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Abstract

Abstract
The safe and reliable operation of nuclear power plants (NPPs) and photovoltaic (PV) systems
heavily depend on the low voltage (LV) power cables. During their service period, they are
exposed to different environmental stresses depending on the power plant. In an NPP
environment, thermal and radiation stresses are the common stresses which the LV cables
encounter in everyday operation. While in PV systems, thermal stress is the one that is more
persistent stress. Hence making these cables more exposed to aging as compared to other
components in the system. Thus, monitoring the real state and determining the real cause of
cable degradation becomes essential. Also, to know and then select the type of diagnostic
method is essential. In recent times electrical quantities-based condition monitoring methods
have gained the attraction of the researchers. The application of these techniques has been
limited to only multi-conductor shielded cables, where the insulation and jacket aging is
monitored separately.
However, for LV unshielded single-conductor cables, condition monitoring is not a simple
task, as there is only one conductive core. Considering the problem, this research work has
been intended to implement the electrical condition monitoring methods; dielectric
spectroscopy, extended voltage response, and polarization-depolarization current to unshielded
LV single-conductor power cables. Besides, Shore D hardness has also been adopted for the
comparative study for aging detection.
The XLPE/CSPE-based LV unshielded single-conductor power cable for nuclear
applications has been exposed to accelerated thermal and radiation stresses. At the same time,
the LV unshielded single-conductor PV cable composed of XLPO/XLPO is thermally aged.
By sweeping the frequency between 100 mHz to 500 kHz, charging the cables by DC voltage,
and then measuring decay voltage, return voltage; extended voltage response, and polarization
and depolarization currents; polarization and depolarization current, the physio-chemical
changes happening inside the cable polymeric materials are investigated. The changes in the
hardness of the cable are studied using Shore D hardness.
A strong variation in the real and imaginary part permittivity, decay voltage slope, and
return voltage slope helped in the selection of electrical aging markers. The aging markers,
which when correlated with the hardness and aging of the cables, showed the potentiality of
the methods to be applicable for the detection of aging in the unshielded LV single-conductor
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power cables. The methods adopted were not only non-destructive but simple, which can be a
way forward for the on-site diagnosis.
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Chapter 1: Introduction

Chapter 1: Introduction
1.1 Motivation
In the last couple of decades, the generation of electrical energy from nuclear and photovoltaic
(PV) systems has increased incredibly (Figure 1.1). By the year 2050, it is expected that the
global share of electrical energy by nuclear power plants (NPPs) would increase by 17% [1]
and for the PV systems to 25% [2], which is due to the fact that they have the advantages of
high capacity, efficiency, and low carbon oxide emission over other energy sources. Besides
other important components, low voltage (LV) cables are essential components in the nuclear
power plants (NPPs) and PV systems, which are extensively used throughout these plants.

Figure 1.1 Year-wise Total Net Electrical Capacity (GW) for Nuclear and PV Systems [2].

In the NPPs, the LV cables link the system components with the controlling and monitoring
instrumentation and control (I&C) equipment and supplying power to devices [3]. While in the
PV systems, the LV cables are deployed to connect the inverters with PV modules: DC cables,
and the inverters with the substation or transformer: AC cables [4]. Hence, the reliable and safe
operation of these power plants heavily depends on the LV cables. During the service period,
the cables are exposed to a wide range of stresses, especially the environmental conditions
(Figure 1.2) [5], [6]. As reported in [7], the failure of the power and control cable was reported
due to environmental conditions in the containment building of the Savannah River K-reactor
at Aiken, South Carolina.
1
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Figure 1.2 Aging and Type of Stresses [8].

For the case of NPPs’ cables, the environmental conditions may become severe with the
presence of radiation and oxygen inside the containment area. The presence of the stresses
results in the aging of the cables, which is an irreversible process and has been a topic of interest
for many years [5]. Since the LV cables in the NPPs and PV systems support the safe operation
of the system hence any unforeseen or premature failure of the cable could result in the
unavailability of the equipment related to NPPs' safety or may lead to plant transients and
shutdowns of the plant. Also, in the case of NPPs, all the components which are linked to the
safety function must perform in the time of accidents, as the accidents at the NPPs have
calamitous results.
Similarly, due to the installation of PV systems at open fields or rooftops, the cables are
exposed to extreme environmental conditions but with different natures such as hot and cold
temperatures, humidity, UV radiation, and wind. In the PV systems, these cables ensure the
supply of generated electricity to the consumer side. Hence unavailability of the LV cables due
to aging may result in the reduction of the output power.
The design of the cable varies with the application of the cable, such as instrumentation
and control (I&C) and power cables [9]. The jacket and insulation of the cables are composed
of polymers, and these polymers are also formulated with various additives, such as
antioxidants, flame retardants, plasticizers, and dyes. In the NPPs, out of different
environmental stresses, the radiation, oxygen, and thermal stressors are the dominant ones [10].

2

Chapter 1: Introduction

The contribution of radiation and thermal stresses in the presence of oxygen adds a particular
dimension to the degradation of the LV cable. Under the thermal and radiation stresses, the
chemical structure of the polymer is altered along with the physical changes, known as
chemical and physical degradation, respectively [11]. A similar phenomenon is encountered
with the LV PV cables under thermal stress. These structural changes will result in the
degradation of the chemical, mechanical, and electrical properties of the polymer. They may
result in functional failures, such as short circuit and cable breakdown, which has a severe
effect on the safety of the nuclear facility especially.
From the economic point of view, in the design phase of power plants, the LV cables are
considered irreplaceable components. With the case of NPPs' life extension from 40 years to
60 years (in some cases 80 years), effective condition monitoring (CM) methods have become
inevitable, as the cost of system shutdown combined with the cable replacement and repair is
very high. That is why CM is considered an essential step to maintain the qualification of the
cables used in the NPPs [12]–[14]. The CM methods could be for reliable operation during
normal conditions, the plant life extension, and design-based events (DBEs).
The CM techniques are classified into destructive and non-destructive techniques [9]. Till
now, most of the research on the CM has been focused on destructive methods; which require
a sample of polymer material from the cable and are related to the mechanical [3], [10], and
chemical [15]–[23] properties of the polymer insulation materials. Nevertheless, these methods
possess problems of being destructive and intrusive for the field conditions. Most of these
methods mainly focus on the chemical characterization of the polymer insulation with few of
them on the functional properties, which are essential from the point of view of the plant
operation and life extension.
Since the primary function of the cable insulation is the isolation of conductors, while the
jacket serves as the protection from mechanical damage, the integrity of these components is
determinant. Due to the physio-chemical changes with aging, the dielectric properties of the
cable insulation, which are the essential characteristics, are also influenced. In the NPPs out of
the LV cables, power cables make approximately 15% of the total LV cables [24], while the
share of DC cables in the LV PV cables is dominant as the DC cables although account for
only 2% of the solar project cost, they have a significant impact on the output power. In the
NPPs, the LV power cables are either shielded or unshielded. These power cables are used to
supply power to the safety-related motors of pumps and valves, motor control centers, heaters,
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and transformers. In contrast, the DC cables in PV systems are used to connect the PV modules
with the inverters. In the last few years, the CM methods which have been introduced for the
investigation of the effect of aging on electrical properties of LV cables are line resonance
analysis (LIRA) [25], dielectric spectroscopy [26], and Time-domain Reflectometry (TDR)
[27].
In these electrical methods, the researchers have aimed to study the effect of thermal and
radiation stresses on the insulation and jacket material separately since the integrity of both
components is critical to maintain the qualified conditions of cables [9], [10]. Also, most of the
recent research has been focused on the LV shielded cables, especially instrumentation and
control (I&C) cables [28]–[30], since the measurement of electrical properties of insulation can
be easily executed by the different connection of the test equipment to the shielding and
conductors of tested cable. The on-site measurement capability and non-destructive nature of
the dielectric measurement methods generate a need to develop these methods to investigate
unshielded single conductor (1C) cables, such as power cables, which are the predominant
types of LV cables. Nevertheless, in the case of the unshielded 1C cables, the measurements
of dielectric properties of the polymeric components, i.e., jacket and core insulation, is not a
simple task as the jacket and insulation form composite insulation. This type of cable
construction could affect the failure of the cable in case the jacket starts to degrade.
Whereas this kind of cable has only one conductive core, therefore connection of the
electrical test equipment for the CM is not obvious as there is no fixed ground reference, hence
the implementation of the electrical tests as CM becomes challenging. Even though in recent
years a technique namely interdigital capacitive sensor [30] has been developed for the
purpose, but it has been limited only to AC test techniques. For the LV unshielded 1C cable,
one possible solution is using a surface electrode on the jacket. By connecting the equipment
to the surface electrode and the conductive core, the resultant of the dielectric characteristics
of the jacket and core insulation can be measured. Moreover, using non-destructive electrical
CM techniques by this connection enables to evaluate the overall state of the cable without
separating the insulation and jacket, thus making the task of the overall condition assessment
of the unshielded 1C cable practicable.

1.2 Research Goals of the Thesis
Heeding the problem faced in the determination of aging in LV unshielded 1C cables, this
Ph.D. thesis has been aimed to study the impact of thermal and radiation stresses on the
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electrical/dielectric properties of the composite insulation (jacket and insulation) of LV
unshielded 1C cables. The study has been focused on unshielded 1C LV cables used in NPPs
and PV systems. The research goals are:
i.

Implementation of non-destructive electrical CM methods on unshielded 1C cables.

ii.

Identification of electrical aging markers through the estimation of electrical
parameters to understand the degradation in the overall cable’s polymeric material,
i.e., insulation and jacket.

iii.

Establish a correlation between the electrical aging markers and the physical
degradation of the different kinds of LV cable materials.

iv.

To establish the practicability of non-destructive techniques as viable techniques
instead of destructive techniques.

1.3 Thesis Overview
Each chapter in this Ph.D. thesis has been organized to give the reader in-depth knowledge
about the adapted novel techniques to investigate the degradation in the LV single conductor
unshielded 1C power cables.
Chapter 1, Introduction, is a brief introduction about aging, the importance of LV cables
in nuclear power plants and PV systems, the condition monitoring methods for aging detection,
and their applications. At the end of the chapter research goals of the thesis have been stated.
Chapter 2, LV Cable, Degradation, and Condition Monitoring is about the role and
construction of the LV cables deployed in NPPs and PV systems. The cables' stressors faced
during their service life and the degradation mechanisms in the cable polymeric materials, and
the CM methods used to ascertain this degradation have been discussed. The chapter also
includes the aim of the Ph.D. work at the end.
Chapter 3, Experimental Setup, is dedicated to the cable samples used in this research
work with the procedure used to carry out the work. The measurement setup for detecting the
electrical properties through the electrical techniques and the mechanical technique has also
been outlined in this chapter.
The results of the measurement of electrical techniques for the thermally and irradiation
aged LV NPP unshielded power cables are discussed in Chapter 4, Results. The chapter also
contains the results of the thermally aged LV PV DC cables.
Chapter 5, Discussion, is inscribed to the discussion of the results of the preceding chapter.
The electrical and mechanical properties results obtained through adapted measurement
techniques are analyzed. The cause of the degradation is optimized with the selection of
5
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electrical aging markers. The electrical aging markers are then correlated with the mechanical
property to establish the validity of the methods.
Chapter 6, Summary and Future work, the final chapter, summarizes the work done in
this research work. The actual scientific results in this research work are highlighted by
categorizing as Thesis I, Thesis II, Thesis III, and Thesis IV. The future directions beyond this
research work are also proposed in this chapter.
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Chapter 2: LV Cable, Degradation, and Condition Monitoring
2.1 Introduction
This chapter is penned down to give a background for the chapters following this chapter,
which consists of the experimental setup and results subsequently. In this chapter, an overview
of the LV cables used in NPPs and the PV systems is given. The construction of LV cables
with the materials used in cable manufacturing is also briefly discussed. The LV cables'
stressors faced during their service life and as a result, the degradation mechanism in the cable
polymeric material are also stated. At the end of the chapter, the role and importance of CM
methods are discussed. While the electrical methods used as CM techniques in recent times are
also reviewed, followed by the aim of the Ph.D. work.

2.2 Low Voltage Cables Overview
Since the research work is focused on the LV cables used in the NPP and PV systems. A brief
description of the cables is discussed in this subchapter.

2.2.1 NPP Low Voltage Cables
In a typical NPP, there are thousands of kilometers of low voltage electrical cables and wires
which belong to different types and sizes. These can be categorized as [9], [10]:
1. Instrumentation and control (I&C) cables
2. Low voltage power cables
3. Specialty cables
4. General service cables
The application and general construction of each type of cable are discussed in Table 2.1.
Table 2.1 Low Voltage Cables in NPP [9], [10]
S.No.

Cable Type

Application & Construction
i. Digital/ Analog transmission from various types of

1.

Instrumentation

transducers (e.g., resistance temperature detectors, pressure
transmitters, thermocouple leads)
ii. Twisted pairs, coaxial, triaxial, and shielded
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i. For auxiliary components (e.g., switches, valve operators,
2.

Control

relays, and contactors)
ii. Multiconductor and shielded
i. Supply power to auxiliary components (e.g., motors, motor

3.

Power Specialty

control centers, heaters, and small transformers)
ii. Single conductor or multiconductor and unshielded
i. Grounding cables

4.

General Service

ii. Lighting cables
iii. Telephone cables

The I&C and power cables are related to the safety functions termed as Class 1E [3], [31].
An LV cable generally consists of the following components:
1. Conductor
2. Insulation
3. Shielding
4. Outer jacket
With some control and power cables, to prevent fire, the fire retardants, there is a jacketing
layer over the insulation of each conductor, known as an inner jacket or conductor jacket.
Figure 2.1 shows examples of some of the LV cables used in the NPP.

Figure 2.1 (a) Multiconductor shielded control cable, (b) Two-core shielded instrumentation cable, and (c)
Single-conductor unshielded power cable.

The materials for the power and control cables are usually the same. In contrast, the current
capacity of the control and instrumentation cables is much less than the power cables. The
jacket and insulation are polymeric materials with different compositions of additives. Table
2.2 presents the main components of the cable with the materials used and the properties of the
component.
8
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Table 2.2 Main Components of the LV NPP Cable [9]
Components of Cable

Material(s) Used

Properties

i. Copper
ii. Aluminium
Conductor

iii. Nickel

Stranded for flexibility

iv. Gold
v. Silver
i. Ethylene

Propylene

Rubber

(EPR)
ii. Ethylene

Propylene

diene

monomer rubber (EPDM)
Insulation

i. Highly resistant to the
flow of current and
water

iii. Cross-linked

ii. Flame retardant

Polyethylene/Polyolefin

iii.Highly

(XLPE/XLPO)
iv. Ethylene Vinyl Acetate (EVA)
v. Silicon Rubber (SiR)

resistant

to

chemicals, abrasion, and
heat

vi. Polyether ether ketone (PEEK)
i. Foil shields made of bonding
between
Shielding

a

thin

layer

of

aluminium and polyester film
ii. Braided shields made of copper

i. To increase immunity
against

noise

and

EMI/RFI interferences

or aluminium
i. Chlorosulphonated
polyethylene (CSPE)/Hypalon
ii. Ethylene Vinyl Acetate (EVA)
Jacket

iii. Polyvinyl Chloride (PVC)
iv. Silicone Rubber (SiR)

i. Provide

protection

physically
ii. Mechanical strength to
cable

v. Polychloroprene (CR)/
Neoprene
During fire accidents, it has been reported that there has been a release of halogen from
PVC. Hence PVC jackets are now no longer used as the jacket material during the design of
NPP cables [32].
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2.2.2 Low Voltage PV Cables
In a PV system, to connect the components: solar arrays, inverters, AC switchgear, combiner
box, and transformers, different kind of LV cables and wires are used [33]. Figure 2.2 shows
the schematic of PV systems with different components and the type of cables used. The two
main types of LV cables used in a PV system are [4]:
1. DC cables
2. AC cables
The DC cables are mainly used to connect the PV modules with the inverters, which are
further classified as:
1. String DC cables
2. Main DC cables
For the interconnection of solar modules and connecting modules with string combiner
boxes, string DC cables are used. They generally have a small cross-section, less than 10 mm2,
and carry a current of around 10 amperes.

Figure 2.2 PV System Layout with types of LV cables [4].

While the main DC cables have a higher cross-section, up to 400 mm2, and high current
capacity; up to 600 amperes, as they are used to connect the inverters with the array combiner
boxes [4].
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The LV AC cables have a rating equal to 1000 V and are deployed in the PV systems to
connect the inverters and the transformer. Since AC cables are widely deployed in conventional
power generating sources and renewable energy sources but the DC cables in the PV systems
are primarily used. The PV cables usually consist of the conductor, insulation, and jacket,
although the use of double insulation (instead of jacket) has been reported to be efficient and
reliable. The materials used for the insulation and jacket for the PV cables must be highly UV,
water, and ozone resistant in addition to withstand the thermal and mechanical stresses.

