('r) 471'80&}

where we; and wp,; are the injection barrier heights for electrons and holes respectively. The
conventional boundary condition is only defined by the Schottky injection law at the electrodes, as
shown in Figure 3-12a. From the previous work done by Liu et al, a value of threshold field of 10
kV/mm has been identified for charge injection in polyethylene [102]. Therefore, in this study,
when the applied field exceeds the critical value (10 kV/mm), the boundary is defined by the
Schottky injection law at both electrodes. However, there are still few space charges can be
detected when the bulk is subjected to relatively low DC electric field. These charge carriers are
suggested to be generated due to the Ohmic conduction at the interface between metal and
dielectrics, and such contribution is considered as a linear field-dependent function [103], which is
defined as a first order function that connects the zero point with the value of Schottky injection
current density at the threshold to avoid discontinuity during the numerical modelling. In this
model, the Schottky injection law dominates when the applied electric field exceeds the threshold,

and the conduction of Ohmic type takes over under the low field, as shown in Figure 3-12b.

J [A/m2] J [A/m?]
Threshold ielectric field

/

/

Schottky injection
e
L me= - == Schottky injection
hmic conduction

E [kV/ 10

[kV/mm] E [kV/mm]

(a) (b)
Figure 3-12. Schematic modified boundary condition as a function of electric field (not to scale): (a)

conventional condition; (b) modified condition.

It should be noted that the extraction barriers of charge carriers are not considered, and the
extraction fluxes for holes at the cathode and for electrons at the anode follow the transport

equation. The simulation procedure is explained in the flow chart as shown in Figure 3-13, and N
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is the number of the time steps. The time step 4t in the computation must satisfy the Courant-

Friedrich-Levy relation (CFL), involving that the charge displacement within At is less than the size

Ar, as presented below:

At < — (3-17)

Figure 3-13. Flow chart of bipolar charge transport model.

)

v

Figure 3-14. The schematic representation of the cable geometry and the one-dimensional grid

used for the simulation.
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It is assumed that the radial space charge distribution within the cable insulation is the same along
the whole cable, independently on the axial and the angular position. Therefore, the bipolar charge
transport model is resolved in 1-dimension, function of radius. The bipolar charge transport model
can be implemented by using either MATLAB coding of partial differential equation (PDE) solvers,
or by building model with COMSOL Multiphysics. The obtained simulation results from both

methods are consistent, which has been proven by the author.

In this chapter, the simulation results of the bipolar charge transport model are obtained from
COMSOL Multiphysics. The “Transport of Diluted Species (tds)”, the “Heat Transfer in Solids (ht)”
and the “Electrostatics (es)” modules have been utilized to simulate the charge dynamics migrating
in electric field. Figure 3-14 presents the schematic discretization grids used for the simulation.
The thickness of the cable sample is divided into 200 divisions of different sizes of Ar. In order to
optimize the simulation results, the Ar is set to be smaller close to the electrodes. The smallest cell
Ar next to the electrodes is of the order of 0.5 um, and the maximal is about 100 times as thick as

the smallest one.

3.3.3 Simulation results

In this section, simulations have been performed on the same MV size cable with the same thermal
and electrical conditions. The parameters used in the bipolar charge transport model are given in
Table 3-3, and they are mostly the ones that have been optimized from measurements achieved on
space charge for a plane parallel LDPE [57]. The injection barrier height at the interface of
aluminum/polyethylene has been experimentally measured in literature [104], which is about 5 eV
for electron injection. However, when applying the theoretical value in Schottky injection law, the
simulated current density is much lower than the experimental observation, as the theoretical value
does not consider the local conditions of the interface and it cannot be used in the simulation. The
range of the injection barrier height has been concluded by other charge transport model in
polyethylene-based material, which is from 1.1 to 1.3 eV [57] [101]. The lower the injection barrier
height, the more mobile charge carriers can be injected. The hopping barrier heights are deduced
from the space charge and conduction current measurements at different temperatures, and the
simulated charge mobility is in the range of 103-10"> m?Vs, The detrapping barrier height refers
to the depth of deep traps, and it can be estimated from the space charge decay results, which is
always in the range of 0.9-1eV. The trapping coefficient affects the probability of mobile charges
being trapped, and a larger trapping coefficient leads to a larger amount of trapped charges, which
limits the charge movement in the insulation bulk in consequence. The recombination coefficients

follow the Langevin form, function of charge mobility, and hence in the range of 102-10* m3Cs™.
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It has been found that the recombination coefficients lay in this range have limited impacts on

current density, so the charge density is weakly affected [57].

Table 3-3. Parameters used in the bipolar charge transport model [57].

Parameter Value Unit
Injection barrier height wei for electrons 1.27 eV
whi for holes 1.20 eV
Trapping coefficient B. for electrons 0.05 st
By for holes 0.05 st
Hopping barrier height (for | w,. for electrons 0.71 eV
mobility) wy for holes 0.65 eV
Detrapping barrier height Wire fOr electrons 0.96 eV
Wirh for holes 0.99 eV
Trap density Noet fOr electrons 100 Cc/md
Nont for holes 100 C/m3
4 :
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Figure 3-15. The calculated space charge distribution in MV size cable with a steady temperature

gradient across the insulation.

When the DC voltage is applied, holes and electrons are injected from the anode and the cathode
respectively, moving towards the opposite electrode under the influence of electric field, as shown
in Figure 3-15. It is observed that the amount of holes penetrated into the volume increases with

the time, but the electrons seem to remain in the vicinity of the cathode and the movement of
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them is not obvious as holes. Until t=20000 s, the bulk has been charged adequately with holes and
electrons. The presence of extensive homo charges near the electrodes strongly decrease the
electric field, especially at the anode, leading to an approximately non-injecting electrode shortly

after the application of voltage, as presented in Figure 3-16.
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Figure 3-16. The electric field distribution within the insulation computed by the bipolar charge

transport model.

The field variation within the insulation follows the movement of positive and negative charge
carriers. With the increasing time, it can be observed that the maximal electric field location shifts
from the anode to the cathode gradually. Namely the so-called stress inversion phenomenon,
which has been widely reported in loaded HVDC cables, can be simulated by the bipolar charge
transport model. At t=20000 s, the maximal electric field at the outer insulation has reached 36
kV/mm, which is very close to the experimental data. It can be argued that the simulation results
from the bipolar charge transport model, such as the movement and distribution of charge carriers,

are more comparable with the experimental observations shown in Figures 3-5b and 3-6.

3.4 Comparisons of the two models on simulating electric field in DC

cable insulation

Both models are able to present appropriate features on charge behaviour and electric field
distribution in a MV size DC cable insulation. The field inversion can be observed with both models
under the steady temperature gradient. However, there are still some differences when compared

with the experimental observations. First, the space charge distribution performed by the
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conductivity model is very different from the experimental results shown in Figure 3-5b, as only
one-polarity charge is considered. Meanwhile, the final electric field distribution predicted by the
macroscopic model at the outer side is 25 kV/mm, which is fairly underestimated compared with
experiment data. In contrast, both the charge movement and field variation simulated by the
bipolar charge transport model are very consistent with the experimental observations.
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Figure 3-17. The total charge amount calculated by the macroscopic model.

Figure 3-17 shows the total charge amount evolving with time calculated by the conductivity model.
The amount of charges increased dramatically in the first 10000 s and then maintained at 5.2x10*
C/m? for the rest of time. The formation of the accumulated charges in the conductivity model is
considered to be originated from the inhomogeneity of the conductivity across the insulation. At
the initial stage, when the conductivity gradient along the radius of the insulation is steep, due to
the presence of temperature gradient and the divergent field, charges would accumulate quickly.
Then the variation of electric field would decrease the conductivity gradient and counterbalance
the dissimilarity of the current density along the insulation. It has to be announced that the
accumulated charges may be contributed from all types of charge carriers, including holes, electron
and ions, as the parameter conductivity considers the overall contribution that each type of charge
carriers has towards the conduction process. However, each kind of charge carriers behaves
differently on the conduction process. The mobility, the possibility of being trapped and de-trapped
and even recombination could be different from others, therefore, it might be not appropriate to
consider the overall contribution of them. Besides, no information is provided about charge
injection at the interface, but the charge accumulation at the interface affects the electric field
distribution greatly. Additionally, the equivalent insulation is considered to have a conductivity

function of which the parameters do not depend on the position. However, on the one hand, the
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conductivity at the interface of the electrode/insulation may differ from the one inside the bulk,
due to the surface effect [105]. On the other hand, the impurity concentration could be non-
uniform along the insulation thickness, which also contributes to the inhomogeneity of dielectric
properties.
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Figure 3-18. The charge amount for holes and electrons simulated by the bipolar charge transport

model.

The total charge amount of holes and electrons (including trapped and mobile) inside the bulk
computed by the bipolar charge transport model are shown in Figure 3-18. Shortly after the
application of DC voltage, much more holes are injected from the anode compared with electrons,
and this large amount of positive charges strongly decreases the field strength at the anode, which
suppresses the injection of holes. This is a consequence of a higher temperature at the inner side
and a lower Schottky injection barrier for holes. Therefore, the total net charge amount inside the
bulk increases very rapidly in the first 100s. Due to the injection of electrons and the interaction
between holes and electrons, the total net charge amount decreased and maintained at about
5.1x10* C/m? since 15000s, which is approximate with the total charge amount calculated by the
conductivity model at the stationary state. It can be argued that the charges accumulate at the
disuniformities of conductivity may be as the overall contribution of each kinds of charge carriers.
Note that the bipolar charge transport model does not consider the ionization process, in spite of
this, both the charge movement and the field variation seem to be more consistent when compared
with the experimental data, as it gives very well descriptions on charge injection from the
electrodes and charge transportation mechanisms inside the bulk. However, it is more complex

when using the model in practical situations, as many parameters need to be taken into account
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carefully. The parameters related to charge generation and transportation mechanisms cannot be
obtained with a straightforward way by independent experiments. Currently, the parameters used
in the simulation is still based on the LDPE, and they need to be further optimized for a XLPE
material. Moreover, the treatment of physical processes like ionization and hetero-charge build-
up is not considered, which also limits its performance. The differences between the two models

on simulating charge and field distribution in HVDC cable are summarized in Table 3-4.

Table 3-4. Comparison between the conductivity model and the bipolar charge transport model.

Conductivity gradient model Bipolar charge transport model
Features e Fewer parameters e More accurate and reliable
e Simple and practical e Well descriptions on charge
e Maybe accountable for ionic generation and transport
charge carriers processes
Challenges e Only one-polarity charge is e The parameters cannot be
simulated obtained straightforward, and
e The parameters of the the parameters still need to be
conductivity function are further optimized for a XLPE
independent of the position material.
e No descriptions on charge e lonic charge behaviour is not
injection at the boundary considered yet.

3.5 Space charge behaviour and transient field distribution in polymeric

cable under voltage polarity reversal

The operation stages of the HVDC cable system has been described in detail in literature [85],
including raising up the voltage, switching off the voltage and the voltage polarity reversal. It is
known that high electric stress may occur at the conductor immediately after reversing the polarity
of the applied voltage. Especially in the case of a loaded cable, the temperature gradient across
the cable insulation promotes the space charge accumulation, which may result in unacceptable
stress on the dielectric when the polarity of the applied voltage reverses. This problem has been
limiting the application of extruded HVDC cables to VSC technology only, which allows to reverse
the power flow direction by reversing the current flow, without permitting any voltage reversal.
Indeed, polarity reversal withstand is extremely important for the resistance of the insulation to DC
breakdown, as it has been shown that the breakdown resistance is reduced by approximately 10%

on polarity reversal [3]. A great research effort has been made to solve this problem. Consequently,
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new XLPE-based compounds are being developed and the industrially produced extruded HVDC

cables are able to withstand the voltage polarity reversal [54].

Polarity reversal duration Polarity reversal duration
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(a) (b)
Figure 3-19. The schematic representation of applied polarity reversal voltage waveforms (not to
scale): (a) a fast polarity reversal without earthing; (b) a slow polarity reversal with

earthing [5].

In order to study the space charge behaviour and its effect on the transient field distribution under
polarity reversal, the bipolar charge transport model is employed to simulate the space charge
dynamics in polymeric cable insulation subjected to the two different types of voltage waveform,
as presented in Figure 3-19. In the fast type of polarity reversal, as shown in Figure 3-19a, a positive
voltage of 90 kV is applied at the conductor for 20000 s, then voltage is ramped linearly down to a
negative voltage of -90 kV within 100 s and maintained at the same level for 20000 s. In the case
of a slow polarity reversal, the polarity reversal is achieved by ramping down the voltage to zero
which lasts 100 s, thereafter the cable conductor is left grounded for a period of 1000 s, then the
voltage is ramped up to the opposite polarity in 100 s and then maintained for 20000 s, as shown
in Figure 3-19b. Simulation is performed in the same MV size polymeric cable in the presence of a
same temperature gradient (65-45°C), and the parameters used for the bipolar charge transport
model are from Table 3-3, in order to investigate the space charge and field distribution in the

insulation bulk after being subjected to the reversed voltage.

Since the anode and the cathode are reversed when the polarity of the applied voltage reverses,
the direction of electric field need to be considered, and the electric field is set to be positive when
the field direction is outward radial. Following the modified boundary condition setting at each
electrode, which has been described in Section 3.3.2, the injection and extraction of holes at both
interfaces are presented in Figure 3-20, and the electrons will be injected and extracted in a similar

way. After the application of a positive DC voltage at the conductor, the holes will be injected
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following the Schottky injection law from the conductor and be extracted following the transport
equation at the outer sheath. The field strength at the conductor is reduced due to the
accumulated homo charges, and the linear conduction equation takes over under the low DC field.
When the field direction is reversed, the outer sheath becomes the anode from which the holes

will be injected, and the holes will be extracted at the conductor under the negative field.

