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Chapter 1

Condition Assessment of Dry-Type Insulation

1.1 Introduction

In high voltage systems, the reliability and performance of electrical
equipment are among the most critical requirements for any power system
network. The insulation system plays a vital role in ensuring the safe
operation of these systems by preventing electrical breakdowns and
maintaining the continuity of power supply. However, insulation materials
are susceptible to degradation over time, and if this degradation is not
detected and addressed promptly, it can lead to catastrophic failures [1-5].
High voltage equipment such as power transformers, rotating machines, and
switchgear are very costly, making it impractical to always have spare units
available for backup. As a result, these expensive assets are prioritized for
extended life expectancy to enhance the reliability of the power system
network. Therefore, condition monitoring of power equipment in high
voltage systems is essential to identify potential faults, predict failures,
prevent downtime, ensure safety, and maintain power continuity [6-8].

Based on current industry trends, the application of dry type equipment (such
as dry-type transformer) is continuously increasing. A situation will arrive
when the installed dry type equipment will become older or aged.
Consequently, the equipment will become non-functional and as a result of
this, the associated power system will fail until and unless a new replacement
is available. It is always beneficial to adapt a condition based maintenance
scheme rather than replacement of costly, pivotal power equipment after
failure [3-4]. Dry type equipment (e.g. transformer) are practically
maintenance free over their oil-type counterpart. Moreover, combustible
property of oil is unsafe. But, due to combined cause of electrical,
mechanical, thermal and environmental effect, type insulation undergoes
ageing. As a result of this ageing, the dry type insulation system also
deteriorates like oil impregnated paper (OIP) of oil immersed equipment.
Several researchers developed theoretical explanation on ageing of the dry
type equipment which can be useful for further research [9-11].
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1.2 Conventional Oil-Paper Insulation in High Voltage
Power Equipment

The insulation system of high voltage power equipment, such as power
transformers, relies on a combination of mineral oil and paper, collectively
known as composite oil-paper insulation. Mineral oil, sourced from crude
petroleum through fractional distillation, serves the dual purpose of providing
both insulation and cooling within the transformer. This oil, characterized by
its composition of alkanes, naphthalenes, and aromatic hydrocarbons,
initially exhibits a dielectric strength of approximately 30 kVrms, which can
escalate to 60 kVrms after post-treatment. Additionally, the oil's flash point is
140°C, with a pour point of -6°C, ensuring stability across a wide range of
temperatures. It also maintains minimum volume resistivity and a dielectric
dissipation factor at 90°C [12-13].

However, despite these advantageous properties, mineral oil is not without its
vulnerabilities. The oil's hygroscopic nature makes it susceptible to moisture
ingress, particularly during transportation, storage, and refilling. This
moisture can significantly alter the oil's dielectric properties over time,
leading to potential degradation of the insulation system. Such alterations not
only affect the oil's ability to insulate but also accelerate its ageing process,
further compromising the overall reliability of the power equipment. To
understand these vulnerabilities better, it is essential to explore how these
changes occur under different conditions and the impact they have on the
performance of the insulation system. At elevated temperatures, mineral oil
undergoes thermal degradation, leading to the formation of various by-
products that impact its insulating properties. The rate of oil degradation
approximately doubles with every 8°C-10°C increase in temperature. The
decomposition of mineral oil at high temperatures results in the formation of
several by-products, including moisture (water), carbon monoxide (CO),
carbon dioxide (CO.), ethylene (C;H4), acids, and sludge [13-16]. These
acids are low molecular weight having polar carboxylic acids (R-COOH) and
phenol (CsHsOH) which are formed due to oxidation of mineral oil. These
acids can damage insulation and decompose metals in contact with the oil
[13, 16]. In case of sludge, it contains various polar chemical compounds
such as alcohols (-OH), aldehydes (-CHO), and ketones (RCR') are generated
during the oil oxidation process, increasing the oil's conductivity and
decreasing its dielectric strength. Oxidative ageing of mineral oil also leads to
the formation of highly reactive peroxide groups (R-O-O-R) by breaking the
hydrocarbon chain of the oil insulation. These groups accelerate the oxidation
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mechanism, contributing to further degradation of the oil insulation [17]. In
addition, Moisture is detrimental to the insulation of mineral oil, whether it
may be in a free or bonded state. It is generated inside transformers due to the
thermal degradation of mineral oil and cellulosic paper. Additionally,
moisture can seep into transformers via breathers or oil-drain valves in
moisture-rich environments. While moisture migration from paper to oil
occurs at very high temperatures, the solubility of moisture in mineral oil also
increases with temperature. However, at lower temperatures, excess moisture
present in the oil can migrate back to the paper, leaving the mineral oil
saturated with moisture. This excess moisture can lead to partial discharges,
flashovers, or even short circuits due to insulation failure [13, 16].

In addition to oil, the paper insulation is the integral part of transformer
insulation. It provides mechanical support, encases copper conductors to
separate high voltage (HV) and low voltage (LV) windings. The paper
insulation is consisting of 90% cellulose derived from wood pulp processed
via the Kraft-Chemical method. Paper insulation gains mechanical strength
from its lengthy polymeric chains. The chemical formula (CeH100s)n signifies
cellulose's polymerization degree (DP), indicative of mechanical resilience
[12, 16-17]. The volume resistivity of the paper is in the range of 10%-10%
Q-cm and tano at power frequency is varying from 3% to 4% [13]. This
paper offers cost-effective electrical as well as mechanical insulation.
However, its porous nature renders it hygroscopic, requiring impregnation
with mineral oil to restrict moisture absorption and increase dielectric
strength by displacing air pockets. Nevertheless, even after impregnation, the
paper can absorb moisture from the surrounding oil, significantly impairing
its dielectric properties. Additionally, paper insulation exhibits high moisture
affinity and reacts vigorously in the presence of oxygen, with thermal
instability at elevated temperatures [16].

Similar to mineral oil, the cellulosic paper insulation undergoes a gradual
deterioration process attributed to thermal, oxidative, and hydrolytic
influences. This degradation primarily entails depolymerisation of cellulose,
instigated by the fragmentation of higher molecular weight cellulosic chains.
Consequently, the mechanical and dielectric resilience of the paper insulation
diminishes, discernible through a substantial decline in its Degree of
Polymerization (DP) value. Initially, the DP value ranges from 1200 to 1300
(at post-processing), but with degradation, it reduces significantly to
approximately 200-300 [13, 16]. Consequently, the tensile strength of the
paper insulation wanes, rendering it brittle, potentially leading to detachment
from the copper conductor—an indication of advanced ageing. It is yet to be
mentioned here that, thermal degradation of paper insulation ensues from
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chemical reactions catalysed by oxygen and moisture, where moisture
playing a predominant role in hydrolysis. The insulation's lifespan diminishes
by almost 50% with every 6°C-8°C increase in the temperature rise within
the hot spot temperature range of 80°C to 100°C. Elevated temperatures
expedite the shortening of polymeric chains, fostering mechanical failure
incapable of withstanding the internal mechanical stresses during through-
fault conditions. At exceedingly high temperatures, the glycosidic linkage of
cellulose molecules undergoes cleavage, liberating CO,, CO, hydrogen (Hy),
moisture, and traces of methane (CH4) [13, 16]. Furthermore, thermal
degradation yields aldehydes (-CHO) and carboxyl (R-COOH) groups.
Oxygen exacerbates the insulation's degradation by accelerating oxidation,
facilitating the rupture of polymeric chains and rapid depolymerisation [.
Oxidative depolymerisation produces hydrogen peroxide (H»Oz) and other
reactive peroxide (R-O-O-R) groups. Moreover, oxygen oxidizes hydroxyl (—
OH) groups into carboxyl (R-COOH) and carbonyl (C=0) groups, further
catalyzing insulation degradation. Positive metal ions (Fe*/Fe?*/Cu®*/Cu®")
also act as oxidation catalysts [13, 16-19]. In addition, moisture significantly
influences cellulosic insulation degradation [2]. Despite using relatively dry-
Kraft paper during transformer manufacturing, residual moisture remains due
to ineffective factory drying processes. Initially, new transformers contain
minimal moisture, but operational use can increase moisture content to 3-4%
or more. Moisture induces hydrolysis, rupturing glycosidic chains and
accelerating chain scission [2]. Wet cellulose degradation intensifies at higher
temperatures, prompting cautious operation of heavily wet transformers at
reduced loads to prolong their lifespan.

1.3 Limitation of Conventional Oil-Paper Type Insulation

The conventional oil-paper insulation system has been widely used in high
voltage power equipment, such as transformers and bushings, for many
decades. While this system has proven effective in providing both electrical
and thermal insulation, it is not without its limitations. As modern power
systems continue to evolve, the demands placed on insulation systems have
increased, making it essential to understand these limitations in greater detail.
Identifying these constraints is crucial not only for improving existing
technologies but also for exploring and adopting alternative insulation
solutions that better meet current and future needs.

One of the primary limitations of the conventional oil-paper insulation
system is its susceptibility to ageing and degradation over time. The paper
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insulation, a critical component, undergoes significant chemical and physical
changes due to moisture absorption, oxidation, and thermal stress. These
factors cause the paper to become brittle, leading to a loss of dielectric
strength and an increased risk of insulation failure. Additionally, the mineral
oil used in this system can deteriorate due to oxidation, hydrolysis, and
contamination, further compromising the insulation's overall performance [2,
16]. These ageing processes not only reduce the effectiveness of the
insulation but also increase maintenance costs and the risk of catastrophic
equipment failures.

To overcome these limitations, researchers and engineers have been
exploring alternative insulation solutions (i.e. dry-type insulation) for high
voltage power equipment.

1.4 Importance of Dry-Type Insulation

Dry-type insulation has gained significant importance in the field of power
equipment due to its numerous advantages over conventional oil-paper
insulation systems. This modern insulation technology offers several benefits,
including improved safety, reduced environmental impact, enhanced
performance, and greater versatility. As the demands on power equipment
continue to evolve, the development of next-generation dry-type insulation
further pushes the boundaries of what insulation technology can achieve,
promising even more significant advancements [3-4, 20].

To better understand the critical role that dry-type insulation plays in the
power equipment industry, it is essential to explore its key advantages in
detail. These advantages not only highlight the superiority of dry-type
insulation over traditional systems but also underscore its growing relevance
in modern applications.

1.4.1 Advantages of Dry-Type Insulation in Power Equipment

e Enhanced Safety: One of the most significant benefits of dry-type
insulation is its ability to eliminate the need for flammable oil, thereby
significantly reducing the risk of fire and explosion hazards. With the
absence of oil, the likelihood of leaks, spills, and associated
environmental pollution is also eliminated. This greatly enhances the
overall safety of power equipment installations, making dry-type
insulation particularly suitable for sensitive environments such as



Chapter 1

hospitals, data centers, and industrial facilities where fire safety is of
utmost importance [4].

e Environmental Friendly: Dry-type insulation systems are
environmental friendly compared to oil-paper insulation. They do not
contain hazardous oils, eliminating the risk of oil spills and the
associated environmental contamination. Additionally, dry-type
insulation does not emit harmful gases or contribute to greenhouse gas
emissions. The absence of oil in dry-type insulation reduces the overall
carbon footprint, aligning with global efforts to reduce environmental
impact and promote sustainability [21-23].

e Versatility and Compact Design: Dry-type insulation systems offer
greater flexibility and adaptability in terms of installation and equipment
design. They can be designed in various shapes and sizes, allowing for
more compact and space-efficient designs. The versatility of dry-type
insulation makes it suitable for a wide range of power equipment
applications, including transformers, switchgear, and cables [24-25].

e Reduced Maintenance: Dry-type insulation systems require minimal
maintenance compared to conventional oil-paper insulation systems. The
absence of oil eliminates the need for regular oil sampling, testing, and
filtering processes. This results in cost savings, reduced downtime, and
increased availability of power equipment. The reduced maintenance
requirements make dry-type insulation particularly attractive for
applications where access to equipment for maintenance is challenging
or costly [24-30].

1.4.2 Next-Generation Dry-Type Insulation

The importance of dry-type insulation is further amplified by the
development of next-generation insulation technologies. Researchers and
engineers are continuously exploring innovative materials and designs to
enhance the performance and capabilities of dry-type insulation [20, 30-31].
Some of the key advancements in next-generation dry-type insulation
include:

e Solid Insulation Materials: Next-generation dry-type insulation
systems explore the use of solid insulation materials, such as epoxy
resins, silicone rubber, composite materials etc. These materials offer
enhanced mechanical strength, improved thermal stability, and excellent
electrical insulation properties. Solid insulation eliminates the need for
liquid dielectrics, providing maintenance-free operation and eliminating
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the risk of leakage. It also allows for more compact designs and
increased flexibility in equipment installation [30].

e Nanocomposite Insulation: Incorporating nano-materials (such as
nanoparticles) into the insulation matrix enhances its electrical, thermal,
and mechanical properties. Nanocomposite insulation offers improved
dielectric strength, reduced thermal conductivity, enhanced resistance to
partial discharges, increased resistance to ageing etc. These
advancements enable the development of more compact and efficient
power equipment with higher voltage ratings and improved insulation
performance [32-35]. In the quest for more advanced and efficient
insulation materials for dry-type applications, epoxy-based nano-
composites have emerged as a promising next-generation solution. The
addition of nanoparticles, such as silicon dioxide, alumina etc. to the
epoxy matrix enhances the insulation performance by reducing the
occurrence of partial discharges. These nanoparticles act as barriers and
traps for electrical discharges, preventing their propagation and
minimizing the risk of insulation breakdown [36-37]. The dispersed
nanoparticles also improve the homogeneity of the insulation material,
reducing the chances of defects (or weak points) that could lead to
premature failure [37-38]. The enhanced dielectric strength of epoxy-
based nano-composites makes them suitable for high voltage
applications, where reliable insulation performance is crucial.
Furthermore, epoxy-based nanocomposites exhibit improved thermal
conductivity compared to conventional epoxy resins. The nanoparticles,
such as boron nitride or aluminum nitride, have high thermal
conductivity, which facilitates efficient heat dissipation. This property is
particularly important in high power-density applications, as it helps to
maintain lower operating temperatures and prevent thermal stress on the
insulation material [37]. By effectively dissipating heat, epoxy-based
nanocomposites can extend the lifespan of power equipment and
improve overall system reliability. Mechanical strength is another critical
aspect of insulation materials, and epoxy-based nanocomposites offer
enhanced mechanical properties. The incorporation of nanoparticles
reinforces the epoxy matrix, resulting in improved tensile strength,
flexural strength, and impact resistance. This enhanced mechanical
strength ensures the durability and integrity of the insulation material,
making it more resistant to mechanical stresses and vibrations [37]. It
also allows for the design of compact and lightweight power equipment
without compromising structural integrity.
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To further optimize the performance of epoxy-based nanocomposites,
researchers have been investigating various parameters, including
nanoparticle type, concentration, dispersion, and processing techniques.
For instance, the choice of nanoparticles greatly influences the final
properties of the nanocomposite. Different types of nanoparticles offer
unique advantages and can be tailored to specific requirements.
Additionally, the concentration and dispersion of nanoparticles within
the epoxy matrix impact the overall performance of the insulation
material. Effective dispersion techniques, such as ultra-sonication or
high-shear mixing, are employed to achieve uniform distribution and
prevent agglomeration of nanoparticles [37]. Researchers have also
explored surface modification techniques to enhance the compatibility
between the nanoparticles and the epoxy resin, improving the interfacial
adhesion and overall performance of the nanocomposite [35-39].

e Dry-Air Insulation: Dry-air insulation systems replace the traditional
insulating oil with dry air as the dielectric medium. This approach
eliminates the environmental concerns associated with oil-based
insulation systems. Dry-air insulation offers comparable dielectric
performance to oil but with improved thermal properties. It enables more
efficient heat dissipation, leading to lower operating temperatures and
reduced energy consumption. Dry-air insulation is gaining attention as a
sustainable and eco-friendly solution for high voltage power equipment
[40].

1.5 Degradation of Dry-Type Insulation System

Ensuring the longevity and reliability of high voltage power equipment
hinges significantly on the condition of its insulation systems. Dry-type
insulation, widely used due to its advantages over conventional oil-paper
systems, is not immune to degradation. Understanding the factors that
contribute to the degradation of dry-type insulation is crucial for enhancing
design, maintenance practices, and overall system reliability. The primary
factors influencing the degradation of dry-type insulation systems include
thermal stress, mechanical stress, environmental conditions, and electrical
stress [37, 39-43]. Figure 1.1 shows the four factors influencing the ageing of
the insulation system [43].
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Figure 1.1: Four factors influencing the ageing of the insulation system.

1.5.1 Thermal Stress

One of the foremost contributors to insulation degradation is thermal stress.
When operating temperatures exceed the design limits, the insulation
materials undergo accelerated ageing. Elevated temperatures can induce
chemical and physical changes in the insulation, reducing its dielectric
strength and mechanical integrity. Prolonged exposure to high temperatures
not only shortens the insulation's effective lifespan but also increases the
susceptibility to thermal breakdowns [30, 32-34]. Therefore, effective
thermal management is essential to mitigate these effects and ensure the
insulation system's durability.

1.5.2 Mechanical Stress

In addition to thermal factors, mechanical stress plays a critical role in the
degradation process. Vibrations, mechanical shocks, and improper handling
during installation and maintenance can cause physical damage to the
insulation materials. Such mechanical disturbances may lead to micro-cracks,
abrasions, or complete dislodgment of insulation components, compromising
their protective capabilities. Addressing mechanical stress through careful
handling and robust installation practices is vital to maintaining the integrity
of dry-type insulation systems [37, 41].
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1.5.3 Electrical Stress

Electrical stress, encompassing overvoltages, lightning strikes, and switching
surges, is another pivotal factor contributing to insulation degradation. These
electrical disturbances can induce partial discharges within the insulation
material. Partial discharges are localized dielectric breakdowns that, over
time, can erode the insulation, leading to an increased risk of complete
electrical failure. Continuous exposure to electrical stress without adequate
mitigation can significantly reduce the insulation's reliability and lifespan
[32, 37, 39]. Effective electrical stress management, including surge
protection and proper insulation design, is essential to prevent such
degradation.

1.5.4 Environmental Conditions

The surrounding environment significantly impacts the condition of dry-type
insulation. Factors such as humidity, pollution, and exposure to chemicals
can degrade insulation properties over time. Moisture ingress, in particular,
can be detrimental as it affects the dielectric properties and can lead to the
formation of conductive paths, increasing the risk of electrical faults.
Additionally, pollutants and corrosive chemicals present in the environment
can cause chemical reactions that deteriorate the insulation materials [37, 41].
Implementing appropriate environmental controls and protective measures is
necessary to minimize these adverse effects.

In summary, the degradation of dry-type insulation systems is a multifaceted
issue influenced by thermal, mechanical, environmental, and electrical
factors. A comprehensive understanding of these degradation mechanisms is
essential for developing strategies to enhance insulation performance, extend
its service life, and ensure the reliability of high voltage power equipment.
Addressing these factors through improved design, regular maintenance, and
environmental controls can lead to more robust and durable insulation
systems [37-41].

1.6 Condition Assessment of Dry-Type Insulation

Condition assessment of dry-type insulation is an essential process for
ensuring the reliability, safety, and performance of high voltage systems.
Given the critical role that insulation plays in maintaining the operational
integrity of electrical equipment, particularly in high-stress environments,

-10-



Studies on Condition Assessment of Dry-Type Insulation in High Voltage System

regular and thorough assessments are necessary to prevent unforeseen
failures and extend the lifespan of these systems. Dry-type insulation
materials, such as epoxy-based composites, have become widely used in
various electrical applications due to their excellent thermal, mechanical, and
dielectric properties [3, 32, 35]. These materials offer several advantages over
traditional insulation systems, including reduced fire risk and environmental
impact. However, like all insulation materials, dry-type insulation is subject
to ageing and environmental stresses that can degrade its performance over
time. Factors such as thermal cycling, electrical stress, mechanical wear, and
exposure to moisture or contaminants can lead to a gradual decline in the
insulation's effectiveness [37, 43].

Conducting a comprehensive condition assessment enables early detection of
insulation deterioration, allowing for timely maintenance or replacement.
This proactive approach is crucial for preventing costly failures, minimizing
downtime, and ensuring the continued reliability of high voltage systems [2].
By identifying potential issues before they lead to catastrophic failures,
condition assessment helps maintain system integrity and extends the
operational life of electrical equipment.

Moreover, the unique properties of dry-type insulation necessitate specific
assessment techniques tailored to its material characteristics. Understanding
the precise ageing mechanisms and stress factors that affect dry-type
insulation is key to developing accurate diagnostic methods. These methods
can include thermal analysis, dielectric testing, and mechanical evaluation, all
of which contribute to a holistic understanding of the insulation's condition.

In summary, the condition assessment of dry-type insulation is not only a
preventive measure but a critical component of high voltage system
management. By implementing regular and targeted assessments, operators
can ensure that their systems remain safe, reliable, and efficient throughout
their operational life.

1.7 Methods for Condition Assessment of Dry-Type
Insulation

To accurately assess the condition of dry-type insulation materials, various
methods are employed, each providing unique insights into the insulation's
health and performance. These assessment methods can be broadly
categorized into four main areas: physical, chemical, thermal, and electrical
property analysis. Together, these analyses offer a comprehensive view of the
insulation's condition, enabling engineers to determine the extent of
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degradation, diagnose potential failure modes, and predict the remaining
service life of the insulation system.

