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ABSTRACT

With the advent of High Voltage Direct Current (HVDC) technology, underground
power cable transmission, with polymeric insulation, owing to its several inherent
benefits, is eclipsing over the conventional mass impregnated and oil-impregnated paper
insulation. Polymeric HVDC cables have excellent electrical and thermal properties,
especially in design stress, which is comparatively high, compared to mass and oil-
impregnated insulation. In general, cable performance has assumed paramount
importance in power transmission. The performance of power cables is linked to the
electric and thermal profiles of the dielectric. Standard recommendations, such as CIGRE
TB-496 and IEC-62067, provide guidelines for manufacturers as well as utilities for the
testing of cables. However, for high voltages (more than ~500 kV) extruded cable
technology is still limited mostly to laboratory or developmental experience. Therefore, it
is important to have viable simulation tools, not only for design and development but also
for the condition assessment of the cables. This work presents the simultaneous
simulation of interdependent electric and thermal fields inside a dc cable, under loaded
conditions using analogous distributed circuit models for thermal and electrical
phenomena. The complex nonlinearities are integrated with such circuit models, leading
to the simulation of electro-thermal runaway, for the first time, in a dc cable. Using the
suggested, nonlinear circuit models, complete dynamics of the temperature profile and
electric field inside the cable dielectric can also be obtained under various test and
operating conditions until electro-thermal runaway limits in the time domain. The results
are useful for the design and development of dc cables with safety factors, apart from
understanding the electro-thermal limits. The models are validated with rigorous and

careful experiments.

In general, when the polymeric cable operates under continuous load and
sometimes under overloaded conditions, it is subjected to high thermal stress, which
causes polymer degradation. Ageing is a slow process, causing the weakening of
insulation. In HVDC cables, space charge accumulation inside the bulk of cable
insulation is a major issue which has been deemed critical to their breakdown and thus is
a topic of great interest in the HVDC cable industry. However, space charge is not that

severe issue in the case of High Voltage Alternative Current (HVAC) cables due to
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periodic polarity changes. Space charge is known to accumulate even in a fresh specimen,
however, particularly in an aged polymeric material, due to the degradation of the
material, space charge is believed to be extremely significant. The presence of space
charge in the insulation bulk affects the electric field, making its distribution non-uniform
across the insulation, which may cause a premature breakdown in the insulation. So, in
this work, the author intends to investigate the effect of long-term thermal ageing on the
accumulation of space charge and electric field dynamics in a polymeric material (LDPE-
Low-Density Polyethene), which is a widely used base material for polymeric cable
insulation). To achieve thermal ageing, the prepared LDPE sheet samples were placed in
a hot air oven for long durations. Thermal ageing has been carried out under different
ageing temperatures and durations. The space charge was measured after certain ageing
periods using the PEA (Pulsed Electro-Acoustic) method. The experiments were done for
low and high electric fields. All experiments were done at ambient temperature. The
corresponding electric field enhancement has been investigated. The space charge density
and electric field enhancement factors have been estimated. Also, in highly aged samples
(256 days), the space charge is measured in the vicinity of breakdown. A clear difference
in the trend of packet-like charge movement is observed in the highly aged samples when
compared to the packet charge of fresh samples reported until now. Interesting insights on
the injection and movement of charges through the bulk, mean accumulated charge
density, field enhancement factor, as well as the shift of space charge regimes with
ageing, are presented, which were apparently not given adequate attention in the literature

so far. The results are believed to be useful for HVDC insulation designers and utilities.
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CHAPTER 1

Introduction

1.1 Background and Motivation

With the development of power electronics devices in the 21st century, there is
widespread use of High Voltage Direct Current (HVDC) because of their several
advantages over High Voltage Alternating Current (HVAC) systems. For transferring
bulk power over long-distance HVDC is a better choice compared to HVAC system.
HVDC power transmission does not have the problem of reactive power compensation.
Also, the DC converter station is used to interconnect to synchronise two different
frequency systems. Even though the establishment of HVDC converter station is costlier,
HVDC is cheaper when compared with the HVAC system for overhead transmission [1],
for transferring the same amount of power over a long distance (>600 Km). High voltage
cables are now preferred over overhead lines worldwide to transmit electric power.
HVDC cables have certain advantages over HVAC cables, such as no continuous
charging and discharging currents, non-requirement of reactive power compensation, no
limitation in the power transmission length, etc. HVDC cables are cost-effective over
more than 50 km (approx.) compared to HVAC [2-4]. The comparison of HVDC and

HVAC cable cost versus power transmission distance is shown in Fig. 1.1 (a)

P —
. . 4.8 35~ 38
HVDC 1A 63
3'.,2) 5 4?5 20 2;3‘34
% v 4 22{@% —33
=) | # b 2 ﬁ}f/y 0 A1
& [ . T 51 27-28
10%, "]
I 50km — 100km ngpls
I Cable
I )40 41 43
> = s
Power Transmission distance e Sae
(a) (b)

Fig. 1.1 (a) Comparison of HVAC and HVDC cable (b) Major HVDC lines in Europe.
(https://en.wikipedia.org/wiki/High-voltage_direct_current)



Chapter 1. Introduction

HVDC cables are a viable option in special cases, such as geographical barriers,
island power interconnections, the crossing of long rivers, lakes, etc. They are also a
feasible option for connecting renewable energy sources such as solar and tidal power
placed over long distances, with the grid. The major HVDC lines in Europe are shown in
Fig 1.1 (b). The essential component to withstand such high voltage in a power cable is
the insulation. Polymeric insulation is most commonly used for high voltage applications
due to several advantages, like being maintenance-free, high resistivity, high breakdown
strength, lower losses, good water resistance and high operating temperature, compared to
oil-impregnated paper (OIP). Due its long-term benefits, especially on design stress and
other advantages, it has replaced the mass impregnated (MIND) paper insulation, at
almost all voltage levels [5]. The structure of a typical polymeric HVDC cable is shown
in Figs 1.2 and 1.3.

Insulation ( LDPE/ XLPE)

Conductor screen

Conductor
(Aluminium or copper)

Insulation screen

Metallic shield
(Aluminium or copper)

PVC cable jacket

(www.nassaunationalcable.com)

Fig 1.2. Typical HVDC Polymeric power cable Construction

\

. Conductor
" _.Inner semi-conductor
" Insulation (DC-XLPE) i
\ .- Outer semi-conductor A\ % '

. -Water swellable tape
- -Lead sheath
PE jacket

- Spacer
~ Optical fiber unit

: 1
- Double steel-wire armor w

ys
/-~ -Serving

(@) (b)

Fig 1.3. A HVDC XLPE submarine cable (+250 kV) (a) Top view, (b) Side view [6], [7].
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Chapter 1. Introduction

Power demand has been increasing day by day. As a result of this, we are going
for higher voltage for bulk power transmission. The laying length of cables is also
increasing day by day as shown in Fig 1.4.
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Fig 1.4. (a) The trend of system voltage and (b) laying cable length per year.
(https://www.inmr.com/quality-assurance-quality-control-of-hvdc-cable-systems/)
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1.1.1 Electro-Thermal Breakdown in HVYDC Cables

As is well known, insulation is the most important aspect of any high voltage
equipment or system. Once insulation breakdown occurs, the entire electrical system may
get collapsed. So, it is necessary to understand the behaviour and characteristics of
insulation under different stress conditions. Several research papers explained about
insulation failure that occurs due to either electrical or thermal stress [8], [9]. But in
actual practice, the high voltage cable is subjected to both electrical and thermal stress
simultaneously. Breakdown occurs mainly due to weakest point in the insulation. The
underlying phenomenon of breakdown is believed to be filamentary and gets initiated in
form of a local thermal breakdown at the weak point.

Once laid, power cables are expected to run satisfactorily for 30-40 years. In the long
term, the insulation undergoes high electro-thermal stress, and this stress rises whenever a
transient happens, especially during polarity reversal.

The standards for testing extruded cable systems under different test conditions are
available for only up to certain voltage levels, above which research and development is
still under process [10]. When cable is operating under bipolar transmission (LCC- Line
Commutated Converter), voltage polarity reversal is done to change the power flow
direction. During polarity reversal, the cable insulation is subject to high Laplacian field
[11], [12]. With the increase in switching frequency (i.e. shorter duration of reversal), the

insulation material may degrade rapidly, which may ultimately result in premature failure.
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Chapter 1. Introduction

A theoretical formulation for computation of electric field and temperature distribution
across HVDC cable under steady state, the maximum permissible temperature in
insulation and thermal instability of cable was reported in [13].