Boundary conditions at the electrodes for holes

Y
/ Conductor \ Insulation / Outer sheath \

Schottky injection Extraction

E>10 kV/mm E>o0 kV/mm

Ohmic conduction

e [T Ohmic conduction
-10<E<0 kV/mm
Extraction Schottky injection

\ E<o kV/mm / K E<-10 kV/mm /

~

Figure 3-20. The boundary conditions for holes’ injection and extraction at each interface.
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Figure 3-21. Space charge distribution along the insulation radius evolving with time under the fast

voltage polarity reversal.
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The simulation result of space charge profiles in the case of a fast polarity reversal is presented in
Figure 3-21. The charge distribution in the first 20000 s is the same with the results given in section
3.3.3, and it should be noted that the axis of the space charge density has been truncated for
observing the space charge distribution more clearly. Considerable positive charge carriers are
injected and they penetrate much deeper than the electrons due to the higher mobility and the
lower injection barrier height. After the polarity reversal, the electrons are injected from the inner
electrode, and they migrate gradually into the bulk due to the higher temperature at the inner part.
In contrast, the holes injected from the outer sheath seem to remain in the vicinity of the outer
electrode, owing to lower mobility related to lower temperature, and they offset the accumulated

electrons near the outer sheath gradually.
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Figure 3-22. The calculated electric field distribution in polymeric cable insulation subjected to a

fast voltage polarity reversal.

The corresponding electric field distribution within the insulation bulk is given in Figure 3-22. In the
first 20000 s, the maximum field strength transfers from the inner to the outer part. Immediately
after the polarity reversal, by superimposing the local field generated from the space charge
accumulation, the electric field strength at the conductor reaches about -55 kV/mm. This is because
the formation of considerable homo charges near the anode becomes hetero charges when the
voltage polarity is reversed, which enhance the field strength greatly. Even if the overstress is not
as high as to exceed the breakdown strength of the insulation, it can however accelerate the
degradation reactions by the electrostatic energy associated with the accumulated charge and
cause the formation of weak points in the insulation material, triggering ageing processes [4]. It

has been confirmed by experimental data that the polarity reversal causes a reduction in the life of
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the insulation material [43]. The electrons are injected from the conductor under the reversed
voltage, and the accumulated positive charges near the inner electrode are gradually extracted,

leading to a reduced field strength at the conductor at last.
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Figure 3-23. Space charge distribution along the insulation radius evolving with time under the

slow voltage polarity reversal.

In the case of a slow polarity reversal, the space charge profiles evolving with time are displayed in
Figure 3-23, and the overall trend of space charge profiles is similar with the result in the case of a
fast polarity reversal. The only difference is the positive charge accumulation near the conductor
can be significantly eased by grounding the conductor to earth before the application of the
reversed polarity voltage, as pointed out in the enlarged figure. The calculated electric field
distribution within the insulation bulk is shown in Figure 3-24. It can be observed that, after the
polarity reversal, the field strength at the conductor is enhanced to about -45 kV/mm, which is fairly
lower compared with the result in the case of a fast polarity reversal. Indeed, if the cable conductor
can be grounded for a longer time, much less space charges will be present within the insulation
bulk due to the extraction or to the injection of charge carriers with the opposite polarity, and the
field strength at the conductor immediately after the polarity reversal will be lower. At last, the

final electric distribution is very similar to the result in the case of a fast polarity reversal.

In conclusion, the bipolar charge transport model is quite adequate to simulate the space charge

behaviour and field distribution within the cable insulation subjected to transient voltage, taking
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into account the operation stages of the HVDC cable systems. In addition, a slow polarity reversal
is considered to be preferable as it leads to a much lower field strength at the conductor

immediately after the application of the reversed voltage.
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Figure 3-24. The calculated electric field distribution in polymeric cable insulation subjected to a

slow voltage polarity reversal.

3.6 Summary

Both the conventional conductivity model and the bipolar charge transport model are introduced
and employed to simulate the space charge and field distribution in the MV size polymeric cable
insulation. Based on many experimental observations, a threshold electric field at which the charge
injection takes place is introduced into the bipolar charge transport model. The bipolar charge
injection, the charge conduction mechanism, the charge trapping, detrapping and recombination
processes are taken into account in the bipolar charge transport model. In the presence of a steady
temperature gradient, the field inversion phenomenon has been observed by both models.
Compared with the previous experimental results in the same size polymeric cable under the same
electrical and thermal conditions, the simulation results from the bipolar charge transport model
are more consistent, and the well-described charge injection and charge transport mechanisms are
believed as the main reason for the better performance of the bipolar charge transport model. It
is suggested that the ionic charge behaviour need to be further considered into the new modelling
approach, which will be introduced in the Chapter 5, and the parameters used for simulation still
need to be optimized for a XLPE material. In addition, the bipolar charge transport model is also

used to investigate the transient field distribution in cable under the polarity reversal. The
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considerable field enhancement near the conductor after the polarity reversal has been simulated.
It seems the slow polarity reversal is more preferable than the fast one, as the space charge
accumulation could be released to some extent during the grounding stage. In consequence, the
bipolar charge transport model is suitable to investigate the space charge behaviour under various

transients, such as considering the operation stages of the HVDC cable systems.
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Chapter4 Thermal transient effects on space charge

behaviour in DC cable insulation

In practical operation of HVDC cable system, the load current flowing in the cable conductor varies
with the transmission power according to daily cycles, which would change the temperature
gradient across the insulation. Due to high temperature dependence of charge generation and
transport mechanisms, it is essential to consider thermal transient effects into the numerical
modelling, in order to predict the electric field distribution of the HVDC cable subjected to load
cycles. In this chapter, the temperature dependence of charge generation and transport is
described and a simple heat transfer model is built within COMSOL to simulate the transient
temperature distribution across the insulation. Section 4.2 deals with the impacts of thermal
transients with a changing current flowing in the conductor, in order to observe the space charge
behaviour and field variation in cable insulation. Furthermore, simulation is also performed by
considering a cyclic load, aiming to investigate the electric field distribution under different load

conditions.

4.1 Thermal effects and the heat transfer model

Previous research has revealed that space charge accumulation in polyethylene-based material can
be highly affected by temperature [106] [107] [108]. Generally, a higher temperature at the
electrodes implies a higher charge injection, and also a higher charge mobility. In this study, the
space charge and field distributions subjected to time-varying thermal conditions are investigated
by modelling via bipolar charge transport theory. The charge injection at the boundaries is
described by the Schottky injection law when the applied field exceeds the threshold (10 kV/mm),

and for holes the equation is given by,

— W, E(r,
30 =7 55 )

A linear conduction function of Ohmic type is used to describe the injection current density when
the field strength is below the threshold, and the calculated injection current density from the
anode at different temperatures is given in Figure 4-1. It can be observed that the charge
generation source is highly dependent on the temperature in the presence of 20 kV/mm electric
field. The charge conduction mechanism is described by using a hopping type mobility as a function

of field and temperature, as given below,
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2d,v €Wy . . [eE(r,t)d
= T A Rl (4-2)

Her () = 51 exp(kﬂ(r))sm <2kBT(r)
The impacts of electric field and temperature on the mobility for holes and electrons are shown in
Figures 4-2a and 4-2b respectively. The variation of temperature from 25°C to 65°C has a larger

impact on the value of the mobility (increase by more than one order of magnitude), compared

with the variation of electric field from 10 kV/mm to 40 kV/mm.
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Figure 4-1. Calculated injected current density from the anode at different temperatures.
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Figure 4-2. (a) Calculated mobility as a function of electric field at 25°C. (b) Calculated mobility as

a function of temperature at electric field of 20 kV/mm.

In order to achieve a time-varying thermal gradient across the cable, a load current is applied in the

core of the MV size cable, which has been used for simulation in last chapter. Heat transfer is
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described as the movement of energy due to temperature dissimilarity. Based on the time-
dependent heat transfer equation shown as following, the dynamic temperature distribution over
the insulation thickness could be obtained via modelling of COMSOL Multiphysics.
oT
pdeE =V (kVT) + Q (4'3)
where py is the material density; C, is the heat capacity at constant pressure; k is the thermal

conductivity; Q is the heat generated from the conductor, of the form:

Q: IQ,Oal

ye (4-4)

where A is the cross section area of the conductor, about 50 mm?; / is the load current; p is the

resistivity of the cable core, which can be expressed as:

Pai = P20 (1 + ang (Tc - 20)) (4-5)

where T, is the conductor temperature; pis the resistivity of aluminium at 20°C (2.8264x10®8 Q-m);
a2 is the temperature coefficient of aluminium at 20°C (4.03x103 1/K), and these parameters are
from IEC standard 60287 [109]. The outer surface of the insulation is cooled by convective heat
flux with a heat transfer coefficient of 30 W/(m?2:K), which is used to described the heat transfer at
the interface between polymeric material and air environment. The external temperature is set to
be the room temperature of 20°C. The parameters used for computing dynamic temperature

distribution in the cable is given in Table 4-1.

Table 4-1. Parameters used for heat transfer model [110]

Parameter Conductor (Al) Semicon XLPE
Thermal conductivity (W/(m-k)) 205 0.4 0.3
Density (kg/(m*3)) 2700 1100 925
Heat capacity at constant pressure 910 2400 2300
(J/(kg-k))

It has been identified that, when a current of 300 A is applied to the core of the MV size cable, a
quasi-equilibrium (about 65°C-45°C) can be reached after 5000 s heating, and the thermal condition
can be maintained in the rest of time, as shown in Figure 4-3. Similarly, a temperature gradient of
10°C (about 40°C-30°C) can be formed after 5000 s with a load current of 200 A flowing in the cable
conductor. It must be emphasized that, the simulated thermal conditions in this study cannot be

compared with the real temperature distribution in the practical DC cable application. Indeed, the
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cable structure consists of conductor, inner semicon layer, insulation layer, outer semicon layer,
metallic screen, sheath and armouring, etc., and each of them is made of material of different
thermal properties. Additionally, the ambient environment can affect the temperature distribution
greatly. In this study, for sake of simplification, only the conductor, inner-semicon layer and
insulation layer are considered, and the outer insulation surface is considered to be exposed to the
air. The aim is to investigate the space charge behaviour in the cable insulation subjected to a time-

varying temperature gradient.

70r
65
60
55
50
45
40
35
30
25 — S
2 (e el e——

B 6 7 8 9
Radius (mm)

Temperature (°C)

Figure 4-3. Dynamic temperature distribution across the cable insulation with a load current of 300

A.

4.2 Thermal transient effects with a changing load current
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In loaded HVDC cable systems, the current flowing in the conductor varies with the transmission
power, and the temperature gradient over the insulation thickness changes at different load
conditions. Therefore, it is essential to investigate the space charge dynamics and field distribution
under thermal transient. Two cases are considered here, in the first case, the load current flowing
in the cable conductor is set to be 200 A in the first 20000 s, then is raised to 300 A for the rest
20000 s. In this situation, the temperature gradient inside the bulk is raised and maintained at 40-

30°C in the first period, and then raised and maintained at 65-45°C in the rest of time, as illustrated

in Figure 4-4a.
L =100 s
=10000 s
P 3! -20000 s/ |
£ 25000 s
o +~30000 s
e 2 40000 s||
2z
n
c
3
v .
9 crtllg b
LL:——@—)(——' N T ——
& 0 n
o
[
=2 -1
2 |

7
Radius (mm)

Figure 4-5. The simulated space charge profiles with a changing current (200-300 A) flowing in the

core.

Under this thermal transient state, the space charge behaviour and field variation are calculated by
employing the bipolar charge transport model. Figure 4-5 shows the space charge density profiles
evolving with time. Both the holes and electrons can be observed near the electrodes at the
beginning but it seems that they do not penetrate into the volume. Until 20000 s, both positive
and negative charge carriers still remain near the electrodes. After 20000 s, the temperature across
the insulation is increased significantly, so is the mobility for each type of charge carriers, therefore
both holes and electrons can migrate into the bulk quickly. Compared with the results shown in
Figure 3-15, the final space charge distribution is very similar. This is particularly surprising as the
temperature distribution is very different in the first 20000 s, as if the initial low temperature

distribution cannot affect the final charge distribution.

The electric field variation over the insulation thickness is presented in Figure 4-6. It can be
observed that the maximal electric field location remains at the inner electrode in the first period

(t<20000 s), and the variation is very limited. However, when the overall temperature increases
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and the temperature gradient is raised up to 20°C, the maximal electric field location shifts from
the inner to the outer part gradually. In other words, the stress inversion phenomenon cannot be
obtained when the general temperature is relatively low and the temperature gradient is small.
Only when it comes to a higher temperature and a larger temperature gradient, the field

distribution can be inversed.
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Figure 4-6. The simulated electric field distribution with a changing current (200-300 A) flowing in

the core.
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Figure 4-7. The calculated space charge distribution with a changing current (300-200 A) flowing in

the conductor.

In another case, the load current is set to be 300 A in the first 20000 s, and then is lowered to 200

A for the rest 20000 s. Therefore, the temperature distribution is raised and maintained at 65-45°C
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in the first period, then is descended and maintained at 40-30°C in the rest of time, as presented in
Figure 4-4b. Figure 4-7 shows the space charge distribution calculated from the bipolar charge
transport theory. During the first period (t<20000 s), both holes and electrons penetrate into the
volume quickly, due to the large temperature gradient formed in a short time. Interestingly, after
the load current is reduced to 200 A, the charge movement almost remain unchanged, and it seems
to be frozen at the same position. The electric field distribution also behaves in keeping with the
space charge distribution, as presented in Figure 4-8. The maximal electric field location shifts from
the inner to the outer insulation in the first period, and then it remains consistent in the rest of
time. It can be explained by the highly temperature-dependent mobility of both positive and
negative charge carriers, as illustrated in Figure 4-2b. The movement of charge carriers become
extremely slow under this relatively low thermal condition. Moreover, much less charge carriers
can be injected from the electrodes due to the low electric field and the low temperature in the

second period.
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Figure 4-8. The calculated electric field distribution with a changing current (300-200 A) flowing in

the conductor.