2.3 Stressors
With the advent and widespread of NPPs and PV systems, environmental stress on the
degradation of the cable increased compared to other types of stresses [11]. In the NPPs, the
harsh environmental stresses occur particularly inside the containment, where mostly the LV
cables related to safety operations are located.
In the NPPs, as compared to other environmental stresses, temperature, radiation, and
oxygen are the dominant ones. Simultaneously, the presence of humidity, dust, dirt, and other
types of contamination may increase the intensity of the aging. Aging is a multi-factor
phenomenon; some stressors combine and result in degradation. In some cases, some stressors
accelerate the degradation, such as the presence of oxygen during the radiation and thermal
stresses [34].
The possible cause of the temperature and radiation stresses in the NPPs is shown in Figure
2.3. As shown in the figure, thermal stress can be due to several causes. The ohmic heating and
ambient room temperature are the common causes of thermal stress and are highly impactful
[35]. While the hotspot, which occurs at specific points such as cable terminations, and
radiation heating, have a shallow effect [34].
The primary radiation stress can be of low dose gamma (γ) irradiation, occurring during
normal operation of NPP and high dose gamma (γ) and beta (β) irradiations, which occur in
case of accidents [6]. Besides, the α -radiation particles have a short-range in the environment
due to large mass and hence are attenuated within the first few millimeters of the material. The
β- radiations are produced during the accident, but their penetration into the material depends
on the absorbing material [34].

11

Chapter 2: LV Cable, Degradation, and Condition Monitoring

Figure 2.3 Cause of Temperature and Radiation stresses [8].

The neutron radiations are subatomic particles, originating from the reactor core during
operation. They vary in mass and penetration capability. Those neutrons having high energy
will penetrate the materials. But due to the presence of neutron reflectors, moderators and radial
shielding installed around the reactor core and vessel ensures that the neutrons do not escape
the vessel shielding. Hence, no cable within primary containment is exposed to significant
neutron dose, with the exception of any cables located inside the neutron shielding or directly
adjacent to the reactor vessel. These cables contain inorganic or metallic materials with a high
damage threshold for neutron radiation [34].
The γ-radiations are electromagnetic and have high penetration strength as compared to
other radiation types. The dose rate of γ-radiations is dependent on the reactor power level and
varies with its frequency and wavelength. Those γ-radiations having high frequency will have
high energies. Since the cables are located in multiple places in the nuclear reactor plant, they
are exposed to γ –radiations. Hence, they are considered the primary cause of radiation stress
compared to other radiation types.
In the PV systems, besides the LV cables' long-term exposure to UV radiation, they are
also under other stresses such as moisture and humidity. During normal operation like the NPPs
cables, the thermal stress is a combination of environmental temperature and ohmic heating
[36], [37]. The thermal stress is the most important of the stresses in the PV systems besides
the mechanical and electrical stresses that the LV cables experience.
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2.4 Polymeric Materials Used in Cables
As discussed in subchapter 2.2, different polymeric materials are used as insulation and jacket
in the LV cables. In this research work, we focused on two LV unshielded 1C power cables;
one XLPE/CSPE based NPP cable and the other XLPO/XLPO based PV cable. Hence, a brief
discussion of these materials is discussed in this subchapter.

2.4.1 Cross-Linked Polyethylene
Cross-linked polyethylene (XLPE) is the polymeric insulation that is used in approximately
36% of cables deployed in current NPPs [34], [38]. XLPE belongs to a family of polyethylene
(PE), which passed through cross-linking results in the formation of XLPE [39]. Figure 2.4 (a)
shows the molecular structure of PE, while after the cross-linking, the formation of XLPE is
shown in Figure 2.4 (b). With the process of cross-linking, the PE converts from thermoplastic
to thermoset [40]. Three different cross-linking methods are used for cross-linking; peroxide,
radiation, and saline [41], with each having its curing temperature, curing time, bond strength,
and degree of cross-linking. The cross-linking process improves crack resistance to
environmental stress, impact strength, and creep/abrasion resistance.

(a)

(b)

Figure 2.4 (a) Repetitive structure of Polyethylene chain, (b) Schematic illustration of the chemical structure
of XLPE.

For quantifying the degree of aging, mechanical properties are used, such as elongation at
break (EaB). The EaB for a new sample of XLPE insulation ranges from 300% to 500% [42].
Besides, the electrical insulation property is also important considering the electrical integrity
of the XLPE. According to the literature, the new XLPE has a resistivity of approximately
7×1014 Ω-cm [43]. Similarly, XLPE has a higher operating temperature, which reduces the
need for short circuit and overload protection compared to PE. Also, having no softening
temperature, XLPE has resistance to melt flow and hence permanent damage.
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2.4.2 Chlorosulphonated Polyethylene
Chlorosulphonated polyethylene (CSPE) is a widely used elastomer in the NPPs as insulation
and jacket or sheath [44]. It has excellent radiation resistance, toughness, resistance to
oxidation, oil/solvent, and good electrical [45], [46]. With the modification of the polyethylene
backbone with chloro- and sulfonyl chloride side groups simultaneously, CSPE is obtained,
Figure 2.5 [47]–[49], where the processes are known as chlorination and chlorosulfonation,
respectively [50]. Further cross-linking is achieved with different curing methods in order to
produce commercial Hypalon [51], [52] from their application in NPPs, CSPE is also used in
building materials, life-saving equipment, and auto-supplies [53].

Figure 2.5 Schematic illustrations of the chemical structure of CSPE.

2.4.3 Cross-linked Polyolefin
Cross-linked polyolefin (XLPO) is a category of cross-linked compounds. With high pressure
and heat, XLPO is created, having the attribute of being halogen-free. Also, it has good
chemical and fire resistance with high durability and flexibility. Besides its other applications
as insulation in cables, it has excellent ultraviolet (UV) resistivity with being mostly used in
PV systems.
Since most of the polymeric materials used in cable manufacturing are semi-crystalline
where they have both the amorphous and crystalline regions, as is the case for XLPE and
XLPO. Compared to amorphous materials, semi-crystalline materials have a highly ordered
molecular structure with a sharp melt point.
For specific applications, different additives are added to the base polymers to improve the
electrical and physical properties. These additives could be:
1. Flame retardant
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Chapter 2: LV Cable, Degradation, and Condition Monitoring

2. Antioxidants
3. Plasticizer
4. Lubricants
5. Dyes
6. UV resistant
7. Stabilizers
8. Initiators
9. Curing Agents
Hence the chemical composition of the polymeric insulation and jacket contains many
constituents of different natures and concentrations. The specific detail of the composition of
the polymer and the process of manufacturing is proprietary and depends on the manufacturer.
The manufacturer selects the composition of the polymer considering the compatibility,
character, stability, and most importantly the cost. Besides, during manufacturing, the materials
are cross-linked and are semi-crystalline. The cross-linking increases electrical integrity,
weather, abrasion resistance, crack resistance, shear, compressive strength, and chemical
resistance.

2.5 Degradation Mechanism
According to IEC standards, “aging is an irreversible and deleterious process in the solid
insulating materials and systems that significantly affects the performance of the material and
system and hence shortens its useful life” [54]. Aging depends on the nature and duration of
the stress and most importantly, the physical and chemical characteristics of the material [5].
Aging always results in physio-chemical structural changes, which results in the degradation
of the polymer chains, which directly affects the service performance of the polymer material.
There are two types of degradation in the polymer: chemical and physical. The structural
change, disruption of old bonds, and formation of new ones in the polymer results in chemical
degradation, while the diffusion of water or plasticizer, low molecular weight components
results in physical degradation [19], [55]–[58]. To study the aging of polymeric insulation
material, it is crucial to study the effect of thermal and radiation stress on the material's
chemical structure and reactions. The polymer may contain some side branches and the
backbone of the chain of atoms, as shown in Figure 2.6, which shows the simplified schematic
of the polymer molecule.
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Figure 2.6 Simplified Structure of Polymer Molecule [8].

The polymer molecule is initially ionized due to thermal or radiation energy, which then
combines with an electron and becomes an excited molecule. This excitation results in
breakage of covalent bonds, resulting in the following chemical changes in the material [11],
[59], [60]:
Cross-linking, two adjacent macromolecules are covalently bonded. The increase in the crosslinking density increases the material stiffness. If the process is prolonged, the embrittlement
of the material is observed [11].
Chain scission, in which the breakage of one molecular chain into two shorter chains is created.
Oxidation, if the material is in the oxygen environment, radiation-induced oxidation is
observed. The temperature effect, thermal excitation, helps in this type of degradation. This
results in quasi-homogeneous oxidation throughout the bulk of the material [11]. At ambient
temperature, without the radiation or other means of producing free radicals, the rate of
oxidation is low [11]. The chemical reactions can occur at the same time, while one of them
may be dominant.
Table 2.3 shows the structural changes in the polymer molecule and the effects due to the
chemical reactions on the physical properties of the material. While Figure 2.7 shows the cyclic
process of a chemical reaction due to the thermal or radiation effect [32], where the process
has started due to thermal or radiation initiation by creating polymer radicals. This radical will
react with oxygen and generates a peroxy radical, which then reacts with H within the polymer
to form the same radical as at the initiation stage. Poly-oxy and hydro-oxy radicals are formed
due to the decomposition of hydro-peroxide. The poly-oxy radicals result in chain scission and
oxidation products such as alcohols and carbonyl groups.
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Table 2.3 Structural Changes due to the Chemical Reactions and their Effect [8]
Chemical
Reactions

Structural Changes

Effects
• Stiffening
of
material
• Increase
in
Tensile Strength
and hardness
• The decrease in
EaB

CrossLinking

Chain
Scission

+

Oxidation
+·O-O·

O
Ọ

• Mechanically the
material
is
weakened
• The decrease in
mechanical
strength
• Increase
in
dielectric loss

Figure 2.7 Cyclic Process of Chemical Reactions due to Thermal-Radiation Stress [8].
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The generation of per-oxy and hydro-oxy radicals causes a chain reaction of oxidation until
the radicals are recombined. The presence of antioxidants stops the chain reaction by reducing
the free radicals and preventing the oxidation reaction.
The degradation kinetics strongly depends on the type of stress and additives in the
polymer. Different researchers have studied the presence of oxygen during aging and have
found that oxygen adds a particular dimension. Like during irradiation degradation in the
polymer, the gases are usually evolved, widely studied in [61]–[63]. The nature of the gases
depends on whether the oxygen is present or not. In the presence of oxygen, it has been
observed that the major evolved gas is H2O, while CO2 follows it [62]. While in the absence of
oxygen and under irradiation stress, the gases produced are H2 and CH4, and C3H8 [64].
However, the presence of oxygen during chain scission and cross-linking-based chemical
degradation makes the prediction of degradation difficult, as both processes depend on oxygen
and temperature [65], [66]. It has been observed that polymers in the presence of oxygen and
under radiation stress undergo chain-scission-dominated degradation. While in the inert
atmosphere or vacuum the polymers under irradiation, cross-linking-based chemical
degradation happens [66]. Some researchers have studied the effect of oxygen during
irradiation by monitoring the mechanical properties. In [65], when polyethylene samples
underwent irradiation in the absence of oxygen, the tensile strength first increased then
decreased. In the presence of oxygen, with more irradiation stress, the tensile strength
decreased. It is noteworthy to mention that the diffusion of oxygen in the material during aging
depends on the structure of the material and hence every material will show different
degradation characteristics [67]–[69].
Another important factor associated with oxygen during aging is the heterogeneity presence
of oxygen. This phenomenon occurs during the oxidation when the surface of the insulation
material is more exposed to oxygen than the section of the insulation near the conductor [67],
[70]. As a consequence, more degradation is observed at the surface.
The antioxidants are widely used in cable manufacturing. With aging, the content of
antioxidants decreases, as under thermal aging, it has been reported that the antioxidants
evaporate and decompose under irradiation aging [71]–[73]. One of the mechanisms by which
antioxidants slow down the degradation process is by terminating the free radicals or by the
decomposition of the hydroperoxides [74]. While the latest research indicates the function of
the antioxidants is the depression of the initial radical formation in the polymer chains by
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thermal activation [71], [73], [75]. In their work, they have studied the role of antioxidants
during aging on the mechanical properties of polymers. In some literature, it has been stated
that the antioxidants having thermal stability also show radiation stability [32]. Nevertheless,
some latest research carried on XLPE specimens with different antioxidant content showed the
sufficient thermal stability of antioxidants, but they were not effective during irradiation
oxidation [71], [73], [75].

2.6 Condition Monitoring
Condition monitoring (CM) as defined by IEEE, “condition monitoring is based on the
observation, measurement, or trending of condition indicators with respect to some
independent parameter (usually time or periods) to indicate the current and future ability to
function within acceptance criteria”[11] [76]. CM is an important part of the cable aging
management and the development and validation of the physical and chemical degradation
models that provide useful experimental data from the field. The information provided by the
CM helps in determining the current state of the cable and its ability to perform the function
within specific acceptance criteria [77].
Till now, utilities use a variety of CM techniques, as it is accepted that no single technique
can evaluate the condition of the cable or help in predicting the remaining life of it [16], [18],
[78]. Hence, a combination of tests is adopted to help in indicating cable degradation. The
desirable attributes of the CM techniques have been listed by the International Atomic Energy
Agency (IAEA) [10],[79], some of them are listed below:
i.

Non-intrusive and non-destructive.

ii.

Having the capability of detecting changes in the property which can be correlated
to functional performance with consistency.

iii.

Simple and can be used in field conditions.

iv.

Less expensive.

v.

Having the ability to be used in normal operations.

vi.

Having the ability to compensate the environmental conditions such as temperature
and humidity.

vii.

Having the ability to identify the hot-spot degradation.

The CM techniques are broadly classified as destructive and non-destructive techniques,
which focus on the chemical, mechanical, electrical, and physical properties of the cable
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polymeric materials. Figure 2.8 lists the CM techniques classification based on the measured
properties.
The destructive methods require a small sample from the cables. Mostly the mechanical
and chemical tests are destructive. In [67], [68], [86]–[90], [69], [71], [80]–[85], the researchers
have focused on the effect of thermal and radiation stress on the different polymeric materials
using mechanical and chemical techniques. Since this research work aims to study the
application of the non-destructive techniques for the LV cables, the discussion of the
destructive techniques used is out of this work's scope. The detail of such techniques can be
found in the literature [9], [78], [91], [92].
Visual/Tactile
• Thermal
Imaging
• Walkdown

Electrical
• Reflectometry
• Impedance
• Insulation
Resistance
• LIRA
• Tan Delta
• Dielectric
Spectroscopy
• PDC
• EVR

Mechanical
• Indenter
Modulus
• Elongation at
Break (EaB)
• Tensile Strength

Chemical
• Density
• Ultrasonic
Velocity
• OIT
• TGA
• FTIR
Spectroscopy
• Gel content

Figure 2.8 Condition Monitoring Techniques Classification [9].

The electrical tests are considered non-destructive test techniques and are broadly classified
as time and frequency domain techniques. Several electrical techniques have been adopted to
study the degradation in the cable polymeric materials under different stresses in the recent
past. A brief overview of recent work carried out using electrical techniques is discussed
herewith, while a detailed description of the techniques is added to Appendix A.

