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Abstract

Medium Voltage (MV) extruded power cables play a vital role in electric power
transmission and distribution systems. Insulation of power cables is essential for cables’
lifetime, effectiveness, and reliability within the power cable system. However, insulation
materials degrade progressively due to thermal, electrical, mechanical, and environmental
stresses experienced during cables operation. This ageing of power cables poses potential
safety concerns for power system operators and leads to increased maintenance and

replacement costs.

This research focuses on the thermal ageing of MV extruded power cables. In order to
investigate electrical performance degradation of entire extruded power cables (comprising
semi-conductor layers) under thermal ageing, there are four single-core extruded MV cables
with cross-linked polyethylene (XLPE) insulation are subjected to accelerated thermal ageing
in a chamber. Standard measurements of Insulation Resistance (IR), Polarization Index (PI),
Dielectric Absorption Ratio (DAR) and Dielectric Loss (tand) are carried out on the specimens
periodically through the thermal ageing process. It was found that IR and tand measurements
are susceptible to Relative Humidity (RH), while PI variations are weak relative to RH changes.
In addition, the annealing effect, which existing in extruded cable with semi-conductor layer

through thermal ageing processes, has a significant influence on IR and tans.

To better evaluate degradation of cable insulation caused by distributed thermal stresses,
a methodology combining Finite Volume Method (FVM) and Artificial Neural Network (ANN)
models are developed to determine spatial temperature profiles of the cable insulations in the
experimental environment. The thermal modelling temperature distribution results from FVM
provide temperature distribution on cross-section of cables and align well with the
experimentally measurement results. A much more detailed and reliable temperature
distribution profile of cable insulation estimated from ANN model, which is trained by FVM
resulting data, holds significant benefits for estimating thermal degradation of extruded power

cables.

IR degradation models for extruded power cables under thermal ageing are established
by using of dichotomy and discretization models. Cable cylindrical insulation is first divided
into sufficiently small segments, and then simulated by dichotomy models that randomly
sample fully degraded segments based on an overall (or layer) ageing condition estimation and
discretization models that estimated the gradual degradation of individual segments,

respectively. Furthermore, uniform and non-uniform temperature profiles are incorporated into

I



dichotomy and discretization models, respectively, for a comparison. The IR simulation results
are not only compared between different models, but also discussed around the sensitivity of
IR simulation to segment size and degradation rates. Among the four developed IR degradation
models, the discretization model with non-uniform temperature distribution is recommended,
as it more comprehensively accounts for the effects of temperature distribution during the
aging process and treats the IR of the material as a bulk property. However, the limitation of

this model is its need for more accurate degradation rates as a function of aging temperature.

Finally, in accordance with IEEE Standard 1407, Finite Element Method (FEM) thermal
modelling works of power cable accelerated ageing in a tank filled with water is proposed.
Simulation investigates there are temperature gradients across cable length and temperature
difference among cables in tank, which are influential for ageing rate of cables in experiment
based on IEEE standard 1407. To achieve a uniform temperature distribution, a forced
circulated system with different rotating speed and at different location in a tank are simulated
and compared. Based on the simulation results, it is highly recommended that IEEE Standard
1407 include guidelines for using forced water circulation with a fan speed of 50 rpm to create

a more uniform artificial aging environment for all cables in the tank.
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Chapter 1. Introduction

This research investigates the thermal ageing of Medium Voltage (MV) extruded power
cables through a combination of laboratory testing and software modelling methodologies.
This introductory chapter provides background information on the research topics, outlines the
research objectives, highlights the main contributions of this study, and presents an overview

of the thesis structure.

1.1. Background

Electric power is at the core of modern society and the economy. As advanced
technologies continue to develop across various industries, they have significantly enhanced
the convenience of people's lives, thereby increasing both the demand for electricity and the
importance of its stable supply. According to the “Electricity Market Report 2024-2026”
published by the International Energy Agency (IEA), the global electricity demand growth rate
in 2023 is 2.2%, slightly lower than the 2.4% in 2022, but still exhibiting strong overall growth
[1]. Despite facing numerous challenges, such as energy crises, climate change, and economic
pressures, global electricity demand is expected to be driven by the expansion of emerging
economies, the rise of new demand sources, and the advancement of energy transitions over
the next few years. The average annual growth rate of global electricity demand is projected
to accelerate to 3.4% in the coming three years. Additionally, renewable energy has gained
significant attention across various regions of the world, and by early 2025, it is expected that
the share of renewable energy in global electricity generation will surpass that of coal, reaching

37%.

The primary function of an electric power system is ensuring the reliable supply of
electrical power to consumers, playing a crucial role in the overall well-being and stability of
society. The uninterrupted operation of this system is imperative, as any disruptions or failures
can have serious consequences. When a power system fails, it can easily lead to large-scale
blackouts, causing significant economic losses and even threatening the safety of residents. In
recent years, several major blackout incidents have occurred worldwide, with equipment
failure being one of the primary causes [2]. Globally, the transmission and distribution of
electric power are heavily depended on expansive networks comprising High Voltage (HV)
and MV power cables. These cables serve as the lifelines of the power grid, facilitating the
efficient and secure transfer of electricity across long distances. HV cables are used for
transmitting electricity over distances of 50 to 500 km or more, while MV cables generally

cover distances ranging from a few kilometers up to about 50 km [3]. According to statistics



from the State Grid Corporation of China, as of 2019, cable failures accounted for 19.3% of
all power failures, with 51.7% of these failures attributed to the aging of the main insulation
layer of cables [4]. The reliability and performance of these cables are crucial in maintaining

a stable and resilient power infrastructure.

Power cable systems subjected to several stresses throughout their service life,
encompassing electrical, thermal, mechanical, and environmental stresses. Thermal stress
generated from cable working processes and extreme operational conditions, is considered as
one of the primary factors for the reduction in cable lifetime and the degradation in cable
performance [5]. The insulation system, a critical component tasked with safeguarding
conductors against external threats and shielding adjacent layers from the voltage stress of the
conductor[6], is particularly susceptible to degradation. The degradation of insulation, when
coupled with suboptimal maintenance and installation practices, introduces the risk of
developing cable defects and eventually leading to failures. Such consequence occurrences not
only inconvenience customers but also translate into substantial financial losses for power

system operators [7].

In order to understand ageing effects and mechanisms on extruded power cables caused
by thermal stresses, electrical properties are used to monitor health condition variation of
cables insulation. A MV extruded power cable typically comprising multiple components,
which undergo interaction during the thermal ageing processes and eventually lead to cable
failure. The execution of Insulation Resistance (IR) measurements on full-scaled extruded
cables, inclusive of semi-conductor shield layers, during the thermal ageing processes is rarely
illustrated in the existing literature. Past research has provided partial indications on
parameters such as Dielectric Loss (tand), Dielectric Absorption Ratio (DAR) and Polarization
Index (PI) concerning insulation materials. However, investigations of these electrical

properties related to integral extruded power cables are quite rare.

As cable assets progress in degradation, it is essential to make appropriate strategic
decisions concerning maintenance, repair, renovation, or potential replacement of cables.
Relying exclusively on the designed cable lifetime for guiding decisions related to asset
maintenance and replacement might prove unnecessary and economically burdensome [8].
The accelerated thermal ageing of cables serves as a crucial method for simulating the long-
term effect of thermal stresses on power cables, providing insights into their performance and
durability over time. A power cable system normally spans a long distance, and the service
environments of power cables could significantly vary along their length. Furthermore,

differences in power demand at different times of the day will result in a time variation in the



cable load. Aging mechanisms of non-uniform and time-varying thermal fields are not taken

into account in previous research.

Due to the variation in the health condition and lifetime of power cables with their service
conditions, there arises a critical demand for cable asset managers and maintenance engineers
to develop more reliable and accurate diagnostic tools and predictive indicators. These tools
aim to provide comprehensive insights into the health condition of power cable systems, with
a particular emphasis on the insulation component [5]. While previous researchers focused on
utilizing the hot spot temperature of cables for estimating insulation performance degradation
and predicting remaining cable lifetime [9], precise temperature distribution holds importance
in the enhancement of power cable utilization efficiency. There is a lack of investigations
considering temperature distribution along length and across radius of a power cable, as well

as temperature cycles during practical operating processes.

In addition, thermal degradation models are helpful for researchers and engineers to
understand the changes of extruded power cable properties resulting from prolonged exposure
to thermal stresses conditions. These models facilitate the quantification and predication of
alterations in key cable characteristics over time. Despite various studies having explored
aspects of cable insulation degradation and ageing, a gap exists in the literature regarding the
absence of effective estimation models for IR degradation specifically to cable insulation

cylindrical geometry.

1.2. Research objectives

Degradation of extruded power cables under thermal ageing conditions poses a
significant challenge in the reliability and maintenance of electrical power systems.
Understanding the mechanisms of cable degradation and developing effective diagnostic and
prognosis techniques are crucial for ensuring the long-term reliable performance of power
cables. The overall goal of this thesis is to advance the understanding of extruded power cable
degradation under thermal ageing conditions and develop novel estimation models using IR

techniques.

To investigate the influence of thermal stresses induced by elevated conductor
temperatures on the electrical properties of extruded power cables, the first objective of this
research is to design and implement an accelerated thermal ageing experiment that accounts
for time dynamic temperature distributions varying with cable length and radius. The
relationship between thermal ageing and electrical performance are sought to be elucidated

through this experiment.



IR, PI, DAR and tand tests have the advantages of being non-destructive in nature,
simplicity and ease of implementation, and cost-effectiveness. The PI test, in particular, is
excellent for detecting the gradual deterioration of insulation due to ageing or contamination.
Because these tests have been used for decades, they allow for the easy accumulation of
historical data, which can be used to track trends over time. This long-term data can be crucial

for predictive maintenance strategies [10].

Thus, this research aims to carry out in IR, DAR, PI, and tand measurements on complete
extruded XLPE cables and examine the variation of these values throughout thermal ageing
processes, understand the trends in as they evolve during the thermal ageing of extruded cross-
linked polyethylene (XLPE) cables. Effective monitoring techniques for assessing the
condition of XLPE cables and predicting their remaining service life are desired to be
developed by gaining insights into these trends, thereby contributing to the reliability and

longevity of power cable systems in diverse applications.

Furthermore, establishing spatial temperature distributions of cables under designed
experimental conditions through advanced modelling methods is expected in this research.
Developed models that can accurately simulate and predict temperature variations along the
length and radius of cables subjected to specific operating conditions, aids in the optimization

of cable thermal degradation models.

Finally, this research looks forward to developing novel estimation models for assessing
insulation degradation in cables under thermal ageing conditions using IR techniques. Through
developed models, a more precise and efficient monitoring and predicting of cable health could

be achieved.

1.3. Main contributions

The research contributed a novel artificial thermal accelerated ageing methodology for
MV extruded power cables. This methodology could effectively simulate the practical
temperature variations experienced across the cable's length and radius, as well as the thermal
cycling effects induced by daily time-varying loading cycles. Through the utilization of four
XLPE insulated cable samples within a chamber equipped with thermal insulation, powered
by a current transformer, the method successfully elevated cable temperatures to meet
accelerated thermal ageing requirement. The thermal ageing in a day was divided into three
phases, including a heating phase, a high-temperature phase, and a cooling-down phase. The
assessment of temperature distributions on both cable surfaces and conductor surfaces, were

facilitated by type T thermocouples.



Throughout the thermal ageing process, an evaluation of various electrical properties,
including IR, DAR, PI, capacitance, and tand of the cables, has been conducted and trended.
Testing voltage levels ranging from 1kV to 10kV have been applied, exerting an influence on
the measurement results of IR and tand. Along with the thermal ageing process, the IR values
displayed a obvious pattern of fluctuations, characterized by alternating phases of decrease
and increase. Similarly, corresponding variations are observed in the tand values, prompting
an in-depth analysis of the influences induced by Relative Humidity (RH) and annealing effect.
Nevertheless, a relatively consistent downward trend was observed in the global variation of

PI, exhibiting a correlation with the progression of thermal ageing degrees.

The integration of Finite Volume Method (FVM) and Artificial Neural Network (ANN)
models presented a contribution towards estimating the spatial temperature profile of MV
extruded power cables undergoing thermal accelerated ageing conditions. The FVM modelling
accurately reproduced temperature distributions on cable surfaces and conductor surfaces,
aligning closely with experimental measurements, thus demonstrating a high level of
agreement. Furthermore, the FVM model enabled the assessment of the temperature
distribution across cable cross-sections at different lengths. To address the limitations of FVM
in providing detailed temperature profiles along the model meshing structure, a 3-layer ANN
model was developed. This combination of FVM and ANN modelling approaches achieved a
more precise evaluation of temperatures at specific locations within the cable under varying
operating conditions, thereby enhancing the accuracy and comprehensiveness of thermal

ageing models.

The development of IR degradation models for cylindrical insulation of extruded power
cables under thermal ageing conditions constituted a significant contribution towards
quantitatively assessing cable insulation degradation over time. Four distinct scenarios of IR
degradation models were investigated, including dichotomy models with uniform and radial
gradients temperature distributions, as well as discretization models with uniform and non-
uniform temperature distributions. These models are applied and compared through using
experimental data on IR degradation and the spatial temperature profile of cable insulation
obtained from FVM and ANN models. The random selection of degraded segments in the
dichotomy models leads to lower IR estimation results compared to the discretization model.
Additionally, the discretization model with non-uniform temperature provides the highest IR
estimates throughout the period of interest because it utilizes the full insulation temperature

profile rather than just hotspot temperatures.

In addition, the study provided insights into the influence of segment sizes and



degradation rates on estimation results. Specifically, the comparison revealed that
discretization models, which incorporate a more advanced calculation mode than dichotomy
models by considering the ageing behaviours of each sub-segment, offer enhanced accuracy

in predicting cable insulation degradation.

1.4. Organization of the thesis

This chapter provides a general background information about power cable systems and
illustrates the objectives and main contributions of this PhD research. The thesis is structured

as follows:

Chapter 2 presents literature review covering background information, thermal ageing
mechanisms, condition monitoring techniques, accelerated thermal ageing methodologies,

thermal modelling applications and thermal degradation models of extruded power cables.

Chapter 3 describes the thermal accelerated ageing experimental setup and results for
power cable in a chamber with thermal insulation. The information on experimental samples,
equipment, arrangements, temperature control and monitoring methodologies, and variations
of condition monitoring tests results (IR, PI, DAR, tand, and capacitance) during the thermal

accelerated ageing process are represented.

Chapter 4 presents the thermal modelling of temperature distribution for cables under the
experimental conditions which described in Chapter 3. The variation of temperature
distribution across cables’ length and radius in a heating cycle, are investigated by FVM
simulation. The temperature profiles obtained from the FVM simulation are validated by
experimental measurements from Chapter 3. Additionally, a 3-layer ANN model was
developed to estimate temperature between meshed points in FVM, a more detailed spatial
temperature profiles of cable insulation thus could be assessed by the assistance of the ANN

model.

IR degradation models for cylindrical insulation of extruded power cables under thermal
ageing conditions are devised in Chapter 5, including four scenarios. There are two
methodologies: Dichotomy models and Discretization models, are used to simulate the IR
degradation of cable insulation. Furthermore, uniform and non-uniform insulation temperature
profiles (or radial gradients) are introduced to models to investigate the influences of thermal
ageing temperature on IR simulation. In addition, the sensitivity of IR degradation models to
segment sizes and degradation rates are discussed to appropriate application of IR degradation

models.

Chapter 6 illustrates the thermal simulations for accelerated ageing of MV power cables



in a tank filled with water according to IEEE standard 1407. This chapter initially comparing
of water in the tank treated as solid or fluid by modelling to verify the effects of natural water
convection on temperature distribution. Then, modelling works investigate the impacts of
forced circulation in the tank on temperature distribution, models with different rotating speed

and location of circulation fans are compared.

Finally, conclusion and recommendations for future works are discussed in Chapter 7,
encompassing continuous implementing the accelerated thermal ageing experiment and
monitoring electrical properties variation, further exploring the influence of environmental
relative humidity on measurement of electrical indicators, recommendations on how to further
develop the IR degradation models considering the annealing effects and partial discharges

phenomena, and how to thorough application of FVM and ANN models.



Chapter 2. Background Information and Literature
Review

2.1. Introduction

Due to the influence of thermal ageing, the long-term effectiveness and reliability of
extruded power cables are hard to guarantee. The occurrence of extruded cables ageing caused
by thermal stresses is marked by insulation degradation and some other related phenomenon.
A comprehensive exploration of thermal aging is imperative for effectively diagnosing and

prognosing the performance of extruded cables under various operational circumstances.

This chapter aims to explore the background associated with extruded power cables and
review a various of literature cover crucial research about thermal ageing investigation of

extruded power cables, as outlined here:

e Mechanisms and effects of thermal ageing: thermal ageing factors and chemical
reactions that lead to degradations in materials at both localized and bulk levels,
including both chemical and physical variations. These degradations may result
in the formation of new chemical compounds, changes in material properties
(such as colour, texture, or hardness), and potential alterations in the material's
mechanical, thermal, or electrical performances.

e Condition monitoring techniques: highlighting approaches such as IR, PI, DAR,
and tand measurements. These techniques offer valuable insights into the health
variation of extruded cables when they subjected to thermal ageing conditions.

e Accelerated thermal ageing methodologies: designing accelerated ageing tests to
replicate real-world ageing processes. these methods enable researchers to
simulate prolonged ageing effects within a shorter timeframe.

e Numerical methods for thermal modelling: by simulating cable temperature
distributions under thermal stresses, these methods aid in investigating potential
weakness location and developing effective maintenance strategies and lifetime
estimation models.

e Thermal degradation models: Incorporating the effects of thermal ageing and
thermal modelling methodologies. These degradation models contribute to

predicting cable performance over long service durations.

Through a comprehensive review and synthesis of existing literature, this chapter aims

to enhance the understanding of thermal ageing's impact on MV extruded cables. The research



gaps and developing new insights obtained from this chapter, are helpful to guide the research
in this thesis towards better approaches for handling the impacts of thermal ageing of extruded
cables and enhancing assessment and prediction methods for the health status and

performances of extruded power cables.
2.2. Background information

2.2.1. History of power cable development
The development of power cables has history over a hundred years. Figure 1
demonstrates several important moments in power cables development history. The first
underground power cable with jute pitch insulation called “Street Pipe” was invented by
Edison and installed in 1881. The use of underground power cables became more important in

electrical systems, making it easier to transmit and distribute power starting in the early 1890s
[11].

The first 20kV power cable was installed in 1908 in the UK. In 1911, the first instances
of HV cables incorporating impregnated paper insulation were initiated, operating at 60 kV in
Germany and 50 kV in Barcelona, Spain. A 380kV Ultra-High Voltage (UHV) cable firstly
laid in 1952 in Sweden initiated the start of UHV power cable applications. The first long-
distance application of 500kV alternating current (AC) power cables insulated by XLPE was
in 2001. The first flexible direct current (DC) transmission cable was put into use in China in

2014 [12].



| 1882 >| Thomas Edison applied rubber-insulated cables on Pearl Street in New York |

| 1800 )| Coaxial structure cables are developed |
| 1900 )| Natural rubber used as cable insulation |
| 1003 )| PVC insulated cable first used in Germany |
| 1917 | First screen cables developed |

| 1925 >| Pressurized paper cables developed while rubber-insulated cables up to 7.5kV |

| 1942 >| Polyethylene (PE) firstly applied in cables |
| 1957 >| First DC power transmission cable service for Gotland subsea connection |
| 1962 >| Ethylene propylene rubber (EPR) insulation commercially available |
| 1968 >| Cross-linked polyethylene (XLPE) first used for MV cable insulation |
| 1972 >| Extruded semiconductive screens introduced in cables |
| 1988 >| XLPE cables first used at 500kv power scheme |
| 1990 >| Water-tree retarding insulating materials are widely used |

| 1999 >| Globally First commercial DC cable with XLPE insulation at 80kV (Gotland) |

2001 > Globally highest-voltage AC XLPE cable at 525KV (China)

Figure 1. Significant milestones in power cable development history [12]

In 1890, Ferranti initiated the first successful program for using 10kV coaxial cables
insulated by mass impregnated paper in the UK and laying it for the London Electric Supply
Corporation [13]. Subsequently, a significant development emerged in long-distance power
distribution systems with the rise of mass-impregnated paper-insulated power cables for more
than 70 years [14]. These cables were characterized by paper insulation saturated with
insulating oil to enhance the overall insulation properties of the cable. Insulating oil enhances
cable insulation by increasing dielectric strength, improving heat dissipation and providing
moisture protection, which prevents electrical breakdown and thermal ageing. It also fills voids
within the insulation, suppressing partial discharges and maintain the overall integrity and

longevity of the cable system [15].
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Then, extruded power cables, which produced through the extrusion process of pushing
plastic insulation material through a die to make a continuous shape, gradually replaced mass-
impregnated paper-insulated cable systems. This phenomenon was mainly because of

economic considerations and application benefits of extruded power cables.

Extruded power cables possess several advantages over mass-impregnated paper-
insulated cables, including superior dielectric properties, higher voltage capabilities, reduced
size and weight, easy installation, resilience to environmental factors, decreased maintenance,
lower risk of partial discharge, improved environmental impact, and advancements in

manufacturing processes and technology [12].

Introduced in Germany in 1903, polyvinyl chloride (PVC) insulated cables found
application in cable manufacturing. Production started before and during World War 11, with
remarkable progress in the 1950s across Europe [12]. After World War 11, the cable industry
embraced various synthetic elastomers, including butyl rubber silicone rubbers, Ethylene
Propylene Rubber (EPR) et.al. Despite higher manufacturing costs, cables using these
materials became competitive due to potential savings in conductor cross-sectional area or

increased permissible current-carrying capacity [14].

XLPE insulation material was firstly developed by the General Electric Company in 1963.
It was processed through the irradiation of low-density polyethylene (LDPE) or via chemical
processes involving organic peroxides. The resultant crosslinks establish intermolecular
connections among carbon atoms, inducing a transition of the initially thermoplastic LDPE
into an elastomeric state. This transformative characteristic gives these cables significant
mechanical strength even at high temperatures, which greatly improves their operational
capabilities. The use of XLPE cables has experienced a very fast development from 1960 in
the United States, in Japan, and in the Scandinavian countries. Since then, other countries are

increasingly using XLPE [13].

In contemporary times, the fundamental architecture of power cables remains akin to its
early stage from a century ago; however, considerable development has been undertaken in
the enhancement of dielectric materials. This pursuit aims to render cables economically more

tenable while concurrently enabling their operation at significantly augmented voltage levels.

In developing countries, the cable network infrastructure is relatively new and
continuously growing. Taking China as an example, it's clear that cables installed during the
first ten years of the century make up a significant majority, accounting for more than fifty
percent of the overall cable inventory [16]. In contrast, the majority portion of MV distribution

cables and their fundamental associations within the United Kingdom's networks underwent
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installation throughout the decades encompassing the 1950s and 1960s [17]. Considering their
typical design lifespan of 40 to 70 years, these components are currently approaching or have
already exceeded their expected operational duration. A more detailed approach is required,
which highlights the importance of monitoring the condition and predicting the lifespan of

power system cables.

2.2.2. The main characteristics of extruded power cables

The extruded technique provides a precise combining of insulation and semi-conductor
screen layers for power cables. Metallic materials such as copper and aluminium are generally
used for manufacturing cable conductors. Manufacturers choose between copper and
aluminium for cable conductor(s) based on the specific needs of the application, balancing
factors like electrical conductivity, weight, cost, mechanical strength and environmental
conditions. Copper is often chosen for its superior conductivity and mechanical properties,
while aluminium is preferred for its cost-effectiveness and lighter weight in large-scale and
weight-sensitive applications. Cable conductors then are enveloped by insulation and semi-
conductive screen layers through a simultaneously extruding process. This simultaneous
extrusion process ensures uniformity in insulation quality and thickness, enhancing both the

durability and electrical efficiency of the cable.

In order to meet specific requirements including voltage specifications, environmental
conditions and regulatory standards, different models are designed for the extruded power
cables. The conductor of extruded power cables could be designed to single-core or multi-core,
and the insulation could be made from materials like XLPE, EPR. The use of the extrusion
method allows for precise control over cable characteristics like conductor size, insulation

thickness and overall quality.

The foundational architecture of an extruded power cable is typically characterized by a
central conductor, manufactured from copper or aluminium strands, enveloped by a layer of
polymeric electrical insulation, and subsequently encased within a protective plastic jacket. It
is common for shielding layers to be introduced between these three main components. An

example of a single-core underground cable configuration is shown in Figure 2.
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Figure 2. Schematic representation of a single core extruded power cable
1. Conductor: A power cable conductor is the core element that carries electric current
within the cable. Typically made from highly conductive materials like copper or aluminium,
the conductor's design, and material influence key cable attributes such as current capacity and
efficiency. The conductor's properties directly affect the cable's overall electrical behaviour

and function.

2. Conductor screen: This refers to a semi-conducting layer extruded a smooth surface
on the conductor. Its primary role is to smooth out the electric field generated by the conductor.
When an electric current passes through a conductor, it creates an electric field around it.
Without a conductor screen, this field would be uneven and concentrated around sharp edges
or surface imperfections, leading to localized electrical stress. This could result in partial
discharges, insulation degradation, or even breakdown. The semi-conductive conductor screen
helps distribute the electric field more evenly, smoothing out irregularities and ensuring a
uniform field across the insulation layer. This uniform distribution reduces the risk of electrical
stress concentrations that could cause insulation failure. Additionally, the conductor screen
improves bonding between the conductor and the insulation, decreasing the likelihood of voids

or gaps that could lead to partial discharge and subsequent insulation deterioration.

3. Insulation: Insulation in extruded power cables refers to the protective layer
enveloping the conductor. This layer prevents current leakage and ensures secure electricity
transmission. Insulation acts as a barrier against external factors, prevents shorts, and regulates
electric field distribution, reducing stress-related issues. Effective insulation is crucial for the

cable's longevity, efficiency, and safety within the power cable system.

4. Insulation screen: An insulation screen is a semi-conductor layer above the insulation.
The layer made from semi-conductivity material. Its primary role is to control electric field

within the insulation and to provide a smooth transition between the high-dielectric insulation
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and the ground metallic sheath or armour. Similar to the conductor screen, the insulation screen
ensures a uniform electric field within the insulation layer, aiding in the smooth transition of
the electric field from the high-dielectric insulation to the cable's outer grounded layers. The
insulation screen prevents abrupt termination of the electric field at the insulation boundary,
thereby avoiding the buildup of electrical stress at the interface between the insulation and the
outer sheath. This reduction in stress helps to extend the life of the insulation and improve the
cable's overall reliability. Additionally, the insulation screen helps prevent partial discharges
at the insulation boundary by maintaining a controlled electric field and ensuring there are no

sudden changes in potential that could lead to dielectric breakdown.

5. Metallic sheath: A metallic sheath is an external layer of metal (like aluminium or
lead) encasing the insulation and core of cable. It provides mechanical protection, shields
against electromagnetic interference, and guards against environmental factors like corrosion

and moisture. This enhances cable durability, safety, and performance.

6. Bedding sheath: This layer ensures a smooth surface for the Armor and aids in
distributing mechanical stresses during installation and operation, enhancing cable integrity

and longevity.

7. Armouring: It provides mechanical protection, enhancing the cable's resistance to
physical damage, environmental stress, and external interference. Armouring is particularly

beneficial in challenging conditions, providing strength and reliability to the cable.

8. Outer sheath: An outer sheath in extruded power cables serves as the protective layer,
shielding the cable from environmental and mechanical challenges, preserving its integrity,

and conveying important information about the cable's characteristics by colour.

Table 1 presents that extruded power cables are organized into different categories based
on their rated voltage. This important parameter determines their appropriateness for specific

voltage levels. This classification framework encompasses several discernible classes [18]:

Table 1. Power cable rating voltage classification[18]

AC DC
Low Voltage U<6kV
Medium Voltage 6kvV<U<35kV U<30KkV
- 30kV <U<600
<U< sU<
High Voltage 35kV <U <330 kV (Overhead line) v

35 kV <U <220 kV (Cable)
330 kV <U <1000 kV (Overhead line)
220 kV < U <500 kV (Cable)

Extra High Voltage

This methodical categorization based on rated voltage ensures the careful choice and use
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of extruded power cables that align with specific voltage requirements. By matching cable
specifications with the specific voltage demands of various application, this classification
system supports the achievement of both safety and operational effectiveness in electricity

transmission and distribution networks.

Due to the intrinsic relationship between voltage classification and operational
parameters, such as electrical stress and thermal resilience, it is important to understand
voltage classification of power cables. This understanding is helpful for identifying
vulnerabilities and weak points that leads to performance decline or failure and effectively

determining health condition and predicting remaining lifetime of power cables.

2.2.3. Major insulation material for extruded power cables
The selection of appropriate insulation materials is a crucial factor that greatly influences
the performance and reliability of extruded power cables. The insulation materials employed
significantly influences the cable's electrical properties, thermal behaviours, resistance to
environmental factors, and overall suitability for diverse voltage levels and application

requirements.

Among the various of insulation materials available, three primary contenders take
precedence: XLPE, EPR, and PVC. These materials, each possessing distinct attributes and
advantages, play a key role in determining the ability of extruded power cables to perform well
in different operational situations. An exploration of these insulation materials reveals their
unique characteristics and contributions to the field of thermal ageing of extruded cables

insulation.

XLPE is a general accepted insulation material for extruded power cables, known for its
complex molecular structure and remarkable dielectric, thermal and mechanical properties.
XLPE is a type of polyethylene that has undergone a cross-linking process to enhance its
thermal, chemical and mechanical properties. Polyethylene is a polymer made up of long
chains of the ethylene monomer (C;Hs). In its linear form (low-density polyethylene), the
polymer chains are flexible, but not interconnected. Polyethylene has good dielectric
properties, low cost and ease of processing, but its thermal stability is limited [19]. The cross-
linking process transforms the thermoplastic polyethylene into a thermoset material with a
three-dimensional network of covalent bonds. The cross-linking process imparts enhanced
thermal stability, mechanical strength, chemical resistance, and improved dielectric properties,

making XLPE suitable for high-temperature and high-voltage applications. [20].

Due to the long-term thermal ageing characteristics of the XLPE insulation, the normal
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operation temperature limit of XLPE-insulated cables is 90°C. Continuous exposure to

temperatures above this limit can accelerate the chemical and physical degradation of
insulation material, leading to embrittlement, loss of dielectric strength, and reduced
mechanical properties. This degradation can shorten the cable's lifetime and compromise its

reliability and will be discussed in detail in section 2.3.

In emergency situations like short-term extremely high loading, the cable can be exposed
to higher temperature such as 140°C for short periods. At this temperature, the insulation
experiences accelerated ageing, but the cable can generally withstand this without immediate
failure. However, frequent or prolonged exposure to such temperatures can significantly
reduce the cable's overall service life. Moreover, these cables possess a conductor short-circuit

capability assessed at 250 °C.

The thermosetting nature of XLPE empowers it with a distinctive capacity to sustain its
form even when subjected to high temperatures for extended periods, making it suitable for
applications demanding endurance under thermal stress. Additionally, XLPE exhibits a low
dielectric loss tangent and high IR, translating into efficient power transmission and limited
energy dissipation across the insulation[21]. A partial set of properties for XLPE is presented
in Table 2. It worth noting that the electrical resistivity and DC breakdown strength of XLPE
decrease with increasing temperature, the DC Breakdown strength decreases to >200kV/mm

at 70-90°C and increases to 340kV/mm at 30°C [22].

Table 2. Partial properties of XLPE [23]

Properties XLPE
DC volume resistivity (Q - m) 0.9x10'3
DC breakdown strength (kV/mm) 300
Operation temperature (°C) 70-90
Thermal nature Thermoset
Mechanical property Soft and flexible

XLPE's strong resistance to moisture, chemicals, and environmental elements protects
the cable's electrical quality and lifespan, enabling it to deliver consistent performance in
different situations [24][25]. Moreover, XLPE's mechanical properties, such as flexibility and
tensile strength, contribute to the cable's strength during installation and operation, further

enhancing its reliability.

Because of its outstanding electrical properties and thermal stability, XLPE insulation is
suitable for a broad spectrum of voltage levels, including low, medium, and high-voltage
applications. Its successful application extends to power distribution networks, underground

installations, and power transmission systems. In these contexts, its ability to reduce partial
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discharge, improve insulation integrity, and withstand challenging environmental conditions

is of paramount significance.

While XLPE offers good thermal stability, it may have lower resistance to extreme
temperatures compared to some other specialized insulation materials, limiting its suitability
for extremely high-temperature applications. XLPE-insulated cables would be in larger size
than some alternatives due to its thicker insulation layer to provide sufficient electrical
insulation and maintain breakdown strength, especially under high voltage conditions. This
increased size may impact their installation in tight spaces or require adjustments in cable
pathways [26]. Furthermore, while the process of cross-linking improves the qualities and
advantages of XLLPE, the technical complexities and necessities tied to achieving ideal cross-
linking can make the manufacturing process more intricate. This could lead to higher

production expenses compared to simpler insulation methods.

In conclusion, XLLPE material is widely recognized as an excellent option for insulation
of extruded power cables. Its complex molecular structure, impressive electrical properties,
thermal stability, resistance to environmental factors, and suitability for different voltage levels
make XLPE an essential component in enhancing the effectiveness and dependability of
contemporary power cable systems. In addition, there are some other insulation materials that

are often used in extruded power cables, such as EPR and PVC.

EPR is a multifunction insulation material known for its exceptional elasticity, durability,
and electrical properties. Its elastomeric nature allows it to withstand mechanical stresses,
making it ideal for complex installations. EPR also offers outstanding temperature resistance,
ensuring stable electrical performance in extreme conditions. Like XLPE, EPR has a
maximum continuous operating temperature at 90°C. With superior dielectric properties, it
enables efficient power transmission and reduced energy losses. While well-suited for medium
and high-voltage applications, it may not be optimal for extremely high-voltage scenarios.
Additionally, considerations regarding raw materials and recycling pose environmental
challenges. In summary, EPR insulation is another good choice for extruded power cables,

contributing to their efficiency, reliability, and durability [25]-[30].

PVC insulation is a cost-effective choice for extruded power cables. Processed from vinyl
chloride monomers, PVC offers a balance between thermal resilience and flexibility, making
it suitable for low and medium-voltage applications. Although PVC is not ideal for extreme
temperatures, its dielectric properties and resistance to moisture and chemicals ensure efficient
power transmission and durability. Flame-retardant PVC variants enhance safety. However,

limitations include a restricted temperature range and potential for plasticizer migration. In
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summary, PVC insulation, renowned for its adaptability and affordability, caters to a wide

range of applications, especially in low and medium-voltage scenarios.

The adoption of right insulation materials is contingent upon multifarious criteria,
encompassing voltage specifications, operational environment, and targeted performance

benchmarks, thereby dictating their suitability to specific applications.

Understanding the properties of major insulation materials in extruded cables is essential
for effective condition assessment and accurate life estimation research. These properties
provide a baseline for normal functioning, aiding in identifying anomalies or deviations during
assessment. They also support degradation analyses, model development, and data
interpretation, ensuring informed decision-making. Predictive models and mitigation
strategies rely on these properties for accurate projections and targeted maintenance. In sum,
grasping insulation material properties enhances the precision of both condition assessment

and life prediction efforts for extruded power cables.
2.3. Thermal ageing of extruded cable

2.3.1. Introduction

Ageing of extruded power cables refers to the gradual deterioration and alteration of the
cable's physical, chemical, and electrical properties over time due to various stresses. This
ageing process can result in a gradual reduction in the cable's performance, insulation integrity,
mechanical strength, and overall reliability. Factors such as temperature variations, exposure
to moisture, chemical interactions, mechanical stresses, and electrical loading contribute to the
ageing process, potentially leading to decreased cable effectiveness and increased risk of
operational failures or breakdowns [31][32]. Understanding and managing cable ageing is

essential for ensuring the continued safe and reliable operation of power cable systems.