From the above results it can be concluded that the field inversion can only take place with a higher
temperature and a larger temperature gradient. When the MV size polymeric cable is subjected to
different temperature gradients with the applied DC voltage of 90 kV, the electric field distributions
at the start and at t=50000 s are presented in Figure 4-9. It can be observed that the field inversion
cannot take place when the insulation is subjected to a steady temperature gradient of 45-25°C or
in the case of 45°C isothermal condition. And the value of the final maximum electric field near the
cathode is higher in the case of a steady temperature gradient of 65-45°C than the one in the case

of 65-55°C, namely, the larger temperature gradient is, the more severe field inversion can be
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observed, which has been observed experimentally in literature [58] [111]. It is also worth noting
that the predicted maximum electric field location does not change with the decreasing
temperature across the insulation, in other words, the field inversion still presents even with a

lower load current flowing in the core of cable.
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Figure 4-9. The electric field distribution in polymeric cable at the applied voltage of 90 kV subjected
to a steady temperature gradient of (a) 45-25°C (b) isothermal case 45°C (c) 65-55°C
(d) 65-45°C.

4.3 Space charge and field distributions in DC cable subjected to cyclic

load

Generally, apart from the statistical fluctuations due to the random time-varying nature of the
supplied load (e.g. electric power generation from the wind farm) and the deterministic fluctuations
associated with the seasonal characteristics of the loads, HVDC cable systems are subjected to daily
load cycles [112]. A cyclic load profile shape is characterised by the ratio of time spent at high
power to low power and the magnitude of high and low loads as is illustrated in Figure 4-10, where

Irate is the high load current and ATq is the time duration of high load periods; /i is the low load
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current and AT is the time duration of low load periods. In daily load cycles, high load periods
generally represent the on-peak demand in the day and low load periods represent the off-peak
demand in the night. It is assumed that AT, lasts 16 hours with a current of 300 A flowing in the
core of the MV size cable and AT, lasts 8 hours with a current of 200 A flowing in the conductor in
a single day. In this situation, the transient space charge and field distributions predicted by both
traditional conductivity model and the bipolar charge transport model are given in the following.

The simulation lasts 3 days, and starts with the high load period.
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Figure 4-10. Generic cyclic load profile [112].
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Figure 4-11. Space charge profile calculated by the conductivity model in daily load cycles.
As the Figure 4-11 presents, in the high load periods (0-16 h) (24-40 h) (48-64 h), three similar
stationary charge distributions can be obtained, and the accumulated space charge densities are

generally higher than the ones formed during the low load periods (16-24 h) (40-48 h) (64-72 h). It

is due to the magnitude of the conductivity decreases significantly with the temperature dropping,
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and both the inversed field distribution and the lower temperature gradient contribute to form a
gentler current density gradient across the insulation. Correspondingly, the electric field
distributions in the high load periods are different from the ones formed in the low load periods, as
presented in Figure 4-12, and the slopes of the electric field gradients in the high load conditions

are bigger.
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Figure 4-12. Electric field distributions calculated by the conductivity model in daily load cycles.
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Figure 4-13. Space charge distributions calculated by the bipolar charge transport model in daily

load cycles.

Figure 4-13 presents the transient space charge distributions under the daily load cycles simulated
by the bipolar charge transport model. It should be noted that the y-axis has been truncated in

order to better observe the movement of charges within the insulation bulk. The bulk has been
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charged adequately by both positive and negative charge carriers after the first high load period (0-
16 h), and it can be observed that the following variation of space charge accumulation in different
load periods is very limited. In the first high load period (0-16 h), the electric field strengths at both
electrodes are decreased significantly by the presence of considerable homo charges, leading to
poor injection current densities at both electrodes, and much less charge carriers can be injected
with restricted movement during the low load periods due to the lower temperature. The high load
periods may lead to a slightly larger charge accumulation inside the bulk and a gently higher
maximum field strength at the outer insulation, as shown in Figure 4-14. The location of the
maximum field strength always remains at the outer insulation, whether the cable is subjected to

a high or low load current.
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Figure 4-14. Electric field distributions calculated by the bipolar charge transport model in daily

load cycles.

Both the output results calculated from the traditional conductivity model and the bipolar charge
transport theory indicate that the effect of daily load cycle on the charge and field distribution in
the cable insulation is inconspicuous. The final space charge and field distribution mainly depends
on the high load period, and the impact of a low load current on the charge behaviour can be almost
neglected. The maximum field strength always locates near the outer sheath. In consequence, the
bipolar charge transport model is able to simulate the space charge behaviour in the cable
insulation subjected to cyclic load by considering the temperature-dependent charge injection and
conduction, and the electric field distribution under the high load period needs to be taken into

account in DC cable design.
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4.4 Summary

The bipolar charge transport model is employed to investigate the space charge behaviour in cable
insulation subjected to transient temperature distribution. By applying a changing current to the
cable core, it is found that the field inversion can only take place with a high load current which
represents a higher general temperature and a larger temperature gradient, and this phenomenon
can still present even with the temperature decreasing. Simulation has been performed to study
the space charge dynamics in cable insulation subjected to daily load cycles. The results suggest
that the maximum electric field strength is always maintained near the outer insulation, and both
the charge and field distribution are mainly dependent on the high load period. These results need
to be considered when designing the DC polymeric cable systems, since the temperature-
dependent space charge accumulation is a degradation acceleration factor and the temperature

distribution across the cable can change significantly with loading conditions.
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Chapter 5 Modified bipolar charge transport model by

considering ionization process

Cross-linked polyethylene, commercially known as XLPE, exhibits a desirable combination of
properties for being applied as the main insulation of power cables. It is widely used in HVAC cable
systems and now it has been also successfully applied in HVDC systems since the development of High
Voltage Self-Commutated Voltage Converter (VSC) technology. However, space charge accumulation
under DC field is one of the major technical problems in HVDC XLPE insulated cable operation and
design. Previous research has verified that space charge in XLPE may be generated from the charge
injection or from the ionization process of some dissociable chemical species, such as crosslinking by-
products, antioxidants and other impurities. In the light of this, this chapter aims to simulate the
space charge behaviour in XLPE by considering the formation of hetero charges. Space charge
measurements have been carried out on LDPE, fresh and degassed XLPE samples, in order to
observe and compare the homo charge and hetero charge formation. A modified bipolar charge
transport model by considering the dissociation of impurities is proposed and employed to simulate

the space charge behaviour in XLPE.

5.1 Hetero-charge formation

Many researchers have studied the space charge behaviour in polymeric insulation materials by using
the space charge measurement techniques. Hozumi et al. found that hetero charges tend to be
formed in XLPE cable insulation when the applied DC field is at 20 kV/mm, owing to dissociation of
impurities within the insulation bulk [71]. Takeda et al. reported that the hetero charges were formed
due to the presence of thermally dissociated antioxidant, and the crosslinking by-products such as
acetophenone also assisted the hetero charge formation [113]. Sekii et al. also found that the
combination of acetophenone and moisture is responsible for hetero charge creation [114]. By
investigating the effects of crosslinking by-products on charge formation individually, Maeno et al.
reported that acetophenone accounts for hetero charge accumulation, which presents presumably
as a synergistic effect with water [115]. The impacts of thermal treatment on XLPE thick samples
have been investigated by Fu et al., and it was found that the residues behave like ion-pairs which
contribute to hetero charge formation [40]. With the observation of fast charge packets in XLPE
samples under high DC field (over 20 kV/mm), it can be debated that the blocked extraction of injected
charge carriers also assists the hetero charge formation [59]. In addition to these, the properties of
the semicon/insulation interface may play a major role in charge accumulation, as the contained

impurities may diffuse into the bulk, assisting the formation of hetero charges [116]. However, it is
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still difficult to distinguish whether the hetero charges are partially blocked charge carriers at the
extraction electrodes or dissociated ionic charges, as the space charge measurement results only reveal

net charge density, and the ionic charge behaviour in polymeric insulation is still indistinct.
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Figure 5-1. Crosslinking process induced by peroxide (crosslinking agent) [117].
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Figure 5-2. Schematic illustrations of acetophenone showing the dissociation pathways to produce

the five most prominent peaks in the mass spectra [118].

Figure 5-1 illustrates the peroxide-induced crosslinking process, which is the most common way in
crosslinking polyethylene by using Dicumyl peroxide (DCP) as the crosslinking agent in the medium and
high voltage cable industry [119]. During this process, several crosslinking by-products are formed and

the main ones are acetophenone, cumyl alcohol and a-methylstyrene, which are believed to contribute
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to hetero charge formation in HVDC XLPE insulated cable. Although the degassing stage can remove
most of the volatile crosslinking by-products, the effect of remains still cannot be neglected [117]. The
content of acetophenone has been measured in the acetophenone-soaked LDPE films before and after
the space charge test respectively, and the results showed that the accumulation of hetero charges
might be attributed to the dissociation of acetophenone [120]. By investigating the space charge
behaviour in cumyl alcohol-soaked LDPE, it was speculated that the negative ions and protons, or the
positive ion and electrons could be formed due to the dissociation of crosslinking by-products [121].
According to the dissociation pathways of acetophenone under the excitation schemes (such as laser
radiation), electrons and positive ions can be formed, as shown in Figure 5-2 [118]. However, the ionic
dissociation mechanism of the crosslinking by-products is still vague, and the types of ions created by

introducing crosslinking by-products also need to be identified.

In addition to the laboratory experiments of measuring space charge, modelling and simulation can
assist to comprehend and analyse material behaviour. The bipolar charge transport theory has
been successfully applied to simulate the charge dynamics in low-density polyethylene, as
illustrated in section 3.3.1, and some emphasis has been put on simulating space charge
accumulation in XLPE sheets under DC field by considering the restricted charge extraction [122].
However, the bipolar charge transport model does not consider the hetero charge formation
contributed from the ionization process. The numerical modelling of space charge originated from
the dissociation of impurities is still in infant stage [123], hence, in this chapter, some assumptions
and modifications are made on the bipolar charge transport model to study the hetero charge

accumulation in XLPE.

5.2 Experimental procedure

Space charge distributions in three kinds of samples, including additive-free LDPE film, fresh and
degassed XLPE flat samples, are measured under an applied DC field of 20 kV/mm at room
temperature (25°C), by employing the PEA measurement system. The top and bottom electrode
are semi-conductive material and aluminium respectively. LDPE has been chosen as the reference
in this study, because it is not only the base material for XLPE, and it does not contain any by-
products or additives able to dissociate. A DC field of 20 kV/mm has been chosen as it is not only
higher than the threshold field at which the charge injection takes place in polymers, but also
suitable to better observe the generation of ionic charges. Additionally, it is also the desired
average electric field in further development of DC cables. The thickness of all the prepared
samples is about 180 um. The measurement has been repeated three times on each kind of samples

to ensure the accuracy and validity.
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5.2.1 Sample preparation

The additive-free LDPE film is supplied by the GoodFellow Cambridge Ltd., and the film with a
thickness of 180 um is cut into circular samples. The XLPE pellets used in this study are produced
from the Borlink™ Technology, which has been mixed with 2 % Dicumyl peroxide (DCP) already,
and the crosslinking is performed by using a hot press. The initial temperature is set at 120°C for 5
minutes, and then the temperature of 180°C is applied to activate the crosslinking process for 10
minutes. The applied load (5 tons) is maintained during the cooling process and the samples are
removed from the hot press once 100°C is reached and further cooled at room temperature.
Degassing of the XLPE samples is carried out in a vacuum oven at a constant temperature of 80°C
for 3 days, with the aim of expelling volatile residual by-products and to highlight any influence this
may have on the material performance. The samples are then cooled down to room temperature

and sealed in polyethylene bags, prior to tests. The sample preparation flow is shown in Figure 5-

Figure 5-3. Sample preparation flow.

5.2.2 Space charge measurement

The space charge behaviour in LDPE film is shown in Figure 5-4. It is clear to observe the obvious
homo charge distribution within the insulation bulk. A large amount of positive charge carriers is
injected from the anode and they move towards the cathode, while the accumulation of negative
charge carriers near the cathode is fairly limited. Actually, the charge detected at the interface of
electrodes are contributed from the capacitive charge which is induced by the polarization of the
dielectric material under a DC field, and the surface charge induced by the accumulated space
charge inside the insulation bulk. Generally, the quantity of capacitive charges is much larger than
the accumulated charges, which could hinder observing space charge accumulation inside the bulk.
Moreover, the space charge modelling method only simulates the space charge dynamics inside
the bulk. Therefore, in this study, in order to achieve the comparability of the measured data and
the simulation results, the capacitive charges at the electrodes have been removed by utilizing the
subtraction process proposed by Liu et al [102]. The accumulated charge density after subtraction,

Pacc, Can be obtained by applying equation 5-1,
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Vapplied

Pace (L) = pre () — ?ﬁpw(w) (5-1)

where Veppiied , Vier are the applied voltage and the reference voltage respectively, and prest, prefare

the measured charge density and the reference one respectively.
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Figure 5-4. PEA measurement results in LDPE film at 20 kV/mm field under room temperature.
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Figure 5-5. (a) Space charge behaviour in LDPE film at 20 kV/mm field at room temperature
(capacitive charge removed). (b) Electric field distribution over the insulation thickness

of the LDPE.