1.7.1 Analysis of Physical Properties

The physical properties of dry-type insulation, such as mechanical strength,
surface roughness, and interfacial characteristics, are critical indicators of the
material's structural integrity. These properties directly influence the
insulation's ability to withstand mechanical stresses and environmental
conditions. Techniques like scanning electron microscopy (SEM), water
contact angle (WCA) measurement, and transmission electron microscopy
(TEM) are commonly used to assess these physical properties [37, 45-51]. By
analyzing these aspects, engineers can identify degradation mechanisms such
as cracking, delamination, and surface erosion, which may compromise the
insulation's performance over time [37, 45-51]. In this context, different
condition assessment techniques (or, methods) for physical properties
analysis and its findings have been tabulated in Table 1.1.

Table 1.1: Condition assessment techniques for physical properties analysis.

Investigative . .
Methods Condition Assessment Properties References
Interfacial Characteristics, Agglomeration Degree,
TEM Internal Structure [45, 46, 47]
SEM Interfacial Zone, Surfaqe Defects, Dispersion, [37, 46, 48]
Agglomeration Degree
WCA Surface Energy, Surface Roughness, Hydrophobicity, [49-51]
Surface Morphology

1.7.2 Analysis of Chemical Properties

In addition to physical characteristics, the chemical composition of the
insulation material plays a vital role in its overall performance and longevity.
Chemical analysis techniques, such as Fourier-transform infrared
spectroscopy (FTIR), gas chromatography-mass spectrometry (GC-MS)
Energy Dispersive X-Ray (EDX), X-ray Photoelectron Spectroscopy (XPS),
Raman Spectroscopy (RS), and Laser Induced Breakdown Spectroscopy
(LIBS) allow for the identification of chemical changes that occur during
ageing and exposure to environmental stresses [48, 52-56]. These methods
provide insights into the chemical stability of the insulation, the presence of
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contaminants, and the formation of degradation by-products, all of which can
significantly impact the material's effectiveness [37, 48, 52-63]. In this
context, different condition assessment techniques (or, methods) for chemical
properties analysis and its findings have been tabulated in Table 1.2.

Table 1.2: Condition assessment techniques for chemical properties analysis.

Investigative

Methods Condition Assessment Properties References
FTIR Molecules Identification, Functional Groups Detection [48, 52-54]
Chemical Components of Decomposed Gases, Severity
GC-MS of Partial Over-Fault using the Decomposed Gases [37, 55]
Concentration
EDX Chemical Composition [37, 56]
XPS Chemical States of the Surface Elements, Binding [37, 57]

State of the Elements, Elemental Composition

Crystallographic Structure, Defects Identification,
XRD Crystallite Size, Micro-Stains, Structural [58, 59]
Heterogeneity, Alignment of Nanoparticles

Functional Group Identification, Modification in

RS Chemical Bonds, Electrical Treeing Characteristics

[60, 61]

Insulation Surface Elements (Major & Trace), Atomic

LIBS Structure, Isotopic Ratio

[62, 63]

1.7.3 Analysis of Thermal Properties

The thermal properties of insulation materials, including thermal
conductivity, specific heat capacity, and thermal stability, are crucial for
ensuring that the insulation can effectively manage the heat generated during
operation. Thermal analysis methods, such as differential scanning
calorimetry (DSC) and thermo-gravimetric analysis (TGA), thermal
conductivity analysis (TCA) help evaluate these properties, providing
essential data on how the insulation responds to temperature variations and
thermal stresses. This information is vital for predicting thermal ageing and
ensuring that the insulation can perform reliably under varying thermal
conditions [37, 48, 57, 64-68]. In this regard, different condition assessment
techniques for thermal properties analysis and its findings have been
tabulated in Table 1.3.
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Table 1.3: Condition assessment techniques for thermal properties analysis.

Investigative L. .
Methods Condition Assessment Properties References
Thermal Stability, Identification of Volatile
o . - [37, 48, 57,
TGA Components inside Insulation, Decomposition 64]
Temperature
Thermal Diffusivity, Thermal Conductivity, Specific
TCA Heat Capacity [37, 65, 66]
Specific Heat Capacity, Glass Transition
Temperature (Tg), Crystallization Temperature,
DsC Melting Point, Thermal Stability, Degree of Cross- [67, 68]
Linking, Curing Process, Oxidation Behavior

1.7.4 Analysis of Electrical Properties

The electrical properties of dry-type insulation, such as dielectric strength,
insulation resistance, and dielectric loss, are fundamental to its ability to
function effectively in high voltage environments. Electrical property
analysis includes methods like dielectric spectroscopy, polarization and
depolarization current (PDC) measurement, frequency domain spectroscopy
(FDS) measurement, and breakdown voltage (BDV) testing. These
techniques help assess the insulation's ability to resist electrical stress, detect
the presence of partial discharges, and identify any degradation in the
insulation's electrical performance over time [1, 2, 7, 13, 16, 37]. In addition,
the information about the space charge, trap charge, and surface charge
characteristics can be evaluated using different advanced methods such as
surface potential decay (SPD) method, laser intensity modulation method
(LIMM), pressure wave propagation (PWP) method, pulse electro-acoustic
(PEA) method, etc. [71-76]. In this regard, different condition assessment
techniques for electrical properties analysis and their findings have been
tabulated in Table 1.4.

By integrating the results from these various analyses, a comprehensive
understanding of the insulation's condition can be achieved. This holistic
approach to condition assessment enables more accurate predictions of the
insulation's remaining life, allowing for better planning of maintenance and
replacement activities, ultimately ensuring the reliability and safety of high
voltage systems.
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Table 1.4: Condition assessment techniques for electrical properties analysis.

Investigative . .
Methods Condition Assessment Properties References
BDV Breakdown Strength [37, 69, 70]
Characterization of Surface Charge, Trap
SPD Characteristics (Shallow and Deep Traps) [71,72]
LIMM Space Charge Characteristics [73]
PWP Space Charge Distribution [74]
PEA Space Charge Distribution [75, 76]
Polarization Current, Depolarization Current,
PDC Conduction Current, DC Conductivity, [1,2,7,17, 37,
Detrapping Current, Charge Trapping 77, 78]
Characteristics
Complex Capacitance, Dielectric Constant (¢°) and [1,2, 13, 16
FDS Dielectric Loss (¢*¢), Dissipation Factor (zand), > o ant
. 37,79, 80]
Electric Modulus, etc.

1.8 Dielectric Response Measurement of Dry-Type
Insulation

Dielectric response measurement is a powerful non-invasive technique used
for the condition monitoring of electrical insulation systems. It provides
valuable information about the insulation's dielectric properties, such as
complex capacitance, dissipation factor (zand), conductivity, space charge/
trap charge, insulation resistance, polarization index etc. which are critical
indicators of insulation health and degradation.

In the process of dielectric response measurement, the AC or DC voltage
excitation is applied on the test insulation and the resulting current and
voltage waveforms are recorded. From these recorded voltage and current
signals, it is possible to extract valuable information about the insulation's
reliability, ageing, and moisture content etc. The commonly used techniques
for dielectric response measurement is two types, i) time domain
spectroscopy (TDS) analysis and ii) frequency domain spectroscopy (FDS)
analysis [1, 2]. In TDS, there are two popular methods which are polarization
and depolarization current (PDC) measurement and return voltage
measurement (RVM). According to several research performances on real
life assessment of insulation condition, the PDC is preferred as more reliable
over RVM [2]. In FDS, where the insulation is subjected to a sinusoidal
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voltage signal at different frequencies, and the resulting current and voltage
responses are measured and analyzed [1, 2, 13, 16]. In FDS, the complex
capacitance (or, complex permittivity) and dissipation factor (tand) are two
important parameters obtained from dielectric response measurement. The
real part of the complex capacitance reflects the storage ability of electric
charge in the insulation and the imaginary part of the complex capacitance
represents the dielectric loss component inside the dielectrics material. Both
of the part of complex capacitance are influenced by factors such as ageing of
insulation, temperature, moisture content, and the presence of contaminants
etc. Changes in capacitance can indicate variations in the insulation's
dielectric constant and electrical properties, providing insights into insulation
ageing and degradation processes [2]. Besides, the dielectric dissipation
factor (tand) is the ratio of imaginary part and real part of complex
capacitance, which reflects the amount of energy loss in the insulation. High
tand values can indicate the presence of insulation defects or degradation,
highlighting potential areas of concern for further investigation [2].

Dielectric spectroscopy techniques rely on the fundamental interaction
between an applied electric field and the dipole groups within the insulating
material. For an isotropic and homogeneous dielectric material, the
relationship between the polarization vector g(#) and the electric field E(t) is
described by equation (1.1).

o) = 2(D)&,E() (1.1)

Here, x(2) represents the electric susceptibility of the material, and &, denotes
the permittivity of free space. On a macroscopic level, insulating materials
can be regarded as isotropic, linear, and homogeneous [1, 2]. Consequently,
the dielectric flux density D(t) within the material can be described using the
properties of the insulating material, as given in equation (1.2) [16, 81-82].

D(t) = £,E(t) + p(t) = £, (L + z(t) )E(t) (1.2)

The polarization vector g(t) reflects the cumulative effect of various
mechanisms, including polarization processes that occur over different
timescales. These range from very rapid processes, such as electronic
polarization, to slower ones like dipolar polarization. Consequently, when a
constant DC voltage Vqc is applied to a dielectric material that is initially free
of charge at t = to, the resulting polarization vector g(z) exhibits a gradually
increasing profile, as illustrated in Figure 1.2 [1].
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Figure 1.2: Time-dependent behavior of polarization under the influence of a
constant voltage Vg (= Uo) starting at t = to.

In Figure 1.2, p. represents the polarization resulting from fast mechanisms,
while gs denotes the total saturated polarization of the material (at infinite
time i.e. t — ). As seen in Figure 1.2, the polarization process can be
described by the expression provided in equation (1.3).

pt) =p.6t—t)) +(ps —p.)ht-1;) (1.3)
In equation (1.3), J(t—to) denotes the Dirac delta function and i(t—t) is a
monotonically increasing function with time [1, 2]. By applying equation

(1.2), the total polarization resulting from any electric field (E(t)) can be
reformulated as shown in equation (1.4).

Pt =&olr. + (25 — 2.0t ~t) () (1.4)
In equation (1.4), ¥ and s represent the material's susceptibility at t = 0 and
t > 0, respectively. The total polarization of the material can also be

expressed in terms of relative permittivity, as shown in equation (1.5) [16,
82-83].

P) =& (e, —1)+ (g5 — &)t —t,)E(t) (1.5)
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It is important to note that equation (1.5) can be generalized to derive the
total polarization process for any given electric field E(t). The formula for the
total polarization process with an arbitrary electric field profile E(t) is
provided in equation (1.6).

o(t) =5,(e, —E(t) + &, T f(t—7)E(z)dr (1.6)

In equation (1.6), the dielectric response function is represented by the
monotonic decreasing function f(t). The total current density J(t) that flows
through the material in response to the applied electric field E(t) is given by
the expression in equation (1.7).

30 =0, E () + PO

=o0,E(t) + ¢, %®+6L(t) x.7)

ot

In equation (1.7), oo and o represent the DC conductivity of the dielectric
medium and the permittivity of free space, respectively. In a homogeneous
material, the electric field strength, E(t) is considered to be induced by an
applied excitation voltage, V(t). As a result, the total current, i(t), flowing
through a dielectric medium with a geometric capacitance Co (calculated as
the measured capacitance at or near the power frequency divided by the
relative permittivity) can be represented as follows [84].

2nd—Part
. o V@) d 1.8
i()=C,| 2V (t)+e, =2 +— [f(t—r)V(r)dr (1.8)
°l & ot dt;[0
1st—Part 3rd—Part

In equation (1.8), 1st-Part represents the conduction current passing through
the dielectric material, while 2nd-Part and 3rd-Part correspond to the
displacement and polarization currents, respectively. It is important to note
that equation (1.8) applies to both a single dielectric material and
configurations involving multiple dielectric materials arranged in series or
parallel. Additionally, equation (1.8) indicates that the excitation voltage,
V(t), can either be constant or time-varying. Based on the characteristics of
the excitation voltage, dielectric spectroscopy can be categorized into two
types: i) time-domain spectroscopy and ii) frequency-domain spectroscopy.
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1.8.1 Time Domain Dielectric Response Measurement

In Time Domain Spectroscopy (TDS), a constant voltage is applied to the
insulation under test, and the resulting dielectric response current is recorded.
Upon applying the steady voltage, the dipoles within the insulation align with
the electric field, resulting in a polarization current [1, 2, 7, 84-86]. During
this polarization process, energy is stored in the dielectric material due to the
alignment of the dipoles. When the applied field is removed by short-
circuiting, this stored energy is released, causing an equivalent current to
flow in the opposite direction. Various dielectric properties of the insulating
material are assessed based on these dielectric phenomena. In the category of
TDS measurement, the polarization and depolarization current measurement
and return voltage measurement are two popular methods.

1.8.1.1 Polarization and Depolarization Current Measurement

In PDC measurement, a constant DC voltage is applied to the insulation
being examined [2, 84-86]. This voltage causes the dipoles within the
insulation material to align with the electric field, thereby initiating the
polarization process [1]. The schematic of PDC measurement circuit
arrangement has been shown in Figure 1.3. During polarization, a
monotonically decreasing current, denoted as iy(t), flows through the
insulating material (refer to Figure 1.3). The polarization process is
considered complete when all dipoles are aligned with the field, at this stage,
the polarization current decreases to zero, leaving only the conduction current
to flow through the dielectric medium. The conduction current's magnitude
depends on the insulation resistance of the dielectric material.

In depolarization current measurement, the excitation voltage is removed, and
the insulation is short-circuited. This causes the dipoles to revert to their
original alignment, releasing the stored polarization energy, which generates
a depolarization current (ig(t)) that decreases monotonically, flows in the
opposite direction. The typical behavior of the polarization and
depolarization currents is illustrated in Figure 1.4 [2].

In dry-type insulation or solid-dielectric media, such as polymeric insulation,
the initial value of the PDC is influenced by the smaller chain polymeric
groups, while the higher time constant dipoles in the long polymeric chain
components of the insulation affect the latter part of the current [85].
Consequently, the dielectric properties of the dry-type insulation can be
analysed by examining the polarization current. Additionally, the degradation
of the dry-type insulation (due to ageing or other environmental factors)
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tends to increase the PDC value over a longer time. Therefore, the condition
of dry-type insulation can be evaluated using PDC measurements.
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Figure 1.3: Schematic of PDC measurement circuit arrangement.
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Figure 1.4: The characteristics of polarization and depolarization currents in a dielectric material
exposed to a step voltage.
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When a constant voltage Uo is applied to the insulation under test, the
resulting polarization current through the insulation (as illustrated in Figure
1.3) can be determined using equation (1.9).

i, (t) = [COUO]-{gwé(t) + f(t) +°'°} for0O<t<t (1.9)
&

0

In equation (1.9), tc represents the duration for which the field is applied to
the test sample (i.e. charging time). After t;, the excitation voltage is
removed, and the test object is short-circuited. At this point, the displacement
current (&.0(t)) does not contribute to the polarization current (ip(t)) except at
t=0. Thus, the resulting current primarily comprises two components: the
conduction current, influenced by the conductivity (o), and f(t), the dielectric
response function. Consequently, the dielectric response function f(t) can be
determined from the polarization current, provided the conduction current is
known. Once the polarization process ends (at tc), the voltage supply is
disconnected, and the test object is short-circuited. The dipoles within the
insulation then start to relax, releasing stored energy as they return to their
original alignment [2, 16, 84-85]. This relaxation process generates a
depolarization current ig as the dipoles reorient. The depolarization current
can be expressed as:

i, () =—[CU,]- [f(t)- ft+t)] forO<t<o  (1.10)

As previously noted, the dielectric response function f(t) decreases
monotonically. Thus, after a sufficiently long charging time tc, the value of
f(t—tc) becomes negligible compared to f(t) and can be ignored [84]. Thus, the
depolarization current in equation (1.10) simplifies to:

iy (8) = {CU, ] [F (O] (1.11)
From equation (1.11), it is evident that once the depolarization current of a
dielectric material is measured, the dielectric response function can be

obtained. The typical nature of polarization and depolarization current has
been shown in Figure 1.4.
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1.8.1.2 Return Voltage Measurement

To further explore the dielectric phenomena, particularly the "after effects” of
PDC measurement, the Recovery Voltage Measurement (RVM) technique is
employed. In this process, a step voltage is applied to charge the sample for a
specific time (tcn), followed by grounding it to discharge for a period equal to
half the charging time (Y2tcn). Afterward, the sample is ungrounded, and the
voltage across the insulation sample, known as the recovery voltage (RV), is
recorded (i.e. Vi) [2, 87]. This voltage results from the active relaxation
processes within the dielectric material, which didn't have sufficient time to
fully relax during the brief discharging period. Consequently, the RV is a
crucial indicator of the dielectric material's insulating properties. Figure 1.5
shows a typical recovery voltage waveform.

In the RVM methodology, the charging and discharging times are
progressively increased while maintaining the same ratio between them. The
peak recovery voltage (Vrgeak)) is recorded at each step. These peak values for
different charging times (tc,) are plotted to generate a Vypeax) VErsus ten curve,
known as the Recovery Voltage Spectrum. This spectrum is then analysed for
condition monitoring. Both PDC and RV waveforms have been found useful
in assessing the condition of insulation.
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Figure 1.5: Nature of Recovery Voltage waveform.
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1.8.2 Frequency Domain Dielectric Response Measurement

Time domain spectroscopy is commonly employed for monitoring the
condition of the insulation dielectric. However, it has certain limitations. The
primary drawbacks of TDS are the necessity for a high voltage source for
measurements and its vulnerability to noise. As a result, researchers are
exploring Frequency Domain Spectroscopy (FDS) as an alternative method
for assessing the condition of oil-paper insulation. FDS uses a pure sinusoidal
waveform for the excitation voltage. When this sinusoidal voltage is applied,
the polarization process initiates, causing a dielectric response current to flow
through the dielectric medium. This dielectric response current can be
analytically derived by transforming time domain response current (i.e
equation (1.8)) into the frequency domain using the Laplace transform, as
illustrated in equation (1.12) [1, 2].

I(s) = [co].{gmsu () +sF(s)U(s) + 22U (s)} (1.12)
&

0

In equation (1.12), s represents the Laplace operator. By substituting s with
the complex frequency jw, the equation (1.12) can be simplified as equation
(1.13).

[ () = [co]{gw jo (@) + joF (©)0 () + 220 (a))} (1.13)
&

0

In equation (1.13), F(w)is the Fourier transform of the dielectric response
function f(t). F(w) defines the susceptibility 7(w) of the dielectric medium,
as shown in equation (1.14) [16].

©

F(@)=7(0) = 7'(@) - jz"(@) = [ () exp(~ jot)dt (1.14)

0

In equation (1.14), 7 (w)represents the complex susceptibility of the
medium. y'(w) is the real part of 7 (w), while x"(w) is the imaginary part.
Consequently, the resultant dielectric response current /(w) under sinusoidal
excitation with angular frequency w can be expressed as:
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Oy

(@) = [chol-{{sw + 7' (@)} - j{ +Z”(w)}U (w)}
= jo{C'(0) - iC" (@)U (o)
= joC (@)U (o)

0

(1.15)

In equation (1.15), C(w) represents the frequency-dependent complex

capacitance of the insulating medium. The real part, C'(w), indicates the
energy storage in the medium during polarization. The imaginary part, C"(w),
reflects the frictional loss due to interactions among dipoles under sinusoidal
excitation. Therefore, the dielectric dissipation factor (and), which represents
the ratio of energy lost to energy stored within the dielectric medium, can be
expressed as follows [1, 2, 16]:

["° +z”(w)J
s,

(6. +7'(®)
_C'(o)
" C'(o)

tan &(w) = (1.16)

It can be observed from equation (1.16) that the dielectric dissipation factor
depends on the angular frequency (w) of the applied sinusoidal excitation.
Therefore, a pure sinusoidal excitation is applied to the insulation under test
over a wide frequency range, typically from 1 mHz to 1 kHz, to analyze its
dielectric behavior within this spectrum. This approach allows for the
estimation of interactions among different dipolar groups [2]. By evaluating
these interactions, the condition of the dry-type polymeric insulation can be
predicted. Hence, the condition of the dry-type insulation is assessed by
analyzing the corresponding tand profile obtained from FDS measurements.

1.8.3 Charge Trapping Measurement

In the process of condition assessment of dry-type insulation, it is evident
that trapping and de-trapping processes play a crucial role in the conduction
and space charge accumulation phenomena in solid dielectric materials.
Consequently, over the past few decades, there has been increasing interest in
investigating charge trapping behavior in polymeric insulating materials.
Initially, space charge measurements in charged dielectric specimens were

-24-



Studies on Condition Assessment of Dry-Type Insulation in High Voltage System

conducted using destructive techniques, such as the dust figure method and
the probe method [78, 88, 89]. Later, R.E. Collins introduced a non-
destructive method for measuring space charge by perturbing the charges in a
dielectric specimen with a thermal wave [90]. This method was subsequently
refined, leading to the development of several non-invasive space charge
measurement techniques. Among these techniques, the PEA and PWP
methods are particularly notable [74-76]. These approaches have been
utilized to investigate trapping behavior in polymeric materials. In such
studies, a thin dielectric test sample is subjected to electrical stress and
subsequently maintained in a short-circuit condition for a specified duration.
By measuring the net charge at various time intervals during the voltage
stressing and discharging phases, the collected data is used to model the
trapping and de-trapping behavior of the dielectric material. In addition to
space charge mapping techniques, methods such as surface potential decay,
charging-discharging current, and others have also been utilized to study the
trapping behavior of dielectrics.