Ageing mechanisms involve a range of influential factors, including thermal, electrical,
mechanical, and environmental stresses, which could impact individually or synergistically.
These factors can cause variations in the component materials of cable insulation systems,
thereby influencing material properties. These ageing stresses interface with contaminants,
defects, protrusions, or voids (CDPVs) present within insulation materials or at interfaces
between semiconductor screens and conductors or insulation, leading to degradation. These
CDPVs may accidentally arise during phases such as material processing, cable and accessory

manufacturing, transportation, installation, or during service[33].

The ageing mechanisms caused by thermal ageing stresses, along with the corresponding

effects may lead to failures, are summarized and presented in Figure 3. Thermal stress is
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considered one of the primary factors contributing to the ageing of extruded power cables in
service. The principle source of thermal stresses arises from the resistive heating of the heavily
loaded cable core conductor. The resistive heat generated in the core conductor propagates
throughout the cable insulation and might increase the insulation temperature beyond its
designed limit. Furthermore, excessively high ambient temperature conditions can also
contribute to thermal ageing of the cable insulation. In addition to the cable temperature itself,
the thermal degradation of extruded power cables is closely related to the polymer structure
and the effectiveness of antioxidants [34]. Thermal degradation of polymer insulation
materials can lead to embrittlement, cracking or crazing, discoloration, melting, and alterations

in the mechanical and electrical properties that are crucial for the cable.
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Figure 3. Ageing mechanisms and effects of cable insulation caused by thermal stresses
[34].

When polymers absorb thermal energy, it triggers various chemical reactions within the
material. One of the immediate effects is an increase in molecular excitation. Since organic
materials are typically held together by covalent bonds (electron sharing), this increased
excitation can easily damage these bonds. In solid polymers, the formation of free radicals can
occur, leading to further chemical reactions. The most significant of these reactions, in terms

of their impact on mechanical properties, are crosslinking and chain scission [35].

Crosslinking involves the covalent bonding of long polymer chains, which generally
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leads to greater tensile strength and hardening of the material, though it often results in reduced
flexibility and decreased elongation-at-break. On the other hand, chain scission breaks these
long chains into smaller fragments, typically leading to reduced tensile strength. Depending
on the type of polymer and the level of degradation, chain scission may cause elongation to

increase, decrease, or remain relatively unchanged.

Additional processes that can occur in polymers include crystallization and chain
depolymerization. Crystallization, often induced by high temperatures or rapid temperature
changes, is generally not considered an aging phenomenon, though scission processes can
sometimes enhance crystallinity. Chain depolymerization, a specific form of chain scission,
involves molecules "unzipping" sequentially due to free radicals at the ends of the broken
chains. This process can occur to varying degrees during normal aging, depending on the

material type and the aging conditions.

When the XLPE material experiences thermal ageing, its physical and chemical reaction
types can be mainly divided into two types: pyrolytic reaction and thermal oxidation reaction.
Pyrolysis reaction refers to the process of breaking molecular bonds and random
rearrangement or recombination of small molecule groups of XLPE molecules in the absence

of oxygen under the action of heat, as illustrated in Figure 4 [36].
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Figure 4. Molecular structure variation of XLPE under pyrolysis reaction
Thermal oxidation reaction refers to the combination of small broken molecules of XLPE
and oxygen molecules into peroxide or oxygen-containing groups in the state of oxygen, and
at the same time causes other chain reactions, resulting in the change of XLPE color, the
increase of hardness and brittleness, and the significant changes in mechanical and electrical

properties. The main forms of thermal oxidation reactions are as follows in Figure 5 [37].
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Figure 5. Molecular structure variation of XLPE under thermal oxidation reaction
It is generally believed that the thermal cracking reaction occurs first to produce a large
number of small molecule groups, and at the same time, with the participation of high thermal

energy and oxygen, the thermal oxidation reaction can occur [38].

The rate of thermal degradation generally follows the Arrhenius model, which states that
the degradation rate increases exponentially with temperature. This means that even a small
increase in operating temperature can significantly accelerate the ageing process of the
insulation material, reducing the effective lifetime of cables [35]. Different degradation
mechanisms have different activation energies, which is the energy required to initiate the
degradation process. As temperature rises, mechanisms with lower activation energy become
prominent, leading to rapid degradation. This is particularly relevant for cables operating in
environments with fluctuating or consistently high temperatures. A much more detailed and
comprehensive discussion of the Arrhenius model and activation energy will be introduced in

section 2.7.

2.3.2. Previous research

Previous research has confirmed that the thermal degradation of the insulation made from
polymer materials encompasses multifarious influencing factors, including morphological
characteristics and their correlated transition temperature [39], effects of oxidation under
conditions of restricted diffusion, manifesting at elevated temperatures [40][41], as well as the
solubility and volatility traits of stabilizing agents [42][43], along with certain additional
instances of kinetic heterogeneity, which refers to the variation in the oxidation rate and
mechanisms within different regions or centers of a material, rather than a uniform,

homogeneous reaction throughout the entire sample [44].

According to the investigation works by Bowler and Liu, physical state of a polymer is
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inherently related to temperature considerations [46]. As temperatures rise and approach the
crystalline melting point, crystalline structures gradually diminish, leading to variations in the
polymer's degree of crystallinity. Furthermore, both XLPE and the majority of EPR exhibit
characteristics of semi-crystalline polymers, involving both amorphous and crystalline
domains. Within these amorphous regions, free radicals are likely to get involved in chemical
reactions, including oxidation, which catalyses polymer deterioration. At lower temperatures,
free radicals within the crystalline regions remain constrained. However, with increasing
temperature, crystallites melt, releasing free radicals and enabling their participation in various

chemical reactions.

The energy required to activate thermo-oxidative degradation shows variation within the
temperature range spanning from 100 to 120 °C for both XLPE and EPR materials [47]. This
phenomenon can be attributed, as previously stated, to changes in the crystalline structure and
dimensions of crystallites within this temperature range. These changes prompt the release of
unbound molecular components when the temperature closely approaches the polymer's
melting point. Furthermore, the quantity of antioxidants diminishes as the materials undergo
accelerated ageing, owing to vaporization in instances of thermal ageing [48]. Antioxidants
encompass a variety of organic compounds that can be categorized into groups such as phenol,
amine, sulfur, and phosphine [49]. In the formulation of cable polymers, the inclusion of
antioxidants typically ranges from 0.5 to 1.0 parts per hundred resin (phr) for crystalline
polymers and 1.0 to 2.0 phr for rubbery polymers [50].

One way that antioxidants slow down the breakdown process has been suggested, by
Conley and Osawa in their respective studies [51][52], to be by joining in with peroxy radicals
and hydro-peroxide. In this situation, the role of the antioxidant is to stop free radicals or break
down hydro-peroxides in the damaged polymer chains. However, more recently, other
researchers looked at groups of XLPE samples with different amounts of a certain antioxidant
[53]. They found that the antioxidant worked well to protect against heat-caused breakdown.
This is different from the earlier idea that the antioxidant stops free radicals like peroxy
radicals in polymer chains. Instead, the effect of the antioxidant seems to be about slowing

down the start of radical formation in polymer chains when the temperature goes up.

The study conducted by Kurihara, T. et.al involved subjecting XLPE sheets to thermal
degradation at 180°C for a maximum of 100 hours in atmospheric air [54]. The resulting
oxidation levels were measured using micro-Fourier Transform Infrared (FTIR) spectroscopy,
revealing a non-uniform distribution of oxidation degree across the sheet's depth. This

oxidation was most pronounced on the upper surface due to ample air exposure during heating,
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while the lower surface in contact with a metal plate exhibited the lowest oxidation. An abrupt
decline in the mechanical properties takes place when the content of antioxidant decreases

below a critical value.

2.3.3. Discussion

Previous scholarly investigations illustrate the complexity of thermal degradation for
polymer insulation materials in power cables. Temperature, crystalline structure, antioxidants
and stabilizing agents play critical roles in maintaining the integrity and performance of cable
insulation materials. Prolonged exposure to high temperatures can cause chain scission,
leading to the loss of mechanical integrity. Over time, exposure to oxygen (particularly at
elevated temperatures) can lead to oxidation of polyethylene chains, resulting in the formation
of carbonyl groups (like ketones, aldehydes and acids). This process is accelerated by higher

temperatures.

In earlier studies on the performance changes of insulation materials due to thermal aging,
tests conducted at temperatures above the material's melting point were selected [54]-[56].
While some trends might be observed within the experimental temperature range, these studies
fall short of accurately explaining the material's degradation mechanism at typical operating
temperatures [57]. The ageing mechanism occurring at temperatures exceeding the melting
point of insulation materials exhibits a marked divergence from the ageing process at
temperatures below their melting point. Consequently, when investigating the lifetime of semi-
crystalline cable insulation materials through accelerated ageing experiments conducted at
elevated temperatures, it is advisable to choose ageing temperatures below the melting point
of materials, to make sure the accuracy of reliable lifetime predictions [58]. This consideration
is essential in the context of this research, particularly in the design of accelerated thermal

ageing experiments for extruded cables.

Several studies have focused on the thermal aging of cable insulation under controlled,
uniform temperature conditions. These studies often conclude that the aging rate increases
exponentially with temperature, as predicted by the Arrhenius model. However, fewer studies
have addressed the impact of temperature gradients within the insulation material itself. For
example, researchers like Mazzanti [59]and Zhang et al. [60] have highlighted the need for
more detailed studies on the spatial variations in temperature within power cables, particularly
under operational conditions that deviate from the idealized, uniform temperature assumptions.
The degradation behaviours of whole scale extruded power cables’ electrical performances
under non-uniform temperature distribution conditions constitutes another significant research

gap, as understanding these distributed thermal effects is essential for accurately assessing the
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degradation patterns and ultimately, for formulating effective strategies for the maintenance

and replacement of cable systems.

Furthermore, the existing body of research often lacks comprehensive investigations into
how interfaces, which exist between multiple different layers (insulation-shielding, conductor-
shielding, etc.), contribute to thermal degradation on performance of insulation material, and
whether they act as initiation points for degradation, is an area that requires further

investigation.
2.4. Condition monitoring techniques

2.4.1. Introduction

Condition monitoring techniques for extruded cables includes a range of methodologies
and procedures utilized for the sustainably or periodically evaluation of the effectiveness,
health and functioning condition of cables. These approaches cover the collection, analysis,
and interpretation of parameters and information to spot difference from the standard or
projected performance. The fundamental objective of condition monitoring involves the early
detection of signs indicating degradation, defects, or abnormalities, thereby enabling prompt
maintenance or treatment measures to prevent breakdowns, ensure safety, and enhance
operational productivity. An ideal condition monitoring technique would possess the following

attributes[10]:

1. It should be non-destructive and non-intrusive, meaning that disturbance or
disconnection of the cable is not required.

2. It should be capable of measuring a property change that can be monitored with time
for trend analysis and reliably correlated with functional performance during normal
service.

3. It must be applicable to the cable types and materials commonly used in existing
power systems.

4. It should provide reproducible results that are uninfluenced by, or adjustable for, the
test environment (e.g., temperature, humidity, et al.).

It should be cost-effective and easy to implement under service conditions.
It should be able to locate any defects in the cable.

5

6

7. It should allow for the establishment of a well-defined end condition.

8. It should provide enough time before initial failure for proper actions to be taken.
9

It should be readily available to industry.

Condition monitoring involves the continuous or periodic assessment of various
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parameters within the cable system. By systematically tracking these parameters over time,
even small deviations from expected values can be detected. The monitoring and recording of
data over a long duration allow for trend analysis. This entails consideration how specific
parameters change over time. By recognizing patterns or trends in the data, engineers can glean
insights into the gradual degradation of the cable system. This information proves valuable in
predicting the system's remaining useful life and strategically planning maintenance or
replacement protocols. The data amassed through condition monitoring also serves the purpose

of validating ageing models and predictions.

A literature review of condition monitoring techniques to be employed in this research is

provided in this section.

2.4.2. Insulation Resistance
2.4.2.1 Introduction

The IR test is a fundamental and non-invasive methodology generally employed within
the industrial domain to evaluate the prevailing state of cable insulation integrity. This method
offers the capacity to identify the presence of contamination attributed to factors such as
moisture infiltration, carbonization, or particulate matter, many of which are linked to thermal
aging. Moisture can enter the insulation due to environmental exposure or damage, with
thermal aging further compromising the insulation's integrity. Carbonization occurs when
organic materials break down at high temperatures, a process accelerated by thermal aging.
Although particulate matter contamination is generally caused by external factors, thermal
aging can increase the insulation's vulnerability to such infiltration by making it brittle or
cracked. The IR measurement is one of typical techniques within the spectrum of cable
condition monitoring techniques, demonstrating a significant ability to directly reveal the
current state of cables. The manifestation of good condition insulation is inherently associated

with a heightened resistance to current flow[61].

The determination of cable IR through the application of a DC voltage between the cable
conductor and the ground reference. A small current, potentially as low as 107>A depending
on the quality of insulation, will traverse the insulation from conductor towards the ground,
this assessment procedure seeks to quantify the insulation integrity. The applied voltage and
duration vary depending on cable’s rating: LV cables typically use 500V-1kV DC, MV cables
use 1-5 kV DC or more, and HV cables use 5-10kV DC or more. Measurements are usually
taken after 1 minute and monitored over longer periods. While this is a common application
method, there is no specific standard for power cables. Expected IR levels are at least several

GQ per kV of the cable's rating, with higher resistance level expected for higher voltage cables.
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Regular implementation of IR tests on cables should be accompanied by systematic
recording for the purpose of comparison. A persistent downward trend in IR values, even if
these values remain above the set limitations, signifies potential deterioration in cable
insulation due to several physical mechanisms. Moisture ingress can occur through micro-
cracks or poor sealing, water molecules leading to increased conductivity within the insulation
[24]. Thermal aging degrades the insulation material, causing micro-cracks and carbonization.
Continuous electrical stress may induce defects like voids or treeing, while chemical
degradation from exposure to harsh substances weakens the insulation. Additionally,
mechanical damage can create conductive paths through the insulation. These factors

collectively contribute to the gradual decline in IR values over time.

According to the [EEE standard 43, the attainment of accurate measurements necessitates
the adjustment of readings to a reference temperature due to the marked sensitivity of IR
measurement outcomes to temperature variations [62]. The inverse correlation between
temperature elevation and IR values is evident, with a reduction in IR values as temperature
rises. A mere 10°C temperature rise can yield a 5 to 10-fold reduction in IR, and this generally
applies more significantly at higher temperatures, though it can be relevant across a range of
temperatures depending on the materials. Temperature increases typically accelerate molecular
activity and can lead to higher leakage currents in insulation materials. At higher temperatures,
the reduction in insulation resistance is often more pronounced due to the material's decreased
ability to prevent the flow of electrical current. However, the exact relationship between
temperature and insulation resistance can vary based on the type of insulating material, the
environment, and other factors [56]. It is pertinent to underscore that the conventional

temperature correction method may lead to an overestimation of cable IR [63].

Furthermore, it is worth mentioning that dry air is an excellent insulator. Clean and dry
cable insulation thus might be reported with acceptable IR values even if the insulation is
severely degraded and damaged. Consequently, a comprehensive evaluation of cable condition
necessitates the supplementation of IR results with complementary condition monitoring

techniques [62].

2.4.2.2 Previous research
Most research related to power cable ageing has placed an emphasis on the increase of
conductivity or the decrease of resistivity throughout the ageing processes [64]-[67]. Mecheri
et al. delved into the impacts of prolonged thermal ageing on diclectric and mechanical
properties of XLPE insulation of HV cables [65]. To ascertain the degree of material

deterioration resulting from thermal ageing and prevent potential failures, an extensive
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examination was conducted by encompassing volumetric resistivity assessments and
additional condition monitoring evaluations over a duration of 5000 hours based on both
dumb-bell and circular-shaped probes composed of XLPE. The findings revealed a significant
reduction in resistivity, amounting to several hundredfold, caused by the concurrent decrease
in polymer viscosity which is believed to increase the mobility of charge carriers within XLPE
[66]. Nedjar [67] examined the influences of thermal ageing on the electrical characteristics
of XLPE employed in HV cables, demonstrating that the thermal ageing induced modifications
in the electrical properties of polymer. In particular, elevating the thermal ageing temperature
leads to a faster reduction in resistivity, aligning with the principle outlined by the Arrhenius
law. With the thermal ageing process going further, molecular bonds exhibited weakening,
resulting in an augmentation of free volume. This phenomenon subsequently heightened the

mobility of charge carriers, accompanied by a decline of volumetric resistivity.

Mecheri et al. performed a comprehensive investigation into the impacts of thermal
ageing conditions on the performance of XLPE for 18/30 kV cables[24]. XLPE specimens of
the same material were subjected to thermal stresses under a controlled environment facilitated
by a forced air-circulating oven. The assessments on XLPE thermal degradation were carried
out through the volumetric resistivity testing under a DC voltage of 500 V at 85 °C. After 1350
hours of thermal ageing at 90 °C, XLPE resistivity was observed to significantly decrease from
around 7x10" Q- cm to 2.5%10'> Q- cm. Discernible resistivity reductions were further
pronounced at higher ageing temperatures of 135 °C and 150 °C, where the volumetric
resistivity values declined to 4.6x10'" Q - cm and 2 x10'" Q - cm, respectively, after 1350 h

thermal ageing.

Zhang et al. investigated the impacts of thermal ageing temperatures and durations on the
DC electrical conductivity of XLPE insulation materials for HVDC cables by using Fourier
transform infrared (FTIR) spectra [55]. The experimental findings and subsequent analysis
revealed a sequential pattern in the DC electrical conductivity of thermally aged XLPE
insulation, which initially declined below the level observed on unaged XLPE insulation and
then exhibited a gradual increase over the entire ageing period due to the combined effects of
thermal decomposition, post-crosslinking and the diffusion of low molecular weight
substances. In addition, it was observed that higher thermal ageing temperatures induced more
pronounced changes in the electrical conductivity of XLPE insulation. When XLPE is
subjected to ageing duration of 700 hours at temperatures of 130, 140 and 150°C, the variation
of the DC electrical conductivity with ageing temperature complied well with the Arrhenius

equation.
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Kang and Kim implemented a comprehensive assessment on IR properties of low voltage
cables, subjecting them to external flame exposure, over-current conditions and accelerated
degradation trials [56]. The results revealed a significant reduction in cable IR from a peak of
7.5 TQ to 0.008 TQ during direct flame contact. However, it demonstrated a complete recovery
to its initial state following the cooling period. In accelerated degradation experiments
conducted at an aging temperature of 130°C for 22 to 89 hours, which simulates 10 to 30 years
of cable aging under normal operational temperatures, no significant decline in insulation
resistance (IR) was observed at room temperature. Nevertheless, upon reaching an induced
ageing equivalent to 40 years, a rapid IR reduction was observed at room temperature. The

discussion of accelerated ageing experiment methodologies will be presented in section 2.5.

2.4.2.3 Discussion
In theory, the insulation resistance characteristics of materials can indicate the
degradation caused by thermal aging. However, insulation resistance testing faces challenges
during measurement, which means the data collected is not effectively used to assess the

material's thermal aging condition.

The study by Ghorbani et al. found that the chemical composition and electrical
properties of the samples were affected by production variables such as temperature, pressure,
time, and the protective film used during preparation [68]. As a result, it is crucial to assess
these factors when selecting and maintaining a consistent sample preparation method
throughout experimental studies. Additionally, since heat treatment impacts the conductivity
of polymer insulation materials, the thermal history of the samples must be carefully controlled
[69]. Therefore, it is recommended to prepare new samples for each measurement rather than

reusing them, as variations in thermal history could render result comparisons irrelevant.

While there has been significant development in understanding how the volume
resistivity of insulation materials variation during extruded cables thermal ageing processes
and its mechanisms, there remains absences of scholarly exploration into the dynamic changes
in the IR of integral cables throughout thermal ageing processes. Investigating how IR of
power cables including semi-conductor layers under the influence of thermal ageing is a
critical research gap. This study aims to elucidate IR variations under thermal ageing
conditions, as it could provide valuable insights into the long-term performance and health

assessment of cables.

In addition, A significant challenge of comprehending the dielectric insulation condition
lies in developing a quantitative approach to assessing insulation degradation over time.

Research about developing IR degradation models under thermal ageing of power cables thus
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become necessary.

2.4.3. Polarization Index and Dielectric Absorption Ratio
2.4.3.1 Introduction
The Polarization Index (PI) test is a way to assess the integrity and health for the
insulation of power cables and equipment. The PI test is particularly important for evaluating
the potential for insulation breakdown, which can lead to electrical faults or failures. The PI
test is derived from IR test, involving measuring IR at two different time intervals (usually 10

min). The formula for calculating the Polarization Index is:

__ IRy

Ry (1)

PI

where:
e [R; is the IR value measured after 1 minutes.
e Ry, is the IR value measured after 10 minutes.

The theory behind this test is that the registered current within the IR test encompasses a

composite of distinct current components, which include:
e Capacitive charging current (/)
»  Conduction current (I;)
e Leakage current (I})
e Polarization current (Dielectric absorption current) (I,)

the variations of these current components with respect to the DC test voltage and over time
are graphically depicted in Figure 6. For instances involving dry or intact insulation conditions,
the I, is often negligible, and the I; tends to be minimal. Consequently, the I, and I;
predominately contribute to the total current measured. These currents commence with a
relatively high magnitude upon the application of DC voltage to the test cable conductor.
Notably, the I, and I; of the tested cable insulation exhibit distinct decay rates contingent
upon the degree of insulation degradation. The conduction current arises from the movement
of electrons between the conducting material and the insulating material, creating a galvanic
current through the ground wall. This current can occur if the ground wall has absorbed

moisture, a condition that can develop in older thermoplastic insulation systems.
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Figure 6. Magnitude of current component flowing through insulation vary with time after
voltage applied (in scenario of low conduction current) [62]

The polarization current component emerges from three underlying factors:

1) A general migration of free electrons throughout the insulation material, driven
by the exerted electric field.

2) Molecular distortion, whereby the application of an electric field induces the
deformation of electron shells encircling the nucleus towards the voltage source.

3) Alignment of polarized molecules within the applied electric field. Initially
randomized in a neutral state, these polarized molecules exhibit an alignment

response proportional to the intensity of the electric field.

In typical scenarios, capacitive currents generally attenuate to zero within a span of 1
minute, with the current measured at this interval denoted as I4,,,;, and described by Equation
(2). Correspondingly, the I, diminishes to zero within a period of 10 minutes, thus culminating
in the composite current observable at the 10-minute mark, designated as liomin, as elucidated

in Equation (3).
Limin =1 + 1, + 14 2
Liomin = I + 11 (3)

The I;, will maintain at a steady value which is related to insulation condition. Insulation
that is degraded, contaminated, or penetrated by moisture, will have a greater I;. Consequently,

the total current flowing through the insulation will start from a high value when a test voltage
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is firstly applied and decrease in different rates in the following several minutes based on the

insulation state.

A common set of criteria for cable PI is presented by Table 3. If PI is about 1, I} and I;
are large enough that electrical tracking will likely occur. A PI less than 1 suggests either that
the insulation is not effectively absorbing and storing charge over time, or is indicative of the
presence of moisture, dirt, or other contaminants within the insulation, which is a sign that the
insulation has deteriorated to the point where it no longer provides adequate electrical
insulation. If the I; and I; are low compared to I, then typically the PI value is greater than

2.

Table 3. Criteria of PI for cable insulation health condition [62]

Polarization Index Insulation condition
<1 Poor
1-2 Questionable
2-4 Acceptable
>4 Excellent

The specific acceptable range for PI values can vary depending on the type of insulation,
the equipment being tested, and the industry standards. It is important to consult relevant

standards and guidelines when interpreting PI test results.

PI as a variation of the IR test, is a more consistent and repeatable indicator for cable
insulation condition because it reveal time-dependent current components performance as
previous described. It is often assumed that both IR10 and IR1 are measured at the same cable
insulation temperature, so Pl measurement is less sensitive to temperature. The PI test is a
valuable tool for preventive maintenance, allowing technicians and engineers to identify
potential insulation problems before they lead to operational issues or failures in electrical

systems [10].

A Dielectric Absorption Ratio (DAR) test is similar to a PI test in that measurements of
resistance over time are presented by a ratio of resistance at time t; over resistance at time t».
The DAR and PI are both used to assess the condition of electrical insulation, but they differ
in test duration and focus. DAR, the ratio of insulation resistance at 60 seconds to that at 30
seconds, provides a quick snapshot of insulation quality, making it useful for initial
assessments, especially in newer equipment. PI is more reliable for assessing long-term aging
and the ability of the insulation to withstand electrical stress, whereas DAR is better suited for

quick diagnostics. The Dielectric Absorption Ratio is calculated as:

IRgo
IR3q

DAR =

“4)

31



where:
e [Rg is the IR value measured after 1 minutes.
e [Rjy is the IR value measured after 30 seconds.
The criterias of power cable DAR are presented by Table 4.

Table 4. Criteria of DAR for cable insulation health condition [62]

DAR value Insulation condition
<1 Insufficient
<1-14 Acceptable
>1.4-1.6 Excellent

The DAR test, along with other insulation testing methods like IR and PI tests, contributes
to the comprehensive assessment of cable insulation health and helps identify potential issues

before they lead to operational problems or failures [70].

2.4.3.2 Previous research
The existing body of research has predominantly focused on PI and DAR as key
indicators for assessing the health status of electrical machinery and Paper-Insulated Lead-
Clad (PILC) cables because these materials have been widely used in the industry for many
decades, and their aging mechanisms are well-understood, while XLPE insulation is a

relatively newer material with different chemical and physical properties.

Research work by Huzainie et al. delved into the computation of severity indices derived
from PD and PI testing outcomes [71]. The PD severity calculation takes into account
discharge voltages, density, and magnitudes. Specific severity levels are assigned and
categorized based on these ranges. The two severity indices are then combined into a single
condition assessment index by applying weighting factors, which aids in the decision-making
process for cable maintenance. Three-core PILC cable samples, rated at 22kV, with service
time ranging from 7 to 15 years were studied. It was found that PI testing is instrumental in
evaluating cable insulation condition. The cable's overall state concerning leakage current
from DC testing could be comprehensively evaluated. Low PI values were suspected to result
from moisture or carbonization effects, forming substantial leakage paths. The integration of
severity indices aided in establishing a unified condition assessment index, facilitating
informed decision-making in cable maintenance. The synergy between PI and PD mapping
were considered as a potent diagnostic tool, providing a comprehensive understanding of

insulation quality and pinpointing localized defects in PILC cables.

In their investigation of the efficacy of PI and DAR on evaluating the insulation health

condition of Electrical Submersible Pump (ESP) Cables, Juan David et al. conducted a
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thorough analysis based on data collected from 50 different wells within the Colombian Llanos
basin [72]. The study aimed to ascertain whether the application of PI and DAR indexes could
offer more detailed insights into insulation quality compared to conventional IR measurement.
The research revealed that low IR values did not consistently indicate poor insulation
properties, challenging conventional assumptions, as these values can be influenced by various
factors. Temperature changes can temporarily lower resistance, and transient conditions such
as moisture exposure may lead to reduced readings that improve once the issue is addressed.
Additionally, the test voltage applied can affect resistance measurements. However, findings
underscored the importance of incorporating PI and DAR metrics to enhance the assessment
of insulation quality, particularly when IR measurements might be insufficient. The analysis
further demonstrated that monitoring PI and DAR values provided valuable information for
distinguishing between mechanical damage and issues related to moisture and dirt along the
motor-cable circuit. The study emphasized that the correlation of leakage current, IR, DAR,
PI, and downhole gauge measurements enabled the identification of mechanical stress, motor
damage, or circuit cleanliness problems, providing a comprehensive understanding of the

insulation system's status during electrical testing.

In the research carried out by Jagriti et al., a novel approach based on Detrended
Fluctuation Analysis (DFA) was introduced for estimating insulation condition-sensitive
parameters within the context of the oil-paper insulation system [73]. The study revealed that
one of the DFA coefficients establishes clear and consistent relationships with key insulation
condition-sensitive parameters, including dissipation factor, paper moisture content, PI, and
DAR. The identified correlations between DFA coefficients and established insulation
parameters contributed to the advancement of techniques for accurately assessing and
monitoring the health of oil-paper insulation systems, showcasing the potential of DFA as a

valuable tool in insulation condition estimation.

2.4.3.3 Discussion

Despite the significant advancements in the theory of the PI and DAR, there is a gap in
the literature regarding the fluctuations in PI and DAR values exhibited by extruded cables
during practical thermal ageing processes. This research gap is of particular significance
because it hinders a comprehensive understanding of PI and DAR as indicators of cable health
condition. Consequently, there is a compelling need for further investigation to unravel the
dynamics of PI variations during thermal ageing, ultimately enabling the practical utilization
of these variations in the condition monitoring of extruded cables. Closing this gap holds great
promise for enhancing cable health assessments and ensuring the reliability of electrical

distribution systems.
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2.4.4. Dielectric Loss
2.4.4.1 Introduction
Integral degradation can be reflected by the Dielectric loss (DL) measurement, which is
also called tand test. This method is an in-situ and non-destructive test. The tests can be
executed under various voltage frequencies. However, localized defects and degradation are
not able to be indicated and located by DL tests. A tand measurement consists of two relevant
tests: the dissipation factor test and the power factor test. The principle of this measurement is
a total current (I) that comprises a capacitive current (/) dependent on the capacitance of
cable insulation and a leakage current (/z) produced when a steady-state ac test voltage is
applied across cable insulation [10]. The equivalent circuit of measurement operation is
presented by Figure 7 (a). The correlations among the test voltage and the produced current

components as Figure 7 (b) shown.

Iy

(a) (b)

Figure 7. (a) Equivalent circuit and (b) diagram for currents and voltage of insulation under
tand tests

where:
e [: Total measured current
e [.: Capacitive component of |
e [p: Loss component of |
e V: Applied ac voltage
e 0: Dielectric phase angle
e J§: Dielectric loss angle

For cable insulation in ideal conditions without defects like trees, moisture and voids, I
is relatively low (0.1pA to 1pA for MV cables), due to the insulation properties being more
like a good capacitor. In a capacitor, the voltage has 90-degree phase shift with the capacitive
current through the cable insulation. In the case of contaminations incurring in the insulation

and thus capacitance increases, or insulation is degraded due to ageing, resistive current
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through insulation grows as the IR degradation occurs, while I is approximately fixed. The
voltage and current phase will shift less than 90 degrees. The magnitude of angle moving away

from 90 degrees is called “loss angle (§)” which is related to insulation quality.

As a result, the health of an electrical insulator can be determined by the ratio of resistive
component to the capacitive component as shown in (5). This ratio is commonly known as tan
&, sometimes also referred to as dissipation factor which is usually used as a measure of

dielectric degradation.

| <

I 1
tand =% = =
Ic  Vx2mfC _ 2nfRC

)

For a proficient insulator, this ratio tends to be relatively low (below 0.1%), exhibiting
minimal variation as the applied voltage increases. Conversely, when dealing with cables
featuring subpar insulation, the DL values surpass the standard range (0.1% to 0.5%).
Additionally, the correlation between these values and the applied voltage level is more
pronounced. Similarly, the dielectric power factor (cos0) serves as an indicator of dielectric

loss.

2.4.4.2 Previous research

As cable ageing time progresses, there is a variation of the dielectric loss values. This
pattern serves as evidence of a change in the cable's insulation capacity. The research
conducted by Dragan revealed that cable capacitance remains virtually constant throughout
the ageing period, while resistance experience gradual deterioration when subjected to
increased levels of stress, whether of an electrical or thermal nature [74]. It is worth to note
that the impact of temperature on tand is more pronounced compared to the influence of
electrical stress. It was found that the tand can serve as an indicative measure of cable
insulation conditions relevant to the ageing phenomenon. Moreover, the study conducted by
Asmarashid and Muhammad focuses on underground XLPE cables ratings of 11kV and 22kV
also found similar conclusions [75]. The tand values exhibited a direct correlation with the
ageing duration of the cables. In contrast, the analysis of capacitance measurements indicated

a lack of relationship in their values.

Fothergill et al. conducted a study on the dielectric behaviour of extruded power cables
with XLPE insulation and both inner and outer semi-conductive layers [76]. This investigation
encompassed a frequency span of 10 to 10* Hz and temperatures ranging from 20 to 100°C.
Their findings revealed that subjecting the cables to thermal ageing at 135°C for a duration of
60 days led to substantial increases in tand value. This outcome suggests that these

measurements could serve as a sensitive means of quantifying the extent of electrical
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degradation resulting from thermal ageing. Kocatepe et al. analyzed the tand changes in a 5
kV high voltage cable under varying voltage and frequency conditions using a digital
measurement device. They found that tan delta values increased with higher voltage levels and

were significantly elevated at higher frequencies [77].

2.4.4.3 Discussion
While prior studies have indicated the significance of tand testing outcomes, the
correlation between these variations and data obtained from other monitoring technologies for
power cables remains relatively unexplored in academic literature. This study aims to address
an existing research gap concerning the relationship between the changes observed in tand
values and the trends identified through IR and PI tests to comprehensively evaluate the

thermal degradation of cable insulation performance.

2.4.5. Other techniques
2.4.5.1 Introduction
In addition to the above reviewed IR, PI, DAR and tand techniques, a variety of other

techniques are employed for monitoring the condition of cables. While IR, PI and tand are

widely recognized for their simplicity and effectiveness in assessing the general health of cable
insulation, other methods provide more specialized insights into different aspects of cable
integrity. There are techniques that focus on assessing the mechanical properties and chemical
stability of the insulation materials. Elongation at Break (EaB) testing is particularly valuable
for evaluating the physical durability of the insulation, helping to detect issues like
embrittlement or cracking that might not be apparent through electrical tests alone. On the
other hand, oxygen monitoring is crucial in environments where oxidative degradation poses
a risk, providing early warnings of chemical changes that could compromise the insulation’s
performance. These techniques offer a more comprehensive approach to cable condition

monitoring by addressing different failure modes and degradation mechanisms.

2.4.5.2 Elongation at Break (EaB) Testing
EaB testing is a crucial method for evaluating the mechanical resilience and flexibility of
a cable’s insulation material. Specifically, it measures the extent to which the insulation can
stretch before it fractures and is defined as percent increase in elongation at the time of fracture
by Equation (6), providing a direct assessment of the material's ductility and tensile strength.
The test is particularly important in determining the insulation’s ability to withstand physical
stress, such as bending, stretching, or environmental factors like thermal expansion and

contraction.
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Final length—Original length

EAB(%) = x 100 (6)

Original length

One of the primary advantages of EaB testing is its ability to detect mechanical
degradation in insulation materials that might not be apparent through electrical tests alone.
Insulation materials that have been subjected to harsh environmental conditions, such as
extreme temperatures, UV exposure, or chemical contamination, may become brittle or
develop micro-cracks over time. EaB testing effectively identifies these issues by measuring
the material’s ability to stretch before it breaks. A significant reduction in elongation at break
indicates that the insulation has lost its flexibility, which is often a precursor to complete

mechanical failure.

EaB testing is also valuable in assessing the ageing of polymeric insulation materials. By
measuring how much the insulation can elongate before breaking, EaB testing provides a clear
indication of the material’s aging process. This information is critical for predicting the
remaining useful life of the cable and scheduling maintenance or replacements before a

catastrophic failure occurs.

While many cable condition monitoring techniques focus on electrical properties, EaB
testing provides a material-focused perspective, offering insights that complement electrical
tests like IR and PI. By focusing on the physical properties of the insulation, EaB testing helps
build a more complete picture of cable health, addressing potential failure modes that might

be missed by purely electrical assessments.

However, the most significant drawbacks of EaB tesing is that it is destructive. The test
involves physically stretching a sample of the insulation material until it breaks, which means
the section of cable tested is permanently damaged and can no longer be used in service. As a
result, EaB testing is often limited to laboratory settings or used on representative samples
rather than the actual cable in used. Besides, the need for careful sample preparation and the

lack of real-time monitoring capabilities limit its use under service conditions.

2.4.5.3 Oxygen Monitoring
Oxygen monitoring is typically used to detect the presence and concentration of oxygen
that can indicate the degradation of cable insulation materials, especially in environments
where the cable is exposed to oxidative conditions. Elevated levels of oxygen can lead to
oxidation. Oxygen monitoring can also detect production of other gases, such as carbon
dioxide or carbon monoxide, which can be by-products of insulation degradation processes.
This provides additional insight into the chemical stability of the insulation material and the

progression of degradation.
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Oxygen monitoring systems typically use gas sensors to detect the concentration of
oxygen and other relevant gases within the insulation or in the vicinity of the cable. These
sensors can be placed in strategic locations where they can effectively monitor the cable’s
environment. In some cases, a small amount of gas is extracted from the cable’s environment
and analyzed using gas chromatography or other analytical methods to determine the

composition of gases present.