Figure 5-5a presents the space charge behaviour in LDPE sample after the subtraction process, and
only the accumulated charge inside the bulk and the induced charge at the electrodes remain. The
movement of both positive and negative charge carriers can be observed much more clearly. The

large positive charge accumulation affects the electric field distribution greatly, as presented in
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Figure 5-5b. The field strength near the cathode is enhanced from 20 to 24 kV/mm, while it is

strongly reduced in the vicinity of anode.
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Figure 5-6. PEA measurement data in fresh XLPE samples at 20 kV/mm field at room temperature.
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Figure 5-7. (a) Space charge behaviour in fresh XLPE samples at 20 kV/mm field (capacitive charge

removed). (b) Electric field distribution across the fresh XLPE film.

The space charge profiles in the fresh XLPE sample is shown in Figure 5-6. After removing the
capacitive charge, the hetero charge formation in the fresh XLPE can be clearly observed, as given
in Figure 5-7a. The accumulation of hetero charges at both electrodes increases with time. It seems
that the amount of positive charge carriers near the cathode is larger than the amount of negative
ones at the adjacent electrode. Due to the presence of hetero charge accumulation, the field

distribution is deformed greatly, as shown in Figure 5-7b. After 2-hour poling, the maximum electric
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field location is in the vicinity of cathode, and the field strength in the middle of the dielectric is

strongly reduced.
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Figure 5-8. PEA measurement results in the degassed XLPE samples at 20 kV/mm field at room

temperature.
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Figure 5-9. (a) Space charge behaviour in degassed XLPE samples at 20 kV/mm field (capacitive

charge removed). (b) Electric field distribution across the degassed XLPE film.

Figure 5-8 shows the space charge profiles in the degassed XLPE sample at the room temperature.
Since most volatile crosslinking by-products have been removed from the bulk, only very limited
charge accumulation can be detected inside the insulation bulk. After removing the capacitive
charge at the electrodes, a small amount of hetero charges can be observed in the vicinity of both
electrodes at last, as shown in Figure 5-9a. Due to the limited charge accumulation inside the bulk,

the electric field distribution is nearly unchanged, as presented in Figure 5-9b.
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From the experimental observations it can be concluded that, at an applied field of 20 kV/mm,
homo charge distribution is dominant in LDPE, and the amount of accumulated charges (mainly
positive charge) increases with time. Similar profiles are always measured for pure LDPE under low
applied voltage at room temperature [124]. For fresh XLPE samples, the considerable accumulation
of hetero charges can be detected in the vicinity of both electrodes, the presence of hetero charges
enhances the electric field near the cathode effectively, which could lead to more charge carriers
being injected from the electrode. It should also be noted that the negative charge carriers behave
differently from the positive ones, and this is considered to be the combination effects of injection
and ionization processes that work together. Compared with the measured data of the degassed
XLPE samples under the same applied field, it can be speculated that the hetero charge formation
is related to the ionization of the dissociable impurities, such as crosslinking by-products. The
detected limited charge accumulation in the degassed XLPE indicates that there might be still some

residual crosslinking by-products inside the bulk.

5.3 Space charge modelling methods

In this section, a bipolar charge transport model and the modified model by considering the
ionization of dissociable species will be employed to simulate the space charge dynamics in LDPE
and XLPE samples separately. The electrical and thermal conditions are set to be same as the
experiments. Both models are implemented by using COMSOL Multiphysics. The “Transport of
Diluted Species”, the “Heat Transfer in Solids” and the “Electrostatics” modules have been applied
to simulate the charge dynamics migrating in electric field. The thickness of the sample is divided

into 180 divisions equally.

5.3.1 Bipolar charge transport model

The basics of bipolar charge transport theory has been described in detail in section 3.3.2, and it
features the bipolar injection of electronic charge carriers from the electrodes. The injected
electrons and holes migrate towards the opposite electrode respectively, with the possibility to be
imprisoned by “traps”. The trapped charge carriers can also be released as the free ones and the
recombination may take place when the charge carriers with opposite polarity encounter, leading
to electroluminescence. Generally, the holes and electrons (including trapped and mobile ones)
are distributed along the insulation thickness as illustrated in Figure 5-10. The concentration
gradient of holes is higher near the anode and lower at the cathode, and the electrons distribute
conversely. Therefore, the net charge distribution is always presented as a homo charge

accumulation.
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Figure 5-10. Schematic diagram of charge carrier distribution and net charge distribution modelled
by bipolar charge transport model (not to scale).

Here the theory is used for modelling space charge behaviour in planar LDPE sample, and the three

space and time dependent equations, the Poisson’s equation, the continuity equation and the

transport equation, are presented in plane geometry:
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where j, is the conduction current density; n, is the charge carrier density; a refers to the type of
charge, and the subscript u or t refers respectively to mobile or trapped charge; E is the electric
field, p is the net charge density; & is the vacuum permittivity and &, is the relative dielectric
permittivity for polyethylene. Dris the diffusion coefficient, which is referred to describe the natural
motion of chemical species based on the space gradient of particle concentration. The diffusion
term is generally neglected in the transport equations when dealing with technical insulating
polymer, so that only the drift current is considered, as the simulation work presented in Chapter
3.3. Reasons lay on the fact that concentration gradients are generally not very strong and also
that the nature of charge carriers is essentially unknown and so it is for the corresponding diffusion
coefficients. Indeed, after a study of its impact on the simulation results, it has been identified that
the simulation results can hardly be affected if only a relatively small diffusion coefficient (such as
102 m?/s) was considered. The aim of the addition of diffusion term is to get rid of numerical
errors when dealing with ionic charge migrating in the modified model, which will be illustrated

later.
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The parameters used in the bipolar charge transport theory are almost consistent with the ones
given in Table 3-3, and only the hopping type of mobility is replaced by a constant effective mobility
of charge carriers to describe the charge migration process under the constant DC field at room

temperature, as shown in Table 5-1.

Table 5-1. Parameters used for simulating space charge in LDPE [57].

Symbol Value Unit
Injection barrier height We; for electrons 1.27 eV
whi for holes 1.20 eV
Trapping coefficient B. for electrons 0.05 st
By for holes 0.05 st
Charge carrier mobility W for electrons 2x101° m2/(V-s)
u, for holes 1x101 m?/(V-s)
Detrapping barrier height Wire fOr electrons 0.95 eV
Wirh for holes 0.95 eV
Trap density Noet fOr electrons 100 C/m3
Nont for holes 100 C/m3
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Figure 5-11. (a) The calculated space charge distribution in the LDPE sample at 20 kV/mm field. (b)

Calculated electric field distribution over the thickness of LDPE film.

The simulated homo charge distribution in LDPE samples is presented in Figure 5-11a. After the
application of DC voltage, much more holes are injected into the insulation bulk than the electrons,
and the migration of holes is much deeper compared with the accumulation of electrons in the

vicinity of cathode. This is because the assumptions of lower injection barrier height and higher
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charge mobility for holes as shown in Table 5-1. It can be observed that the positive charge carriers
distributed extensively in the LDPE sample after 2 hours’ polarization, while the penetration of
negative ones is still very limited. The presence of the large amount of accumulated homo charges
will distort the field distribution severely, as shown in Figure 5-11b. Following the movement of
positive and negative charge carriers, the electric field strength near the anode decreases, but
increases gradually at the cathode. Finally, the maximum electric field locates near the cathode

and reaches a value of 24.5 kV/mm, which is consistent with the result experimentally observed in

LDPE samples.
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Figure 5-12. The space charge distribution in LDPE (a) with no diffusion coefficient; (b) with a
diffusion coefficient of 1x10** m?/s; (c) with a diffusion coefficient of 1x10? m?/s; (d)

with a diffusion coefficient of 1x10*! m?/s.

By applying different values of the diffusion coefficient, the calculated space charge distributions in
LDPE sample are given in the Figure 5-12. It is found that the diffusion term can lower the high
concentration of charge carriers, leading to form a gentler charge concentration gradient. A lower
diffusion coefficient has a limited impact on charge distribution, and a high value of diffusion

coefficient, such as 1x101* m?/s, may significantly alter the charge density where the charge carriers
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distribute intensively. Since the positive charge carriers distribute more uniformly, the
concentration gradient of them almost remains unchanged with the increased diffusion coefficient.
However, the concentration gradient of the negative charge carriers near the cathode is fairly high
without considering diffusion, and it is affected greatly by the diffusion term. In consequence, the
diffusion coefficient of 1x1012 m?/s is adopted in this simulation work, since it very slightly affects
the overall charge distribution and it can ease the accumulation of ionic charge carriers at the

boundaries.

5.3.2 Modified model by considering ionization

The space charge distributions in the fresh and degassed XLPE samples indicate that the formation
of hetero charges mainly depends on ionization of impurities, like additives and crosslinking by-
products. In order to simulate the space charge behaviour in XLPE by taking into account the charge
carriers generated from the dissociation of impurities, some assumptions have been made and fed
into bipolar charge transport model as follows. For the sake of simplification, only one type of
uniformly distributed neutral ion-pairs AB is assumed to be the impurity within the insulation,
instead of considering the various kinds of crosslinking by-products and antioxidants. The neutral
ion-pairs can be thermally activated and dissociated into positive ions A* and negative ones B  under

the influence of electric field, as presented in the following equation:

dissociation

AB At + B~ (5-5)

recombination

/N

anod Thickness (mm)  cathode -

”~
1 Negative ions

Hetero charge formation

Charge carrier density (C/m?3)
Net charge density (C/m?3)

Electrons *

Figure 5-13. Schematic diagram of charge carrier distribution and net charge distribution modelled

by the modified model by considering ionization of dissociable impurities (not to scale).

The generated positive and negative ions move towards the opposite electrode respectively under
the influence of electric field and accumulate at the boundaries. Similar to the electronic charge
carriers in the bipolar charge transport theory, the ionic charge carriers can also be captured by the

traps and the trapped ones can be released as the mobile ones. The ions with opposite polarity can
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recombine together as ion-pairs. Thus in the modified model, five species are additionally
considered, including neutral ion-pairs, mobile positive/negative ions and trapped
positive/negative ions. The charge carrier distribution is schematically presented in Figure 5-13.
The density of positive ions is always larger near the cathode, and the negative ions are
concentrated in the vicinity of the anode, as the ions cannot be extracted due to their mass.
Therefore, if the ionic charge carriers are distributed predominantly and offset the charge density

of holes and electrons, the net charge distribution will exhibit as a hetero charge accumulation.

It has been proposed that the impurity molecule could be dissociated into ions when the thermal
vibration energy overcomes the dissociation barrier [123], and the dissociation rate of the impurity

is of the form:

D;=v-exp <f kwé“> (5-6)
B

where v is the attempt to escape frequency; wy is the dissociation barrier at which the ion-pairs
break down. However, such function does not consider the influence of electric field on the
dissociation. If it is assumed that the dissociation barrier was correlated with the ionic bond
strength, resembling the Poole-Frenkel mechanism [38], the dissociation barrier height can be
changed in the field direction by the application of an external electric field, and thereby the

dissociation rate applied in this study is expressed as:

o —w, 1 | ¢°F
D,=v exp(kBT)eXp<kBT P (5-7)

The initial neutral ion-pair concentration is set to be Ny. Under the applied DC field, the generated

positive and negative ions will be attracted to the opposite polarity electrode, forming the ionic
conduction current. Following the assumptions made in the charge transport theory, it is also
presumed that the generated positive and negative ions have the possibility to be trapped,
detrapped and recombined with inverse polarity ions. Therefore, the source term for mobile
negative ions sy, mobile positive ions s, trapped negative ions s,; trapped positive ions s,;can be

expressed as:

on, Ny,
sn,u: 375# SionlnptnnuSioanpunn,uBnnnu(l n 2) +Dnnnt+Dd]\/v($) (5'8)
on,, n
Spu = 7(’915” = = Sion2Mopp st — Sion3Top Wy — By <1 — n”i) +D,n,,+D,N(z) (5-9)
op
8'”" Ty
Snt = att = 7Sion0nptnnt7Sion2np;znnt+Bnnnu <1 n t> 7Dnnnt (5'10)
ont
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on n
Spt = atpt == Siononptnnt - Sionlnptnn/z + Bpnp,u <]- — 2 ) - Dpnpt (5'11)
opt
where B, D, are the trapping and detrapping coefficients for negative ions respectively, and the

recombination coefficients Si,n ; are of the Langevin form, function of the ionic charge carrier

mobility:

Sionpn = Hp.n 5-12
wn p,n EOE:T ( )
The concentration of the residual neutral ion-pairs varies with the dissociation and recombination

processes, thus, the variation of the impurity density can be expressed as:

ON(z
AN('Q;) = 87(5 ) = SionOnntnpt + Sionlnnunpt + Sionantnpu + SionSnnunpu - DdN(m) (5_13)

In this modified model, nine kinds of species are considered within the insulation bulk. In the case
of positive/negative ions, it is difficult for them to be extracted at the electrodes due to the mass.
Therefore, in this model, the ions are considered to be totally blocked after reaching the opposite
polarity electrode. However, it should be noted that, without considering any diffusion coefficients,
the accumulation of ionic charges (trapped or mobile) at the interface of electrodes/dielectric can

lead to numerical errors.

Table 5-2 gives the parameters used in the modified model for simulating space charge behaviour
in the XLPE samples. The initial ion-pair concentration in fresh XLPE samples is estimated from the
proportion of crosslinking by-products (acetophenone 0.5-0.6 wt%) in the XLPE cable [117].
Considering the molar mass of acetophenone (120 g/mol), which has been identified to be most
relevant with hetero charge formation; the density for XLPE of 920 kg/m?3; the initial concentration
of neutral ion-pairs is set to be 40 mol/m3. It has been observed that the space charge accumulation
in LDPE behaves differently from that in XLPE, and the explanation could be addressed to the
introduction of antioxidant and crosslinking, which increases the deep trap density and introduces
deeper traps [125]. In this preliminary model, except from slightly raising the injection barrier
height for holes, most parameters regarding to the holes and electrons remains unchanged,
following the values given in Table 5-1, in order to evaluate if the dissociation of the impurity
molecule can be accounted for the hetero charge formation in XLPE. It has to be claimed that the
parameters used for simulating the ionic charge behaviour are estimated following the parameter
setting of the bipolar charge transport model, and they are adjusted for fitting the space charge

measurement results in the fresh XLPE samples. All the parameters except the initial ion-pair
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concentration are remained unchanged when simulating the space charge behaviour in fresh and

degassed XLPE samples.