One of the main contributions of the present work is the simulation of electro-
thermal runaway in time domain. An inter-dependent electro-thermal circuit model is
formulated, which may make it convenient to model the complete dynamics of the
temperature profile and electric field inside the cable dielectric under various test and
operating conditions until electro thermal runaway limits in time domain. The simulation
model also incorporates the effect of external factors such as load current, ambient
temperature and the surrounding medium (surrounding the cable e.g. soil).

Another significant contributions of this thesis is the development of an
experimental setup for determining breakdown strength of a loaded HVDC cable under
various load currents and environmental conditions. A special HV electrode has been
developed which is capable of avoiding ‘edge breakdown’, which is a frequently
encountered problem in cable breakdown tests. The simulation results were validated by

comparison with experimental results.

1.1.2 Accumulation of Space Charge in polymeric Insulation under HVDC Fields

The second part of this thesis relates to the space charge in Low-Density
Polyethylene (LDPE), which is the base polymer for all polymeric cables. When a
dielectric material is subjected to an electric field, dipoles are aligned in the direction of
the applied field. The charges within the dipoles are bound charges and other than the
dipoles, a dielectric is not expected to have any other charge within its bulk. Thus, in an
ideal dielectric, no space charge formation occurs and a uniform electric field distribution
occurs across the insulation. The dipole formation and the electric field distribution across
insulation are shown in Figs 1.5. (a) and (b) respectively [14].

In any practical dielectric, however, charges are formed within the bulk, which is
primarily due to charge injection from electrodes; the presence of impurity or cross-
linking agents such as in cross-linked polyethylene (XLPE) may also be responsible for
these charges [15], [16]. Since these charges occur within the space of a dielectric, they
are referred to as space charges. If the polarity of a space charge in the vicinity of the

electrodes is same as the polarity of electrode, it is called homo charge.
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Because of this non-uniform electric field occurs across the insulation. The field
enhancement occurs in the middle of the bulk material. The homo charge formation and
corresponding electric field distribution across insulation are shown in Figs. 1.5 (c) and
(d) respectively. Over time, charges may slowly move from one electrode to another.
Thus, when opposite polarity charges are present near the electrode, they are called hetero
charges. In the case of hetero space charge, the field enhancement occurs at both ends of
the insulation [17]. The formation of hetero charge in the insulation and corresponding
electric field distribution across the insulation are shown in Figs. 1.5 (e) and (f)
respectively. The presence of either homo or hetero space charge, thus leads to field
enhancement in the insulation, so that the maximum field is above the value of the design
electric field. Due to this, a particular portion of the insulation continuously encounters
higher stress. Due to this, over long periods, the insulation gets deteriorated at a rate much
faster than usual and this may cause premature breakdown [18-20].

In this work, the author aims to investigate the effect of long-term thermal ageing
on the space charge characteristics of LDPE. To this end, LDPE sheet samples were
prepared and thermally aged systematically in batches, at different temperatures and for
different time durations. Space charge was measured for a large number of samples from
each thermally aged batch and inferences were drawn based on parameters such as charge
density, field enhancement factor (FEF) and net charge density, among others. In case of
highly aged samples, space charge was measured until breakdown and a possible
mechanism relating the DC dielectric breakdown with space charge accumulation is
presented.
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Fig. 1.5. (a) Polarization of dielectric under ideal case, (¢) Homo space charge formation, (e) Hetero space
charge formation, corresponding electric field across insulation is (b),(d) and (f).

1.2 Thesis Organization

The thesis is organized in 5 chapters. A brief description of each chapter is given below:

Chapter 1 Introduction

This chapter presents a general introduction to the HVDC cables, their advantages
over HVAC cables and significance of polymeric insulation. The two main parts of this
thesis are then briefly described which are: electro-thermal breakdown in cable insulation
and space charge accumulation respectively. The main contributions of this thesis are

highlighted and their significance in context of HVDC cables is discussed.

Chapter 2 Literature Review - Problem Definition

This chapter presents a comprehensive review of the existing literature. The
research gaps in many of the existing models for electro-thermal modelling are described,
which include the assumption of constant conductivity, neglecting dielectric losses in the

electro-thermal model, among others. Also, a review is given of existing literature on
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space charge in LDPE and its implications on the failure of cable insulation. Finally, the

research problem is formulated.

Chapter 3 Simulation and Experiments on the Electro-Thermal Breakdown of
HVDC cable

In this chapter, the developed distributed electro-thermal circuit model of a HVYDC
cable has been presented along with the various experimental setups. The circuit
(simulation) model considers all the layers of a typical submarine cable and the
experimentally measured cable conductivity is incorporated in the electrical circuit
model. Also, the losses in the various layers act as heat sources in the thermal circuit. The
simulations were then carried out for different operating conditions such as the load cycle
as per the Cigré TB 496 standard. Also, both transient and steady-state behaviour of cable
has also been simulated and temperature and electric field in the insulation were
estimated. The cable was simulated up to breakdown and the effect of load, ambient
temperature and soil on the breakdown is investigated. The different between intrinsic
and interactive instability has been shown. Then, the developed experimental setup for
breakdown test of loaded HVDC cable is described along with the three-electrode setup
for measurement of volumetric leakage current to estimate DC conductivity. The various

simulation and experimental results are presented and inferences are drawn.

Chapter 4 Thermal Ageing and space charge measurement accumulation in aged
LDPE under HVDC

This chapter presents the thermal ageing of LDPE and its effect on the space
charge accumulation in detail. The methodology of sample preparation is presented and
the setup used for long-term thermal ageing is described. Also, the pulse electro-acoustic
(PEA) setup, which has been used to measure the space charge in fresh and aged samples,
in this work is described. The profile and dynamics of space charge (i.e. homo charge,
hetero charge, packet charge) for each batch of thermally aged samples is presented. Also,
the corresponding electric fields, FEF and net charge are estimated. The space charge
characteristics until breakdown are presented for highly aged samples and an associated

mechanism, relating these two phenomena is described.

Chapter 5 Conclusions and Future Scope of the Work

In this chapter, the tangible conclusions of this thesis are summarized along with

the future scope of this work.



CHAPTER 2

Literature Review- Problem Definition

2.1. Literature Survey on Electro-Thermal Modelling and Breakdown

of Cable Insulation

With an increase in the use of HVDC technology around the world for grid
interconnections and tapping of power from alternate sources of energy, cable
performance has assumed paramount importance. The performance of power cables is
linked to the electric and thermal profiles of the dielectric. Standard recommendations
such as CIGRE TB-496 [21] and IEC-62067 [22], provide guidelines for manufacturers
as well as utilities for the testing of cables. However, for high voltages (more than ~500
kV) extruded cable technology is still limited mostly to laboratory or developmental
experience [21]. Therefore, it is important to have viable simulation tools, not only for

design and development, but also for the assessment of the cables.

The role of multi-factor dependent electrical conductivity on steady-state temperature
and electric fields in dc cables is well known [23], [24]. Theoretical maximum limits on
power handling capacity of HVDC cables and estimation of thermal maximum voltages
for cables have been formulated, based on temperature limitations of the insulation [25]
under steady-state limiting conditions. The thermal breakdown phenomenon has received
considerable focus [26], [27] due to the dynamic interdependence of electric and thermal
fields under dc. Furthermore, the mode of failure of extruded cables is believed to be
thermal [28]. The punctured polymeric cables is shown Fig 2.1. It is important to see
thermal runaway and limiting conditions, in time domain, to better understand, evaluate
and design power cables. As per the literature based on finite element method (FEM), on
transient behavior of HVDC cable, simulation of electric field and temperature has been
reported in [29], however, joule losses in insulation were neglected. Ignoring such losses
may not affect the electric field and temperature computations for voltages less than the
breakdown level, however, it has a significant effect at high fields, where, a positive
feedback would occur between the fields due to field-temperature aided conduction in
dielectrics [23].
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(d)

(€)

Fig: 2.1 (a) Punctured cable received from Adani Electricity, Mumbai. India (Under Investigation). (b) &
(c) Completely burnt cables after breakdown due to high temperature. (d) & (e) internal view of punctured
cables (courtesy: https://www.assemblymag.com/, https://www.powerandcables.com/,

ttps://ietresearch.onlinelibrary,wiley.com/)
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In Another paper [30] based on FEM, enhancement of electric field in a cable
termination (2-D model) is reported, where, constant conductivity was considered in the
model, which, again, cannot produce the cascading positive feedback effect at high fields.
Numerical techniques for evaluation of losses, heating and ampacity for buried AC cable
systems were also reported in [31], [32] without reference to electric field, but with a
focus on ampacity, while, the thermal runaway was not considered. Further, it was
reported that there are difficulties of convergence near breakdown in numerical

simulations.