1.8.3.1 Space Charge Distribution

In this section, a brief overview of various methods has been provided for
extracting space charge distribution information in stressed dielectric
materials.

e Thermal Pulse and Step Method: The thermal pulse method involves
disturbing the specimen containing space charges using a thermal wave
that penetrates the sample [90]. This disturbance creates an image charge
in the electrodes, and as the thermal wave displaces the charge, it alters
the values of the image charge, producing an electrical signal. By
applying deconvolution techniques, the space charge distribution
information can be deciphered from this electrical signal. A related
technique is the thermal step method, which replaces the thermal pulse
with a thermal step [78].

e Laser Intensity Modulation Method (LIMM): In the LIMM technique,
the metallized surfaces of a specimen are heated with a sinusoidally
modulated laser beam, creating a temperature wave that diffuses through
the sample [91]. This wave is attenuated and delayed during propagation,
and its interaction with the space charges in the sample generates a
pyroelectric current. From this current, space charge information can be
extracted.

e Optical Methods: For optical methods, polarized light is passed through
the transparent test object. The space charge distribution within the
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material interacts with the optical wave, modifying its phase and other
polarization properties [78]. By measuring these changes, information
about the space charge distribution is obtained.

e Pressure Wave Propagation (PWP) Method: In the PWP method, a
pressure wave is applied to perturb the space charge distribution. This
pressure wave is generated using a piezoelectric crystal or laser shots.
The wave disrupts the space charge distribution, producing an electrical
signal in the electrodes, similar to the thermal pulse/step method [74].
Suitable signal deconvolution methods are then employed to extract
information about the spatial distribution of the space charge.

e Pulse Electro Acoustic (PEA) Method: The PEA method involves
applying a strong pulsating electrical field to a specimen containing
space charges. The interaction between the externally applied electric
field and the space charges produces a mechanical force, generating an
acoustic wave detected by a piezoelectric transducer placed after the
earth electrode [75, 76]. This transducer then produces a voltage signal
from which space charge information can be extracted.

1.8.3.2 Surface Potential Decay

The isothermal surface potential decay (ISPD) method is a widely used
technique for investigating trapping behavior in solid dielectrics. In this
method, the dielectric specimen is charged through corona charging, during
which ions accumulate on the surface of the specimen [78]. This ion
accumulation leads to electron transfer on the surface to neutralize the ions,
resulting in a gradual decrease in surface potential over time. This charge
transfers process causes electron (or hole, depending on the charging
polarity) trapping in the surface region. Theoretical models have been
developed to link the energy distribution of traps with the surface potential
decay. However, it is important to note that the potential decay is also
influenced by dipolar polarization, neutralization through atmospheric ions,
and conduction on the surface of the sample. These factors must be carefully
considered before drawing conclusions about trapping behavior. Extensive
research has been conducted on surface potential decay over the past few
decades, but the results are not unanimous, indicating that further research is
needed to improve this method.

1.8.3.3 Different others Methods
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Iso-thermal relaxation currents or discharging currents have been utilized in
early studies to wunderstand trapping behavior of insulators and
semiconductors [78, 92]. Similarly, charging and conduction currents have
been analyzed to investigate charge trapping. However, progress in
determining the trap energy distribution in a dielectric from these current
measurements has been limited.

1.8.3.4 Limitations of Space Charge Measurement

Among all the methods discussed, the PEA and PWP techniques have
significantly advanced our understanding of space charge behavior in
dielectrics. Typically, to examine charge trapping and de-trapping processes,
the sample is subjected to electrical stress and then held in a short-circuit
condition for a specific duration. During this short-circuit phase, the total
amount of charge stored in the sample is measured using these two
techniques, allowing for the calculation of charge trapping parameters such as
trapped charge, trap depth or energy, and trap distribution. However, both
methods have comparable limitations. The measured signal does not directly
reflect the space charge distribution in the sample. Therefore, transfer
function analysis and deconvolution tools are applied to decipher the space
charge distribution from the measured signal. Additionally, the measured
signal is usually very low, necessitating proper de-noising for precise space
charge estimation. While space charge measurement techniques have
significantly advanced the study of charge trapping and de-trapping, the
indirect nature of these measurements (via acoustic signals) presents
challenges in the interpretation and analysis of the acquired data [78].

Another challenge associated with these measurement techniques is that they
are mainly suited for thin dielectric samples with planar geometries. While
the PEA method has been employed for space charge measurements in
cables, its application to complex irregular insulation structures is very
difficult [93]. For example, measuring space charge on an aged polymeric
insulator used in transmission lines is particularly challenging. Thus, a direct
approach for assessing charge trapping and de-trapping would be more
advantageous for insulation diagnosis than indirect methods. One widely
used direct technique for estimating charge trapping parameters is the
Isothermal Surface Potential Decay method. In this method, the dielectric
specimen is charged via corona discharge, and the surface potential decay of
the sample is monitored over time. Parameters such as trap depth and trap
density are derived from these surface potential decay measurements.
However, this method is not directly applicable to electrical insulation
systems that do not have planar geometries [78]. Setting up an experimental
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arrangement for corona charging of insulation with a radial geometry, such as
cables, is very challenging. For these reasons, a straightforward, low-
complexity direct method suitable for investigating charge trapping in
electrical insulations of various shapes or geometries would be extremely
advantageous for engineers and industry people.

1.8.3.5 Importance of Charge Trapping Investigation

The exact mechanism of ageing in solid polymeric dielectrics is a topic of
considerable discussion. However, it is widely accepted that trapped charges
play a vital role in the accelerated ageing of polymeric materials. This section
briefly discusses the knowledge gained over the last three decades on the
fundamental principles of electrical ageing and the impact of trapped charges.
The degradation of polymer dielectrics under thermal stress is traditionally
explained through a thermodynamic approach, pioneered by Daikin [94].
According to this theory, the polymer is composed of chemical and
morphological units called moieties that undergo local reactions. Ageing is
considered to be dominated by a single reaction, involving an initial unaged
state (i.e. state-1) and a final degraded state (i.e. state-2), each with associated
Gibbs free energy (Gee1 and Grez, respectively). This reaction is partly
reversible. Overall, Daikin’s theory views ageing as a thermally controlled
process. In [95], authors have described various chemical reactions related to
ageing, most of which involve chain scission. The reaction rate is related to
the energy difference (4Geg) using the following equation (1.17) [78].

KT AG
Taging = hexp(_ k.ll.EF ] (1.17)
AG =G, —Ggpy (1.18)

where 7ageing 1S the reaction rate constant, Ger: is the free energy of the
unaged state, Geg is the free energy of the aged state, k is the Boltzmann’s
constant and h is the Planck’s constant. The creation of the product state
requires input energy (thermal or electrical), making 4Ger positive. As the
ageing reaction is partly reversible, if a significant number of moieties
convert from the unaged to the aged state, material degradation is triggered,
limiting the insulation's lifetime. The fraction of polymer sites converted
from the unaged to the aged state can be represented by the parameter Beg,
calculated as:
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C
—m2__ (1.19)

B =
eq
le + Cm2
where cm1 and cm2 are the concentrations of unaged and aged moieties,
respectively. This parameter Beq is related to the energy difference AGer

through the equation:
AG. )
B, =| 1+exp| —— (1.20)
KT

As Beq increases with temperature, at a certain threshold temperature Tin, Beg
reaches a critical value (i.e. B") indicating rapid degradation. This threshold
temperature is related to Beq through equation (1.21).

By (Ty) = [1+ eXD(Ak?EFJJ =B, (1.21)

th

The effect of charge injection and extraction on tree initiation in XLPE cables
was first discussed by Tanaka et al., who developed a model correlating tree
inception time with applied electric stress [96]. In 1995, Dissado et al.
introduced a new model incorporating the effect of trapped charges on
insulation lifetime through thermodynamic modelling, which was further
refined in subsequent years [97]. This model identified new parameters
representing the electromechanical and electrostatic stresses associated with
trapped charges.

When trapped charges are present in the insulation, they generate their own
electric field, leading to mechanical stress, particularly in the region near the
space charge (electrostriction effect). If a space charge Q occupies a spherical
region of radius rs with volume density p, the electromechanical energy Wem
stored over a spherical region of radius rs from the centre can be calculated
using equation (1.22) [78].

__ 3’q’ (1.22)
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where S is the electrostriction coefficient and Y is Young's Modulus. This
energy increases the ground state free energy per moiety by an amount
AWem, Where A, is a proportionality constant. If this mechanical stress leads
to the scission of long polymer chains, the energy difference between the
ground state and the reactant state decreases by a factor A;Wem, given by [78]:

A,Gg = AGg ~AW,, (1.23)

As AnGee decreases, the ageing reaction rate accelerates, and the threshold
temperature Ty, for ageing also decreases. Trapped charges thus simulate
ageing reactions that would otherwise occur only at elevated temperatures,
accelerating the thermal ageing process. Additionally, recombination of
trapped charges of opposite polarity may release sufficient energy to damage
the insulation, particularly in and around microscopic voids, where
electromechanical stress can elongate void dimensions over time, ultimately
leading to tree inception.

1.8.4 Insulation Resistance Measurement and Polarization
Index (PI)

For Insulation Resistance (IR), the state of insulation is assessed by
measuring the insulation resistance [98]. However, it is crucial to keep the
temperature constant during this measurement, as variations in temperature
can cause fluctuations in the insulation resistance. According to [16], a
temperature increase of 10°C can reduce the IR value by half.

In the Polarization Index (PI) method, insulation resistance is measured at
two different times—typically at 1 minute and 10 minutes—under a constant
DC excitation voltage. The ratio of these measured resistance values is
referred to as the PI value of the insulation [16, 98, 99]. By analyzing the PI
value, one can assess the overall condition of the insulation. However,
distinguishing between good and poor insulation based solely on Pl values
can be challenging if the insulation's charging current fluctuates [16].
Consequently, interpreting insulation condition using the Pl method may
occasionally yield inaccurate results.
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1.9 Dielectric Response Function (DRF) of Dry-Type
Insulation

Existing literature indicates that various environmental stresses degrade the
insulating properties of the dry-type insulation, leading to changes in the
dielectric material and altering the relaxation characteristics of different
dipolar groups in the insulation [1, 16]. Consequently, during the polarization
process, the dielectric response function f(t) in equation (1.24) is influenced
by the different dipolar groups located in various regions of the polymeric
insulation. The dielectric response function thus describes the fundamental
memory properties of the insulating material [2, 16]. Research shows that the
dielectric response function provides valuable information regarding the
condition of the insulation [85]. By analysing this function, insights into the
dielectric properties of the dry-type insulating medium can be obtained,
which can then be used to assess the condition of the dry-type insulation. As
a result, the modeling and analysis of the dielectric response function have
become areas of significant interest for researchers. The literature also shows
that the dielectric response function f(t) can be represented by a general
response function [84]. The parametric form of this general response function
is given by equation (1.24).

F(1) = A (1.24)

- m n

t t

JE— + JE—

t, t,
where A;>0, m>n>0, and m>1. In equation (1.24), t; represents the effective
relaxation time constant of the dielectric material. However, deriving the
Fourier transform of the general response function is challenging, making it
less commonly used for modeling the dielectric response function. As a
result, different approaches are employed to model the dielectric response
function. One such approach is using an empirical relaxation function known
as the Kohlrausch-Williams-Watts (KWW) function [100]. It has been
observed that the o and S relaxation processes in many dielectric materials

conform to the KWW function [100]. These o and g processes can be fitted
using the empirical formula given by equation (1.25).
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F(t) = exp{— [t] ] (1.25)
Tar

where b is an adjustable parameter (0<b<1) and za is an apparent relaxation
time. The difficulty with using the KWW function lies in the fact that its
Fourier transform only exists when b=0.5 and b=1. This limitation is the
main reason for the restricted use of the KWW function in modeling the
dielectric response function of insulating materials. C.T. Moynihan et. al.
addressed this issue by numerically fitting the empirical function with a
weighted sum of single exponential decay functions, as shown in equation
(1.26) [101].

f(t)= Zn: A, exp[t] (1.26)
g=1 v

g

where Ag is the amplitude of the exponential decay function representing the
dielectric characteristics of dipole group g, and zy is the corresponding time
constant. Due to the continuous decaying nature of equation (1.26), the
dielectric response function f(t) is absolutely integrable. Therefore, the
dielectric characteristics of various dipoles in the dry-type insulation, can be
used for modeling f(t). This modeling approach not only provides
computational flexibility but also describes the influence of dipoles on the
dielectric response function. As seen in equation (1.11), the depolarization
current of the insulation-dielectric has a linear relationship with f(t). Hence,
the depolarization current is used to model the dielectric response function
f(t) of dielectric media.

When a steady electric field is applied, dielectric material can both store and
dissipate energy. Thus, the dielectric material can be described by its energy
storage and dissipating elements [2]. It has been observed that exponential
decay functions are used to characterize the dipoles in insulation material [2].
Consequently, various dipolar groups in the insulation can be represented by
a series combination of energy dissipating (Rg) and storage (Cgq) elements [2].
Literature indicates that the dielectric response function f(t) in equation (1.26)
can be modeled using several equivalent circuits that describe the dielectric
characteristics of the dipolar groups [101]. Among these models, the X-Y
model, the conventional Debye model (CDM), and the modified Debye
model (MDM) are widely used [2, 16, 101].

-32-



Studies on Condition Assessment of Dry-Type Insulation in High Voltage System

1.10 Scope of the thesis

The objective of the work is to develop the condition assessment
methodology of the dry-type insulation used in high voltage systems.

Chapter 2 of the thesis presents a new approach towards the development of
a portable, integrated system that can perform PDC measurements of dry-
type insulation both in the laboratory and on-site. It is to be mentioned here
that the magnitude of the polarization and depolarization current of the dry-
type insulation (i.e. solid dielectrics such as polymeric insulation) is quite
low (in the range of sub-nA). In addition, the nature of the PDC of the dry-
type insulation is faster decaying in nature than the conventional oil-paper
insulation. Therefore, it is difficult to measure the PDC using conventional
experimental setup. Hence, this chapter introduces a suitable data acquisition
system to measure the PDC of the dry-type insulation. This developed data
acquisition system also has the capability to measure the polarization current
as low as in the range of pA with inherent noise immunity.

Chapter 3 discusses a practical methodology to estimate the charge trapping
characteristics of the dry-type insulation based on polarization and
depolarization current measurement. In addition, the relationship between
thermal ageing and charge trapping properties of dry-type insulation (i.e.
epoxy-based nano-composites) are also analysed. As dielectric materials age,
its undergo extensive degradation, which significantly impacts space charge
accumulation and charge trapping behavior, which are very useful parameters
for evaluating insulation health in HVDC environments. This chapter
introduces an enhanced model based on Isothermal Relaxation Current (IRC)
to examine charge trapping behavior in pure epoxy and epoxy alumina
(AlzOs) nanocomposites under various ageing conditions. A methodology
using PDC measurements is proposed to identify the current component
arising from dipolar relaxation within the measured total isothermal
relaxation current, enabling a more precise assessment of trap distribution
characteristics compared to traditional IRC measurements.

Chapter 4 introduces an advanced technique for accurately detecting the
thermal ageing of the dry-type insulation using frequency domain
spectroscopy (i.e. complex electric modulus). In this view, it is to be
mentioned here that, the traditional methods of dielectric spectroscopy
measurement are limited by electrode polarization and charge transport
effects, particularly at high temperatures and low frequencies. Due to the
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effect of these, the actual information of the insulation dielectric (i.e.
different relaxation phenomenon of the dipoles) are not properly analysed in
the lower frequency region. However, it is essential to realize the entire
relaxation behaviour of the dipoles for accurate understanding of the
insulation condition. To address these challenges, this chapter proposes the
use of electric modulus (defined as the inverse of complex permittivity) with
the help of Cole-Cole (C-C) model to quantitatively analyse the ageing
behaviour of dry-type insulation (i.e. epoxy-alumina nanocomposites).
Investigations revealed that the extracted parameters can be accurately used
to sense the ageing condition of the insulation.

The described methodology in Chapter 4 can provide distinct relaxation
characteristics (i.e. particular relaxation frequency) of the dry-type insulation
dielectrics. However, in case of polymeric insulation, the dielectric material
has different dipolar groups depending upon the different polymeric chain
length inside the material. Therefore, the relaxation characteristics of those
different dipolar groups are also separate from each other which are not
separately identified in the aforementioned method. Hence, for accurate
condition estimation of the dry-type insulation it is utmost requirement to
understand the distribution of those different dielectric relaxation
phenomenon. In this context, Chapter 5 introduces an advanced technique
which can provide the relaxation frequency distribution of the different
dipole groups from the analysis of the PDC. In addition, this method can
identify the electrode polarization separately. Based on this method, the
ageing state of dry type insulation (such as epoxy-alumina nano-composite
and XLPE). The experimental investigation shows that the proposed method
can effectively be applied for condition assessment of dry-type insulation
used in real life high voltage equipment.

1.11 Originality of the Thesis

To the best of the author's knowledge, the following are the original
contributions of this work:

i. Development of a data acquisition system for the measurement of the
Polarization and Depolarization Current (PDC) of the dry-type insulation.
This measurement of the PDC can suitably be utilized for the condition
assessment of the dry-type insulation.
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A method has been proposed to estimate the charge trapping
characteristics of the dry-type insulation based on the polarization and
depolarization current measurement. Using the charge trapping
parameters, the condition assessment as well as quality assessment of the
dry-type insulation has been performed.

A method has been proposed to estimate the ageing state of the dry-type
insulation by identifying distinct relaxation characteristics based on
frequency domain spectroscopy (i.e. electric modulus). It is to be
mentioned here that, the proposed method has the ability to reveal the
suitable relaxation characteristics by masking the effect of electrode
polarization.

. A method has been proposed to estimate the ageing state of the dry-type

insulation based on the relaxation frequency distribution enabling more
accurate condition predictions.
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Development of PDC Measurement
Experimental Setup for Dry-Type Insulation

2.1 Introduction

In the present time, many Time Domain Spectroscopy (TDS) measurement
(like Polarization and Depolarization Current (PDC) measurement, Return
Voltage Measurement (RVM)) and Frequency Domain Spectroscopy (FDS)
measurement techniques have been frequently applied to diagnose the
insulation system of any high voltage equipment [2, 16]. While TDS
measurement techniques, such as PDC and RVM, are frequently used for oil-
impregnated insulation, there is a need to explore these techniques for dry-
type solid insulation due to different polarization mechanisms. Furthermore,
PDC is preferred over RVM because it provides more detailed information
about the insulation's condition, particularly for detecting moisture and
ageing effects. In the case of oil-filed transformer insulation (i.e. oil-paper
insulation), the polarization process is slow and may take several hours to
complete the PDC measurement [2]. Several PDC measurement equipments
are available for oil-filled transformer which applies a DC voltage external to
the equipment under test, records the current in the range of microampere [1,
2]. However, the problem arises when the dielectric is solid (i.e. dry-type). In
case of solid dielectrics (i.e. polymeric insulation) the polarization process
are different from the polarization process of oil-paper insulation. In
polymeric insulation, dipoles vary based on the polymer chain length, and
these dipoles can be categorized into short polymeric chain (SPC) dipoles
and long polymeric chain (LPC) dipoles. Similar type of dipoles (polymeric
chain having similar length) create dipole group. There are different types
dipolar groups are present inside the material. It is to be mentioned here that
the polarization process of the different dipolar group are different from each
other. Hence, when the DC voltage is applied across the insulation the
smaller chain dipolar groups react very fast and according to their movement
the polarization current starts to flow. The magnitude of the current is quite
high (in the range of mA to sub-nA) and the duration is very short (in the
range of few ms). These dipolar groups are aligned along the field direction
very quickly. Result of that the contribution of the smaller chain dipolar
groups ends with very short duration. However, the longer chain dipolar
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groups start to move with application of DC electric field but their movement
process are slow. Hence, the contribution of those bulky dipolar groups in the
polarization process are also slow. This process may take few seconds to
more than thousand seconds to complete the polarization process.
Additionally, environmental noise can significantly affect the accuracy of
data acquisition, making it challenging to distinguish the true PDC signal
from noise. There is commercial unavailability of such instrument for the
direct measurement of the PDC of the solid dielectrics. So, in this context, it
is to be mentioned here that, the measurement of PDC for dry-type solid
dielectrics is completely different and its data acquisition (DAQ) process is
quite challenging as well. This chapter proposes a PDC measurement
experimental setup and DAQ system for the condition assessment of dry-type
solid insulation. The primary objective of the proposed scheme is to address
the limitations of conventional measuring methods by employing innovative
techniques to accurately capture the polarization process of solid dielectric
materials, even in challenging noise conditions.

The developed setup has the capability of measuring the polarization and
depolarization current of solid dielectrics with reasonable accuracy. The
accuracy of the proposed setup is not dependent on the geometry of the
sample. Also, this measurement technique is very simple and can be used for
in-situ application. The developed set-up of the PDC measurement system is
reliable, economical, and easy to operate and is inherently noise immune. The
result obtained from this setup is verified with the well accepted conventional
instruments.