Oxygen monitoring is typically non-invasive, meaning it does not require direct contact
with the insulation material. This makes it suitable for continuous monitoring without
interrupting the operation of the cable system. By detecting increase in oxygen or other by-
product gases, this technique can provide early warnings of insulation degradation before it

progresses to a critical stage.

However, effective oxygen monitoring requires sensitive and often specialized gas
detection equipment, which can be more complex and costly than other cable condition
monitoring techniques. While oxygen monitoring can indicate the presence of degradation, it
does not provide a direct measurement of the mechanical or electrical properties of the
insulation, so it typically needs to be used in conjunction with other testing methods for a

comprehensive assessment.
2.5. Accelerated thermal ageing of extruded cables

2.5.1. Introduction

It is widely acknowledged that the time needed to age cable insulation materials under
normal working conditions is impractical for experimental studies. Given that the designed
lifetime of a power cable typically reaches to 30-40 years, conducting experiments over such
prolonged periods becomes challenging [78]. In addition, obtaining aged samples directly
from the field for essential testing and evaluation objectives is impracticable. Predicting the
failure times or estimating the long-term performance of extruded power cables constitutes a
quandary [79]. In light of this challenge, scholars have turned their attention towards the

adoption of accelerated ageing methodologies.

Accelerated thermal ageing tests conducted at elevated temperatures speeding up the
ageing process of power cables. This acceleration facilitates the examination of alterations in
insulation properties, including dielectric strength and conductivity, within a compressed
timeframe [80]. Furthermore, the methodologies employed in accelerated ageing tests could
simulate the stressors and environmental conditions that power cables are projected to undergo

during their operational lifespan [81].
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Accelerated thermal ageing for insulation materials of extruded cables is frequently
carried out using material samples shaped into dumbbells or circles [82]. Thermal accelerates
the ageing process by increasing the rate of chemical reactions within the polymer. Most
accelerated thermal ageing experiments involving XLPE, the ageing temperature has been kept
below 130°C. This temperature choice is consistent with the maximum allowable operating

temperature for conductors under overload conditions [83].

As reviewed in section 2.3, there are physical and mechanical properties variations occur
when the polymer insulation material degrades, these alterations can influence the overall
mechanical strength and flexibility of the extruded cables. Accelerated thermal ageing could
serve as a quality control tool to validate the stability and performance of extruded power
cables. Manufacturers can identify potential issues with insulation degradation early in the
development or production process. Thermal accelerated ageing offers insight into the

response of insulation material to prolonged exposure to high temperatures.

2.5.2. Previous research

Subjecting sheet-shaped flame-retardant cross-linked polyethylene (FR-XLPE) to
thermal ageing at temperatures of 100°C, 135°C, and 155°C for durations ranging from 800
to 2000 hours was observed to progressively influence its performance characteristics [84]. It
is important to note that this study operates within a high-temperature range where melting
can occur, potentially making the findings less representative of behavior at lower or service
temperatures. The ageing phenomenon exhibited a three phases progression based on the
analysis of correlation between the conduction current and the indenter modulus (IM). The
turning points among these three aging stages are at about 22 and 45 N/mm in IM. During the
initial phase, a rise in cross-linking density within the material led to a concomitant reduction
in both conduction current and the imaginary component of the complex permittivity.
Subsequently, the second phase manifested oxidative degradation as the dominant mechanism,
resulting in an escalation of conduction current as well as augmented real and imaginary
components of the permittivity. In the final phase, stabilization of the conduction current

occurred, yet the complex permittivity exhibited sustained augmentation.

The research program conducted by Lofaro et al. sought to address challenges in the
Environmental Qualification (EQ) process for low-voltage instrumentation and control electric
cables in nuclear power plants by evaluating three commonly used cable types: XLPE
insulation with a Neoprene jacket, EPR insulation with an unbonded Hypalon jacket, and EPR
insulation with a bonded Hypalon jacket [10]. The study involved testing both unused cables,

which were subjected to accelerated aging to simulate 20, 40, and 60 years of service life

39



through cyclic loading at 90°C and three times the standard operational stress in water-

immersed conditions over 60, 120, and 180 days, and naturally aged cables from two nuclear
plants. Multiple condition monitoring techniques were applied at each testing stage to assess
the cables' condition and the effectiveness of these methods. EPR-insulated cables exhibited a
clear trend of decreasing IR and PI, indicating deteriorating dielectric strength as the insulation
material degraded. Similarly, XLPE-insulated cables also showed a decline in IR and PI with
increasing degradation during pre-aging. This trend was consistent in measurements taken
both from conductor-to-conductor and from conductor-to-ground. Therefore, IR
measurements, especially when compared to baseline measurements, are considered an
effective electrical condition monitoring technique for these cable materials. For the Dielectric
loss measurements, EPR-insulated cables consistently showed an increasing power factor,
indicating deteriorating dielectric strength, as the insulation material degraded. Similarly,
XLPE-insulated cables exhibited the same trend of increasing power factor with greater
degradation during pre-aging. This trend was most pronounced and consistent at applied AC
test voltage frequencies between 10 and 500 Hz, and it was most effectively observed in

measurements taken from conductor-to-ground.

To examine the operational condition of polypropylene, a thermal accelerated ageing
experiment was conducted on polypropylene materials intended for 10kV cables by Li et al

[85]. Given that the melting point of the modified polypropylene was approximately 140 °C,
an accelerated ageing test was performed on 1mm thick polypropylene samples at 110°C for
10, 20, and 30 days, as well as at 135°C for 7, 14, 21, and 28 days. A state assessment method

considering carbonyl index, activation energy, medium loss and melting enthalpy, which are
measured by thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and
Fourier-transform infrared spectroscopy (FTIR) methods, was established to calculate
performance index of cable samples. The results indicated a substantial deterioration in the

performance index of polypropylene after 28 days at 135°C.

In a study conducted by Mustafa et al., an examination of the behavior of low voltage
unshielded power cables utilized in nuclear power plants was carried out under thermal stress
conditions [86]. The cable samples, featuring a 0.762mm outer jacket and 1.143mm XLPE
insulation, were subjected to thermal stress in an oxygen-controlled oven set at 120°C. The
accelerated ageing periods were determined using the Arrhenius model and were specified as
176, 338, 512, 784, 912, 1056, 1248, and 1464 hours. The Arrhenius model will be discussed
in detail in section 2.7. Additionally, Zhang et al. conducted accelerated thermal ageing of

XLPE specimens in a chamber filled with 99.99% inert nitrogen gas at atmospheric pressure,
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at temperatures of 130, 140, and 150°C, respectively [55]. Following defined ageing time

intervals, the specimens were cooled to room temperature and removed from the thermal
ageing chamber for FTIR and DC electrical conductivity measurements, results and

conclusions of this study as already discussed in section 2.4.2.

2.5.3. Discussion
Within the existing body of literature, substantial progress has been achieved in the
methodologies related to the accelerated thermal ageing of extruded power cables and applied
into thermal behaviour investigations of extruded cables. A reasonable designed thermal
accelerated ageing experiment holds significance for researchers. The data derived from
thermal accelerated ageing tests can be extrapolated to understand thermal ageing processes
and mechanisms of cables and predict the anticipated service life of cables under typical

operating temperatures.

Nonetheless, there persist significant gaps that necessitate further investigation,
encompassing the consideration of elevated cable temperatures resulting from load currents,
thermal ageing of whole scaled-extruded power cables with semiconductor screen layers, the
effects of cyclic temperature fluctuations over time, and the temperature distribution across
cable length and cross-section. Additionally, in practical scenarios, power cables often
experience temperature gradients both along their length and across their radius. These
gradients arise from several factors, including uneven loading, environmental conditions,
thermal resistances at material interfaces, and the dissipation of heat generated by electrical
losses. For instance, the outer layers of a cable might be cooler due to contact with ambient air
or soil, while the inner layers, closer to the conductor, could be significantly hotter. The non-
uniform temperature distribution can lead to localized differences in aging rates within the
same cable. For example, the hotter regions near the conductor may undergo faster thermal
degradation, including oxidation, chain scission, and cross-linking changes, while cooler
regions may age more slowly. This differential ageing can result in a non-uniform degradation
profile, potentially leading to early failure in the most thermally stressed regions of the

insulation.

The addressal of these gaps holds utmost importance, as it not only contributes to a more
comprehensive understanding of the thermal ageing mechanisms of extruded cables within
practical operating conditions but also holds the potential to estimate cable lifetimes and assess
property variations under typical service environments. Consequently, this study designs a
novel accelerated thermal ageing method, involving the application of elevated load currents

within a thermally insulated chamber, with the intent of bridging these recognized research
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gaps and advancing the existing knowledge within this field. The design and application of
accelerated thermal ageing experiments in this research will be further elaborated upon in

Chapter 3.
2.6. Thermal modelling of extruded cables

2.6.1. Introduction

The distribution of temperature profiles in extruded power cables are significantly
influenced by the heat dissipation into surroundings of cable conductors. The accurate
computation of both temperature distribution and the distinctive thermal processes of extruded
power cables highly holds significance in the design of power cable construction and the
enhancement of power cable utilization efficiency [87]. The temperature distribution profiles
of power cable in different working conditions could be obtained through experimental
measurement or calculated by thermal analytical or numerical methods. The IEEE and IEC
have provided their standards based on the analytical methods [88][89]. While the numerical
approaches are mainly developed according to Finite Difference Method (FDM), Finite
Element Method (FEM) and Finite Volume Method (FVM) [90][91].

The cable installation modes and the ambient environment have significant influence on
the temperature calculation accuracy of power cables, the methods provided by IEEE and IEC
Standards are not able to properly handle the coupling effects of these factors [92]. The
numerical calculation methods have a good adaptability to complex and uneven field so that
it can provide an accurate simulation of the installation mode and physical field of the cable

and treat the coupling effects [93].

FVM is numerical technique used for solving Partial Differential Equations (PDEs) in
various fields of science and engineering. The most excellent characteristic of the FVM lies in
its capacity to result solution by conservation of fundamental quantities, including mass,
momentum, energy, and species, within the computed solutions. This conservation principle
remains strict satisfied for every individual control volume, spanning the entirety of the
computational domain, and irrespective of the number of discretized cells employed [94].FVM
is particularly well-suited for problems that involve conservation laws, such as fluid dynamics

and heat transfer.

Furthermore, FVM typically uses a structured or unstructured grid system, which makes
it more adaptable to complex geometries and irregular domains. This flexibility can be
advantageous when dealing with problems that have varying geometries or require adaptive

mesh refinement. As a result, the FVM has emerged as one of the predominant research
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approaches for analysing the temperature distribution of cables in recent years[95].

2.6.2. Previous research

In the research by Vahidi and Mahmoudi, FVM was applied to analyse the heat generation
and transfer within a three-phase 145kV underground cable branch, considering both
homogeneous and non-homogeneous soil conditions [96]. The study revealed a marked
disparity of over 10% in cable ampacity calculations between these environments.
Consequently, employing ampacity values determined in homogeneous soil conditions for
cables in routes with non-homogeneous soil can lead to cable overloading, emphasizing the
critical importance of FVM in cable design and deployment to ensure operational safety and

reliability.

Boukezzi et al. presented the findings of their study focused on the radial temperature
distribution within XLPE cables [97]. The investigation involved a detailed analysis of the
distribution characteristics utilizing the FVM. The results illustrated that the radial temperature
distribution within the XLPE cable does not exhibit a uniform pattern due to variations in
thermal conductivity across its different layers. Specifically, the highest radial temperature
distribution is observed within the conductor region, while regions near the cable's insulation
and grounding exhibit comparatively lower temperature distributions, consistent with the
prescribed boundary conditions. From a methodological perspective, the application of the

FVM is an effective tool for addressing heat transfer phenomena in extruded power cables.

Hwang et al. focused on thermal analysis of underground cables enclosed in PVC
conduits. Their findings indicated that cables buried directly exhibited notably lower
temperatures than those within conduits [98]. They employed a comprehensive approach,
coupling multiple physical domains in an electromagnetic-thermal model for subterranean
power cables. This method, based on the numerical method, addressed limitations inherent in

the IEC standard.

Furthermore, the numerical methods were harnessed to explore the heat transfer
dynamics within submarine cables, as studied in the [99], wherein the discerned impact of
submarine soil temperature upon cable temperature was highlighted. Hughes et al.
substantiated the significant role of permeability in influencing submarine cable temperatures

through numerical simulations in [100].

Zhang etc. focused on a 220 kV three-core AC submarine high-voltage cable and
employed a multi-physical coupling model encompassing electromagnetic, fluid, and heat

transfer fields [101]. The study iteratively computed the cable's temperature distribution and
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ampacity. It was found that the landing section experiences the highest operating temperatures,
exceeding insulation limits, and impacting ampacity. Under various laying methods, conductor
temperature increases linearly with seawater temperature, while ampacity decreases linearly.
The sub-sea laying method, which is in direct contact with seawater, is most affected by
seawater temperature, showing the highest increase rate in conductor temperature (1.072) and
the greatest reduction rate in ampacity (2009.7222). In comparison, pipe laying and direct
burial laying methods experience smaller increases in conductor temperature and decrease
rates in ampacity (0.66654 and 991.42667 for pipe laying, and 0.6989 and 1149.16222 for
direct burial laying), due to medium blocks limiting direct seawater contact. There is a positive
correlation between temperature and laying depth: as depth increases, the temperature rise
diminishes and eventually stabilizes. Conversely, cable ampacity decreases with increasing
laying depth, as shallower depths benefit from better seawater heat dissipation due to its high
convection coefficient and thermal conductivity. Additionally, as seafloor soil heat
conductivity increases, submarine cable ampacity improves, although the rate of ampacity

increase gradually slows [101].

2.6.3. Discussion

The previous thermal modelling research of power cables has shown the efficacy of
numerical methods in offering a high level of accuracy in predicting the spatial temperature
distribution of cables under specific operational conditions. Through numerical computations,
FEM and FVM could effectively simulate the heat transfer processes occurring within power
cables, accounting for the varying thermal properties of different cable components and their
interactions. This capability offers spatially accurate temperature profiles across the cable's
length and cross-section. For researchers, a more precise estimation of the cable's operational
lifetime thus could be conducted, ultimately enhancing the ability to forecast thermal

degradation and ageing processes.

While the previous studies have made considerable contributions to the field, several
research gaps and areas for further investigation exist. The identified research gaps can be

broadly categorized as follows:

1. Thermal cycling effects: There's a gap in the existing research about how temperature
distribution changes in cables due to repeated load cycling, which occurs during cable
operation. Addressing this gap, it is necessary to develop models that account for the

dynamic temperature distribution over time due to cyclic loading variations.

2. To validate and enhance the credibility of numerical models, a combination of

laboratory experiments and field measurements need to be conducted. In the
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laboratory setting, real cables will be utilized to gather data on temperature
distributions, heat dissipation, and other related parameters. On-site measurements in

real-world cable installations will be undertaken to corroborate numerical models.

3. Modelling approach and prediction enhancement: In the numerical modelling
approach, a model is divided into numerous small elements to facilitate calculations
using mathematical models of thermal conduction and natural fluid convection,
following common numerical methodologies. This process allows for the extraction
of temperature data from specific points within the mesh. Nonetheless, the
temperatures spanning the entirety of the cable structure, especially those between
mesh points, aren't directly derived from simulation outcomes. To address this
limitation and enhance the predictive capabilities concerning the spatial temperature
profiles of extruded cables, integration of Artificial Neural Network (ANN)

techniques with numerical methods are intended.

These gaps show opportunities for future research to extend and enhance understanding
of thermal modelling of extruded cables. It would not only enhance the understanding of cables
behaviour but also hold significant meaning for cable design and reliability assessments in
dynamic operating environments. Furthermore, a more comprehensive and detailed
assessment of temperature distribution throughout the cable structure, improving the overall

accuracy and precision of thermal models used for ageing phenomena.
2.7. Thermal degradation models of extruded cables

2.7.1. Introduction
Thermal degradation models refer to mathematical or computational models that are
designed to simulate and analyse the process of deterioration or breakdown of cables under
the influence of thermal stresses. Thermal degradation models could help researchers and
engineers understand the change of cable insulation material properties as a result of it
prolonged exposure to elevated temperatures. By incorporating factors such as heat transfer,
chemical reactions, and material behaviours, these models aim to predict the degradation

mechanisms and estimate the remaining useful life of the cables.

Around the year 1890, there existed a general awareness that elevated temperatures
induce a rise in chemical reaction rates, typically leading to a doubling of the rate for every
approximate 10-degree increment, yet the underlying rationale behind this phenomenon
remained elusive. This widely accepted understanding persisted until Svante Arrhenius

combined the principles of the Boltzmann distribution law and activation energy in 1899. This
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synthesis culminated in the establishment of one of the most prominent relationships in the

realm of physical chemistry, as denoted by (7) [102]:

Eq

k = Ae XBT (7
where:

e [k represents the rate constant (1/h),

e [, signifies the activation energy (J),

e Kz denotes the Boltzmann constant (J/K),
e Tis the absolute temperature (K), and

e A4 stands for a constant denoted as the Arrhenius factor.

The activation energy (Ea) represents the energy needed to initiate a specific endothermic
reaction within the material. This parameter is directly related to the rate of degradation,
meaning that materials with higher activation energies will undergo thermal degradation more
slowly than those with lower activation energies. The term " Kz7T" embodies the concept of
average kinetic energy, while the exponent "E,/ Kz T" is subject to the interplay between the
activation energy "E," and the average kinetic energy " Kz T". A higher ratio of "E," to " KzT"
engenders a reduction in the rate constant due to the negative sign inherent in the exponent.
Consequently, it follows that smaller activation energies in conjunction with elevated
temperatures yield greater rate constants, thereby accelerating the progress of the chemical

reaction.

Equation (7) can also be alternatively expressed in a non-exponential format, specifically
in natural logarithm form. This transformation serves to enhance the interpretability of
outcomes. Consequently, the resulting formulation assumes the structure of a linear equation,

taking the form of (8):

In(k) = In(A) —

pa ®)

Generating a plot of the natural logarithm of the rate constant In(k) against the reciprocal
of temperature (//7T) yields a linear relationship characterized by a slope of -E./K» and an
intercept on the y-axis. The slope magnitude is indicative of the coefficient of activation energy
over the Boltzmann constant (K3), while the y-intercept pertains to the value of the natural
logarithm of the frequency factor In(A4). This linear representation permits the utilization of
k acquired from distinct temperature points for the purpose of deducing the activation energy.
This graphical representation is visually depicted in Figure &, illustrating the correlation

between In (k) and I/T.
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Figure 8. Logarithm representation of Arrhenius plot (In k vs. 1/T)
Hence, the Arrhenius model establishes the connection between the thermal lifespan of
extruded cable insulation at one temperature and its counterpart at a different temperature, as

depicted by (9) [35]:

E(T) = trexp [ (5 — 7)) ©

Tr

where #(7) is the service lifespan in h, T'is the service temperature in K, #zis the reference
lifespan, Tr is the reference temperature. In particular, the lifespan t(T) and #z represent the
thermal lifespans respectively associated with the temperature 7' and Tz. The values for E,, tz,

and T could be taken from the appropriate experimental data.

The Arrhenius model has both theoretical and practical limitations, such as: (1) the
possible difference in reactions and aging mechanisms between high temperatures and normal
service temperatures, indicating that activation energy (Ea) may change with temperature
rather than remain constant; (2) difficulties in extrapolating data through a material's phase
transition region, like the crystalline melting point; (3) the use of regressed statistical data,
which can produce varying activation energy values depending on the chosen endpoint
criterion; and (4) the possible lack of specific activation energy data for certain material
formulations, as this information is usually provided only for general material categories[35].
Miner's cumulative damage law, also known as Miner's law, expressed mathematically as (10).
Miner's rule is a concept widely used in fatigue analysis and engineering. The law suppose

that the total accumulated damage in a material subjected to repetitive loading is proportional
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to the sum of the fractions of loading cycles at each level of stress. In simpler terms, it predicts
the cumulative fatigue damage experienced by a material when subjected to repeated stress

cycles of different levels [103].
(10)
where:

» D represents the cumulative damage

e N;is the number of cycles at stress level i

* N maxis the number of cycles at stress level i that would cause failure if applied alone

Miner's law assumes that each cycle contributes to the overall fatigue damage, regardless
of its magnitude, and that the material fails once the cumulative damage exceeds a critical
value (usually taken as 1). This approximation is suitable for cases where the stress amplitudes

are not significantly different from each other.

Derived from Miner's Law, the service lifespan (#(7)) of an extruded power cable, in hours,
transforms into the cumulative thermal lifespan (L.«(7)) in hours, operating under the premise
of an inverse relationship with the thermal ageing rate (R.(7)) expressed as a percentage per

hour [104]. Therefore, the expression for the thermal ageing rate (R.(7)) is obtained as (11):

Amax,p __ 100
t(T) Leoe(T)

Ra(T) = (11)

where, L(T)=t(T) represents the total thermal lifespan at a particular service temperature T,

as estimated using (8), and Amax,=100% signifies the highest conceivable fraction of Li(7).

A portion of L«(T) utilized within a specific operational span t,, can be approximated by
employing an appropriate array of thermal ageing rates R, ;(7) that correspond to the given
temperature profile. Variations in a temperature profile align with variations in the associated
load diagram and can be evaluated through the thermal modelling techniques. Through the
division of the known temperature profile of a specific operational duration t.p into K intervals,
each interval’s thermal ageing rate R, ;(T) and duration #p; can be employed to compute the
fraction of Li(T) attributed to that interval, denoted as Agp,(7) [105]. The aggregate
proportion of Li(T) in percentage expended over the entire operational duration #,, = Ktp,; is

established by the Miner’s cumulative damage law [104]:
Ltot,p = Zf:l LF,p,i (T) = £(=1 Ra,i (T) tD,i (12)

where, Lg,,i(T) signifies the portion of L.«(7) expended within the ith interval, expressed as a
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percentage. R.i(7T) denotes the thermal ageing rate occurring at the designated service
temperature T throughout the ith interval, measured in percentage per hour, and #p; represents
the duration of this ith interval in hours. In accordance, L, represents the overall loss of Li.(7)

across the complete operational duration .

2.7.2. Previous research

The research undertaken by Abdulsalam and Rayan employing an accelerated thermal
ageing coupled with the implementation of the Arrhenius model [106]. Within the accelerated
life testing, the investigation showcased the establishment of a clear and well-supported
relationship between cable lifespan and stress factors. The investigation encompassed the
examination of two distinct variants of XLLPE material used for extruded medium voltage and
high voltage power cables, subjected to varying elevated temperatures spanning the range of
95°C to 105°C. The findings of this research were succinctly depicted through the graphical
representation of an Arrhenius plot, facilitating the projection of long-term performance trends
and the calculation of cable lifetimes. The study highlighted the projected lifespan of XLPE
material, within the operational conditions of 90°C, spanning a range of 40 to 60 years.
Furthermore, the research identified a prediction of cable longevity, situating the expected

operational span between 7 to 30 years across a temperature spectrum of 95°C to 105°C.

Jelena et al. introduced a utilization of the PLAN-DO-CHECK-ACT (PDCA) approach
for the management of thermal ageing in underground power cables within electricity
distribution networks [107]. They employed thermal modelling in conjunction with the
Arrhenius model to calculate the uncharted temperature of cable conductors during operational
conditions. This combination allowed the FEM-based Arrhenius model to encompass
additional thermal factors such as external heat sources, wind, solar irradiation, etc., within the
assessment protocols for qualifying underground power cables. The efficacy of their proposed
method was corroborated through successful validation with established experimental data on

cross-linked polyethylene insulation.

The study by Dardan etc. successfully employed the Arrhenius model and numerical
thermal model to analyse the thermal effects of a heating pipeline and various pavements on
the thermal lifespan of a 110 kV underground cable line insulated with XLPE [108]. The study
demonstrated that the analysed thermal effects can substantially reduce the expected service
lifespan of XLPE-insulated cables near a heating pipeline. The greatest thermal impact
occurred when the 110 kV cables are closest to the heating pipeline. The parallel installation
of the 110 kV cables and heating pipeline did not lead to a hotspot due to the cable bedding's
high thermal conductivity in a dry state.
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2.7.3. Discussion
The Arrhenius equation is widely used to model the thermal aging of cable insulation like
XLPE. It relates the rate of a chemical reaction (or degradation process) to temperature,
providing insights into how materials will perform over time under different thermal

conditions.

The Arrhenius model allows for accelerated thermal aging tests by exposing cables to
higher temperatures than they would experience in service. This can predict the material's
lifespan under normal operating conditions without having to conduct long-term tests. By
knowing the activation energy and pre-exponential factor, the Arrhenius equation enables
extrapolation of aging data from high temperatures to lower, operational temperatures, giving

a theoretical estimate of service life.

The equation provides a relatively simple mathematical relationship between temperature
and aging rate, which makes it easy to apply in practical scenarios. The Arrhenius equation is
based on empirical data, and for many materials, it has been shown to provide reasonable

predictions of aging behaviours under various thermal conditions.

However, The Arrhenius equation assumes that the activation energy is constant over the
range of temperatures considered. In reality, the activation energy may vary at different
temperatures, especially if different degradation mechanisms become dominant at different

temperatures, leading to inaccurate predictions.

The Arrhenius equation is a useful tool for predicting thermal aging in cable insulation,
offering a straightforward and effective method for estimating service life under varying
thermal conditions. However, its utility is limited by its assumptions, particularly the
constancy of activation energy and the oversimplification of complex aging processes. For
accurate predictions, the Arrhenius model should be used with caution, ideally in conjunction
with other models and empirical data that account for the full range of environmental and
operational factors affecting cable aging. Thus, certain research gaps persist and required

further investigation:
1. Temperature profiling for enhanced thermal degradation models:

It is widely acknowledged that long-distance distribution and transmission extruded
power cables undergo non-uniform temperature distributions under actual operational
conditions, potentially resulting in localized hotspots. Although hotspot temperatures are
conventionally employed to assess thermal ageing and degradation, relying solely on these

temperatures may lead to premature estimations of cable failure. Therefore, there exists a
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significant research gap in the need for a more comprehensive and detailed temperature profile
of cable insulation. Developing models that consider this detailed temperature profile could

significantly enhance the accuracy of thermal degradation assessments for cables.
2. Development and validation of specific indicator-based degradation models:

A crucial area of future research lies in the development and validation of thermal
degradation models based on specific indicators like IR and tand. Practical experimental works
can play an essential role in establishing and validating these models. Such efforts would not
only contribute to a deeper understanding of cable health conditions during service but also
provide engineers with valuable tools for effectively monitoring and evaluating cable
performance. Closing this gap holds immense promise for ensuring the reliability and safety

of power distribution systems.

2.8. Conclusion

This chapter provided a comprehensive investigation of information and previous
research works in thermal ageing of extruded cables. Through an examination of a multitude

of studies and findings, several key insights and trends have emerged:

The thermal ageing mechanisms of extruded cables insulation is a complex process
influenced by several critical factors such as transition temperature, crystalline structure,
stabilizing agents, antioxidants. Understanding thermal ageing effects and mechanisms of
extruded power cables is beneficial for an array of critical applications for researchers,
including the formulation of accelerated ageing tests to simulate real-world ageing phenomena,
as well as the appropriate selection of condition monitoring tests that enable the discernment

of the health status of power cable insulation.

Theoretical framework and previous studies of condition monitoring techniques for
extruded cables including IR, PI, DAR and tand were introduced. Condition monitoring of
extruded cables is of paramount importance as it enables early detection of potential issues,
ensures reliable operation, enhancing the efficiency and safety of electrical distribution
systems. Condition monitoring is crucial for formulating effective strategies for predictive

maintenance and ensuring the long-term reliability of power cable systems.

Then accelerated thermal ageing methodologies of extruded power cable used in previous
research were reviewed. Accelerated thermal ageing of extruded power cables at elevated
temperatures offers a controlled and accelerated platform for investigating insulation
degradation, emulating enduring impacts, projecting performance under thermal stresses. This

knowledge plays an important role in the anticipation of cables' longevity and dependability

51



in practical situations.

The utilization of the numerical methodologies for thermal modelling were presented as
a significant tool that enriches the arsenal of researchers and engineers in the power cable
domain. Research works of thermal modelling for extruded cables by numerical methods are
examined, by providing accurate spatial temperature insights, this technique lays the

foundation for improved decision-making and lifetime estimation.

Finally, thermal degradation modelling methodologies of extruded cables including
Arrhenius and Miner's models are significant for predicting the lifetime of extruded power
cables were reviewed. Their integration with thermal modelling techniques has elevated the

precision of these predictions.

However, there are research questions and objectives have arisen from identified gaps

and unaddressed needs in the field:

e Exploring the long-term effects of thermal ageing on full-scale extruded power
cables, particularly those incorporating semi-conductor layers—a dimension that
has received limited attention. While [10] investigated the thermal ageing and
condition monitoring tests on full-scale power cables, the samples were of low-
voltage cables used for instrumentation and control (I&C) applications, rather
than MV/HV power cables.

e Designing and executing non-uniform and time-cycling accelerated thermal
ageing experiments to extruded cables. This approach enables the examination
of interactions among cable components and the effects of dynamic thermal
stress.

e Inquiring into the variation of IR, PI, DAR and tand with the progression of
thermal ageing, contributing to an enhanced understanding of insulation
degradation dynamics.

e C(ritically examining, comparing, and validating thermal simulation results
against experimental data to establish the accuracy of modelling techniques.

o Investigating the spatial temperature profile of extruded cables through
simulation, offering insights into the influence of temperature gradients on cable
performance and ageing.

e Developing thermal degradation models of extruded cable insulation using

spatial temperature profiles.

In conclusion, this chapter has provided essential background knowledge on the thermal
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aging of extruded power cables, covering thermal aging mechanisms, condition monitoring
techniques, accelerated thermal aging methodologies, thermal modelling applications, and
thermal degradation models. Representative studies in each domain were reviewed to identify
research gaps in the field. This literature review chapter helps in clarification of the

significance of the new research subsequently presented in this thesis.
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Chapter 3. Accelerated thermal ageing experiment
for MV XLPE cables

3.1. Introduction

In order to investigate the thermal degradation of extruded cables caused by elevated
cable temperatures resulting from load currents, thermal ageing of whole scaled extruded
power with semiconductor screen layers, the effects of cyclic temperature fluctuations over
time, and the temperature distribution across cable length and cross-section, this chapter
describes the specifics of the experimental setup for accelerated thermal ageing of extruded
cables. It covers methodologies of temperature elevation, control and monitoring. The detailed

description encompasses the following aspects:

e Preparation of cable specimens to be subjected to accelerated thermal ageing.

e Methodologies employed for heating and thermal cycling.

e Arrangement of specimens within a thermally insulated chamber.

o Installation of thermocouples on cable and conductor surfaces for temperature
monitoring.

e Analysis of temperature distribution across cables length and their variations

within thermal cycles.

The artificial aging accelerated thermal cycling methodology used in this experiment was
based on IEEE standard 1407, which provides guidelines for accelerated aging tests on
extruded medium-voltage (MV) cables using water-filled tanks [109]Error! Reference
source not found.. While IEEE standard 1407 considers multiple aging factors in a single
experiment, this study focused solely on thermal stresses generated by the conductor's joule
heating. These stresses were applied to cable samples in an air-filled chamber to examine the
thermal aging effects on full-scale MV power cables caused by non-uniform temperature

distributions.

Condition monitoring of extruded cables could provide valuable information on
predicting their remaining useful lifetime and strategically managing maintenance or
replacement. Specific electrical properties including IR, PI, DAR and tand have been proved
associating with health condition of extruded cables in previous research, there existing gaps
in exploration of variations of these electrical properties during thermal ageing processes. In
addition, their sensitivity to environmental factors like RH and annealing effect generated from

semi-conductor layers have not been investigated. Furthermore, correlations among variations
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of these properties were lack of consideration. Thus, following works are implemented and

presented in this chapter.

Results of condition monitoring tests including IR, PI, DAR, Capacitance and
tand are presented.

Influence of environmental relative humidity on testing results is discussed.

PI variations of cables under 10kV testing voltage are fitted into three phases.
Influence of annealing effect on measured results is considered and analysed.

Correlations among testing results are investigated.

3.2. Cable specimens

The cross-sectional view of a single-core MV extruded power cable that underwent

accelerated ageing in the experiment is illustrated in Figure 9. These MV power cables,

produced by Cabelte S.A., are utilized in electrical power distribution networks [110]. The

structure of cable specimens comprises 8 layers:

1.

N kWD

Circular conductor using solid aluminium material, class 1 according to BS EN
60228.

Semi-conducting compound conductor screen.

Cross-linked polyethylene (XLPE) insulation.

Semi-conducting compound insulation screen, fully bonded.

Copper wires helically applied.

Copper tape applied in an open counter helix.

Tape preventing water ingress: Semi-conductive tape preventing water ingress
under the metallic screen; Water blocking tape over the screen.

Medium Density Polyethylene (MDPE) red outer sheath.
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Figure 9. Cross-section view of MV extruded XLPE cable [110]
The manufacturing of the power cable adheres to standards BS EN 60228, CAB-03-020,
and BS 7870-4.10. The rated voltage Uo/U is 6.35/11 kV. The cable conductor exhibits a
maximum DC resistance (at 20°C) of 1.64 x 10 Q/m, and a maximum AC resistance (at 90°C)
of 2.11 Q/m. The current carrying capacity of the cables, depended on its installation
environment, spans from 368 A to 446 A [110].

The dimensions of cable specimens are outlined in Table 5. The complete configuration
of the cable specimen is visualized in Figure 10. It can be discerned from the illustration that
the terminal of the cable specimen are meticulously prepared, allowing the cable core to
connect to the power supply while the metal sheath serves as the grounding connection. To
safeguard the exposed insulation from moisture and potential environmental impurities, a thin
layer of black polymer material envelops it. The sectional view of the prepared cable specimen

with terminals for connection is depicted in Figure 11.

Figure 10. Whole scale of cable specimen with prepared terminals
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Figure 11. Section view of prepared cable with terminals

Table 5. Dimensions of cable specimens

Characteristics Dimensions

Cable specimen length 33m
Area of cable conductor 185 mm?
Conductor screen thickness 0.3 mm
Insulation thickness 3.4 mm
Insulation screen thickness 0.3 mm
Cross-section area of metal shield 35 mm?
Outer sheath thickness 1.9 mm
Overall diameter of cable 33 mm

It worth note that the prepared cable specimens stored at room temperature for
approximately 500 days, which could be helpful for degassing further. Following this period,
the presence of by-products in the cable insulation (XLPE) layer, including acetophenone (AP)
and dimethyl benzyl alcohol (DMBA), which are generated during the manufacturing process,
is notably reduced to a negligible level [111].

3.3. Experimental setup and equipment

Four cable specimens were prepared and parallelly arranged within an aluminium
chamber, which is encapsulated with thermal insulation made from polystyrene material. The
primary objective behind this arrangement is to facilitate the execution of the thermal
accelerated ageing experiment and simulating the non-uniform temperature profile of power
cables under authentic operational scenarios. The architectural and cross-sectional
perspectives of the chamber are graphically represented in Figure 12. The gaps between
adjacent cable cores are 100 mm, same as the distance from the cable core to both the upper
and lower walls. Meanwhile, the lateral walls maintain a separation of 50 mm from the nearest
cable core. The chamber's length spans 2.5 m, a slightly shorter length compared to the cable
specimens, as the cables need to extend beyond the chamber's confines to establish connections
with each other and the power supply. The walls of the aluminium chamber exhibit a 2 mm

thickness. These dimensions were chosen based on the limitations of the experimental site and
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equipment, as well as the outcomes of relevant simulations conducted prior to the experiment.
The selection of the 100 mm gap between cable samples, along with the other specified
distances in the experimental setup, is the result of the need to accurately simulate thermal

conditions experienced by power cables in real-world scenarios and preventing overheating.