As per the literature related to the use of circuits for modelling thermal behavior, a
lumped circuit model, where, insulation was modeled as one unit, to find out ampacity for
AC cable system is reported in [33], [34]. However, thermal capacitance was not
incorporated in the thermal circuit in [33], which cannot simulate a transient behavior,
although the insulation losses (constant ac conductivity) were represented using lumped
circuit parameters. In [34], only conductor losses were considered in a lumped circuit,
whereas insulation ohmic loss was neglected. These models being lumped circuit models,

electric field, temperature distribution and thermal runaway cannot be obtained.

While [33] and [34] report for AC cables, in another work based on circuit models
[35], time domain electric field and temperature in medium voltage dc cables (used in a
ship) has been reported. However, only the losses due to conductor were considered,
while heat generated due to insulation losses was not incorporated, which is shown in this

work to have an important role on thermal runaway.

However, the transient electro-thermal runaway in a dc cable is believed to have not
been reported until now. For example, the thermal and electrical circuits have different
time constants and also have inter-dependency. A loaded cable will undergo dynamic
change in electric field with load variations and switching. Therefore, it is considered
important to investigate the dynamic electro-thermal behavior of an HVDC cable under
different conditions.

11
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2.2. Literature Survey on Accumulation of Space Charge in Polymeric

Insulation

Space charge accumulation [40], [41] under HVDC fields is a widely reported
problem in polymeric insulation. It is known that space charge distorts the local electric
field, which may lead to field enhancement and thereby affect the dielectric strength [42].
Polymeric insulation is used in various HVDC applications, such as power cables, where
the insulation is stressed both electrically and thermally [43]. Under prolonged thermal
stress, irreversible physical and chemical changes may occur [44], which may deteriorate
the insulation, eventually leading to premature breakdown. The space charge dynamics in
fresh LDPE samples are based on history of long time applied voltage and the polarity of

charge formation is dependent on applied voltage [45].

Space charge in LDPE at pre-breakdown was reported in [46], where fresh LDPE
samples were subjected to increasing fields up to 300 kV/mm and then kept constant until
breakdown. Space charges were recorded for a short duration of 300 ms at different
temperatures. High amount of positive charge injection was found to be major
contributing factor in intrinsic breakdown of fresh LDPE. The space charge in fresh
LDPE samples was further investigated at different fields until breakdown in [47], [48].
Space charge profiles until breakdown in fresh LDPE is shown in Fig 2.2. These results
further confirmed the existence of large positive packet charges which were injected at
anode and stopped at certain position near the cathode, which was followed by
breakdown. However the space charge dynamics until breakdown were investigated for
only fresh LDPE samples. In [49],[50], it was shown that addition of nanocomposites in
fresh LDPE suppressed space charge formation, and resulted in the improvement of
breakdown strength for the fresh LDPE samples. The space charge was experimentally
measured at 30 kV/mm for individual sections of a HVDC cable [51], which were
thermally aged for up to 1000 hours at 106 °C. In another work [52], LDPE samples were
thermally aged for a short duration of 360 hours at 90°C. Space charge measurements
were performed at -50 kV/mm, and were compared with other insulation materials of
polyethylene family, viz., HDPE (High-Density polyethylene), FPE (Foamed
polyethylene). However, Space charge dynamics in polyethylene materials for short-term

ageing has been reported.

12
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Fig 2.2. Space charge profiles until breakdown in fresh LDPE (thickness of 130 pum) under applied electric
field 2MV/cm [47].

Thermal endurance stress tests have been done for 160 kV HVDC cable insulation
as reported in [53] and the effect of thermal ageing on crystallinity, space charge and
other physicochemical properties was presented. It was inferred in [53] that the change in
insulation properties will affect the space charge formation. However, space charge

measurements were done only under low electric fields (up to 20 kV/mm).

It may be safely said that all three phenomena, viz. space charge accumulation,
ageing and breakdown, are closely interrelated and hence, understanding the dynamics of
space charge accumulation in polymeric material under long term thermal ageing and

associated breakdown is of utmost importance.

A clear lacuna is observed in literature regarding space charge accumulation under
long term thermal ageing. Investigation of space charge dynamics until breakdown for
highly aged samples has not received adequate attention till now. Moreover, polymeric
insulation is expected to operate between 70°C to 80°C in practical applications, at which
the space charge characteristics might differ from that of accelerated ageing that were

reported earlier [53].

13
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Hence, in this work, the author attempts to investigate the space characteristics in
thermally aged LDPE. The LDPE sheet samples are subjected to long-term thermal
ageing (up to 256 days) at different temperatures, that are close to the actual operating
temperatures and space charge measurements are performed under both low and high
fields. Also, the net charge in the bulk and field enhancement factor were estimated. The
space charge was also experimentally measured until and after breakdown for highly aged

samples and a possible associated mechanism of breakdown has been investigated.

2.3 Overview of Literature

2.3.1 Problem Statement

Based on the literature review, the limitations of the electro-thermal model have been
identified. Also, the dependence of space charge accumulation in cable insulation on
ageing temperatures and duration has not been investigated extensively, particularly until

breakdown. Based on the research gaps, the following objectives are thus proposed:

To develop a comprehensive simulation model to simulate the complete electro-

thermal dynamics until breakdown of a HVDC power cable, while incorporating
e Experimentally measured non-linear DC conductivity of cable insulation
e Effect of load current and ambient temperature
o Effect of depth of cable and soil thermal properties.

e To develop a novel experimental setup for breakdown test of a loaded HVDC
cable, under different load currents and environmental conditions, while avoiding
the problem of edge breakdown.

e To experimentally investigate the space charge dynamics in thermally aged LDPE
samples under both low and high fields.

e To understand the space charge dynamics until breakdown, also to estimate the

net charge, electric field, FEF, anode and cathode charges until breakdown for

long term aged samples.

14
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2.3.2 Methodology used in achieving the objectives

To achieve the desired objectives of the first part of the thesis, it all started with a
small circuit model for the simulation, then, after considering all the layers of HVDC
cable, including soil, a comprehensive, distributed electro-thermal circuit model was
developed (as described in detail in Chapter 3). The simulation model incorporates the
experimentally measured conductivity. To validate the simulation model, an electro-
thermal breakdown setup was developed for cable with an aim to rectify the problem of

edge breakdown in cable.

The work for second part of this thesis began with the preparation of LDPE sheet
samples from granules using a two-roll mill and hydraulic press. The prepared samples
were kept in the oven at different temperatures and periods for thermal ageing. The space
charge measurements were then conducted on thermally aged samples under low as well
as high electric fields to investigate accumulation of space charge (as described in detail
in Chapter 4). Also, the space charge profile was examined until the breakdown for highly

aged samples.

15



CHAPTER 3

Simulation of Electro-thermal Runaway and Thermal
Limits of a Loaded HVDC Cable

3.1 Introduction

The performance of power cables is directly linked to the electric and thermal profiles
of the dielectric. It is known that the HVDC cables have no limit on the length, due to the
absence of steady state capacitive reactive power, unlike the HVAC cables which are
intensely fraught with reactive power. However, the strong dependence of insulation
conductivity on electric stress and temperature puts constraints on the power handling
limits of HVDC cables. Also, due to unavoidable circumstances, the cable may get
subjected to high loads and sudden switching operations, during which high electro-
thermal stress is experienced by the insulation, which leads to its faster degradation. The
presence of such transients, thus also acts as a constraint to the power transfer capability
of the cable. The presence of external thermal resistance due to soil surrounding the cable,
changes the electro-thermal phenomena in the cable from being intrinsic to interactive
breakdown. In view of the mentioned reasons, HVDC cables need to be operated within
certain limits of voltage and load current to maintain their electro-thermal stability. The
maximum thermal voltage (MTV) is defined as the maximum voltage upto which an
HVDC cable under no-load stabilizes [25], but beyond which the instability is bound to
occur, due to an internal cascading. However, the MTV reduces considerably when the
cable operates under loaded condition. This chapter presents the simultaneous simulation
of interdependent electric and thermal fields inside a dc cable under loaded conditions
using analogous distributed circuit models for thermal and electrical phenomena, while
incorporating the nonlinearities in such circuit models, leading to simulation of electro-
thermal runaway, for the first time, in a dc cable. The experimental breakdown setup for
loaded HVDC cable is also described and the results are presented and compared with the

simulation results.
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3.2 Electro-Thermal circuit model

As heat flow is analogous to current flow, voltage to temperature, thermal
conductivity to electrical conductivity, thermal capacity to electrical capacitance, the
thermal behavior of the cable layers and surroundings is modeled as a distributed
parameter, 'analogous electric circuit', hereafter called as 'thermal circuit', while the name

‘electric circuit' is reserved for electric behavior, as presented later.