2.2 Polarization Process of Dry-Type Insulation

The polarization current in dry-type insulation (such as polymeric insulation)
is influenced by the nature of the dipoles, which in turn depends on the length
of the polymer chains in the material. Depending on the polymeric chain
length the dipoles are categorized into two types’ i.e., short polymeric chain
(SPC) dipole and long polymeric chain (LPC) dipole. It is important to note
that the behaviors of these two types of dipoles, SPC and LPC, differ
significantly under the influence of an electric field. When an electric field is
applied, SPC dipoles rapidly align themselves in the direction of the field
within a few milliseconds. In contrast, LPC dipoles, being bulkier, take a
longer time—ranging from several seconds to thousands of seconds—to align
in the direction of the electric field. Figure 2.1 illustrates the polarization
process in dry-type insulation and the corresponding responses of different
dipoles within the dielectric material. When there is no field the dipoles are
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not organized (i.e. Case O: at t < to in Figure 2.1), they are present in their
usual positions. After the application of a DC electric field, the polarization
process starts, and SPC dipoles begin to orient. This orientation process is
very fast (i.e. Case I: at t = tp to t1, as shown in Figure 2.1). Therefore, the
resulting current develops within the range of few mA to sub-nA and the
current is decaying with very fast rate. After time t; the polarization of the
SPC dipoles are near to complete and their contributions in the polarization
process almost finish. Subsequently, LPC dipoles begin to slowly align along
the electric field direction, as depicted in Case Il of Figure 2.1. Therefore,
due to the slower movement of the LPC dipoles, the polarization current
continues to flow with lower magnitude (in the range of sub-nA to pA) with
slower decaying rate. These LPC dipoles are almost completely oriented at
time tc (i.e. charging time). Hence, after time t, the polarization current has
only component of the conduction current (i.e. Case Ill in Figure 2.1).
Consequently, recording these rapidly decaying (or rising) currents, which
have very low magnitudes, becomes challenging without the use of highly
sophisticated data acquisition instruments.
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Figure 2.1 Schematic of polarization mechanism of solid dielectric with nature of the

polarization current.
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In case of conventional DAQ arrangement (ordinary mili-ampere or micro-
ampere meter) for the PDC measurement of the dry-type insulation, it can
measure the magnitude of the current in the range of mA to pA. In that range,
the polarization current of the dry-type insulation is exponentially decaying
in nature and it sustains for very short duration of time (few mili-seconds
only i.e. Case | in Figure 2.1). Therefore, using this small duration
polarization current, it is very difficult to assess the condition of the dry-type
insulation. However, the major part of the current lies for longer duration (i.e.
Case Il in Figure 2.1) and is carrying the signature information of the test
insulation is in the range of sub-nA to pA. In this context, it is yet to be
mentioned that this low magnitude current may be suppressed by several
environmental factors (such as temperature, noise etc.). Therefore, a proper
DAQ system is required for the PDC measurement of the dry-type insulation.

2.3 Theory of Polarization and Depolarization Current
(PDC)

A dielectric material becomes polarized when an electric field is applied
across it, causing the positive and negative charges (dipoles) to shift relative
to each other and align along the direction of the electric field. Under the
influence of an applied electric field, the positive and negative charges, or
dipoles, shift relative to one another and align with the electric field. This
phenomenon is referred to as dielectric polarization. The relationship
between the applied electric field (E(t)) and the resulting polarization (p(2))
in a dielectric material can be expressed mathematically as follows [2, 102]:

@(t) = 7&,E(1) (2.1)

Here, ¢ and y are permittivity of the free space and susceptibility of the
dielectric material, respectively. This susceptibility represents the all kinds of
polarization taking place inside the dielectric materials. It can be inferred
from (2.1) that the polarization @(z) will vary by varying the electric field
E(t). Hence, it can also be said that any reduction in electric field magnitude
will lead to the process of depolarization. If a charging voltage of U(t) is
applied two electrode having distance d, then the uniform electric field is
developed across the electrodes can be written as,

v

22
i (2.2)

E(t) =
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In this context, according to the Gauss’ law, the static charge density will
appear on the surface of the electrode due to this electric field can be
represented as,

Qy(t) = &E(t) (2.3)

When a dielectric material, characterized by its susceptibility (y), is placed
between two electrodes and subjected to an electric field, it becomes
polarized, leading to an increase in surface charge density (Qi(t) = ¢(?)).
Finally, the total charge density (Q(t)) appearing at the electrode is the
additive effect of the free space polarization and the polarization of the
dielectric material. So, Q(t) can be expressed as [102],

Q(t) =Qu(t) +Q,(t) (2.4)
or,  Q(t) =&E(t)+ep(t) (2.5)
or,  Q(t)=g,E(t)+e,4E(t) (2.6)
or,  Q(t)=g,(+ 2)E(t) = ¢, E(t) @.7)

Here, & is the relative permittivity and it is also denoted as (/+y). From (2.6),
it can be understood that the response of the charge induced in free space
occurs instantly and whereas the response form the dielectric material is
delayed due to inertia. The total charge induced on the electrode surface can
be represented by the dielectric displacement (D(t)), as given in equation
(2.8).

D(t) = Q) = &, E(t) + (1) (2.8)

Dielectric response can be defined mathematically using dielectric response
function f(t). This function f(t) carrying the polarization property of the
dielectric material. The time domain dielectric function can also be
represented in the Laplace domain using the transfer function form. If the
applied excitation is represented by delta function (i.e. EAf) and the
corresponding developed polarization (g(z)) can expressed with respect to f(t)
as [102],

£(t) = (p®)/(,EAL) (29)
or,  p(t)=(gEAt)f(t) (2.10)
The properties of the dielectric response function, f(t), which characterizes

the material's polarization response, can be defined as follows [103]
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i) Causality property: f(t)=0,fort<0
ii) No permanent polarization property: Lim[f (t)]=0
t—oo

iii) Integrality property: J'[f (t)]dt = Finite
0

iv) Superposition property: The total response resulting from
individual excitations is obtained by summing all their contributions,
thereby vyielding the overall response caused by a sequence of
elementary excitations.
Based on the properties of the dielectric response function f(t), when the
electric field E(t) is represented as a series of delta functions with strengths
E(t)dt, the total response () can be determined by convolving the applied
electric field with f(t) using the principle of superposition.

p(t) =£Oj.[f (D)E(t-7)|dr (2.11)

0

For a step excitation E(t)=Eo-u(t), where u(t) is the unit step function defined
as 1 (u(t)=1 for t > 0), the response can be formulated as:

o(t) =(&,E, )j f(r)dr (2.12)

From equation (2.8), the dielectric displacement can therefore be expressed
as:

D(t) = [s,E,u(t)]+ {(go E, )j f (T)dr} (2.13)

0

or, D(t)= [eOEO]-{u(t) +j f(r)dz} (2.14)

When a steady electric field of magnitude Eo is applied across a dielectric
material with non-zero DC conductivity (o), it results in a total current
density J(t), which includes both conduction and displacement currents.
Therefore, the current density can be expressed as [102]:

I(t) =[o,E, |+ {dzt(t)} (2.15)
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or, J({)= [gOEO]-{gw5(t)+ f(t)+"°} (2.16)
&

0

The geometric capacitance Co of a test object can be described using the
cross-sectional area A and the distance d between the electrodes as:

C, = (5A)/d (2.17)
or, & = (Cod)/A' => (goEo): {(Cod)/A}' {Uo/d}: (CoUo)/A (2.18)

Where Up represents the magnitude of the applied step voltage. By
combining equations (2.16) and (2.18), the resulting current within the
dielectric material can be formulated as:

i(t)=[I(t)xA]= [AngEO]-[gwé(t)+ f(t) +U0} (2.19)
&

0

0

or, i(t)= [couo].{gwa(m f(t) +“°} (2.20)
&,

The term d(2) pertains to the current resulting from the instantaneous response
of the free space charge in the dielectric material. The function f(t) represents
the component attributable to the polarization properties of the dielectric
material, while oo denotes the DC conductivity of the dielectric material.
After the material has been charged for a sufficiently long period, the impact
of the free space charge will diminish to zero. In this state, the polarization or
charging current can be described using equation (2.20) as follows [1, 2]:

i, () :[Couo]'{f(t)“‘ao} (2.21)

&

After a charging voltage is applied for a sufficient duration, it can be assumed
that the dielectric polarization has reached a steady state. At this point, when
the voltage source is quickly turned off and the material is grounded, the
oriented dipoles begin to return to their relaxed positions, resulting in the
flow of depolarization current. After a total charging period of t. when the
unit step voltage Up has been removed, and the dielectric material is short-
circuited to ground, the principle of superposition can be applied to write the
depolarization current as [102]:

ig () =i, (t+t)]+[i, ()] (2.22)
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Here, t represents the time measured from the moment when U is removed.
i1 denotes the current resulting from the positive step voltage Uy, and i,
signifies the current due to the negative step voltage which begins at t.. By
combining equations (2.21) and (2.22), the depolarization current can be
expressed as:

id t)= [Couo]'{f(t‘”c)"'o-o:|_[C0Uo]'{f(t)+ao} (2.23)
&

0 &g

or, iy (1) =[CoU, [t +1.) - F (1) (2.24)

It is important to note that the dielectric response function f(t) decreases
monotonically. Therefore, for sufficiently large values of the charging time tc,
f(t) can be assumed to have diminished to an insignificantly small value,
f(t+tc) = 0 as tc approaches infinity (i.e. t. — ). Therefore, the depolarization
current from equation (2.24) can be written as:

iy (€)= —[CoU, |- [ ()] (2.25)

Therefore, the dielectric response function can be accurately modeled using
the experimentally obtained depolarization current data as follows:

f(t)~ {Cid S) } (2.26)

Figure 2.2 illustrates the typical behavior of polarization and depolarization
currents when a step DC voltage of magnitude Ug is applied across the
insulation for the duration to <t < t; [2]. After this period, the voltage is
switched off and the insulation is grounded.
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Figure 2.2 Nature of polarization and depolarization current under dc field excitation of U(t).

2.4 Conventional PDC Measurement Suitable for Oil-Paper
Insulation

In the context of oil-paper insulation, conventional PDC measurement
techniques provide valuable diagnostic insights by measuring the polarization
and depolarization currents. When a complex insulation system, such as oil-
paper insulation in a transformer, is subjected to a steady applied voltage for
polarization and depolarization current (PDC) measurement, various dipole
groups within the insulation system align with the direction of the applied
electric field. This alignment initiates the flow of polarization current,
denoted as ip(t), through the insulating material [2]. Once the dipoles are
oriented along the applied field, the polarization process is complete, and the
resulting conduction current depends on the DC resistance of the insulation
sample. During polarization, energy is stored within the insulation, which
dissipates when the insulation terminals are short-circuited to ground,
resulting in the flow of depolarization current. Upon removal of the
excitation voltage, the insulation sample is short-circuited to ground to
measure the depolarization current iy(t) as the dipoles return to their original
positions, releasing the stored energy in the form of current flowing in the
opposite direction. Figure 2.3 illustrates the experimental setup for the
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conventional PDC measurement, which is appropriate for oil-paper insulation
[2, 16]. During condition monitoring, a high DC voltage is applied to the
insulation structure, and the resulting charging current through the dielectric,
known as polarization current (ix(t)), is recorded. In the next step, the DC
voltage is removed, and the insulation sample is short-circuited, generating a
discharge current flowing in the opposite direction, termed as depolarization
current.
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Figure 2.3 Schematic of the experimental setup for conventional PDC measurement.

The technique for measuring polarization and depolarization currents can be
processed using two switches i.e. ‘a’ and ‘b’, as shown in Figure 2.3. The
insulation sample is subjected to a high DC voltage Uo. To measure the
polarization current, switch 'a' is closed while 'b' remains open for the
duration t¢, during which the excitation voltage is applied. During this period,
a polarization current in the nano-ampere range flows through the dielectric,
denoted as ip(t), and is measured by an electrometer connected to the circuit.
After t;, the DC excitation is disconnected, 'b' is closed, and 'a" is opened. The
stored energy in the insulation dissipates through 'b', and the depolarization
current flowing in the opposite direction to the polarization current is
recorded by the electrometer, denoted as ig(t) as shown in Figure 2.3. An
electrometer configured as an ammeter is used to measure the current,
automatically ranging based on the current input. A contactor connected in
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parallel to the insulation sample supplies a high DC voltage (up to 1 kV DC)
when turned on. The meter records the current versus time data for the
charging or polarization current. The meter records the current vs. time data
for the charging or polarization current. When the contactor is turned off after
a specified time, the high voltage (HV) and low voltage (LV) terminals are
grounded, allowing the meter to measure the discharging or depolarization
current (ig(t)). The measurement time for both polarization and depolarization
current data varies from a few minutes to several hours, depending on the
insulation condition and system requirements.

2.5 Limitations of the Conventional Setup

While conventional setups are effective for oil-paper insulation, they face
several challenges when applied to solid dielectrics due to their unique
properties. The PDC measurement of solid dielectrics is complicated due to
the lower conductivity of the material under the influence of an electric field.
The measured range of the current is in the pA range, whereas for
conventional oil-paper insulation, this current is significantly higher, in the
range of pHA. As mentioned in the introduction, there are two primary
challenges encountered during PDC measurement: identifying the actual
PDC signal from the noisy background and manageing the system time
constant. The polarization and depolarization process is very fast in solid
dielectrics. Due to very low capacitance values (typically around 50 pF), the
polarization and depolarization time constant is extremely short, on the order
of nanoseconds. This necessitates the use of expensive data acquisition
instruments capable of capturing such rapid events. To address this issue, a
high-value resistor is connected in series with the sample to increase the
overall time constant to a few seconds. This modification allows even a low-
cost ADC with a sampling rate in the millisecond range to capture the current
waveform with finer details. The detailed explanation for this approach is
provided in Section 2.6.

2.6 Description of the Developed Experimental Setup

To address the limitations discussed in Section 2.5, a new experimental setup
has been developed specifically for dry-type solid dielectrics. The schematic
of the developed experimental process for PDC measurement is shown in
Figure 2.4. The schematic of the experimental setup to acquire the
polarization and depolarization current of solid dielectrics is presented in
Figure 2.5. The photograph of the data acquisition module, resistance box,
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and complete experimental setup is shown in Figure 2.6(a-c), respectively. A
high voltage adjustable DC source, ranging from 200V to 10,000V at 1mA,
has been used for this setup. A resistor Re is connected in series with the
sample under test. The theory behind incorporating this series resistor to
increase the overall time constant (in the order of seconds) is explained in the
previous section. The resistor also serves to limit the current, protecting the
sample in the case of breakdown during testing. Rs is in the range of 1 GQ to
10 GQ, depending on the test insulation sample’s properties, such as its
insulation resistance, size, and material. The value R of the in GQ range
matches the high impedance of insulating materials to minimize loading
effects and measurement errors. The test sample is placed between Rs. and a
measuring shunt resistance Rsn.The value of R, is in the range of 1kQ to
10GQ depending on the range of polarization and depolarization current of
the dielectric material. A femtoampere electrometer (i.e. unity-gain non-
inverting mode OP AMP such as ADA 4530 or equivalent) is used in the
input stage as a buffer, in conjunction with a low-pass filter having cut off
frequency 0.5 Hz to eliminate the influence of ambient noise [104]. It is yet
to be mentioned here that the output voltage has been measured across the
shunt resistance (Rsh) an ordinary digital storage oscilloscope (DSO).
Thereafter, the measured output voltage is divided by the shunt resistance
value to convert it into current. For embedded systems, the data can be
recorded in local memory through an ADC to increase the system's
portability.

Device Under Test |— = — | |

| Data Analysis and
Display

H v

Data Acquisition

Figure 2.4 Schematic of the developed experimental process for PDC measurement.
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Figure 2.5 Schematic of the experimental setup for PDC measurement of solid dielectrics.
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Figure 2.6 Photograph of the (a) data acquisition module, (b) series resistance box, and (c)
complete experimental setup.

2.7 Experimental Procedure

Step-1: During the charging period the switch is in position ‘sl in the
schematic as shown in Figure 2.5. High voltage is applied to the sample,
polarization current flows, and the nature of current is recorded in DSO.
After sufficient time, the polarization current reaches a steady value. After
recording the steady-state polarization current, the procedure then moves to
the depolarization phase.

Step-2: The depolarization process starts when the switch is moved to
position ‘s2’. The sample is short-circuited, and consequently, depolarization
current begins to flow. This current is also recorded by the DSO. The
photograph of the experimental setup, including all components, is shown in
Figure 2.6(c).
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2.8 Experimental Results

This comparison with conventional methods demonstrates the accuracy and
reliability of the developed setup for measuring polarization and
depolarization currents. In this work, LDPE (Low-Density Polyethylene) and
XLPE (Cross-Linked Polyethylene) have been used as test samples to verify
the performance of the developed setup. Five identical samples (each having
dimensions of 10 cm x 10 cm x 1 mm) of LDPE and XLPE were collected
from the local utility for experimental measurements. In this experimentation,
LDPE test samples were used to study the effect of ageing through PDC
measurement. Additionally, XLPE test samples were utilized to study the
temperature effect on the PDC measurement process. LDPE test samples
were subjected to thermal ageing at 100°C for 800 hours. At every 100-hour
interval, the samples were removed from the ageing chamber, cooled down to
room temperature (25-32°C) for 24 hours, and then PDC measurements were
performed. Similarly, XLPE test samples were placed in a controlled heat
chamber (with a precision of 0.5°C) at different temperatures (30, 40, 50,
60°C) for at least four hours before PDC measurements were conducted.
Initially, the polarization current was measured for the unaged LDPE
insulation. The same polarization current was also measured using a
conventional complex experimental setup with an electrometer. For
comparison and validation, the measured polarization and depolarization
current for unaged LDPE samples using the developed DAQ module and an
electrometer are shown in Figure 2.7. It is observed from Figure 2.7 that the
developed DAQ module closely measures the polarization and depolarization
currents for unaged LDPE samples at room temperature. It is also found that
the deviation between the two methods is within 2%, validating the
performance of the proposed experimental setup. Therefore, the developed
DAQ module has been used for the PDC measurement of different dry-type
test insulation samples.

To investigate the ageing characteristics of LDPE insulation, PDC
measurements of aged LDPE samples were conducted under a 2 kvV/mm DC
field stress using the developed experimental setup at room temperature. The
polarization currents of differently aged (unaged, 200, 400, 600, and 800
hours aged having capacitance values of 58, 56, 53, 49, and 45 pF,
respectively) LDPE insulation are shown in Figure 2.8. The corresponding
depolarization currents for the same set of samples are shown in Figure 2.9. It
is yet to be mentioned here that during these measurements the shunt
resistance value was chosen as 1 GQ. It is evident from Figure 2.8 that the
magnitude of the polarization current gradually increases with ageing
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duration. This indicates that the conduction current, which is part of the
polarization current measurement, gradually increases with ageing duration,
providing useful information for investigating ageing characteristics.
Similarly, it is observed from Figure 2.9 that the depolarization current
gradually decreases with increasing ageing duration. Figure 2.9 also shows
that the developed DAQ module can sense current magnitudes as low as a
few hundred pA, demonstrating that the device is capable of measuring very
low current magnitudes with reasonable sensitivity.

%107

)

Measured using Proposed Technique
— © — Measured using Electrometer

o

Polarization current (A
[\®)

1F i
0 [ & TN : P
0 8 10
(a)
-10

—~ x 10

\<Ez 18 I Measured using Proposed Technique

E 16 | — © — Measured using Electrometer

E

512+ ]

Q

g

2 8t ]

<

N

§ 4f ]

o

g ol .

= 0 2 4 6 8 10
Time (s)
(b)

Figure 2.7 Comparison of PDC measurement using proposed technique and using electrometer:
(a) polarization current, and (b) depolarization current.
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Figure 2.8 Polarization current of LDPE samples with different ageing condition.
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Figure 2.9 Depolarization current of LDPE samples with different ageing condition.

For studying the temperature effect on polarization and depolarization
currents, PDC measurements were performed on XLPE samples using the
developed experimental setup at different temperatures (30, 40, 50, 60°C).
Figure 2.10 shows the polarization currents of XLPE samples maintained at
different temperatures using a controlled chamber. The corresponding
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depolarization currents are shown in Figure 2.11. It has been observed from
Figure 2.10 that polarization current waveforms at different temperatures
show the usual characteristics of insulating material, i.e., the polarization
current is higher at higher temperatures than at lower temperatures. A similar
observation can be made from Figure 2.11, where the magnitude of the
depolarization current is even lower. These results indicate the potential of
the developed instrument for on-site testing of dry-type insulation of high
voltage equipment. From an experimental standpoint, it is important to note
that the developed setup is capable of measuring variations in current as low
as 100 pA with reasonable sensitivity.
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Figure 2.10 Polarization current of XLPE insulation samples at different temperatures.
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Figure 2.11 Depolarization current of XLPE insulation samples at different temperatures.
2.9 Conclusions

This chapter proposes an advanced Polarization and Depolarization Current

(PDC) measurement technique suitable for the condition assessment of dry-

type insulation. The time-domain spectroscopy-based diagnostic method

developed in this study is specifically utilized to assess the severity of
thermal ageing in LDPE material. Additionally, the effect of temperature on

XLPE insulation is also investigated using the proposed PDC measurement

experimental setup.