2.6.1 Time Domain Techniques
One of the basic and most used technique for checking insulation performance is the
measurement of insulation resistance (IR). The IR test is used in cables to acquire information
on the cable insulation quality by applying the voltage between the power lead and ground and
then measuring the leakage current. The test is based on fail and pass criteria. In [93], the
authors have adopted the IR tests and dissipation factor to EPR/CSPE based thermally and
irradiated stresses LV NPP cables. Although an acceptance criterion was selected by the
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authors using the IR measurement, however, it has also been reported that the variation of IR
with ambient temperature and humidity change was also observed.
Similarly, in [94], had also adopted the IR technique for thermally and irradiated aged LV
NPP cable alongside other techniques. Nevertheless, the results did not correlate well with the
cable degradation along with other data evaluated by the IR tests, such as polarization index
(PI) and dielectric absorption rate (DAR). The IR tests with the characteristics of being
inexpensive and straightforward, the disconnection of the cable is required, which enhances
the risk of damage and unforeseen problems. According to the IAEA report, the IR technique
lacks the correlation with aging for different insulation materials [9].
The Time-Domain Reflectometry (TDR) technique is a non-invasive technique and can
detect faults and condition of the cable. The technique is based on the basic principle of
reflectometry as sending a low voltage signal into the transmission line, which upon
encountering any fault or mismatch in the line will generate a reflected [9], [34], [95], [96].
Recent literature has shown the increased application of the TDR technique to investigate the
cable condition. In [97], the authors have adopted the TDR method to detect degradation in
XLPE based coaxial cable due to thermal stress. The authors have also compared TDR results
with capacitance and dissipation factor (tanδ) of the cable and found the results from both the
techniques to be consistent. In [98], the authors have focused on applying TDR on water tree
detection in XLPE medium voltage cables. The mismatching of the incident and reflected wave
based on the impedance difference has been correlated with the water tree.
In [27], the TDR technique has been used to detect a fault in thermally aged I&C cable used
in NPP environment. The TDR results are compared with the stepped frequency waveform
reflectometry (SFWR). While the impact of thermal stress on XLPE insulated LV I&C cable
designed for the NPP has been studied using the TDR and dielectric spectroscopy techniques
in [97]. The results showed that the TDR detected the local aging defects alongside the global
aging.
The problem associated with the reflectometry techniques is that they sometimes cannot
discriminate between the faults associated with the polymer or the conductor. However, they
can identify the presence of faults and their location within the length of the cable. For the
TDR, the minor local defects are not detectable, making them suitable for major local defects
such as damage and hot spots [9].
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Extended voltage response (EVR) is an extended version of the voltage response method,
which is also studied in the time domain [99]. The method is beneficial for studying those
dielectric polarization processes which have a high relaxation time constant or happening at a
very low frequency, such as the bulk, interfacial, and hopping polarization processes [100]. In
recent times the EVR method has been implemented successfully to study the polarization
phenomenon in LV cables used in distribution systems along with high voltage (HV) cables
and transformer insulations.
The thermal stress generated by overloading in the shielded LV distribution cables has been
studied in [101]. In the work, the PVC insulation degradation has been investigated with the
EVR along with the dissipation factor. Similarly, the aging investigation in oil-paper insulation
and polyethylene insulation medium voltage cables is studied in [102].
The application of the EVR to the NPP I&C cables has been carried out by Tamus et. al in
[94]. The thermally and irradiated aged cables were investigated in the work. While based on
the EVR measurements, electrical aging markers were derived. A high correlation coefficient
was observed for the electrical aging markers and aging. Simultaneously, the application of
EVR to HV equipment such as a transformer has also been studied in [103], [104]. Although
the technique has shown its application to a wide range of equipment, still the application of
EVR to the different types of cables used in the nuclear and solar industry is yet to be explored.
Polarization-Depolarization current (PDC) is another time-domain technique that is very
useful in studying the dielectric response and conductivity in polymeric dielectric materials.
The PDC method helps evaluate the structural changes happening inside the material as the
changes will reflect in the polarization and depolarization current values. The PDC has
successfully studied the moisture content in power transformers and oil-paper insulation [105]–
[109]. However, recent literature has shown the application of PDC to cable insulations also.
An electrically accelerated aged medium voltage XLPE based cable was studied for water
treeing using the PDC method [110]. The three-core cable was connected to a 10 kVrms and 5
kHz AC voltage source. The PDC curves showed a strong correlation with the water trees. The
space charge accumulation in the interface between the water tree and insulation increased,
increasing the conductivity. A multiconductor LV cable in [111] was thermally aged and the
degradation in the cable was investigated through PDC. Although the data obtained helped
understand the insight of the dielectric processes, the correlation of the results with the
structural modification of the insulation material lacked.
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From the PDC data, the Debye and Davidson-Cole model is usually adopted to define the
polarization processes in the insulation. This method has been adopted in [112]–[114].
Although the techniques showed the possibility of detecting aging in the insulation based on
certain aging factors, higher voltage during measurement may cause complexity of the
measurement circuit.
A significant advantage associated with PDC is that while analyzing the dielectric at very
low frequency with PDC, it takes much less time than the analysis carried out by dielectric
spectroscopy, hence making PDC convenient to use. This is carried out using the Fourier
transform while converting the time domain data from PDC into frequency domain data and
reducing the measurement time by 73% [115].

2.6.2 Frequency Domain Techniques
The alternating current impedance measurements use an LCR meter to measure the inductance
(L), capacitance (C), and resistance (R) along a cable at specific frequencies to determine the
characteristics of the conductor, insulation, and end device. The frequency usually used to
measure the impedance is 100 Hz, 1 kHz, and 10 kHz [9]. With the measurement of impedance,
the abnormal values of capacitance indicate insulation breakdown. The inductance may be due
to the changes in the inductive properties of the end device, conductors, or connections.
The effect of gamma (γ) radiation on epoxy resin and polyethylene has been investigated
using an LCR meter in [116]. The dielectric properties: ac conductivity, permittivity, and
dissipation factor (tanδ), exhibited a good trend with aging, showing the variation of material
structure. In comparison, the authors in [117] used the LCR meter to investigate degradation
in the multiconductor cable. The capacitance and tanδ were used for the analysis, whereas the
results were correlated with intender modulus (IM). Similarly, the tanδ was measured through
the LCR meter for thermally and irradiated XLPE cable in [118] and XLPE and EPR cables in
[119]. The tanδ helped in monitoring the changes in the insulation materials.
Thermal aging in HV XLPE cable has been investigated by the LCR meter by Sobek et al.
[120]. The change in the tanδ and capacitance with aging was related to the structural changes
in the polyethylene material. Likewise, the shielded XLPE cable under thermal stress was a
topic of investigation in [121]. The authors adopted the LCR meter to investigate the effect and
found the dissipation factor and capacitance variation with aging due to morphological
changes.
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The authors in [79] investigated the trapping of charges in the irradiated LDPE. The authors
used the LCR meter to study the phenomenon with the help of gel content and infrared
spectroscopy. The dissipation factor was used as an electrical quantity for the investigation.
Besides getting the cable condition information, the impedance technique can also be used
to detect moisture or lose connections [122]. The problems related to the impedance
measurement are the disconnection of the circuit and the limited information attained due to
the limited frequency range.
In contrast to TDR, Frequency-Domain Reflectometry (FDR) uses a sinusoidal signal on
being reflected is converted into the time domain using Fourier transform, thus locating the
mismatch in the impedance. In the recent past, many researchers have used the techniques of
joint time-frequency analysis (JTFDR), which combines the positive aspects of both the
reflectometry techniques (TDR and FDR) [123]. The incident signal comprises both the time
and frequency domains and can be customized based on the application [124]. The technique
has been applied to I&C cables used in NPP applications [125]–[127]. While the authors [124],
[128] have studied the thermal degradation in the three types of dual conductor LV power
cables based on the insulation material XLPE, EPR, and SiR using JTFDR, however the authors
in [128] have found the JTFDR technique comparable with EaB based in the results. The
problems which have been associated with TDR have also been observed with the FDR
technique.
The tanδ is principled in measuring the angle between the resistive current and capacitive
current of insulation when an ac voltage is applied. Two different ways of measuring tanδ are
applied. One is by applying ac voltage (1.2 times higher than the rated cable voltage) and then
measuring the tanδ at a fixed frequency, 50 or 60 Hz. On the other hand, a lower voltage
(usually less than 100 Vrms) is applied to sweep the frequency. The variation of the tanδ with
the frequency change gives a wide range of information on the insulation.
Recently the technique has been widely adopted for different levels and insulation types of
cables [84], [85], [129]–[134]. In [129], tanδ has been used to detect the aging degradation in
EVA-based I&C cable under thermal-radiation stressed for a frequency range of 10-2 to 106
Hz. Whereas [85] have used the tanδ for XLPO based NPP control cable, thermally and
radiation stressed for a frequency range of 10-2 Hz to 10 kHz. The results have been compared
with mechanical and chemical tests. The authors in [132] have studied the thermal degradation

24

Chapter 2: LV Cable, Degradation, and Condition Monitoring

of XLPE based HVDC cables using tanδ at high voltages and at a fixed frequency. Similarly,
at low and power frequency and for MV XLPE, the tanδ has also been used [133], [134].
Dielectric spectroscopy is used to measure the dielectric properties of the cable polymeric
materials as a function of frequency. Two quantities, namely: the real and imaginary part of
permittivity, are investigated using dielectric spectroscopy. The dielectric spectroscopy is
carried out in the frequency range of 10-5 to 109 Hz with different analyzers such as a network
analyzer and dielectric analyzer.
The authors in [26] used dielectric spectroscopy to investigate XLPE based LV cable under
thermal and radiation stress. The results of the measurement suggested noticeable
morphological changes inside the insulation due to the stresses. Similarly, in another work [29],
the technique showed a high correlation with chemical investigations such as density, carbonyl
index, and mechanical properties such as EaB.
The authors in [97] adopted the dielectric spectroscopy for XLPE based LV cable and
compared and analyzed the results with the TDR technique. Both techniques showed promising
results relating to cable degradation. Whereas, nuclear magnetic resonance (NMR) technique
in conjunction with dielectric spectroscopy has been adopted for the investigation purposes of
EPR based cable under thermal and radiation stress [135]. The electrical aging markers derived
from the measurement showed a high correlation with the carbonyl index and EaB.
The study of structural changes in thermally aged XLPE cable has been studied by
dielectric spectroscopy by Kemari et al. in [136]. The dissipation factor and permittivity have
been studied for four different thermal aged cables. The correlation with the structural changes
has been established between hydroxy index, carbonyl index, and dissipation factor. While
LDPE flat specimens thermally aged at two different temperatures and their behavior has also
been investigated with dielectric spectroscopy in [137]. The results obtained have been related
to the thermal and mechanical tests. Similarly, the behavior of XLPE under an irradiation
environment has also been studied by dielectric spectroscopy in [28]. The technique has helped
in understanding the role of antioxidants and oxidation during the aging process.
Till now, tanδ and dielectric spectroscopy have shown promising results while detecting
degradation in many polymeric insulations. Besides, different aging markers have also been
derived from the results, which showed a high correlation with other insulation properties.
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Line resonance analysis (LIRA) is a comparatively new technique in cable diagnostics. It
was developed during the years 2003-06 by the Halden Reactor Project. It is based on the
transmission line theory principle. The transmission line is a part of an electrical circuit that
links the load. The generator as the transmission line behavior depends on its length and the
wavelength of the signal traveling to it, which LIRA considers. With the help of an algorithm,
LIRA evaluates the line impedance spectrum using high-frequency measurements, usually up
to 15 MHz. The basis for line impedance estimation is local and global degradation. As reported
by different results of LIRA, the thermal degradation in cable insulation and mechanical
destruction on the jacket does not impact the capacitance of the cable. However, in recent
studies, the capacitance variation and its impact on the complex line impedance have been
monitored through LIRA.
In this short period, LIRA has been used to study the degradation in medium, high voltage
cables and LV nuclear instruments [25], [138]–[141]. The researchers in [139] have studied the
thermally aged XLPE and EPR insulation through LIRA. The researchers have identified the
local aging in the insulation. Simultaneously, the authors in their other work have also
established a relationship between LIRA, TDR, mechanical and chemical properties of the
cable [25], [141].

2.7 Aim of the Ph.D. Work
Although the electrical CM methods discussed in the previous subchapter have been used for
a wide range of cable materials and structures, however since aging is a complex phenomenon
as the cable composition varies with each manufacturer. Hence, no CM method can provide
the required data to monitor the cable aging effectively.
However, techniques such as dielectric spectroscopy, EVR, and PDC have shown
promising results and have attracted many researchers for their implementation to the LV
cables. Their robust and straightforward nature and their wide range of spectrum analysis of
the insulation, besides the non-destructive nature, have made them suitable for cable
degradation analysis. Nevertheless, there is no definitive data to show that these techniques can
monitor the aging degradation of LV unshielded 1C cables, as:
i. The absence of the well-defined ground path in this type of cable asks for certain electrical
connection arrangements for the application of the techniques.
Hence, to address the problem and achieve the research goals stated in subchapter 1.2, the
Ph.D. work is aimed to:
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i. Develop a certain electrode system for the LV unshielded 1C cable, and then;
ii. Implement the dielectric spectroscopy, EVR, and PDC as CM techniques for the LV
unshielded 1C cable.
The electrical/dielectric parameters of the cable jacket and insulation will be evaluated with
dielectric spectroscopy in a wide frequency range, EVR, and PDC, while the mechanical
properties will also be investigated by adopting the Shore D hardness test.
Correlation between the selected electrical aging markers and mechanical property will be
established to understand better the role of aging and the internal morphological changes inside
the polymer materials. The selection of the electrical aging markers will not only help in the
estimation of the residual life of the cable. However, it will also help in the selection of cable
for the newly constructed or planned NPPs and PV systems, and hence for an effective cable
lifetime management [32].
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Chapter 3: Materials and Methods
3.1 Introduction
Keeping in view the aim of the Ph.D. thesis, the analysis was aimed at two cable types;
XLPE/CSPE based LV NPP power cable and XLPO/XLPO based LV PV cable. The
description of the cable samples is discussed below. While it is essential to mention that the
composition of the insulation and jacket material is not discussed here because of being
confidential.

3.2 Low Voltage Nuclear Power Plant Cable
The LV NPP cable under analysis is shown in Figure 3.1. The cable belongs to Class 1E nuclear
applications, while the manufacturer is Rockbestos, “RSCC”, the USA, with the intentions for
usage in harsh environments.

Figure 3.1 LV NPP Unshielded 1C Power Cable.

The structural composition of the cable is given in Table 3.1.
Table 3.1 Structural Composition of the LV NPP Unshielded 1C Power Cable
Parameters
Cable Type
Conductor
Jacket
Jacket Thickness
Primary Insulation
Primary Insulation Thickness
Rated Conductor Temperature
Overall Diameter of the Cable
Rated Voltage

Values
Single-Conductor Unshielded
Stranded Tin Coated Copper
CSPE
0.762 mm
XLPE
1.143 mm
90°C
8.636 mm
600 Volts
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3.3 Low Voltage Photovoltaic DC Cable
The LV PV DC cable used for this study is shown in Figure 3.2. The cable is designed for
cabling solar modules and for linking the inverter with the module series.

Figure 3.2 LV PV Unshielded 1C Power Cable.

The composition of the LV PV cable is tabulated in Table 3.2.
Table 3.2 Structural Composition of the LV PV Unshielded 1C Power Cable
Parameters
Cable Type
Conductor
Conductor Diameter
Overall Diameter
Outer Insulation /Jacket
Primary Insulation
Rated Conductor Temperature
Rated Voltage

Values
Single-Conductor Unshielded
Tin-Plated Copper Conductor
2.25 mm
5.90 mm
XLPO
XLPO
-40°C to 120°C
DC: 1.5 kV/ AC: 1.0 kV

3.4 Accelerated Aging Experiment
Two accelerated aging stresses were used for this work: Thermal and Radiation. The details of
the stresses used for each cable type is discussed below.

3.4.1 Thermal Stress
The thermal stress for the LV NPP power cables and LV PV DC cables are discussed hereafter.
i.

Low Voltage Nuclear Power Plant Cable

The accelerated thermal aging of the XLPE/CSPE based cable was carried out in oven
chambers at High Voltage Laboratory, Budapest University of Technology & Economics,
Hungary. The aging periods were calculated based on the suggested techniques by IAEA [9].
According to IAEA, the aging temperatures of the jacket (CSPE) and insulation (XLPE)
were 120°C and 135°C, respectively [9]. Since the CSPE has a lower aging temperature and
whole cable samples were aged, the oven-temperature was set at 120°C (393.15 K), and the
29

Chapter 3: Materials and Methods

total aging periods were set to ten. Table 3.3 shows the oven aging time and the equivalent
service aging time in years. The Arrhenius equation was used for calculations using the 1.11
eV value for activation energy [8].
Table 3.3 Accelerated Thermal Aging Time - NPP Cable
No. of Periods
1
2
3
4
5
6
7
8
9
10

Oven Aging Time (Hours)
176
338
512
784
912
1056
1248
1464
1824
1922

Equivalent Aging Time (Years)
7
14
21
32
38
44
52
60
75
80

A 0.5 m long cable samples were put in the oven. There was continuous fanning inside the
oven to keep the temperature constant and fresh air supply, Figure 3.3. After each period, the
samples were removed from the oven, and measurements were carried out.
ii.

Low Voltage Photovoltaic DC Cable

0.5 m cable samples were subjected to accelerated thermal aging. The thermal aging was
carried out at High Voltage Laboratory, Budapest University of Technology & Economics,
Hungary. Like the NPP cable aging, the oven was air circulated with a fan to supply fresh air
and keep the temperature constant. The accelerated aging temperature was set at 120°C, a
temperature below the crystalline melting point, while the total aging period was twelve. After
each aging period, the cable samples were removed from the oven for analysis. Table 3.4 shows
the oven aging time in hours and equivalent aging time in years. The aging times were also
calculated by the Arrhenius formula using 1.24 eV activation energy.
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Figure 3.3 Air Circulated Oven.