Table 5-2. Parameters used for simulating space charge in XLPE at room temperature.

Symbol Value Unit
Initial ion-pair No for fresh XLPE 40 mol/m3
concentration for degassed XLPE 0-4 mol/m3
Dissociation barrier wq for neutral ion-pairs 1.36 eV
height
Injection barrier W for electrons 1.27 eV
height wh,; for holes 1.24 eV
Trapping coefficient B. for electrons 0.05 st
By, for holes 0.05 st
B, for negative ions 0.1 st
B, for positive ions 0.1 st
Charge carrier mobility W for electrons 2x101° m2/(V-s)
U, for holes 1x104 m?/(V-s)
W, for negative ions 1x10716 m2/(V-s)
W, for positive ions 2x1016 m2/(V-s)
Detrapping barrier Wire fOr electrons 0.95 eV
height Werh for holes 0.95 eV
Wi, fOr negative ions 0.99 eV
Wirp for positive ions 0.99 eV
Trap density Noet fOr electrons 100 c/m3
Nont for holes 100 Cc/m3
Nont fOr negative ions 100 c/m3
Nopt fOT positive ions 100 C/m3
Diffusion coefficient | Forions, holes and electrons 1x10712 m?/s

The simulated space charge profiles in the fresh XLPE samples is given in Figure 5-14a, and it should

be noted that the charge distribution is resulting from both the electronic charge carriers injected

from the electrodes and the dissociated ionic charge carriers.

Under the applied DC field, the

neutral ion-pairs are dissociated into positive and negative ions, and the dissociated positive and
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negative ions move toward the opposite polarity electrode and accumulate near the electrodes, as
presented in Figure 5-15a. Meanwhile, the holes and electrons are injected from both electrodes,

and they migrate into the bulk toward the opposite electrode, as shown in Figure 5-15b.
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Figure 5-14. (a) Simulated space charge accumulation evolving with time in fresh XLPE samples at
20 kV/mm field under room temperature. (b) Calculated electric field distribution

across the fresh XLPE sample.
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Figure 5-15. (a) The calculated ionic charge distribution in the fresh XLPE samples. (b) The calculated

electronic charge distribution in the fresh XLPE samples.

The sum of the ionic charge distribution and the electronic charge distribution results in the hetero
charge accumulation, since much more ionic charge carriers are distributed near the electrodes.
The amount of accumulated hetero charges at both electrodes increases with time gradually.
Compared with the accumulation of negative charge carriers near the anode, the hetero charge
formation at the cathode is more considerable, and this is due to the larger contribution of the
holes injected from the electrode, which reduces the amount of negative charge carriers presented

near the anode. Figure 5-14b shows the electric field distribution distorted by the presence of
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hetero charge accumulation. The field strength is enhanced near both electrodes but decreased in

the middle part of the insulation.

The space charge distribution in the degassed XLPE samples are obtained by reducing the
concentration of dissociable by-products, as shown in Figure 5-16a. Since thermal treatment can
expel most volatile species such as crosslinking by-products, the initial neutral ion-pairs
concentration in degassed XLPE sample is much less, and the amount of dissociated positive and
negative ions is reduced significantly, as presented in Figure 5-17a. By considering the electronic
charge carrier distribution as shown in Figure 5-17b, the net charge accumulation near the
electrodes is reduced greatly compared with the result in the fresh XLPE samples, and such limited

charge distribution leads to an almost unchanged electric field distribution, as presented in Figure

5-16b.
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Figure 5-16. (a) Space charge accumulation simulated by the modified model in degassed XLPE

sample at 20 kV/mm field. (b) Electric field distribution across the degassed XLPE film.
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Figure 5-17. (a) The calculated ionic charge distribution in the degassed XLPE samples. (b) The

calculated electronic charge distribution in the degassed XLPE samples.
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Consequently, the outputs from the modelling methods are comparable with the experimental
observations in the additive-free LDPE samples, fresh and degassed XLPE samples. Under the
application of DC voltage, the homo charge accumulation inside LDPE can be simulated by the
bipolar charge transport model, and both the space charge and field distribution fit the
experimental results quite well, including the charge movement and field variation evolving with
time. With the modified model by considering the dissociation of impurities, the hetero charge
formation at both electrodes can be simulated in the fresh XLPE samples under the DC field, and
the limited charge accumulation in the degassed XLPE samples can be obtained. The location and
the amount of accumulated charges within the bulk are quantitatively consistent with the
experimental observations. It is found that the ionic charge behaviour interplays tightly with the
electronic charge behaviour. For example, a large amount of positive ions accumulate near the
cathode could lead to a high field, which enhances the injection of electrons. The injected electrons

can counterbalance the hetero charges to some extent, promoting the quasi-equilibrium.

It is should be clarified that part parameters used for the modified model are estimated from the
parameter setting of the bipolar charge transport model and fitting the experimental results. The
range of the parameters for simulating the ionic dissociation process still need to be further
validated. In general, this modified model can not only contribute to simulate dynamic charge and
field distribution in XLPE, but also assist to understand the mechanisms of charge generation and
transport. However, one restriction of this initial model is, only one type of impurity which can be
dissociated into positive and negative ions is considered. The field-assisted thermal ionization of
impurity molecules would generate positive and negative ions, protons and electrons, and If the
dissociated electrons did not recombine with positive ions or holes, they would be extracted at the
anode or deeply trapped in the bulk [3]. Therefore, some improvements can be achieved on this
modified model, such as introducing other kinds of impurity species, considering the interactions

between the ionic charge carriers and the injected charge carriers.

5.4 Summary

Under 20 kV/mm DC field, homo charge distribution has been experimentally measured in pure
LDPE samples, while considerable hetero charge formation is observed in fresh XLPE samples. Only
limited charge accumulation could be detected in the degassed XLPE samples, indicating the ionic
charge carriers play an important role in the hetero charge formation in XLPE. By employing the
bipolar charge transport model considering the electronic charge carriers, the homo charge
distribution in the LDPE samples can be simulated, and it fits the measured data quite well. A
modified model considering both the ionic and electronic charge behaviour is developed and

applied to investigate the space charge behaviour in XLPE material. The considerable hetero charge
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formation in the fresh XLPE and the very limited charge accumulation in the degassed XLPE can be
calculated by the new modelling approach, and the results are consistent with the experimental
observations. The preliminary model is able to reproduce the hetero charge formation in XLPE by
considering the combination of electronic charge and ionic charge distribution. The parameters
related to the ionic charge behaviour still need to be further optimized. The types of ionic charges

created by the dissociation of impurities also need to be identified.
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Chapter 6 Space charge measurements and modelling

in XLPE cables

The space charge behaviour in XLPE cable insulation behaves differently from that in the film
insulation, as a non-uniform electric field is across the insulation thickness due to the cable
geometry. In order to investigate the space charge behaviour in XLPE cables, a PEA system which
is capable for measuring space charge accumulation in cable insulation, needs to be designed and
built. In this chapter, the experimental setup of the cable PEA system is introduced first. Space
charge measurements have been carried on the XLPE insulated cables by the cable PEA system. A
modelling approach by considering both the charge injection and ionic dissociation is employed to
simulate the charge accumulation within the insulation bulk subjected to a non-uniform field.
Comparisons have been made between the experimental observations and the simulation results,
and some discussions are given on the further study of space charge behaviour in the degassed

cables and the loaded cables.

6.1 The experimental setup of cable PEA system
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Figure 6-1. The schematic diagram of the cable PEA system.

The schematic diagram of the cable PEA system is presented in Figure 6-1. In this system, the cable
sample locates on an earthed flat Al electrode, and the interface between the outer screen of the
cable sample and the earthed electrode is in a line contact which is maintained intimately by giving
mechanical pressure. A DC high voltage source up to 80 kV is connected to the cable core via a
protecting resistor (20 kQ) which can limit the current in the case of breakdown or flashover of the

sample. Through the coupling capacitor bank (500 nF), a pulse generator can provide a HV pulse
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with a width of 100 ns and an amplitude up to 5 kV. The acoustic transducer (PVDF) is attached at
the bottom side of the ground electrode, covered by a brass shielding box. The transducer signal is
amplified by the amplifier (48 dB) and then collected by a digital oscilloscope, and the data is
transferred through a general-purpose interface bus (GPIB) to a personal computer for further
processing. The whole data acquisition and processing is implemented in a program developed

under a graphical programming environment of Labview™.

In order to minimize the impact of the electric field generated by the high voltage pulse on the
measurement, the pulse amplitude is suggested to be lower than 1/10 of the applied DC voltage.
The spatial resolution of the PEA system mainly depends on the width of the pulse voltage, and a
spatial resolution between 2% to 10% is preferable based on IEC standard 62758. The spatial

resolution can be expressed by:

AT,
1= 40 X 100% (6-1)

where ds is the sample thickness (about 5 mm); AT, is the pulse width; v is the sound velocity in
polyethylene (about 2000 m/s). A high-voltage transistor switch produced from BEHLKE has been
adopted to generate electric pulse signals with a width of 100 ns, providing the resolution of cable

PEA system is about 5%.

6.1.1 The electrode system

Csa —— P a—

Figure 6-2. The equivalent circuit for cable PEA system.

The equivalent circuit for voltage application in cable PEA system is given in Figure 6-2, where V,
and Vyc are the pulse voltage and the DC voltage respectively; R, is the internal resistance of pulse
generator (50 Q); Csq is the cable sample capacitance (in the order of pF); C. is the capacitance of

the coupling capacitor; Ry is the bias resistor. To apply a DC voltage to the cable insulation, the
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coupling capacitor C. is necessary. If there is no coupling capacitor C. in the circuit, the DC voltage
will be separately applied to the protecting resistor Ry (over 10 kQ) and the internal resistance of
pulse generator R, (50 Q), and consequently the voltage is not applied to R, placed in parallel with
the cable sample. Only when the coupling capacitor is connected to the circuit, the DC voltage can
be adequately applied to the cable sample. In addition, the capacitance of the coupling capacitor
C. should be much bigger than the sample capacitance Cs, therefore the pulse voltage can be
almost applied to the cable sample. The capacitance of cable per unit length can be expressed as
[110]:

2meyE,

Ceapie = m

(6-2)
where D;and D. are the diameters of outer insulation and conductor of cable separately. Compared
with the cable sample capacitance (in the order of pF), the capacitance of 500 nF is adequate for
the coupling capacitor. The bias resistor Ry is also needed to apply adequate pulse voltage on the
capacitive cable sample. If there is no Ry in the circuit, since the capacitance of cable samples C;,
is usually very small (in the order of pF) compared with the capacitance of power supply (in the
order of mF), the pulse voltage will be almost applied on the coupling capacitor C (in the order of
nF). Therefore, the high voltage resistor Ry of 20 kQ is applied, which can also limit the current in

the case of breakdown for protecting the power supply.
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Figure 6-3. Structure diagram of the flat ground electrode.

The structure diagram of the ground electrode is shown in Figure 6-3. A rectangle transducer (PVDF)
is fabricated and attached on the bottom side of the ground electrode. The PVDF sensor is

supported by a cylinder, which is made of the non-polarized PVDF with the same acoustic
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impedance but no piezoelectric properties, serving as a backing material to reduce the acoustic
reflection. Considering the acoustic reflection in the bottom electrode, the thickness of the ground
electrode should match the thickness of the cable insulation. Indeed, the aluminium plate can be
regarded as a delay line for acoustic wave. It takes t; time that the acoustic wave generated from
the interface between the sample and the ground electrode goes through the Al plate and reaches

the transducer, as shown in Figure 6-4.

X A

ds

da

|
da ds + da 3dai t
Val Vs ~ Va Val
t. t: t:

Figure 6-4. Propagation of the acoustic wave in the sample and aluminium plate.

d
tl =4 (6'3)
Va
where dy is the thickness of the Al plate, v, is the sound velocity in aluminium (about 6000 m/s). It
takes twice t; time when the acoustic wave reflects twice at the lower and upper surface
respectively inside the Al plate. When this wave is received by the transducer again, the time is:

_ 3da

Vi

ta

(6-4)

While the acoustic wave generated at the interface between the upper electrode and the sample

arrives at the transducer at last, and the time it takes:

_ds | da
t3 = . + - (6-5)
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where d; is the sample thickness; vs is the sound velocity in cross-linked polyethylene. In order to
prevent the impact of wave reflections which can interfere the accuracy of the PEA test, t, should
be bigger than t3, so that:

2du _ d,

va v (6-6)

Therefore, if the maximum thickness of the cable insulation is 10 mm, the thickness of the ground
electrode should be over 15 mm, in order to prevent the superposition of the original and reflected
acoustic signals. The thickness of the ground electrode is designed as 20 mm in this system.
Because of the capacitive characteristics of the PVDF transducer, it can be easily affected by other
electromagnetic interferences. In this system, a shielding brass box is used to house the sensor,
aiming to eliminate vibration signals from external. The experimental setup for measuring space

charge in cable insulation at room temperature is given in Figure 6-5.

Figure 6-5. The experimental setup of the cable PEA system.

6.1.2 The temperature gradient setup

A current transformer has been installed into the cable PEA system, in order to study the space
charge behaviour in cable insulation subjected to a temperature gradient. The induced current
flowing in the cable core can generate heat due to Joule effect, and the outer screen of the cable is
cooled by thermal convection at the room temperature, forming a radial temperature gradient

across the cable insulation. Due to the limited space in the experiment cage, the current
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transformer has to be lay on the floor. An XLPE cable covered by grounded metallic screen is used
to pass through the hollow core of current transformer, and both ends of the cable are connected

to the measured cable sample, as shown in Figure 6-6.