From the results presented in this chapter, several key conclusions can be

drawn:

i) The polarization current measured with the developed setup shows a close
agreement with the polarization current obtained using conventional
methods under the same ambient conditions. This indicates that the new
setup is reliable for accurately replicating standard measurement results.

ii) The developed setup is capable of detecting very small changes in
polarization and depolarization currents, in the range of a few picoamperes
(pA). This level of sensitivity is crucial for identifying subtle changes in
insulation conditions that could indicate early stages of deterioration.

iii) The ability to measure such low currents with reasonable accuracy
demonstrates the potential of this setup for use in practical condition
monitoring and diagnostics of dry-type insulation systems. The results
suggest that this technique can be applied for on-site testing of high
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voltage equipment, providing a more efficient and economical alternative

to existing methods.
Overall, these findings suggest that the proposed PDC measurement
technique is a viable and effective tool for the condition assessment of dry-
type insulation. The developed setup not only offers a reliable and sensitive
measurement approach but also addresses several limitations of conventional
PDC measurement methods, such as dealing with lower conductivity and
noise issues in solid dielectrics. Therefore, it holds promise for broader
applications in power system diagnostics and monitoring.
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Condition Assessment of Dry-Type Insulation
Based on Charge Trapping Phenomenon

3.1 Introduction

In the Chapter 2, an experimental setup has been developed to measure the
Polarization and Depolarization Current (PDC) of dry-type insulation (i.e.,
polymeric insulation). PDC measurement is a non-invasive technique that can
reveal important information such as conduction current, polarization current,
and charge injection. Over the past two decades, nanocomposite-based
polymeric materials have shown great potential for power engineering
applications due to their improved electrical and non-electrical properties.
This is because the addition of nanoparticles has significantly improved both
the electrical and non-electrical properties of polymeric dielectrics [105-106].
A major challenge in using polymeric dry-type insulation in High Voltage
Direct Current (HVDC) applications is the accumulation of space charge.
Space charge buildup leads to localized overstress, insulation degradation,
and potentially premature failure. Nanocomposites, however, exhibit less
space charge accumulation compared to the base material [107-108].
Therefore, understanding space charge behavior (i.e., charge trapping
characteristics) is crucial for assessing the condition of dry-type
nanocomposite insulation. This chapter aims to investigate the charge
trapping characteristics through PDC measurement.

The accumulation of space charge in a dielectric is mainly attributed to the
presence of ‘inhomogeneous regions’ or traps which capture charges [109].
The duration for which the trapped charge will be confined in the trap is
dependent on trap depth or trap-energy. Therefore, the energy distribution of
traps has an overwhelming influence on the charge transport, charge
accumulation and dielectric breakdown processes of a polymeric dielectric
[110]. It may be inferred from the above discussion that the improvement in
dielectric properties of nanocomposites is related to the alteration in trap
distribution brought about by the addition of nanofillers. Compared to other
dielectric properties of nano-composites, there is considerably less
information on exactly how nano-fillers affect the trap distribution. It is
noteworthy, that the nano-composite would experience service ageing during
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practical application. With ageing, the trap distribution will also change. The
change in trap distribution of a nano-composite will be in close relation with
the percentage addition of nano-filler and extent of ageing. Therefore, the
characterization of traps in a nano-composite in the presence of ageing may
offer useful insight into understanding the charge dynamics of a nano-
composite. This study attempts to enhance the understanding of the effect of
nanofiller addition on trap distribution in polymeric dielectrics under ageing
conditions. The base- material under study is epoxy resin, a widely used dry-
type dielectric material, and the nano filler used is Alumina (Al»O3). It was
selected because epoxy-alumina nano-composites have depicted significantly
improved dielectric properties [32, 35, 38] i.e. higher breakdown strength,
resistance to partial discharge, electro-thermal ageing, electrical treeing etc.,
and holds great promise for high voltage insulation applications.

In existing literature, several investigations have been performed to
understand the space charge behavior in epoxy nano-composites with
different filler materials [32, 39, 111-114]. Space charge behaviour of epoxy-
MgO nano-composites were investigated in [112]. The effect of temperature
gradient on epoxy-SiO, nano-composites have been studied in [113]. Pandey
et al. studied the accumulation of space charge in epoxy-Al,Os; nano-
composites in [114]. D. Saha et.al, investigated the behavior and properties
of space charge in epoxy-hBn (hexagonal boron nitrade) nano-composites
[115]. The effect of gamma radiation on space charge accumulation in epoxy-
micro and nano-composites were studied in [116]. Similarly, Space
characteristics of epoxy-graphene oxide nanocomposite were discussed in
[117]. However, very few have investigated the charge trapping
characteristics of the epoxy-alumina nano-composites.

The method employed for obtaining trap distribution is Isothermal Relaxation
Current (IRC) [118-119] measurements with certain modifications in the
analysis methodology. This modification is the inclusion of Polarization-
Depolarization Current (PDC) measurements in IRC model. In the
conventional IRC model, the relaxation current is attributed solely to the de-
trapping of previously trapped charge carriers. This assumption holds true
only for non-polar dielectrics. However, in polar dielectrics such as epoxy
and epoxy-based nanocomposites, the relaxation current is influenced not
only by charge de-trapping but also by the relaxation of dipoles. From PDC
measurements, the contribution of dipoles in the relaxation current can be
estimated and suitable corrections may be performed on the trap distribution
analysis. The PDC measurements will also give information regarding
ascertain the effect of nano-fillers on DC conductivity and dipolar
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polarization process. Additionally, Frequency Domain Spectroscopy (FDS)
measurements have also been performed on the nano-composites.

3.2 Theory

3.2.1 Basic Theory of Isothermal Relaxation Current

As discussed in Section 1.8, when a dielectric is placed under the application
of an electric field (Uo), the dipoles begin to orient along the applied electric
field, initiating the polarization process. The polarization current (ip(t)) can be
expressed as shown in equation (3.1) [1, 2].

i (t) = COUO[E +e,5()+ f (t)] (3.1)
&

0

Here, o, &0, €, J(2), f(t) and Co are the dc conductivity, permittivity of the free
space, relative permittivity (at high frequency), impulse function, polarization
function, and geometric capacitance of the dielectric, respectively. When the
polarization current reaches to steady value at t=t;, the applied d.c. field is
removed and depolarization current (iq(t)) flows through the shorted path,

iq (1) =—CoU, f(t) (3.2)

If the ambient temperature of the measurement condition remains the same,
then the depolarization current is also known as the isothermal relaxation
current (IRC).

3.2.2 Theory of Charge Trapping and De-trapping

In IRC measurements, the dielectric is stressed under a high voltage DC field
for a sufficient time, and subsequently, it is discharged. During discharging,
charges released from the traps produce a discharging current, which is
measured. The process of releasing a trapped carrier is known as
‘detrapping’. The trapped carrier can obtain the energy necessary to de-trap
through various means, i.e., thermal collisions with the crystal structure,
photon bombardment, impact ionization, etc. If the re-trapping of the released
carriers is neglected, the rate of release of charge carriers within a trap depth
range dE can be expressed as [120]
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t
on, = f,(E)N(E)e, exp(— JendtJdE (3.3)
0

Where n;" denotes the rate of release (de-trapping) of charge carriers, fo(E)
represents the electrons’ initial occupancy, and N(E) indicates the energy
distribution of traps across the energy gap. Additionally, e, signifies the
probability of an electron de-trapping per unit time from a trap level to
energy E. The probability of de-trapping an electron from a trap level to
energy E can be represented as follows:

e, =vexp E (3.4)
" kT '

Where v, E; k and T are indicating the attempt to escape frequency, the trap

depth, Boltzmann’s constant and temperature, respectively.

If the contributions from all traps situated between the conduction band and

the valence band are aggregated, then the equation (3.3) can be rewritten as

n = EJg fO(E)N(E)en(E,T)exp[—jendt]dE (3.5)
E, 0

As all the de-trapped charge carriers are extracted from the dielectric, they
generate a current in the circuit via the external electrodes. This current, lge-
wrap(t) is directly related to the trap distribution according to the following
equation; [118-119]:

Ikt
e g (D)t = qT N, (E) f, (E) (3.6)

where g and | are denoting the electronic charge and electron injection depth,
respectively. The current per unit electrode area can be readily calculated by
dividing the total measured current by the electrode's surface area.

From the time (t,) when a specific quantity of charge is extracted, the trap
depth (Ewm) for that corresponding time can be calculated from the following
equation:

E, = kTIn(ut,) (3.7)
The trap density (Ny) at the trap depth E;can be evaluated from
_ 21 de—trap (t)t

= 3.8
" qlkTf,(E) (38)
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Using equation (3.7) and equation (3.8), the trap density (Ny) at trap depth E;
can be calculated easily. In this present work, the values of » and f, have been
adopted as 6.2x10* and 1/2, respectively [118].

3.2.3 Estimation of De-trapping Current

If the dielectric specimens under test are polar compound then, the relaxation
current can be expressed as

Ir (t) = Ide—trap (t) + Idipol (t) (3.9)
where I(t) is the total relaxation current, lge-wrap(t) is the current due to de-

trapping and lgipai(t) is the current due to dipolar relaxation. The current due
to dipolar relaxation may be given as follows [1-2],

| gipor (t)=CU,f () (3.10)

where, Co is the geometric capacitance, Uo is the applied voltage and f(t) is
the dielectric response function. Under the assumption that f(t) is independent
of external excitation, the dipolar relaxation current at an excitation Us can be
given as,

U f
I () = Idipol t)x— (3.11)
U 0
The process for separating the dipolar relaxation current from the de-trapping
current is outlined in the following steps.

(i) At first PDC measurements are performed at electric fields of 1 kV/mm. At
such low electric fields, there is no charge injection. Therefore, the measured
depolarization current is due to dipolar relaxation only.

(if) Now, the dielectric is stressed at a much higher voltage for sufficient and
then it is discharged. The current due to dipolar relaxation is estimated using

equation (3.11). Now using equation (3.10), the de-trapping current is
separated.

3.2.4 Estimation of Trapping Parameters

The trap density at different trap depth is calculated from the de-trapping
current using equation (3.7) and (3.8).
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3.3 Experimental Arrangement
3.3.1 Preparation of Test Samples

The preparation of epoxy nanocomposite samples involved multiple steps.
Initially, the base material epoxy resin (Bisphenol-A (CY1300),
manufactured by Huntsman, density: 1.16 g/cm®) and hardener (Triethyl
Tetramine (TETA-HY956), manufactured by Huntsman, density: 1.02 g/cm?)
were heated at 40° C for 2 hours and degassed to remove the moisture and
trapped air bubbles [35-36, 38, 121]. Similarly, Alumina nano-powder
(Al,03, APS: 65 nm, Make: Sigma-Aldrich, density: 4g/cm®) was dried at
150° C for 24 hours before preparation of samples [38, 121]. The process of
mixing was consisted of three stages which are mentioned below.

Stage 1: The powdered nanoparticle (alumina) was mixed with epoxy resin.
In this stage, the nano-particles was mixed with epoxy resin using a high-
shear mechanical mixer at 750 r.p.m. speed for 1 hour followed by degassing
and ultrasonic agitation at 24 kHz for 1 hour.

Stage 2: The mixture was mixed with hardener through mechanical mixing
and ultra-sonication. Ultrasonic agitation was performed for better dispersion
of nano-particles. The degassing process was performed after each step to
minimize the likelihood of trapped bubbles or moisture.

Stage 3: The mixture was poured into molds and cured at 60°C for 4 hours
inside a temperature-controlled oven. The detailed description of sample
preparation is shown in a flowchart in Figure 3.1.

In this way, several samples with weight percentages of 1%, 2%, and 5%
alumina nanoparticles were prepared. The diameter and thickness of the
prepared samples were kept at 75 mm and 0.5 mm, respectively. The range of
nano-particle concentration is carefully chosen by analysing the properties
based on the available literature [35-39]. To study the dispersion of nano-
particles in the polymer matrix, Scanning Electron Microscopy (SEM) was
used. The obtained SEM images for pure epoxy and epoxy alumina
nanocomposites with different filler loading are shown in Figure 3.2. From
Figure 3.2, it can be observed that the nano-particles have been distributed
uniformly.
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Stage 4: For thermal ageing, the samples were placed in a controlled thermal
oven to undergo accelerated aging at a maintained temperature of 100°C. The
heating oven used in this experiment featured a temperature accuracy of
+0.5°C. After each 200-hour ageing period, the oven was turned off; the
samples were taken outside and cooled to room temperature. After this, PDC
and IRC measurements were performed on the samples at ambient
temperature (25°C).

The detailed description of sample preparation is shown in a flowchart in
Figure 3.1. Following the procedure mentioned above, three samples with
1%, 2% and 5% alumina (Al,O3) nanocomposites by weight, mixed with
epoxy resin, were prepared. Along with the nanocomposites, a pure epoxy
resin sample with 0% nanofiller concentration was also prepared for the
experiment. Every prepared sample has the thickness of 0.5 mm and diameter
of 75 mm.

Epoxy Resin Nano-particles Hardener
(Blsphenol -A) (Alumma) (Triethyl Tetramine)

Degassmg at 40°C Dried at 150"C for Degassing at 40°C
for 2 hours 24 hours for 2 hours

v

» | Mechanical mixing at 750 r.p.m for
1 hour followed by degassing

v

Mixing through Ultrasonic agitation at
24 kHz for 1 hour followed by degassing

v

Mechanical mixing at 750 r.p.m |
for 1 hour followed by degassing |

v

Mixing through Ultrasonic agitation at 24
kHz for 1 hour followed by degassing

v

Pour the mixture into mould and
cured at 60°C for 4 hours

Sample of Epoxy-alumina
composites

Figure 3.1 Flowchart showing sample preparation procedure.

-63-



Chapter 3

5.0kV 31.9mm x10.0k SE 5.00um [l 5.0kV 29.6mm x10.0k SE

© ()

Figure 3.2 SEM images of (a) Pure epoxy, (b) Epoxy + 1wt% Al,Os, (c) Epoxy + 2wt% Al,Os,
and (d) Epoxy + 5wt% Al,O3

3.3.2 Experimental Setup
The detailed description of the experimental setup has been discussed in
Section 2.6 of Chapter 2.The schematic and photograph of the experimental

setup for performing the PDC and IRC measurements has been shown in
Figure 2.5 and Figure 2.6 of Chapter 2.

3.4 Experimental Results and Discussions

3.4.1 Effect of Nano-filler Concentration

At first, PDC measurements were performed on the prepared nanocomposites
at 500 V DC. The measured polarization and depolarization currents are
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shown in Figure 3.3 and Figure 3.4. It was observed from Figure 3.4, that
depolarization current decreases with an increase in Al,Os nano-filler
concentration. This implies that Al,O3; nano-particles created hurdles in the
polarization of the bulk material [121]. The presence of nanoparticles may
cause entanglement of long polymer chains, which will lead to hindrance in
the movement of the chains. This will restrict the polarization of epoxy-
alumina nano-composites.

From the PDC measurements, the DC conductivity (o) is calculated through
the following equation (3.12) [84].

& . .
Oy zT&O['p(tp)_h (tdp)] (3.12)

here, tp and tg, are the polarization and depolarization duration respectively.
In present work, both the durations have been equal. &, Co and Uo are the
permittivity of vacuum, geometric capacitance of the test sample and the
applied voltage respectively.

The measured DC conductivity values for pure epoxy and epoxy-alumina
nano-composites are tabulated in Table 3.1. It can be observed from Table
3.1 that with thermal ageing there is a slight decrease in the conductivity
values. The variation in DC conductivity with nanofiller loading does not
follow a clear trend. For 1 wt.% and 2wt% of filler loading, observed DC
conductivity was slightly higher than that of pure epoxy. With more increase
in nano-filler loading, DC conductivity decreased. The highest value was
observed with 2wt % Al,Os; nano-composite. In all specimens, DC
conductivity slightly decreased with progress in thermal ageing. This may be
attributed to the post-curing reactions in epoxy [122], which generates deep
traps. This has been discussed later in this section.
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Figure 3.3 Polarization current of different samples at unaged condition.
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Figure 3.4 Depolarization current of different samples at unaged condition.

To get further information regarding the effect of ageing on the polarization
processes in the nanocomposite, tand or dissipation factor measurements
were also performed over the frequency range of 102 Hz to 10* Hz. The
results are depicted in Figure 3.5. It can be observed from Figure 3.5 that for
all filler concentration, the dielectric losses increase with ageing. Another
interesting piece of information from Figure 3.5 is that the peak region of
dielectric losses slowly shifts towards higher frequencies with ageing. This
occurs because the new polymer chains formed after chain scission are more
flexible and can orient more easily in response to the electric field than the
original, unbroken longer chains. Thermal ageing of epoxy resin also
produces several polar groups, such as —OH groups, resulting from the
breaking of the epoxide ring (-C-O-C) and the subsequent bonding of
released O and H atoms [123].

Table 3.1: DC conductivity of all the samples.

Sample Ageing Status DC C?Q /?:]J)c tivity
New 1.52E-16
Pure Epoxy 200 hours aged 1.45E-16
400 hours aged 1.41E-16
. New 1.69E-16
EpoxyAv;n(t)h Llwt% 200 hours aged 1.66E-16
o3 400 hours aged 1.58E-16
. New 1.71E-16
EpOXVA";"g‘ 2wt% 200 hours aged 1.68E-16
o 400 hours aged 1.62E-16
Epoxy with 5wt% New L63E-16
Al,Os 200 hours aged 1.59E-16
400 hours aged 1.55E-16
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Similarly, carbonyl groups (C=0) are generated through the oxidation of the
main epoxy chain. Being polar, these compounds contribute to an increase in
dielectric losses, especially in the frequency range of 0.1 to 10 Hz.

The effect of nano-filler concentration on the dissipation factor characteristics
at different ageing stages is shown in Figure 3.6. It can be easily observed
that with addition of nano-filler, the dielectric losses decrease. This can be
explained as follows: The dielectric losses comprise mainly of two kinds,
conduction losses and frictional losses. It has been already depicted in Table
3.1 that the conductivity slightly increases with nanoparticle concentration.
The presence of nanoparticles in the polymer matrix often stretches the inter-
lamellar distance around the nanoparticle [124]. This makes the motion of
polymer chain under alternating field more difficult. As a result, frictional
losses decrease. In the frequency region of 102-10* Hz, frictional losses are
more prevalent compared to conductive losses. As a result, dielectric losses
in nano-composites are less compared to pure epoxy, which makes the nano-
composite comparatively less-aged. At the same time, epoxy-alumina nano-
composites have shown greater resistance to partial discharges [125]. It was
experimentally observed in [126], that the region around the alumina
nanoparticle in epoxy is strongly bound and faces little erosion due to surface
discharges when compared to the bulk material. This creates obstacles for
growth of electrical trees. Altogether, these factors provide epoxy-alumina
nanocomposite superior ageing-resistant properties.

—6— Pure epoxy unaged
— & — Pure epoxy 200 hours aged

w7+ Pure epoxy 400 hours aged

2 10" 100 100 10% 10

Frequency (Hz)
@
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Figure 3.5 Dissipation factor measurements of pure epoxy and nano-composites, with different
filler concentrations (a) Pure Epoxy (b) Epoxy + 1wt% Al,Oz (c) Epoxy + 2wt% Al,O; (d)

Epoxy + 5wt% Al,Os.
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Figure 3.6 Effect of thermal ageing on FDS characteristics of epoxy nano-composites. (a)
Unaged, (b) 200 hours thermally aged, (c) 400 hours thermally aged.
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3.4.2 Effect of Thermal Ageing Duration

For analysis of charge trapping properties, the test samples were stressed at
10kV/mm electric field for around 1000 seconds and after that, the
discharging currents were recorded. The discharging currents were recorded
up to 1pA magnitude. Below this level, the current is highly affected by the
noise and therefore discarded. From the measured currents, the de-trapping
currents were separated using the methodology described in section 3.2.3.
The de-trapping currents of pure epoxy and different epoxy nano-composites
(epoxy resin with 1, 2 and 5wt% Al»QO3) are shown in Figure 3.7 (a). The de-
trapping currents of the same samples after 200 hours and 400 hours thermal
ageing are shown in Figure 3.7(b) and (c). From the de-trapping currents, the
net de-trapped charge of respective samples can be calculated using the
following equation,
t=t

Qde—trapped = Ilde—trapdt (3-13)
t=0
where, lgetrap 1S de-trapping current and tr is the total measurement time of de-
trapping current. The calculated net de-trapped charges for different samples
are given in Table 3.2.
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Figure 3.7 De-trapping Current of different epoxy nano-composite samples at (a) unaged
condition, (b) 200 hours thermal ageing, (c) 400 hours thermal ageing.
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Figure 3.8 Distribution of trapped charge of samples at (a) unaged condition, (b) after 400 hours
thermal ageing.

Table 3.2: Released charge for all the samples at 10kV/mm electric field stress.

Sample Ageing Status Releas(endc():harge
New 35.791
Pure Epoxy 200 hours aged 58.156
400 hours aged 84.526
i New 27.867
EpoxyAv;/;tOhS L% 200 hours aged 42.050
400 hours aged 61.608
Epoxy with 2wt% New 21.658
AlLO; 200 hours aged 37.327
400 hours aged 44.631
Epoxy with 5wt% New 24.838
AlLO; 200 hours aged 44.444
400 hours aged 64.882

From Table 3.2, it can be observed that in general, the net de-trapped charge
increases with thermal ageing. This is true irrespective of the nano-filler
concentration. At the same time, the amount of total trapped charge in nano-
composites is less compared to pure samples. To get a qualitative idea about
the influence of nanofiller concentration on charge trapping, the trap
distribution characteristics of pure epoxy and epoxy-alumina nanocomposites
having different filler concentrations are shown in Figure 3.8. From Figure
3.8, two peaks in the trap distribution of every tested specimen are visible.
One peak is at around 0.76 eV, corresponding to shallow traps. It should be
mentioned here, due to measurement difficulties of transient currents just
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after voltage application, it was not possible to obtain trap distribution below
0.76 eV. The other peak is around 0.97eV, corresponding to deep traps.
Generally speaking, shallow traps are generated due to physical defects,
whereas deep traps exist primarily due to chemical defects. Introduction of
nanoparticles in the epoxy microstructure inadvertently causes significant
physical defects. This is supported by the observations in Figure 3.8, where,
the density of shallow traps increases steeply with increase in Al,Os
nanoparticle concentration. Comparatively, the density of filled deep traps
decreases with nano-filler loading. It appears that AlOs nano-particles
prevent deep traps to capture charges and generate more shallow traps in the
dielectric microstructure. The explanation of this observation can be found in
the relation between charge trapping and interfacial region surrounding the
nano-particle. In recent years there has been significant experimental
evidence [127] on the presence of localized electronic states with high
concentration the interphase region around the nanoparticle. These localized
states are ideal sites for charge trapping. Therefore, the probability of charge
trapping increases with presence of nanoparticles.