, 400 mm

—
<

100mm_~

'
50mm

200 mm

Holes for cables through Chamber walls

2500 mm

200 mm

Figure 12. Dimensions and section views of chamber used for experiment
To replicate the temperature distribution of power cables under real-world operational
scenarios and elevate the temperature of power cables to achieve the intended accelerated
thermal ageing conditions, the temperature increase is accomplished by connecting the cable
conductors to a high current transformer, which serving as the power supply. The induced
current leads to joule loss of the cable conductors and generates substantial heat. Generated
heat subsequently dissipates into the surrounding environment through the cable structures,

thus elevate cable temperature to meet accelerated thermal ageing requirements.

Additionally, the aluminium chamber incorporates a 20mm-thick thermal insulation
layer, which effectively prevents heat escaping from the chamber. The experimental
configuration depicting the connection of power cables to the power supply is outlined in
Figure 13. Within the chamber, the cables are interconnected in a series arrangement,

facilitated by aluminium connectors, to the power source.
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Figure 13. Schematic of experiment platform

The practical experimental setup is depicted in Figure 14. The aluminium chamber,
equipped with thermal insulation, is elevated above the ground by four horse trestles to weaken
its heat losses transfer to the ground. By raising the chamber above the ground using a horse
trestle, direct conductive heat transfer between the chamber and the ground is minimized. The
air gap between the chamber and the ground provides a thermal resistance of approximately
21 K/W. As a result, convection becomes the primary mode of heat transfer, which is less
efficient than conduction through solid materials. Cable specimens, as illustrated in Figure 8,
are carefully arranged and positioned within the chamber. The current transformer is grounded
using a copper wire. The connectors, constructed from short or long aluminium bars, are

affixed to the cables and the power supply unit through the use of screws.

> g,

T

Figure 14. Practical cables accelerated thermal ageing experiment platform

The current transformer is displayed in Figure 15. It is capable of producing an output
voltage of up to 4 V, with an output current reaching 10 kA. The black knob situated atop the

current transformer serves the purpose of regulating the output voltage within the range of 0%
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to 100%. Positioned in front of the transformer are two meters that display the current output
and voltage values. The current output of the current transformer undergoes calibration using

an RS ICM 139R multi-tester.

Figure 15. The current transformer as experiment power supply

Under realistic operational conditions, the temperature of a power cable is subject to
temporal variations due to fluctuations in power demand throughout both daily and yearly
cycles. Moreover, the thermal cycling component also significantly contributes to the cable
ageing process. According to IEEE standard 1407 recommendation [109], in the context of
this experiment, the temperature of power cables across a 24-hour period is managed through
the output of the current transformer. This controlled manipulation is designated as one heating
cycle, thereby simulating the temporal temperature fluctuations in practical working

circumstances. Each heating cycle is further divided into three distinct phases:
1. a 2-hour heating up phase,
2. a 6-hour high-temperature phase, and
3. a 16-hour cooling down phase.

This methodology encapsulates the comprehensive spectrum of temperature dynamics in

the simulation.

The output voltage of the current transformer is graphically depicted in Figure 16 (a).
Within this illustration, the maximum temperature on the cable surfaces quickly ascends from
20°C to 100°C by virtue of a comparatively higher voltage during the culmination of the

heating up phase. Throughout the high-temperature phase, the maximum temperature on the
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cable surfaces is effectively sustained at 100°C through the application of a relatively lower
voltage. During the ensuing cooling down phase, the temperature of the cables undergoes
reduction to ambient levels, achieved by the cessation of power supply and the removal of

voltage from the conductors. The maximum surface temperature of 100°C was selected to

ensure that the internal temperature of the cable does not surpass the melting point of the XLPE
insulating material. This helps to more accurately simulate the thermal aging mechanism of
the cable insulation under normal operating conditions. The setup for temperature monitoring

on cables by applying thermocouples will be described in section 3.4.

Output voltage of the current transformer in a heating cycle
20

Output current of current transformer in one heating cycle
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Figure 16. Output (a) voltage and (b) current of current transformer within one ageing cycle

The output current of the current transformer within a single heating cycle is visually
represented in Figure 16 (b). During the heating up phase, the current experiences a decline
over time while maintaining a constant output voltage. This phenomenon arises from the
escalating temperature of the cable conductor in this interval, resulting in an increase in
resistance. The output current remains consistent throughout the high-temperature phase,
owing to the stable temperature of the cable conductor. This cycle of heating is enacted five

days a week, thus forming a recurrent procedure for the thermal ageing of cables.

As detailed in section 2.4, condition monitoring techniques were periodically applied to
the cable samples in this experiment to study how their performance changed throughout the
thermal aging process. Before conducting measurements on the cables in the chamber, the
connecting bars were firstly removed to allow the instruments to be connected to each

individual cable sample.

For the IR, PI, and DAR tests, a Megger MIT1025 was utilized at test DC voltage levels
of 1kV, 2.5kV, 5kV, 7.5kV, and 10kV. This instrument can measure IR values up to 10kV with
a maximum resistance of 20 TQ and an accuracy of £5% from 1 MQ to 2 TQ, and £20% from

2 TQ to 20 TQ. IR values were taken between the conductor and ground, recorded at 1 minute
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and 10 minutes after applying the test voltage. The temperature at the time of testing was also

controlled at 20°C. These readings provided direct IR values at two-time intervals, enabling

the calculation of the insulation's polarization index. Appendix B includes the connection

diagrams for the MIT1025.

For the tand and capacitance tests, a WGSL-4C Automatic Capacitance & Dissipation
Factor Test Set was employed, using S0Hz AC voltage intervals similar to those used in the IR
tests. This instrument offers capacitance measurement accuracy of = (reading % 1% + 1pF) and
dissipation factor accuracy of = (reading % 1% + 0.00040). The instrument and connection

diagrams for the capacitance and tand measurements are provided in Appendix C.

3.4. Temperature monitoring setup and results

To monitor the temperature distribution along the length of each individual cable as it
evolves through heating cycles, temperature sensors are positioned on the cable surfaces. The
more detailed information about thermocouple and instrument used for temperature

monitoring could be found in Appendix A.

The spatial arrangement of these temperature sensors is shown in Figure 17. There are 20
temperature sensors are affixed to the cable surfaces, each cable accommodating 5 sensors.
The assigned temperature sensors are named as the following format: "CableX Y" to clear
identification and differentiation of each temperature sensors, where X represents the serial

number of the cable, and Y indicates the serial number of the temperature sensor on individual

cable.
175 . 2.25m
p————— b L S
“ 0.25m * :
|
Sensor 1 Sensor 2 Sensor 3 Sensor 4 Sensor 5

2.5m

Figure 17. Locations of temperature sensors on the cable surfaces in the chamber

The interior composition of the chamber is depicted in Figure 18. The cables are securely
upheld by nylon frames, chosen for their capability to withstand the elevated temperatures
within the chamber. On the upper surfaces of the cables, type T thermocouples are affixed.
These type T thermocouples are characterized by their operational temperature range spanning

from -75°C to +260°C. Type T thermocouples have a class 1 tolerance as stated in IEC standard
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60584 [112], with a tolerance of £0.5°C from —40°C to +125°C, and +0.4% of the measured
temperature from +125°C to +260°C.

Figure 18. Internal arrangement within the chamber
An instance of thermocouples is firmly affixed to the cable surfaces using adhesive, as
demonstrated in Figure 19. The selected adhesive possesses thermal conductivity properties,

thereby ensuring precise and accurate temperature measurements.

Figure 19. Example of temperature sensor fixed on the cable surface
Three TC-08 thermocouple data loggers, as displayed in Figure 20, are employed to
gather temperature data. Each data logger offers 8 input channels, amounting to a cumulative
total of 24 channels. Among these, 20 channels are specifically for measuring temperatures on

the cable surfaces within the chamber. Out of these, two channels are assigned for gauging the
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temperatures of the short connectors on both sides, one channel for one of long connectors
temperature, and an additional one for measuring the cable surface temperature external to the
chamber. These data loggers are interconnected with a laptop, enabling continuous monitoring

and recording of temperature variations.

Figure 20. TC-08 thermocouple data logger
The TC-08 setup operates with a sampling rate of 1 sample per minute, with a Filter factor,
which returning to average value of number of collected samples, is set to 6. Consequently,
the actual sampling rate equates to 1 sample measurement per 10 seconds. Within each minute,
an average value calculated from 6 samples is recorded. This configuration results in the

accumulation of 1440 samples throughout a single heating cycle.

Figure 21 illustrates the temperature distribution on different position of each cable
surface variation within a single heating cycle. During the initial hour of the heating up phase,
all sampled points on each cable surface demonstrate a similar upward trajectory in
temperature. However, during the subsequent hour, the temperature escalation rates at location

1 and location 5 are comparatively slow in comparison to the other three locations.
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Figure 21. Temperature distribution on cable surface alone with cable length for (a) Cablel;
(b) Cable2; (c) Cable3 and (d) Cable4, variation within one ageing cycle of the
experiment

In the high-temperature phase (2-8h), location 3 consistently registers the highest
temperature, while for the remaining locations, location 2 and location 4 exhibit considerably
higher temperatures than location 1 and location 5. At the start of the high-temperature phase,
a brief temperature decrease is observed (obvious on location 1 and 5), attributed to the initial
reduction in power supply current. Subsequently, the temperature stabilizes and remains
constant as the current diminishes. Once the elapsed time exceeds 8 hours, the power supply

is disengaged, initiating the descent of temperature of power cables toward ambient levels.

Additionally, despite the approximate temperature distribution and trends across all cable
surfaces, Cable 2 and Cable 3 exhibit higher overall temperatures in comparison to Cable 1
and Cable 4. This disparity arises due to the positioning of Cable 1 and Cable 4 near the two
side walls of the chamber. Although the temperature distinction remains minimal during the
heating up and cooling down phases, the maximum temperatures (location 3) of Cable 1 and
Cable 4 lag behind those of Cable 2 and Cable 3 by approximately 1.5°C within the high-

temperature phase.
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The temperature distribution on the cable conductor surface, along with the cable length,
is observed through the utilization of a dummy cable. This process involves the insertion of
thermocouples onto the conductor surface after drilling holes, a depiction of which is rendered
in Figure 22. This dummy cable solely serves the purpose of monitoring temperature variations
across the cable conductor surface during heating cycles. It is important to note that this
dummy cable does not undergo periodic condition monitoring tests as the cable integrity has

been diminished due to the inserted hole.

Figure 22. Demonstration of a hole on the dummy cable
At the end stage of this experiment, Cable 2 is replaced with a dummy sample, while the
remaining cables are retained within the chamber. The holes on the cable conductor surface,

aligned precisely with the sensor placements, mirror the configuration displayed in Figure 23.

Sensor 1 Sensor 2 Sensor 3 Sensor 4 Sensor 5

25mm S0mm S50mm S50mm 50mm 25mm|

Figure 23. Location of holes on Cable2 for placing thermal sensors
The temperature distribution on the conductor surface of the dummy cable, at different
positions in cable length throughout a heating cycle, is illustrated in Figure 24. Notably, the
maximum temperature experienced on the cable conductor surface at the end of the heating up
phase reaches approximately 110°C. Subsequently, this temperature gradually recedes to

around 107°C during the high-temperature phase.
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Figure 24. Temperature distribution on the conductor surface of dummy cable along with

cable length variation within one ageing cycle
The temperature distribution across connector surfaces, and variation within a single
heating cycle, is also subject to measurement and depicted in Figure 25. The long connector
(Bar in Figure 25) registers a notably lower temperature in comparison to the short connectors
(connector 1&2 in Figure 25). This distinction in temperature arises from the larger surface

area of the long connectors that come into contact with the surrounding ambient environment.
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Figure 25. Temperature distribution on connectors’ surface within one ageing cycles
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3.5. Condition monitoring results

3.5.1. Calculation of equivalent ageing hours
To understand the fluctuations of condition monitoring indicators related to the ageing
process of cables within practical operational scenarios, it becomes imperative to compute
equivalent hours under normal service temperatures from the ageing cycles conducted in the
experiment. For this purpose, the Arrhenius model and Miner's law are commonly invoked, as

elaborated upon in section 2.7.

The Arrhenius equation, originally employed in chemical kinetics to forecast the rate of
a process, has been extended to thermal degradation equivalent of materials, with the
assumption that the activation energy of the material in the tested temperature range is constant
and reliable. This extension aids in estimating the Time-To-Failure (TTF) at a given
temperature. The Arrhenius model is presented as (9) and could be used for calculating

equivalent ageing hour at different ageing temperatures through the following form:

1 1

2= exp (3 -7)) (13)

tr Kp\T; T

where, #; and ¢, are the time in hours ageing at temperature 7; and 7> in K respectively, Kz is
the Boltzmann constant (1.38x10°%* J/K), and the activation energy E, is 1.0623x107"°J taken
from references[113][114].

Following Miner's law, each heating cycle in this experiment is subdivided into 12
segments in this research. Within each of these segments, the equivalent ageing time, denoted
as toi (where i ranges from 1 to 12), is computed utilizing the Arrhenius equation. Table 6
shows the equivalent ageing times for each section, specifically considering a normal working

temperature of 50°C.

Table 6. Equivalent ageing time for one heating cycle in the experiment

Equivalent working
Section No. | Time (h) | Average Temperature (°C) time to-i (h) at normal
working temperature
1 0-2 70 2 x 8.015=16.03
2 2-4 100 2 x 119.71=239.42
3 4-6 100 2 x 119.71=239.42
4 6-8 100 2 x119.71=239.42
5 8-10 80 2 x20.77=41.54
6 10-12 45 2 x 0.32=0.64
7 12-14 30 2 x 0.095=0.19
8-12 14-24 20 10 x 0.026=0.26

The cumulative summation of all these individual section ageing times yields the total
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equivalent hours experienced at 50°C during one heating cycle could be calculated by (14).

The total equivalent ageing hours to at 50°C for one ageing cycle is yield as (15):
to = XiZi* to-i (14)
to = 776.92h = 32.37days =~ 0.08869year (15)

Table 7 presents equivalent ageing time at normal working temperature corresponding to
different accelerated ageing cycles. Given that the design lifetime of a MV power cable can be
30 to 40 years, this artificial accelerated thermal aging experiment has brought the cables close

to the lower end of their expected lifespan, yet no failures have occurred.

Table 7. Equivalent ageing time for the experiment

Accelerated ageing cycles Equivalent working time (h) Equivalent working time
number (year)
50 38846 443
100 77692 8.87
150 116538 13.3
200 155384 17.73
250 194230 22.17
300 233076 26.607

3.5.2. IR tests results

The IR measurement results of power cables under different testing voltage levels along
thermal ageing process are presented and compared in this section. The instrument used for
IR, PI and DAR tests as well as the connection diagrams are displayed in Appendix B for
reference. This instrument can measure IR values up to 10kV, with a maximum resistance of
20 TQ and an accuracy of £5% for measurements ranging from 1 MQ to 2 TQ, and +20% for

measurements between 2 TQ and 20 TQ.

Before conducting measurements on the cables in the chamber, the connecting bars were
removed to ensure the cables were de-energized and to allow instruments to be connected to
each individual cable sample. After selecting the measurement modes and voltage levels, the
positive lead was connected to the conductor of the cable sample, while the negative lead was
attached to the metal shield. IR values were then measured between the conductor and ground,
and recorded at both 1 minute and 10 minutes after the test voltage was applied. Since the
cable samples have a rated voltage of 6.35/11kV, the testing DC voltage levels were chosen to
be 1kV, 2.5kV, 5kV, 7.5kV, and 10kV to determine the IR variations. The temperature during
testing was also controlled at 20°C.When subjected to a testing voltage of 5 kV, the variations
in IR1 for each power cable, synchronized with the ageing cycles, are described in Figure 26.

Error bars of data points are visualized throughout in Figure 26 by calculating the standard
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deviation of 5 samples at every measurement to reflects fluctuations in data points. The
developmental trends of IR1 are found to be non-constant throughout the ageing process,

characterized by distinctive stages observable in the figures.
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Figure 26. Variation of the IR1 measured at 5 kV versus ageing cycles for (a) cablel; (b)
cable2; (¢) cable3 and (d) cable4

During the initial 50 ageing cycles, the IR1 values exhibit obvious fluctuations,
expressing a pattern of fluctuating curves that alternate between descending and ascending
trends. Following this initial phase, the IR1 values commence a raise trend with the
progression of ageing cycles, reaching in peak values at approximately 150 ageing cycles.
Subsequently, a decrease in IR1 values occurs after the 150 ageing cycle, reaching their
minimum at around 220 ageing cycles. Thereafter, a resurgence in IR1 values occurs after the

220 ageing cycles, signifying a renewed upward trend.

The resulting IR1 measurement outcomes at 7.5 kV for each power cable, along with
ageing cycles, are represented in Figure 27. Given the Megger instrument's current range of
0.01 nA to 6 mA, applying higher voltage to the cable conductor increases the current flow
through the insulation layers. Consequently, certain IR values that could not be measured at

5kV were successfully obtained at 7.5kV. Therefore, the datasets under the 7.5 kV testing
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voltage each consist of a greater number of data points. During the initial 50 ageing cycles,
the IR1 values exhibit a downward trend with oscillations, unlike the pattern observed under
the 5 kV testing voltage, which is a remarkable absence of the distinct down-up-down variation.
Post the first 50 ageing cycles, the variation trends in IR1 under 7.5 kV are similar to those

identified under 5 kV.
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Figure 27. Variation of the IR1 measured at 7.5 kV versus ageing cycles for each cable
sample

The variations in IR1 for each power cable, subject to a testing voltage of 10 kV, are
shown in Figure 28. In the initial 50 ageing cycles, there is an obvious decline in IR1 values
from their initial values. The occurrence of peak IR1 values under the 10 kV testing voltage
transpires earlier than in the preceding two scenarios (5kV and 7.5kV). For Cable 1 and Cable
4, their respective IR1 values reach their peaks at approximately 9.3 TQ and 10 TQ after
approximately 80 ageing cycles. Cable 2 and Cable 3 attain their peak IR1 values at 10.5 TQ
and 9.2 TQ after approximately 110 ageing cycles. The minimum of IR1 values for all four
cables surfaces at 210 ageing cycles, aligning with the time frame observed under the 7.5 kV

testing voltage. An upward trajectory characterizes the IR1 plots after 210 ageing cycles.
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Figure 28. Variation of the IR1 measured at 10 kV versus ageing cycles for each cable
sample

In Figure 29, the changes in IR10 for each power cable under a 10 kV testing voltage are
visually represented. The description of IR10 variations under the 5 kV and 7.5 kV testing
voltages is omitted due to the shortage of available IR10 data, a result of the capable of current
measurement range limitations inherent in the Megger instrument range at these voltage levels.
It is evident that IR10 values are significantly higher than IR1 values. This difference arises
because measured current only includes resistive leakage currents that persist after the

application of a DC voltage on the cable conductors for a duration of 10 minutes.

Similarly, the IR10 values of the cables exhibit a decline within the initial 50 ageing
cycles. The lowest value of Cable 3's IR10 value is recorded at 5.1 TQ at the 50 ageing cycles.
For Cable 1 and Cable 4, their respective IR10 values reach their maximum values at around
19.5 TQ and 19 TQ after approximately 110 ageing cycles. Cable 2 and Cable 3 attain their
peak IR10 values, also at 19.5 TQ and 19 TQ, but at 150 ageing cycles. After reaching these
peak values, the IR10 values of all four cables initiate a subsequent decline. After 210 ageing

cycles, the lowest IR10 values are observed for Cable 1, Cable 2, and Cable 4, measuring 1.5

TQ, 3.28 TQ, and 2.55 TQ, respectively.
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Figure 29. Variation of the IR10 measured at 10 kV versus ageing cycles for each cable
sample

Additionally, it is observed that the IR1 and IR10 curves exhibit varying rates of change.
As explained in Chapter 2, during IR testing of power cables, the current passing through the
cable insulation comprises several distinct components. The magnitudes of these current
components evolve over the duration of the applied testing voltage. At 10 minutes, leakage
current constitutes the primary component of the measured current, whereas at 1 minute, the
measured current encompasses both polarization and leakage currents. This dissimilarity in
the rates of change between IR1 and IR10 contributes to the fluctuations observed in PI, which

will be expounded upon in the subsequent discussion.

3.5.3. DAR tests results
The progression of DAR values under 5kV testing voltage for each power cable,
corresponding to ageing cycles, is illustrated in Figure 30. The initial DAR values for Cable 1,
Cable 2, and Cable 4 hover around 1.4, while Cable 3 commences with a DAR of 1.6.
Subsequently, at approximately 30 ageing cycles, the DAR values for Cable 1, Cable 2, Cable
3, and Cable 4 reach their respective peak values of 3.1, 2.3, 2.9, and 2.7. During the interval

of 30 to 50 ageing cycles, an obvious decline in DAR values is evident. Post 50 ageing cycle
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mark, the DAR values exhibit slight fluctuations within narrow ranges around 1.6.
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Figure 30. Variation of the DAR measured at 5 kV versus ageing cycles for each cable
sample

The fluctuations in DAR values for the four power cables under the 7.5 kV test voltage
are depicted in Figure 31. Significantly more data points are acquired under the 7.5 kV
conditions. The trends in DAR variations mirror those observed under the 5 kV conditions: an

initial rise in the first 30 ageing cycles, a subsequent decline from 30 to 50 ageing cycles, and
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eventual stabilization post the 50 ageing cycle threshold.

Furthermore, it is evident from the figure that the magnitude of DAR undulation is

smaller for Cable 1, Cable 2, and Cable 4 compared to Cable 3. Additionally, the peak DAR

values for Cable 1 through Cable 4 decrease to 2.35, 2.25, 2.9, and 2.45, respectively.
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Figure 31. Variation of the DAR measured at 10 kV versus ageing cycles for each cable
sample

Figure 32 graphically illustrates the alteration in DAR values for the four cables across
ageing cycles, derived from the 10 kV testing voltage. Remarkable, the peak DAR values for
Cable 1 and Cable 2 experience reductions with the testing voltage increase, reaching 2.2 and
2.1, respectively. Conversely, the peak values for Cable 3 and Cable 4 remain unchanged. As
for the stable phase of DAR (post 50 ageing cycles), all cables exhibit fluctuations that cluster

around 1.6.

Throughout the thermal ageing process of power cables, the peak DAR values are subject
to the influence of varying test voltage levels. However, following a specific ageing duration,
the consistent ranges of DAR variation exhibit only marginal alterations across different test

voltage levels.
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Figure 32. Variation of the DAR measured at 10 kV versus ageing cycles for each cable
sample

3.5.4. PI tests results

Figure 33 presents a comprehensive comparison of the PI values for each cable measured
at 10 kV, tracing their variation throughout the thermal ageing process. The overall trend is
characterized by a gradual decrease in PI values; However, this general trajectory can be
subdivided into three-time durations. Commencing from the initial baseline values, the first
part involves a decline in PI over the initial 20 ageing cycles, followed by a subsequent upward
trend until approximately 40 ageing cycles. The durations of the first two phases are notably
shorter in comparison to the third part. Subsequent to the 40 ageing cycles mark, PI values for

the cables undergo a gradual reduction in tandem with the ageing process.

It is important to note that the variations in PI values do not monotonously decrease or
increase even within each individual phase. Rather, certain levels of volatility persist during

these time durations.
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Figure 33. Variation of the PI measured at 10 kV versus ageing cycles for each cable sample

3.5.5. Capacitance and tand tests results
The instrument and connection diagram for capacitance and tand measurements are
presented in Appendix C for reference. The data depicted in Figure 34 represent the measured
capacitance variations of each cable throughout the thermal ageing cycles. In range of testing
voltages (1kV to 10kV) at 50 Hz, there is no difference was shown on measured capacitance.
Across the entirety of the ageing process, the capacitance values of Cable 2 consistently
surpass those of Cable 1. Conversely, the capacitance of Cable 3 is akin to that of Cable 4,

with both being marginally smaller than Cable 1's capacitance.

Throughout the ageing process, the capacitance values of all cables exhibit a very slight
decline from their initial phase values to their final states. It was found that the capacitance of
Cable 1 remains at approximately 1.027 nF, Cable 2 at around 1.044 nF, Cable 3 at around
1.021 nF, and Cable 4 at around 1.019 nF.
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Figure 34. Variation of cable capacitances during thermal ageing process

The outcomes illustrated in Figure 35 delineate the variation of tand for cables, as
measured at different testing voltage levels at S0Hz, across ageing cycles. The tand curves for
cables can also be divided into three distinct phases. Over the initial 150 ageing cycles, the
tand values of cables under diverse testing voltages exhibit a general downtrend. Given that
the observed capacitance remains within a consistent range, the variations in tand values for
the cable are primarily influenced by resistive current. Hence, the variation of tand is correlated
to IR values. The initial decrease in tand, as opposed to the initial increase in IR values, is
logically coherent. This observation aligns with the expected behaviour based on the
underlying electrical properties of the cable. Subsequently, there is a rise in the tand values
between 150 and 200 ageing cycles. Following this, there is another drop in the tand curves
after the 200 ageing cycles. It could be observed from Figure 33 that testing voltage levels
have impact on measured tand value: a higher tano value could be obtained at with the increase

of testing voltage levels.

It should be noted that the tape preventing water ingress of Cable 3 failed at around 220
aging cycles, allowing environmental moisture to penetrate the insulation. This likely resulted
in the sharp increase in the tand value for Cable 3 at that point. After the tape was repaired, the

tand value returned to the normal range.
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Figure 35. Variations of tand for (a) Cablel; (b) Cable2; (¢) Cable3 and (d) Cable4 versus
ageing cycles at different testing voltage levels

3.6. Discussion

3.6.1. Influence of environmental relative humidity
The IR1 values, observed at different testing voltage levels throughout the thermal ageing
process, do not exhibit a consistent downward trend. Instead, there are periods characterized
by a decrease followed by upward trends. These fluctuation patterns are also evident in both
IR10 values and tand. To delve into the underlying causes of these variations, which are likely

not attributed purely to thermal ageing, this section delves into the influence of environmental

RH on IR and tand values.

Figure 36 shows the average RH values during the time frame of 9:00 to 17:00 in
Glasgow (the city conducting the experiment) during all tests’ date across this experiment
process. Around the 210th ageing cycle, a period characterized by elevated RH corresponds to
lower measured IR values in the cables. Conversely, at approximately the 150th ageing cycle,
aperiod marked by lower relative humidity aligns with higher measured IR values in the cables.
However, it's noteworthy that other turning points in the trends of IR values do not align with

the turning points in RH values.

79



! ' ' —a—Clasgow
100 &

!

< 904 _
E01 b N
% 80 th\l \\ f\\ /ﬂ\/
YA NN
" ‘ L\ \ ,
3 w0 i/ | \/ _

50;: _

0 5I0 100 1%0 260 2!1')0 300

Ageing cycles

Figure 36. Relative Humidity variation in Glasgow

In this study, it is observed that IR1 and IR10 values of each cable shows a relatively
more noticeable correlation with RH compared to other variables. As per (5), the tand value
can be expressed as the ratio of resistive current to capacitance current. Given that the
capacitance of the cables remains relatively constant, the capacitance current also remains
stable. In such a scenario, any increase in resistive current would generally result in a
proportionate increase in the measured tano value. Additionally, the turning points in the
variations of tand values are evident at approximately 150 and around 200 ageing cycles during

testing.

In contrast to IR measurements, both PI and DAR exhibit a greater degree of
independence from environmental RH variation. This distinction arises due to the
measurement procedures of PI and DAR. Since PI and DAR are ratios derived from timed IR
measurements, the effects of transient factors like variations of temperature and environmental
RH tend to cancel out to some degree. The critical assumption here is that the moisture content
within the cable insulation remains constant during the relatively short duration of the
measurement. Therefore, even if RH fluctuates slightly, its influence on the PI and DAR is
minimized compared to its impact on raw IR readings. Consequently, the alterations in PI and
DAR values are more closely associated with the extent of ageing rather than changes in RH

levels.

The correlation coefficients between the testing results of IR1, IR10, PI, and tand for each
cable sample and all RH values on the measurement dates have been calculated, although the

specific values are not presented. This is because the correlation coefficients did not
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demonstrate strong correlations that could be collected from the results. A more
comprehensive explanation of the correlation coefficients will be provided in section 3.6.4 to

elucidate the relationships among the testing results.

It is important to note that the RH values shown in Figure 34 are sourced from Glasgow’s
city weather records. These values only partially reflect the humidity conditions during testing
and do not represent the actual humidity levels measured in the laboratory. This discrepancy
limits the accuracy of the analysis regarding the impact of humidity on the measurement results.
As additional RH data would be gathered in the future through real-time measurements at the
experimental location, the correlation coefficients between variables and RH may differ from
the current findings. Furthermore, the impact of time length exposure to high humidity on the
moisture content within the cable insulation should be paid attention. Moreover, the depth of
moisture infiltration into the cable insulation is also likely to enhanced by the long-term of

cable exposure to humid conditions.

3.6.2. Fitting PI variation curves
Figure 35 presents the results of a three-phase fitting for the PI variation of each power
cable carried out by Origin, the start and end points of each phase are marked on figures. In

phase 1 and phase 2, linear fittings equation as (16) are applied to the experimental data points.
y=aXx+b (16)

where, a is slope and b is intercept of fitting lines. Table 8 presents the fitting parameters of
phasel and phase2 for the PI variation of each power cable. In these linear fitting results,
statistical parameters, including "Residual Sum of Squares (RSS)", " Pearson Correlation
Coefficient (R)" and "R-square (COD)", are measures used to evaluate the quality of the fit

and the strength of the relationship between variables.

The Residual Sum of Squares (RSS) measures the total deviation of the observed data
points from the values predicted by the linear model. It is calculated by summing the squares
of the residuals, which are the differences between the observed values and the predicted
values. A smaller RSS indicates a better fit, as it means the model's predictions are closer to

the actual data points.

The Pearson correlation coefficient (R) stands as a fundamental statistical measure
widely employed to quantify the strength and direction of a linear relationship between two
continuous variables. Its value serves as a numeric indicator of the degree to which two
variables are linearly associated, thereby enabling researchers to assess the extent of

dependency between them. The Pearson correlation coefficient offers a numerical measure
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ranging from -1 to +1. A value of -1 signifies a perfect negative linear relationship, +1 indicates
a perfect positive linear relationship, and 0 denotes no linear relationship. Additionally, R
values falling between 0 and 0.2 indicate no or very weak correlation, while values between
+0.2 and 0.4 suggest a weak correlation. Values ranging from +0.4 to 0.6 indicate a moderate
correlation, £0.6 to 0.8 point to a strong correlation, and +0.8 to 1 indicate a very strong

correlation.

R-square (Coefficient of Determination, COD) measures the proportion of the variance
in the dependent variable that is explained by the independent variable(s) in the model. It is
the square of Pearson’s R in the case of simple linear regression. A higher R-square value
indicates a better fit of the model to the data, meaning that a larger proportion of the variability

in the dependent variable is accounted for by the model.

Table 8. Fitting parameters of PI variations for each cable in phase 1 and phase 2

Samples | Phase | Slope | Intercept RSS R COD
Cablel 1 | -0.14 | 3.69 1.89x 10° 20.9999 0.9998
2 | 008 | 098 0.17 0.9769 0.9544
Cable 1 | -006 | 3.13 022 20.6835 0.4671
able 2 | 002 | 278 133 033 0.11
1 | -0.17 | 3.54 039 20.85 0.72
Cable3 2 | 0.06 2 227 0.57 032
1 | 0004 | 227 134x10° 0.9 0.8
Cabled 2 | 007 1.81 1.99 0.65 0.42

Phase 1, represented by a dashed line in the figure, shows a negative slope for Cable 1
Cable 2 and Cable 3, indicating a linear decrease in PI with thermal ageing cycles. Phasel
linear fitting result of Cable 4’s PI with a very small positive slope which is different from
other three cables. This is possible as a result of the crosslinking by-products in the Cable4
XLPE insulation is lower than other cables, due to degassing of Cable 4 XLPE insulation
during the manufacturing process is better than other three cables and some other possibilities.
It worth noting that all four cable samples were supplied by the same manufacturer. It is not
known if they all came from the same reel. It may be that in this research that the sample was
taken from a different reel or at the end of a different reel and may have undergone a different
degree of degassing. However, this is just a hypothesis, and the actual reasons could be more

complex.

Phase 2 depicted as dotted lines, demonstrates a positive slope for all cables, signifying
an increasing trend in PI until the end of this phase. The third phase, denoted by a chain line,
employs an exponential decrease fitting as (17) presented. Notably, the rate of PI decrease in

Phase 3 is generally lower as the thermal ageing time progresses, a distinct pattern of
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exponential decrease in PI is evident, starting from a peak value. This behaviour can be
attributed to the effects of thermal ageing on the XLPE insulation, leading to a systematic

decrease in PI values and a variation in the rate of decrease as ageing time progresses.

y = a5 1y, (17)

Table 9 presents the fitting parameters of phase 3 for the PI variation of each power cable.
Statistical parameters Reduced Chi-Sqr and COD are used to assess the goodness of fitting.
Reduced Chi-Sqr helps to determine whether the model appropriately represents the data by
considering both the residuals and the uncertainties in the observations. A reduced Chi-Square
value near 1 generally indicates a good fit, while significant deviations from 1 suggest

potential issues with the model or the data.

Table 9. Fitting parameters of PI variations for each cable in phase 3

Sample Yo Ay t Reduced Chi-Sqr R-Square (COD)
Cablel 2.25 4.69 44.88 0.1 0.74
Cable2 2.33 32.16 18.82 0.08 0.65
Cable3 2.55 3.94 27.38 0.07 0.62
Cable4 2.19 4.34 40.75 0.09 0.79
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Figure 37. Fitting of PI variation for each power cable(start and end points of each phase are
identified by the purple arrows)

The statistical parameters in the Tables 8 and 9 reveal that while the errors of each fitting
curves are different with each other, the overall trend and variation at each stage remain
consistent. This phenomenon may potentially be attributed to the ageing mechanisms of cable
samples being consistent, but there exists a certain degree of difference in the generation and
volatilization of crosslinking by-products within the XLPE insulation. The later factor may
play a significant role in causing the observed decrease in PI during phase 1 and the subsequent

increase in phase 2 [84].

According to the criteria of PI provided by IEEE standard 43 [62], a PI value between 1
and 2 indicates health condition of insulation is questionable, warranting close monitoring and
more frequent testing to track any further deterioration. A PI value smaller than 1 means health
condition of insulation is poor, and the cable should be considered for immediate replacement

or decommissioning. Despite the PI value is still above the critical value within the current
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thermal ageing cycles, the fitting curves in phase 3 of PI could be used to estimate the failure
point of power cable, thus assists the cable system manager in maintaining the cable. Due to
the PI data available for fitting Phase 3 of each cable is not sufficient, the current fitting curve
suggests that the PI value remains above 2 even after 1,000 ageing cycles. Therefore, further
investigation into the variation of PI as the ageing cycle progresses is necessary to optimize
the fitting curve for more accurate state prediction. The ongoing nature of the thermal ageing
experiment on MV power cables is expected to yield additional data in the future, enabling

further investigation into the PI variation trends under these conditions.

3.6.3. Annealing effect
Nath et al. applied the band theory to analyse current-voltage (I-V) characteristics of
LPDE. They developed a mathematical model centred on carrier hopping within amorphous
regions [115]. Recent studies, building on this theory, have concurred that electronic transport
primarily involves thermally activated hopping, which is facilitated by a low activation energy

due to an electric field [116].

Moreover, Diego et al. conducted conductivity measurements on XLPE cable samples
using the Absorption Resorption Current method (ARC) [117]. Their findings indicated that
the conductivity of XLPE cables is significantly affected by the thermal treatment of the
samples in the presence of the cable's semiconducting shields (SC). This process is based on a

hopping mechanism.

In the context of the annealing process, infrared spectroscopy observations have indicated
that certain chemical particles originating from semi-conductor layers diffuse into the XLPE
insulation layer. The process of carrier hopping is enhanced by the diffusion of components
from semiconducting shields and other by-products generated during the cross-linking process,

as this leads to the formation of internal charges and trapping centres [118].