A small hole was drilled on the test cable sample, allowing the thermal couple could be inserted
into the insulation and attached to the cable conductor. Another thermal couple was attached to
the outer surface of the cable insulation, and both thermal couples were connected to two
thermometers separately. By inducing a current of 200 A, a stable temperature gradient of about

10°C can be reached after 2-hour heating, as presented in Table 6-1.
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Figure 6-6. Test of thermal gradient across the XLPE cable

Table 6-1. The temperature gradient across the insulation using a 200 A induced current.

Time (h) Ambient Inner Outer Temperature
temperature (°C) | temperature (°C) | temperature (°C) gradient (°C)

0 18.2 18.0 17.9 0.1

1 18.4 46.2 354 10.8

2 18.6 48.3 38.0 10.3

3 18.3 48.5 38.4 10.1

4 18.4 48.6 38.5 10.1

5 18.1 48.8 38.2 10.6

However, the space charge measurement has not been carried on the cables subjected to a

temperature gradient. The reason is that the discharge may take place at the joints of the cables
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when the applied voltage exceeds 40 kV in the experiment cage. The aluminium ball electrodes
covered by insulation clay are used to applied high DC voltage (up to 80 kV) on the cable conductor
at room temperature. However, to connect the cable for induced current heating, the cable joints
have to be installed to connect the two cables and the electrical components, as shown in Figure 6-
7. The discharge still occurs even with the joint surface polished by the conductive paste.
Generally, the cable connection needs to be further improved to achieve the space charge
measurement in safety, and it is also suggested to move the cable PEA system into a larger

experiment cage with a longer distance between the ground and the high voltage potential.

Figure 6-7. The joint for cable connection.

6.2 Space charge measurements in XLPE model cables

Aluminum Conductor

Outer Semicon

Inner Semicon

XLPE Insulation Radius 4.78 mm

Thickness 4.50mm

Figure 6-8. The cross-section view of the XLPE model cable.

The insulation system of the XLPE model cable is produced from HV super clean cable-grade low
density polyethylene (LDPE) and 2 wt% DCP has been added, serving as the crosslinking agent. An
insulation thickness of 4.5 mm was manufactured on a Troester triple extrusion line, as shown in

Figure 6-8. The area of 7-stranded aluminum conductor is about 50 mm?2. Two kinds of samples,
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the original cable and the degassed cable samples, are prepared for measurements, in order to

observe the impacts of degassing on material performance.

6.2.1 Cable samples preparation

For space charge measurements, the XLPE model cable was cut into a length of 1.3 m. At the ends
of the cable samples, the insulation and the semicon screens were removed, leaving only conductor
with a length of 5 cm. The outer semicon screen was stripped away from the two ends, only leaving
a length of 15 cm at the middle of the sample. In order to reduce the distributed capacitance at
the gap between the curved cable and the flat ground electrode, the remaining outer semicon layer
was covered with wrapped aluminium foil carefully. The prepared model cable sample for space
charge measurement is shown in Figure 6-9. Indeed, degassing is an essential procedure adopted
by cable manufacturers, to remove volatile residual by-products at a moderately high temperature
[117]. In this study, the cut model cable samples were placed in a vacuum oven at a constant
temperature of 80°C for 7 days. After cooling down to the room temperature, measurements were

taken on the degassed samples directly.

Figure 6-9. Prepared model-cable sample for space charge measurement.

6.2.2 Space charge profile in XLPE cables at room temperature

The space charge behaviour in original cable samples evolving with time is presented in Figure 6-
10. It has to be clarified that a negative radius axis is adopted here for indicating left to the outer
semicon layer, right to the cable core, and for sake of visual comparison, the simulated results are
also plotted in the same way. After the application of DC voltage of +80 kV at the cable conductor,
it is clear to observe that the hetero charge formation near the cathode. The amount of positive
charge carriers increases with time, while the accumulation of negative charge carriers near the
anode is inconspicuous. The net charge distribution presenting within the cable insulation can be
obtained by removing the capacitive charges at the electrodes via the subtraction process
mentioned in section 5.2.2, and the considerable hetero charge formation inside the cable

insulation results in a high electric field near the cathode, as presented in Figure 6-11.
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Figure 6-10. The space charge profile of the undegassed XLPE cable sample under 80 kV at the

room temperature (25°C).
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Figure 6-11. The electric field distribution across the original cable insulation at the room

temperature.

When no space charge presents over the insulation thickness, the initial transient electric field
distribution is a capacitive distribution, which is mainly dependent on the permittivity of insulation,
and the inner insulation withstands the highest electric stress. However, in DC cables the long-term
field distribution is not only governed by the field and temperature dependent conductivity, but
also determined by the build-up of space charge. Due to the presence of large amount of hetero
charges, the electric field near the cathode is enhanced greatly, which might also promote the
charge injection at the interface and the dissociation of impurities. The space charge characteristics

of the XLPE model cable under the DC field are also confirmed by the space charge decay results,
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as shown in Figure 6-12. A large amount of positive hetero charges is observed near the cathode,
and the decay of these hetero charges is extremely slow. There is no obvious charge accumulation
near the anode. The accumulated positive charges within the bulk induce negative charges on the
electrodes. After 24 hours of the voltage removal, the hetero charges can still be detected near the

cathode.
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Figure 6-12. The space charge decay results of the undegassed XLPE cable sample.

Figure 6-13 presents the space charge profiles in the degassed cable samples under the same
voltage, compared with the results in the original samples, the hetero charge accumulation reduces
apparently, since most volatile crosslinking by-products have been removed from the bulk. The
limited hetero charge formation in the degassed cable samples indicates there are still residual
crosslinking by-products after the thermal treatment. Until t=18000 s, limited positive charges can
only be detected near the cathode, and there is still no apparent charge accumulation at the anode.
Due to the insufficient charge accumulation, the electric field is only lightly distorted, as shown in

Figure 6-14.

The experimental observations from the PEA technique only indicate the net charge density, and it
cannot characterize the charge species. For original XLPE cable samples, it is considered that the
hetero charge formation is primarily owing to the ionization of dissociable impurities, and similar
profiles are measured in an XLPE cable at a mean electric field of 20 kV/mm [71]. It should be noted
that positive charges accumulate notably near the cathode, while the accumulation of negative
charges is limited. This phenomenon may be as a result of a larger amount of injected charges from

the anode due to the relatively high electric field at the inner cable insulation, which offsets the
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negative charge accumulation. It can also be argued that the generated ionic charges may behave

differently in migration in electric field depending on their polarity.
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Figure 6-13. The space charge profile of the degassed cable sample under 80 kV at the room

temperature (25°C).
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Figure 6-14. The electric field distribution within the degassed cable insulation bulk at the room

temperature.

6.3 Space charge modelling in XLPE insulated cables

The modelling approach following the work in section 5.3.2 where the formation and transport of
ionic charge carriers have been considered and fed into the bipolar charge transport model. Since

the model has been successfully employed to simulate and analyse the space charge behaviour in
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XLPE flat specimens, by considering both the charge injection and ionic dissociation, the model is
employed to simulate the space charge and field distribution within the cable insulation bulk
subjected to a non-uniform field. The model is implemented by using COMSOL Multiphysics. The
“Transport of Diluted Species”, the “Heat Transfer in Solids” and the “Electrostatics” modules have
been applied to simulate the charge dynamics migrating in electric field. The thickness of the

sample is divided into 450 divisions equally.

6.3.1 Model descriptions

The model used in the plane geometry has been described in detail in section 5.3, here, three space
and time dependent equations describing the charge behaviour in a cable geometry are presented

as follows:

0*V (r,t) 4 10V (r,t) _ p(r,t)

or? r  Or E0E, (6-7)
8”@ (Tat) 1 6(.7:1 ) 7‘) —
gD + P (r,t) (6-8)
, On, (r,1
5 (8) = O () By t) — D, D (69

where V is the electric potential; pis the net charge density; j, is the conduction current density,
and a refers to the type of charge; Dy is the diffusion coefficient; s is the source term, which
encompasses changes in local density due to processes other than transport, such as internal ionic
charge generation, recombination, trapping and de-trapping of charge carriers. Nine species are
considered in this model, and they are mobile/trapped electrons, mobile/trapped holes,
mobile/trapped negative ions, mobile/trapped positive ions and the neutral ion-pairs. The
electronic charge carriers are considered from the charge injection. A threshold electric field is
introduced to define the boundary conditions, when the local field at the electrodes exceeds 10
kV/mm, the injected current density is determined by the Schottky injection law, otherwise the
current form follows the conduction of Ohmic type, as described in section 3.3.2. Itis also assumed
that the ionic charge carriers can be generated from the dissociation of an impurity molecule AB,
and the dissociation rate considering the influence of electric field is applied, which has been
described in section 5.3.2. The charge conduction has been described by a constant effective
mobility under the uniform field at room temperature. Considering the non-uniform electric field
and the thermal effects, the charge transport within the polymeric insulation is described by a

hopping mechanism in which charge carriers migrate from site to site by overcoming a potential
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barrier, and the mobility for mobile charge carriers (electrons, holes, negative and positive ions)

can be expressed as:

_ 2d.v — €W ) . eE(r,t)de>

Hen (M8 = B e""(kgﬂr))mh( s T(r) (6-10)
_ 2dw —ewm,,,,p>, <eE(r,t)di)

o (13) = EGD) eXP(kBT(r) sinh T (r) (6-11)

where d. and d; are the hopping distances for electronic and ionic charges respectively; Wye, Wyn,
wun and wy, are the hopping barrier heights for electrons, holes, negative and positive ions
separately. In the present simulation, it is presumed that the impurity molecule AB is distributed
uniformly along the cable radial direction. It should be noted that no extraction barrier is
considered at the electrodes, and the extraction fluxes for holes at the cathode and for electrons
at the anode follow the transport equation, as it is considered that the ionic charges are the main

contributors to hetero charge formation.

6.3.2 Simulation of space charge profiles in XLPE insulated cables at room temperature

Both the electrical and thermal conditions are set to be same with the experiments, and the
parameters used for modelling space charge behaviour in the XLPE insulated cable are listed in
Table 6-2. The parameters are almost same with the ones used to simulate space charge
accumulation in flat XLPE specimens in section 5.3.2. However, it should be noted that the
fabrication process of the XLPE flat specimens in the laboratory is different from that of the XLPE
cable insulation in the factory, thus the XLPE material properties may be different from each other.
In this simulation, we still apply the parameters used for the XLPE flat specimens to investigate the
space charge behaviour in XLPE insulated cable, assuming the insulation material had the same
electrical performance. The hopping barrier heights for different charge carriers are considered to
describe the charge mobility. The hopping barrier heights for electrons and holes follow the ones
used in bipolar charge transport model, and it is assumed that the ionic charges have a lower
mobility with higher hopping barrier heights. It has to be clarified that the space charge profiles
are contributed from the combination of injected electronic charges and the dissociated ionic

charges.

Table 6-2. Parameters used for modelling space charge in the XLPE cable.

Parameter Value Unit
Injection barrier W, for electrons 1.27 eV
height wh; for holes 1.24 eV
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Initial ion-pair No for fresh XLPE 40 mol/m3
concentration for degassed XLPE 0-4 mol/m?3
Dissociation barrier wq for neutral ion-pairs 1.36 eV
height

Trapping coefficient |Be for electrons 0.05 st
By, for holes 0.05 st
B, for negative ions 0.1 st
B, for positive ions 0.1 st
Detrapping barrier | wye for electrons 0.95 eV
height Wi for holes 0.95 eV
Wi, fOr negative ions 0.99 eV
Wirp for positive ions 0.99 eV
Hopping barrier height | w,. for electrons 0.71 eV
(for mobility) wyin for holes 0.65 eV
w,n for negative ions 0.77 eV
w,,p for positive ions 0.75 eV

Trap density Noet fOr electrons 100 c/md

Nont for holes 100 Cc/m?3

Nnont fOr negative ions 100 c/m3

Nopt fOr positive ions 100 C/m3

Diffusion coefficient For ions, holes and 1x1071? m?/s

electrons

The calculated net charge distribution within the cable insulation is presented in Figure 6-15. The
amount of positive charges at the cathode increases gradually with time, and very limited hetero
charge accumulation can be formed near the anode. Such charge profiles result from the
combination of the ionic charge and the electronic charge distribution as presented in Figures 6-
16a and 6-16b respectively. Shortly after the application of DC voltage, the impurity molecules AB
are dissociated into positive and negative ions under the influence of field. The positive ions A*
move towards the cathode and the negative ones B migrate oppositely, leading to a hetero charge
formation at the electrodes. Meanwhile, the holes and the electrons are injected from the
electrodes respectively, and they are enforced to penetrate towards the opposite electrode by the

electric field, building up a homo charge accumulation. With the assumptions of a lower injection
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barrier height and a higher mobility for holes, the amount of holes presenting inside the bulk is
much larger than electrons. Therefore, as a sum of the ionic and electronic charge carriers, the net
charge distribution shows a hetero charge formation consequently, which deforms the electric field

distribution by enhancing the field strength greatly at the cathode, as shown in Figure 6-17.
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Figure 6-15. The calculated net charge distribution in the original XLPE cable.
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Figure 6-16. (a) The ionic charge distribution over the undegassed cable insulation thickness; (b)

The electronic charge distribution over the undegassed cable insulation thickness.