On the other hand, it was experimentally observed in [128], that shallow
traps have larger cross-section compared to deeper traps. The rate of charge
trapping is proportional to the capture cross-section of traps. Consequently,
shallow traps capture charge very easily. In the present case, it may happen
that due to the presence of high density of shallow traps, charges are quickly
captured in the adjacent layer of electrodes. This results in homo-charge
accumulation, which reduces electric field density at the metal-dielectric
interface, this in turn, reduces the Schottkey charge injection process [37,
129]. Accumulation of homo-charge in epoxy-alumina nano-composites have
been observed with Pulse electro Acoustic measurements in [130]. As a
result, deep traps do not get enough opportunity to capture charge carriers
and remain unfilled. Therefore, the density of filled deep traps shows a
decrease with Al,O3 nano-filler loading. As the charges are unable further
penetrate in the dielectric specimen, the net amount of trapped charge is
found to be less in epoxy-alumina nano-composites when compared to pure
epoxy specimens.
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Figure 3.9 Distribution of trapped charge of differently aged samples (a) Pure Epoxy (b) Epoxy
+ 1wt% Al,O3 (c) Epoxy + 2wt% Al,Os (d) Epoxy + 5wt% Al,Os.

Table 3.3: Comparison of trap depth obtained from the enhanced IRC model with values
reported in other published studies.

Reported Articles Trap depth (eV)
Gao et. al. [131] 0.70-0.85
Yu et.al [132] 0.90-1.05
Neelmani et. al. [129] 0.725 - 0.825
Present work 0.75-1

The effect of ageing on trap distribution of pure epoxy and epoxy-alumina
nano-composites are shown in Figure 3.9. It can be easily observed that the
density of deep traps increases with ageing. It has been already discussed that
thermal ageing leads to chain scission and breaking of bonds. This results in a
chemical non-uniformity across the dielectric. This leads the generation of
new traps in the dielectrics, apart from the traps generated in the interfacial
region. It has been already discussed that chemical defects lead to the
generation of deep traps. The DC conduction in polymers is often influenced
by the ‘hopping’ of charge carriers from one trapping site to another. If deep
traps are present in the charge transport path, it will effectively reduce the
conductivity by confining the charge for long durations. In that case the
effective DC conductivity can be given through the following equation,

Ot = OnTap | (Tatp + Toeep) (3.14)

where oert , Tatp , osh IS the effective conductivity, the time between two
trapping events into deep traps, and zgeep the retention time of charges after

-75 -



Chapter 3

being captured by deep traps. As the retention time is more for deep traps, the
overall conductivity reduces with a greater number of deep traps. This also
explains the experimental observation Table 3.1, where, DC conductivity
decreased with ageing.

A comparison of trap density obtained in this work and other investigations
reported in the literature is shown in Table 3.3. It can be observed from Table
3.3 that the findings regarding trap depth in the present work have wider
range compared to other values reported in literature. This is because two
different trap depth peaks corresponding to shallow and deep traps were
noticed in present work, but in other works only one trap depth peak was
noticeable.

3.5 Conclusions

In this chapter, a methodology has been proposed to estimate the trapping
parameters (i.e., trap depth and trap density) from the IRC measurements of
the dry-type insulation. In this investigation, epoxy-alumina nanocomposite
was used as a dry-type insulation. The thermal ageing of this insulation has
also been studied through the de-trapping characteristics based on isothermal
relaxation current measurements. In addition, the contribution of dipolar
relaxation in IRC measurements has been identified and separated through
PDC measurements conducted on the same specimens at much lower electric
field strengths. It has been revealed that the effect of nanoparticle addition
and thermal ageing on trap distribution is not similar. The effect of thermal
ageing is more pronounced on deep traps, where the density of filled traps
significantly increased with thermal ageing. On the other hand, Al;Os
nanoparticle addition enhanced shallow trap density.

The effect of thermal ageing on the DC conductivity of pure epoxy and
epoxy-alumina  nanocomposites is not significant. Overall, the
nanocomposites performed much better than pure epoxy in terms of space
charge accumulation.
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Condition Assessment of Dry-Type Insulation
Using Electric Modulus

4.1 Introduction

As discussed in Chapter 3, the charge de-trapping characteristics of
polymeric (dry-type) insulation can be estimated from polarization and
depolarization current measurements. However, when these measurements
are taken over an extended period, electrode polarization may occur.
Electrode polarization refers to the buildup of a charge layer on the surface of
an electrode when it is in contact with the insulating material. This charge
accumulation can alter the behavior of the insulation. This occurs as charges
migrate within the insulation and accumulate on the electrode surface,
leading to polarization. Consequently, the true relaxation behavior of the
dielectric material is obscured by this effect. A similar issue can arise during
frequency domain measurements, particularly at low frequencies (near 1
mHz). Therefore, to accurately understand the dielectric material's relaxation
behavior, the effect of electrode polarization must be eliminated.

Several studies in existing literature have explored the ageing behavior of
insulating materials based on their relaxation phenomena [2, 36-39, 122].
However, as noted, the relaxation behavior of polymer dielectrics is not fully
understood due to the effects of electrode polarization and charge transport,
particularly at high temperatures and low frequencies [80]. Electrode
polarization is the phenomena for the charge accumulation is occurs near the
electrode. Result of that, this electrode polarization obscures the bulk
relaxation process of the insulation and makes it complicated to extract the
exact dielectric behaviour [80]. To address this, the present work proposes a
quantitative analysis using electric modulus to more accurately estimate the
thermal ageing state of epoxy-alumina nanocomposite insulation. The
complex electric modulus (M*(w)), defined as the inverse of complex
permittivity (¢*(w)), is a powerful tool for analyzing the relaxation behavior
of insulating materials. Its advantage lies in its ability to reveal relaxation
processes within the insulation that are often obscured by -electrode
polarization and charge transport effects, especially at low frequencies and
higher temperatures [80].
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The application of electric modulus to study the dielectric behavior of
polymer dielectrics, such as epoxy resin [80] and ethylene-propylene-diene
copolymer (EPDM) [133], has been well-documented. Parameters extracted
from the electric modulus have also been used to estimate the moisture
content in composite oil-paper insulation [134]. Additionally, recent studies
have reported temperature correction techniques for electric modulus and
activation energy computation for diagnosing oil-paper insulation [135].
Despite these successful applications, electric modulus has rarely been
applied to study the thermal ageing behavior of polymeric insulation. As the
growing popularity of epoxy and its nanocomposites as dry-type insulation in
equipment such as dry-type transformers, rotating machines, and switchgear
[37], this chapter employs electric modulus to study the relaxation behavior
and quantitatively estimate the thermal ageing of epoxy nanocomposites.

In this chapter, three types epoxy alumina nano-composite samples with
different filler concentrations (0 wt%, 1 wt% and 2 wt%) were prepared and
the samples were thermally aged up to 400 hours (in steps of 100 hours) in
the laboratory. Initially, frequency domain spectroscopy measurement (FDS)
of the unaged as well as the thermally aged samples was done to obtain the
variation of real (¢'(w)) and imaginary part (¢"(w)) of complex permittivity
over the frequency range from 1 mHz to 10 kHz. From the frequency
variation of complex permittivity, real (M'(w)) and imaginary part (M"(w)) of
complex electric modulus of the same samples were obtained. Investigations
revealed that the peak frequency of the M"(w) spectrum (also known as the
relaxation peak frequency) obtained for different nano-composite samples are
sensitive to the change in the thermal ageing duration. In order to gain better
insight into the relaxation behavior of the epoxy nano-composites, the
variation of M'(w)versus M"(w)for the different samples were further fitted
using Cole-Cole model. It was observed that the fitting parameters of the C-C
model vary with the thermal ageing duration of the nano-composite samples.
Based on the experimental investigations, two characteristic parameters,
namely the relaxation peak frequency and the C-C distribution parameter
have been used in this chapter to describe the thermal ageing of the epoxy-
nano composite samples quantitatively. It was observed that using the above
mentioned parameters, the thermal ageing of the epoxy nano-composites can
be estimated closely with an acceptable error percentage (i.e. < 8%).
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4.2 Theoretical Background

4.2.1 Brief Theory of Frequency Domain Spectroscopy

As discussed in Section 1.8.2, when a sinusoidal excitation voltage V(w) is
applied on the insulator under test, the current I(w) flowing through it can be
expressed as [2, 16, 37]

() = joC (o)V (@) 4.1)

In equation (4.1), C (w) is the complex capacitance of the insulator which can
be further divided into real and imaginary parts as

C(») =C'(w) - jC"(@) (4.2)

The real part (C'(w)) signifies the energy storage component, whereas the
imaginary part (C"(w)) represents the losses occurring within the dielectric
medium, including both resistive and dielectric losses. The relationship
between the C'(w) and C"(w) with the real (¢'(w)) and imaginary part (¢"(w))
of complex permittivity is given by

&' (w) = C'C(O“’) 4.3)
(o)== (a4)

Here, Co is the capacitance of the of the empty electrode system which
depends on geometry factor i.e. the area of cross section and the distance
between the electrodes. In this chapter, FDS measurement was done from 1
mHz to 10 kHz to observe the variation of &'(w) and &"(w) with frequency,
which can provide insight into the insulator condition.

4.2.2 Concept of Electric Modulus

When an alternating electric field with angular frequency (w) is applied
across an insulation, charge accumulation occurs near the electrodes,
especially at low frequencies. This phenomenon, known as electrode
polarization, not only significantly increases permittivity but also obscures
the bulk relaxation process of the dielectric material, complicating the
analysis of its behavior. In such cases, the complex electric modulus is a
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valuable tool for examining the relaxation behavior of polymer dielectrics
[80]. The complex electric modulus (M*(w)) is defined as the reciprocal of
complex electric permittivity (¢*(w)), where conductive effects are
disregarded. Complex permittivity, which varies with frequency, is given by
e*(w)=¢'(w)-je"(w), where the real part (¢'(w)) represents the energy storage
component, and the imaginary part (¢”(w)) represents losses, including both
polarization and conduction losses within the insulator. The complex electric
modulus M*(w) can also be expressed in terms of the real and imaginary
parts of the complex capacitance as follows [134]:

MA@yt o1
£*(0) £(0)-j"(0)

&'(w) N &" (o)
el (0)+6" (0) &% (0)+e" (o)

=M'(@)+ jM" (o) (4.5)

Here, M'(w) denotes the real part and M"(w) represents the imaginary part of
M*(w). According to equation (4.5), if &'(w) and &"(w) increase significantly
due to electrode polarization at low frequencies, M'(w) and M"(w) become
smaller, as &'(w) and ¢"(w) appear in the denominator. Consequently, the high
permittivity caused by electrode polarization, which obscures the relaxation
process in the permittivity spectrum, does not affect the electric modulus
spectrum. Also, it follows from (4.5) that the relaxation shifts to a high
frequency in the electric modulus spectrum, compared to permittivity
spectrum. Therefore, analyzing the electric modulus spectrum offers a clearer
understanding of the relaxation behavior in epoxy nanocomposites compared
to examining the permittivity spectrum.

4.2.3 Cole-Cole Model

The complex permittivity ¢*(w) can be expressed in terms of Cole-Cole (C-
C) relaxation which is given by [122, 135]

*( N &8 4.6
e*(w)=¢ +1+(ja)r)/} (4.6)

Here, & and e are the relative permittivity values at the infinite and near-zero
frequencies, respectively and z is the relaxation time constant. The parameter
f is the relaxation time distribution parameter varying from 0 to 1. The
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parameter S governs the shape of the C-C plot in the argand plane. The
M*(w) is the reciprocal of the ¢*(w), which can be expressed as [80]:

- 1 1
M (a))_g*(a)) _g . (gs_gw)
"+ (jer))
1 @Ae)-@Ale)
B &, 1+(ja)r)ﬁ.(5w/55)
_ 1 dle,)-Aley)
_gw 1+(ijM )ﬁ
()M - Mo~ M, 4.7
or, M*(w)=M, e Gor. 7 4.7

Now, (4.7) is the C-C relaxation expressed in terms of complex electric
modulus (M*(w)). Here, Ms=1/ss and M.=1/e. and the electric modulus
relaxation time constant zu=z. (¢, /zs)>?. The variation of M'(w) and M"(w) in
the argand plane also looks like a semi-circular plot and for =0, the center
will lie on the real axis. One interesting observation from (4.7) is that the
distribution parameter £ remains unchanged when the C-C relaxation is
expressed in terms of M*(w). It is to be noted that experimental observation
on real dielectrics have revealed that C-C plot does not form a semicircle
rather it is an arc of the circle and the center point of the circle lies below the
real axis [122]. The shifting of the center of the semicircle on C-C plot
signifies the distributive relaxation process of the polymer dielectric
materials. Smaller value of £ denotes the wider distribution of relaxation time
and vice-versa.

4.3 Experimental Details

4.3.1 Preparation of Test Samples

The detailed description of sample preparation has been discussed in Section
3.3.1 of Chapter 3. Following the sample preparation procedure, two types of
test samples with 1% and 2% alumina (Al>.Os) nano-composites by weight
mixed with epoxy resin were prepared. Along with the nano-composites, a
pure epoxy resin sample with 0% nano-filler concentration was also prepared
for the purpose of experiment. Every prepared sample has the thickness of
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0.5 mm and diameter of 75 mm. For thermal ageing, the prepared samples
were kept inside a controlled heat chamber (temperature accuracy of 0.5° C)
where the accelerated thermal ageing was executed at fixed temperature of
100° C. For each of the prepared nano-composite samples, thermal ageing
was done for 100 hours, 200 hours, 300 hours and 400 hours, respectively.
After thermal ageing was done, each sample were taken outside and cooled
down to room temperature (25° C) before the start of the experiment.

4.3.2 Experimental Procedure

Frequency domain spectroscopy (FDS) was performed on the prepared test
samples using the IDAX-300 test equipment. The schematic diagram and
actual photograph of the measurement setup are shown in Figure 4.1 and
Figure 4.2, respectively. For FDS measurement, a sinusoidal voltage of
magnitude 141.4 V.ms was applied across the sample under test through
cylindrically shaped brass electrodes (radius 30 mm and thickness 11.5 mm).
The frequency range for FDS measurements was 0.001 Hz to 10 kHz. FDS
measurement has been performed from high frequency to low frequency at
room temperature of 25° C, which was continuously monitored using a
thermometer. After each measurement was done the terminals of the test
samples were kept short circuited for sufficient duration to eradicate the
memory effect.

Controlled
Voltage Source

Electrode Computer
with Data
) Voltage Data Acquisition
Sample @ System
Under Test Hardware
Voltmeter and Software
| with ADC Modules
Electrometer @ Cuvrent Dats
with ADC |
= GND

Figure 4.1 Schematic diagram of the experimental setup.
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Computer Electrode

/

IDAX 300

Figure 4.2 Photograph of the experimental setup.

4.4 Experimental Results and Discussions

4.4.1 Variation of Real and Imaginary Part of Electric Modulus
with Ageing Duration

The FDS measurement of the epoxy nano-composite samples (unaged and
thermally aged up to 400 hours) were conducted over a frequency range of 1
mHz to 10 kHz to observe the ¢'(w) and &"(w) with frequency variation. Then
using equation (4.5), the M'(w) and M"(w) were computed and plotted
against frequency to observe the influence of thermal ageing on epoxy nano-
composite samples. The frequency variation of M'(w) and M"(w) with ageing
duration for the three test samples (pure epoxy and epoxy with 1wt% and
2wt% Al,O3 nano-filler) is shown in Figure 4.3(a-c) and Figure 4.4 (a-c),
respectively. From Figure 4.3 (a-c), it can be observed that thermal ageing
has definite influence on the M'(w) spectrum of the epoxy nano-composite
samples. For all three test samples, the value of M'(w) computed at each
frequency is found to increase with the increase in measurement frequency
but decreases with the ageing duration.

This is evident from the M'(w) curves obtained for the test samples (see
Figure 4.3 (a-c)), which shows a downward and and rightward shift with the
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Figure 4.3 Variation of M'(®) with frequency for different ageing duration (hours) (a) Epoxy
resin (b) Epoxy resin + 1wt% Al,Os (c) Epoxy resin + 2wt% Al,Os.
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increase in thermal ageing duration. The variation of M"(w) with frequency
resembles a bell shaped curve that attains peak at a particular frequency
known as the relaxation peak frequency (fp). With the increase in the ageing
duration, f, shifts towards the higher frequencies for all three test samples.
The value of f, indicates the frequency at which the dielectric loss peak
occurs. From the knowledge of f,, the relaxation time constant has also been
computed in this chapter for better understanding the relaxation behavior of
the epoxy nano-composites with the change in thermal ageing duration. The
relaxation time constant (zp) indicates the time taken by the dipoles to
rearrange after the applied electric field is removed. The relaxation time
constant (zp) can be derived from the peak
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Figure 4.4 Variation of M"(w) with frequency for different ageing duration (hours) (a) Epoxy
resin (b) Epoxy resin + 1wt% Al,O; (c) Epoxy resin + 2wt% Al,Os.
frequency (fp) using the following relation [134]
. (4.8)
P w 27,
The variation of f, and z, obtained for three test samples with different ageing
duration (in hours) is shown in Table 4.1.

Table 4.1: Variation of relaxation time constant and peak frequency with ageing duration

Ageing duration fi T

Sample ’ (r?ours) (sz) (sp)
0 1.01 0.157
100 2.01 0.079
Epoxy 200 4.02 0.039
300 7.01 0.022
400 9.91 0.016
0 0.51 0.312
100 1.02 0.156
Epoxy + 1 wt% Al,Os 200 2.10 0.075
300 3.54 0.044
400 5.04 0.031
0 0.10 1.592
100 0.15 1.061
Epoxy + 2 wt% Al,O3 200 0.25 0.636
300 0.31 0.513
400 0.52 0.306
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From Table 4.1, it can be observed that f, increases with the increase in
ageing duration for all test samples. It happens because thermal ageing leads
to chain scission and breaking of long polymeric chains, thereby producing
new polymeric chains of shorter length. These new chains are more flexed to
orient according to the electric field than the old lengthy chains [37]. Also, it
can be observed from Table 4.1 that for a particular ageing duration, the
value of f, decreases with the increase in Al,O3 nano-filler concentration. It
may be due to the involvement of nano-particles in the polymeric matrix,
which creates an interfacial region surrounding the nano- particle. Available
literature shows that this interfacial region may have its own unique glass
transition temperature [136, 137]. As a result, the motion of molecular chains
in epoxy nano- composites under alternating fields will not be as smooth as
in pure epoxy. Additionally, due to filler loading the degree of cross linking
in the polymer matrix decreases and creates more side chains as well as
branch chains. Therefore, the intensity of the orientation polarization
weakens [37]. Also, the variation of 7, with the ageing duration and the nano-
filler concentration shows an inverse behavior as compared to f,. Now, from
the existing literature [135], we know that the relaxation peak frequency f; is
an important parameter, which can be used to describe the relaxation
behavior of the polymer dielectric materials in a quantitative manner.
Therefore, f, is used in this chapter as a metric to study the relaxation
properties of epoxy-nano composites quantitatively. The variation of f, with
the ageing duration (in hours) for three test samples is portrayed in Figure
4.5. From the nature of variation of f, with the ageing duration (in hours) as
depicted in Figure 4.5, an empirical relation has been derived using least
square curve fitting technique, that relates f, obtained from M"(w) spectrum
with the ageing duration (in the increase in the ageing duration. From Figure
4.4 (a-c), which shows the variation of M"(w) with frequency, it can be seen
that the M"(w) curves for three test samples reveal an upward hours), which
is given by

aging(hours):blln(;:] (4.9)

1
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Figure 4.5 Variation of f, with ageing duration (hours)

Using equation (4.9), thermal ageing of different epoxy nano-composites can
be estimated if f, is known, which can be obtained from M"(w) spectrum of
the test samples. The variation of the coefficients of the equation (4.9) for
different test samples is presented in Table 4.2. It can be observed from Table
4.2 that the coefficients a; decrease while by is almost insensitive with the
increase in nano-filler concentration. Therefore, from the above analysis, it is
evident that both M" (@) and M"(w) characteristics are sensitive to the change
in ageing duration of the epoxy nano- composite samples.

Table 4.2: Variation of slope and intercept values of the equation (4.9) for different test samples

Sample a1 b1 R?