Table 3.4 Accelerated Thermal Aging Time - PV Cable
No. of Periods
1
2
3
4
5
6
7
8
9
10
11
12

Oven Aging Time (Hours)
120
180
240
300
360
480
600
720
840
960
1080
1200

Equivalent Aging Time (Years)
10
15
20
25
30
40
50
60
70
80
100
120

3.4.2 Radiation Stress
The accelerated radiation aging of the LV NPP was performed at the Institute of Isotopes Co.,
Ltd., Hungary. Five cable samples with each 0.5 m in length were exposed to γ–ray sourced,
60

Co. As suggested in the IAEA report [9], a dose rate of 500 Gy/hr was used and the aging

temperature was 25°C. The dose rate was selected to reduce the effect of diffusion-limited
oxygen (DLO) as per the guidelines [9]. According to the guidelines, the total dose needed to
reach 50 -100 % EaB for CSPE was 0.4 MGy while for XLPE was 2 MGy, with the time to
reach the total absorbed dose was 800 and 4000 hours. Hence due to lower values of CSPE,
the total dose of 0.4 MGy and 800 hours were selected. Five aging times were calculated for
the analysis, Table 3.5. After each dose time, the sample was removed from the chamber for
analysis.
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Table 3.5 Accelerated Radiation Aging Time – NPP Cable
No. of Periods

Days

Hours

Absorbed Dose (MGy)

1

7

160

0.08

2

14

320

0.16

3

21

480

0.24

4

28

640

0.32

5

33

800

0.4

3.5 Experimental Setup
In this subchapter, the experimental setup for dielectric spectroscopy, extended voltage
response (EVR), polarization-depolarization current (PDC), and Shore D hardness
measurements are discussed. All the experiments were performed at High Voltage Laboratory,
Budapest University of Technology & Economics, Hungary.

3.5.1 Cable Sample Preparation
A half-meter cable samples from each type of cable coil, NPP, and PV were obtained. For
thermal aging, a group of five cable samples was prepared, while for radiation aging for each
dose period single cable was used. Each sample was labeled for identification, while for each
measurement, each sample was wrapped with an aluminum foil of length 0.29 m, Figure 3.4.
A short length (1 cm) of the insulation was removed from the conductor, and a short length (1
cm) of the jacket was removed from the insulation from each side.

Figure 3.4 Cable Sample Preparation.

3.5.2 Dielectric Spectroscopy
The dielectric spectroscopy was carried out in two different frequency ranges with two different
devices. The detail of the experimental setup and configuration is given in Table 3.6.
Table 3.6 Experimental Setup of Dielectric Spectroscopy
S.No.
Device
1.
OMICRON Dirana
2.
Wayne Kerr Component Analyzer

Frequency Range
100 mHz – 1 kHz
2 kHz – 500 kHz

Input Voltage
100 Vrms
5 Vrms
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Figure 3.5 (a) shows the setup of OMICRON Dirana, while Figure 3.6 (a) shows the setup
for Wayne Kerr Component Analyzer. Figure 3.5 (b) and Figure 3.6 (b) show the connection
scheme for the two devices.
From the measurements, capacitance, tanδ, and resistance as a function of frequency were
recorded. With the data, the complex permittivity (𝜀̇) of the cable insulation was evaluated.
Where the complex permittivity comprises of the real part (𝜀 ′ ) and imaginary part (𝜀 " ) of
permittivity and is described as:
𝜀̇ = 𝜀 ′ − 𝑗𝜀 "

3.1

The real and imaginary parts of permittivity were calculated from the recorded data with
the help of the expressions:
𝜀′ =

𝐶(𝜔)
𝐶𝑜

𝜀 ′′ = 1⁄2𝜋𝑓𝑅𝐶
𝑜

3.2
3.3

Figure 3.5 (a) OMICRON Dirana setup, (b) Connection of cable sample for OMICRON Dirana.

In (2) and (3), 𝐶𝑜 is the reference capacitance, which was calculated based on the known
dimensions of the electrodes and the cable, 𝑓 is the particular frequency during measurement,
and 𝑅 being the resistance at that particular frequency, equation 3.4.
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𝐶𝑜 =

2𝜋𝑙𝜀𝑜
⁄ 𝑅2
ln( ⁄𝑅 )

3.4

1

In equation 3.4, 𝑅1 and 𝑅2 are the radius of the conductor and the cable, respectively,
whereas 𝑙 is the length of the foil.
To reduce electromagnetic noise, the cable samples were kept in a Faraday cage. For the
OMICRON Dirana measurement, there was a shielding arrangement that was connected to the
ground. The input signal was applied to the conductor while the output was connected to an
outer wire braided on aluminum foil, acting as a second electrode. All the measurements were
carried out at a temperature of 25 ± 0.5°C and humidity of 25% ± 2%.

Figure 3.6 (a) Wayne Kerr Precision Component Analyzer 6430, (b) Connection of cable sample for Wayne Kerr
Precision Component Analyzer.

3.5.3 Extended Voltage Response
The extended voltage response (EVR) experimental setup consisted of the following
components:
•

DC Voltage generator Unit and Control Unit.

•

PC equipped with NIDAQ software for the acquisition of the signal.

•

Programmable Electrostatic Voltmeter.

•

Cable sample holder.
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During the measurement of EVR, the DC generator supply terminal, 1 kV was connected
to the conductor, while the ground terminal was connected to the outer surface through a
braided copper wire, Figure 3.7. In the initial phase, the cable was charged for 4000 sec. After
this, through automatic switching, the cable was disconnected from the DC generator, which
resulted in the generation of decay voltage slope. The NIDAQ based software recorded the
return voltage slopes for 20 different discharging times. Like the dielectric spectroscopy, the
measurements were carried out at a temperature of 25 ± 0.5°C and humidity of 25% ± 2%.

Figure 3.7 Experimental Setup of Extended Voltage Response.

3.5.3 Polarization Depolarization Current
The polarization-depolarization current (PDC) measurement was carried out using OMICRON
Dirana. The connection was the same as for the dielectric spectroscopy using OMICRON
Diarana, Figure 3.5. The charging time was 5000 sec while the discharging time was set as
1000 sec. The charging voltage was 200 VDC. The input voltage was connected to the
conductor, while the output terminal was connected to the copper strip braided on the wrapped
aluminum foil over the cable.
The Dirana equipment converted the PDC measurements to tanδ using a built-in Fourier
Transform Algorithm for the frequency range of 200 μHz to 100 mHz [142]. The polarization
and depolarization current were also recorded during the measurement. The measurement
temperature was 25 ± 0.5°C and humidity of 25% ± 2%.
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3.5.3 Shore D Hardness
The mechanical properties were investigated by measuring the Shore D hardness using Bareiss
HPE II Hardness Tester, Figure 3.8. Like the electrical measurement techniques adopted in this
work, the Shore D hardness is also non-destructive.

Figure 3.8 Shore D Hardness Tester.

Ten different points on the two ends and center of the cable sample were taken for the
measurement. Between two measurement points, a minimum of 1 cm of distance was kept. The
measurement environment was kept the same as for the electrical measurements, 25 ± 0.5°C,
and 25% ± 2% for temperature and humidity.
Although the Shore D hardness test method is empirical and suitable for flat samples [142],
with the foot adapter of 120°, the measurement can be carried out on round surfaces adopted
in this work. It is important to mention that the hardness test was carried out only for
comparative study.
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Chapter 4: Results
In this chapter, the measurement results on the accelerated aged LV NPP and LV PV DC cables
are discussed. Since the aim of the Ph.D. work was to develop an electrode system that could
be used to implement the non-destructive electrical CM techniques such as dielectric
spectroscopy, EVR, and PDC for the LV unshielded 1C cables. Thus the use of conductive foil
on the outer surface of the cable made it possible for implementing these electrical techniques
for this type of cable as considerable variations of the electrical parameters with aging were
observed. Similarly, the results of the non-destructive Shore D hardness test, which was
adopted for the determination of the mechanical characteristic of the under-consideration cable
types, also showed variation with aging.
In the first and second subchapters, the behavior of LV NPP cable under thermal and
radiation stresses as observed through the dielectric spectroscopy, EVR, PDC, and Shore D
hardness are presented. While the last subchapter contains the outcomes of the measurement
of the LV PV DC cable due to thermal stress as studied through the measurement techniques

4.1 LV NPP Cable and Thermal Aging
4.1.1 Dielectric Spectroscopy
The results of the real part of permittivity (𝜀 ′ ) for the frequency range of 100 mHz to 1 kHz
and between 2 kHz and 500 kHz is plotted in Figure 4.1(a) and (b). The graphs have been
plotted for the aging time in hours.
The 𝜀 ′ at 100 mHz had a maximum value, which decreased with the increase of frequency.
Similarly, it started with a maximum value at 2 kHz for the high-frequency range and decreased
as the frequency was swept across higher values. After the first thermal period, there was an
increase in the 𝜀 ′ . The second thermal period resulted in a decrease in the 𝜀 ′ . While a sharp
increase was observed after the third thermal period. This behavior of the 𝜀 ′ was the same for
both low and high-frequency range. The fourth period resulted in a decrease in the values.
Although this change was more prominent in the high-frequency range. The fifth period
increased, while the sixth period resulted in a decrease in the values irrespective of the
frequency range. The values of the 𝜀 ′ increased after the seventh and eighth periods at all
frequencies, but a sharp increase was observed at frequencies below 1 Hz after the eighth
period. After the ninth period, there was a noticeable increase in the values, while another sharp
increase was noted at a frequency below 10 Hz. The tenth period resulted in an increase in the
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𝜀 ′ at a low-frequency range. While a decrease was noted at the high-frequency range. The
overall impact of thermal stress as observed was an increase in the 𝜀 ′ values.

Figure 4.1 Real Part of Permittivity (𝜀 ′ ) at different aging time against frequency range (a) 100 mHz to 1 kHz,
(b) 2 kHz to 500 kHz for thermally aged LV NPP cable.

The effect of thermal stress on the imaginary part of permittivity (𝜀 " ) against frequency is
shown in Figure 4.2. The effect at the low-frequency range, 100 mHz to 1 kHz is plotted in
Figure 4.2 (a), while for the high-frequency range, 2 kHz to 500 kHz is shown in Figure 4.2
(b).
For the low-frequency range, the 𝜀 " started at a high value at the lowest frequency and then
started to decrease and reached a minimum value at a particular frequency and then started to
increase. For the high-frequency range, starting from a low value at the lowest frequency the
𝜀 " increased with the increase of frequency. This characteristic behavior was irrespective of
aging.
The 𝜀 " increased after the first thermal period above 20 Hz for the low-frequency range,
while a decrease was observed at the frequency range of 100 mHz to 10 Hz. While in the highfrequency range, the 𝜀 " increased at all frequencies except at 400 kHz and 500 kHz. After the
second thermal period, the values increased with more variation below 600 Hz in the lowfrequency range. An increase in the values was also observed in the high-frequency range. The
third thermal period resulted in a decrease in the 𝜀 " at frequency range 100 mHz to 400 mHz,
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while an increase was noted until 2 kHz. While for the frequency range of 5 kHz to 500 kHz a
decrease was observed. Similarly, a decrease in the values after the fourth period was observed
between 100 mHz and 400 mHz. Whereas there was an increase in the values till 50 kHz, as
no noticeable change was noted at a frequency above 50 kHz. The fifth period resulted in a
decrease in the values of the 𝜀 " at frequency 100 mHz and 200 mHz. While up to 1 kHz, an
increase was observed. In the high-frequency range, a decrease in the frequency range of 2 kHz
to 10 kHz and an increase in the frequency range of 20 kHz to 500 kHz was noted.

Figure 4.2 Imaginary Part of Permittivity (𝜀 " ) at different aging time against frequency range (a) 100 mHz to
1 kHz, (b) 2 kHz to 500 kHz for thermally aged LV NPP cable.

After the sixth thermal period in the low-frequency range, an increase was noted, while a
slight decrease was observed in the high-frequency range. The seventh and eighth-period effect
was observed as an increase in the 𝜀 " in the low-frequency range. While in the high-frequency
range, the 𝜀 " after the seventh period increased, a slight decrease was observed after the
frequency range of the eighth period. The ninth period affected by an increase in the values of
the 𝜀 " in the frequency range of 100 mHz to 50 kHz. While a decrease in the frequency range
of 100 kHz to 500 kHz was noted. The tenth period resulted in a decrease in the 𝜀 " at both
frequency ranges.
Figure B.2 and Figure B.3 in Appendix B are plotted at selected frequencies corresponding
to 𝜀 ′ and 𝜀 " respectively for simplifying their variation with aging.
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4.1.2 Extended Voltage Response
The results of the extended voltage response (EVR) are shown in Figure 4.3. In Figure 4.3 (a),
the decay voltage slope (𝑆𝑑 ) is plotted against the thermal aging time in hours. After an initial
increase in the 𝑆𝑑 value after the first thermal period, a decrease in the values was observed
until the third period. After the fourth period, an increasing trend in the values was noticed.
The return voltage slope (𝑆𝑟 ) for 20 discharging times for each thermal period is plotted in
Figure 4.3 (b). The 𝑆𝑟 values decreased for the first four periods at each discharging time.
However, after the fifth period the 𝑆𝑟 values started to increase until the tenth period, where a
slight decrease was recorded.

Figure 4.3 Extended Voltage Response Results (a) Decay Voltage Slope (𝑆𝑑 ) against aging time (Hours), (b)
Return Voltage Slope (𝑆𝑟 ) against discharging time (sec) for thermally aged LV NPP cable.

4.1.3 Polarization-Depolarization Current
The PDC measurement results are plotted in Figure 4.4 (a) and (b), respectively. The
polarization current decreased initially for the first six thermal periods. After the seventh
period, the trend of the polarization current was noticed as increasing until the ninth period.
The tenth period resulted in a decrease in the polarization current. Similar behavior was
observed for the depolarization current.
With the built-in software, the PDC data was converted to frequency domain data. So, the
behavior of the electrical properties; real (𝜀 ′ ) and imaginary (𝜀 " )of the permittivity at a very
low-frequency range, 200 μHz to 40 mHz is summarized in Figures 4.5 and 4.6, respectively.
40

Chapter 4: Results

Figure 4.4 (a) Polarization Current, (b) Depolarization Current results of PDC Measurement for thermally
aged LV NPP cable.

The 𝜀 ′ started with the highest value at 200 μHz started to decrease with an increase in
the frequency, reaching a minimum value at 40 mHz. The 𝜀 ′ decreased after the first thermal
period between 200 μHz to 10 mHz, while a slight increase was noted at 20 mHz and 40
mHz. While a further lowering in the values of the 𝜀 ′ was observed for the whole lowfrequency range, i.e., 200 μHz to 40 mHz after the second thermal period.
The third period resulted in an increase in the 𝜀 ′ between the frequency 4 mHz to 40
mHz, while below 4 mHz there was a decrease in the values. The fourth thermal period and
a sixth thermal period followed the same behavior as the second thermal period, while the
fifth thermal period had the same characteristics as the third thermal period. Till the ninth
thermal period, the 𝜀 ′ increased in the very-low-frequency range while a decrease in the
values was noted after the tenth thermal period.
The 𝜀 " , for the unaged sample started with a low value at 200 μHz and then started to
increase and reach a maximum value at 1 mHz. After this, the value declined with an increase
in the frequency and then reached the lowest value. While with each thermal period, the
profile of the 𝜀 " changed. It had the maximum value at 200 μHz and then decreased with the
increase of frequency and reached the lowest value at 40 mHz. Hence, the peak value shifted
to the lower frequency from 1 mHz for the unaged to 200 μHz for aged samples.
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Figure 4.5 Real Part of Permittivity (𝜀 ′ ) at different aging time against very low frequency for thermally aged
LV NPP cable.

Figure 4.6 Imaginary Part of Permittivity (𝜀 " ) at different aging time against very low frequency for thermally
aged LV NPP cable.

The first period of thermal stress resulted in an increase in the 𝜀 " between the frequencies
200 μHz and 2 mHz. However, at other frequency points of the very-low-frequency range, it
decreased. The second thermal period also resulted in a decrease in the values of the 𝜀 " for the
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range of 2 mHz to 10 mHz, while at other frequencies, it increased. The third, fourth, fifth, and
sixth thermal periods affected the 𝜀 " as a decrease in the values at the very-low-frequency range.
While after the seventh period, an increase was observed in the whole range of frequency.
The effect of the eighth period was noted as an increase in the values of the 𝜀 " except at very
low frequencies 200 μHz to 800 μHz. However, the ninth period resulted in an increase in the
values for the whole frequency range of the very low-frequency region. However, a decrease
in the 𝜀 " was noted after the tenth thermal period between the frequency 2 mHz to 40 mHz,
while at frequencies below 2 mHz an increase in the values was observed. Figure B.5 and B.6
in Appendix B represent the 𝜀 ′ and 𝜀 " at selected frequencies from the frequency range 200 μHz
to 40 mHz.

4.1.4 Shore D Hardness
The measurement results of Shore D hardness are studied by plotting the results against the
aging time in hours, Figure 4.7. As expected, with an increase in the thermal stress, the cable
insulation became harder and resulted in the increase of the Shore D hardness values.