The net charge distribution in the degassed cable samples is calculated by lowering the
concentration of impurity, as presented in Figure 6-18. Since the degassing process removes most
volatile crosslinking by-products, fewer impurity molecules AB are left to be dissociated into ions
under the field, leading to a much less ionic charge carrier accumulation, as presented in Figure 6-
19a. By considering the injected charge carriers shown in Figure 6-19b, very limited charge
accumulation can be observed inside the bulk compared with the result in the original cable sample.
A small amount of positive charges accumulates near the anode, which slightly deforms the electric

field distribution over the cable insulation thickness, as shown in Figure 6-20.
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Figure 6-17. The calculated electric distribution over the undegassed cable insulation thickness.
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Figure 6-18. The calculated net charge distribution in the degassed XLPE insulated cable.
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Figure 6-19. (a) The ionic charge distribution over the degassed cable insulation thickness; (b) The

electronic charge distribution over the degassed cable insulation thickness.

108



Chapter 6

Compared with the experimental observations, the calculated space charge profiles can reproduce
the considerable hetero charge formation in original XLPE cable samples and the local field
reinforcement near the cathode. The simulated net charge density near the cathode at last is
increased to about 0.5 C/m3, fitting the measured data well, but the calculated final field strength
at the cathode is about 28 kV/mm, which is gently underestimated compared with the experimental
results. It seems that both the net charge distribution and field variation tendency are generally
consistent with the experimental observations in the original cable samples. However, in the
degassed samples, although the limited charge accumulation and the slightly distorted field can be
calculated by the modelling method, the simulated charge and field distribution cannot
guantitatively correspond the measured data. The hetero charges can hardly be found near the
cathode, and the lowered field strength at the anode is different from the measured results. Such
differences could be resulted from the assumption of a uniformly fixed initial impurity

concentration level in the degassed cable samples.
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Figure 6-20. The calculated field distribution in the degassed XLPE insulated cable.

In this study, in both the undegassed and degassed samples, the impurity is considered to distribute
uniformly across the cable radial thickness, but it has been reported in many literatures that there
could be an impurity concentration gradient along the cable radius, which could greatly affect the
ionic charge generation and transport in the cable geometry. Indeed, during the degassing process,
the crosslinking by-products diffuse with different rates and their distribution might be
inhomogeneous across the insulation thickness. After measuring the content of crosslinking
byproducts in sliced cable samples, Ren et al. considered the inner cable insulation retains higher
level of by-products, and the concentration decreases from inner to the outer part [126]. Smedberg
et al. proposed that the by-products diffuse from the middle part to the inner and the outer semicon
layer, therefore the middle insulation shall contain the highest level of impurities [127]. In literature

[128], it was also suggested that the interdiffusion of residues between the semicon layer and the
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insulation material results in a higher concentration of impurities at the inner and the outer part.
It seems that the impurity concentration is mainly determined by the diffusion of by-products
during the degassing process, and the initial impurity gradient across the cable insulation should be
taken into account in future study by measuring the concentration of crosslinking by-products in

different regions of cable insulation.

By assuming the impurity concentration level is higher at the inner insulation and lower at the outer
part, a simple linear function along the radius is applied as the initial impurity concentration
distribution in the degassed cable samples, as presented in Figure 6-21. And the calculated space
charge and field distribution based on such initial impurity concentration distribution are shown in

Figures 6-22 and 6-23 separately.
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Figure 6-21. The presumed initial impurity concentration distribution in the degassed cable sample.
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Figure 6-22. The calculated net charge distribution in the degassed cable sample with an impurity

concentration gradient.
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With a higher concentration of impurity molecules at the inner insulation, both the calculated space
charge and field distribution seem to be more comparable with the experimental results in the
degassed cable samples. More ionic charge carriers can be generated near the anode due to the
higher concentration of neutral ion-pairs, therefore the amount of negative ions presenting near
the anode is larger. The accumulation of ionic charge carriers near the electrodes offsets the
electronic charge carrier distribution in the vicinity of the electrodes, and limited hetero charge
accumulation can be observed within the insulation bulk. It can be argued that the calculated
results of an initial concentration gradient are more consistent with the experimental observations
in the degassed cable sample, which indicates the impurities are distributed intensively at the inner

part after the degassing process.
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Figure 6-23. The calculated electric field distribution in the degassed cable sample with an

impurity concentration gradient.

6.3.3 Simulation of space charge profiles in XLPE insulated cables with a temperature

gradient

Space charge accumulation is highly dependent on temperature in polyethylene-based materials,
and It is also reported that the increased temperature can enhance the ionic dissociation of cross-
linking by-products and accelerate the hetero charge formation [106] [129]. Space charge
measurements have been carried on the XLPE cables in the presence of temperature gradients, and
the results revealed that the hetero charges always accumulate near the low temperature side, and
the charge amount increases with a larger temperature gradient [27] [130]. Based on the
assumptions of temperature-dependent charge generation and transport of both ionic and
electronic charge carriers, the space charge behaviour in the XLPE model cable subjected to a

temperature gradient is simulated by the proposed model. The impurity molecules are assumed to
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be distributed uniformly across the cable insulation. The inner temperature is set to be 50°C, and
the outer is set to be 40°C, forming a temperature gradient of 10°C across the cable insulation,

which can be expressed as:

In (%) (T(r) —T(r.))

T(r)=T(r,) + - (6-12)
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Figure 6-24. The calculated net charge distribution in the degassed XLPE insulated cable with the

presence of a temperature gradient (50-40°C).
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Figure 6-25. The calculated field distribution in the degassed XLPE insulated cable with the presence

of a temperature gradient (50-40°C).
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Figure 6-24 shows the simulated net charge distribution in degassed XLPE cable insulation subjected
to a 10°C temperature gradient. The considerable hetero charge formation can be calculated by
the model. Due to the temperature gradient across the cable insulation, both the ionic dissociation
and electronic injection have been enhanced significantly, and the charge transport has also been
accelerated. The accumulated positive charge carriers near the cathode are mainly from the
dissociated positive ions, which reinforce the electric field significantly near the cathode, as
presented in Figure 6-25. A small amount of positive charge carriers is observed in the vicinity of
the anode, which decreases gradually with time. This is because the trapped holes near the anode

are offset gradually by the dissociated negative ions.

However, it should be noted that the model still needs to be further improved to simulate the space
charge behaviour in the loaded cables. The impurity diffusion need to be considered under the
high temperature, and the parameters related to ionic charge behaviour still need to be further
optimized via space charge measurements and conduction current measurements under various
thermal conditions. Consequently, the modelling approach is able to be potentially applied to
calculate the dynamic charge and field distribution in XLPE cable insulation subjected to both

electrical and thermal stresses.

6.4 Summary

A cable PEA system has been designed and built, and the space charge measurements have been
carried on the XLPE model cables at the room temperature. The noticeable hetero charge
accumulation is observed in original XLPE insulated cables under 80 kV, and limited hetero charges
could be still detected in the degassed cable samples. Space charge behaviour in XLPE cable
insulation is investigated by the modelling method which considers both the electronic and ionic
charge generation and transport. Compared with the experimental observations, both the hetero
charge formation and the field enhancement near the cathode can be calculated and the results
show good consistency in the original cable samples. The limited charge accumulation and slightly
deformed field can be calculated in the degassed cable samples. However, it seems necessary to
introduce an impurity concentration gradient instead of a uniformly distributed concentration for
calculating the charge behaviour in the degassed cables. For future study, space charge
measurements in XLPE insulated cables subjected to thermal gradients need to be achieved, and it
is also suggested to optimize the parameters linked with temperature for predicting the charge

behaviour in loaded cables.
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Chapter 7  Conclusions and future work

7.1 Conclusions

The dissertation concentrates on the research into space charge behaviour and electric field
distribution in HVDC extruded cable insulation. The research work has been accomplished by
implementing numerical modelling of the space charge behaviour in polyethylene-based material
in cable geometry under the DC stress. The transient electric field distribution in the cable
insulation has been studied by considering the practical operation of the HVDC cable system. A
new modelling approach is proposed to investigate the space charge behaviour in XLPE material,
which considers both the electronic and ionic charge carrier generation and transport mechanisms.
A cable PEA system is built to measure the space charge accumulation in XLPE insulated cables, and
the new modelling approach is also extended to investigate the hetero charge formation in XLPE

insulated cables. Several conclusions can be drawn based on the present work.

Based on previous experimental observations, a threshold electric field (10 kV/mm for polyethylene
based material) at which the charge injection takes place at the interface of electrode/insulation
has been introduced into the bipolar charge transport model. The bipolar charge injection, the
charge conduction mechanism, the charge trapping, detrapping and recombination processes are
taken into account in the bipolar charge transport model. The space charge accumulation and the
field inversion phenomenon can be successfully simulated by employing the bipolar charge
transport model in a MV size polymeric cable (insulation thickness 4.5 mm) in the presence of a
steady temperature gradient. The calculated space charge and field distribution are very consistent
with the previous experimental observations [75]. Comparisons have been made between the
conventional conductivity model and the bipolar charge transport model, and it is found that the
bipolar charge transport theory is superior in calculating electric field in DC cable systems, due to
its well descriptions on charge generation and transport mechanisms. The space charge behaviour
and the transient field distribution in DC cable under the voltage polarity reversal have been
calculated by the bipolar charge transport model, and the significant field enhancement near the
conductor can be predicted immediately after the polarity reversal. It is suggested that the fast
polarity reversal may lead to a higher electric field near the conductor, and the slow polarity
reversal is more preferable as the space charge accumulation can be eased during the grounding

stage.

Thermal transient effects on space charge accumulation in the DC cable insulation have been

investigated by employing the bipolar charge transport model. The transient temperature
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distribution across the cable insulation can be achieved by applying a time-varying current (200-
300 A) flowing in the cable conductor. Both the charge injection and the charge transport
mechanisms are highly dependent on the temperature. It is found that the field inversion
phenomenon can only take place with a higher load current which represents a higher general
temperature and a larger temperature gradient, and this phenomenon can be still maintained even
with the temperature decreasing, as the charge movement under the low temperature condition is
insignificant. The space charge and field distribution have been investigated in DC cable insulation
subjected to a cyclic load lasting 3 days. It is found that maximum electric field strength is always
maintained near the outer insulation, and both the charge and field distribution are mainly
dependent on the high load period. The space charge accumulation almost remains unchanged,

since the charge generation and transport are very limited during low load periods.

Both the homo charge and hetero charge formation have been experimentally observed on the
additive-free LDPE film, the fresh and the degassed XLPE specimens via space charge
measurements. Under 20 kV/mm DC field, homo charge distribution is dominant in pure LDPE
samples, and a large amount of hetero charges can be observed in the vicinity of both electrodes
in the fresh XLPE samples. The amount of hetero charges can be greatly reduced by the degassing
process, which indicates the hetero charge formation is mainly contributed from the ionization of
dissociable impurities presenting within the insulation. A modelling approach has been proposed
to investigate the space charge behaviour in XLPE material by considering both the electronic and
ionic charge behaviour. An impurity molecule is introduced as the neutral ion-pairs, which can be
dissociated into positive and negative ions by overcoming a dissociation barrier. The trapping,
detrapping and recombination processes of the ionic charge carriers are considered in this model.
The considerable hetero charge formation in the fresh XLPE specimens can be successfully
simulated by considering the combination of electronic charge distribution and the ionic charge
distribution, and the very limited charge accumulation in the degassed XLPE samples can also be
calculated. The simulation results are quantitatively consistent with the experimental observations

in XLPE material.

A PEA system for measuring space charge in cables has been successfully established, and the
temperature gradient setup is installed into the system. Space charge measurements have been
carried on the both original and degassed cable samples under 80 kV at the room temperature.
Considerable hetero charge formation can be found in the original cable samples, and much less
space charge accumulation can be detected in the degassed cable samples, since thermal treatment
removes most volatile species such as crosslinking by-products. The modelling approach which
considering both the ionic and electronic charge behaviour has been extended to cable geometry

to simulate the space charge behaviour in XLPE insulated cables. Both the hetero charge formation
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and the field enhancement near the cathode can be calculated and the results show good
consistency in original cable samples. The limited charge accumulation and slightly deformed field
can be calculated in the degassed cable samples. However, it seems necessary to introduce an
impurity concentration gradient instead of a uniformly distributed concentration for calculating the

charge behaviour in the degassed cable samples.

7.2 Future work

Future work can be expanded from several aspects as following:

The space charge behaviour in DC cables in the presence of a temperature gradient has been
successfully investigated by numerically modelling. A threshold electric field has been introduced
to define the charge injection from the interface of electrode/insulation. The Schottky injection
law dominates when the applied electric field exceeds the threshold, and the conduction of Ohmic
type takes over under the low field. However, it is found that the threshold field could vary with
different temperature. For both LDPE and XLPE, generally, a higher temperature leads to a smaller
threshold field. In further study, the temperature dependence of the injection threshold field
should be investigated at the interface of the electrode and polymeric insulation, which can assist
to investigate the space charge accumulation in polymeric insulation under different thermal

conditions.

The modified bipolar charge transport model in cable geometry is able to reproduce the space
charge behaviour, the field inversion phenomenon and the enhancement of maximum electric field,
which are observed experimentally in DC cable insulation. However, the parameter setting is still
following the measurements achieved on LDPE. The parameters need to be optimized for a XLPE
material from the measurements of space charge and conduction current under various electric

fields and at different temperatures.

The space charge behaviour and transient field distribution under the polarity reversal and cyclic
load have been studied by employing the bipolar charge transport model, which indicates such
modelling approach can be applied to predict the electric field distribution in cable insulation
subjected to different electrical and thermal stresses. The modelling method should be developed
for full size HVDC cable design by considering the practical operation stages of the HVDC cable
system. A more complicated heat transfer model considering the whole structure of the HVDC
cable and the ambient environment should be developed to calculate the real temperature

distribution across the insulation.
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The PP-based cable technology has become the hotspot in the development of HVDC extruded
cable systems recently, as the thermoplastic material is recyclable and no crosslinking and
degassing are needed. The modelling approach could be developed for a PP-based material to

provide recommendations on the operation and design of the PP-based cable systems.