Unlike previous works (AC circuits of [33], [34], and DC circuits of [35]), the
interdependence between thermal circuit and electric circuit is accounted for in both the
thermal and electric circuits. The current sources in the thermal circuit corresponding to
heat produced are due electrical phenomenon (joule losses) and hence depend on
electrical quantities of the electric circuit presented later. Also, the electrical circuit
components do depend on temperature and hence on thermal circuit node voltages.

3.2.1 Modeling with Discrete Concentric Cylinders

Referring to Fig. 3.1 (a), a HVDC underground cable, with all its layers, has been
modeled by dividing them into several concentric cylindrical strips/elements of small
thickness (Fig. 3.1 (b)), each having respective thermal and electrical parameters, as
mentioned in Table 3.1. A HVDC cable in operation and the heat flow direction from
conductor to surrounding medium (through all layers) are shown in Figs 3.1 (c) and (d).

Most of the symbols in this work are put in the form, M]‘f, where M stands for a
parameter/quantity, while a capital letter is used in place of M for an electrical parameter,
a small letter is used for a thermal parameter, as given in Table 3.1. The subscript y, if it
exists, stands for node/section number. The superscript &, if it exists, stands for the type
of the layer ('c'- for conductor, 'cs' for conductor screen, 'i" - for insulation, 'is'- for
insulation screen, ‘wr'- for water resistant layer, 'sh'- for Al sheath, 'os’'- for polyethylene

(PE) outer serving and 'su'- for surrounding medium as shown in Fig. 3.2).
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TABLE 3.1. Nomenclature of Circuit Parameters

Letter in place of M The quantity it stands for
k Thermal conductivity at 293 K (W /(m.K))
a Coefficient of thermal conductivity in (W /(m.K?))
r Thermal resistance (K/W)
c Thermal capacitance (J/K)
s Specific heat capacity in (J/(kg.K))
p Mass density (kg/m?)
i Thermal current source (W)
R Electrical resistance (£2)
c Electrical capacitance (F)
I Electrical current (A)

=B =01 I SV
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Fig.3.1. (a) Sectional view of buried HVDC cable (C1) used in simulation (1-conductor (Cu-12.6 mm), 2-
conductor screen (2 mm), 3-insulation (XLPE-12 mm), 4-insulation screen (1.5 mm), 5-water resistant layer
(5.7mm), 6-aluminium sheath (2.3 mm) 7- PE outer serving (5 mm) and 8-soil (1 m). (b) Depiction of
concentric cylinders of insulation with increasing radii from d, to d,,, and respective node 1 to node n+1,
(c) aHVDC Cable in operation , (d) Heat flow direction in cable.

3.2.2 Thermal Resistance and Capacitances
Referring to Fig. 3.2, in the thermal circuit of the cable, the thermal resistances and

capacitances have similar connotations in all layers of the cable. Thermal resistance rf of

a concentric cylindrical strip between nodes y and y + 1, of unit axial length, with inner

radius ‘d,’, outer radius ‘d,.;’, is,
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d
lO ( y+1>
5 PI\d, )
A (3.1)

The variation of the thermal conductivity with temperature v is taken into account by,
kY = k% +a® (v} —293) 3.2)

The thermal capacitance per unit length c)‘f of the strip is calculated by,

Cl(/s =T [(dy+1)2 - (dy)Z]P655 (3:3)
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Fig.3.2. Thermal circuit of a cable with all layers and surrounding medium.

3.2.3 Distributed Heat Sources

1) Heat Sources in Conductor: Heat generated inside the body of the conductor, in each

strip, has been represented by an equivalent current source in the thermal circuit,

i = (I1)°R¢ (3.4)

where, Iy is axial electrical current through the strip of axial resistance Ry, defined in the

next sections.

2) Heat Sources of Insulation: Heat generated inside an insulation strip has been

represented by an equivalent current source,
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ii = (11)°RE (3.5)

where I, is the radial electric current through the radial electric resistance of the strip R},
which is nonlinear and has been accurately incorporated in this work (depending on
electrical and thermal quantities), described in the next sections. Absence of heat sources
within the surrounding earth allows us to neglect the equivalent current sources in the

soil.

3.2.4 Electrical Circuit of Conductor

The electrical circuit of conductor can be modeled as a distributed parameter network
as shown in Fig. 3.3 (a). Each of the resistances correspond to the respective axial
resistance of each strip of unit length, the variation of whose electrical resistivity with

temperature is incorporated, given by,

+
0o <1 +a (% . 293))

7 ((dyer) - (4)) (36)

RS =

Where, p, electrical resistivity at 293K and o temperature coefficient of resistivity of
conductor in (K~1). The strip temperature is taken as average of node temperatures, v,

and v, 4, of conductor thermal circuit.
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Fig.3.3. Electrical circuit of (a) Conductor, (b) Insulation.

3.2.5 Electrical Circuit of Insulation

The electrical circuit of insulation is modeled as a distributed network with combination
of insulation resistor and in parallel with capacitor is shown in Fig. 3.3 (b). Also, the

applied electric stress to the cable has been represented by a corresponding voltage source
(Vdc)-

1) Electrical Resistances: For the insulation, the electrical resistance of a cylindrical strip

of unit length is,

d
v+1
' log( d, >
R, = ———
Y 210 (3.7)

Electric field and temperature dependence of insulation conductivity o is considered for
electric conductivity [26], [27] by,

5 = AT +alE) (38)

Where, A is the conductivity coefficient of insulation (§/m), a is stress coefficient
(m/V), b is the temperature coefficient (K). Temperature within insulation is given by
the voltage of the thermal circuit, v, at a node y of the dielectric thermal circuit. Hence,
using (27) and (28), electrical resistance of a cylindrical strip of unit length in insulation

is given by,
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b
log (d)/+1) e(ﬁ_alEyl) (3.9)
RL = &
14 2mA
Now, electric field E,, in the strip can be estimated as,
=V (3.10)
Ty - d)
Substituting in (3.10),
b | V=V
log (dglﬂ) e<v” (dy+1-dy) )
i Y
Ry = A (3.11)

2). Electrical Capacitances: The electrical capacitance of each insulating cylindrical strip

of unit length, with outer radius ‘d,.,’, inner radius ‘d,’, vacuum permittivity &, and

relative permittivity &, is given by,

ci - 2meg ey (3.12)

14 d
lo ( y+1)
g dy

The above circuit models have been used for simulation of electro-thermal phenomenon

in various cables as mentioned in the following section.
3.3 Cables used in Simulations and Validation

A 400 MW, bipolar, +£200 kV, 500 mm?, HVDC cable (C1) of a local vendor, with
various layers as shown in Fig. 3.1, is considered for simulation of electric field,
temperature, thermal runaway (breakdown) and other results, such as effect of load
current. The PSPICE software is used for the simulation. The physical parameters of the

power cable system used in the simulation are listed in Table 3.2.
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In view of the significance of thermal runaway, three more types of cables, C2, C3 and

C4 are used for the validation of the proposed circuit models with experimental results.

TABLE 3.2 Physical Parameters of Power Cable (C1) [21, 22, 35]

Quantit | Value Il Quantity Value

y
k¢ 413 (W /(m.K)) ksotl 2.1 (W/(m.K))
af -0.06 (W /(m.K?)) ssoil 700 (J/(kg.K))
p¢ 8960 (kg/m?) Po 2.65x1078 (2.m)
s¢ 390 (J/(kg.K)) a 0.0039 (K1)
ki 0.33 (W/(m.K)) kot 0.11 (W/(m.K))
al 153 x10-* <m]./|;(2) soi 1860 (J/(kg.K))
p' 920 (kg/m®) po! 877 (kg/m?)
s! 2200 (J/(kg.K)) A 2x1071 (/)
& 8.854x 1072 (F/,p) a 7x107° (M/y)
& 2.25 b 3.7x 103 K

pset 2270 (kg/m*) ! 1(m)

The cables of type C2 used for experiments in author' lab have a solid copper conductor

of 6 mm?, XLPE insulation thickness of 0.7 mm and rated voltage of 1100V,

manufactured as per IS standard [36]. Leakage current and thermal runaway experiments

as detailed in the next section, are conducted on these cables.