Additionally, the analysis of thermally stimulated depolarization and intensity-current
measurements reveals that the importance of this diffusion process diminishes as the annealing
time progresses beyond the point of maximum conductivity. It is a widely recognized fact that
crosslinking by-products tend to dissipate over extended annealing periods due to their volatile
nature. However, while the presence and dissipation of crosslinking by-products do play a role,
they are not the primary factor behind the subsequent decrease in conductivity observed in
XLPE cable insulation following an initial increase. Instead, it is the reduction in the diffusion
of components from the semi-conductor shields into the XLPE insulation that contributes to

the observed decrease in conductivity [118].
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In summary, the process of diffusion from the semi-conductor shields leads to an increase
in trap density within the cable insulation. This initial increase in trap density contributes to
the rise in conductivity in XLPE insulation. Nevertheless, as annealing time extends, the
diffusion rate gradually decreases, resulting in a subsequent decrease in conductivity over

longer periods.

Figure 38 (a) illustrates the insulation conductivity (o) in (S/m) of XLPE cable samples,
as measured in [118], during heating at 90°C over various duration. The characteristic hump
shape in ¢ is primarily attributed to the accumulation and subsequent depletion of chemical
species diffused from the semi-conductor layers, which augment hopping conduction. By
fitting a function of the gamma distribution (I') to the 6 measurements, the variation of ¢ with
time (t) at 90°C, influence by the combined effects of annealing and thermal ageing, is
approximated by (18), as described in Figure 38 (a).

¢
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Figure 38. (a) Insulation conductivity measurements and their fitted values (S/m) of XLPE
insulation samples heated at 90°C over various durations (hour) with the presence of SC
layers and (b) the corresponding insulation resistivity normalized by the initial level.

It worth noting that by-products of cross-linking formed during manufacturing can also
enhance hopping conduction, consequently elevating the initial 6. However, after a duration,
when these by-products along with the chemical species from SC shield layers are consumed,

the resultant 6 (e.g., at 2160 hours) may be even smaller than the initial c.

Considering the reciprocal relationship between conductivity (o) and resistivity (p), the
alteration of normalized insulation resistivity relative to its initial level is deduced form the
fitting of o, as shown in Figure 36(b). It is important to note that both the intensity of hopping

conduction and the diffusion of chemical species are impacted by temperature[117][118]. The
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contribution of the hopping mechanism between traps to the conductivity of the cable sample
exhibits a linear relationship with temperature to the power of negative one-quarter [119].

Diffusion rate of chemical species would be increased as temperature raise.

As indicated in Figure 38 (b), the resistivity of the XLPE cable, when viewed as a
function of annealing time at 90°C, exhibits its lowest value between 600 to 650 hours. It is
important to note that there are variations in temperature along both the cable's radius and

length dimensions in the accelerated ageing experiment conducted in this thesis.

For the experiment in this research, temperature monitoring on the cables reveals that the
temperature range on the cable conductor's surface spans from 95 to 107°C. On the outer
surfaces of cables, the temperature range extends from 85 to 100°C. This implies that for the
inner and outer semi-conducting shield layers, the maximum temperature difference could
reach up to approximately 22°C. This discrepancy in temperature could consequently lead to

varying annealing effects rates on the semi-conducting shields at different locations.

Given that the conductor surface experiences higher temperatures, the semi-conducting
shield around the conductor undergoes the annealing process more rapidly and concludes
earlier. Consequently, for the measured IR1 and IR10 values at 10kV testing voltage, as they
vary along with ageing cycles in this experiment, they exhibit an initial decrease in the first 50
ageing cycles, followed by an increase between approximately 50 to 100 ageing cycles.
However, the insulation semi-conducting shields, with lower temperatures compared to the
conductor surfaces, undergo the annealing process at a slower rate and concludes later. This

leads to another subsequent increase in IR values from around 210 ageing cycles.

The tand values of the cables, in relation to resistivity, also display an observable up-
down-up trend due to the influence of the annealing effect. However, it's worth noting that the
variation in PI values appears to be less affected by the annealing effect, as per the measured

results.

3.6.4. Correlation analysis
In this chapter, various condition monitoring techniques have been employed to measure
different electrical indicators of power cables throughout the thermal ageing processes. It's
worth noting that there exist intrinsic correlations among these indicators based on their
underlying principles. For instance, there are correlations between tand and IR, as well as
between PI and IR. To assess the degree of correlation among the results of these testing
indicators, the Pearson correlation coefficient (R), alongside other pertinent statistical tools,

are employed in this section.
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The Pearson correlation coefficient (R) has been discussed in section 3.6.2. The p-value
is a measure of the strength of evidence against the null hypothesis. In the context of a Pearson
correlation, the null hypothesis states that there is no significant correlation between the two
variables. A low p-value (typically less than 0.05) indicates that there is strong evidence against
the null hypothesis, suggesting that there is a significant correlation between the variables.
Conversely, a high p-value suggests that the observed correlation could easily occur by chance

alone, and there is not enough evidence to reject the null hypothesis.

The 95% confidence interval provides a range of values within which we can reasonably
expect the true population correlation coefficient to fall, with 95% confidence. It is computed
using a formula that takes into account the sample size and the standard error of the correlation
coefficient. The confidence interval helps in understanding the precision of our estimate. A
wider interval indicates more uncertainly about the estimate, while a narrower interval

indicates the estimate of the correlation coefficient is more reliable.

The confidence interval is typically expressed as two values: the lower boundary and the

upper boundary.

e Lower Boundary: This is the lower limit of the range, below which we would expect
the true correlation coefficient to be only 2.5% of the time if we were to take many
samples.

e Upper Boundary: Conversely, the upper boundary is the upper limit of the range,
above which we would expect the true correlation coefficient to be only 2.5% of the

time.

In essence, a 95% confidence interval provides us with an understanding of the probable

range within which the actual population is likely to fall.

Table 10 presents Correlation coefficients between IR1 and IR10 for the cables. R values
are in the range of 0.8 to 1, which indicates there is a strong correlation between IR1 and IR10,
while p values are all significantly smaller than 0.05 also suggesting this is a significant

correlation.
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Table 10. Correlation between IR1 and IR10 at 10kV testing voltage for each cable

Lower Upper
Cable R P boundary bouII)Eiary
Cablel 0.9105 8.1x 101 0.827 0.9547
Cable2 0.8939 4.9x 109 0.7985 0.9455
Cable3 0.8682 1.4x 10" 0.7528 0.9319
Cable4 0.9017 1.4x 105 0.8126 0.9496

Table 11 shows the correlation coefficients, p values, 95% confidence interval lower and
upper boundaries for IR1 and tand for each cable sample, with data measured at 10kV. R values
for IR1 and tand of all cables are in the range of 0.2 to 0.4 which indicates a weak correlation.
The correlation between IR1 and tand for Cable 4 is the strongest among cables, it has the

maximum R value and minimum p value, while the cable 2 shows the lowest correlation

coefficient.

Table 11. Correlation between IR1 and Tand at 10kv testing voltage for each cable

Lower Upper
Cable R P boundary boulzllzary
Cablel 0.2944 0.0860 -0.0431 0.5716
Cable2 0.2433 0.1589 -0.0978 0.5333
Cable3 0.3372 0.0476 0.0045 0.6027
Cable4 0.3596 0.0338 0.03 0.6187

The correlation coefficients between PI and tand of each cable samples are presented in

Table 12. Absolute values of R are even smaller than for IR1 and tand, and negative signs

could be found for all R values. Thus, the correlation between PI and tand is very weak.

Table 12. Correlation between PI and Tand at 10kv testing voltage for each cable

Lower Upper
Cable R P boundary bouI;l}zlary
Cablel -0.1249 0.4816 -0.4443 0.2227
Cable2 -0.0203 0.9151 -0.3778 0.3424
Cable3 -0.2024 0.2665 -0.5148 0.1574
Cable4 -0.1871 0.2972 -0.4984 0.1669

Moreover, the results obtained from DAR testing exhibit a correlation with the results of
PI testing over the course of 50 ageing cycles. Within this span of 50 ageing cycles, it is
observed that DAR and PI values demonstrate a synchronous yet inversely proportional trend.
After the initial 50 ageing cycles, the DAR values of cables subjected to various testing
voltages remain within narrow ranges. The PI values of these cables exhibit a gradual reduction

concurrent with the progression of thermal ageing processes.
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3.7. Conclusion

In this chapter, an experiment focused on the accelerated thermal ageing of MV cables
has been carried out. A novel artificial thermal accelerated ageing methodology for MV
extruded power cables has been devised. This method has the capability to replicate the
temperature variations experienced along the cable's length and radius. Additionally, it

effectively emulates the thermal cycling effects induced by repeated loading cycles.

Four XLPE insulated cable samples were placed within a chamber equipped with thermal
insulation. A current transformer was employed as the power source to clevate the cable
temperature, meeting the criteria for accelerated thermal ageing. To simulate the temperature
fluctuations experienced by cables in real-world operating conditions, one ageing cycle
(equivalent to 24 h) was divided into three phases: a 2h heating phase, followed by a 6h high

temperature phase, and finally a 16h natural cooling down phase.

Temperature distributions on both the cable surfaces and conductor surfaces were
assessed using Type T thermocouples. During the heating up phase, the cable surfaces
temperature experienced a rise from room temperature (20°C) to a maximum of 100°C. in this
phase, no significant temperature difference was observed along the length of the cables.
However, the temperature on the conductor surface was notably higher, with a difference of

approximately 10°C compared to the cable surface.

As the experiment transitioned into the high-temperature phase, the maximum
temperature on the cable surfaces remained at 100°C. Notably, the temperature difference
along the length of individual cable surfaces increased to 15°C. Additionally, the maximum

temperature on the cable conductor surface was also recorded at 107°C.

The equivalent ageing hours, derived from thermal ageing cycles and translated into
normal working conditions, are computed using the Arrhenius model and Miner’s law. Based
on the current experimental procedure, the equivalent ageing duration for the cables stands at
approximately 25 years. Throughout the thermal ageing process, various electrical properties
of the cables have been monitored. These include IR1, IR10, DAR, PI, capacitance, and tans.
Testing voltage levels have been induced within the range of 1kV to 10kV, and found exerting

a significant influence on the measurement results of IR1, IR10, and tand.

As the thermal ageing process progresses, the IR values exhibit a pattern of fluctuations
characterized by down-up-down-up trends. Likewise, similar variations are observed in the
tand values. In order to probe the underlying causes of these fluctuations, the impact of RH on

the testing results is examined. Survey results reveal that lower IR testing values are observed
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under relatively high RH conditions. Nevertheless, further data is needed to solidify this

relationship.

Furthermore, the interplay between chemical reactions and particle diffusion from semi-
conductor layers, commonly referred to as the annealing effect, on the electrical properties of
cables during the process of extruded cable thermal ageing has been considered and
investigated. According to Nath et al.'s research [115]-[118], the changes in cable insulation
conductivity are influenced by the annealing effect, leading to alterations in the trends of IR

and tand values.

Based on temperature measurements, it was observed that the conductor SC shield
experiences higher temperatures than the insulation SC shield layer. These temperature
discrepancies along the length and radius of the cables contribute to variations in the rate of
the annealing effect. There are two humps of IR curves, this manifests in the initial upturn of
IR curves attributed to the annealing effect of the conductor SC shield layer during service,
followed by a subsequent upturn of IR curves attributable to the annealing effect of the

insulation SC shield layer during service.

The variation in PI values for the cables has been subjected to fitting, revealing three
distinct phases in relation to the thermal ageing process. For Cable 1, Cable 2, and Cable 3,
the first phase exhibits a short-term linear decrease in the fitting curve, only for Cable 4 the
first phase displays an increasing straight line with a very slight slope. The second phases of
PI fitting for all cables also follow a linear trend, with positive slopes. In the third phase of PI
fitting, an exponential decrease trend is observed. This indicates that the rate of PI decrease
during the thermal ageing process is generally lower. It is worth emphasizing that a PI value
falling below specified thresholds, such as 2 or potentially even lower than 1, could serve as a
significant indicator of potential insulation issues, prompting consideration of maintenance or

replacement measures for the cable in question.

Finally, correlation coefficients among the testing results, along with their respective P-
values and 95% confidence intervals, have been computed. The analysis reveals a strong
correlation between IR1 and IR10, whereas the correlation between other indicators is
comparatively weak. The tand changing is correlated to IR changing as well based on the

principle of tand measurement, but the correlation coefficient between them is relatively lower.

91



Chapter 4. Modelling of power cable spatial
temperature profiles under accelerated thermal
ageing

4.1. Introduction

Power cables often experience non-uniform temperature distributions under practical
working conditions due to varying current loads, environmental conditions, and installation
configurations. Insulation materials such as XLPE or EPR undergo various thermal
degradation processes, including oxidative degradation, chain scission and crosslinking, as
detailed in section 2.3. These processes are temperature-dependent and accelerated as
temperature increases. Temperature variations along the length and radius of a cable result in
localized differences in degradation rate. Accurate modelling of these temperature profiles
allows engineers to predict where and how quickly ageing will occur, leading to more accurate

estimations of the cable's operational lifespan.

The experiment described in chapter 3 involved the accelerated thermal ageing of MV
extruded cables within a thermally insulated and air-filled chamber. The temperature
distribution along the length of each cable during heating cycles was assessed through the
placement of thermocouples on the cable surfaces and conductor surface. However, this
physical measurement approach only provides a primitive assessment of the temperature
distribution across the cable surfaces and conductor surface in relation to their respective
lengths. Ageing and degradation of cables are highly sensitive to temperature variation. Small
differences in temperature can significantly affect the rate of degradation. To construct a more
reliable lifetime estimation model for cables subjected to such accelerated thermal ageing
conditions, a higher degree of precision in the temperature profiles of the power cables is
desired. The validity of the estimated temperature profiles could be verified through practical
measurements from chapter 3. This validation process ensures that the simulation yields a
reliable and nuanced comprehension of the temperature profiles, enabling advanced thermal

ageing evaluations of cable insulation.

FVM as one of numerical calculation approaches has been chosen for simulating the
temperature distribution in cables due to its superior functionality and cost-effectiveness in
addressing the specific physical conditions of this problem [97], as indicated in the literature
review of thermal modelling methodologies. Additionally, an integrated approach has been
employed, wherein the FVM modelling technique is complemented with the application of an

ANN model. This integrated methodology is employed to estimate the spatial temperature
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profiles of the cables within the experimental framework. Subsequently, these profiles can be

utilized for advanced thermal modelling evaluations of insulation degradation.

Initially, ANSYS Fluent is utilized to implement a three-dimensional FVM modelling
approach, with the objective of simulating the temperature distribution within both the power
cables and the fluid (air) domain of the chamber. To ascertain the reliability of the FVM
simulation results, a comparison is conducted between the temperature profiles derived from
the simulations and the actual temperature profiles recorded from the cables during the
experimental phase. The FVM-based simulation model discretizes into numerous finite-size
cells, each possessing a geometrically straightforward shape. Subsequently, temperature

values at designated mesh points can be extracted from the results of the FVM simulation.

The temperature profiles along the cable structure, particularly between meshed points,
cannot be directly ascertained from the results of the FVM simulation, because FVM provides
temperature values only at discrete locations (the mesh nodes or control volume centers). The
continuous temperature distribution between these points must be interpolated, and the
accuracy of this interpolation depends on the mesh density, the complexity of the temperature
field, and the specific interpolation methods used. Therefore, the temperature profiles acquired
at this stage do not offer adequate precision in forecasting the ageing conditions of cable
insulation. Given the presence of natural air convection within the chamber, the correlation
between specific points along the cable and their corresponding temperatures is inherently
non-linear and intricate. In contrast to interpolation polynomial techniques that could be
applied, ANNs demonstrate the potential to deliver heightened computational capacity and
enhanced efficiency in determining temperature profiles of cable insulation at any designated

position.

To facilitate the estimation of temperatures at any positions within the power cable,
thereby enabling the establishment of a more precise ageing model contingent upon
temperature variation with respect to position, a three-layer ANN trained through Bayesian

regularization back-propagation methodology is subsequently constructed.

The integration of FVM simulation and the ANN model showcases effectiveness in
predicting temperatures at arbitrary locations along the power cable. This proficiency is crucial
for advancing more accurate ageing and degradation models, founded on temperature
distributions across any positions. Traditional thermal degradation models for power cable
insulation typically rely on hot-spot temperatures, the effect of the temperature difference in
the cable length and radial direction on the ageing rates of the insulation at different locations

is not considered. The precise and detailed spatial temperature profiles generated through the
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proposed method in this study would significantly enhance the reliability of cable insulation

performance estimation.

4.2. FVM modelling

FVM is widely used in computational fluid dynamics (CFD) and heat transfer simulations.
The method is used in modelling heat conduction in solids, convection in fluids and even in
more complex multiphysics problems where heat transfer is coupled with fluid flow or
structural analysis. As reviewed in section 2.6, the FVM is a numerical technique used to solve
partial differential equations, such as the heat equation, which models heat conduction in a
material. In accordance with the control volume principle of analytical fluid dynamics, FVM
initiates by dividing the model into discrete control volumes, which are of appropriate size and
exhibit a straightforward geometric configuration, commonly referred to as cells. The
variables of calculations are situated at the centroids of these cells. Subsequently, the
governing PDEs are integrated over each individual cell. The resultant set of equations is
denoted as the discretization or discretized form of the equations. Within the framework of
FVM, this discretization contains the conservation principle for variables within the cells,
which means certain physical quantities, such as mass, energy, or momentum, are conserved

within a discrete control volume.

The conservation principle ensures that the total amount of a conserved quantity remains
constant within each control volume over time. General conservation equations can be

performed by a single generalized transport equation:

2609) | 9 i gy = O (2%
In this context, ¢ can denote scalars, such as speed and temperature, which serve to
represent various conservation equations, including those pertaining to momentum and energy.
In (19):
e The first term pertains to the unsteady component to be analysed.
e The second term denotes the convective component of flux.
e The third term encompasses the diffusive component of flux.

e The final term signifies the generation or source term.

The transport equations are initially integrated over the volume of the cell (v), as

demonstrated in (20):

209) : _ 0 (poe
fu Ze2aV + f,, - (o) av = fAva_x,.<Fa_x,.) dv + [, SpdV (20)
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Subsequently, discretization is carried out in the ensuing stage to yield a series of

algebraic equations.

The heat equation is a partial differential equation that describes the distribution of heat
(or temperature) in a given region over time. In its simplest form, for a homogeneous and

isotropic material, the equation is:

& = avr 1)

where:
e T is the temperature as a function of space and time
e tistime
e« is the thermal diffusivity of material (o = oo where k is thermal conductivity, p

is density and c is specific heat capacity).

e V2 is the Laplacian operator, which in Cartesian coordinates expands to:

2 2 2
VT=+2+ 52 (22)

X ay?  az?

The heat equation is derived from the integral form of the conservation of energy:

[, 2D av = [ kvT - dS (23)

where:

. V is the control volume.

. S is the surface of the control volume.

The primary objective of FVM simulation in this research is to attain precise and
comprehensive temperature profiles of power cables subjected to specific accelerated thermal
ageing conditions, which is provided in the chapter 3. Subsequently, the ensuing stages of the
modelling process encompass the formulation of the simulation model in conformity with the
actual geometry and dimensions, the generation of a mesh on said model, the establishment of
simulation parameters, and the computation of the solution. These steps will be clarified upon
in detail within this chapter. Finally, the resulted temperature of the simulation, will be

presented, discussed, and compared with the experimental measured results.

4.2.1. Model geometry
All geometries are created using the Design Modeler tool, within the ANSYS workbench
environment. The configuration of the actual power cable utilized in the experiment is depicted

in Figure 9. This structure comprises eight layers, enumerated as follows.
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It has been determined through a series of simulation comparisons that the thermal
influence of certain thin layers, such as semi-conductor composition with thickness less than
0.3mm, exerts a minimal impact on the heat absorption and propagation within the power cable.
Consequently, the inclusion of these thin layers in the model geometry would excessively
increase both the complexity of meshing and the computational workload for simulation
purposes. Hence, for the FVM simulation, the power cable model is simplified to encompass
four primary layers. Figures 39 (a) and (b) depict cross-sectional views of the cable model,
tangent and parallel to its length, respectively. The layers are designated as follows: conductor,

insulation, metal shield, and outer sheath.

Conductor. Metal shield

Insulation Outer sheath

Conductor (a) Outer sheath
Terminal /_
tnsulation Metal shield

(®)

Figure 39. Cross section (a) tangent and (b) parallel to length of cable model used for FVM
modelling

The specific dimensions and material attributes of each layer are outlined in Table 13.
The insulation material is XLPE, while the outer sheath material is Medium-Density

Polyethylene (MDPE).

Table 13. Dimensions and materials of cable model

Layer Length Diameter Material
Conductor 32m 15 mm Aluminium
Insulation 32m 23 mm XLPE

Metal shield 2.55m 24 mm Copper
Outer sheath 2.55m 28 mm MDPE

The model replicates the experimental set up in chapter 3 and is presented in Figure 40.
It encompasses a chamber containing air as the fluid medium. This configuration incorporates
four straight power cables, two long connectors, and three short connectors. In Figure 40, the

cable models are arranged in a series configuration, connected by the designated connectors.
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Specifically, three short connectors facilitate the linkage of adjacent cables, while two long
connectors are employed to establish connections between the cables and the power supply,

represented in practice by a current transformer in the experimental setup.

Figure 40. Constructed integral model in ANSYS for FVM thermal simulation
The dimensions of the chamber in the actual experiment serve as the basis for designing
the chamber model, illustrated in Figure 41. The aluminium walls of the chamber possess a
thickness of 2 mm. Positioned on the opposing shorter side walls of the chamber are four
apertures, designated for the passage of power cables through the tank. The overall length of
the chamber spans 2.5 m; consequently, both sides of each power cable have 0.4 m, extending

beyond the chamber to make contact with the ambient environment.

100 mm

Fluid domain

Holes for cables

40 mm

Chamber walls

2500 mm

3300 mm

Figure 41. Chamber model for FVM modelling with chamber dimensions

4.2.2. Model meshing
Within a 3D domain, two fundamental cell types are utilized to form a surface mesh:
hexahedrons (Hex mesh) and tetrahedrons (Tet mesh). Each grid cell constitutes a solution to

the corresponding PDE when a FVM object undergoes discretization.
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The cell types and the level of precision in the meshing results differ across various solid
domains. This difference arises due to variations in their dimensions and distinct contacting
boundary conditions. The quality of the meshed elements in each geometry is assessed through
a composite metric, quantified by element quality values which fall within the range of O to 1.
This metric is predicated on the ratio of the volume to the square root of the cube of the sum
of the squares of the edges for three-dimensional elements. An element quality value
approaching 1 signifies a more optimal cube, while a value of 0 indicates that the element

possesses either zero or negative volume.

Table 14 shows the meshing results information of each component and overall model.
The average quality of the overall model meshed cells is 0.8, which indicates that the overall
meshing quality is good. However, the average quality of the meshed cells in the metal shield
section stands at 0.25, this means that the meshing in the cable metal shields is not sufficiently
refined. Such coarser meshing could potentially lead to convergence challenges in the
simulation calculations. The mesh qualities between layers can influence one another. This
means that refining the mesh element size to improve quality of metal shield layers will
significantly increase the total number of mesh elements, leading to higher computational costs
and reduced efficiency in subsequent simulations. To address this, ANSYS Fluent allows for
adjustments to enhance the convergence of a distorted mesh by using a skewness correction
factor in the simulation settings. This helps mitigate the impact of mesh quality issues on the

simulation.

Table 14. Meshing outcomes of each component and overall model

Components Number of cells | Cell types Nu;gzzz of Average quality
Conductor 296406 Tet 66313 0.84
Insulation 84988 Tet 339211 0.82

Metal shield 27680 Hex & Tet 13820 0.25

Outer shield 48640 Tet 159892 0.72

Long connector 2645 Tet 677 0.82
Short connector 6613 Tet 1529 0.80
Overall model 9443919 Hex& Tet 1733126 0.8

Meshing results of each cable model component are represented in Figure 42. Due to
sections of the insulation in Figure 42 (b) being in contact with the cable's metal shield layer,
while others are exposed to the ambient air, the surface mesh for these two regions differs. The
outer sheaths come into contact with the fluid domain (air in the chamber), the chamber walls,

and the ambient air. As illustrated in Figure 42 (d), the mesh for these three regions varies.
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In ambient

(c) (d)
Figure 42. Mesh results of (a) conductor, (b) insulation, (¢) metal shield and (d)outer sheath
of cable geometries
The meshing results for the connector models are displayed in Figure 43. Two distinct

types of connectors are present in the model: long connectors and short connectors.

Figure 43. Meshing results of connectors

The overall model as illustrated in the sectional view of the mesh shown in Figure 44.

The cable geometries are shown by coloured circles in the figure, each layer of cable structure
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could be distinguished by its colour. Due to the presence of thin layers in the cable models, the
cable components exhibit a finer mesh compared to the fluid domain, a feature also depicted

in Figure 44.

Figure 44. Overall results of meshing on sectional view (including cable, chamber and fluid
domain)

4.2.3. Material properties
The materials utilized for each layer of the cable model are detailed in Table 15. The
chamber walls are composed of aluminium, the thermal insulation material is polystyrene, and

the fluid filling the chamber is air.

Table 15 presents the assumed constant thermal properties for the materials, including
conductors (aluminium), metal shield (copper), chamber wall (aluminium), and thermal

insulation (polystyrene), which are considered uniform with respect to temperature.

Table 15. Constant thermal properties of cable material

Material | Density (kg/m?) Them(“&]j;‘f%c“my Specific heat (J/kg- K)
Aluminium 2719 202.4 871

Copper 8978 387.6 381
Polystyrene 40 0.029 1110

As polymer materials, the thermal properties of the insulation and outer sheath materials
are subject to variation with changing temperatures. Past studies have substantiated that these
properties exert a significant influence on cable thermal conduction and temperature
distribution [120]. Consequently, for the simulation model, the XLPE material representing
insulation and the MDPE material incorporate thermal properties that change with temperature.
Table 16 furnishes the piecewise linear variations of conductivity and specific heat for XLPE
and MDPE materials with increasing temperature. It is worth noting that densities are assumed

to remain constant with temperature.
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Table 16. Thermal properties of cable materials piecewise linear variation with
temperature[120]-[122]

. Temperature Density Therrga! Specific
Material (K) (ke/m?) conductivity heat
(W/m-K) (J/kg- K)
293.15 965 0.223 2034
XLPE 323.15 965 0.267 2976
363.15 965 0.28 4049
293.15 926 0.4 1916
MDPE 363.15 926 0.48 2300

The Boussinesq approximation has been employed for modelling the flow of air within
the chamber. This approximation posits that the variation in fluid density primarily impacts
the buoyancy term. In this context, the reference density of air is taken as 1.204 kg/m? at 20°C,
and the thermal expansion coefficient is specified as 0.00321 (K™")[123]. It is important to note
that the specific heat and thermal conductivity of air are both subject to changes with
temperature, as indicated in Table 17, these changes are implemented in the air material

parameters set up by piecewise linear fitting.

Table 17. Thermal properties of air changing with temperature[123]

Temperature (K) Specific Heat C, (J/kg - K) Thermal Czlfh;((;tlwty W/
293.15 1006 0.02587
313.15 1007 0.02735
333.15 1008 0.0288
353.15 1009 0.03023
373.15 1011 0.03162

4.2.4. Simulation setup

In the setup phase, the initial step involves choosing a solver for the calculations. ANSYS
Fluent offers two solver techniques: the Pressure-based solver and the Density-based solver.
In both methods, the velocity field is derived from the momentum equations. Generally, when
it comes to modelling low-speed, incompressible, or mildly compressible flows, the pressure-
based solver is usually the preferred choice. The Pressure-based solver in ANSYS Fluent has
been selected for the simulation in this research. This choice is based on the fact that the air
within the chamber is supposed incompressible, and the natural convection-induced airflow is
of low speed. The governing equations for continuity and momentum are expressed as (21)

and (22), respectively:
g—f+V'(m7)=0 (21)

2 (pd) + V- (pi%) = —VP + V- () + pg + F (22)
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where, P is the static pressure, pg is the gravitational body force, F is the external force

vector, and T is the stress tensor as (23) shown.
T =y[(V + Vi) -2V - (B]) (23)

where 7 denotes the molecular viscosity, / stands for the unit tensor, and the final term on the
right-hand side of the equation accounts for the impact of volume dilation, which equals zero

in the case of incompressible fluid flow.

The velocity formulation serves the purpose of reducing numerical diffusion in the
solution, thereby leading to a more accurate outcome. In this simulation, the absolute velocity

formulation is employed.

To capture the dynamic evolution of the temperature field within the global model system,
as well as the fluid flows in the domain over time, a transient simulation approach has been
employed. The natural convection of air within the chamber is influenced by gravity, acting in

the negative y-direction with an acceleration of 9.81 m/s?.

The Energy Model has been enabled, and for the Viscous Model, the laminar model has
been selected. Then, the domains within the model are established. The air fluid enclosed
within the chamber is designated as the fluid domain. The solid zones encompass conductors,
insulation, metal shield, outer sheath of cable models, as well as short and long connectors,

along with the chamber itself.

In this model, only the Joule losses from cable conductors and connectors are considered
as heat sources. This decision is based on the understanding that the dielectric loss and the
sheath loss (without sheath circulating current in the experiment) are significantly smaller in
magnitude compared to the conductor loss[124][125]. The power densities are applied
specifically on the heat source solids: cable conductors, as well as the long and short
connectors. This is done to emulate the flow of AC current in the conductive path, generating
heat due to Joule loss. The heightened power load leads to elevated temperatures and
temperature gradients within the insulation system of power cables. This closely replicates the
conditions of accelerated thermal ageing in practical power cable experiments and results in

typical thermal stress gradients within the insulation.

The equivalent power density (S,) for each heat source solid can be determined using the
equivalent power of conductors and connectors (P), and volume (V). This calculation is

expressed in (24):

P
Sh=1 (24)
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In the experiment, the cables are connected in series to the power supply through
connectors. Following the recommendations outlined in established IEEE standard 1407 [109]
and considering practical limitations of thermal ageing experiments for power cables, the
equivalent load AC power in the circuit is allocated to three distinct stages. The initial stage,
spanning from 0 to 2 h, corresponds to the heating-up phase. Subsequently, the period from 3
to 8 h is designated as the temperature stability stage. Finally, the span from 8 to 24 h
constitutes the cooling-down stage. In this phase, the goal is to reduce the cable temperature

back to ambient conditions (20°C).

The geometric shape of the cable conductors in the model conforms to a standard cylinder.

As a result, the volume of the cable conductor can be computed using (25):
V = nr?l (25)

where, r represents the radius of the conductor (m), and / signifies the length of the cable

conductor (m).

The volume of single power conductor is calculated to be 6.105x10*(m?). Additionally,
the volumes of the short connectors and long connectors are determined to be 1.8 x 10 (m?)

and 9 x 10 (m?), respectively.

The power (P) of cable conductors and connector in different phases could be calculated
from the output voltage (V) and current (I), which obtained from the experimental
measurements, as (26) illustrated. Figure 14 in chapter3 presents the variation of output

voltage and current from current transformer within one experimental heating cycle.
P=VxI (26)

The variations in power densities applied to the conductors and connectors during one
heating cycle are depicted in Table 18. It is important to note that, in the heating-up stage, the
power densities should ideally change over time as the temperature increases. However, for
simplifying the modelling calculations in the simulation, they were approximated as constant

values.

Table 18. Power density applied on conductors and connectors in the FVM simulation

Time 0-2h 2-8h 8-24h
Conductors 204000 W/m? 103000 W/m® 0 W/m?
Short connectors 70000 W/m? 25000 W/m? 0 W/m?
Long connectors 12000 W/m® 10000 W/m® 0 W/m?

The geometry in this model is assumed as situated in an air-filled environment, it is

necessary to consider convection heat transfer between geometry surfaces and ambient air as
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there is a temperature difference between the air (fluid) and the surface. Convection heat
transfer takes place when there exists a temperature disparity between a fluid and a surface it
passes over. Convection encompasses two types: forced convection and natural convection.
Forced convection arises when the fluid flow is induced by an external force, such as a fan or
pump. On the other hand, natural convection arises from density variations within the fluid,

which occur due to internal temperature differences, leading to fluid motion [126].

The natural convection circumstance is set up for surfaces in this model due to the fluid
flow is caused by density differences due to temperature gradients instead of external forces
like pump or fan. Newton's law of cooling, expressed in (27), is extensively employed for

analysing both forced and natural convection heat transfer.
Q = hAAT (27)

e ( represents the heat transfer rate between the fluid and the solid surface.
e A denotes the area of the surface in contact with the fluid.
e AT signifies the temperature difference between the fluid and the solid surface.

e h stands for the convective heat transfer coefficient.

It is the major work of convective heat transfer calculations to determine the value for
the heat transfer coefficient. The calculations of natural convection heat transfer coefficient
are derived from correlations of dimensionless numbers, including the Nusselt number, the
Prandtl number, the Grashof number and the Rayleigh number. The convection coefficients of
different boundaries are dependent on their shapes, directions, dimensions and temperature

differences between ambient [127].

In this model, the upper wall surface of the chamber is characterized by a horizontal
upward plate. This plane encompasses an area of 1 m? with a corresponding perimeter of 5.8
m. The average temperature of the upper wall surface is determined at 60°C through several
iterative simulations. The ambient air surrounding the chamber is assumed held at a constant

temperature of 20°C, which uniformly across all boundaries.

The surface type of chamber downward wall is the downward horizontal plate. This
surface shares equivalent dimensions in terms of area and perimeter with the upper wall. The

average temperature of the lower wall surface is established at 40°C.

The chamber's lateral surfaces are characterized by a vertical plane configuration,
possessing a height of 0.1 m. These surfaces maintain an average temperature of 50°C. The
exposed sections of the cables in the air are cylindrical in shape, with a diameter measuring

0.03 m. These cable segments exhibit a surface temperature of 70°C. Therefore, the convection
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coefficients for the boundaries shown as Table 19, which are calculated based on (27) and

validated by several iterative simulations.

Table 19. Convection coefficients of boundaries

Boundaries Convection Coefficient (W/m2-K)
Chamber upward wall surface 6
Chamber downward wall surface 2.5
Chamber side wall surfaces 5
Cable surfaces outside chamber 7.5
Short connector surfaces 8
Long connector surfaces 5

Furthermore, the skewness correction revises the mass flux correction to enhance
convergence on distorted meshes in the current simulation, with default coefficients set to 1.
Gradients are crucial for determining scalar values and velocity derivatives, the chosen
methodology utilizes a least squares cell-based gradient approach. The discretization scheme
is automatically determined. Viscous terms are second-order accurate, and second-order
upwind discretization is used for convection terms in flow equations and scalar quantities. The

transient scheme employs second-order implicit temporal discretization.

ANSYS Fluent requires the initialization of all solution variables prior to commencing
iterations. In this model, the fluid domain's velocity in all directions is initialized as 0 m/s,
signifying an assumption of no internal fluid flow within the chamber prior to cable heating.
Additionally, the initial temperature of the overall system is set at 20°C, aligning with the

experimentally measured ambient temperature.

In the calculation configuration, each time step is set at 1200s, allowing for a maximum
of 20 iterations per step. Given this setup, a total of 72 steps are executed in this simulation.
Consequently, the model effectively captures the temperature distribution and fluid flow over

a period of 24 hours, which constitutes a complete heating cycle.

4.2.5. Modelling results
4.2.5.1 Temperature distribution on cable surfaces
The initial temperature distribution on the surfaces of the cables within the chamber is
depicted in Figure 45 It is assumed that the entire system starts at an initial temperature of

20°C. The positions of each cable are also indicated on Figure 45 for reference.
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Figure 45. Temperature distribution on cable outer surfaces in the chamber (initial state) and
locations of each cable

During the initial two-hour period within one heating cycle, a high-power density is
applied to the cable conductors. Consequently, the temperature across the experimental system
experiences a rapid increase. Figure 46 depicts the temperature distribution on the cable
surfaces at the first hour of this phase. The cable surfaces exhibit a non-uniform temperature
distribution along their respective lengths. The highest temperature, reaching 75.3°C, is
observed at the middle sections of each cable, while temperatures diminish towards the cable
ends due to their proximity to the chamber walls. The temperature difference among the
surfaces of each cable, as shown in the figure, are relatively slight. Specifically, the

temperatures of Cable 1 and Cable 4 are marginally lower compared to Cable 2 and Cable 3.
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Figure 46. Temperature distribution on the cable outer surfaces in the chamber (1h)
At 2h, Figure 47 illustrates the temperature distribution on the surfaces of the cables. The
highest temperature observed on the cable surfaces is approximately 100.5°C, located at the

middle sections of the upper surface of Cables 2 and 3. The ends of Cables 1 and 4 register the
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lowest temperatures, at around 80°C. For each individual cable, the temperature distribution
along its length reveals significantly lower temperatures at both ends compared to the middle

section.