Based on the assumptions of ionic dissociation, the formation and transport of ionic charge carriers
have been fed into bipolar charge transport model, and the proposed model has been successfully
employed to simulate the space charge behaviour in XLPE. However, the parameters linked with
the ionic charge carriers are estimated following the parameter setting of the electronic charge
carriers. The ionic dissociation mechanism of the impurity such as crosslinking by-products is still
unclear in XLPE material, and the types of ions generated from the dissociation still need to be
identified. The ionic charge behaviour in XLPE should be further studied, and the interactions

between the ionic charge carriers and the electronic ones need to be investigated.

Space charge measurements have been successfully achieved on the original and degassed XLPE
insulated cables at room temperature, and simulations have been performed to simulate the hetero
charge formation in XLPE cables. However, it seems necessary to introduce an impurity
concentration gradient instead of a uniformly distributed concentration for calculating the space
charge behaviour in the degassed cable samples. The impurity diffusion in the cable insulation
during the degassing process and the loading period need to be investigated, to obtain the
distribution of the residual impurities. In future study, the cable PEA system including the
temperature gradient setup need to be further improved, in order to achieve the space charge
measurement in XLPE cables subjected to thermal gradients in safety. It is also suggested to
optimize the parameters linked with temperature in the model for predicting the charge behaviour

in loaded cables.
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Appendix A [MATLAB Code]

In this part, the MATLAB code for calculating the space charge and field distribution in the medium
voltage size polymeric insulation cable by the bipolar charge transport model will be shown. The
simulation is implemented by using partial differential equation (PDE) solvers in MATLAB coding, to
calculate the charge density for each species along the insulation radius. Both the calculated space
charge and field distribution are same with the simulation results from modelling by COMSOL

Multiphysics, as presented in Figures A.1 and A.2.
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Figure A.1. The calculated space charge density in the MV size polymeric cable by the bipolar charge

transport model.
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Figure A.2. The calculated electric field distribution in the MV size polymeric cable by the bipolar

charge transport model.
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Appendix A

1 %By Yunpeng Zhan on 01 Nov,2018

2 %PhD programme in EPE group of ECS

3 %Modelling of dynamics of Space Charge in cable under DC High Electric Field

4 %Supervisor : Prof. George Chen

5 %Assuming there is no charge in the bulk of the sample at time t<=0

6  %Definition of constants

7  global V.d malt dx dt K ec epr Be Bh SO S1 S2 S3 Eot Hot Wei Whi A para a para we para wh
Tinner Touter alpha RO Wtre Wtrh h dx_add;

8 %

9 alt=1000; %number of iterations

10 alpha=10; % angle

11 V=90e3; %External applied voltage ( in volts )

12 d=4.50e-3; %sample thickness (in metres)

13 m=180; %number of equal divisions

14 dx_add=d/((1+m/2)*m/2);
15 dxUp=[dx_add:dx_add:(dx_add*m/2)];
16 dxDown=[(dx_add*m/2):-dx_add:dx add];

17 dx=[dxUp dxDown]; %divisional length equal addition

18 R0=4.5¢-3; %inter radius

19 dt=0.1; %time step = time difference between each loop ( in secs )/107-2
20 K=1.380658e-23; %Boltzmann's constant

21 ec=l1.6e-19; %Electronic charge

22 epr=2.3*8.854e-12; %Permittivity of the Sample material

23 Be=0.05; Bh=0.05; %Trapping coefficient for electrons & holes ( s™-1)
24 %Recombination coefficients ( m"3C*-1s"-1 )for

25 S0=0; %trapped electron/trapped hole

26 S1=0; %mobile electron/trapped hole

27 S2=0; %trapped electron/mobile hole

28 S3=0; %mobile electron/mobile hole

29 Eot=100; Hot=100; %Trap density for electrons & holes

30 Wei=1.27, Whi=1.16; %Barrier Height for injection for electrons & holes
31 Wtre=0.96; Witrh=0.99; % detrapping coefficents

32 h=6.626e-34; % detrapping constant

33 A=1.2e6; %Richardson constant [ Am"-1K”-2 ]

34 %Temperature
35 Tinner=65+273;
36 Touter=45+273;

37 para_a=2.5e-9; %distance between traps

38 para we=0.71; %trap depth (eV) for hopping mobility
39 para_wh=0.65;

40 set=1;

41 %initiation / defination of working matrix

42 E=zeros(1,m); %Mobile Electron densities

43 H=zeros(1,m); %Mobile hole densities

44 FEt=zeros(1,m); %Densities of Trap Electon

45 Ht=zeros(1,m); %Densities of Trap Hole

46 N=(H - E + Ht - Et); %Effective Current density

47 JE=zeros(1,m-1); %Current density of electrons

48 JH=zeros(1,m-1); %Current density of holes

49 DC=zeros(1,m-1); %Density of Displacement current
50 TC=(JE+JH+ DC); %Total current density

51 F=zeros(1,m); %Electric field

52 fprintf("Hopping Mobility: DC %skV on %sum LDPE (cable geometry)\nApplied field:
%skV/mm\n',num2str(V/1e3),num2str(d/1e-6),num2str((1e-6*V/d)));

53 [ch,F1,DC1,TC1,Esave,Hsave, Etsave, Htsave,JEsave,JHsave,E.H,Et Ht JE JH,F, N, DC, TC]=Junwei_
prog_linx(E,H,Et,Ht,F,N);

54 savefile = strcat('Cable ',num2str(alt*dt),'s', L _set',num2str(set));

55 save(savefile,'ch','F1','DC1','/TC1','Esave','Hsave','Etsave','Htsave','JEsave',' JHsave','set','E','H','Et','Ht
','JE','JH’,’F','N','DC‘,'TC');

56 fori=1:1:499

120



Appendix A

57 fnamel = strcat('Cable ',num2str(i*alt*dt),'s',) L set',num2str(i));

58 load(fnamel,'E','H','Et','Ht",'F",'N");

59 [ch,F1,DCI1,TC1,Esave,Hsave,Etsave,Htsave,JEsave,JHsave,E,H,Et, Ht,JE, JH,F N, DC, TC]=Junwei_
prog_linx(E,H,Et,Ht,F,N);

60 fname2 = strcat('"Cable ',num2str((i+1)*alt*dt),'s',) L set',num2str(i+1));
61 save(fname2,'ch','F1','DC1','TC1','Esave','Hsave','Etsave','Htsave','JEsave','JHsave','set','E','H",'Et','Ht'
”JE”’JH‘"FI’IN”‘DCI”TC‘);

62 end

63 function
[ch,F1,DC1,TC1,Esave,Hsave, Etsave,Htsave,JEsave,JHsave,E,H,Et, Ht, JE. JH,F,N.DC, TC]=Junwei_
prog_linx(E,H,Et,Ht,F,N)

64 global V d m alt dx dt K ec epr Wei Whi A para_a para_we para_wh Tinner Touter alpha RO Wtre
Wtrh h Dek Dhk dx_add S1 S2 S3 ;

65 %index of the 1st iteration

66 a=lI;

67 format long;

68 Y%calculation for temperature distribution.

69 for z=2:m

70 1(1)=R0O+d;

71 1(z)=R0O+d-sum(dx(1:z-1));

72 end

73 r(mt+1)=d;

74 Mid_r=(r(1:m)+r(2:m+1))/2;

75 T_matrix=Touter+(Tinner-Touter)/log((R0+d)/d)*log((R0+d)./Mid _r);

76 v=K*T matrix/h; %escape frequency

77 De=v.*exp(-Wtre*ec/K./T matrix); %detrapping coefficient

78 Dh=v.*exp(-Wtrh*ec/K./T matrix);

79 Y% --mmmmmmmm e

80 % Poisson's Equation

81 % ----m-mmmmmmm -

82 for t=I:alt

83 FO0=F; %electric field at time t=0s

84 fork=1m

8 b=0;

86 fori=1:k

87 b=D>+ (i-0.5)*N(@)*dx(i1)*Mid_r(i);

88 end

89 ¢=0;

90 forw=km

91 c=c+ (m-w+0.5)*N(w)*dx(w)*Mid_r(w);

92 end

93 F(k) = 1./Mid_r(k)*((c-b)/(epr*(m)))+1./Mid_r(k)*(V/log((RO+d)/(d)));

94 end

95 Fl(a:t*m)=F;

96 %for displacement current DC(k)

97 DC(1:m-1)=epr*((F(1:m-1)-FO(1:m-1))/dt);

98 DCl(a:(t*m)-1)=DC;

99 %

100 % Transport & Continuity Equation

101 %

102 %hopping type mobility

103 Ue=2.*v*para_a./F.*exp(-1*para_we*ec./(K.*T_matrix)).*sinh(ec.*F*para_a./(2*K.*(T_matrix)));

104 Uh=2.*v*para_a./F.*exp(-1*para_wh*ec./(K.*T matrix)).*sinh(ec.*F*para_a./(2*K.*(T_matrix)));

105 % solve for the s value ( by assuming J value can be formulated)

106 % Schottky Injection for E at Cathode(k=1) and H at Anode (k=m)

107 % JE_Catd = A*T_matrix(1)"2*exp(-
(ec*Wei/(K*T_matrix(1))))*(exp((ec/(K*T_matrix(1)))*sqrt((ec*abs(F(1)))/(4*pi*epr)))-1);

108 % JH Anod = A*T matrix(m)"2*exp(-
(ec*Whi/(K*T_matrix(m))))*(exp((ec/(K*T_matrix(m)))*sqrt((ec*abs(F(m)))/(4*pi*epr)))-1);
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109 % if F(1)<0

110 % JE Catd = A*T_ matrix(1)"2*exp(-
(ec*Wei/(K*T _matrix(1))))*(exp((ec/(K*T_matrix(1)))*sqrt((ec*abs(F(1)))/(4*pi*epr))));

111 % else

112 % JE Catd=0;

113 % end

114 % if F(m)<0

115% JH Anod = A*T matrix(m)"2*exp(-
(ec*Whi/(K*T_matrix(m))))*(exp((ec/(K*T_matrix(m)))*sqrt((ec*abs(F(m)))/(4*pi*epr))));

116 % else

117 % JH_Anod=0;

118 % end

119 %

120 JE = Ue(1:m-1).*E(1:m-1).*abs(F(1:m-1));

121 JH = Uh(2:m).*H(2:m).*abs(F(2:m));

122 %Total current density added as shown

123 TC=JE + JH + DC;

124 JEsave(a:(t*m)-1)=JE;

125 JHsave(a:(t*m)-1)=JH;

126 TCl(a:(t*m)-1)=TC;

127 %Extraction of electrons and holes respectively

128 %at the Anode and Cathode under no extraction barrier

129 JE_Anod = Ue(m)*E(m)*abs(F(m));

130 JH_Catd = Uh(1)*H(1)*abs(F(1));

132 E(1) = (-(JE(1) - JE_Catd)/dx(1)-JE(1)/Mid_r(1))*(dt) + E(1);

133 H(m) = (-(JH(m-1) - JH_Anod)/dx(m)-JH(m-1)/Mid_r(m))*(dt) + H(m);

134 E(2:m-1) = (-(JE(2:m-1) - JE(1:m-2))./dx(2:m-1)-JE(2:m-1)./Mid_r(2:m-1))*dt + E(2:m-1);
135 H2:m-1) = (-(JH(1:m-2) - JH(2:m-1))./dx(2:m-1)-JH(1:m-2)./Mid_r(1:m-2))*dt + H(2:m-1);
136 E(m) = (-JE_Anod - JE(m-1))/dx(m)-JE_Anod/Mid_r(m))*(dt) + E(m);

137 H(1) = (-(JH_Catd - JH(1))/dx(1)-JH_Catd/Mid r(1))*(dt) + H(1);

138 % -------mmmmmem - ODE solver
139 for k=1:m

140 Dek=De(k);

141 Dhk=Dh(k);

142 S1=Ue(k)/epr;

143 S2=Uh(k)/epr;

144 S3=(Ue(k)+Uh(k))./epr;

145 tspan = [0 dt];

146 y0 = [E(k), H(k), Et(k), Ht(k)];
147 sol = ode45(@f,tspan,y0);

148 x = dt;

149 y = deval(sol,x);

150 %------- setting the output of ODE to the species value ------

151 E(k) =y(1,:);

152 H(k) = y(2,%);

153 Et(k) = y(3,:);

154 Ht(k) = y(4,:);

155 end % for ODE solver

156 Esave(a:t*m)=E;

157 Hsave(a:t*m)=H,;

158 Etsave(a:t*m)=Et;

159 Htsave(a:t*m)=Ht;

160 N = (H - E + Ht - Et);

161 ch(a:t*m)=N,

162 a=a+m;

163 if mod(t*dt,1)==0

164 fprintf('Time step is %ss; Charging at %ss.\n',num2str(dt),num2str(t*dt));
165 end

166 end % for iterations




167 %
168 function dNdt = f(t,y)

169 global Be Bh SO S1 S2 S3 Eot Hot Dek Dhk;

170 % yl =E, y2 =H, y3 =Et, y4 =Ht

171 dNdt = [ -S1*y(4)*y(1) - S3*y(2)*y(1) - Be*y(1)*(1-(y(3)/Eot))+Dek*y(3)
172 -S2*y(2)*y(3) - S3*y(2)*y(1) - Bh*y(2)*(1-(y(4)/Hot))+Dhk*y(4)

173 -82%3(2)*y(3) - S0*y(4)*y(3) + Be*y(1)*(1-(y(3)/Eot))-Dek*y(3)

174 -ST*y(4)*y(1) - S0*y(4)*y(3) + Bh*y(2)*(1-(y(4)/Hot))-Dhk*y(4) ;

175 %
176 % ** END * *

177 %
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