The cables of type C3 [38], had 200 mm? conductor and XLPE insulation thickness of

9 mm, with two sub-types of XLPE for ac and dc materials. The cables of type C4 by S.

Ogata [39], had three sub-types, Type I, Type Il and Type Ill, as shown in Table 3.3.
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TABLE 3.3 Cable Parameters of C4 (S. Ogata [39])

Value
Item
Type I Type I Type III
Conductor size (mm?) 200 200 500
XLPE Insulation thickness (mm) 2.5 9.0 13.0

3.4 Results and Discussion

Simultaneous simulation of inter-dependent circuit models was performed in a circuit
simulation environment for C1, for unit axial length of the cable. Electric field,
temperature, thermal runaway (breakdown) and other results such as the effect of load

current are presented and discussed.
3.4.1 Simulation of Electric Field and Temperature Profile

Results of temperature and electric field distribution in insulation, at different times after
switch on, are shown in Figs. 3.4 and 3.5 respectively, for the cable (C1) switched on at
full load. Time taken to reach almost steady-state is observed to be nearly 3 days. It can
be seen that the temperature stabilization takes longer time, than the electric field. This
happens due to the differences in stabilization times of temperature, T (Fig. 3.6) and the
value of AT (Fig. 3.7). The AT which determines electric field, stabilizes faster than T. It
can be seen that, the profiles of steady-state electric field and temperature are in
conformity with the earlier works [23], [26].

Effects of load current on steady-state electric field and temperature are shown in Figs.
3.8 and 3.9 respectively. The phenomenon of stress inversion can be observed at higher
load currents. However, the maximum field at full load is not high when compared to the

no load case.
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Fig.3.4. Temperature distribution across cable insulation at full load for different time instants after switch

on. The temperature rises relatively fast initially but takes considerable time to stabilize.
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on. The stabilization time is relatively less than in the case of temperature distribution.
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3.4.2 Field and Temperature during a Load Cycle

Electric field distribution in cable insulation during a typical load cycle of heating for
240 hours (load) followed by natural cooling (no-load) for 240 hours, is shown in Fig.

3.10. The corresponding temperature distribution is shown in Fig. 3.11.
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Fig.3.10. Electric field distribution in insulation during load cycle. At the switch-on instant, the peak

electric field tends to be very high due to Laplacian Distribution.
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Fig.3.12. Boundary electric fields of insulation during load cycle. The peak electric field is present

immediately after switch on, in the first load cycle.

Referring to Fig. 3.12, the peak electric field in insulation immediately after switch
on is high due to Laplacian distribution (field at time t = 0 in Fig. 3.12), during the first
load cycle. The peak electric field will never be this high subsequently as the resistive
distribution comes into effect under dc with its corresponding space charge distribution.
The maximum and minimum field in insulation changes dynamically with temperature
variation in subsequent load cycles, due to field and temperature dependent resistivity of

insulation medium.
3.4.3 Simulation of Breakdown of Power Cable

While the above results are interesting, the main contribution of this work is in the
simulation of electro-thermal runaway or breakdown of a cable. The dynamic change in
electric field profile of C1 under full load until breakdown after a step voltage of 1870 kV
is applied is shown in Fig. 3.13. Its corresponding temperature distribution is shown in
Fig. 3.14. The field immediately after the voltage is turned on is Laplacian and becomes
resistive (Poisson's) in a short time and continues to be resistively graded while exhibiting
dynamic changes near breakdown. The ambient temperature is taken as 30°C. The peak
temperature and electric field in the insulation increase drastically before breakdown,

indicating that even in thermal breakdown electric field increases before breakdown.
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Fig.3.13.  Electric field distribution in insulation after switch on, till breakdown, at 1870 kV.
Runaway in field at ends of insulation with peak at outer insulation surface, while dip in the middle of
the insulation is observed, depicting the hetero charge formation near the breakdown.
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Fig.3.14. Temperature distribution in insulation, after switch on, till breakdown, at 1870 kV.

Runaway in temperature with peak near the conductor before breakdown.
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The leakage current, hot-spot temperature and peak electric field, are plotted in Figs.
3.15, 3.16 and 3.17 respectively, for four different voltages. The leakage current
magnitude is about 5.54 X 107°4, 7.46 x 107> A and 8.40 x 107>A and the electric
field is about 152 kV/mm, 155 kV/mm and 163 kV/mm during breakdown for
applied voltages of 1770 kV, 1800 kV and 1870 kV respectively.

The time-to-breakdown and effect of load current on breakdown voltage is shown in
Fig. 3.18, with a single step voltage application of various voltage magnitudes. It is
important to notice that the initial portion of the characteristics (< ~1 hour) looks linear
and similar to volt-time (life) characteristics, but there is no ageing effect involved in the
circuits. Therefore, it is the characteristics of the 'transient thermal breakdown’, in which
the breakdown occurs before a steady-state could be normally arrived and hence the load

current has no effect in this case.

When the voltage magnitude is decreased, the time to breakdown increases, and for
larger times to breakdown, the effect of load current on breakdown voltage becomes
visible, due to rise in temperature due to external thermal resistance. For a critical voltage
magnitude, referred to as steady-state thermal maximum voltage Vin by Whitehead [27],
the thermal runaway will not occur. Clearly the Vi is dependent on load current as
predicted in earlier works on steady-state thermal limits with external heat injection [24],
[25].
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Fig.3.15.  Runaway of leakage current at different voltages for loaded cable.
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Fig.3.17. Runaway of peak-electric field at different voltages for loaded cable
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conditions. The effect of load current is seen only for breakdown at lower voltages or larger times to
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32



Chapter 3 Simulation and Experimental Investigation of Electro-Thermal
Breakdown of HVDC Cable

= 4000F

M 5

T, 3000}

= C

< i Full load cable at k=0.1

= 2000 —~ Full load cable at k=2.1

”g ¥ Full load cable at k=5

= No load cable at k=0.1

ﬁ -£ ™o load cable at k=2.1

E 1000 | ® No load cable at k=5
1074 1072 10° 102

Time (Hours)

Fig.3.19.  Simulation of voltage vs time to breakdown characteristics at different soil thermal
conductivities (or different external thermal resistances of backfill) under no load and loaded

conditions.

Effect of external (soil) thermal resistance is shown in the Fig. 3.19. The constant
sheath temperature case corresponds to zero thermal resistance (or infinite thermal
conductivity) and can be seen to be having the highest thermal breakdown voltage. The
ensuing thermal runaway is not due to interaction with the external thermal resistance but
due to the cascading positive feedback in the insulation arising out of non-linear
conductivity referred to as internal thermal breakdown or intrinsic thermal breakdown
[24]. The rest of the cases correspond to non-zero thermal resistance. For the loaded
cable, the steady-state breakdown voltage is seen to stabilize for a given external thermal
resistance, until the value corresponding to a thermal conductivity (k) of 2.1 W/mK, as

can be seen in Fig. 3.19.

However, for any further increase in thermal resistance, the slope of the
characteristics turns negative, indicating a runaway even at lower voltages. Of course, the
time to breakdown increases with decreasing voltage. This is referred to as interactive
thermal breakdown as this is due to failure of heat exchange to environment [24].
Therefore, the back-fill of cable assumes huge significance for normal functioning of the
cable and even a short length of high thermal resistance along the cable would trigger

breakdown due to interactive thermal breakdown.

33



Chapter 3 Simulation and Experimental Investigation of Electro-Thermal
Breakdown of HVDC Cable

3.5 Validation of Proposed Models with Experiments

The proposed models are validated with experiments conducted in author’s lab as well
as with those available in the literature. The experiments were conducted on cables of

type C2 in author’ laboratory. The details of experiments are given below.
3.5.1 Experiments on Conduction Current Measurement

The volumetric current through the insulation is measured to find out volumetric
resistivity of cable [37] and A, b and a parameters of o, using a cylindrical 3-terminal
electrode system. The tests were conducted for three electric fields: 10 kV /mm, 20 kV /
mm, 30 kV /mm, each at three different temperatures: 323 K, 343 K and 363 K for five
samples. The geometric mean of the experimentally measured leakage currents is plotted
in Fig. 3.22. The A, a, b coefficients are thus obtained experimentally, as: 11.34,
1.01x 1077 and 1.17 x 10* respectively in Sl units.