At this 2h, the temperature difference between each cable becomes more pronounced than
it was at the 1h. Cables 2 and 3 exhibit longer zones of elevated temperature compared to
Cables 1 and 4. Furthermore, the upper surfaces of each cable record higher temperatures than
their respective lower surfaces, attributed to natural convection within the chamber causing

warmer air to accumulate in the upper regions.
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Figure 47. Temperature distribution on the cable outer surface in the chamber (2h)

During the 3 to 8h interval, the system enters a temperature stability phase within a single
heating cycle. Here, the power density applied to the conductors is reduced to a lower value,
effectively stabilizing the maximum temperature on the cable surfaces at approximately 100°C.
Figure 48 illustrates the temperature distribution on the cable surfaces at the 8h. The air within
the chamber undergoes heating due to the cables. While the temperature differences among

the cables are slightly smaller than at 2h, they remain greater than those observed at 1h.

To facilitate a direct comparison between the experimentally measured temperatures and
those simulated, Figure 48 depicts five lines traversing the upper surfaces of the cables. These
lines serve as sampling points to capture the temperature variations along the length of each
cable at different points in time. Importantly, the placement of each sampling line aligns

precisely with the locations designated for experimental temperature measurements.
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Figure 48. Temperature distribution on the cable outer surfaces in the chamber (8h), with
Sampling lines for cable surface temperature at specific points

4.2.5.2 The comparison of temperature sampled from experiment and
simulation

The temperature comparison between experimental and simulated data for each cable is
presented in Figures 49 to 52. Specifically, temperature data collected from Cable 1 along Line
1 is denoted as "Cablel 1", while data from Cable 2 along Line 3 is labelled as "Cable2 3". In
each figure, the left-hand graph represents the temperature data obtained from experimental
measurements, while the right-hand graph describes the corresponding temperature data

derived from simulation results.

The temperature distributions obtained from both the simulation and experiment exhibit
congruence. Across all cables within the chamber, Location 3 consistently registers a higher
temperature compared to other positions. Moreover, Location 2 and Location 4 demonstrate
closely aligned temperatures, both of which higher than the temperatures observed at Location

1 and Location 5.

Furthermore, the maximum temperature recorded on the surfaces of Cable 1 and Cable 4
during a heating cycle is lower than that of Cable 2 and Cable 3. This difference emphasizes

variations in temperature profiles across the different cables.

The temperature trends observed at all locations throughout a heating cycle, as derived
from both the simulation and experiment, exhibit a strong degree of correspondence.
Specifically, he maximum temperatures on the cable surfaces escalate from 20°C to
approximately 100°C within the initial 2 h. Subsequently, during the 3 to 8h interval, the
maximum temperatures remain stabilized. Thereafter, temperatures on the cable surfaces

progressively decline from their peak values back down to ambient room temperature between
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the 9 to 24 h. This observed pattern reflects the dynamic thermal behaviour of the system over

the course of a complete heating cycle.

The relatively noteworthy difference between the experimental measurements and

simulation results primarily arises between the 2 to 3 h. In the simulation, the temperature

remains constant, whereas in the experimental data, there is an initial slight decrease followed

by a rapid return to the maximum value over a brief period. This discrepancy suggests a

nuanced thermal response within the system during this specific time frame, which is not fully

replicated by the simulation model.
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Figure 49. Comparison of cablel temperature sampled from the simulation and experiment
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Figure 50. Comparison of cable2 temperature sampled from the simulation and experiment
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Figure 51. Comparison of cable3 temperature sampled from the simulation and experiment
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Figure 52. Comparison of cable4 temperature sampled from the simulation and experiment

4.2.5.3 Temperature distribution on cross-section at high-temperature
phase

To facilitate the observation of temperature distributions across the cross-section of the
model and cables, two planes perpendicular to the length direction of the cables have been
generated. Figure 53 provides an illustration of the plane locations. Plane 1 is positioned at the
midpoint of the chamber model, whereas Plane 2 is situated closer to the side wall of the

chamber model. These planes enable a comprehensive view of temperature profiles within the

chamber.
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Figure 53. Temperature distribution on the cable outer surfaces in the chamber (3h), with
location of planes for presenting the temperature distribution on specific cross-sections

At the high temperature phase, Figure 54 illustrates the temperature distribution across
the cross-section of the chamber model at its central location (planel). Evidently, natural air
convection within the chamber is discernible from the temperature distribution within the fluid
domain. Higher temperature air, being of lower density, ascends to the upper region of the

chamber under the influence of gravity.

Obvious temperature gradients are observed within the cable models. Cables 2 and 3
exhibit larger areas of elevated temperature compared to Cables 1 and 4 in the cross-section.
Within each individual cable model, the cable core attains the highest temperature within the
cross-section, while temperatures progressively decrease towards locations nearer to the cable

surface
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Figure 54. Cross-section temperature distribution on plane 1 (high temperature phase)
Figure 55 offers detailed, magnified views of the temperature distribution across the
cross-section of each cable on Plane 1 at the 3h. Additionally, accompanying charts illustrate
temperature profiles along the insulations of the cables. On the figure, surfaces of cable
insulations in contact with the conductor and metal sheath are denoted by blue points.
Corresponding locations on the temperature charts are identified by red points and are
indicated by arrows for reference. This visual aid aids in comprehending the temperature

variations within the cable structures.

The presented data in Figure 55 illustrates obvious temperature gradients across the cross-
sections of the respective cables. Specifically, for cable 1, the insulation exhibits a gradient
ranging from 102.4°C to 99.6°C. In the case of cable 2, this range extends from 105.2°C to
102.4°C, while for cable 3, the gradient spans from 105.4°C to 102.4°C. Similarly, for cable
4, the insulation temperature gradient is observed from 102.6°C to 99.7°C. It is evident that
all cables exhibit an approximate 3°C temperature differential from the inner to the outer
surface of the insulation. Although the radial temperature difference in the cable insulation is
small in this case and may not significantly affect the aging rate, the simulation demonstrates
that radial temperature variations do exist. These differences in temperature could potentially

impact aging rates in other cables under different conditions or at different voltage levels.
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Figure 55. Cross-section temperature distribution on plane 1 for (a) cablel; (b) cable2; (c)
cable3 and (d) cable4 and temperature across depth of cable insulations (high
temperature phase)

Figure 56 illustrates the temperature distribution across the cross-section of plane 2,
which is in close proximity to the chamber's side wall. The temperature legends on the left-
hand side of the Figure 54 and 56 indicate that the maximum temperature on plane 2 is lower
than that on the plane 1. Additionally, this figures allow for the assessment of temperature

gradients within the fluid domain, between cables, and within each individual cable. For a
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more detailed view of the cross-sections of each cable on plane 2, refer to the magnified images

presented in Figure 57.
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Figure 56. Cross-section temperature distribution on plane2 (high temperature phase)

114



(@ (b)

(© (d)

Figure 57. Cross-section temperature distribution on plane 2 for (a) cablel; (b) cable2; (¢)
cable3 and (d) cable4;

4.2.5.4 Temperature distribution on insulation surfaces along with
length

Figure 58 shows the temperature distribution across the outer upper surfaces of the cables'
insulation along their respective lengths at the 8h. The temperature distributions of Cable 2
and Cable 3 have a significant overlap, with temperatures ranging from 103°C to 79°C. In
contrast, the temperature distributions of Cable 1 and Cable 4 show slight difference.
Specifically, Cable 4 registers marginally higher temperatures than Cable 1. This distribution
is attributed to the natural air convection occurring within the chamber, resulting in an
asymmetric temperature distribution. Consequently, the temperature range for Cable 1 and
Cable 4 spans from 101°C to 77°C.
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Figure 58. Temperature on cable insulation outer surfaces across cable length (high
temperature phase)

Figure 59 provides a representation of the temperature distribution along the inner upper
surfaces of the cables' insulation, encompassing their respective lengths at the 8h mark. Much
like the outer upper surface, the temperature distributions of Cable 2 and Cable 3 exhibit a
significant degree of overlap, with temperatures ranging from 106°C to 80°C. In parallel, the
temperature distributions of Cable 1 and Cable 4 mirror their outer upper surface counterparts,

with temperatures spanning from 104°C to 78°C.
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Figure 59. Temperature on cable insulation inner surface across cable length (high
temperature phase)

4.2.5.5 Temperature distribution for integrity model
Figure 60 displays the temperature distribution within the integrity model at the 8h. The
surfaces of the cables outside the chamber exhibit significantly lower temperatures compared
to the inner parts. Additionally, Figure 60 presents the temperature distribution on the
connectors. It is observed that short connectors register higher temperatures than their longer

counterparts, which can be attributed to their higher power density.

Figure 60. Temperature distribution for integrity model (high temperature phase)

117



4.3. ANN modelling

The temperature profiles along the cable structure, particularly between meshed points,
cannot be directly determined from the FVM simulation results because FVM only provides
temperature values at discrete locations, such as mesh nodes or control volume centers. To
obtain the continuous temperature distribution between these points, interpolation is required.
The accuracy of this interpolation depends on factors such as mesh density, the complexity of
the temperature field, and the specific interpolation methods used. Consequently, the
temperature profiles obtained at this stage may lack the precision necessary for accurately
predicting cable insulation aging conditions. The presence of natural air convection within the
chamber further complicates the correlation between specific points on the cable and their
corresponding temperatures, making it inherently non-linear and complex. Unlike traditional
interpolation techniques, Artificial Neural Networks (ANNs) offer greater computational
power and efficiency, potentially providing more accurate temperature profiles of cable

insulation at any designated position.

The temperature profiles obtained from the FVM lack the requisite accuracy for
predicting cable insulation ageing conditions effectively. To enhance the precision of
temperature estimation at various positions within the power cable, facilitating the
development of a more accurate ageing model that accounts for temperature variations across
different positions, a Bayesian regularization-backpropagation Neural Network is utilized to
predict the temperature profile at any given position within the cable insulation. This

prediction is based on the data obtained from ANSY'S simulation results.

ANN is a powerful data analysis algorithm with high consistency, parallel processing,
adaptability, and the ability to handle fuzzy data. Simulating the human brain's neural network,
ANN has garnered interest for its knowledge acquisition and inference capabilities [129]-[131].
The Bayesian Regularization-Backpropagation Neural Network (BR-BPNN) integrates
Bayesian regularization with Backpropagation Neural Network to tackle overfitting and

uncertainty estimation challenges.

Bayesian regularization is a technique that applies principles from Bayesian statistics to
the training of neural networks. The core idea is to introduce a regularization term in the
training process, which penalizes overly complex models. This helps the network to generalize

better to new, unseen data rather than just memorizing the training data (overfitting) [132].
Back-propagation is a standard algorithm used to train neural networks. It works by:

e Forward Pass: Calculating the output of the network for a given input by passing
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it through the network layers.

»  Error Calculation: Comparing the output to the desired target and calculating the
error (usually using a loss function like Mean Squared Error).

» Backward Pass: Propagating this error backward through the network to update
the weights using gradient descent. This is where the network learns by adjusting

weights to minimize the error.

The standard objective function (F shown as Equation (28)) is modified by adding a
regularization term that represents the complexity of the model, often measured by the sum of

the squares of the network weights.
where:

e Ej is the sum of squared errors on the training data, more detailed discussion of
sum of squared errors would be given in section 4.3.2.

e Ey, is the sum of squared weights (the regularization term).

e aand f are parameters that control the trade-off between minimizing the error

and minimizing the complexity.

In Bayesian regularization, the weights are treated as random variables with prior
distributions. The regularization term can be interpreted as a prior probability distribution over
the network weights, favouring smaller (and thus simpler) weights. The training process seeks
to maximize the posterior distribution of the weights given the data, which corresponds to
finding the most probable model given the data. Unlike other regularization techniques where
regularization parameters need to be manually selected, Bayesian regularization can
automatically adjust the regularization parameters (a and ) during training. This is done
using a technique called the evidence framework, where the parameters are adjusted to
maximize the evidence for the model given the data. The weights are updated using a modified
version of back-propagation that incorporates the regularization terms. The error gradients are
adjusted by the regularization term, guiding the optimization process to avoid overly complex
models. This approach enhances model generalization and offers probabilistic interpretations

of predictions, supporting informed decision-making in uncertain environments [133].

4.3.1. Construction and Training of ANN
The process of constructing the temperature estimation ANN model is outlined in Figure
61. The initial step involves the implementation of a thermal field simulation for the power

cables within the experimental system, as detailed in section 4.2 using the FVM model.
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Subsequently, the temperature profile is extracted from the FVM simulation results. In the
second stage, this collected data undergoes pre-processing in MATLAB. Here, the temperature
profile (T) is transformed from its original Cartesian coordinate system (X, y, z) to a cylindrical
coordinate system (t, 0, 1) for each individual cable. In this context, 'r' denotes the radius from
the cable centre (m), '0' represents the angle (°C), 'l' signifies the position along the length of

the cable axis (m), and '"T' stands for temperature (K).

Model the thermal
field of cables in the

experiment

Extract temperature
profiles

|

Data pre-processing
in MATLAB

l

Train ANN using
processed data

Evaluate
ANN model
performance

Bad Adjust model
parameters

Application of ANN
model

Figure 61. Flow chart of constructing a temperature estimation ANN

The pre-processed data is divided into three different groups: the first is the training data
employed to train the constructed ANN model utilizing a selected training function, the second
serves to validate the model, and the final group is designated for testing the model. Training
data consists of input-output pairs where the input is fed into the network (, 0, 1 in this model)
and the output is what the network is expected to predict (T in this model). The “train” process
refers to the procedure where the ANN learns from the training data. During this process, the
model repeatedly processes the training data, adjusts its weights and biases based on the error
between the predicted and actual outputs, and gradually improves its accuracy. The efficacy of
the ANN model is assessed through various parameters, which serve to ascertain its suitability

in accurately estimating temperature profiles for power cables within the experimental setup.

Figure 62 displays the temperature profiles of the insulation layers for the four power
cables, extracted from the FVM simulation results in the Cartesian coordinate system. The

colour bar corresponds to temperature values in K, aiding in the establishment of models for
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power cable lifetime estimation and IR degradation using the Arrhenius Model. The origin
point of the Cartesian coordinate system is situated at the midpoint of Cable 1's axis, and the

respective cable locations are indicated in Figure 62.

Cable insulation temperature profiles extracted from ANSYS simulation

4375

1 s P
4 370
0.5 .

2 365
0.5 <
360
5 '
s ' ' Cable4 355
iy ' Cable3 R
01 Ny Cable2 P e VN '
0 \\Cablel »»(,,»»»/”(;ﬁ\ 0.2 .
0.1 /\‘\) S 0 _
y 02 S 0
-0.1 X

Figure 62. Original temperature profiles of cable insulations in Cartesian coordinate system
Figure 63 presents the temperature profile of the insulation layers of the cables, derived
from the FVM simulation results in the cylindrical coordinate system. Here, the length axis
aligns with the z axis of the Cartesian coordinate system. Notably, there are numerous positions
devoid of temperature profiles. The distribution of data along the length and angle axes
exhibits uniformity. However, on the radius axis, the inner surface (7.5mm) of the cable
insulation displays more detailed temperature profiles compared to the outer surface (11.5mm).
Additionally, temperature data is concentrated within the range of 8.5mm to 9.5mm within the

interior of cables’ insulation bulk.
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Figure 63. Original temperature profile of cables insulation in cylindrical coordinate system

The MATLAB neural network toolbox is employed to construct the ANN model. The
architecture of this model is illustrated in Figure 64, comprising three layers: an input layer, a
hidden layer with 10 neurons, and an output layer. The input layer handles independent
variables which are then forwarded to the hidden layer for processing. Within the hidden layer,
an activation function is applied, calculating the weights of the variables to assess their impact
on the target variables. The prediction results are obtained within an acceptable error criterion,

and the prediction process is finalized in the output layer [134].

Following the data pre-processing, the data location profile (r, 0, 1) will serve as the three

input variables for the ANN, while the temperature profile (T) will be the output of the ANN.
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Figure 64. Architecture of ANN with 3 layers

Seventy percent of the processed data obtained from the simulation will be allocated for

training the ANN. Fifteen percent of the processed data will be designated for validation, and

the remaining fifteen percent will be reserved for testing.

4.3.2. Performance of ANN

The Mean Square Error (MSE) serves as a metric to assess the predicted error rate of the
proposed ANN model. Additionally, the Pearson correlation coefficient (R) is employed to
gauge the model's performance. R is a crucial indicator in regression analysis, signifying the

correlation between the predicted results and the target outputs, as expressed in (29)[135].

N et j—
Yiz1(T0,i=To) (Tt,i—T¢)

R - \/Z{\Ll(ro'i_%)z 2:§\1:1(7't,i_7715)2

(29)

where, N is the number of samples, 1y is the actual value and 7y, is the average actual value,
r is the predicted value and 7; is the average predicted value. The range of R is between -1 and

1, while with an absolute value of R closer to 1, the better the prediction model performs[136].

The ANN models undergo training for a total of 1000 iterations. The respective
performance evaluations of the ANN models for estimating the temperature profiles of each

power cable's insulation are detailed in the Table 20 provided below.

Table 20. Performance of ANN model for each cable insulation

ANN model for cables Minimum MSE value Pearson cor-relatlon
coefficient
Cable 1 0.0074971 0.99989
Cable 2 0.0080702 0.99989
Cable 3 0.0086543 0.99988
Cable 4 0.0092131 0.99988

Additional comprehensive information regarding the ANN models is available in the

Appendix E. This encompasses:
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1. Detailed data pertaining to MSE values of the ANN models, showcasing the
fluctuations across training epochs for each power cable insulation.
2. Regression values (R) for both training and test data of the ANN models.

3. Error histograms illustrating the performance of the ANN models.

4.3.3. Application of ANN

The temperature profiles of all cable insulations, extracted from the FVM simulation
results, are displayed in Figure 62 using the Cartesian coordinate system. However, it can be
challenging to discern instances where cable temperature profiles are absent at specific points
in this coordinate system. To address this, Figure 63 presents the temperature profiles of each
cable insulation from the FVM simulation in the cylindrical coordinate system. Notably,
numerous points, particularly in the radius dimension, lack calculated temperature values. This
is primarily due to the fact that the simulation results only provide temperature profiles at the

meshed nodes.

To fill in these gaps, developed ANN models for each cable insulation are employed to
estimate temperature profiles at locations where data was not available from the FVM
simulation results. Figure 65 provides examples of temperature profiles for each cable
insulation, predicted by the ANN models in the cylindrical-coordinate system. This dataset
comprises a total of 377,118 samples, with 41 samples on the angle axis, 73 samples on the
radius axis, and 126 samples on the length axis, serving as the input location variables for the

ANN models.
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Figure 65. Example of ANN model estimates temperature profiles of the insulation of (a)
cablel; (b) cable2; (c¢) cable3 and (d) cable4 in cylindrical coordinate system

In the context of accelerated ageing of power cables within an enclosed chamber filled
with air, this study demonstrates that employing an ANN enables prediction of temperature
profiles across all positions in the power cable. By doing so, the ANN introduces a more
detailed analytical model capable of extracting temperature data at any given cable position.
This enhancement is poised to significantly augment future effective cable bulk ageing

calculations for similar scenarios in a following chapter.

4.4. Conclusion

In order to obtain a more comprehensive understanding of the spatial temperature profiles
of cables under the experimental conditions outlined in chapter 3, with the aim of constructing
a more reliable lifetime estimation model and thermal degradation model for cables subjected

to thermal ageing, two models are developed in this chapter: a FVM model and an ANN model.

In the FVM simulation, the cable model is comprised of four layers: conductor, insulation,
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metal shield, and outer sheath. There are four cables are connected in series via connectors
within the model and positioned within a chamber filled with air. Details regarding the

meshing results for each component of the model are also provided in section 4.2.2.

The temperature distribution on the cable surfaces and conductor surface obtained from
the FVM simulation within a thermal ageing cycle closely aligns with the measurements from
the experiment, indicating a high degree of correspondence. Additionally, the FVM model
allows for an assessment of the temperature distribution across the cross-sections of the cables
at various lengths. Notably, there is an approximate 3°C difference between the inner and outer
surfaces of the cable insulations at the middle length position. This insight provides valuable

data for understanding the thermal behaviour of the cables during the ageing process.

The FVM simulation results do not directly provide temperature profiles along the cable
structure, especially between meshed points. To address this, a 3-layer ANN model was
devised to estimate a more detailed spatial temperature profile of the cable insulation. Through
this ANN model, the temperature at any position within the cable insulation under these
experimental conditions could be estimated. Furthermore, this combined FVM and ANN
modelling approach holds promise for achieving a more precise evaluation of temperatures at
specific locations within the cable under varying operating conditions. This integrated

approach enhances the accuracy and comprehensiveness of temperature assessments.

By employing the methodology elucidated in this chapter, a comprehensive temperature
profile of cable insulation under the experimental conditions outlined in chapter 3 has been
generated. This temperature distribution will be utilized in the subsequent chapter to formulate
a degradation model for cable IR. Furthermore, the method for acquiring temperature
distribution profiles holds significant applicability in predicting cable degradation across

various contexts.
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Chapter S. IR degradation models of power cable
under thermal ageing

5.1. Introduction

As investigated in section 2.3, thermal ageing stands as one of primary ageing
mechanisms of power cables. The influence of temperature on the chemical reaction rate, as
illustrated by the Arrhenius model, is significant. Over time, the performance of power cable
insulation deteriorates due to thermal ageing. This degradation causes potential safety
concerns for operators of power systems and increases maintenance and replacement costs for
cables. In aiding preventative maintenance efforts, estimating the performance and remaining

lifetime of cables proves valuable.

The predication of a good electrical cable insulation condition is inherently associated
with a heightened resistance to electric current flow. Insulation Resistance (IR) testing is a
widely acknowledged condition monitoring technique, extensively employed to assess the
electrical state of power cable insulation, as elaborated in section 2.4. In various studies
addressing power cable ageing, emphasis has been placed on the degradation of IR throughout
the ageing processes[64]-[67]. For instance, in [67], it was observed that the resistivity of the
tested power cable insulation decreased significantly, by several hundred times, from its initial

IR value over 5000 hours, under 80 and 100°C ageing temperatures.

A significant challenge in understanding the dielectric insulation condition lies in
developing a quantitative approach to assess insulation degradation over time. A dichotomy
model is originally proposed by Chang et.al. to predict IR of rectangular (unit cube) insulation
bulk [114][137]. It regards an entire insulation specimen cube as a combination of multiple
small sub-cubes and divides them into degraded and non-degraded sub-cubes which possess
disparate resistivity. The volume ratio of the two parts is estimated from thermal ageing
temperature and duration. based on which the positions of degraded sub-cubes within the
specimen are randomly sampled to evaluate the overall IR. According to the original
dichotomy model, the electrical resistance degradation trend of the XLPE material under

thermal ageing can be classified into three phases, as shown in Figure 66 [114].

e Phase 1: IR gradually decreases from an initial resistance value R since thermal

ageing conditions are applied on insulation till a time tg;

e Transition phase: IR significantly decreases within a short period from t; to ts, due

to the percolation phenomenon occurring in the insulation bulk.
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Phase 2: After t;, the IR gradually approaches toward a completely degraded

resistance constant R ;.
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Figure 66. Temperature-dependent IR degradation of XLPE materials under thermal ageing
[114]

The transition phase of Dichotomy IR degradation model as a result of taking place of
percolation phenomena in the insulation bulk as Figure 67 shown. In the initial stage,
insulation material without degraded parts as the Figure 67 (a) shown. The degraded parts
represented by blue circles, where the electrical resistivity is much lower than that of the non-
degraded portion, are gradually generated and randomly distributed within the insulation bulk
with the ageing time increasing performed by (b) and (c) in the Figure 67. As discussed in
section 2.4.2, the mechanism of this stage is that defects or contamination gradually appear
inside the insulation with the aging process progresses. Due to the resistivity of degraded parts
is much smaller than the non-degraded parts, when the volume of degraded parts reaches a

certain ratio over the total volume of insulation bulk, a percolation path would be formulated
at a time t; for a current flow through the insulation via an easy path as voltage is applied on

cable conductor, as presented by Figure 67 (d). A time t; here is the starting time of transition
phase.
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Figure 67. Demonstration of the percolation phenomenon developing process
Despite the original dichotomy model is able to describe the long-term decline of IR over
thermal ageing time, it assumes that the insulation is uniform in ageing temperature and
chooses the degraded sub-cubes in a random way. The contribution of this research is to extend
the original dichotomy model by simulating different degradation degrees between insulation
layers under radial temperature gradients and additionally propose a discretization model that
simulates the degradation of individual insulation segments given a non-uniform temperature

distribution.

In addition, the developed IR degradation models adapt the original unit cube insulation
model to a cylindrical insulation model in order to reflect a practical cable insulation. FVM
and ANN models are jointly employed to simulate the temperature distribution of cable
insulation, which is then incorporated into the enhanced dichotomy model or the novel
discretization model to evaluate IR degradation during Phase 1 in Figure 65. In order to
perform a comparison not only between the dichotomy and discretization models but also
between the uses of different temperature profiles, four IR degradation models are developed

in this work:

e adichotomy model with uniform temperature distribution
+  adichotomy model with radial temperature gradients

» adiscretization model with uniform temperature distribution
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» adiscretization model with non-uniform temperature distribution

These models help investigate the influences of model methodologies and temperature
profiles on the IR degradation simulation of power cables under thermal ageing. In addition,
different segment sizes and degradation rates are applied to examine their effects on the IR

degradation simulation.

The chapter 5 is structured as follows: section 5.2 describes the IR degradation model
development and the temperature profile simulation under thermal ageing conditions; section
5.3 presents the application and comparison of the four IR degradation models; section 5.4
discusses the effects of segment sizes and degradation rates on IR simulation results; and

section 5.5 presents conclusions and recommendations for further work.

5.2. IR degradation models

Based on the discretization methodologies [138], a sample of extruded power cable
insulation can be conceptualized as a cylindrical volume made up of a substantial number of
small volume segments in the dimensions of radius, angle, and length, as illustrated in Figure
68, where the inner radius, the outer radius and length of the cable insulation model are denoted

by x, X and L, respectively, all in meters.

Figure 68. Model of cable insulation divided into elements
The position of the centre point of each segment is represented in a cylindrical coordinate

system using the format (x;, ¢@;, li) , as shown in Figure 69, where x; denotes the radial

position (m) of an segment, ¢; signifies the segment's angular position (arc degree), and [
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represents the position (meter) of the segment along the longitudinal dimension.

Cable central axis

Figure 69. Shape and location of a segment in the cable insulation model
Denoting radial, angular and longitudinal sizes of each segment by Ax, Ap and Al
respectively, the resulting numbers of segments along radial, angular and longitudinal
dimensions are equal to M = (X — x)/Ax, N = 360°/A¢ and P = L/Al respectively. The

total number of segments in the cable insulation model is then equal to Ny = M X N X P.

The volume of a segment in the cable insulation model is dependent on its position along
the radial axis. The segments located at the outer insulation layers have larger volumes than
those closer to the inner insulation layers. The electrical resistance of any insulation material
not only depends on its material resistivity (p in Q-m) but also on shape and volume [139].
The integral formula of electrical resistance (R) for variable cross-section resistors with

parallel curved terminals can be formulated by (30) [140]:

_ 1 I )
Ay fll (1+ry (1=1)) (A +x5(A-1) (30)

where [; or [, is the arc-length parameter of each terminal measured through its surface
normal (l, >1;), and A(l;) represents the cross-section area located at l;, p(l) is the
resistivity of the segment. The specific signed principal curvature values of k7 and x_ for the

cylindrical segment terminals are taken as 1 and 0 respectively.

It is assumed that the electric current flows through individual segments along the radial
axis with a uniform density (i.e., radially from core conductor to any surrounding outer ground
sheath) shown as the red arrow in the Figure 69. For each segment, the current flows through
two parallel curved surfaces that have unequal cross-section areas. In addition, the material
electrical resistivity is assumed to be uniform within an individual insulation segment given

its sufficiently small volume.
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The evaluation of the resistance of a given geometry can be determined using (30). The
electrical resistance of a homogeneous material with parallel curved ends of cylindrical
curvature, for which the electrical terminals are placed at radii x; and x, (x; > x1),

respectively is given by (31):

R=—L—In(1+ko(x, —x1)) (31)

T KoxA(xq)

where kg is the signed principal curvature of the surface located at x; with area A(x,).

Radii x; and x, of a segment could be expressed by its location x; as follow:
X1 =X;—— 32)
X, =X +— (33)

The values of k, and A(x;) are represented by (34) and (35) respectively when the

geometry of the conductive path terminals are cylindrical surfaces.
ko == (34)
A(xy) = Ap X Al X x4 (35)

The material electrical resistivity is assumed to be uniform within an individual insulation
segment given its sufficient small volumes. For the segment located at (x;, @, ), where i =
1,2.M;j =12 ..N; k =12 .. P, with resistivity p(x;, ¢j, li), based on (31), its

resistance R, (x;, ¢;, l;) can be formulated by (36).

Ax
x,+7

P(xi@jili)
Re(xi, 0j, L) = A(ijlk 1“( Ax) (36)

Ximy

It may be observed from (36) that the resistance of each individual segment in the cable
insulation model is dependent on segments size (Ax, A and Al), location of segment in radial
axis (x;), and specified resistivity p of segment located at (x;, ¢, l), which is the center

point of individual segment as illustrated in Figure 69.

The resistances of all the insulation segments are converted into the total resistance of
the power cable insulation based on the equivalent resistance model for a DC circuit. The

calculation of cable total IR could be generally divided into 3 steps.

Firstly, determining the series resistance of all the segments along an individual radial

column at fixed angular and longitudinal locations i.e. R.(@j, lx) in (37), making the

insulation model have resistances of N X P columns as Figure 70 performed.
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Re(@j, 1) = XY Re(xi, 9, 1) (37)

Figure 70. . Segments in individual column
Then, the total resistance of all columns within each individual plane R, (l)) at every
fixed longitudinal location shown as Figure 71. It can be calculated by parallel connection of

all column resistances R.( ¢j, l;) on the same length axis represented in (38).

1

Ry(l) = —

1
j=1 [Z;zllw Re(xi,tﬂj,lk)]

(3%)

Figure 71. Segments in individual plane

Finally, the total resistance R; of cable insulation model shown as Figure 72, is calculated

by the parallel connection of all plane resistance Ry, (l) as represented in (39).

1

Rt_

= Zk:,,{ZFN[‘;]} (39)
k=1|4j=1 Z%zMRe(xi,lpj,lk)

133



Figure 72. All segments within a power cable insulation model
The resistivity p estimation for individual insulation segments by the four different IR

models is detailed in the following subsections, respectively.

5.2.1. Dichotomy model with uniform temperature distribution
The Dichotomy models categorize insulation segments into two types: virtually degraded
and non-degraded segments which are assumed to have resistivity values of p, and pg,

respectively. The value of p; is considered to be much greater than the value of pg.

According to (36), the resistances of virtually non-degraded and degraded segments
(denoted by Ry and R, respectively) are formulated by (40) and (41) respectively:

Ax
Ro(xi, 9, 1) = 2 loge (22 ), (xiv ), L) # (i @ ) (40)
o\Xi, Pj, Lk A@AL Ge x| 0 Pjrlk UPmrtn

L2

P
Ra(at, o, 1) = 35 10ge (—_) (i, 95, 1) # (6 P L) (41)
2

When the ageing temperature distribution is uniform within the cable insulation and also
within individual segments, the number of degraded segments N; which are randomly
sampled within the insulation model depends on the total number of segments N; and the

degradation volume ratio Vg, i.e., Ny = Ny X V3.

Assuming that the degradation rate does not change with ageing time, the value of V4
could be determined based on the cumulative distribution function (CDF) of an exponential

distribution in terms of the ageing time ¢ [141]:
Va(t) =1 — e 4Dt (42)

where A(T) (in 1/h) is the degradation rate of the insulation material which is a function of the
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ageing temperature T depending on material properties. It must be emphasized that A(T) here
is obtained from the IR decay tendency rather than the measurement of chemical reaction.
Considering that the degradation of cable insulation is thermally activated in this work, A(T)

is presumed to follow the Arrhenius model [137] as formulated by (43).

AT) = 20" exp (%) (43)

where A, is a constant (1/h) obtained from experimental data, kg is the Boltzmann constant of
1.38 x102 J/K, T is in absolute temperature (K), and E,is IR thermal degradation activation

energy (J) of insulation material.

The degradation volume ratio and the number of degraded segments in the model at

different temperature can then be calculated by (44) and (45) respectively:

~oexp Gt

Va(t,T)=1—e (44)

Ng(t,T) = Ny - Vyu(t,T) (45)

Since this model assumes a uniform temperature distribution for cable insulation, the
degraded segments accompanying their resistivity p; are randomly placed within the
insulation structure for the Phase 1 of insulation thermal degradation. Hot spot temperature of

a cable insulation is applied to model bulk to predict IR degradation rate.

The resistance of each individual element contingent to the location of the segment in
radial axis (x;), segments type (degraded or non-degraded), size of segment, degraded
resistivity p; and non-degraded resistivity pg of insulation material which could be obtained
from experimental data. A flowchart showing the IR estimation by the Dichotomy model with

uniform temperature is presented in Figure 73.
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Figure 73. IR estimation process of a Dichotomy model with uniform temperature

5.2.2. Dichotomy model with radial temperature gradients
The temperature gradients along cable radius are created by the propagation of resistive
heating from core conductors through insulation layers. On the radial axis, outer insulation
layers closer to the ambient environment and further away from core conductors have lower
temperatures than inner insulation layers, as shown in Figure 74. The introduction of insulation
temperature gradients into the dichotomy model will produce more reliable IR estimation

results when power cables are carrying currents.

Low temperature

High temperature

Outer surface

Inner surface

Figure 74. Schematic of insulation temperature gradients along cable radius
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According to the Arrhenius Model [141], the radial temperature gradients will result in
the inner insulation layers having higher degradation ratios than outer insulation layers. Given
that the temperature of the ith individual insulation layer (i = 1, ..., M) along the radial axis

is fixed at T;, the degradation ratio V;(;) and the number of degraded segments Ny ;) of the ith

layer at ageing time t can be calculated by (46) and (47), respectively:

)]t

E
—[1p-ex a
[0 exp( T;

Vd(i) =1-—e kg (46)

Ngcy = Neoy " Vagy 47)

where Ny(;) denotes the total number of segments in the ith layer equaling (N X P). Since the
model assumes a constant temperature for each individual layer, the locations of the

Ny virtually degraded segments accompanying their resistivity pg within each layer are
randomly and uniformly selected for that layer based on the related degradation ratio Vg ;).

The IR estimation process of the Dichotomy model with radial temperature gradients is shown

in Figure 75.
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Figure 75. IR estimation process of a Dichotomy model with radial temperature gradients

137



5.2.3. Discretization model with uniform temperature
distribution

Compared with the Dichotomy model which differentiates the segment resistivity
between non-degraded p, and degraded pgq only, the Discretization model proposed here
simulates the resistivity of individual segments by a function of thermal ageing time t and
ageing temperature T. Assuming that insulation segments have consistent temperature, their

resistivity is modelled to exponentially decline with t at the same degradation rate:
p(t,T) = po - e~ M1t (48)

where A(T) is the temperature-dependent resistivity degradation rate which complies with the
Arrhenius model as formulated by (48). The resistance of each segment is then calculated by
(49) based on its location along radius axis, segment dimensions and p(t, T). The process of

IR estimation by the Discretization model with uniform temperature is described in Figure 76.