Figure 4.7 Shore D Hardness against Aging Time (Hours) for thermally aged LV NPP cable.
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4.2 LV NPP Cable and Radiation Aging
4.2.1 Dielectric Spectroscopy
The results of the real part of permittivity (𝜀 ′ ) for the frequency range of 100 mHz to 1 kHz
and between 2 kHz and 500 kHz is plotted in Figure 4.8 (a) and (b). The graphs have been
plotted for different dose values.
The 𝜀 ′ started with high values at 100 mHz values for the low-frequency range and then
decreased. For the high-frequency range, the 𝜀 ′ showed the same profile. This behavior was
irrespective of the absorbed dose values. With each radiation stress period, the 𝜀 ′ increased at
each frequency point

Figure 4.8 Real Part of Permittivity (𝜀 ′ ) at different absorbed dose values against frequency range (a) 100
mHz to 1 kHz, (b) 2 kHz to 500 kHz for irradiated LV NPP cable.

The effect of absorbed dose on the imaginary part of permittivity (𝜀 " ) against frequency is
shown in Figure 4.9. The effect at the low-frequency range; 100 mHz to 1 kHz is plotted in
Figure 4.9 (a) while the high-frequency range; 2 kHz to 500 kHz shown in Figure 4.9 (b). The
𝜀 " values started from a maximum value at 100 mHz and then decreased with the increase of
frequency. After reaching the minimum value, it started to increase. This behavior of the 𝜀 " was
only observed for the unaged sample, where the minimum value was observed at 400 Hz.
Nevertheless, with aging, this minimum value was shifted to a higher frequency, i.e., 1 kHz for
all aged samples.
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Figure 4. 9 Imaginary Part of Permittivity (𝜀 " ) at different absorbed dose values against frequency range (a) 100
mHz to 1 kHz, (b) 2 kHz to 500 kHz for irradiated LV NPP cable.

While for the high-frequency range, starting with a lower value at 2 kHz, the 𝜀 " increased
with an increase in frequency, attaining a maximum value at 500 kHz. This behavior of 𝜀 " at
higher frequency was irrespective of aging and was observed at all absorbed dose values. With
each absorbed dose, a significant change in 𝜀 " values were observed up to 20 kHz, while at all
other frequency points in the high-frequency region, no significant change was observed. After
400 kGy, an increase in 𝜀 " values were observed between 2 kHz and 200 kHz, while the values
remain almost unaged at higher frequencies. In Appendix B, Figure B.8 and B.9 are plots of 𝜀 ′
and 𝜀 " at selected frequencies.

4.2.2 Extended Voltage Response
The results of the EVR are plotted in Figure 4.10. Figure 4.10 (a) shows the decay voltage
slope (𝑆𝑑 ) with each radiation aging period. There was an increase in the values of the 𝑆𝑑 as the
absorbed dose increased, except at the last dose, where a slight decrease was observed.
While the measurement of return voltage slope (𝑆𝑟 ) for all radiation absorbed is plotted
against 20 different discharging times, depicted in Figure 4.10 (b). An increase in the 𝑆𝑟 was
observed as the absorbed dose increased.
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Figure 4.10 Extended Voltage Response Results (a) Decay Voltage Slope (𝑆𝑑 ) against total absorbed dose, (b)
Return Voltage Slope (𝑆𝑟 ) against discharging time (sec) for irradiated LV NPP cable.

4.2.3 Polarization Depolarization Current
Figure 4.11 summarizes the PDC results of the measurements carried out on the radiated
stressed cable samples. The polarization and depolarization current increased with the increase
of the absorbed dose. The conduction current part of the PDC measurement also increased with
aging.
The frequency-domain conversion results of the PDC measurement are obtained for the
real (𝜀 ′ ) and imaginary (𝜀 " ) part of permittivity, Figure 4.12 and Figure 4.13, respectively. The
𝜀 ′ with the minimum value at 40 mHz, increased with the decrease of the frequency, and
reached a maximum value at the lowest frequency. This characteristic of 𝜀 ′ was the same at all
aging time. With aging, the 𝜀 ′ increased at all frequency points.
The profile of the 𝜀 " at very low frequency is shown in Figure 4.13. For the unaged sample,
the 𝜀 " started at higher values at 200 μHz, decreased with the increase of frequency, reached
its minimum value at 2 mHz. Then it started to increase and reached its peak value at 20 mHz
and then decreased at 40 mHz. A polarization peak was observed at 20 mHz.
After the first radiation stress period, the profile of the 𝜀 " was the same. But a shift in the
minimum value of the 𝜀 " was observed and was shifted to 4 mHz. A shift of polarization peak
was also observed, as it shifted from 20 mHz for an unaged sample to 10 mHz for the first
radiation stressed sample. For the next four radiation stressed periods, the 𝜀 " starting with
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higher values at 200 μHz and then decreased, reaching its minimum value at 40 mHz. No
polarization peaks were observed for these periods. The overall impact of radiation aging on
the 𝜀 " was observed as an increase in the values of the 𝜀 " .

Figure 4.11 (a) Polarization Current, (b) Depolarization Current results of PDC Measurement for irradiated LV
NPP cable.

Figure 4.12 Real Part of Permittivity (𝜀 ′ ) at different absorbed dose values against very low frequency for
irradiated LV NPP cable.
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Figure 4.13 Imaginary Part of Permittivity (𝜀 " ) at different absorbed dose values against very low frequency for
irradiated LV NPP cable.

4.2.4 Shore D Hardness
The measurement of Shore D hardness after each radiation aging period is shown in Figure
4.14. With each radiation stressed period, the cable sample became harder as the Shore D
hardness values increased.

Figure 4.14 Shore D Hardness against Radiation Dose for irradiated LV NPP cable.
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4.3 LV PV DC Cable and Thermal Aging
4.3.1 Dielectric Spectroscopy
The dielectric spectroscopy results of the real part of permittivity (𝜀 ′ ) for the two frequency
ranges, low (0.1 Hz to 1 kHz) and high (2 kHz to 500 kHz), is plotted in Figure 4.15 (a) and
(b). The 𝜀 ′ having a high value at the lowest frequency point and then started to decrease with
the frequency increase. This behavior of the 𝜀 ′ was the same for both the frequency range and
for all aging periods.
After the first thermal period, the 𝜀 ′ decreased for the whole frequency range, i.e., high and
low. While a slight increase in the values was observed after the second thermal period. While
there was a slight decrease in the 𝜀 ′ in the low-frequency range after the third and fourth thermal
periods. Though above 10 kHz, there was no change observed in the values. Similarly, the fifth
and sixth thermal periods did not affect the 𝜀 ′ in the high-frequency range. Whereas an increase
was observed in the low-frequency part after the fifth thermal period. However, the sixth
thermal period resulted in a decrease in the values for 𝜀 ′ in the low-frequency range, while no
significant change was observed in the high-frequency range.

Figure 4.15 Real Part of Permittivity (𝜀 ′ ) at different aging time against frequency range (a) 100 mHz to 1 kHz,
(b) 2 kHz to 500 kHz for thermally aged LV PV cable.

An increase in the low-frequency range and a decrease in the high-frequency range was
noted after the seventh thermal period in the 𝜀 ′ values. Whereas a decrease in both frequency
ranges was noted after the eighth thermal period. The ninth period resulted in a further decrease
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in 𝜀 ′ in the low-frequency range while a slight increase in the high-frequency range. The effect
of the tenth thermal period was observed as an increase in the 𝜀 ′ values for both frequency
ranges. While a lowering in the 𝜀 ′ values after the eleventh thermal period were observed. The
last thermal period resulted in an increase in the 𝜀 ′ in the low-frequency range, whereas no
change was noted in the high-frequency region.
The frequency plot of the imaginary part of permittivity (𝜀 " ) for each aging time is shown
in Figure 4.16. The low-frequency plot is in Figure 4.16 (a), while the high-frequency plot is
shown in Figure 4.16 (b). It was observed that for the unaged cable sample, the 𝜀 " had the
highest value at 10 mHz and then started to decrease until it reached a minimum value at 1
kHz. With aging, the behavior of the 𝜀 " with frequency remained the same except that the
minimum value shifted to lower frequencies and then the values started to increase with the
increase of frequency. While for the high-frequency region, the 𝜀 " with its lowest value at 2
kHz increased with the increase of frequency, irrespective of aging.

Figure 4.16 Imaginary Part of Permittivity (𝜀 " ) at different aging time against frequency range (a) 100 mHz to 1
kHz, (b) 2 kHz to 500 kHz for thermally aged LV PV cable.

As was observed for the 𝜀 ′ after the first thermal period, the imaginary part of permittivity also
decreased. The 𝜀 " increased below 1 Hz, above 1 Hz till 5 kHz deceased and above 10 kHz
increased after the second thermal period. Whereas an increasing trend was observed in 𝜀 "
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values after the third thermal period for low and high-frequency ranges. Interestingly, the 𝜀 "
decreased till 100 Hz after the fourth thermal period, while it increased between 200 Hz and
100 kHz, whereas decreased above 100 kHz. After the fifth thermal period, the 𝜀 " decreased
till 100 kHz, while at higher frequencies, a slight increase in the values was noted. The 𝜀 "
increased till 2 kHz after the sixth thermal period, while above 2 kHz, it decreased.
The 𝜀 " values increased and decreased for the frequency ranges, i.e., low and high, after the
seventh and eighth thermal periods, respectively. The ninth thermal period resulted in the
increase 𝜀 " at frequency 60 Hz and below, while no change was noted at all other frequencies.
Surprisingly, an increase then decrease and then increase in the 𝜀 " was observed after the tenth,
eleventh, and twelfth thermal periods.
A plot of 𝜀 ′ and 𝜀 " at selected frequencies is plotted against aging time in Figure B.14 and
B.15, respectively.

4.3.2 Extended Voltage Response
The results of EVR are plotted in Figure 4.17, where Figure 4.17 (a) shows the plot of decay
voltage slope (𝑆𝑑 ) and Figure 4.17 (b) for return voltage slope (𝑆𝑟 ).
After an initial decrease and increase in the 𝑆𝑑 after the first and second thermal periods,
respectively, there was a decrease in 𝑆𝑑 after the third period. While an increase in the 𝑆𝑑 was
noted after the end of the fourth thermal period. A decrease in 𝑆𝑑 was observed after the fifth
period, and the decreasing trend remained till the end of the eight periods. The ninth period
resulted in an increase in the values, while the tenth and eleventh periods resulted in a decrease
and increase in the 𝑆𝑑 values, respectively. The last period resulted in a decrease in the 𝑆𝑑
values.
The 𝑆𝑟 increased after the first thermal period. While the second period resulted in a
decrease in the 𝑆𝑟 . The decreasing trend remained until the end of the sixth thermal period.
With an increase of 𝑆𝑟 after the seventh period, the 𝑆𝑟 decreased after the eight periods. While
an increasing trend was observed in the 𝑆𝑟 values with the start of the ninth period till the last
aging period.
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Figure 4.17 Extended Voltage Response Results (a) Decay Voltage Slope (𝑆𝑑 ) against aging time (Hours), (b)
Return Voltage Slope (𝑆𝑟 ) against discharging time (sec) for thermally aged LV PV cable.

4.3.3 Polarization Depolarization Current
The results of PDC measurements are shown in Figure 4.18. After the first thermal period, the
polarization current increased, which decreased after the second thermal period and then
increased after the third thermal period. The current decreased afterward until the sixth thermal
period. A rising behavior of current was noted until the ninth thermal period while it decreased
after the tenth thermal period. The eleventh and twelfth aging periods resulted in an increase
in the polarization current. The depolarization current showed similar behavior as the
polarization current.
As the PDC data was converted into the frequency domain data, the real part of permittivity
at a very low-frequency range is shown in Figure 4.19, with a maximum value of 200 µHz and
then decreased to 40 mHz. The behavior was irrespective of the aging. The real part of
permittivity decreased after the first thermal period whereas increased after the second thermal
period. After the third period the 𝜀 ′ increased between 200 µHz till 6 mHz, while between 8
mHz and 40 mHz a slight decrease was noticed.
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Figure 4.18 (a) Polarization Current, (b) Depolarization Current results of PDC Measurement for thermally aged
LV PV cable.

A decrease and increase in 𝜀 ′ was observed after the fourth and fifth aging periods,
respectively. No significant change was observed after the sixth thermal period. While the
seventh thermal period resulted in an increase in 𝜀 ′ in contrast to the eighth period, where a
decrease was observed. The ninth and tenth periods resulted in an increase in 𝜀 ′ . The eleventh
and twelfth periods resulted in a decrease and increase in the 𝜀 ′ values.
The results of the imaginary part of permittivity at a very low-frequency range are plotted
in Figure 4.20. The 𝜀 " with low value at 200 µHz increased with the increase of frequency, it
reached a maximum value at a specific frequency and decreased. The behavior was the same
for all aging periods, but at a different frequency, points had a maximum value of 𝜀 " .
The first thermal period resulted in an increase in the 𝜀 " between 200 µHz and 8 mHz, while
between 1 mHz and 40 mHz a decrease was noted. The second thermal period resulted in an
increase at all frequencies except 8 mHz to 10 mHz. While after third thermal periods at all
frequency points in the very-low-frequency range the 𝜀 " increased. The fourth thermal period
resulted in a decrease in the 𝜀 " for the whole frequency range. The 𝜀 " decreased at all frequency
points except between 2 mHz and 20 mHz. While the sixth thermal period increased the values
of the imaginary part of permittivity except between 1mHz and 20 mHz.
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Figure 4.19 Real Part of Permittivity (𝜀 ′ ) at different aging time against very low frequency for thermally aged
LV PV cable.

Figure 4.20 Imaginary Part of Permittivity (𝜀 " ) at different aging time against very low frequency for thermally
aged LV PV cable.
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The 𝜀 " increased after the seventh period except for 2 µHz and 8 mHz. While and an
increase was also observed after the eighth period other than 80 mHz to 40 mHz. Though an
increasing trend was observed after the ninth period. The tenth thermal period decreased the
values of the 𝜀 " between 200µHz and 2 mHz while an increase at other frequency points was
observed. The eleventh thermal period resulted in a decrease between 2 mHz and 40 mHz,
while at other points increased. The last aging period decreased the values of the 𝜀 " between
200 µHz and 400 µHz while at other points an increase was noted.
The changing behavior of the 𝜀 ′ and 𝜀 " with aging can be viewed at a selected frequency in
Figure B.17 and B.18, respectively.

4.3.4 Shore D Hardness
The measurement result of Shore D hardness is plotted against the aging time in hours in Figure
4.21. with each aging time, the cable became harder as an increasing trend in the hardness was
observed.

Figure 4. 21 Shore D Hardness against Aging Time (Hours) for thermally aged LV PV cable.

4.4 Conclusion and Thesis
The development of a certain electrode arrangement for implementing the electrical CM
techniques for the LV unshielded 1C cable was the primary aim of the Ph.D. work. For which
the dielectric spectroscopy, EVR along PDC measurements were carried out on the thermal
and irradiation stressed LV NPP cable and only thermal stressed LV PV DC cable. The
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considerable number of measurements proved the applicability of the measuring solution to
this type of cable. This could be summarized as:
"The dielectric measurement methods have not been implemented as condition monitoring
techniques on low voltage unshielded single-conductor cables because this cable structure
contains naturally only one electrode, the conductor. Covering the cable's outer surface with
conductive foil, I have demonstrated that the dielectric measurements such as dielectric
spectroscopy and extended voltage response methods can be applicable for condition
monitoring of low voltage unshielded single-conductor cables. This method enables tracking
the general aging of the whole structure of the insulation and the jacket.”
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Chapter 5: Discussion
This chapter discusses the experimental results of the LV NPP power cables due to thermal and
radiation aging. The first subchapter is dedicated to the discussion on the LV NPP cable under
thermal aging, followed by a discussion on the LV NPP cable under radiation aging, and the
last subchapter is related to LV PV DC cable under thermal aging.
Since the investigation of the cables using dielectric spectroscopy was carried out in the
wide range of frequency, so the variation in the real (𝜀 ′ ) and imaginary (𝜀 " ) part of permittivity
has been analyzed while studying the change of both parts of the permittivity of the aged sample
concerning unaged values for selected frequencies:
i.

200 μHz, 1 mHz, 10 mHz as a very low-frequency spectrum representative.

ii.

100 mHz and 10 Hz as a low-frequency spectrum representative.

iii.

100 Hz and 1 kHz as a middle-frequency spectrum representative.

iv.

10 kHz, 100 kHz, and 500 kHz as a high-frequency spectrum representative.

The frequency spectrum segregation is based on the polarization processes, as in the very
low-frequency spectrum, the conduction and bulk polarization phenomena are dominant, low
and middle frequency relating to the interfacial polarization and high frequency associated with
dipolar polarization phenomenon.
Furthermore, as discussed in the previous chapters, the electrical CM techniques are nondestructive and can be deployed for online tests. The experimental results presented in the
preceding chapter highlighted the importance of selecting appropriate aging markers. These
markers should show a monotonical trend with degradation and have the characteristics of
monitoring the change in the chemical, physical, and electrical properties of the polymer
material. Moreover, the aging markers have the sensitivity to the effects of aging and possess
an irreversible nature to the variation. Therefore, in this chapter, appropriate electrical aging
markers for each cable and stress type that showed a trend with aging are chosen and discussed.