3.5.2 Experimental Setup for Breakdown Tests on Loaded Cables

The breakdown voltage of the XLPE cable (C2) was experimentally determined using
a setup shown in Fig. 3.20, whose primary components are: a current transformer (CT), a
hot air oven, a specially designed HV electrode and a HVDC source. The CT primary is
connected across the two ends of the test cable conductor (marked as input and output in
Fig. 3.20) and the secondary is connected across a variac, by adjusting which, different
load currents are circulated in the test cable, using induction principle (as direct
circulation requires a low voltage source with high current rating). The cable is

connected in a closed loop to circulate different load current in the cable.

The oven was used to maintain controlled environmental temperatures. In which
different temperature can be archived in the cable insulation. The HV electrode is made
up of brass, and has a cylindrical shape in the centre and a conical shape at the ends. The
central diameter is chosen such that the outer layer of the cable insulation touches it,
while the conical shape at the ends is chosen to avoid the edge breakdown (due to the
high electric stress present at the edges).
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The front and top view of the HV electrode as well as a punctured XLPE cable is
shown in Fig.3.21. High voltage is applied to this electrode using a HVDC source, while
the cable conductor is grounded. The test cable is placed in transformer oil to avoid
flashover, because the oil breakdown strength is high compared to air. The simultaneous
application of high voltage and load current to the test cable subjects it to different
electro-thermal stress. This test setup help to apply different electro-thermal,

environmental stress to the cable insulation medium.
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Ly g;? > ) «—— c1 CTOutput  Ground CT Input
WAL I~ - .

Ground -
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44— Oven

(a) (b)

Fig.3.20.  (a) Experimental setup for electro-thermal breakdown, (b) inside view of the oven.

]
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.. v
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Fig.3.21. Special high voltage electrode used for cable breakdown (a) top view, (b) front view. (c)
Punctured XLPE cable.
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Before conducting the breakdown tests, XLPE cable samples were preheated in oven at
80°C for 48 hours to remove moisture from sample. The voltage is increased with a step
of 2 kV/min until breakdown, for all tests at different load currents. A total of 60 cable

samples were tested.
3.5.3 Validation with Experiments on Cables C2

Referring to Fig. 3.22, the simulated conduction/leakage current in insulation of C2 is
in good agreement with geometric mean of the experimental results. The 2-parameter
Weibull distribution plots of cable breakdown under full load and no load for different
temperatures is shown in Fig. 3.23. Referring to Fig. 3.24, the Weibull scale parameters
(63.2% probable breakdown voltage) of experimental breakdown voltage reasonably
match with simulations for both loaded and no-load cases. The error is less than 11.60%
and Pearson correlation coefficient is ~1 for unloaded cable at different temperatures. The
error is less than 12.27% and Pearson correlation coefficient is ~1 for different load
currents, in case of loaded cable. The 95% confidence intervals are also shown in the

same plot.
3.5.4 Validation with Experimental Results of C3 and C4.

Referring to Fig. 3.25 (a), the dc breakdown voltages for both AC-XLPE and DC-
XLPE cables of C3 [38] are in reasonable agreement with simulated results using the
volume resistivity and other parameters provided in [38]. The error is less than 7.40%.
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Fig.3.22.Comparison of simulated and experimental (geometric mean) leakage currents at different electric

fields and temperatures (C2).
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For the cables of C4, predicted thermal breakdown voltages using test conditions of [39]
are close to experimental results as shown in Fig. 3.25 (b). The 13 mm-thick cable data
marked by asterisks (**) corresponds to edge breakdown as reported in [39]. It has been
found to be —1304 kV using simulations. Apart from other results, this proves the

importance of the simulations proposed in the work.
3.5.5 Validation with FEM Simulations

The results of the proposed model are compared with FEM simulations for the power
cable C1 for the case of full load current. Dirichlet boundary condition of electric
potential are applied at the conductor and boundary. In case of thermal boundary
conditions, a Neumann condition is used at the conductor boundary while the outer
boundary of soil is assumed to be at the ambient temperature (Dirichlet condition). The
electric field distribution at thermal runaway is shown in Fig. 3.26.
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Fig.3.26.Electric field distribution in insulation at 2000 kV.
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Fig.3.27. Comparison of voltage vs time to breakdown characteristics of circuit model with FEM

model.

The voltage vs time characteristics is also compared in Fig. 3.27, and it is in agreement
with that obtained using circuit model, as the deviation is less than 2% for breakdown

voltage at any time instant. The Pearson correlation coefficient is ~1.

The summary of this chapter presents simulation of electro-thermal runaway and
thermal limits of loaded HVDC Cables using circuit models for electrical and thermal
phenomena. The runaway of temperature is accompanied by a runaway in peak electric
field and conduction current through the dielectric, indicating that even in thermal
breakdown, the electric field and the current tend to increase exponentially before
breakdown. The zones of internal and interactive thermal breakdown have been
delineated in this work, for the first time. Effect of external thermal resistance and hence
the effect of back fill on the breakdown is simulated. Often difficulties are encountered in
testing loaded cables, and the current work provides an estimation of breakdown voltage
based on measurement of physical parameters and load current. Therefore, the present
work is believed to be useful for the cable designers. Some important points of work have
been presented in conclusions chapter 5. The variation in ambient temperature, load
currents, applied voltage and considered 1m soil in simulation may differ simulation from

experimental results.
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CHAPTER 4

Effect of Long-term Thermal Ageing on Space Charge
Dynamics in LDPE

4.1 Introduction

Ageing is a slow but irreversible chemical process which leads to the degradation of
dielectric properties of cable insulation. Prolonged thermal stress accelerates the ageing,
gradually weakens the insulation and hence ultimately leads to failure. Therefore,
investigation on insulation ageing is vital for the optimal design of insulation of high
voltage power apparatus, especially cables. One of the main issues of polymeric cables is
space charge accumulation under HVDC fields, which is further affected due to ageing of
insulation, since the cable operates under continuous thermal stress. While there is ample
literature on space charge in fresh and short-term aged samples [46-48], [51-53], and even
at breakdown fields (in fresh samples), there is a clear lacuna related to space charge under
long-term ageing. In this work, LDPE is thermally aged up to 256 days. The space charge
dynamics, electric field, field enhancement factor and net charge in the insulation bulk

material are investigated experimentally and interesting results are presented.

4.2 Experimental details

The methodology of sample preparation and various experiments are described in this
section.
4.2.1 Sample Preparations

LDPE sheet samples are prepared from granules, supplied by a local cable
manufacturing industry, using a two-roll mill at 110°C, followed by pressing in hydraulic
press (as shown in Fig. 4.1 (a) and (b)) at temperature and pressure of 120°C and 90 bar
respectively. The thickness of the prepared samples is approximately 100 + 10 um.
4.2.2. Ageing Experiments

Long-term thermal ageing was carried out in a systematic manner by keeping the
prepared sheet samples in batches inside hot air ovens maintained at temperatures of 70°C
and 80°C for time periods of 32 days, 64 days, 128 days and 256 days. Selected fresh and
aged LDPE samples are shown in Fig. 4.1 (c).
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Fig. 4.1. (a) Two roll mills, (b) Hydraulic press, (c) Fresh and Aged LDPE samples.
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4.2.3 Space Charge Measurement Setup (PEA)

A Pulsed Electroacoustic (PEA) setup, as shown in Fig 4.2, has been used for space
charge measurements, as per IEC TS 62758:2012. The HVDC source applied to the sample
att = 0*to the samples to estimate the charge injection in the sample. A single-step voltage
was applied to the sample along with a probing pulse of 600 V and pulse width of 3 ns and
space charge was measured for up to 3600 seconds under 20 kV/mm (low field) and
80 kV /mm (high field). The pulse source is the series-connected coupling capacitor which
prevents any incoming current from the HVDC source; even under breakdown. The
experiments were conducted at a constant ambient temperature of 25°C. A total of 115
samples were tested. The safety resistor limits the current if any breakdown occurs during
the measurement. The PVDF (Polyvinylidene fluoride) sensor is used to measure the output
signal; it is amplified and measured in the oscilloscope. The entire test setup was placed in

the oven to maintain a controlled temperature.
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‘ I
Backing

material Amplifier Output Signal

Fig.4. 2. PEA space charge measurement setup.