Ax
(t,T) Xit—-
Re(xi, @jy s t) = _Zwm ln( A2x> (49)

Xi—7

Ageing
temperature T

Degradation
rate M(T)

Initial resistivity Resistivity p(T, t)
po of material of all segments
A

Segments Resistance of all
size segments

Total IR

Figure 76. IR estimation process of the Discretization model with uniform temperature

5.2.4. Discretization model with non-uniform temperature
distribution

As was noted in Section 5.2.2, the temperature distribution of power cable insulation is

generally non-uniform along its radial axis. The cable temperature will also vary longitudinally

along the cable especially when it spans a long distance with various ambient environment

such as solar irradiation, wind velocity and soil moisture content [142]. The non-uniform
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temperature along multiple dimensions would cause thermal ageing rates to vary with the
positions within cable insulation. Given the temperature T’ of a particular insulation segment
locating at (ri, ®j, lk), its resistivity and resulting resistance at t can be calculated by (50) and
(51), respectively. A flowchart describing the IR estimation by the discretization model with a

non-uniform temperature distribution is shown in Figure 77.

p(xi 0jy i t,T') = po - e ACU0s T (50)
Ax
, p(xi,0 L, t,T’ Xit+—-

R(ri ), b t.T') = ( A;Akl n <x_é) Gh
to2
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Figure 77. IR estimation process of a Discretization model with non-uniform temperature

5.3. Application of IR Degradation Models

5.3.1. Degradation model parameters estimation

The parameters of the four IR degradation models are estimated here by fitting them to
the experimental data of XLPE insulation subjected to thermal degradation which is referenced
from the research of Mecheri et al [24]. There are four temperature levels ranging from 80°C
to 140°C are used to perform thermal ageing on XLPE insulation samples. The volume
resistivity of samples variation during the thermal ageing process are measured by Megger
with DC voltage at 0.5kV. As shown in Figure 78, the resistivity of XLPE insulation generally
declines with the thermal ageing time, with the decline pattern being affected by the ageing

temperature. To construct functions between model parameters and ageing temperature, the
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resistivity degradation rates, non-degraded resistivities and degraded resistivities of the XLPE

material at various temperatures will be extracted from the results of reference research.

10UVolume resistivity of XLPE variation with ageing time
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Figure 78. Variation of XLPE volume resistivity with ageing time
The degradation rates of XLPE under four temperature levels are provided in the Table
21 which is obtained by fitting experimental data. According to (48), the degradation rate at
different temperature could be predicted by the Arrhenius model due to the degradation is
thermally activated. The logarithmic form of Arrhenius equation is shown as (50), which could
be used for estimating parameter in the (48) by fitting experimental modelled degradation rates
presented in Table 21. The inverse of ageing temperature (K) versus (n(4) of XLPE sample in

this case are fitted and plotted as Figure 79 shown.

In(2) = (- l‘f—;) >+ 1n (o) (52)
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Table 21. Modelled degradation rate [114]

Temperature (K) Degradation rate A (1/h)
353.15 8.5x10*
373.15 1.0x 107
393.15 9.0x 107
413.15 1.4x10?

_4.0 T T T -
= Experimental data
-4.54 Arrhenius fitting
-5.0 - i
< -5.5- |
= ]
= -6.0 - 4
-6.5 - 4
=7.0 - =
_7.5 T

24 | 2:5 | 2:6 | 217 ' 218 | 29
1000/absolute temperature (1000/K)
Figure 79. Arrhenius plot of XLPE sample
Based on the Arrhenius fitting result, A, equals to 1.82 X 10° (1/h). the activation
energy E, of the XLPE is 1.0623 x 1071%], molar gas constant kg value is 1.380649 X
10723 J/K.

The values of p, and p, at different measurement temperature could also be determined
from experimental data, the values are shown in Table 22. Linear fitting of p, and p, versus

testing temperature are presented by Figures 80 (a) and (b) respectively.
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Table 22. p, and p,; of XLPE at different temperature

Temperature (K) Po (Q-m) P4 (Q-m)
353.15 2.0x 10" 1.0x 10"
373.15 1.0 x 10" 1.0 x 10
393.15 3.2x 10" 1.9x 10"
413.15 1.95x 10" 1.54 x 10'°
2.1x10" T =
»  Experamental data 2.0x100- Experimental data
1.8%10"24 Linear fitting % Linear fitting
1.8x10"
E1.5x10%4 ?
=} G 1.6%10" -
§'1 2x10" 2
= \ 2 1.4%10"+
2 9.0x10" \ 1 %
5 :  J—
* 6.0x10" &
1.0x10"
3.0x10"" -
T T T T T T T T 8.0x10° T T T T T T T T
350 360 370 380 390 400 410 420 350 360 370 380 390 400 410 420
Absolute temperature (K) Absolute temperature (K)
(a) (b)

Figure 80. Linear fitting results of (a) p, and (b) py
The linear fitting result of non-degraded p, resistivity with temperature is shown as (53).

The (54) is the results of linear fitting of degraded resistivity p,; with ageing temperature in K.
po = (—3.0475 x T + 1255) x 101° (53)
pa = (1.26 X T — 346.8) x 108 (54)

For the insulation model in this case, the insulation dimensions are set to length L = 1m,
the insulation inner radius x = 0.0075m, the insulation outer radius X = 0.0115m
(equivalent to a 0.004m insulation thickness). The total number of segments N; =

M X N x P =10 x 180 x 50 = 90000, resulting in segment dimensions: Ax =
0.0004m, 4¢p = 2°and Al = 0.02m.

The ageing temperature distribution of the cable insulation model is the spatial
temperature profile of Cable 2 obtained from the chapter 4. Figure 81 shows temperature

distribution of a part length of Cable2, form its middle point to 1m away, are taken and used

in the application of IR degradation models.
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Figure 81. Spatial temperature profiles of the selected 1m cable insulation mode
5.3.2. Comparison of estimated results by IR degradation
models

Given the four IR degradation models considering temperature information in different
ways, the hotspot temperature of 377.26 K within the entire insulation is applied to the
dichotomy or discretization model with uniform temperature, and the discretization model
with non-uniform temperature uses the full insulation temperature distribution. The dichotomy
model with radial temperature gradients divides the insulation sample into 10 layers along the
radial dimension. Table 23 lists the hotspot temperature and related degradation rate adopted
for each layer which decrease from the innermost layer #1 to the outermost layers #10. As was
noted in sections 5.2.1 and 5.2.2, the degraded insulation segments are selected by the
dichotomy models in a random way. To that end, the IR simulation results of the dichotomy
models are calculated 50 times, though their standard deviation is found to be smaller than
0.1%. Therefore, the one-time IR calculation results of the Dichotomy models will be

presented in this work.
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Table 23. Hotspot temperatures and associated degradation rates of 10 insulation layers in
the dichotomy model with radial temperature gradients

Layer No. Absolute temperature (K) Degradation rate (1/h)
1 377.26 0.002505
2 376.96 0.002464
3 376.66 0.002424
4 376.36 0.002385
5 376.07 0.002348
6 375.86 0.002321
7 375.59 0.002287
8 375.33 0.002256
9 375.10 0.002227
10 374.82 0.002192

5.3.2.1 Initial resistance distribution

The initial resistances of insulation segments estimated by the four IR degradation models
are shown in Figure 82 respectively. In the main, the segments of inner layers which have
relatively smaller dimensions show higher resistances than those of outer layers. Since the
(non-degraded) segment resistivity at the start of thermal ageing process depends on segment
temperature only, the dichotomy and discretization models which assume uniform temperature
produce the same initial resistance distributions (see Figures 82 (a) and (c)) which lead to a
total IR of 94.597 GQ1. When the radial temperature gradients are introduced into the
Dichotomy model, the segments of outer layers with lower temperature will have higher
resistivity than those that are assumed to be subjected to the hotspot temperature of the entire
insulation. Therefore, the dichotomy model with radial temperature gradients produces
relatively higher initial segment resistances at outer layers than the model with uniform
temperature (see Figures 81 (a) and(b)) as Table 24 shown. This results in a higher total IR
equalling around 97.181 G{). When the full insulation temperature profile is incorporated into
the discretization model, the segment resistance variation with the position-dependent
temperature is more accurately simulated along longitudinal and radial dimensions (see Figure
82(d)). The total IR estimated by the Discretization model at the start of thermal ageing process
is around 101.316 GQ.
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Figure 82. The segment resistances of the cable insulation at 0 h estimated by (a) dichotomy
model with uniform temperature; (b) dichotomy model with radial temperature
gradients; (¢) discretization model with uniform temperature; and (d) discretization
model with non-uniform temperature
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Table 24. Information of individual segments in different insulation layers for Dichotomy
model with radial temperature gradients

Layer No. Ro(©)) R4 (QQ)
1 1.04 x 10" 3.54x10"
2 9.92 x 10" 3.36x 10"
3 9.52x 10" 3.2x 10"
4 9.15x 10" 3.05x 10"
5 8.81x10" 2.92x 10"
6 8.48 x 10" 2.8x10"
7 8.2x 10" 2.68 x 10"
8 7.92 x 10" 2.58x 10"
9 7.67 x 1013 2.48 x 10"
10 7.44x 108 2.39x 10"

5.3.2.2 Resistance distribution after 100h and 300h thermal ageing
Figures 83 and 84 compare the segment resistance distributions of the insulation sample
modelled by the four IR degradation models for thermal ageing durations of 100 h and 300 h.
Compared with the dichotomy models which assign low resistivity p,; to the random samples
of degraded segments, the discretization models are shown to describe the gradual resistance
degradation of individual segments in a more appropriate way. Table 25 tabulates the
degradation ratio and resulting number of degraded segments that are randomly sampled for

each insulation layer by the dichotomy model with radial temperature gradients.

The degradation ratio determined from the temperature-based degradation rate not only
increases with layer temperature but also with the thermal ageing duration, which are reflected
in the increasing number of degraded segment samples (see Figures. 83 (b) and 84 (b)). Since
the dichotomy model with uniform temperature uses the maximum temperature of the entire
insulation, the number of degraded segment samples at the outermost layer in Figure 83 (a) is
greater than that in Figure 84 (a) which is simulated with the radial temperature gradients. In
addition, the inclusion of the full insulation temperature profile allows the discretization model
to more accurately simulate the IR degradation of individual segments which vary along both
radial and longitudinal dimensions, as shown in Figures 83(d) and 84(d). It is important to
recognize that IR is inherently a bulk property, reflecting the total resistance of the entire
insulation material. This comparison mainly aims to highlight how temperature gradients

influence the degradation process.
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Figure 83. The segment resistances of the cable insulation at 100 h of thermal ageing
estimated by (a) dichotomy model with uniform temperature; (b) dichotomy model with
radial temperature gradients; (¢) discretization model with uniform temperature; and (d)

discretization model with non-uniform temperature.
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Figure 84. The segment resistances of the cable insulation at 300 h of thermal ageing
estimated by (a) dichotomy model with uniform temperature; (b) dichotomy model with
radial temperature gradients; (¢) discretization model with uniform temperature; and (d)

discretization model with non-uniform temperature.
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Table 25. Degradation ratios and numbers of degraded segments estimated for 10 insulation
layers by the Dichotomy model with radial temperature gradients after 100 h and 300 h
of thermal ageing.

Thermal ageing for 100 h Thermal ageing for 300 h
Layer - . Number of . ' Number of

Degradation ratio degraded Degradation ratio degraded

segments segments
1 22.158% 1994 52.833% 4755
2 21.836% 1965 52.245% 4702
3 21.526% 1937 51.674% 4651
4 21.220% 1910 51.106% 4600
5 20.927% 1883 50.559% 4550
6 20.715% 1864 50.161% 4514
7 20.443% 1840 49.645% 4468
8 20.194% 1817 49.171% 4425
9 19.964% 1797 48.731% 4386
10 19.687% 1772 48.197% 4338

5.3.2.3 IR degradation curves in short term of thermal ageing

To examine the impacts of model assumptions on IR degradation simulation, the IR
degradation curves generated by the four models over the initial short term (0 — 300h) of
thermal ageing are compared in Figure 85. Compared with the Dichotomy model which uses
the hotspot temperature of the entire insulation, the adoption of hotspot temperature for each
of the 10 insulation layers under radial temperature gradients reduces the degradation rates and
the numbers of degraded segments at outer layers. This not only produces relatively greater IR
simulation results but also slightly reduces the speed of the simulated IR degradation. In
addition, different IR simulation results between dichotomy and discretization models which

use the same uniform temperature reveal the inherent differences between the two models.

The discretization model simulates the degradation of individual insulation segments,
while the dichotomy model describes the overall degradation condition of the insulation
sample through a degradation ratio based on which the degraded segments are randomly
distributed within the insulation sample. With the degradation ratio increasing during the
thermal ageing process, the column consisting of series connected segments along the radial
dimension becomes more likely to have multiple degraded segments. This largely reduces the
column resistance and causes more degradation in total IR. Therefore, the random selection of
degraded segments by the dichotomy model results in lower IR results than the discretization
model, as shown in Figure 85. Furthermore, the discretization model with non-uniform
temperature is shown to give the highest IR estimates throughout the duration of interest due

to it using the full insulation temperature profile instead of hotspot temperature(s).

As discussed in section 2.3, the degradation of insulation material is highly temperature-
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dependent, with higher temperatures accelerating the breakdown of the material. This
highlights the necessity of modelling the degradation of individual segments with detailed
temperature profiles for the IR degradation simulation under thermal ageing. Therefore, the
discretization model can use a non-uniform temperature profile to provide a more accurate
prediction of IR over time. Additionally, this model accounts for the cumulative effect of
thermal stress on sub-segments as the material ages, unlike the dichotomy model, which
assumes only degraded and non-degraded segments within the insulation. The discretization
model offers a more comprehensive representation of IR by considering the overall impact of

thermal gradients and the material properties of the insulation.
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Figure 85. IR degradation curves estimated by different models within 300 h of thermal
ageing

5.4. Sensitivity Analysis

5.4.1. Influence of segment size
To examine the influence of the segment size adopted for the IR degradation simulation,
the IR simulation results of the four IR models are simulated based on four different segments
sizes respectively, as listed in Table 26 where the size #2 is different from the size #1, #3 or #4
along the radial, longitudinal or angular dimension respectively. The material properties and
related parameters are the same as those that are employed in section 5.3. To explore the IR
degradation trend over a longer thermal ageing period, the IR results are simulated at every 50

hours during 2000 h of thermal ageing, as shown in Figure 86.
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Table 26. Insulation segment sizes and resulting numbers of segments for comparison.

Iiilzeex Ax(m) | dp ()| Al(m) | M N P N,
1 2 x 10° 2 0.02 | 20 | 180 50 1.8 x 10°
2 1 x 10* 2 0.02 | 40 | 180 50 3.6 % 10°
3 1 x 107 2 001 | 40 | 180 | 100 | 72x10°
4 1 x 10° 1 0.02 | 40 | 360 50 72 10°

Figures 86 (a) and (b) show that the adoption of the sizes #2, #3 and #4 in the dichotomy
models almost produces the same IR results, meaning that the segment size variation along the
angular or longitudinal dimension examined in this work has negligible impacts on the IR
simulation. When the size #1 is used by the dichotomy models, a degraded segment of Ax =
0.2 mm can be regarded as two degraded segments of Ax = 0.1 mm that are series connected
in a column along the radial dimension. This increases the probability of a single column
having more degraded parts and thus reducing the total IR. Therefore, compared with the sizes
#2, #3 and #4 of Ax = 0.1 mm, the size #1 of Ax = 0.2 mm results in the dichotomy models

producing slightly lower IR values, especially during 200 — 1200 h of thermal ageing.

When the thermal ageing process approaches 2000 h, the effect of Ax on IR simulation
becomes negligible due to a sufficient degradation ratio which makes the two different Ax
result in similar degradation parts of single columns. For the discretization models which
simulate the individual segment degradation rather than rely on the random selection of
degraded segments, the use of the four different segment sizes produces very similar IR results,
as shown in Figures 86 (c¢) and (d). This illustrates that the segment size variations examined

in this work have little impacts on the IR simulation of discretization models.
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Figure 86. IR degradation trends over 2000 h of thermal ageing simulated based on different
segment sizes by (a) dichotomy model with uniform temperature; (b)dichotomy model
with radial temperature gradients; (c) discretization model with uniform temperature and
(d) discretization model with non-uniform temperature.

5.4.2. Influence of degradation rate

The degradation rates employed in the simulation above are determined through the
Arrhenius fitting of experimental data sourced from Mecheri et al. [24]. Considering the
possible inherent uncertainties, a percentage error of £10% is introduced in the degradation
rate, denoted by 0.9 and 1.1A. With other model parameters remaining fixed, the IR
degradation trends simulated by the four models using the smaller segment size #3 combined
with the three degradation rates are shown in Figure 87 respectively. Even though the
uncertainties of degradation rates do not affect the IR degradation pattern, it is estimated that
the IR percentage errors are less sensitive to the A error of +10% and vary with thermal ageing

time in different ways between dichotomy and discretization models, as shown in Figure 86.

The IR percentage error amplitudes of dichotomy models increase to the maximum of
about 22% for 0.91 or 16% for 1.1A at around 900—1000 h and then relatively slowly drop with

the ageing time going further. This might be because the dichotomy randomly assigns a
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constant degraded resistivity to insulation segments based on the number of degraded
segments jointly determined by the degradation rate and ageing time. The variation in the
number of degraded segments induced by the A percentage error of £10% increases at the
beginning of thermal ageing process and then decreases at certain ageing time when the

number of degraded segments approaching to the total number of degraded segments.

In an extreme case where all the segments are fully degraded after a sufficiently long
thermal ageing process under any degradation rate, the dichotomy models will give the same
IR results independent of degradation rates. For the discretization models which simulate the
gradual degradation of individual segments, the IR percentage error amplitudes increase with
the ageing time throughout the thermal ageing process and reach the maximum of about 60%
for 0.9 or 40% for 1.1A at the end of 2000 h. However, the corresponding IR absolute errors
at the end of 2000 h are insignificant due to the fact that the IR simulation results are very
small after a long thermal ageing time compared with initial IR levels. The modelling of the
impact of deviation of degradation rates on IR values provides confidence intervals for IR

degradation models.

153



— v -IR % Err for 0.9% —» -IR % Err for 0.9

10 “m—IRforA] + IRfor082] = IRfor1.12 —v -IR% Erfor 114 102 Riora] + IRfor0.92] = IRfor1.12] — = -IR % Err for 1.13
T T T T T T
] SR \ s
\ o B 4 20% | v "y 4 20%
. , e \ . b
, < v -
84% S o i 8 % =) - .
& y Ve ] % SN
| TR T 0% \i B ~od10%
i s %7 2
. 64 "R E ) ~ 691 & 4 o
o] v RN o a Lt o
x bl e 3 x ‘v W 3
s = g R — g
v oy, .
ol 4 -10% & . T 4 -10% &
x -
o~ o
2 S ot ] 24 o G E g
Trver SR
age .
L TP 1 -20% “tiiia 4 -20%
. Gt
*$8848000nnnnnnannd HMMM
0 - T T 0 : T T
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (hours) Time (hours)
(a) (b)
|-+ IR % Err for 0.93) —+ -IR % Err for 0.9%
= IRfork e« IRfor09. « IRfor11s |-« -IR %Errfor 1.12) |-#— Rforaf =~ Rfor0.9:] « IRfor1.12] - = -IR % Err for 0.9%
T T T - T T T
104 v 160% d - 60%
vy v
\ -
-
st - 40% - 40%
13 8
2z © 5 o
= 12% o & 120% o
Z s <) s
14 3 @ 3
10% £ 0% 5
o o
+-20% - -20%
L e 2
g O e
s T TP LT
0 ; : ladeial fiifiny -40% 0 . : . -40%
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (hours) Time (hours)
©) (d)

Figure 87. IR degradation trends with upper and lower percentage errors over 2000 h of
thermal ageing simulated based on different degradation rates by (a) dichotomy model
with uniform temperature; (b) dichotomy model with radial temperature gradients; (c)
discretization model with uniform temperature and (d) discretization model with non-

uniform temperature.

5.5. Conclusion

To quantitatively assess cable insulation degradation over time under thermal ageing
condition, the insulation of heavily loaded power cables is subjected to varying extents of
thermal ageing that causes the degradation of the dielectric properties, including IR. In this
chapter, IR degradation models for cylindrical insulation of extruded power cable under

thermal ageing conditions are developed. These models encompass four distinct scenarios:

+ dichotomy model with uniform temperature distribution,
 dichotomy model with radial temperature gradients,
« discretization model uniform temperature distribution,

» discretization model with non-uniform temperature distribution.
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The fundamental modelling approach for all these scenarios involves dividing the
cylindrical cable insulation model into massive and sufficiently small segments. Subsequently,
the resistance of each sub-segment is determined, culminating in the calculation of the total IR
of the model. This methodology provides a comprehensive framework for evaluating IR

degradation in power cable insulation subjected to thermal ageing conditions.

The dichotomy models categorize sub-segments into two groups: non-degraded segments
and degraded segments. The proportion of degraded segments in the insulation model (denoted
as V) increases with thermal ageing time, and this increase is determined by the CDF of an
exponential distribution. The rate of increase is correlated with the ageing temperature,
following the principles outlined in the Arrhenius model. This modelling approach accounts

for the evolving proportion of degraded segments over time due to thermal ageing effects.

In the dichotomy model with uniform temperature distribution, based on the maximum
temperature of cable insulation, the whole insulation model with same ageing rate. On the
contrary, the radial layers in the dichotomy model with radial temperature gradients have
different ageing rate due to the ageing temperature of each layer obtained from FVM and ANN

models are utilized in this scenario.

In the discretization models, the resistance of each sub-segment decreases over the course
of the thermal ageing process from its initial value based on its individual temperature. In the
discretization model with unform temperature distribution, the maximum temperature of cable
insulation is employed for all segments. It means all segments with the same maximum ageing

rate.

For the discretization model with non-uniform temperature, the temperature profile of
sub-segments at different positions, obtained through the approach which combines FVM and
ANN modelling, is employed to calculate the degradation rate of each sub-segment in
accordance with the Arrhenius equation. This modelling approach takes into account the
evolving resistance of sub-segments as a function of its individual ageing temperature and

ageing time, providing a more dynamic representation of the insulation degradation process.

The application and comparison of the IR degradation models are carried out by
referencing the experimental data of IR degradation and the spatial temperature profile of cable
insulation obtained in FVM and ANN models. This empirical data serves as a basis for
validating and evaluating the performance of the IR degradation models. By aligning the
models with real-world observations, their accuracy and effectiveness can be assessed,
providing valuable insights into the insulation degradation process under thermal ageing

conditions.
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The study also delves into the influence of segment size and degradation rate on
estimation results. It is observed that in dichotomy models, segment size exerts a more
pronounced impact on the estimated IR compared to the discretization models. Additionally,
the confidence intervals of each degradation model are assessed by considering degradation

rates at both 110% and 90% of the standard rate.

Comparing these four IR degradation model scenarios, the discretization models with a
more advanced calculation mode than the dichotomy models, because the ageing behaviours
of each sub-segments are considered in the discretization models. The characteristic of the
discretization models means that it could be further developed to involve more thermal ageing
factors. Additionally, the discretization models are less affected by the segments sized than the
Dichotomy models. The discretization model with non-uniform temperature distribution
employing a detailed temperature profile of cable insulation, which obtained from FVM and
ANN models, so that a more accuracy and reliable estimation IR degradation results could be

obtained.

The future work about developing IR degradation models would be considering the U-
shape variation of IR under the joint effect of annealing effect and thermal ageing. The
annealing effect is the process of diffusion from the semi-conductor shields leads to an increase
in trap density within the cable insulation. This initial increase in trap density contributes to
the rise in conductivity in cable insulation. Nevertheless, as annealing time extends, the
diffusion rate gradually decreases, resulting in a subsequent decrease in conductivity over
longer periods [118]. The discretization IR model proposed here will be developed further to
simulate joint effects of annealing and thermal ageing on IR variations in a physical way, and
then fitted to laboratory measurements to understand the characteristics of hopping and band
conduction mechanisms in insulation with the presence of semi-conductor layers over the
heating process. Moreover, further development of the FVM model could enable the modelling
of highly non-uniform insulation temperature profiles, potentially resulting from local partial
discharges or complex installation conditions. This advancement aims to give more reliable
temperature profiles for the discretization model used in estimating resistance degradation.
Additionally, in future models, consideration could be given to the low-resistance current paths
formed during partial discharges. This could be modelled by assigning relatively low

resistance values to a specific path or region within the insulation.
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Chapter 6. Modelling of extruded cables under
accelerated thermal ageing in tank filled with water

6.1. Introduction

In addition to thermal ageing mechanisms, the degradation of insulation materials, which
employed in extruded power cables, is also recognized as a result of the combined influence
of environmental, mechanical and electrical stresses. It is imperative to acknowledge that the
ageing resulting from simultaneous and combined stresses cannot be straightforwardly
correlated with the damage induced by single stresses at a time, and the summation of
individual stress effects does not equate to the ageing induced by the combined stress
conditions [143][144]. Combined stresses typically lead to accelerated aging and failure
compared to single stresses due to synergistic effects. The complex interactions between
different types of stress can create conditions that cause faster and more severe degradation
than would be predicted by considering each stress factor in isolation. IEEE Standard 1407
offers comprehensive guidance for conducting accelerated ageing tests on extruded MV cables
utilizing water-filled tanks[109], to investigate the mechanisms underlying thermal, electrical,

and moisture-induced degradation [145].

Given that thermal ageing significantly influences both the electrical and physical
properties of the insulation material [65], temperature plays a pivotal role in the cable ageing
process. The temperature monitoring approach advocated by IEEE Standard 1407 entails the
utilization of a dummy cable loop for the acquisition of temperature data. In this configuration,
multiple thermocouples (T/C) are positioned on the conductor of the cable, as illustrated in
Figure 88. The dummy cable employed for temperature monitoring is subjected to roughly
equivalent heating conditions as those experienced by the active cables. The stress cone in
power cable termination serves to smoothly transition electrical stress from the conductor to
the insulation, preventing stress concentration and insulation failure. It protects the cable's
insulation from mechanical damage and environmental contaminants while providing
mechanical support and stress relief. Typically, conical and layered with both insulating and
conductive materials, the stress cone is designed for a snug fit through heat-shrinking or
melding. It must be weather-resistant and durable, integrating seamlessly with other

termination components to ensure reliable and efficient performance.
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Figure 88. Dummy cable used for temperature measurement as outlined in IEEE Std 1407
[109]

Little attention has been paid to the temperature distribution along the length of cable
specimens. The conventional assumption is that temperature is uniformly distributed within
the water tank, resulting in consistent temperatures for the dummy loop and all other cables.
However, in the absence of a circulation system and temperature control mechanism within
the water tank, the temperature distribution of the cable specimens immersed in the tank can
be influenced by various factors. These factors encompass the size, shape, and material
composition of the water tank, the quantity of cables present, the water volume, and whether
the tank is thermally insulated, among others. Consequently, the temperature profiles may
exhibit variations at distinct positions within the water tank, potentially diverging even along

the length of each cable.

As the temperature difference across cable structures could cause the variation of ageing
rate on cable insulation, thus it is meaningful to assess the temperature distribution of power
cables under the ageing conditions based on IEEE standard1407. In the modelling work of this
chapter, for the cables accelerated ageing in experiment according to IEEE standard 1407,
ANSYS is employed to conduct simulations under different scenarios to assess the temperature
profiles of cables within the tank. Therefore, the IEEE standard 1407 could be updated based

on the findings of the research presented in this chapter.

To explore the influence of water natural convection on temperature distribution within
the tank and along with cables’ length, two scenarios are initially examined and compared: (a)

the water in the tank is regarded as a solid material, and (b) the water in the tank is regarded
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as a fluid with natural convection. This preliminary investigation is conducted without

accounting for any forced circulation of water in the system.

In the subsequent phase, the simulated cable temperature distributions for scenario (b)
are investigated, now incorporating forced water circulation. Five distinct scenarios are
assessed and compared, namely: 1) a water tank without a rotating fan, 2) a rotating fan at 10
revolutions per minute (rpm) positioned on the middle section of the tank's side wall, 3) a
rotating fan at 50 rpm located on the middle section of the tank's side wall, 4) a rotating fan at
10 rpm situated on the lower section of the tank's side wall, and 5) a rotating fan at 50 rpm
positioned on the lower section of the tank's side wall. The primary objective of this part is to
illustrate the influence of forced water circulation and, prospectively, to determine the optimal
fan positions and rotational speeds necessary to achieve uniform temperature distribution
across the cables undergoing the ageing process. The selected fan speeds of 10 rpm and 50
rpm represent a low and high range of rotational speeds to examine how varying levels of
forced water circulation, corresponding to laminar or turbulent flows, influence the
temperature distribution within the tank. The placement of the fan (either in the middle or
lower section of the tank's side wall) is intended to explore how water movement within the
tank, particularly in relation to the overall flow and heat accumulation areas, affects cooling

efficiency.

6.2. Modelling of cable loops in water tank without forced
circulation system

6.2.1. Simulation setup

The constructed cable model is designed consisting of a conductor and insulation, as
depicted in Figure 89. These cables are designed based on typical 11kV power cable
specifications. The inclusion of thin shield components, including semi-conductors, is omitted
due to their negligible physical thickness, which exerts minimal influence on the thermal
conductivity properties of the cable. Each cable possesses an overall diameter of 20 mm,
featuring a solid copper conductor with an 8mm diameter. The thermal conductivity of the
conductor is set at 386.7 W/m - K. The insulation material is XLLPE, encompassing a 6 mm
thickness around the conductor. The specific heat value of XLPE is stipulated as 4000 J/kg -
K, with a thermal conductivity of 0.29 W/m - K, and a density of 941 kg/m?>.
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Figure 89. Local structure of cable model

The cables are presumed to be installed within the water-filled tank in accordance with
standard looping procedures, where they were bent into 1.5-turn circles with a radius greater
than the minimum bend radius. IEEE Standard 1407 recommends three types of tank layouts,
employing either rectangular or cylindrical tank shapes. For this simulation, the rectangular
water tank is employed, with the specific physical layout and constituent elements outlined in
Figure 90 and Table 27, respectively. The tank walls consist of two layers: the inner stainless
steel tank layer that comes into contact with the water, and the tank insulation layer utilized
for heat retention. A surface covering is situated on the tank's top to prevent water evaporation
and to sustain thermal boundary stability, thus ensuring the temperature of the water remains

consistent.
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Figure 90. Tank layout according to IEEE Standard 1407 [109]
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Table 27. Tank dimensions according to IEEE Standard 1407 [109]

Length (mm) 875

Width (mm) 800

Height (mm) 910

Side spacing (HS) (mm) 50
End spacing (TS) (mm) 75
Bottom spacing (VS) (mm) 50
Specimen spacing 1 (SS1) (mm) 75
Water depth (mm) 800
Specimen bend radius(mm) 350

The simplified structure of the simulation tank, featuring 10 cables according to the
example provided by IEEE standard 1407, is illustrated in Figure 91. The tank is configured
as an enclosed domain, completely filled with water, and its walls are constituted of steel
boundaries with negligible thickness. In adherence to IEEE Standard 1407, the cable loops do
not come into contact with the tank walls or bottom. Each of the 10 cable specimens is

positioned within the water tank, with a presumed bend radius of 350 mm.

Figure 91. Overall simulation model

6.2.1.1 Water treated as solid material
The initial simulation employs a steady-state thermal analysis tool, considering the case
where water is treated as a solid material. In this scenario, the water in the tank possesses only

thermal and density properties, devoid of any natural fluid convection.

IEEE Standard 1407 outlines a prescribed technique for elevating the conductor
temperature in order to expedite the ageing process of cables. This method entails the
utilization of a current transformer to induce current into the conductors of each cable, thereby
generating heat as a consequence of Joule loss. The advantage of this heating method lies in

its fidelity to the actual heating experienced by cables in real-world field applications.

161



In the simulation, a power density is imposed on the conductors of each cable to emulate
the heat generated by the flow of current within the cable. To attain a steady-state maximum
temperature of approximately 90°C, in accordance with the specified maximum temperature
outlined in Standard 1407, a power density of 2 X 10° W/m? is applied to the conductors of

each cable.

The tank walls were assigned a convection property to replicate the dissipation of heat
from the steel walls to the surrounding air environment. The ambient temperature was
established at 27°C, and the convection coefficient was designated as 5W/m? K,
characteristic of natural convection in air. It is assumed that the air within the tank remains

stagnant, and thus, the convection coefficient is held constant with respect to temperature.

6.2.1.2 Water treated as fluid
In the second simulation, the Fluid Flow tool was employed, treating water as a fluid with
inherent natural convection properties. This scenario's outcome is anticipated to closely mirror

the actual cable temperature profiles, without the aid of any assisted convection methods.

In this simulation, the pressure-based solver is utilized, and absolute characteristics are
defined for the velocity formulation. This is because only natural convection of water is present
in the water tank domain. The energy function model is enabled during the model setup stage.
Subsequently, in the setup of cell zone conditions and boundary conditions, the conductor
domains are treated as a source term with one energy source exhibiting a constant power

density of 2 X 10° W/m?.

The thermal conditions of the insulator walls and conductor walls are thermally coupled.
Additionally, the thermal properties of the tank walls are configured for heat convection to the
ambient air, with a heat transfer coefficient of 5 W/m?K. Once again, the ambient air

temperature is set at 27°C.

In the simulations, the geometry models are discretized into approximately 1.9 million
and 9.8 million small elements for the Solid simulation and Fluid simulation, respectively. The
precision of the meshing is determined by the results of several iterations of the simulation.
Each individual element undergoes calculations, and the aggregated outcomes from these

computations collectively yield the temperature distribution results.

The calculations are executed until a state of thermal equilibrium is attained, signifying
that the internal heat generation rate and external wall heat dissipation rate have reached a

point of balance.
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6.2.2. Simulation results
6.2.2.1 Solid simulation results
The final temperature distributions in a steady state for the 10 cables are depicted on the
left side of Figure 92. The highest temperature observed in the cable loops is 91°C, occurring
in the middle cables. The lowest temperature within the cable loops is 58°C, localized in the
cables near the tank walls. It is evident that cables situated closer to the middle of the tank
exhibit higher temperatures. This temperature variation arises from the fact that cables near
the tank walls have a greater propensity to dissipate heat into the ambient air, while the cable
in the middle of the tank accumulates more heat and is more influenced by the thermal effects

of adjacent cables.

The temperature ranges for each cable loop in the Solid simulation results are shown on
the right side of Figure 91. The cables in the tank are numbered from 1 to 10, with 1 and 10
representing the loop surfaces closest to the tank walls. The blue line in Figure 92 represents
the maximum temperature within each cable loop, and the orange line represents the minimum
temperature within each cable loop. The temperature range for each cable loop is

approximately 15°C.

D: Steady-State Thermal Solid simulation temperature range

Temperature - 1. s
90
80

Type: Temperature
Unit: °C

Time: 1
06/02/2020 11:35

91.073 Max
. 84.346
77619
70.892
64.164
J 57.437
50.71

43.983
l 37.255
30.528 Min

Temperature C)
@
g

1 2 3 4 5 6 7 8 9 10
Cable number

000 50000 100009 () —e— Maximum temperature Minimum temperature

Figure 92. Solid simulation result and maximum and minimum temperatures within each of
the 10 cables for the Solid simulation

6.2.2.2 Fluid simulation results

In the steady-state condition for the Fluid simulations, the temperature distributions of
the 10 cables are presented in left side graph of figure 93. The maximum temperature observed
in the central cable loops is 86°C, while the minimum temperature within the cable loops is
62°C. Once more, the locations of the minimum temperatures are on the cables closest to the
tank walls. Notably, the central cables exhibit a lower temperature compared to the equivalent
cables in the Solid simulation. The cables near the tank walls demonstrate a higher temperature
than their counterparts in the Solid simulation. These results indicate that the natural

convection property of the water contributes to a more uniform temperature distribution across
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the cables.
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Figure 93. Fluid Simulation result (start and end position identified for later temperature
comparisons) and maximum and minimum temperatures within each of the 10 cables for
the Solid simulation

The right-side graph of Figure 93 illustrates the maximum and minimum temperature
ranges of each cable derived from the Fluid simulation results, plotted against cable number.
The blue curve represents the maximum temperature of each cable, while the orange curve
represents the minimum temperature of each cable. Notably, in the Fluid simulation, the

temperature range of each cable loop is only about 7°C.