5.1 LV NPP Cable and Thermal Aging
The significant variations to the cable's electrical and mechanical properties reveal the
effectiveness of the accelerated thermal aging. The variations were observed in the electrical
properties, real and imaginary parts of permittivity, decay voltage, return voltage slope, and
polarization and depolarization currents with the thermal stress.
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The change of the 𝜀 ′ , Figure 5.1, has been more prominent at the middle-frequency range
than very low, low, and high-frequency ranges. An initial decrease in the 𝜀 ′ , at a very lowfrequency range, was observed until the sixth thermal period. From the seventh period, a sharp
increase was noticed, especially at 200 μHz.

Figure 5.1 Change of Real Part of Permittivity against the Aging Time (Hours) for thermally aged LV NPP
cable.

Figure 5.2 Change of Imaginary Part of Permittivity against the Aging Time (Hours) for thermally aged LV
NPP cable.
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The change of the 𝜀 " against the aging time has been plotted in Figure 5.2. Like the behavior
of the 𝜀 ′ , the change in the 𝜀 " is more prominent at the middle-frequency range. A nonmonotonic behavior of the 𝜀 " at 200 μHz is observed, where after an initial increase in the
values for the first two thermal periods, the values remain constant until the eighth period.
While a sharp change in the values was noted after the last two periods. At 10 mHz and 100
mHz, there has been a decrease in the values until the sixth thermal period.
Similar behavior can be observed at 10 Hz, where a decrease in the values until the sixth
thermal period is noticed. At high-frequency points, i.e., 100 kHz and 500 kHz, either no
change or decrease in the 𝜀 " is noted. A monotonous increase in the values at 100 Hz is observed
until the ninth thermal period. At the end of the last period, a slight decrease in the values is
noted while looking at the overall effect of thermal aging. There has been an increase in the 𝜀 " .
For both parts of permittivity, the most significant change has been observed at the 200 μHz, 1
mHz, 10 Hz, 100 Hz, 1 kHz, and 10 kHz, which represent the bulk, interfacial, and dipolar
polarization.
As was observed with the results of the 𝜀 ′ and 𝜀 " under 10 Hz and the 𝑆𝑟 , where a decrease
in the values was observed for the first six periods, Figure 5.3. This range of frequency is
associated with the effect of interfacial polarization (Maxwell-Wagner Sillars), [136]. Though
at the later stage of aging periods, the interfacial polarization increased, as observed with the
𝜀 " under 10 Hz and 𝑆𝑟 values. Since the cable sample contained two different layers of polymer,

as the inner material being XLPE and outer one CSPE. During thermal aging, CSPE was in
direct contact with oxygen, hence limiting the interaction of oxygen to XLPE. It is suggested
that the decrease of the interfacial polarization is because during aging CSPE underwent two
main processes dehydrohalogenation and cross-linking, as reported in different literature [45].
Dehydrohalogenation is due to the loss of chlorine, resulting in the formation of carbon-carbon
double bonds in the main polymer chain [143]. This would result in a decrease in the number
and mobility of dipoles (carbon-chlorine).
While at the same time, XLPE was less exposed to oxygen and underwent cross-linking
and

recrystallization

processes

[136],

[144].

The

processes

of

cross-linking,

dehydrochlorination, and recrystallization restrained the mobility of charge transportation,
hence making them difficult to respond to the changing electric field and drifting charge
carriers to the interface of the jacket and insulation [145].
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Figure 5.3 Return Voltage Slope (𝑆𝑟 ) against Aging Time (Hours) at 1 sec discharging time for thermally aged
LV NPP cable.

However, as the thermal stress further intensifies with more aging time, the structure
changes happen inside the material due to the degradation of the macromolecule chains. This
results in the generation of more polar groups such as hydroxyl, peroxide, and carbonyl [143],
which respond to the electric field. It is believed that under the electric field, these polar groups
are either trapped at the physical interface (between amorphous and crystalline region) or the
chemical interface (between insulation and jacket). In either case, they add to the interfacial
polarization, and hence an increase in the values of 𝑆𝑟 and 𝜀 " at a frequency corresponding to
interfacial polarization was observed in the late aging periods.
While making a combined profile of 𝜀 ′ and 𝜀 " at very low and low-frequency ranges,
Figures 5.4 and 5.5, a polarization peak was observed at 1 mHz for unaged cable sample.
However, with aging, this peak was shifted to 200 µHz. Also, the initial increase of the values
of the 𝜀 " at very low frequencies and the 𝑆𝑑 values show the increase in the conductivity. But
with exposure to more thermal stress, the conductivity decreased, as was observed with the
values of the 𝜀 " at very low frequency and 𝑆𝑑 . However, at higher aging periods, the
conductivity increased.
The initial increase in the conductivity values is believed to be due to the presence of
carbonyl (C=O) groups, which are generated due to the interaction of oxygen with CSPE during
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aging, as discussed in [44]. As mentioned in the literature, these carbonyl groups behave as
shallow traps [146], allowing the charge transportation.

Figure 5.4 Real Part of Permittivity (𝜀 ′ ) v/s Frequency (Hz) for thermally aged LV NPP cable.

Figure 5.5 Imaginary Part of Permittivity (𝜀 " ) v/s Frequency (Hz) for thermally aged LV NPP cable.

However, in the middle aging periods, the decrease in the conductivity is believed to be
due to the dominant effect of dehydrohalogenation and cross-linking in CSPE and also due to
the leveling-off the concentration of the carbonyl groups in the CSPE. These phenomena and
the recrystallization in XLPE make charge transportation difficult, resulting in decreased
conductivity [143].
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However, with more thermal stress under the presence of oxygen, the generation of
carbonyl and hydroxyl groups increases, especially in CSPE, which intensifies the presence of
shallow traps, hence making the charge transportation easy. This resulted in an increase in the
𝑆𝑑 values and 𝜀 " at very low frequency.
The thermal stress also resulted in the generation of dipoles, which add to the dipolar
polarization losses as observed in the increase of values at 1 kHz and 10 kHz. The lowering or
no change in the values of the 𝜀 ′ and 𝜀 " at very high frequency could also be since the crosslinking decreases the mobility of ions and molecules [147].
It was also observed that the minimum value of the 𝜀 " shifted to higher frequencies with
aging, Figure 5.6. As for the unaged sample, the value was observed at 200 Hz, which remained
at 200 Hz after the first thermal period. Nevertheless, it then shifted to 400 Hz after the second
thermal period and remained at 400 Hz till the 6th period, while it shifted to 500 Hz to 1 kHz.
This shows that with more thermal aging, more and more defects and impurities appear in the
insulation and jacket, which lead to the generation of more charge carriers.

Figure 5.6 Shifting of minimum value of Imaginary Part of Permittivity (𝜀 " ) with Aging Time (Hours) for
thermally aged LV NPP cable.

Thermosetting polymers such as CSPE hardens upon exposure to thermal stress [49], which
was observed during the hardness measurement as it increased with the aging period. Since the
hardness was measured for the overall cable, so the effect of cross-linking and recrystallization
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in XLPE on the overall hardness of the cable is also there, whereas it has been observed with
XLPE that with the exposure to the thermal stress, small molecules cross-link and hence
increases the hardness [148].
The effect of thermal stress on the XLPE/CSPE based cable has been observed with the
significant changes in the electrical measurements. Since the electrical measurement was
carried out in two different domains, i.e., frequency and time. Hence, the electrical aging
markers are categorized as:
i.

Dielectric Spectroscopy
a. Real Part of Permittivity (𝜀 ′ ) at 0.1 Hz
b. Imaginary Part of Permittivity (𝜀 " ) at 100 Hz

Since the variation of the permittivity was studied at 10 different frequencies, ranging from
very low to high frequency, to select the electrical aging markers, two important factors were
considered: first, the variation with aging, and second the correlation with hardness. Even
though 𝜀 ′ at 1 Hz showed a much stronger correlation with hardness, but the variation with
thermal aging was less than at 0.1 Hz.

Figure 5.7 Cross plots of (a) Real Part of Permittivity (𝜀 ′ ) and (b) Imaginary Part of Permittivity (𝜀 " ) v/s
Hardness for thermally aged LV NPP cable.
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While the second category is:
ii.

EVR
a. Decay voltage slope (𝑆𝑑 )
b. Return voltage slope (𝑆𝑟 ) at 1 sec

Figure 5.7 (a) and (b) shows the cross plots of 𝜀 ′ and 𝜀 " at 0.1 Hz and 100 Hz against
hardness, respectively. The strong correlation between the dielectric spectroscopy-based aging
marker and the mechanical property, hardness is evident due to high R2 values.
While from the EVR measurements, (𝑆𝑑 ) and (𝑆𝑟 ) aging markers and hardness are cross
plotted in Figure 5.8. Since there was an initial decrease in the return voltage slopes due to the
cross-linking process as discussed, which may not show a quite good correlation with hardness.
However, since the return voltage slope showed a variation with aging, as an increase in the
values was observed after an initial decrease in the values. Hence, it can be stated that the
quantity can be used as an indicator of end-of-life.

Figure 5.8 Cross plots of (a) Decay voltage slope (𝑆𝑑 ) and (b) Return voltage slope (𝑆𝑟 ) v/s Hardness for
thermally aged LV NPP cable.
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5.2 LV NPP Cable and Radiation Aging
The experimental results for the LV NPP cable under radiation aging also showed how the
accelerated aging was effective, as it caused considerable changes to the electrical and
mechanical properties. The electrical properties: 𝜀 ′ and 𝜀 " , 𝑆𝑑 , 𝑆𝑟 , and polarization and
depolarization currents showed significant changes with the radiation stress.
The change in the 𝜀 ′ is shown in Figure 5.9. The change of the 𝜀 ′ has been more prominent
at the very low frequency and low-frequency parts as compared to the middle and highfrequency range.

Figure 5.9 Change of Real Part of Permittivity against the Absorbed Dose for irradiated aged LV NPP cable.

While the change in the 𝜀 " of aged samples concerning the unaged sample, values have
been plotted in Figure 5.10. Similar to the 𝜀 ′ , the change in the 𝜀 " has been more observable at
the very low and low frequency compared to the high-frequency range, where there has been
almost no change. For both parts of permittivity, the most significant change has been observed
at the 200 μHz, 1 mHz, 10 Hz, 100 Hz, and 1 kHz, which are the range of frequencies for bulk
polarization, interfacial polarization, and dipolar polarization.
While combining the very low and low-frequency profile of 𝜀 ′ and 𝜀 " , Figures 5.11 and
5.12. it was observed that a polarization peak was detected at 0.02 Hz for an unaged sample,
which with a further increase in the irradiation, this peak disappeared and shifted to 200 µHz.
Furthermore, the 𝜀 " at very-low-frequency points, the conduction current, from PDC
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measurement, Figure 5.13, increased along with the 𝑆𝑑 values, showing the increase in the
conductivity.

Figure 5.10 Change of Imaginary Part of Permittivity against the Absorbed Dose for irradiated aged LV NPP
cable.

With the absorption of the γ-ray irradiation, the polyethylene, XLPE, and CSPE in our case,
having weak covalent bonds both in amorphous and crystalline regions are disrupted. This
results in the generation of free radicals, which initiate cross-linking, chain scission, and
oxidation-based chemical reactions, as described in the literature [149].
But due to the limited motion of the molecular chain due to the crystal region in the
crystalline region, oxidation and cross-linking are difficult to happen compared to chain
scission. However, for the amorphous region, cross-linking, chain scission and oxidation occur
easily. Under irradiation, in polyethylene (PE), the carbon and hydrogen bonds are broken due
to chain scission, which in the presence of oxygen results in the oxidation process. This effect
of irradiation on the PE could be transitory and permanent [150]. The generation of electrons,
peroxide, and hydro-peroxides is due to the transitory effect, while the permanent effects are
shown as structural changes [151]. Under the applied electrical field, these radicals start
responding to the change of frequency according to their relaxation time.
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Figure 5.11 Real Part of Permittivity (𝜀 ′ ) v/s Frequency (Hz) for irradiated aged LV NPP cable.

Figure 5.12 Imaginary Part of Permittivity (𝜀 " ) v/s Frequency (Hz) for irradiated aged LV NPP cable.

The prominent increase in the interfacial polarization as evident by the change at 10 Hz,
100 Hz, and 1 kHz, and 𝑆𝑟 , Figure 5.14, suggests that the generated free radicals such as
hydroxyl groups under the electrical field application tend to respond to the frequency. These
radicals, as stated in [152] for CSPE, are alkyl radicals beside the sulphonyl chloride groups
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and for XLPE are carbonyl and hydroxyl groups [151], [153]. Due to the presence of
amorphous and crystalline regions, these radicals are trapped [154], hence increasing the
interfacial polarization. Besides, the insulation and jacket were kept intact in the whole
experimental work, it is also possible that the free radicals could also have been trapped
between the XLPE and CSPE surface. While the increase of 𝜀 ′ and 𝜀 " at high frequencies such
as 10 kHz and 100 kHz, shows the generation of chemical species that are adding to the dipolar
polarization losses [154].

Figure 5.13 Conduction Current for each absorbed dose for irradiated aged LV NPP cable.

The submergence of the polarization peak, from 0.02 Hz to 200 µHz, shows that the
polymer backbone has been damaged, which resulted in the generation of carbonyl (C=O)
groups due to the presence of oxygen during irradiation as suggested in [155]. As discussed,
these groups act as shallow traps, and they become a source of charge transportation. Where
the presence of these shallow traps allows the accumulated charges on the electrodes during
EVR measurement to discharge into the polymer and hence reflected in the increase of
𝑆𝑑 values.
While an increase in the hardness of the irradiated cable samples was observed, we believed
that this hardness is due to the cross-linking dominated effect in CSPE. This phenomenon for
CSPE has been studied in the literature, where CSPE materials lost their tensile elongation
under irradiation in the presence of oxygen. The cause being the cross-linking-based reaction
[152], [156]. Hence, we may state that the electrical measurements for the irradiated cable
68

Chapter 5: Discussion

samples are influenced due to degradation processes of the XLPE, while the hardness being
dominated by the CSPE.
The results of the electrical measurements showed significant changes with the absorbed
dose over the whole range of frequency of the irradiated LV NPP cable. Out of the investigated
properties, the electrical aging markers are also selected in two categories, as was with the
thermal stress aging.

Figure 5.14 Return Voltage Slope (𝑆𝑟 ) against Absorbed Dose at 1 sec discharging time for irradiated aged
LV NPP cable.

i.

Dielectric Spectroscopy
a. Real Part of Permittivity (𝜀 ′ ) at 0.1 Hz
b. Imaginary Part of Permittivity (𝜀 " ) at 100 Hz

The selection of dielectric spectroscopy-based electrical aging markers is based on the
significant variations in permittivity and a strong correlation with hardness.
ii.

EVR
a. Decay voltage slope (𝑆𝑑 )
b. Return voltage slope (𝑆𝑟 ) at 1 sec

Although 𝜀 ′ at 100 Hz showed a much stronger correlation with hardness but the variation
with aging was less than at 0.1 Hz. Similarly, the 𝜀 " at 10 Hz showed more variation with
absorbed dose rate, but it showed a weak correlation with hardness. The cross plots of 𝜀 ′ and
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𝜀 " at 0.1 Hz and 100 Hz against hardness is shown in Figure 5.15 (a) and (b), respectively. The
R2 values show how well the dielectric spectroscopy-based electrical aging markers are
correlated with mechanical property, hardness. While from the EVR measurements, 𝑆𝑑 and 𝑆𝑟
aging markers and hardness are cross plotted in Figure 5.16. The R2 value 0.97921 for 𝑆𝑟 and
hardness shows a strong correlation between them.

Figure 5.15 Cross plots of (a) Real Part of Permittivity (𝜀 ′ ) at 0.1 Hz and (b) Imaginary Part of
Permittivity (𝜀 " ) at 100 Hz v/s Hardness for irradiated aged LV NPP cable.

5.3 Conclusion and Theses
As for the LV unshielded 1C NPP power, under thermal and radiation accelerated stress, a
prominent change in the 𝜀 ′ and 𝜀 " was observed with the adoption of the developed electrode
system for dielectric spectroscopy. Besides, the aging markers, i.e., 𝜀 ′ at 0.1 Hz and 𝜀 " at 100
Hz revealed a high correlation with Shore D hardness measurement results. Hence, this could
be summarized as:
“I have applied the developed electrode system with dielectric spectroscopy method on
thermally and irradiation aged XLPE insulated, CSPE jacketed low voltage unshielded, singleconductor nuclear power plant cable samples. I have revealed the monotonic increase of
permittivity at 0.1 Hz and 100 Hz frequencies. The monotonic increase of these parameters
shows a strong correlation with the results of Shore D hardness measurement. These findings
prove that the applicability of the dielectric spectroscopy technique as a non-destructive
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condition monitoring method for XLPE insulated and CSPE jacketed low voltage unshielded
single-conductor nuclear power plant cable.”