4.3. Results and Discussion

In this section, the various results are presented. The formation of space charge was
examined for fresh and aged samples under low and high electric fields. In addition, the net
charge in the insulation bulk and field enhancement factor (FEF) were calculated and
plotted for each measurement. The FEF is calculated using the following equation:

Emax - Ea

FEF = 229 % 100% (4.1)

avg
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where, E,q,= Maximum Electric Field (kV/mm) and E,,,= Average Electric Field
(kV /mm).

The net charge density in the insulation bulk, until the breakdown, was calculated using

d—

1
Net Charge = — |Q; — Q. dx (4.2)
d 0+

where, Q, denotes the space charge density (C/m3) at first time instant and Q, is charge

density (C/m3) at any given time instant ¢, while d is the sample thickness (m).

The net charge density in the insulation bulk after breakdown can be calculated using

1 (%
Net Charge = —f |Qa¢l. dx (4.3)
d 0+

where: Q,; is the space charge density (C/m3) after breakdown

Further, the effect of ageing temperature and ageing duration on space charge dynamics
in thermally aged LDPE samples was investigated. Also, the space charge profile was
experimentally measured up to breakdown in highly aged samples and net charge and FEF
were estimated. The results are followed by a detailed discussion and interesting inferences

are drawn.
4.3.1 Space Charge Dynamics at Low Electric Field

The space charge and corresponding electric field plots at low field (20 kV /mm) for
fresh and 80°C aged samples, aged for different durations are shown in Fig. 4.3. It is
observed that there is negligible charge injection as well as field enhancement in case of
fresh samples at low electric field, as seen in Figs. 4.3 (a), (b), Fig. 4.4 and Fig. 4.5. The
homocharge profile was observed in case of low aged samples (32, 64 days), as seen in
Figs. 4.3 (c), (e). For higher aged samples (128, 256 days), homocharge is observed
initially, however, after certain time, there is a transition in space charge regime from homo

to heterocharge, as seen in Figs. 4.2 (g), (i).
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The net charge in the bulk and FEF for fresh and aged samples (80°C) are plotted in
Fig.4.4 and Fig. 4.5 respectively. It is observed that, towards the end of measurement
duration (i.e. 1 hour), the magnitude of injected charge increased slightly in aged samples
and thus net charge and FEF are relatively higher compared to fresh samples. Among aged
samples, there is not much significant variation in net charge beyond ageing duration of 64
days as shown in Fig. 4.5, however, FEF tends to increase with ageing duration, as shown

in Fig.4. 5.

The comparison of net charge in the bulk and FEF for fresh samples and 70°C aged
samples is shown in Fig.4.6 and Fig. 4.7 respectively. In this case, among aged samples,
both net charge and FEF are almost invariant beyond ageing of 64 days, towards the end of
measurement duration. Since the variation in the space charge and electric field profile for
70°C aged samples under low field is not that much notable when compared to 80°C aged
samples, the corresponding plots are not shown here.
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Fig. 4.3. Space measurement at low electric fields (20kV /mm). The space charge plot for fresh samples, 32,

64, 128, 256 days aged at 80°C samples is (a) (c), (), (g) and (i), and corresponding electric field plots is
(b), (d), (), (h) and (j).
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Fig. 4.7. Comparison of FEF in insulation bulk material of 70°C aged samples with fresh sample, measured
at 20 kV/mm.

4.3.2 Space Charge at High Electric Field

In this sub-section, the formation and effect of space charge under high electric field
(80 kV /mm) have been investigated with respect to ageing temperature and duration. The
space charge and electric field plots of samples aged at 70°C for different durations are
shown in Fig. 4.8. In fresh samples, clear hetero charge formation is observed (Fig. 4.8 (a)),
as also reported in [40]. However, homocharges are present in case of aged samples (aged
upto 128 days), as seen in Figs. 4.8 (c), (e) and (g).

The net charge and FEF for fresh and 70°C aged samples are shown in Fig.4.9 and
Fig.10 respectively. Up to the ageing duration of 128 days, the net charge at the end of
measurement duration, increases with ageing period, however, the magnitude is relatively
low, compared to that for fresh samples, as shown in Fig. 4.9. This may be attributed to the
concentration of high amount of heterocharge in a smaller region in fresh samples, leading
to higher field enhancement, as inferred from Figs. 4.8 (a) and (b), which in contrast with
aged samples exhibit homocharge formation of relatively lower magnitude. The FEF also

almost follows the same trend as net charge, as shown in Fig. 4.10.
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Fig. 4.8. Space measurement at high electric fields 80 kV /mm. The space charge plot 32, 64, 128, 256 days
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In long-term aged (256 days) aged samples, initially homo charges are observed, as
seen in Fig. 4.8 (i). However, with time, a packet like charge movement (particularly
negative charge) towards the anode is observed. For a certain time period (10 min to 20
min), there is negligible charge injection (Fig. 4.9), but beyond that a high amount of
negative charge is injected from the cathode, which further contributes to the packet charge
movement, as discussed in later section (Fig. 4.20). The FEF was also found to be highest
compared to all other samples, as seen in Fig. 4.10. In case of 256 days aged samples

(70°C), however, breakdown was not observed up to the end of measurement duration.

49



Chapter 4 Effect of Long-term Thermal Ageing on Space Charge Dynamics in
LDPE

oo

=Fresh
=32 days aged at 70°C
-==64 days aged at 70°C
=128 days aged at 70°C
| =256 days aged at 70°C

=)

[\

Net charge in the
Bulk material (C/m3)
i

—

20 30 40 50 60
Time (Min)

Fig. 4.9. Comparison of net charge in insulation bulk material of 70°C aged samples with fresh sample,

=]
[a—
(—]

measured at 80 kV /mm.

10
=—Fresh
g =32 days aged at 70°C
=64 days aged at 70°C
s 6k —128 days aged at 70°C
k> —256 days aged at 70°C
& P
m ¥ - o iy g pio
P I e e e - .
0 1 1 1 1 1 ]
0 10 20 40 50 60

L3 3 0 L3
Time (Min)
Fig. 4.10. Comparison of FEF in insulation bulk material of 70°C aged samples with fresh sample, measured
at 80 kV/mm.

The space charge and electric field plots for samples aged at 80°C are shown in Fig.
4.11, while the net charge and FEF are shown in Fig. 4.12 and Fig. 4.13 respectively. A
clear homocharge profile was observed for samples aged up to 64 days. In case of 32 days
aged samples, the charges are injected from both electrodes, leading to homocharge
formation as seen in Fig. 4.11 (a) and beyond a certain time (~10 min), the injectedcharge

tends to saturate, as seen in Fig. 4.12.
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The 64 aged samples exhibited a peculiar behaviour. The injection of charges causes
homocharge as in Fig. 4.11 (c) and there is an increase in the net charge magnitude up to
about 7 min, but beyond that, the net charge in the bulk tends to reduce as seen in Fig. 4.12.
The decrease in the net charge in the bulk is accompanied by a simultaneous increase in the
cathode peak, as may be inferred through the space charge plot at the 900" and 1800™
second in Fig. 4.11 (c). However, towards the end of measurement duration, the net charge
again tends to increase, as in Fig. 4.12.

In case of 128 days aged samples, the injection of charge happens in the entire bulk
material, leading to a packet like charge formation, which moves through the bulk towards
the other electrode as discussed in the later section (Fig 4.20). For all the samples, the FEF
was observed to follow almost the similar trend as that of the net charge, as shown in Fig.
4.13.
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4.3.3 Space Charge Dynamics until Breakdown

It is known that the breakdown mechanism of a dielectric under DC fields is closely
related to the space charge formation [46], [47]. Therefore, estimation of space charge near
breakdown assumes great significance. In the erstwhile works, a positive packet like charge
movement was reported, just before breakdown in virgin LDPE films [46-48], however,
space charge dynamics until breakdown have not been reported for long-term, highly aged
LDPE samples, until now. In this sub-section, the author presents interesting insights on
space charge phenomenon till breakdown at 80 kV /mm for 256 days aged samples (80°C).
The series of events relating space charge and associated breakdown may be summarized
in four stages:

Stage 1: Initially (i. e. up to few seconds), injection of charge was observed from both
anode and cathode and thus the space charge assumes a homocharge profile. However,
shortly thereafter (typically 40 seconds), a high amount of negative charge injection was
observed up to ~10 min, leading to a packet-like charge movement in the bulk material
towards the anode. The injection from anode was found to be negligible compared to the
injection from cathode. The packet charge movement is associated with a reduction in the
cathode peak, whereas the anode peak is relatively invariant as shown in Fig. 4.14 and Fig.
4.18.