6.2.3. Discussion
In the Fluid simulation, natural convection of water serves to reduce the temperature
disparities between cables and within individual cables. This is primarily attributed to water's
inherent ability for convection, which facilitates the dispersion of heat generated by cable
conductors throughout the water tank, resulting in a more uniform water temperature than that
in case of without considering water natural convection. Nevertheless, it is worth noting that
temperature discrepancies still persist in the Fluid Simulation results, given that natural water

convection tends to be relatively slow and gentle.

Figure 94 displays the temperature distribution along the lengths of the cables in both the
Fluid and Solid simulations. To facilitate a comparison between the central and outer cables,
Cable 1 and Cable 6 have been selected for this purpose. The designated start and end positions,
used as reference points for temperature measurements in the simulations, are depicted in
Figure 92. It is important to note that all cable loops are spiralled with 1.5 turns and possess a
bend radius of 350 mm, resulting in an overlapped section in the lower half of the loop for

each cable.

In the Solid simulation, both Cable 6 and Cable 1 exhibit higher temperatures compared

to their corresponding values in the Fluid simulation, with an increase of approximately 5°C
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to 10°C. Due to the looped configuration of the cables, the sections of the loops that fold back
on each other near the tank bottom experience the highest temperatures. The top sections of
the cable loops, where the cable is more exposed to the surrounding fluid material (water),

undergo a reduction in temperature profile.
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Figure 94. Temperature distribution in single cable loops

Indeed, various cable lifetime models have indicated a direct correlation between the
service lifespan of cable insulation material and its operational temperature [102].
Consequently, the temperature differential among cables within the tank will impact the ageing
rate of each individual cable. According to the simulation results in this section, the IEEE
standard 1407 does not take into account or control the temperature differences among cables
and within individual cable structures, this would cause challenges to comprehensively
investigate the mechanisms governing thermally induced degradation of cable insulation or

accurately predict cable lifespan with its inherent temperature dependence.

Implementing a water circulation system in the water tank stands as a plausible solution
for addressing uneven ageing temperature distributions. However, it is worth mentioning that
IEEE Standard 1407 does not offer specific guidance on the utilization of water pumps or fans
for this purpose. In the next simulations, the addition of a circulation system within the water
tank will be considered in order to comprehensively understand the effects of circulation rates
on temperature distributions. Additionally, the convection coefficient of the tank walls will be
examined as a function of the temperature difference between the steel walls and the ambient

air.
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6.3. Modelling of cable loops in water tank with forced
circulation system

Previous simulation work on power cables heated by induced current in a water tank
demonstrated the temperature distribution in a water tank across different cable lengths were
not uniform as shown in Figure 93. This situation arises principally because the natural
convection of water is not sufficient to drive a uniform distribution of heat within the tank.
The cables located at the middle of the tank therefore have a higher temperature profile than
the cables near the tank walls. Further the overlapped sections of each cable loop have higher

temperatures due to the close nature of the loop contact.

This section delves into an examination of the simulated cable temperature distributions,
now incorporating forced water circulation. Five distinct scenarios are assessed and compared,

namely:

e A water tank without a rotating fan,

e A rotating fan at 10 revolutions per minute (rpm) positioned on the middle
section of the tank's side wall,

e Arotating fan at 50 rpm located on the middle section of the tank's side wall,

e Arotating fan at 10 rpm situated on the lower section of the tank's side wall, and

e Arotating fan at 50 rpm positioned on the lower section of the tank's side wall.

The primary objective is to illustrate the influence of forced water circulation and,
prospectively, to determine the optimal fan positions and rotational speeds necessary to

achieve uniform temperature distribution across the cables undergoing the ageing process.

6.3.1. Simulation setup
The cable model remains consistent with that utilized in the preceding simulation,
encompassing two layers: an aluminium conductor and XLPE insulation material. The thermal

properties attributed to XLPE are established through a linear function of temperature, as

outlined in Table 28.

Table 28. Thermal properties of XLPE

Temperature Density Thermal conductivity Specific heat
®) (kg/m®) (W/m - K) (/K - kg)
300.15 965 0.33 2034
373.15 965 0.38 4000

The constructed tank geometry dimensions are provided in Table 29. The tank comprises

two components: a 20 mm thick aluminium tank, with the outer surface wrapped in 10mm of
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polystyrene serving as a thermal insulator, which is not consider in simulations in section 6.2.
The density of the polystyrene is 20 kg/m?3, its specific heat is 1300 ]/K - kg, and its thermal
conductivity is 0.033 W/(m - K).

Within each tank, there are five cables, all possessing a loop bend radius of 350mm. The
fan used in the model is illustrated in Figure 95. It features a diameter of 150mm and is
equipped with 10 aluminium blades. To reduce the overall size of the simulation model and
improve computational efficiency, the water tank's dimensions have been decreased compared
to the models in section 6.2, and the number of cables in the tank has been reduced to five.

However, the model dimensions still comply with the IEEE standard 1407 requirements.

Table 29. Dimensions of tank

Length (mm) 1000

Width (mm) 800

Height (mm) 800

Side spacing (HS) (mm) 50
End spacing (TS) (mm) 150

Bottom spacing (VS) (mm) 50
Specimen spacing 1 (SS1) (mm) 150
Water depth (mm) 800

W\ o
(S —

Figure 95. Fan geometry model
Three distinct cable-tank models were developed for this study. These include:

e A tank without a rotating fan.

e A tank equipped with a rotating fan positioned in the middle section of the tank's side
wall.
e A tank with a rotating fan located in the lower section of the tank's side wall.

During the simulations in this section, an energy source with a power density of
400,000 W/m? was applied to simulate resistive heating in the conductors. This specific value
was chosen to achieve the anticipated cable temperatures after several iterative simulations.

The insulation walls and conductor walls are thermally coupled. Additionally, the tank walls
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were given with a convection property to simulate the dissipation of heat from the steel walls
to the surrounding air environment. For this, the ambient temperature was established at 27°C,
and the convection coefficient was set to 5 W/m? - K, representing natural convection in air.
It is assumed that the tank is situated in stagnant air, and hence, the convection coefficients

remain constant with respect to temperature.

The effects of gravity are considered in all simulation models. The pressure-based solver
was employed, with the absolute characteristic defined for the velocity formulations.
Following the guidelines outlined in IEEE Standard 1407, the power cables undergo heating
for 8 hours each day. Consequently, a transient model was utilized in the simulations to account

for an accelerated ageing period lasting 8 hours.

To determine whether convection is simulated as "laminar" or "turbulent" in simulations,

the Grashof number (Gr) is calculated. The Grashof number, denoted as Gr, is defined by (55):

_ (BgIHx(r-T")

Gr 2

(55)
where:

e g = gravitational acceleration (m/s?),

e [ =coefficient of volume expansion (1/K),

e T =temperature of the heater surface (°C),

e T'=temperature of fluid sufficiently far from surface (°C),
e L = characteristic length of heater geometry (m), and

e V =kinematic viscosity of fluid (m?%/s).

With a Grashof number of 186,000, the water flow condition in the tank is considered to

be viscous, and thus modelled as laminar flow[146].

The Reynolds number (Re) is employed to ascertain whether the water flow state in the
tank transitions into either "laminar" or "turbulent" flow when forced circulation is

implemented[147]. Re is defined as follows:
Re = — (56)
where:

e p = density of the fluid (SI units: kg/m?),
e v =characteristic velocity of fluid with respect to object (m/s),
e [ = characteristic linear dimension (m), and

e = dynamic viscosity of the fluid (N - s/m?)
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In the case of the 10rpm rotating fan, the Re of water flow in the tank is calculated to be
2228. Since this value is smaller than 2300, the simulation employs the viscous laminar model.
However, for the 50rpm rotating fan, the Re of flow is computed to be 7388. Given that this

exceeds 4500, the viscous k-¢ model is implemented in the simulation[147].

6.3.2. Simulation results
The temperature distribution on the cable surfaces is depicted in Figure 96. The highest
temperature recorded on the cable surface is 102.4°C, while the lowest temperature is 40.7°C.

Notably, the temperature differential between all cable surfaces exceeds 60°C.
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Figure 96. Scenario 1 - temperature distribution on the cable surfaces (start and end position
identified for later temperature comparisons)

The temperature distribution on the cable surfaces for this scenario is presented in Figure
97(a). Here, it is evident that the maximum temperature on the cable surface is reduced to
71.8°C due to the presence of the 10rpm rotating fan. The minimum temperature experiences
a slight reduction to 37°C. Consequently, the temperature differential is approximately 35°C,

which is smaller than the differential observed in Scenario 1.

In Figure 97 (b), the temperature distributions for this scenario are illustrated. The
maximum and minimum surface temperatures are 40.3°C and 39.7°C respectively. It is evident
that the forced circulation of water at 50rpm has resulted in a significant improvement in

equalizing the temperature profiles across the cable surfaces.
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Figure 97. 10rpm temperature distributions on the cable surfaces
In Scenario 4, the temperature distributions on the cable surfaces are depicted in Figure
98 (a). Notably, the temperature differences across the cables are further reduced to 16°C in
comparison with Scenario 2. Additionally, the maximum temperature on the cable surface is

lowered to 56°C.

Figure 98 (b) displays the temperature distributions on the cable surfaces for Scenario 5.
The results closely resemble the temperature distributions observed in Scenario 3, with a slight

reduction in temperature variation across all cables, approximately 0.5°C.
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Figure 98. Temperature distributions on the cable surfaces

6.3.3. Discussion
Upon comparison, it is evident that forced water circulation systems yield a more uniform
temperature distribution across all cable surfaces in contrast to natural water convection. The
latter is found to be not sufficient in adequately dispersing heat within the water tank. In cases
relying solely on natural convection, cable surface temperatures not only tend to be

significantly higher but are also distributed unevenly along the cable, indicating non-uniform
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thermal ageing across the looped cable insulation. In contrast, even at low rotating fan speeds,
forced circulation proves to be quite effective in distributing heat within the tank. This results
in a more efficient and evenly distributed temperature profile on the cable surfaces, attributed

to the enhanced heat exchange between the cables and the circulating water.

The temperature distribution along each of the five cable loop lengths for Scenario 1,
utilizing natural water convection, is illustrated in Figure 99. The designated start and end
positions for temperature measurements correspond to cable 1 in Figure 96. This figure
demonstrates that both cable 1 and cable 5 exhibit lower temperature profiles along their length
when compared to the other cables. This can be attributed primarily to their proximity to the
tank walls, resulting in higher energy dissipation. In each cable loop, the overlapped sections

naturally display higher temperatures in contrast to the non-overlapped sections, as anticipated.
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Figure 99. Scenario 1 temperature distribution across cable loops length
The temperature distribution along the length of the cable loops for the forced circulation
systems in Scenarios 2 to 5 is depicted in Figure 100, where the dashed lines represent the
results with the rotating fan placed in the middle of the tank's side wall, while the solid lines

illustrate the results with the rotating fan positioned on the lower tank side wall.

To gain insight into the water circulation patterns within the simulations, the ANSYS
water circulation stream flow patterns at 8 hours are presented in Figure 101 for both the 10rpm
and 50rpm fan cases in the middle section of the wall. It is evident that water circulation
significantly reduces the heat dissipation from the cable surfaces, proving to be more effective
in dissipating heat throughout the entire tank. As anticipated, the maximum temperature of the
cable surfaces decreases as the heat is dissipated more efficiently due to forced water

circulation system.
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Temperature distribution across cable loops length
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Figure 100. Cable surface temperature distributions across cable loop lengths for
Scenarios 2 — 5.
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Figure 101.  Examples forced circulation water flows (fans located at middle of side wall)

In comparing the scenarios with a 10rpm rotating fan positioned in the middle and lower
sections (Scenario2 and Scenario4), it is evident that the lower fan placement leads to a more
uniform temperature distribution on the cable surfaces. This improvement is attributed to the
enhanced circulation, particularly in moving heat from the looped sections of the cables. In the

case of the 50rpm scenarios, the turbulence in the flow of water intensifies, resulting in more
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forceful water movement within the tank. This leads to an even more efficient distribution of
heat on the surfaces of all the cables. It's worth noting that the absolute temperature differences

between the 10 rpm and 50 rpm scenarios are relatively small.

6.4. Conclusion

IEEE Standard 1407 provides guidelines regarding power cable accelerated ageing in
water filled tanks. Because the thermal ageing has a significant impact on the electrical and
physical characteristics of cable insulation, temperature distributions are essential to be
considered when conducting the cable accelerated ageing experiments according to IEEE

standard 1407.

The outcome of the section 6.2 models mainly analysed from the observation that the
natural convection of water is insufficient to ensure a uniform dispersion of heat within the
tank but still make an improvement compared to that without natural water convection.
Consequently, cables situated in the middle of the tank exhibit higher temperature profiles
compared to those positioned near the tank perimeters. Additionally, the areas where each
cable loop overlaps exhibit elevated temperatures owing to the close proximity of the loop

sections.

The section 6.3 has investigated a simulation of the impact of forced water circulation on
cable surface temperatures in a tank comprising 5 cables undergoing artificial ageing.
Circulation fans with 10rpm and 50rpm were simulated and the cable temperatures compared
with the situation of no forced water circulation. The 10rpm rotating fan reduces the
temperature variations across each cable, providing a more even distribution of cable surface
temperatures compared to the no water circulation scenario. The 50 rpm scenarios produce
improvement over the 10rpm situations, producing even furthermore uniform distribution of

surface temperatures for all of the 5 cables.

As a result, forced water circulation with 50rpm is a general recommendation on fan
speed, which resulting in a more even artificial ageing situation for all cables in the tank.
Additionally, when the fan is located at the lower part of the side wall, the situation is further
improved with even lower differences in temperature across each cable and more evenly

distributed surface temperature profiles across each cable.

Based upon these findings, it is recommended that IEEE Standard 1407 incorporate
guidelines for implementing forced water circulation at a fan speed of 50rpm to create a more
uniform artificial aging environment for all cables in the tank. Additionally, positioning the

fan at the lower part of the side wall further enhances temperature uniformity across the cables,
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minimizing temperature variations and ensuring more accurate aging simulations. This
adjustment would result in more reliable and consistent testing outcomes, ultimately

improving the accuracy of lifespan predictions for power cables.

An accelerated ageing experiment using a water filled tank based on the IEEE
standard1407 could be performed in the future, through which the results of simulations can
be compared with actual experimental measurements. If the simulation results are equivalent
to practical results, the temperature derived from simulation will have significance for
estimating power cable lifetime under different possible accelerated ageing regimes. Detailed
ageing calculation of power cables under conditions according to IEEE standard 1407 could
be evaluated in the future based on simulated temperature. In addition, the cable model
structure in simulations of this chapter is simplified, certain components like semi-conductor

screens, metal shield and outer sheath would be considered in the future modelling.
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Chapter 7. Conclusions and future work

7.1. Conclusions

The insulation of extruded power cables can be subjected to thermal stresses under
working conditions due to resistive heating of the heavily loaded cable core conductor and
excessively high ambient temperatures. These thermal stresses lead to insulation degradation,
commonly referred to as thermal aging. The effects of thermal aging can be assessed through
condition monitoring techniques, such as Insulation Resistance, Dielectric Loss, and
Polarization Index. However, previous research has not fully addressed how these properties
of full-scale extruded power cables (beyond just the insulation material) vary under thermal
stresses in practical working conditions, and there is a lack of thermal degradation models for
power cable performance in existing literature. This thesis investigated the performance
variation of power cables under thermal aging conditions and developed IR thermal

degradation models for medium voltage extruded power cables.

7.1.1. Chapter 3

In order to evaluate the variation of the electrical properties of extruded cables during
thermal ageing processes, a novel artificial accelerated thermal ageing experiment
methodology was designed and conducted for MV extruded power cables in the chapter 3.
Throughout the thermal ageing process, examinations were periodically conducted on cable
samples to obtain various electrical properties, encompassing IR1, IR10, DAR, PI, capacitance

and tand.

The devised experimental methodology simulated the temperature distribution along
length and radius of power cables, and thermal cycling effects induced by loading cycles in
cable practical operational conditions. The yearlong artificial thermal ageing was equivalent
to normal operational conditions based on the Arrhenius model and Miner’s law. The

calculated equivalent ageing duration for the cables approximates 25 years.

The testing voltages applied on cables ranged from 1kV to 10kV. The measurement
voltage levels exerted a considerable influence on measured results of IR and tand, a greater
tand value and a smaller resistance value would be obtained when a higher testing voltage
level is applied on cable samples. However, capacitance values of cables were found not to be

unaffected by the applied voltage level.

During the progression of the thermal ageing, it was observed that the IRs of the cable

samples exhibited two consecutive U-shape variation, followed by a rough decrease. The first
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U-shape IR variations were over the first 90 thermal ageing cycles and may indicate the
cumulation and subsequent exhaustion of chemical components which were diffused from
semiconductor shield layers into insulation and promoted hopping conduction in insulation
[115].The variations of chemical components may have also affected the DAR and PI values
which showed large fluctuations over the first 90 ageing cycles. The second U-shape IR
variations which had relatively slower rates of change were suspected to be caused by the
different diffusion/exhaustion rates of chemical components at inner and outer insulation

layers given the radial temperature gradient along the insulation radius.

Furthermore, an investigation into the influence of environmental relative humidity (RH)
on the testing results was undertaken. The findings of the survey indicated that the greater tand
values were evident under conditions of relatively higher RH conditions. Furthermore, a
correlation was identified between the turning points of RH variation and the observed
fluctuations in tand values. However, it was noted that additional data are required to

substantiate and further elucidate this observed relationship.

The PI values of cable samples were fitted to three-time durations in relation to the
thermal ageing process. The initial phase represented as short-term linear decrease in the fitting
curves for Cables 1, 2 and 3. The second phases of PI fitting for all cables follow another linear
trend, characterized by positive slopes. In the third phase, exponential decrease trends were
observed, suggesting generally lower rates of PI decrease during the thermal ageing processes.
It is important to underscore that PI could serve as a indicator of cable health conditions. The
fitting of PI variation could predict time where PI value falling below a specified threshold
(generally 2), which indicates cable insulation in a questionable health condition and actions

are required to be taken.

Correlation coefficients and their corresponding P-values and 95% confidence intervals,
were calculated to consider the relationships among the testing results. The examination
revealed a strong correlation between IR1 and IR10, signifying a significant association
between these two indicators. The correlations among other examined indicators are
comparatively weaker. Additionally, the variations in tand demonstrate a correlation with
changes in IR, indicating both indicators could reflect integral heath conditions of extruded

power cables.

7.1.2. Chapter 4
In Chapter4, an FVM model and an ANN model were constructed to address the detailed
dynamic temperature distribution in the ageing process of cables. This method enhanced the

comprehensiveness of insights into the spatial temperature profiles of cables under the
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experimental conditions, and with the benefits of formulating more trustworthy lifetime
estimation and thermal degradation models for extruded power cables undergoing thermal

ageing.

In the FVM simulations, the geometry of extruded power cables was simplified modelled
with four layers: conductor, insulation, metal shield and outer sheath. Power densities
calculated from experimental current and voltage were applied on cable conductors and
connectors to imitate the heat generation. The FVM model assessed the temperature
distribution across the cross-sections of the cables at various lengths. An approximate 3°C
difference between the inner and outer surfaces of the cable insulations existed at the midpoint
length position. Furthermore, temperature distributions on both the cable surfaces and
conductor surfaces derived from the FVM simulation results were closely corresponds to the
measurements obtained from the experiments. This alignment underscored a high degree of

agreement between the simulation and actual experimental observations.

As there is a limitation of the FVM simulation in that it did not offer direct temperature
profiles between meshed points, a 3 layers ANN model was developed to predict a more
detailed spatial temperature profiles for the cable insulation. The synergistic use of FVM and
ANN models holds significant potential for achieving a more precise evaluation of
temperatures at specific locations within the cable, accommodating variations in operating
conditions. This integrated modelling approach contributed to heightened accuracy and

comprehensiveness in temperature assessments.

7.1.3. Chapter 5
This chapter focussed on undertaking a quantitative assessment of cable insulation
degradation over time under thermal ageing conditions. IR degradation models were
formulated for the cylindrical insulation of extruded power cables subjected to thermal ageing.

These models included four scenarios:

e Dichotomy model with uniform temperature distribution,
e Dichotomy model with radial temperature gradients,
e Discretization model with uniform temperature distribution,

e Discretization model with non-uniform temperature distribution.

The foundational modelling approach for all these scenarios entailed the segmentation of
the cylindrical cable insulation model into sufficient small and discrete segments. Following
this segmentation, the resistance of each sub-segment was determined, leading to the overall

calculation of the IR for the entire model. This systematic methodology offered a more detailed
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framework for the assessment of IR degradation in power cable insulation exposed to thermal

ageing conditions.

The dichotomy models employed a classification system for sub-segments, segregating
them into two groups: non-degraded segments and degraded segments. The proportion of
degraded segments within the insulation model, denoted as V,;, exhibits an increment over
thermal ageing time. This increase was governed by the CDF of an exponential distribution,
with the rate of increase being correlated to the ageing temperature in accordance with the
principles delineated in the Arrhenius model. This modelling approach properly
accommodates the dynamic evolution of the proportion of degraded segments over time,
elucidating the impact of thermal ageing effects on the cable insulation. In the dichotomy
model with uniform temperature distribution, the entire insulation ages uniformly based on the
maximum temperature of cable insulation. The dichotomy model with radial temperature
gradients features varying ageing rates for radial layers, utilizing ageing temperature obtained

from FVM and ANN models for each layer.

In the discretization models, sub-segment resistivities decreased throughout the thermal
ageing process. The discretization model with uniform temperature distribution utilizing the
maximum insulation temperature for all segments, resulted in an identical maximum ageing
rate. The discretization model with non-uniform temperature utilizes the temperature profiles
of sub-segments derived from a combined FVM and ANN modelling approach. This enabled
the calculation of the degradation rate for each sub-segment based on the Arrhenius equation,
reflecting the evolving resistance as a function of individual ageing temperature and time. This
modelling approaches provided a more dynamic representation of the insulation degradation

process, capturing the detailed effects of thermal ageing on cable insulation.

The developed IR degradation models were applied and compared using experimental
data from reference on resistivity degradation, and the spatial temperature profiles of cable
insulation derived from FVM and ANN models. This empirical data was crucial for assessing
accuracy and effectiveness of the IR degradation models. The study also explored the influence
of segmental sizes and degradation rates on estimation results, noting that in dichotomy models,
segment size had more pronounced impact on estimated IR compared to discretization models.
Additionally, confidence intervals for each degradation model were determined, considering
degradation rates at both 110% and 90% of the standard rate. This comprehensive analysis

provided enhances the understanding of the developed IR degradation models.

7.1.4. Chapter 6

Temperature distributions of cables in the accelerated ageing experiments according to

178



IEEE Standard 1407, which provided guidelines for power cable accelerated ageing in water-
filled tank, were simulated in Chapter 6. The influence of natural water convection in the tank
were initially modelled. Comparing to the scenario that without natural convection of water,
the temperature differences among cables and temperature gradients along with cable lengths
of scenario considered water natural convection in tank are relatively lower. However, the
water natural convection mechanisms in tank is still insufficient to ensuring a uniform
temperature distribution, where cables positioned in the middle of the tank are obtained higher
temperature profiles than those near to the tank walls. Furthermore, elevated temperatures

were noted in areas where cable loops overlap due to the close proximity of loop sections.

Then, the impact of forced water circulation on cable surface temperatures in a tank were
explored by simulations. Models with circulating fans at 10rpm and 50rpm rotating speeds
were conducted, and the cable temperatures were compared to a scenario that without forced
water circulation. The 10rpm fan reduced temperature differences across each cable, achieving
amore uniform distribution of cable surface temperatures compared to the no water circulation
scenario. The 50rpm scenarios exhibited further improvement over the 10rpm situations,
resulting in a uniform distribution of surface temperature for all cables in a tank. Consequently,
a general recommendation for a fan rotating speed of 50rpm is established, ensuring a more
even artificial ageing situation for all cables in the tank. Moreover, situating the fan at the
lower part of the side wall enhances the scenario, leading to even lower temperature variations
across cables and more evenly distributed surface temperature profiles. This information
provided valuable insights for optimizing forced water circulation conditions to achieve
uniform cable ageing in experimental settings. Based on these findings, it is recommended that
IEEE Standard 1407 include guidelines for implementing forced water circulation at a fan

speed of 50 rpm to create a more uniform artificial aging environment for all cables in the tank.

7.2. Future work

The accelerated thermal ageing experiment has been systematically executed on MV
extruded power cables for a total of 270 ageing cycles. This experimental duration is deemed
equivalent to approximately 25 years of continuous operation under normal operational
conditions for cables of similar specifications. As the ageing of power cables in the experiment
has not yet reached their designed lifetime, typically spanning 30 to 40 years, the ongoing
implementation of the experiment becomes imperative for continued analysis. Continuous
monitoring of variations in PI and tand values remains essential to comprehensively assess the
performance of cables subjected to thermal ageing conditions. IR measurements after more

thermal ageing cycles should be performed to validate a longer-term IR reduction under the
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thermal ageing effect after the two U-shape variations.

Furthermore, experimental work is required to measure the variations and diffusion
depths of the chemical components in insulation over the annealing process and verify the
explanation of the two consecutive U-shape IR variations. Exploration and analysis of the
influence of environmental RH on both IR and tand will also be crucial for an understanding

of the cable behaviour and responses to varying environmental conditions.

The thermal modelling method, which combines FVM and ANN developed in this
research holds the potential for further application to power cables operating in diverse
environmental conditions. Its applicability could be extended and validated through practical
experimental measurements, providing an opportunity to assess the reliability and accuracy of
the model across various operational scenarios. This expansion of the methodology to different
environments contributes to its broader utility in the analysis and prediction of power cable

performance under different working conditions.

Future work on the development of IR degradation models should focus on incorporating
the U-shaped variation of IR, considering the combined impact of the annealing effect and
thermal ageing. The discretization model, introduced in this research, may undergo further
refinement to simulate the joint effects of annealing and thermal ageing on IR variations in a
more physically accurate manner. This refined model could then be fitted to laboratory
measurements to identify the characteristics of hopping and band conduction mechanisms
within insulation, particularly with the presence of semi-conductor layers, throughout the
heating process. Furthermore, the highly non-uniform insulation temperature profiles which
might be caused by local partial discharges and/or complex installation conditions could be
modelled by a further developed FVM model, so that providing a more reliable temperature
profiles to discretization model for resistance degradation estimation. In future model
development, the low-resistance current path formed during partial discharges could be taken
into account. This can be simulated by allocating relative low resistance values to particular

paths or areas within the insulation.

An accelerated ageing experiment employing a water-filled tank in an accordance with
IEEE Standard 1407 could be conducted in future research. This experimental setup would
enable a direct comparison between simulated results and actual measurement. There is a
potential for detailed evaluation of power cable ageing calculations under conditions specified

by IEEE Standard 1407, utilizing simulated temperature profiles.

In addition, in the simulations of accelerated ageing based on IEEE Standard 1407, the

cable model structure is presently simplified. However, in future modelling efforts, there is a
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plan to incorporate additional components such as semi-conductor shields, metal shield and
outer sheath. The impact of these layers on temperature distribution may not be significant,
but this enhancement aims to create a more detailed and realistic representation of the cable

structure, ensuring that the simulation results align more closely with the actual behaviour of

power cables undergoing accelerated ageing.
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Appendix A (reference section 3.4)

Thermocouples and PICO data logger

TC-08 thermocouple data logger is shown as Figure A.1. One PICO data logger has 8
channels for linking with 8 thermocouples. Then PICO data loggers are conneced with PC.

Software Picolog Recoder is used for data collection setup. The recording rate of
collected data is 1S/60s, it means one temperature data would be recoded by Pico data logger
in every minute. Filter fatcor in Picolog Recoder is set as 6 .The sampling rate is 1 sample per
10s, as it equals to recoding rate times filter factor. Therefore, one temeperature data is sampled
in every 10 seconds, there are 6 data are sampled in a minute so that they would be averaged

and recorded.

Figure A.1. TC-08 thermocouple data logger

More detailed information about TC-08 thermocouple data logger could be found in

following link: https://www.picotech.com/data-logger/tc-08/thermocouple-data-logger

Figure A.2 shows the thermocouple type T. Type-T thermocouples are more accuracy but
have a narrower temperature measurement range than type-K. For the thermocouple used in
this experiment, it could measure temperature in range of -75°C to +260°C. The accuracy of

thermocouple is +£0.5°C in -40°C to +125°C range.

The cable part is protected by PTFE insulation, the probe is an exposed wired tip. The
total length is 3m.
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Figure A.2. Thermocouple type T

More detailed information about type-T thermocouple can be accessed in following link:

https://www.picotech.com/accessories/type-t-thermocouple/thermocouple-type-t-ptfe-3-m
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Appendix B (reference section 3.5.1)

Instrument and diagrams of IR measurements

The Megger MIT1025 is instrument used in the experiment for testing IR1, IR10, PI and
DAR periodical. Figure B.1 shows the MIT 1025, it can be seen that there are three terminals
in the instrument: positive(red), negative(black) and guard(blue). The MIT 1025 has multiple
test modes, including IR tests, PI, DAR tests, Dielectric Discharge test, step voltage test and
ramp voltage test. Voltage levels could be selected in range from 500V to 10kV. The MIT1025
is provided with calibration certificate which is automatically produced as a part of the final

test procedures of Megger.

It should be made sure that the circuit for insulation test is under de-energized condition

and fully discharged before measurement executed.

Figure B.1. Megger MIT1025

The blue cable is for the guard terminal which enhances the testing capabilities by acting
as a shut for more information on the guard terminal. PowerDB is software used for the
collection and reporting data by connecting PC with working Megger equipment. The
connection between cable sample, Megger MIT1025 and PC is illustrated by Figure B.2.

Positive (red) lead connect to conductor of cable sample, while negative (black) lead connect
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to metal shield of cable. The measurement accuracy of Megger MIT1025 is listed in Table B.1.

Figure B.2. Connection diagram of Megger MIT1025 measuring cable sample

The measurements procedure of power cable insulation by MIT 1025 is:

1. Select measurement modes

2. Install the test leads, locking test leads for additional safety: Positive to cable core
(Red); Negative to cable metal sheath (Black)

3. Select voltage based on the rated operating voltage of the test item

4. Depress the test button for a safety interval

Table B.1. MIT1025 measurement accuracy in different measurement ranges

voltages 10kV 5KV 2.5kV 1kV 500V
Accurac
5o IMQ to 1IMQ to IMQ to IMQ to IMQ to
2TQ 1TQ 500GQ 200GQ 100GQ
20% 1MQ to 1IMQ to IMQ to IMQ to 1MQ to
20TQ 10TQ 5TQ 2TQ 1TQ
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Appendix C (reference section 3.5.4)

Instrument and diagrams of tano measurement

The instrument used for testing tand and capacitance of cable samples in the experiment
is shown as Figure C.1. This equipment contains precision digital bridge, power unit, reference
capacitor, step-up transformer, and other electronic circuits. It could be used in laboratory for
high accuracy test. It’s running automatically when it started and then results would display
on the LCD screen and printed automatically. The accuracy of the instrument output is

presented by Table C.1.

WGSL-4C
TAN DELTA TESTER

W
) I
I | > No.00018528

Figure C.1. WGSL-4C Tan delta tester

Table C.1. Accuracy of Tano tester

Testing items Accuracy
Capacitance + (reading x 1% + 1pF)
Dissipation Factor + (reading x 1% + 0.00040)

Figure C.2 presents the connection of tand tester on the cable samples, UST mode is test
used in this case. Test voltage level could be selected in range of 200V to 10k V. The test voltage
frequency could be selected from 45Hz, SOHz, 55Hz, 60Hz and 65Hz.
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Figure C.2. Sketch of connection between Tand tester with power cable sample
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Appendix D (reference section 4.2)

FVM simulation results of cables in chamber

Temperature distribution on cable, insulation and conductor surfaces from Oh to 8h in

FVM modelling results are presented in this appendix.

TN
%

(a) (b) ()
Figure D.1. Temperature distribution on (a) cable; (b) insulation and (¢) conductor

surfaces at Oh in FVM modelling results

(a) (b) ()
Figure D.2. Temperature distribution on (a) cable; (b) insulation and (¢) conductor

surfaces at 1h in FVM modelling results

(a) (b) ()
Figure D.3. Temperature distribution on (a) cable; (b) insulation and (¢) conductor

surfaces at 2h in FVM modelling results
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Figure D.4. Temperature distribution on (a) cable; (b) insulation and (¢) conductor

surfaces at 3h in FVM modelling results
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Figure D.S. Temperature distribution on (a) cable; (b) insulation and (¢) conductor

surfaces at 4h in FVM modelling results

s
Figure D.6. Temperature distribution on (a) cable; (b) insulation and (¢) conductor
surfaces at 5Sh in FVM modelling results
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Figure D.7. Temperature distribution on (a) cable; (b) insulation and (¢) conductor

surfaces at 6h in FVM modelling results
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surfaces at 7h in FVM modelling results
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Figure D.9. Temperature distribution on (a) cable; (b) insulation and (¢) conductor

surfaces at 8h in FVM modelling results
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Appendix E (reference section 4.3.2)

ANN model performance

Presented herein are graphs of training performances for ANN models trained by different

cable’s temperature profiles referenced in section 4.3.2.

e Figure E.1: mean squared errors of ANN models
e Figure E.2 to E.5: error histograms of ANN models for cables’ insulation

e Figure E.6 to E.9: correlation coefficient of ANN models for cables’ insulation

Best Training Performance is 0.0074971 at epoch 1000 Best Training Performance is 0.0080702 at epoch 1000
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Figure E.1. Mean Squared Errors of ANN models along with training epochs for
insulation of (a) cablel, (b) cable2, (¢) cable3 and (d) cable4
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Error Histogram with 20 Bins

I Training
16000 I Test
Zero Error
14000
12000 -
10000 -
8000
6000
4000 -
2000 -
00 0 N © - U N T ®m N ~W~ NN DD
N © v~ © QO 1 NT D ® O T S e g QW -
s D ol o = B B oo O S a s T
FPPQPIP TRIYIZZggeeeos

Errors = Targets - Outputs

Figure E.3. Error histogram of ANN for cable 2 insulation

200



Error Histogram with 20 Bins

0.03689

@
]
@
a

0

0.1429
0.1959

I Training
[ Test

Zero Error

0.302
0.355
0.408

Figure E.4. Error histogram of ANN for cable 3 insulation

o
o)
0
0
Qo
o

w0
(32
2
NS

I Training
[ Test

Zero Error

<+ O N -
0~ O =
N oo @
bl M,
o o o o

0.423
0.4849

16000 -
14000
12000
7] L
& 10000
o

c

£ 8000 -
(2]

£

6000
4000
2000 -

D © M O NN §F = 0 I N — =
D D OV MO NN AN DO
N o0 < ¢ O 0 NN - - O
S99 5039 g 202
PRI RRIYLy g

Errors = Targets - Outputs
Error Histogram with 20 Bins

18000

16000

14000 -

» 12000 -

3

2 10000 ~

]

@ L

2 8000

6000

4000

2000 -

N wvuwerwoor oo
\—c»rstom‘—c’r\mgwm
T T T A T =T S
6 Ee 8 o0 e o B8
==

Errors = Targets - Outputs
Figure E.5.

Error histogram of ANN for cable 4 insulation

201



Training: R=0.9999 ) Test: R=0.99989
375

o - ¢ Data
's 8 — 1t
o S 370 Y=T
+ +
- Bl
(] (]
o o
o o
© ©
= =
X X
- -
n 1]
1 1
- -
= =
Q. Q.
= =
= =
o o
350 355 360 365 370 375 350 355 360 365 370 375
Target Target
All: R=0.99989

75—
o~ 2 Data
5 c— it
S 370 Y=T
+
-
(]
=)
=
©
[
*
i
n
1
-
=
o
£
=
(e]

350 355 360 365 370 375
Target

Figure E.6. Correlation coefficient of ANN model for cable 1
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Figure E.8. Correlation coefficient of ANN model for cable 1
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Figure E.9. Correlation coefficient of ANN model for cable 1
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