Epoxy 1.11 0.006 0. 982
Epoxy + 1 wt% Al,O3 0.55 0.005 0. 985
Epoxy + 2 wt% Al,0; 0.10 0.004 0. 988

Besides, the relaxation peak frequency can be used to estimate the ageing
state of the epoxy nano-composites. In the next, section, further analysis was
carried out using Cole-Cole model for better understanding of the change in
dielectric relaxation behavior of the epoxy nano-composite samples with
thermal ageing.
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4.4.2 Analysis using Cole-Cole Model

The variation of M"(w) is plotted against M'(w) for three test samples in
Figure 4.6 (a-c), which represents a semicircular arc. From Figure 4.6 (a-c) it
can be observed that the M"(w) versus M’(w) curves for different test samples
are sensitive to the change in ageing state. Also, it can be observed that the
curves shift towards the left and become narrow in width with the increase in
ageing duration of the test samples. For better understanding of the variation
of the dielectric relaxation behavior of the epoxy nano-composites, the
variation of M"(w) versus M'(w) curves were fitted using Cole-Cole (C-C)
model. It can be observed that the variation in the relaxation behavior of the
epoxy nano-composites with the change in ageing duration can be well
approximated using the C-C model. The variation of the C-C model
parameters with ageing duration (in hours) for different test samples is shown
in Table 4.3. In this contribution, three parameters namely C-C distribution
parameter (), C-C time constant (z) and width of the C-C plot (AM=Ms-M)
have been extracted to quantify the differences in ageing duration between
different types of nano-composite

0.12 T T T
—&— Unaged measured
0.1k Unaged fitted
—— 100 hours aged measured
X 100 hours aged fitted
~ 0.08 —H&—— 200 hours aged measured
§ 0.06 200 hours aged fitted
\E —4A—— 300 hours aged measured

-4+ 300 hours aged fitted
—&—— 400 hours aged measured
<{'-+++ 400 hours aged fitted
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Figure 4.6 Variation of M'(w) versus M"(w) for different ageing duration (hours) (a) Pure Epoxy
(b) Epoxy resin + 1wt% Al,Os (c) Epoxy resin + 2wt% Al,Os.

samples. It can be seen from Table 4.3 that the parameters used to fit the C-C
model are sensitive to the change in thermal ageing duration of the test
samples. The parameters  and AM decreases with the increase in ageing
duration whereas z shows an increasing trend with the ageing duration.
Considering the effect of adding nano-fillers, it can be observed that both S
and AM shows a slightly increasing trend whereas, t increases slightly with
the addition of nano-fillers. Since, 8 is an indicator of the distribution of
relaxation time, hence it can be said that with the increase in thermal ageing
leads to wider distribution of relaxation times as £ decreases. On the contrary,
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Table 4.3: Variation of C-C parameters with ageing duration

Ageing AM=
Sample duration p T Ms-M RMSE
(hours) M
0 0.371 0.146 0.328 0.0012
100 0.345 0.147 0.319 0.0010
Epoxy 200 0.282 0.148 0.301 0.0011
300 0.268 0.150 0.294 0.0014
400 0.219 0.152 0.283 0.0017
0 0.440 0.162 0.341 0.0018
100 0.412 0.164 0.337 0.0019
Epoxy + 1wt% Al,O3 200 0.385 0.166 0.333 0.0017
300 0.350 0.167 0.325 0.0015
400 0.314 0.168 0.320 0.0020
0 0.534 0.175 0.344 0.0031
100 0.507 0.176 0.341 0.0040
Epoxy + 2wt% Al,O5 200 0.461 0.178 0.338 0.0037
300 0.435 0.179 0.332 0.0035
400 0.402 0.180 0.325 0.0041

addition of nano-fillers results in narrower distribution of relaxation time as
increases. Among the three C-C fitting parameters, it can be observed that
only the parameter £ is more sensitive to the change in ageing duration
compared to other parameters. The variation of g with ageing duration
(hours) is shown in a graph in Figure 4.7.

+ Epoxy mEpoxy+1%AI203 Epoxy + 2% Al203

0.55 -

0.45

= 0.35
*
L4
0.25 +
0.15 T T
0 100 200 300 400

Aging duration (hours)

Figure 4.7 Variation of C-C distribution parameter # with ageing duration (hours).
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From the nature of variation as shown in Figure 4.7, an empirical relation has
been established between £ and ageing duration (hours) using least square
curve fitting technique which is expressed as

aging(hours) _pre (4.10)
ml

Using (4.10), it is possible to estimate the thermal ageing state of the epoxy
nano-composites if the value of g from the C-C model is known. In Table
4.4, the variation of the slope and intercept values of (4.10) for different test
samples is shown. It can be seen from Table 4.4 that between the slope (m1)
and the intercept (c1), the latter is more sensitive showing an increasing trend
with the increase in the nano-filler concentration. Thus, from the above
analysis, it is conclusive that the variation of the M"(w) plotted against M'(w)
can be fitted using C-C models and the fitted parameters are sensitive to the
change imageing duration of the epoxy nano-composite samples.

Table 4.4: Variation of slope and intercept values of equation (4.10) for three samples

Sample my C1 R?

Epoxy 0.0004 0.373 0.988
Epoxy + 1wt% Al,O; 0.0002 0.443 0.995
Epoxy + 2wt% Al,O5 0.0003 0.535 0.992

4.4.3 Validation of the Proposed Technique

In order to verify whether the thermal ageing of the epoxy nano-composite
samples can be accurately estimated using the parameters derived from the
electric modulus spectrum, three additional epoxy nano-composite samples
thermally aged for 150 hours were prepared in the laboratory for the purpose
of verification. Initially, FDS measurement was done on the three new test
samples to obtain the imaginary part of the complex permittivity ¢"(w), from
which M"(w) were computed using (4.5). From the variation of M"(w) with
frequency, the relaxation peak frequency f, was computed for the three new
test samples, and using (4.9), ageing duration of the epoxy nano-composite
samples were estimated using the parameters mentioned in Table 4.2.
Moreover, the relative percentage errors in sensing the ageing duration (with
respect to actual ageing duration) were also computed for the three new test
samples and the results are presented in Table 4.5. In addition, the variation
of M'(w) and M"(w) in the complex plane for the three new test samples were
also fitted using C-C model to observe their relaxation behaviors and finally
the C-C model distribution parameter S of the respective test samples were
obtained. Then, using (10), the ageing duration of the three epoxy nano-
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Table 4.5: Sensing of thermal ageing using relaxation peak frequency

Sample o dAugZIt?ogn %ﬁ:?;‘;id(ﬁgj'r;‘)g Error
(H2) (hours) using equation (4.9) (%0)
Epoxy 2.51 150 140 6.7
Epoxy + 1wt% Al,O5 1.12 150 142 5.3
Epoxy + 2wt% Al,O5 0.18 150 143.5 43
Table 4.6: Sensing of thermal ageing using C-C distribution parameter
Ageing Estimated Ageing Error
Sample p duration duration(hours) using o
(hours) equation (4.10) (%0)
Epoxy 0.315 150 138.5 7.6
Epoxy + 1wt% Al,O, 0.405 150 141.0 6.0
Epoxy + 2wt% Al,O3 0.485 150 140.5 6.3

composite test samples were also estimated using the parameters mentioned
in Table 4.3 and the relative percentage errors with respect to the actual
ageing duration were computed which are presented in Table 4.6. From Table
4.5 and Table 4.6, it can be observed that the thermal ageing of the epoxy
nano-composites can be estimated using equations (4.9) and (4.10),
respectively with acceptable error (i.e. <8%). Further, observations from
Table 4.5 and Table 4.6 reveal that the thermal ageing of the test samples can
be better estimated using equation (4.9) compared to equation (4.10), which
is evident from the relative error percentage reported in the above tables for
all three test samples. Therefore, it can be said from the above observations
that compared to the C-C model distribution parameter f, relaxation peak
frequency f, is more reliable and useful for sensing of the thermal ageing of
the epoxy nano-composites. Nevertheless, it can be observed from Table 4.5
and Table 4.6 that for all three test samples, the relative error percentages in
sensing the thermal ageing lies within the acceptable range, which indicates
the two aforesaid parameters proposed in this chapter, can be used to estimate
the thermal ageing of the epoxy nano-composites. It is to be mentioned here
that, if moisture or other factors influence the ageing condition, therefore, it
may alter in the shift of the f, and broaden the relaxation time distribution,
affecting 8. Hence, it may affect the coefficients of the derived equations and
impose error in accuracy of estimation. To improve reliability, the derived
equations based on those indicators should be used with updated coefficients
alongside compensation models.
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4.5 Conclusions

In this chapter, an advanced technique using complex electric modulus is
proposed for sensing the thermal ageing of the epoxy-nano composite
insulation samples. The epoxy nano-composite samples mixed with different
filler concentrations of Al,Os; were prepared and were thermally aged for 100
hours 200 hours, 300 hours and 400 hours, respectively. Initially, FDS
measurement was done on the prepared samples to analyze the variation of
&'(w) and &"(w) across the frequency range of 1 mHz to 10 kHz. In order to
unfold to relaxation behavior of the epoxy nano-composites which were
masked using electrode polarization effect, an advanced approach employing
complex electric modulus M*(w) was employed in this chapter. From the
frequency variation of &'(w) and &"(w), M'(w) and M"(w) were computed for
the epoxy nano-composite samples from which the relaxation peak frequency
(fo) and the relaxation time constant (z;) were derived. It was observed that
both f, and 7z, are sensitive to the change in nano-filler concentration as well
as thermal ageing duration of the epoxy nano-composite samples. The value
of f, increases with the increase in ageing duration while decreases with the
increase in nano-filler concentration. Based on their nature of variation, an
empirical relationship between f, with the ageing duration (hours) has been
established in this chapter for sensing the ageing duration of the epoxy nano-
composites quantitatively. Besides, for better understanding of the change in
relaxation behavior of the epoxy nano-composites with the change in ageing
duration, the variation of M'(w) and M"(w) plotted in the complex plane were
modeled using C-C model. Investigations revealed that the different fitting
parameters of the C-C model were found to be sensitive to the change in
thermal ageing duration. Among the different fitting parameters, specifically
C-C distribution parameter () was found to be more sensitive to the change
in thermal ageing duration. Using curve fitting, an empirical relationship
between S and thermal ageing duration (hours) has also been established for
sensing the thermal ageing of the epoxy nano-composites. Finally, three new
samples were tested to verify whether the parameters f, and £ can accurately
estimate the ageing state for different epoxy nano-composites. It was
observed that between fyand £, the former can be used to estimate the thermal
ageing more accurately with an acceptable error. Thus, it can be concluded
that the proposed framework employing complex electric modulus can be
applied for accurate sensing of the thermal ageing of the epoxy nano-
composites.
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Condition Assessment of Dry-Type Insulation
Using Dielectric Relaxation Current Analysis

5.1 Introduction

As discussed in Chapter 4, the electric modulus has been employed to study
the relaxation characteristics of polymeric (dry-type) insulation. The electric
modulus technique effectively reduces the effects of electrode polarization,
revealing the intrinsic relaxation behavior of dipole groups. In Chapter 4, the
relaxation characteristics were studied using the electric modulus and the
Cole-Cole model. Existing literature reports that the relaxation behavior of
dielectric materials is generally analyzed using various modeling techniques,
including the Debye model, Cole-Davidson model, and Havriliak-Negami
(H-N) model, among others [1-2, 122, 138-140]. These techniques model
dielectric relaxation characteristics based on multiple distinct relaxation times
[138-140]. In the case of polymeric dielectric materials, different dipolar
groups, depending on their polymer chain lengths, exhibit different relaxation
times. As a result, the relaxation times of these dipolar groups are often
closely spaced, exhibiting only minor variations. This makes it challenging to
separate closely related relaxation times within the dielectric material using
the aforementioned models. As a result, the modeling of relaxation currents
using these methods (such as the Debye, Cole-Cole, Cole-Davidson, and H-N
models) may sometimes deviate from the actual measured relaxation current,
potentially obscuring crucial information about the insulation characteristics.
To address this, the proposed Relaxation Frequency Distribution (RFD)
method has been developed. This method can account for closely related
relaxation times when modeling the dielectric relaxation current. Thus, it can
be concluded that using the RFD method provides a more accurate
representation of the inherent characteristics of the insulation.

As discussed in Chapter 1, transformer and rotating machines are the major
equipment of power system network. Failure of these equipments lead to
power disruption and momentary loss in production of heavy industries.
These failures are primarily due to the insulation degradation of these
equipments. Thus, continuous monitoring and improvements in insulation
quality are increasingly emphasized by researchers. Presently, epoxy and its
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nano-composites are accepting as dry-type insulation for high voltage
equipment due to its promising electrical characteristic. However, these
insulations experience thermal, electrical, chemical, and mechanical stress
during their service life, accelerating the ageing process [39-43, 141-142].
This ageing process results in degradation of insulating properties that may
lead to pre-matured and catastrophic breakdown in long run.

Similarly, nowadays, the most commonly used insulating material in new
underground cable installations is cross-linked polyethylene (XLPE) [143-
146]. However, during its service life, the XLPE-cable insulation has been
endured to various stresses that may result in insulation fault. Major cause of
cable faults is the degradation of the insulation. The degradation of XLPE
insulation is accelerated by electrical, thermal, mechanical, and
environmental stresses [144-145]. One of the major concerns of the
underground cable is the moisture inrush in cable insulation [146-149]. Over
time, soil moisture may penetrate the insulation or enter through a damaged
outer sheath [147, 150]. Moisture ingress in high-voltage cables leads to the
formation of water trees within the insulation, resulting in irreversible
damage and potentially causing premature insulation failure [146-147].
Replacing faulty cables can also be an expensive and space-consuming
process [146, 149]. Therefore, research activities have been actively involved
to understand the degradation process of the XLPE insulation. Hence, from
technical and economic point of view, it is important to periodically perform
the diagnostic tests of the in-service underground cable insulation for
checking its condition status before the complete failure [151]. Moreover,
regular diagnostic testing along with proper maintenance can help to extend
the life span of the in service power cable. Considering the above mentioned
fact, a proper condition monitoring scheme is required to estimate the actual
deterioration of the cable insulation.

Due to the ageing, the insulation properties are altered which in turns affects
its relaxation characteristics. Hence, the relaxation characteristics of the
dipoles within the dielectric insulation needs to be investigated to assess its
condition. The relaxation characteristics of insulating materials can be better
understood by analyzing the depolarization current. The dielectric relaxation
function (r(t)) can be estimated from the relaxation current, which indicates
the fundamental memory properties of the insulation material [16, 85]. Once
the relaxation function r(t) is determined, the characteristics of the insulation
can be accurately estimated. Therefore, the proper estimation of the
relaxation function is the area of interest for the researchers.
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In this investigation, the ageing characteristics of the epoxy nano-composite
(EPNC) and XLPE cable insulation have been estimated based on the RFD
technique. For this purpose, epoxy-alumina nano-composite samples (with
unfilled, 1wt% and 2wt% alumina concentration) and XLPE cable insulation
samples (having different moisture content) were prepared in the laboratory.
These prepared samples were undergone different degree of artificial electro-
thermal ageing for experimental purpose. Thereafter, the depolarization
currents of the prepared test samples were measured using the developed
experimental setup. The depolarization currents of the test samples have been
used for modelling their relaxation characteristics.

5.2 Theoretical Background

5.2.1 Brief Theory of Dielectric Relaxation Current

In time domain spectroscopy, a DC voltage of preset magnitude is applied to
the insulation under test to initiate the polarization process. After a
designated period for voltage application, the voltage source is disconnected
and replaced by a short circuit, allowing the corresponding dielectric
relaxation current to be measured. The dielectric relaxation current (DRC) is
then analyzed to assess the dipole relaxation behavior within the insulation
material. This technique, used to assess the condition of the insulation, is
known as Polarization and Depolarization Current (PDC) measurement [1-2,
85]. The detailed theory is discussed in Section 1.8.

5.2.2 Concept of Relaxation Characteristics Modelling

According to the classical Debye model (DBM) [1, 2, 85], the dielectric
response function r(t) of an insulating material can be expressed as follows,
where the model assumes a single characteristic relaxation time constant
(om).

A
r(t) = —et/mov) (5.1)
Tpm

Where, tpm is the relaxation time constant of the dipoles. A is the amplitude
of the exponential function. When a step input excitation E(t)=EoU(t) is
applied, the dielectric polarization can be described by the following equation
[102, 139].
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9(t) = £, [ r(t)dt (5.2)
0
d
or, ago(t) = 80E0I’(t) (5.3)

Here, ¢ is the permittivity of free space. Now, using equations (5.1), (5.3)
can be modified as

d A -7lt
ago(t) = g,E, ——e"/om)

DM

d A =TT,
or, (1) = [ o)t = £ Ey = [t et
DM

= BEA (et 4
Tpwm
A —rlt
= —Tpw&oEo — eCr/rom) 4 (5.4)
DM
= —Tpm&Er(t) + 4 (5.5)

Here, A is the integration constant and response function r(t) is monotonically
decreasing in nature. After sufficient long time, the response function reaches
to 0.

Lim r(t)=0

t—owo
Therefore, the magnitude of the A can be calculated as,
Limgp(t)=0+1
t—w
or, A=Limg(t) (5.6)
t—
Now the g(t) would be
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d :
P) = ~Tpu 90 + Lim () (5.7)

At steady state i.e. t—o,

Lim o(t) = o, = &, [ridt=cEzy 9
0

o0

Here, o is the steady-state susceptibility, defined as Yo = I r(t)dt .
0

Combining equations (5.7) and (5.8), the dielectric response with single
relaxation time (zpm ) can be expressed as,

d .
Tou g () + (1) = Limg(t) = £,Ey 7 (5.9)

Equation (5.9) can further be expressed in terms of relaxation frequency
(v =(/7y,)) and expressed as [139],

1d :
s POreO=LimpM) =28y (.10

5.2.3 Mathematical Design of the Relaxation Frequency
Distribution (RFD) Function

According to DBM relaxation mechanism [138, 152], the dielectric
molecules are considered as spherical in shape with having single relaxation.
However, in practice, not every molecule is spherical. Moreover, in the case
of solid polymeric dielectric the molecules form polymeric chains of different
length with different attributes. With ageing, the length of polymeric chain
becomes shorter. Thus, the relaxation characteristics of polymeric chains
differ based on ageing, as the molecular structure becomes increasingly
disordered, leading to variation in relaxation times. In solid nano-composites
materials, the properties of the relaxation process are different depending
upon the degree of interaction between the molecules and their axis of
rotation. This phenomenon indicates the frequency dispersion of the
relaxation process over a wide range. Therefore, in order to understand the
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relaxation process, the corresponding recorded depolarization current data is
converted into distribution domain over a wide frequency range. These
distribution domain data have been utilized for evaluating the distribution
density function (r(v)). This distribution density function (r(v)) can be
expressed as the rate of change of relaxation of the total polarization (protal
i.e. total polarization at any time instant t) with respect to relaxation
frequency (v) [139].

1 d Sototal
= 5.11
r(V) I:>tota1l d 4 ( )
() =R>O) (5.12)

Here, R(v) is the total summation of the individual relaxation function of each
dipole group having distinct relaxation frequency. The R(v) has been
calculated using the numerical procedures as given in [139, 153-155]. The
function R(v) in equation (5.12) can be correlated with the depolarization
current as described by equation (5.13). The R(v) is similar to the Fourier
Transform. However, as the measured data is discrete in nature, so iterative
method has been adopted for calculating R(v) as given in [153-155]. Where
fowtal represents as the total polarization in the dielectric under equilibrium
condition (i.e. #—o0). The method reported in [139], the overall distribution of
frequency has been denoted by R(v) (in equation (5.12)).

5.2.4 ldentification of RFD Function from Relaxation Current
Data

As reported in [1, 85], individual dipolar relaxation current nature becomes
exponential. Since the depolarization current is the superposition of
individual dipolar relaxation currents, ir(t) in equation (5.13) is expressed as
the sum of exponential currents from each dipole.

1 (0) = Qo | ROV 619
0

Equation (5.13) can be represented in discrete form by a linear set of discrete
equation (in equation (5.14)) with different set of (w, Rk). The present
investigation is oriented towards the modelling of relaxation current. In
depolarization phase (relaxation current), conduction current becomes zero
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and only the dipolar relaxation current flows. Saha et al modelled the
depolarization current as a superposition of individual dipolar relaxation
current [85]. Following that method, in this work, the depolarization current
has been modelled as summation of relaxation current of each dipole (which
is independent to the other dipoles) obtained through RFD (as given in
equation (5.14)).

N
I, (ti) = Pora ZAVk R, (v, )e " (5.14)
=

i-1.2,..N

Direct solutions of equation (5.14) are generally difficult to obtain due to the
ill-conditioned nature of the corresponding matrix, requiring the application
of iterative numerical methods. The procedures for solution of similar kind of
equation are being reported in [140]. In the present investigation, a numerical
iterative method is being adopted to calculate the frequency distribution
spectra of the relaxation process from the measured depolarization current.

5.3 Experimental Arrangement

In this section, the experimental procedure has been discussed along with the
preparation of the test samples.

5.3.1 Preparation of Test Samples

In this chapter, two different types of dry-type insulation were considered for
experimental analysis and mathematical model development. These two types
of insulation samples are epoxy-alumina nano-composites and XLPE cable
insulation. The epoxy nano-composite samples were prepared, and their
ageing process conducted in the laboratory, while the XLPE cable insulation
samples were collected from a local power utility, with moisture content
ageing performed in the laboratory.

5.3.1.1 Preparation of Epoxy Nano-Composites

Epoxy-alumina nano-composite samples have been prepared by mixing
different percentage of alumina nano-particle in base epoxy resin. The details
of the sample preparation have been described in Section 3.3.1. Table 5.1
shows the samples prepared along with percentage of alumina. The prepared
samples were subjected to accelerated electro-thermal ageing process at
100°C (in order to keep the ageing temperature close to maximum operating
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temperature (120°C) of class E insulation [156]) and 6 kV, 50Hz field stress
(considering the twice the nominal operating electric stress as reported in
[39]) in a controlled heat chamber. The total duration of the ageing process
was 600 hours. After every 100 hours, the samples were removed from the
heat chamber and allowed to cool to 27°C for 2 hours. Depolarization current
of the test samples were measured using the developed experimental setup.