Stage 2: After about 10 min, there was a saturation in the number of injected charges for
upto 5 min, however even during this duration, the negative packet-type charge movement
was observed in the bulk as shown in Fig. 4.19 (f).

Stage 3: Beyond 15 min (i.e., after saturation or holding time), injection resumed, with a
very amount of negative charge injection from cathode. Just before the breakdown, the bulk
material was almost fully filled with negative charges. The field enhancement occurs near
the anode due to the movement of negative packet charge, which leads to concentration of
electric field in a small region near the anode, which tends to initiate breakdown, as shown
in Fig. 4.15 and Fig. 4.19 (f). The breakdown was found to occur immediately after the
2585 second. The net charge just before breakdown was found to increase to a very high
value (Fig. 4.16). The field enhancement factor until the breakdown is shown in Fig.4. 17.
Just before the breakdown, the FEF reaches to ~12%.
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Stage 4: Just after the breakdown, it was observed that the charge density on the electrodes
tends to reverse in polarity, as shown in Fig. 4.14 and Fig. 4.18. However, inside the
insulation bulk, the accumulated charge has the same polarity as that before breakdown,
though with less magnitude, which may be due to some recombinations occurring within
the breakdown channel. Due to this, the net charge in the bulk of insulation material tends
to reduce post breakdown, as shown in Fig. 4.16.
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The inter-related space charge and breakdown mechanism may be explained physically
as follows. If we consider the insulation material to be consisting of multiple parallel
resistors, as shown in Fig. 4.19 (), then, irrespective of the breakdown initiating from either

anode or cathode, one of the resistor would get short-circuited (Ry ), and thus

Rl’ Rz, R(‘I’l+1) >>> RX (44)
where, Ry denotes the resistance of the short-circuited resistor, and Ry, R,, ... Rin41)

denote the resistances of the healthy part of the insulation bulk.

In this case, the propagation of breakdown starts from near the anode, because of the
high negative packet charge migration in the bulk material towards the anode. Thus,
through this short-circuited (low resistive) path, the charges present on the anode and
cathode surface tend to re-combine and neutralize. The accumulated space charges in the
insulation bulk near that channel also tend to recombine through the channel and vanish.

However, the space charges which are away from this channel are still present because
of the very high resistance path in the remainder of the bulk. In order to neutralize the
average electric field produced by these accumulated charges, opposite charges are injected
into both electrodes from the ground through the conducting channel, as inferred from Fig.
4.14 and Fig.4.19 (d). The opposite charges on the electrode are present for some time and
decay eventually. After some seconds, the charges in the insulation material also decay,

this occurs in approximately 30 seconds.
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Fig. 4.19. Schematic diagram of flow of charge during/after breakdown (a to d).

4.3.4 A Brief Summary of Investigations

In this sub-section, for a better visual understanding of the results, an overview is
presented in terms of 2D colour maps, which give a clear view of charge injection and
charge movement through the bulk.

Fig. 4.20 (a) and (b) present a comparison of space charge profile with varying applied
field in fresh samples. As discussed before, negligible injection was seen at low field
whereas a clear heterocharge profile was observed under high field.

In Fig. 4.20 (c), (d) and (e), a comparison is made of charge profile under high field, with
respect to the ageing duration, for samples aged at 80°C. Homocharge profile was observed
with an increase in the charge injection with ageing duration. For 128 days aged samples,
a packet-like charge movement was seen.

Space charge dynamics for long-term aged (256 days aged) samples under high field are
compared with respect to the ageing temperature in Fig. 4.20 (f) and (g). For both ageing
temperatures i.e., 70°C and 80°C, a negative, packet-like charge was seen. However, in case
of the latter, breakdown occurred in the samples, which is attributed to the high amount of
negative packet charge movement towards anode through the bulk. This observation is in
contrast to the findings of [47], where for fresh LDPE samples, breakdown was preceded
by a positive packet-like charge formation and movement. Also, it was observed that an
FEF of 11.4% is sufficient to initiate breakdown, unlike in [47] where very high values of

FEF are reported for fresh samples, just before breakdown.
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CHAPTER 5

Conclusions and Future Scope of the Work

5.1 Conclusions

Complete understanding of physical phenomena underlying electrothermal breakdown
is essential for optimal design of power cable. Better design in turn contributes to higher
lifetime, fewer failures, higher reliability of cable transmission network and hence power
system. The author believes that the electro-thermal simulation model and experimental
setup for breakdown of loaded HVDC cable, proposed in the first part of this thesis would
contribute towards enhancement of existing knowledge and at the same time, would help
the design engineers and power utilities. The second part of this thesis attempted to
investigate the thermal aspects of space charge dynamics of a HVDC cable, which always
tends to undergo ageing in field. The wide-known notion that space charge may lead to
breakdown is experimentally investigated for highly aged samples and it is believed that
the presented results and inferences would enable better understanding of the space

charge phenomenon in HVDC cables. In conclusion the thesis contributes the following:

5.1.1 Simulation of Electro-thermal Runaway and Thermal Limits of a Loaded
HVDC Cable

1. The main reason for breakdown in HVDC cables is the internal cascading in
the insulation (i.e. intrinsic instability), however, the interaction of the cable
with the outside environment (which has a finite thermal conductivity) will
speed up the breakdown process (i.e. interactive instability).

2. The thermal conductivity of soil determines the rate of heat dissipation from
the cable. For a soil having a poor (lower) thermal conductivity, the heat
produced in the soil takes longer to dissipate, which causes accumulation of
heat in cable, which may ultimately lead to the breakdown.

3. The back-fill (or soil) surrounding the cable assumes huge significance; even a
short length of low thermal conductivity soil would trigger interactive thermal
breakdown and leads to a drastic reduction in the breakdown voltage.
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4. In case of transient breakdown of a loaded cable (i.e. when breakdown occurs
before temperature stabilization), there is no effect of load variation. However,
in case of steady-state breakdown (i.e. breakdown occurring after temperature
stabilization), increase in load leads to a considerable reduction in the time to
breakdown at a given voltage.

5. The loaded cable has less breakdown voltage than the cable under no-load
conditions by a few 100’s of kV.

5.1.2 Effect of Long-term Thermal Ageing on Space Charge Dynamics in LDPE

1. Under low electric fields (~20 kV/mm), negligible charge injection as well as
field enhancement was observed in fresh samples. However, in low aged
samples, homocharge profile was observed. For long-term aged samples (128
days and beyond), a transition was seen from initial homocharge to
heterocharge regime towards the end of measurement duration (1 hour). The
effect of ageing temperature is relatively less significant for low aged samples.

2. Under high fields (~80 kV/mm), a heterocharge profile was observed in fresh
samples. In low aged samples, homocharge was observed, however, in long-
term aged samples (128 days and beyond), a clear packet-like charge formation
and movement was observed. Increase in ageing temperature causes increase in
negative packet charge magnitude in long-term aged samples, however positive
charge injection is relatively less in magnitude.

3. The FEF is observed to be following the net charge trend, however it is
dependent on the distribution of charge in the bulk material as to whether it is
equally distributed or only distributed in a particular region.

4. The breakdown in long-term and highly aged samples (80°C for 256 days) is
preceded by a very high amount of negative packet-like charge movement
towards anode, leading to initiation of breakdown in a small region near anode.

Also, it was observed that an FEF of 11.4% is sufficient to initiate breakdown.
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5.2 Future Scope of the Work

Based on the work presented in the thesis, some of the suggestions for the further

work in near future, are the following:

1.

There is scope for detailed investigations of the space charge dynamics until
breakdown in multilayer dielectrics.

Electro-thermal model and experimental setup for lightning/switching impulse
breakdown on cable insulation.

Investigation and modelling of chopped impulse breakdown of insulation.

The space charge until breakdown experiment can be conducted under electro-
thermal stress.

The circuit model can be extended to multi-layer breakdown.

The author and his research supervisor are currently working on the above topics.
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