Figure 5.16 Cross plots of (a) Decay voltage slope (𝑆𝑑 ) and (b) Return voltage slope (𝑆𝑟 ) v/s Hardness for
irradiated aged LV NPP cable.

While adopting the developed electrode system and implementing the EVR method for the
determination of the LV unshielded 1C NPP cable condition under the thermal and radiation
stress, the variation of the 𝑆𝑑 and 𝑆𝑟 was observed. A strong correlation between the 𝑆𝑑 and 𝑆𝑟
with Shore D hardness measurement was noticed. These observations are summarized as:
“I have applied the developed electrode system with extended voltage response method on
thermally aged and irradiated XLPE insulated, CSPE jacketed low voltage unshielded singleconductor nuclear power plant cable samples. I have revealed that:
-

The initial slope of decay voltage increases with the time of thermal aging,

-

The initial slope of decay voltage increases with the absorbed dose and,

-

The initial slope of return voltage increases with the absorbed dose in case of radiation
aging.

-

These results prove that the decay voltage and return voltage slopes can be used as
electrical aging markers for XLPE insulated and CSPE jacketed low voltage unshielded
single-conductor nuclear power plant cable.”
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5.4 LV PV DC Cable and Thermal Aging
The accelerated aging was adequate to cause significant changes to the measured properties
over the aging time. For instance, the hardness of the cable increased up to 7% of the initial
value. The electrical properties: 𝜀 ′ , the 𝜀 " , 𝑆𝑑 and 𝑆𝑟 and the polarization and depolarization
currents also suggested the physio-chemical changes inside the polymeric materials of the LV
PV DC cable.
The change of the 𝜀 ′ has been more prominent at the very low-frequency range compared
to low, middle, and high-frequency ranges, where the decrease in the values was observed,
Figure 5.17. While the thermal stress showed no significant change to the values at the highfrequency range, where the values remained almost constant.
The change in the 𝜀 " values for unaged cable sample values are plotted in Figure 5.18.
Again, the change in the values has been more prominent at very-low-frequency points than
the low, middle, and high-frequency points. The greatest change was observed at 200 µHz,
where the overall impact of thermal stress has resulted in an increase in the values. Other than
200 µHz the other higher variation was observed at 1 mHz, where the values have also
increased. But at other points, the value of the 𝜀 " decreased, especially at 10 Hz and 100 Hz,
where the value decreased the most.

Figure 5.17 Change of Real Part of Permittivity against the Aging Time (Hours) for thermally aged LV PV
cable.
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As the XLPO is a semi-crystalline polymer having both crystal and amorphous regions.
With thermal aging, structural changes occur inside the polymer. The amorphous phase is more
likely to be affected as the assistance of chain scission, cross-linking and oxidation is available.
As all the reactions are happening in parallel, the degradation of the polymer depends on which
of the reaction has been dominant. The decrease in the 𝜀 ′ especially at very low and low
frequency shows the decrease in the polarization due to the cross-linking-based chemical
reactions, resulting in optimization of the polymer's crystallinity. As the cross-linking during
aging makes it difficult for the generated dipoles to respond to the electrical field, it decreases
permittivity.
During the rearrangement of the molecular chains of the polymer under thermal aging, there
has also been the generation of conduction particles that are adding to the bulk polarization
losses at very-low-frequency points. This effect is possible as the 𝜀 ′ also started to increase
gradually with more thermal stress at the very low-frequency points, although the overall value
was lower than the unaged samples.
The decrease or no change in the 𝜀 ′ and 𝜀 " at higher frequency range suggest the role of the
antioxidants [157], [158]. The antioxidants have inhibited the oxidation process and generation
of dipoles or large chemical species through the thermal aging period.

Figure 5.18 Change of Imaginary Part of Permittivity against the Aging Time (Hours) for thermally aged LV PV
cable.
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The results of the 𝑆𝑟 at 1 second as a function of the discharging time, Figure 5.19, suggests
the validity of the dielectric analysis results in terms of diagnostic purposes. Since the long
discharging time plot helps estimate the presence of slow polarization processes such as bulk,
interfacial, and hopping polarizations. Meanwhile, in our case, the insulation and jacket are
intact, so the interfacial and bulk polarizations are more under consideration. The initial
increase in the 𝑆𝑟 values show that the initial structural changes due to the rearrangements of
the molecular chain inside the polymer matrix resulted in increasing the polarization stress on
the interface of the jacket and insulation. While the decrease in the values of 𝑆𝑟 after the third
and fourth thermal periods were due to the chemical species interaction at high thermal stress
because of the re-crosslinking reaction, resulting in a reduction in the interfacial polarization.
This is understandable as with more thermal stress. It is easy for the chemical species to interact
and thus result in a decrease in polarization. However, with more thermal stress, the generation
of dipoles increased, which increased the 𝑆𝑟 .

Figure 5.19 Return Voltage Slope (𝑆𝑟 ) against Aging Time at 1 sec discharging time for thermally aged LV PV
cable.

During the thermal aging and structural changes inside the polymer, localized sites are
produced for the hopping charged particles [159]. These create a low energy field for the
electrode charges to occupy them under the high electric field, increasing the specific
conductivity and hence 𝑆𝑑 , as the parameter is measured when the electrode charges are
discharged inside the material [33], [160].
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While making a combined profile of 𝜀 ′ and 𝜀 " at very low and low-frequency ranges,
Figures 5.20 and 5.21, a polarization peak was observed at 10 mHz for the unaged cable sample.
However, with aging, this peak was shifted to 20 mHz after the third thermal period, but then
it remained at 10 mHz until the tenth thermal period.
The peak then shifted to 6 mHz after the eleventh thermal period. Since the shifting of the
peak was not too much, which shows a strong cross-linked structure that limited the role of
charge carriers. But with more exposure to the thermal stress, the role of the conducting
particles is shown by the shifting of the peak to 6 mHz. Hence there has been damage to the
polymer backbone but at elevated stress.

Figure 5.20 Real Part of Permittivity (𝜀 ′ ) v/s Frequency (Hz) for thermally aged LV PV cable.

While the minimum value of the 𝜀 " for the unaged sample was observed at 1 kHz, which
with aging time moved to lower frequencies. This shows that the dipoles contributing to the
losses have been reduced with the thermal aging due to the cross-linking-based chemical
reaction.
For the XLPO cable samples, as results suggest, the phenomenon of the re-creation of
cross-linking has been the real cause of the degradation, which acts as a kind of repair
mechanism. This phenomenon has been associated with the material when the material is
exposed for a longer time at elevated temperature [161]–[163].

75

Chapter 5: Discussion

Figure 5.21 Imaginary Part of Permittivity (𝜀 " ) v/s Frequency (Hz) for thermally aged LV PV cable.

The LV XLPO/XLPO PV DC cable behavior under the effect of thermal stress has been
observed with the changes in the electrical measurements. Since the electrical measurements
were carried out in two different domains, i.e., frequency and time. Hence, the electrical aging
markers are categories as:
i.

Dielectric Spectroscopy
a. Real Part of Permittivity (𝜀 ′ ) at 10 mHz
b. Imaginary Part of Permittivity (𝜀 " ) at 100 mHz
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While 10 different frequencies were selected to study the variation of both parts of
permittivity, ranging from very low to high frequency, selecting the electrical aging markers,
two important factors were considered: first, the variation with aging, and second the
correlation with hardness. Even though 𝜀 ′ and 𝜀 " at 200 µHz showed a much stronger variation
with aging, but with hardness, the correlation with hardness was very low. So, for the
XLPO/XLPO based cables 𝜀 ′ at 10 mHz and 𝜀 " at 100 mHz were chosen as the aging markers
for the dielectric spectroscopy.
ii.

EVR
a. Decay voltage slope (𝑆𝑑 )
b. Return voltage slope (𝑆𝑟 ) at 1 sec

Figure 5.22 (a) and (b) shows the cross plots of 𝜀 ′ and 𝜀 " at 10 mHz and 100 mHz against
hardness, respectively. The cross-linking reaction was dominant during the aging, which
decreased the real and imaginary part of permittivity, which kept the R2 values not too high.

Figure 5.22 Cross plots of (a) Real Part of Permittivity (𝜀 ′ ) and (b) Imaginary Part of Permittivity (𝜀 " ) v/s
Hardness for thermally aged LV PV cable.

While from the EVR measurements (𝑆𝑑 ) and (𝑆𝑟 ) aging markers and hardness are cross
plotted in Figure 5.23. There was an initial decrease in the return voltage slopes due to the
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cross-linking process, as discussed. Though a sharp increase was observed in the later stage of
aging, hence it did not show a quite good correlation with hardness.
Nevertheless, keeping the changing trend of the return voltage slope with aging, it can be
stated that the quantity can be used as an indicator of the end-of- life.

Figure 5.23 Cross plots of (a) Decay voltage slope (𝑆𝑑 ) and (b) Return voltage slope (𝑆𝑟 ) v/s Hardness for
thermally aged LV PV cable.

5.5 Conclusion and Thesis
The behavior of the thermally stressed LV PV DC unshielded 1C cable, having different
dimension and chemical composition in comparison to the LV unshielded 1C cable was
investigated by adopting the developed electrode arrangement for the dielectric properties in
addition to the Shore D hardness for the mechanical property. With aging, the cable became
harder. While a sudden increase in the 𝑆𝑟 values in the latter part of the aging period showed
that the cable was damaged. Whereas the 𝜀 ′ and 𝜀 " at 10 mHz and 100 mHz showed a good
correlation with Shore D hardness. The observations from the discussion can be summarized
as:
“I have applied the developed electrode system with dielectric spectroscopy and extended
voltage response methods on thermally aged XLPO insulated, XLPO jacketed low voltage
unshielded single-conductor photovoltaic cable samples. It was revealed that:
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-

The real part of permittivity at 10 mHz and the imaginary part of permittivity at 100
mHz show a good correlation with the result of the Shore D hardness measurement.

-

The slope of return voltage decreases in the initial stages of thermal aging then it starts
to increase indicating the severe damage of the insulation. This trend has been proved
by Shore D hardness measurement.

The results prove that the dielectric spectroscopy and the extended voltage response methods
can be used as condition monitoring techniques for XLPO insulated and XLPO jacketed low
voltage unshielded single-conductor photovoltaic cable.”
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6.1 Summary of the Ph.D. Work and Theses
The degradation of the polymeric materials of the LV cables in power plants has been an
important concern for researchers in the recent past. The aging of LV unshielded 1C power
cables used in the NPPs and the PV systems has been the focus of this Ph.D. work. Thermal
and radiation stress for the NPP cables and thermal stress for the PV cables have been
considered the main stresses for this study. They affect the chemical properties and the physical
ones. The NPP and PV cable samples were XLPE/CSPE and XLPO/XLPO based. The cables
were aged with the jacket and insulation being kept intact to understand cable degradation
during real life better.
The impact of aging mainly on the electrical parameters was analyzed by adapting and
optimizing CM techniques that have been used in the recent past, mainly for HV and MV cables
and in the case of LV cables, focused on multi-conductor shielded cables. Whereas the simple
structure of LV 1C unshielded cable makes the task of dielectric measurement difficult and
challenging. The CM techniques adapted were dielectric spectroscopy, EVR, and PDC.
Whereas to know the impact of aging on the mechanical integrity of the cable, Shore D
hardness was used.
Since aging is an irreversible process that results in structural changes in the chemical
composition of the polymeric materials affecting the function of the cable, a selection of good
aging markers is important as it must show a monotonic and remarkable trend with degradation.
The sensitivity of the aging marker to the physio-chemical changes should be high for a specific
material under different stress; also, its change must be irreversible. Keeping in view the
importance of the aging markers, suitable electrical aging markers were also selected from the
measurement results.
The major findings and contribution of the Ph.D. work have been summarized in the
following theses:

6.1.1 Thesis I
"The dielectric measurement methods have not been implemented as condition monitoring
techniques on low voltage unshielded single-conductor cables because this cable structure
contains naturally only one electrode, the conductor. Covering the cable's outer surface with
conductive foil, I have demonstrated that the dielectric measurements such as dielectric
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spectroscopy and extended voltage response methods can be applicable for condition
monitoring of low voltage unshielded single-conductor cables. This method enables tracking
the general aging of the whole structure of the insulation and the jacket."
The low voltage (LV) unshielded single-conductor (1C) cables are used extensively in
nuclear power plants (NPPs) and PV systems. Till now, the determination of the cable jacket
and electrical insulation degradation has been limited to mechanical tests, which are destructive
and require the separation of the jacket and insulation from the cable. Since this type of cable
has only one conductor, hence the absence of a well-defined ground path makes the application
of the electrical tests as condition monitoring challenging. Although, in recent times techniques
such as interdigital capacitive sensor [30] have been developed for the evaluation of the
condition of the cable, but the methods have only been limited to the ac test techniques.
In this thesis, it was shown that while covering the outer surface of the unshielded 1C cable
with a conductive layer, the application of non-destructive dielectric measurements can be
implemented for the condition assessment of the cable. Several measurements were carried out
on the unshielded 1C cable by using dielectric spectroscopy and extended voltage response
(EVR) methods to prove the applicability of the measuring solution to this type of cable. It was
also proved that the technique is useful for the detection of global aging of the cable jacket and
electrical insulation, however, it cannot detect the localized problems such as hot spots.
This thesis has been published in [J2, J4, J6, J8, J9, J10, J11, C2, C4, C5, C6, C9, C10,
C11, C12].

6.1.2 Thesis II
“I have applied the developed electrode system with dielectric spectroscopy method on
thermally and irradiation aged XLPE insulated, CSPE jacketed low voltage unshielded, singleconductor nuclear power plant cable samples. I have revealed the monotonic increase of
permittivity at 0.1 Hz and 100 Hz frequencies. The monotonic increase of these parameters
shows a strong correlation with the results of Shore D hardness measurement. These findings
prove that the applicability of the dielectric spectroscopy technique as a non-destructive
condition monitoring method for XLPE insulated and CSPE jacketed low voltage unshielded
single-conductor nuclear power plant cable.”
The thermal and radiation stresses in NPP are the stresses which the LV cables have to
encounter during their service period due to their location. In this thesis, the impact of thermal
stress and radiation stress on the XLPE/CSPE single conductor unshielded 1C power cable was
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studied. The whole cable samples were exposed to 120°C accelerated temperature for 10
different periods and 500 Gy/hr dose rate for 5 different periods. The dielectric spectroscopy
in two frequency ranges: 100 mHz to 1kHz and 2 kHz to 500 kHz, was then implemented as a
non-destructive electrical CM technique. Due to the absence of fix ground reference in the
unshielded 1C cable, the application of the technique is not obvious. With the connection of
the surface electrode and the conductive core, the dielectric spectroscopy technique was
implemented, as the jacket and insulation behaved as a composite insulation.
Under the thermal stress, an increase in the real part of permittivity at 0.1 Hz and the
imaginary part of permittivity at 100 Hz was observed, which is associated with the interfacial
polarization. The increase of permittivity with thermal stress showed that the morphological
changes happened inside the insulation under thermal stress. With exposure to the thermal
stress and presence of oxygen intensifies the degradation process in the cable jacket and
insulation and which resulted in the increase of the dipolar species and hence, an increase in
the interfacial polarization was observed.
The monotonic increase of the permittivity at 0.1 Hz and 100 Hz for the irradiated samples
also revealed the intensity of interfacial polarization. While the hardness of the cable insulation
increased under both stresses. The linear variation of the selected electrical aging markers: real
part of permittivity at 0.1 Hz and imaginary part of permittivity at 100 Hz, with aging showed
the implementation of the CM techniques to the LV unshielded 1C cable in case of NPP
environment.
This thesis has been published in [J2, J4, J6, J10, J12, C2, C4, C10, C11, C12].

6.1.2 Thesis III
“I have applied the developed electrode system with extended voltage response method on
thermally aged and irradiated XLPE insulated, CSPE jacketed low voltage unshielded singleconductor nuclear power plant cable samples. I have revealed that:
-

The initial slope of decay voltage increases with the time of thermal aging,

-

The initial slope of decay voltage increases with the absorbed dose and,

-

The initial slope of return voltage increases with the absorbed dose in case of radiation
aging.
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These results prove that the decay voltage and return voltage slopes can be used as electrical
aging markers for XLPE insulated and CSPE jacketed low voltage unshielded single-conductor
nuclear power plant cable.”
The EVR method is based on the determination of the insulation condition through
conductivity and polarization processes, after the charging and discharging phase, respectively.
In the past, the technique has only been implemented either HV and MV equipment and in LV
case, to only multiconductor shielded cables. Its application to the NPP scenario has not been
explored. To extend the application of the technique to the NPP case, thermally and irradiated
stressed XLPE/CSPE unshielded single-conductor cable samples were analyzed with the EVR
technique in this thesis.
The decay voltage slope associated with conductivity increased with aging for both stress
types, which showed the increase of conductivity with aging. While for the thermal aging, the
return voltage slope decreased initially and then increased in the later aging periods. The
behavior showed the initial decrease and then increase of the interfacial polarization. Whereas
the interfacial polarization phenomenon increased in the case of radiation stress, where an
increasing trend was observed with absorbed dose. These results were in-line and supported
the results of the dielectric spectroscopy, and hence showing the degradation of the cable
insulation and jacket.
The correlation values for the decay voltage and return voltage slopes with aging and
hardness showed the application capability of the EVR technique to the cable type and the NPP
environment.
This thesis has been published in [J2, J4, J10, J11, C8, C12].

6.1.4 Thesis IV
“I have applied the developed electrode system with dielectric spectroscopy and extended
voltage response methods on thermally aged XLPO insulated, XLPO jacketed low voltage
unshielded single-conductor photovoltaic cable samples. It was revealed that:
-

The real part of permittivity at 10 mHz and the imaginary part of permittivity at 100
mHz show a good correlation with the result of the Shore D hardness measurement.

-

The slope of return voltage decreases in the initial stages of thermal aging then it starts
to increase indicating the severe damage of the insulation. This trend has been proved
by Shore D hardness measurement.
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The results prove that the dielectric spectroscopy and the extended voltage response
methods can be used as condition monitoring techniques for XLPO insulated and XLPO
jacketed low voltage unshielded single-conductor photovoltaic cable.”
Thesis IV was aimed to study the effect of the thermal stress on LV DC cables deployed in
PV systems by the application of dielectric spectroscopy, EVR, and Shore D hardness as the
CM techniques. The thermal stress during the service period of PV cables is an important
concern. The XLPO/XLPO PV cable with different chemical composition and size in
comparison to the NPP cable was exposed to 120°C temperature for 12 aging periods.
Below 100 mHz, the change in the real part of permittivity and the imaginary part of
permittivity with each thermal period was noticeable as the real part of permittivity for most of
the frequency range was either decreased or remained unchanged. On the other hand, the
imaginary part of permittivity increased in a very low-frequency region, i.e., 200 µHz and 1
mHz. For most of the aging time, the return voltage slope decreased while it increased after
eight thermal periods. The cross-linking-based reactions in XLPO were suggested as an
explanation for the decrease in the permittivity and return voltage slope which resulted in the
optimization of the crystallinity, a phenomenon associated with XLPO.
Under thermal stress, the bulk polarization phenomenon was also observed as at very low
frequencies the losses due to the polarization were reflected in the increase of the imaginary
part of permittivity. Shifting of the maximum value of the imaginary part of permittivity to
lower frequency and minimum value to lower frequency was also observed. The recrosslinking-based chemical reaction in the amorphous region was considered as the cause of
degradation in the polymeric materials, a phenomenon associated with XLPO material.
With aging, the cable became harder as shown by the Shore D hardness measurement,
which supported the observations of the electrical measurements of EVR, as the 𝑆𝑟 values
increased in the latter part of the aging period while observing a decreasing trend in the initial
stages of the aging periods. The increasing trend of the 𝑆𝑟 and the hardness values in the latter
stages of the aging period show that the cable was damaged.
Correlation between the real part of permittivity at 10 mHz and the imaginary part of
permittivity at 100 mHz with hardness was established. The latter showed a higher R2 value as
compared to the former, but the correlation was not so good. A similar weak correlation
between the decay voltage slope and return voltage slope at 1sec and hardness was observed.
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This thesis has been published in [J5, J8, J9, C6, C9].
The results obtained through the electrical and mechanical measurements in this research
work showed the effectiveness of the techniques to be used as the non-destructive CM
techniques for the unshielded 1C LV power cables with different construction and composition
and under different stresses. The selected electrical aging markers also showed a good trend
with aging.

6.2 Future Work
The irreversible changes in the LV unshielded 1C cables is still a topic where several research
points can be investigated. From this research the emerging research problems that can be
addressed are the following:
i.

The results obtained in this work can be validated through chemical tests such as OIT,
gel content, and FTIR, which will give a more in-depth understanding.

ii.

The mechanical tests such as EaB of the LV unshielded 1C cables will also help in
validating the findings of the electrical measurements.

iii.

The estimation of remaining life has also been a topic of interest for the researchers.
The aging markers selected in this work can be used for the remaining life estimation
of the cables.

iv.

Since aging is a multi-factor phenomenon, where different stresses are acting
simultaneously. Hence investigating the behavior of the LV unshielded 1C cables under
a multi-stress environment by using the adapted methods can further help in
understanding the degradation happening and making the methods more reliable.

v.

Since the work was carried out in laboratory conditions, the application of these
methods in field conditions will be helpful for practical applications.
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A.1 Insulation Resistance
Insulation resistance (IR) method, a voltage is applied for about 10 minutes and is above the
normal operating voltage of the cable. This voltage is usually 500 VDC, which requires the
disconnection of the cable from the main circuit. With the application of the voltage, if there
are any defects present, there will be the generation of the leakage current, which gives the
information of the state of the cable by evaluating the IR, which is the ratio between the applied
voltage and leakage current.
The data acquired by the IR tests are usually analyzed by using different quantities based
on the IR values measured at different times. These quantities are dielectric absorption ratio
(DAR), polarization ratio (PR), and polarization index (PI), which are defined as:
𝐷𝐴𝑅 =
𝑃𝑅 =
𝑃𝐼 =

𝐼𝑅 @ 60 𝑠𝑒𝑐
𝐼𝑅 @ 30 𝑠𝑒𝑐

𝐼𝑅 @ 3 𝑚𝑖𝑛
𝐼𝑅 @ 1 𝑚𝑖𝑛
𝐼𝑅 @ 10 𝑚𝑖𝑛
𝐼𝑅 @ 1 𝑚𝑖𝑛

A.1
A.2
A.3

A.2 Time and Frequency Domain Reflectometry
In Time Domain Reflectometry (TDR) a voltage step having a fast rise time into the
transmission line is sent. When the signal encounters an impedance mismatch, a reflected
voltage wave is generated. Based on the measurement a ratio between the incident signal and
the reflected signal is evaluated which is known as the reflection coefficient (Rho). In recent
times two methods based on TDR have been reported: sequence TDR (STDR) and spread
spectrum TDR (SSTDR), where the former uses pseudo-noise sequence while the latter
implements sinusoidal pseudo-noise sequence. Both techniques have the advantage of having
a low correlation with noises and signals on the wires [164], [165]. While in Frequency Domain
Reflectometry (FDR), a sinusoidal ac signal is sent in the cable circuit and analyzes the
reflected signal due to impedance changes. The reflected signal is since in frequency domain
is converted in time domain using Fourier transform. The technique is useful in identifying and
locating gross faults in insulation materials, connectors and conductors.
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A.3 Extended Voltage Response
The basic working operation of the EVR measurement is shown in Figure A.1 (a). The
insulation material is first charged at a DC voltage of 1000V (𝑉𝑐ℎ ) for 4000 seconds (𝑡𝑐ℎ ) by
closing the switch SW1. After the charging period, the switch SW1 is opened as a result the DC
voltage source is disconnected, which results in the generation of decay voltage (𝑉𝑑 (t)). After
the disconnection period (𝑡𝑖𝑑𝑝 ), the switch SW2 is closed, and the cable is discharged for 20
different discharging periods (𝑡𝑑𝑛 ). This period ranges from 1 second (𝑡𝑑1 ) to 2000 seconds
(𝑡𝑑20 ), thus giving a wide range of slow polarization spectrum, Figure A.1 (b).

Figure A.1 Extended voltage response (a) circuit (b) timing diagram.

From the process two voltage slopes; decay (𝑆𝑑 ) and return (𝑆𝑟 ) voltage slopes are
measured, which is calculated by the two equations [166]:
𝑉
𝑆𝑑 = ( 𝑐ℎ⁄𝜀∞ ) 𝛾

A.4

𝑉
𝑆𝑟 = ( 𝑐ℎ⁄𝜀∞ ) 𝛽

A.5

In the equations, 𝜀∞ is the relative permittivity due to instantaneous polarization processes.
The decay voltage slope is related to the specific conductivity (𝛾) of the insulation as the slope
is generated when the insulation is separated from the voltage source after the charging period
ends. This allows the charges present on the electrodes to discharge into the insulation material.
While the return voltage slopes and polarization conductivity (𝛽) are related to each other,
which is the result of the short discharging period allowing the polarization processes which
have high time constants to relax. These relaxation processes are shown as the polarization
spectrum.
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A.4 Polarization-Depolarization Current
The basic principle of PDC is depicted in Figure A.2. In the initial stage, a DC voltage (𝑉𝑐ℎ ) is
applied to the dielectric material, through closing the switch (SW1) and opening switching
(SW2) for a charging period (𝑡𝑐ℎ ). The current at this stage is measured through an electrometer,
known as polarization current (𝑖𝑝 ) which stimulates different polarization processes in the
material having different time constants.
After the charging period, the DC source is disconnected and the switch SW1 is opened,
while the switch SW2 is closed deliberately, creating a short circuit and making the dielectric
discharge, resulting in depolarization current (𝑖𝑑 ). The process is carried out until the current
reaches a negligible value, say a time (𝑡𝑑 ).

Figure A.2 Polarization-Depolarization Current (a) circuit (b) timing diagram.

During the charging period, the polarization current contains three components: absorption,
capacitive, and conduction current [167]. The capacitive current having a high value at the
beginning and then decay down quickly, similar to the charging current in a pure capacitor.
The current becomes negligible after a few seconds. The absorption or polarization current is
due to the effect of different polarization processes inside the dielectric. The decaying of
polarization current is slower as compared to the capacitive current, depending on the
insulation quality. While the conduction current or leakage current continuously flows inside
the material. The value of the conduction current is small for good insulators while for poor
insulators this current will increase.
The depolarization current only measures the absorption or polarization current, as the
depolarization is opposite to the polarization process and results due to the charge stored in the
dielectric during the charging period. Mathematically, the polarization and depolarization
current can be expressed as [114], [159]:
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𝜎

𝑖𝑝 (𝑡) = 𝐶0 𝑈𝑐ℎ [𝜀 + 𝑓(𝑡) + 𝜀∞ 𝛿(𝑡)]

A.6

𝑖𝑑 (𝑡) = 𝐶0 𝑈𝑐ℎ [𝑓(𝑡) − 𝑓(𝑡 + 𝑡𝑐ℎ )]

A.7

0

Where 𝑓(𝑡) is the response function and 𝜎 is the conductivity of the dielectric material,
respectively. Since 𝑓(𝑡 + 𝑡𝑐ℎ ) ≅ 0, which makes the calculation of the conductivity as:
𝜎≈

𝜀0
𝐶0 𝑈𝑐ℎ

[𝑖𝑝 (𝑡) − 𝑖𝑑 (𝑡)]

A.8

The PDC method helps in evaluating the structural changes happening inside the material as
the changes will reflect in the polarization and depolarization of current values.

A.5 Impedance Measurement
The impedance measurement technique is based on the measurement of the impedance of the
electric circuit by injecting current through the LCR meter at different frequencies between
pairs of conductors in the circuit. The response of the circuit to the injected current is measured
as impedance, which comprises of two quantities: the phase angle between injected current and
applied voltage and the magnitude. Besides getting the information about the cable condition
the technique can also be used to detect moisture or lose connections [122].

A.6 Dissipation Factor
As stated, the dissipation factor is based on the measurement of the angle between the
capacitive current and resistive current in the insulation when the ac voltage is applied. Figure
A.3 (a). Since with the increase of impurities or defects the resistive component will increase
which increases the value of tanδ. Figure A.3 (b) shows the phasor diagram of the tanδ, where;
𝑡𝑎𝑛𝛿 =

"
𝐼𝑅
⁄𝐼 = 𝜀 ⁄𝜀 ′
𝐶

A.9

Figure A.3 (a) Circuit Construction of tanδ, (b) tanδ Vector Diagram.
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A.7 Dielectric Spectroscopy
The idea of the dielectric spectroscopy is when the external field interacts with the electric
dipole moment and charges of the polymeric material, which is known as electric polarization
or permittivity. The permittivity is defined as:
𝜀 ∗ = 𝜀 ′ − 𝑗𝜀 "

A.10

Where 𝜀 ∗ is complex permittivity having two components real (𝜀 ′ ) and imaginary part of
permittivity (𝜀 " ). The real permittivity is a measure of how the external field energy is amassed
within a material while how the material dissipates the energy from the external field is defined
by the imaginary part of permittivity [168]–[171]. The dielectric spectroscopy is carried out in
the frequency range of 10-5 to 109 Hz with different analyzers such as a network analyzer and
dielectric analyzer.
Dielectric spectroscopy helps in understanding a wide range of degradation in the material.
Due to morphological changes happening inside the polymer material due to thermal or
radiation stress, free radicals and new chemical species are generated which give rise to
different polarization phenomena inside the material, which are related to permittivity
especially the imaginary part of permittivity which is associated with the dielectric loss.
The presence of permanent electric dipoles in the polymer also contributes to the
permittivity. The ability of any dipole to contribute to the permittivity of the polymer depends
on its ability to rotate and align itself according to the direction of the applied field. It is worth
mentioning that the permittivity of the polymer is dependent on multiple factors, out of which
temperature and frequency are important. At a temperature higher than the glass transition
temperature, the dipoles which are associated with the polymer backbone contribute to the
permittivity. Figure A.4 shows how the polymer permittivity is dependent on the frequency
with different polarization processes.
Each polarization mechanism inside the polymer passes through relaxation with its own
characteristic frequency. Below the relaxation frequency, the corresponding dipole contributes
to the overall polarization of the polymer while above the relaxation frequency the contribution
is stopped as the dipoles cannot respond to the electric field. In the polymer under the
application of the electric field, the α-relaxation is due to the motions of the polymer backbone,
while the molecular side-groups are associated with β-relaxation. The γ, δ, etc. relaxations are
associated with the dipoles having a very high relaxation frequency of other side-groups. From
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the application of low voltage cables to high voltage, dielectric spectroscopy has been used
[26], [28], [29], [84], [137].

Figure A.4 Permittivity and Different Polarization Processes [159].
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B.1 LV NPP Cable, and Thermal Aging

Figure B.1 tanδ at a different aging time against frequency range (a) 100 mHz to 1 kHz, (b) 2 kHz to 500 kHz,
for thermally aged LV NPP Cable.

Figure B.2 Real Part of Permittivity (𝜀 ′ ) against Aging Time (Hours) at selected frequencies for thermally aged
LV NPP Cable.
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Figure B.3 Imaginary Part of Permittivity (𝜀 " ) against Aging Time (Hours) at selected frequencies for thermally
aged LV NPP Cable.

Figure B.4 tanδ at different aging time against very low frequency for thermally aged LV NPP cable.
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Figure B.5 Real Part of Permittivity (𝜀 ′ ) against Aging Time (Hours) at very low selected frequencies for
thermally aged LV NPP Cable.

Figure B.6 Imaginary Part of Permittivity (𝜀 " ) against Aging Time (Hours) at very low selected frequencies for
thermally aged LV NPP Cable.
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B.2 LV NPP Cable, and Radiation Aging

Figure B.7 tanδ at different absorbed dose values against frequency range (a) 100 mHz to 1 kHz, (b) 2 kHz to
500 kHz, for radiation aged LV NPP Cable.

Figure B.8 Real Part of Permittivity (𝜀 ′ ) against Dose (kGy) at selected frequencies for radiation aged LV NPP
Cable.
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Figure B.9 Imaginary Part of Permittivity (𝜀 " ) against Dose (kGy) at selected frequencies for radiation aged LV
NPP Cable.

Figure B.10 tanδ at different absorbed dose values against very low frequency for radiation aged LV NPP Cable.
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Figure B.11 Real Part of Permittivity (𝜀 ′ ) against Dose (kGy) at very low selected frequencies for radiation aged
LV NPP Cable.

Figure B.12 Imaginary Part of Permittivity (𝜀 " ) against Dose (kGy) at very low selected frequencies for
radiation aged LV NPP Cable.
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B.3 LV PV DC Cable, and Thermal Aging

Figure B.13 tanδ at a different aging time against frequency range (a) 100 mHz to 1 kHz, (b) 2 kHz to 500 kHz,
for thermally aged LV PV Cable.

Figure B.14 Real Part of Permittivity (𝜀 ′ ) against Aging Time (Hours) at selected frequencies for thermally aged
LV PV Cable.
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Figure B.15 Imaginary Part of Permittivity (𝜀 " ) against Aging Time (Hours) at selected frequencies for
thermally aged LV PV Cable.

Figure B.16 tanδ at different aging times against very low frequency for thermally aged LV PV Cable.
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Figure B.17 Real Part of Permittivity (𝜀 ′ ) against Aging Time (Hours) at very low selected frequencies for
thermally aged LV PV Cable.

Figure B.18 Imaginary Part of Permittivity (𝜀 " ) against Aging Time (Hours) at very low selected frequencies for
thermally aged LV PV Cable.
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