Table 5.1: Test Sample Details of Epoxy-Alumina Nano-Composites

Name Description
EpAO Pure epoxy
EpAl Epoxy + 1wt% Al,O;
EpA2 Epoxy + 2wt% Al,O;

5.3.1.2 Preparation of XLPE Cable Insulation

In the present investigation, 11 kV XLPE cable samples (single core:
aluminum) with specified dimensions (as outlined in Table 5.2) were
collected from the local power utility and used for experimental purposes.
The photograph of the cable sample has been shown in Figure 5.1(a).
Moisture inrush in cable insulation is a lengthy and slow process. Therefore,
in the present investigation, an experimental process has been adopted where
a specified amount of water (i.e., actual moisture content) has been injected
into the cable insulation to emulate the water tree. Prior to experimentation,
all XLPE cable samples were dried at 50°C for 24 hours to eliminate residual
moisture. After that, the moistures (i.e. distilled water) have been injected in
the artificially created holes (diameter: 0.5 mm, depth: 2.9 mm) in the XLPE
cable insulation. Then, the moisture induced holes have been sealed with the
glue and kept it in closed chamber at least 72 hours before the
experimentation. The photograph of the cable sample with artificially created
hole is shown in Figure 5.1(b). The schematic of the XLPE cable cross-
section (with dimensions) is depicted in Figure 5.2. It is to be mentioned here
that, actual water trees in cable insulation have the dimensions of few pum in
range [147]. Therefore, it is very difficult to emulate such actual tree
structure inside the cable insulation. Considering this fact, in this
experimentation, an artificial hole was created in the insulation layer. It is yet
to be mentioned here that, the volume of the hole is nearly equalized with the
total water volume in the tree structure of the net insulation. Thereafter, a
known amount of water was inserted into the created holes. Finally, the m.c.
inside the cable insulation can be defined as equation (5.16).
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me.= % x10° ppm (5.16)

Vi
Where, vy, denotes the injected moisture volume and v; represents the
insulation volume. It is reported, in a real life aged cable, typical length of
water trees is in the range of 20-200 um, its width varies within 0.2-0.5 pum,
and number concentration is around 10-20 per mm? [147, 157]. It is also
reported in [147] that, the moisture content of a practical aged cable is less
than 100 ppm with respect to the insulation volume. Considering these facts,
in this investigation, the m.c. of the XLPE cable samples were varied from
pristine to 105ppm, in step of 15ppm. It is to be mentioned here that, the
moisture stress has been done following the guidelines given in [147, 158-
159]. The details of the XLPE samples are tabulated in Table 5.3.

Aluminium
Core XLPE Insulation Copper Layer

Semiconducting Layer

(a)

Aluminium Core

Artificially
Created Hole

(b)

Figure 5.1 Photograph of (a) Test XLPE cable sample, (b) Artificially created hole in XLPE
cable sample.
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Layer (Outer)
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Semiconducting
<t
Layer (Inner)

Figure 5.2 Schematic of cross-sectional view of XLPE cable sample.

Table 5.2: Information about the Test XLPE Cable Sample

Properties Specifications
Rating 11kV
Core Material Aluminum
Length 32.5cm
Diameter of Core 13 mm
Thickness of the Insulation 5.4 mm

Table 5.3: Test Sample Details of XLPE Cable Insulation

Sample Nomenclature Moisture Content (m.c.) (ppm)

So -

S 15
S, 30
Ss 45
S 60
Ss 75
Se 90
S 105
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5.3.2 Experimental Procedure

An experimental setup (as shown in Figure 2.6(c) of Chapter 2) was prepared
in the laboratory to record the polarization and depolarization currents (PDC)
of the epoxy nano-composite test samples. Similarly, for the measurement of
PDC in the XLPE cable insulation, an experimental setup was prepared as
illustrated in Figure 5.3(a). A high voltage dc source is connected to the test
electrodes through a two-way switch. The test sample is placed in between
the electrodes. When the switch is turned to position ‘P1’, the d.c. voltage is
applied to the test sample and the polarization current is recorded. Thereafter,
the depolarization current has been measured by shifting the switch position
to ‘P2’. The experimental set-up photograph for the PDC measurement of
XLPE cable insulation is shown in Figure 5.3(b).
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I
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Guard GND[ A R GND

Electrode | ¢— ] Filter H—' DSO |
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L
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\ Test

Sample

(b)

Figure 5.3 (a) Schematic of experimental setup for XLPE cable insulation samples, (b) Hardware
module of experimental setup for XLPE cable insulation samples.

5.4 Experimental Results and Discussions

For experimental analysis, two different types of insulating materials are
considered such as epoxy nano-composite and XLPE cable insulation. The
electro-thermal ageing state of the epoxy nano-composite was initially
analyzed, and an estimation method for ageing duration was subsequently
derived. Thereafter, the moisture content of the XLPE cable insulation has
been analyzed and suitable mathematical moisture content estimation
technique has been developed.

5.4.1 Analysis Based on Epoxy Nano-Composites Insulation

In this sub-section, the results and analysis of the epoxy nano-composite
insulation has been discussed.
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5.4.1.1 Variation of Depolarization Current with Ageing Duration

The PDC measurement of the test samples (EPNC with unaged and electro-
thermally aged) were performed under 1kV/mm d.c. electric field stress. The
measured depolarization currents of the test samples have been shown in
Figure 5.4(a) and Figure 5.4(b). As shown in Figure 5.4(a), the depolarization
current increases progressively with the duration of ageing. The addition of
nano-fillers to the base epoxy resin forms new bonds with the base resin
molecules, modifying the material's macromolecular structure. Therefore, the
length of the macromolecular polymeric chains is enhanced which results in
reduction of degree of freedom of the dipoles during the application of
electric field. This fact in turn reduces the vibration of the long chain dipoles
and subsequently the polarization process. Figure 5.4(b) illustrates that
increasing alumina nano-particle concentration leads to a decrease in
depolarization current. It may be due to the presence of nano-particles which
may enhances the polymeric chain and creates new entanglement [36-37].
Entanglement of the polymeric chain within the test samples opposes its
vibration. The decrement of vibration in turn reduces the polarization process
within the test sample.

%107 , % 10-9

—6— EpA0 unaged
- EpA0 300 hours aged
— % — EpA0 600 hours aged

—6— EpA0 unaged
&+ EpAl unaged
— ¥ — EpA2 unaged

(o)

—_

Current (A)
S} E-N

Current (A)

O -
O _
0 1 2 3
10 10 . 10 10 100 101 . 102 103
Time (s) Time (s)
@) (b)

Figure 5.4 Relaxation current of (a) EpAO with different ageing state, (b) unaged epoxy-alumina
nano-composite with different filler concentration.

5.4.1.2 Analysis using Frequency Distribution Function

Based on the measured depolarization current of the test samples, their
frequency domain distribution function has been evaluated following the
procedures adopted in [154-155]. The evaluated frequency domain
distribution function (for 10, 100, 700, 1000 iterations) of the pure epoxy
unaged sample have been shown in Figure 5.5(a). Depolarization currents
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were calculated for each evaluated frequency domain distribution function (as
shown in Figure 5.5(a)) and compared with their corresponding measured
values, as depicted in Figure 5.5(b). It may be observed Figure 5.5(b) that,
the error involved for the evaluated depolarization current becomes minimum
for 1000 iterations. Considering this fact, the relaxation frequency

distribution frequency (RFD) for each test sample have been evaluated after
1000 iterations.

5 x107
T
EpAO unaged 10 iterations
EpAO unaged 100 iterations
EpAO unaged 700 iterations
1000 iterations/’ EpAO unaged 1000 iterations
2r 700 iterations i
X
Z . .
[ 100 iterations
1r 10 iterations
107 107 107! 10°
Relaxation frequency (Hz)
@)
9
x10
4 T

O  EpAO0 unaged measured
EpAO unaged 10 iterations
EpAO unaged 100 iterations
EpAO unaged 700 iterations
EpAO0 unaged 1000 iterations

100 iterations
700 iterations

Current (A)
[N}

1 L
O L
10° 10! , 02 10°
Time (s)
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Figure 5.5 (a) Relaxation frequency distribution functions of EpAO unaged, (b) relaxation current
of EpAO unaged (measured and fitted from RFD functions at different iterations instant).
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In case of epoxy-alumina nano-composites, the macromolecular polymeric
chains undergo polarization process when an electric field is applied to it.
Depending on the length of the chains, the macromolecular polymer can be
sensitive at different frequencies. As shown in Figure 5.5(a), most of the
polymeric chains have relaxation time of nearly 100 s. This fact illustrates
that the information about the condition of the polymeric insulation can be
obtained through investigating the peaks near 0.01 Hz. Some polymeric
chains become longer and exhibit sensitivity at lower frequencies, such as 1
mHz. Similarly, there are few polymeric chains whose length is smaller and
sensitive at 0.1 Hz.

Due to the ageing of the epoxy insulation, the scissions reactions take place
within the insulation resulting the development of short-chain
macromolecular dipoles. Besides, due to the scission reaction, number of
dipolar groups are increased which results in increment of RFD peak (as can
be seen from Figure 5.6). These short-chain macromolecular dipoles are more
sensitive to higher frequencies which results in increment of relaxation peak
frequency (fp). On the other hand, as the number of dipoles increase due to
the ageing of epoxy insulation, the interactions among the dipoles also
enhances during the application of excitation voltage. The increment of
interactions among the dipoles in turn enhance the frictional loss within the
insulation and hence the dielectric loss. Therefore, the higher value of RFD
peak (M) indicates higher dielectric loss within the insulation. Due to ageing
of epoxy resin at high temperature, hydroxyl group is oxidised in the
presence of air. As a consequence, the macromolecular polymeric chain is
broken within epoxy resin which further generates a radical as shown in
Figure 5.7 [3, 142]. Moreover, the C-H bond of the carbon atom attached to
the benzene ring is also ruptured and more free radicals are produced as the
sample degrades (as shown in Figure 5.7).
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Figure 5.6 Relaxation frequency distribution functions at different ageing state of (a) EpAQ, (b)
EpAL, (c) EpA2.
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Figure 5.7 Chemical changes (a) oxidation-induced decomposition of hydroxyl, (b) breakage of
C—H bond, (c) hot electron bombarding a molecular chain.

The spectrum of RFD function with variation of different filler concentration
at specified ageing (unaged and 600 hours aged) state are shown in Figure
5.8(a) and Figure 5.8(b), respectively. From Figure 5.8(a) and Figure 5.8(b),
it may be observed that, the major peak of the RFD function shifted towards
lower frequency region with increment of alumina nano-particle
concentration in the base epoxy resin. The lower magnitude major peak is
observed for EpA2 during unaged condition. This may be due to the
enrichment of nano particles, new bond or entanglement creates with nano-
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particle and base epoxy resin. The polymeric chain length also enhances and
forms new attribute or branches. The development of new attributes in
polymeric chains may restrict the movement of the molecule during the
application of electric field and reduces the peak (Mp) [37, 111]. This
phenomenon results in minimization of dielectric loss with increment of the
nano-particle concentration. Besides that, the shifting of major peak towards
the lower frequency range with increment of nano-particle concentration
signifies decrement of relaxation rate.
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Figure 5.8 Relaxation frequency distribution functions of epoxy-alumina nano-composite with
different filler concentration at (a) unaged, (b) 600 hours aged.
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5.4.1.3 Estimation of Ageing Duration of Epoxy Alumina Nano-
Composites Samples

The relaxation peak frequency (RPF) of the test samples obtained from the
RFD function with different ageing state are shown in Table 5.4. It may be
observed from Table 5.4 that, the RPF (f,) value increases with the increment
of ageing period and decreases with the enhancement of alumina nano-
particles concentration.

Table 5.4: Relaxation Peak Frequency of Epoxy-Alumina Nano-Composites

Ageing o (Hz)
duration
(hours) EpAO0 EpAl EpA2
0 0.012987 0.011905 0.010615
100 0.013333 0.012500 0.011495
200 0.014493 0.013333 0.012358
300 0.016129 0.014493 0.013158
400 0.016949 0.014925 0.013333
500 0.018182 0.015625 0.013514
600 0.018868 0.016129 0.014286

As the RPF varies with ageing duration, it can be a very good ageing marker
of the insulating material. Therefore, in the present work, RPF has been used
to estimate the ageing state of EPNC insulation. The variation of RPF (f;)
with ageing durations has been shown in Figure 5.9. Based on the variation
of f, (as shown in Figure 5.9), an empirical relation for estimating the ageing
duration was derived, as shown in equation (5.15). It is to mention here that
the relationship in equation (5.15) has been derived using least square curve
fitting (LSCF) technique.

f
aging duration (hours):iln(—"] (5.15)
H H
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Figure 5.9 Variation of relaxation frequency (f,) with ageing duration.

The estimated coefficients (‘u1” and ‘u2’) of the equation (5.15) for different
EPNC has been presented in Table 55. Table 5.5 shows that both
coefficients, ‘u1” and ‘wo’, decrease as the alumina nano-particle
concentration increases. Therefore, the above analysis illustrates that the
characteristics of the RFD function with respect to frequency are sensitive to
variation of ageing state of the test samples (EPNC). Therefore, once the RPF
(fp) is evaluated from RFD function spectrum, then using equation (5.15), the
electro-thermal ageing state of EPNC can be estimated.

Table 5.5: Fitted Coefficients of equation (5.15)

Parameter EpA0 EpAl EpA2
i 0.012850 0.012050 0.011060
Lo 0.000669 0.000513 0.000443
R? 0.981800 0.977900 0.930600
RMSE 0.000342 0.000260 0.000367

From the RFD function spectra (in Figure 5.6 and Figure 5.8), it can be
observed that the magnitude (M) of the RFD function at peak frequency (fp)
increases with increment of ageing duration. As discussed in Section I1V-B,
generation of more free radicals due to the scission reaction of
macromolecular polymeric chain (effect of ageing), increases the number of
dipoles as well as their relaxation frequencies. This fact enhances the value of
f, and M, with ageing. Therefore, M, can be an important ageing sensitive
parameter to understand the ageing state of the insulating material. The
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computed M, values of the EPNC samples have been shown in Table 5.6.
The variation of M, values with ageing duration have been plotted in Figure
5.10. From the nature of the variation of the M, values (estimated from
Figure 5.6 and Figure 5.8), an empirical relation has been derived with M,

and ageing duration (in hours) using LSCF technique which is expressed as:

. . M
aging duration (hours)=—"—=

— P2

(5.16)

1
Table 5.6: Relaxation Peak Magnitude of Epoxy-Alumina Nano-Composites
Ageing duration My

(hours) EpAO0 EpAl EpA2
0 2.53E-09 1.57E-09 4.33E-10
100 2.90E-09 2.13E-09 1.18E-09
200 3.22E-09 2.43E-09 1.65E-09
300 3.69E-09 2.74E-09 2.06E-09
400 4.34E-09 3.06E-09 2.62E-09
500 5.03E-09 3.55E-09 3.08E-09
600 5.67E-09 4.21E-09 3.65E-09
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Figure 5.10 Variation of relaxation peak (‘M,’) with ageing duration.
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The parameters (p1 and p2) of equation (5.16) for EPNC samples have been
shown in Table 5.7. It may be observed from Table 5.7 that, the variation of
p1 and p; decrease with increment of nano-particle. Therefore, from the above
relation it can be suggested that the M can be an ageing sensitive parameter.
Using relation (5.16), electro-thermal ageing state of different EPNC
insulation can be estimated, if the M value from the RFD function spectra is
evaluated.

Table 5.7: Fitted Coefficients of equation (5.16)

Parameter EpAQ EpAl EpA2
P1 5.29E-12 4.07E-12 5.15E-12
P2 2.33E-09 1.59E-09 5.51E-10

R square 0.9796 0.9818 0.9953
RMSE 1.81E-10 1.31E-10 8.40E-11

5.4.1.4 Validation of the Proposed Model for Epoxy Nano-Composites

In order to experimentally validate whether the ageing (electro-thermal) state
of EPNC can properly be estimated using equations (5.15) and (5.16), three
additional electro-thermally aged (450 hours aged) EPNC samples (EpADO,
EpAl and EpA2) were prepared. Initially, the PDC measurements were
performed on these test samples. The RFD function for each of the samples
was computed using the procedures as discussed in Section 5.2. From the
RFD function, the RPF (f,) was estimated for all the three samples of EPNC.
Using equation (5.15), the ageing state of the EPNC samples were estimated
by the help of the parameters shown in Table 5.3. The relative percentage
errors of the estimated ageing duration (with respect to the actual ageing
duration in hours) have been calculated for three test samples and presented
in Table 5.8. Again, the magnitude of the peak of the RFD function (M;) for
these test samples have been computed adopting the procedures given in
Section 5.2. Using equation (5.16), the ageing duration of the three EPNC
samples have been calculated using the parameters given in Table 5.5. The
relative percentage error of the estimated ageing duration with respect to the
actual ageing duration has been calculated and shown in Table 5.9. It may be
observed from Table 5.8 and Table 5.9 that the electro-thermal ageing state
of the test samples can closely be estimated by using equations (5.15) and
(5.16). The calculated errors of the estimated ageing duration using equation
(5.15) are within 4.5%. On the other hand, the estimated errors of the ageing
duration for same test samples by using equation (5.16) are within 5.5%.
Therefore, it can be understood that the proposed method can reliably
estimate the ageing state of the EPNC insulation.
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Table 5.8: Estimated Ageing State Using fp

Ageing Estimated ageing Error
Sample fo (Hz) duration duration by (%)
(hours) equation (5.15) °
EpA0 0.01714 450 430.93 4.23
EpAl 0.01504 450 431.75 4.06
EpA2 0.01342 450 437.07 2.87

Table 5.9: Estimated Ageing State using Magnitude of the Relaxation Peak (M}’

Ageing Estimated ageing Error
Sample Mp duration duration by (%)
(hours) equation (5.16)
EpAO 4.58E-9 450 425.33 5.48
EpAl 3.33E-9 450 427.51 4.99
EpA2 2.78E-9 450 432.81 3.82

5.4.2 Analysis Based on XLPE Insulation

In this sub-section, the results and analysis of the XLPE cable insulation has
been discussed.

5.4.2.1 Variation of Depolarization Current with Moisture Content

At first, the PDC measurement was performed on the XLPE cable samples at
1 kV d.c. voltage. Based on PDC measurement, the relaxation current of the
test XLPE cable samples were recorded. Figure 5.11 shows the recorded
relaxation current, normalized by cable length, for XLPE cable samples with
varying moisture content. As shown in Figure 5.11, the relaxation current
increases proportionally with the moisture content (m.c.) in the XLPE cable
insulation.
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Figure 5.11 Relaxation current of XLPE cable insulation with different moisture content.
5.4.2.2 Investigation using Frequency Distribution Functions

From the relaxation currents of different samples, the relaxation frequency
distribution (RFD) functions have been calculated using the procedure
described in [85, 139]. The estimated RFD functions of different XLPE
samples (i.e. So to Sy) have been presented in Figure 5.12. As the XLPE is a
polymeric insulation, it has several polymeric chains of different lengths
which are formed different dipolar groups. When an electric field is applied
across the insulation, these dipolar groups are oriented along the field
direction. In this context, it is to be mentioned here that depending upon the
nature of the dipolar groups their relaxation process also varies with
different time instants. Therefore, the dipolar groups are sensitive to
different frequencies. As a consequence, the distribution of RFD function
has different relaxation peak. Hence, from Figure 5.12, it has been observed
that, the RFD function of all XLPE cable samples three distinct peaks i.e.
first peak at near 1 mHz, second peak near 10 mHz and the third peak near
100 mHz range. Those three peaks represent different relaxation zone, at
where the dipolar groups of the insulating material are more sensitive. The
first peak, observed at very low frequencies (near the 1 mHz range), is
likely caused by electrode polarization effects [160]. The second peak (at
10 mHz range) which is sensitive to the inter-cluster polarization. The third
peak, observed at higher frequencies (near 100 mHz), corresponds to the
presence of trapped or loosely bound charges caused by impurities or
localized defects in the XLPE insulation layer [138]. It can be understood
from Figure 5.12 that, among those three peaks, the second and third peaks
are related to the condition of the insulation. In addition, the second peak
carrying the information of the cluster (i.e. group of dipoles having similar
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relaxation phenomenon), which is one of the promising signature for
assessment of the insulation condition and the third peak relating to the
impurities or defects in XLPE insulation which in turn signifies the
deterioration of the insulation. Comparing those, the second peak has larger
magnitude. It is yet to be mentioned here that, with increment of m.c. in the
XLPE insulation the second peak increases prominently than the other
peaks. It defines that the number of clusters formation due to moisture in
the XLPE insulation are sensitive to relaxation frequencies near the 10 mHz
range. Figure 5.12 shows that the magnitude of the second peak increases
as the moisture content (m.c.) in the XLPE insulation rises. This fact in turn
indicates that the magnitude of the peak represents the dielectric loss
(which is due to the friction loss of the dipolar groups during relaxation).
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Figure 5.12 Relaxation frequency distribution functions of the XLPE cable insulation with
different moisture content.

According to Dissado-Hill cluster model, in normal XLPE insulation there
are several dipoles which have similar relaxation characteristics form
individual cluster (i.e. intra cluster) and the several clusters are attached
with each other through inter-cluster movement (as shown in Figure 5.13)
[161-162]. In addition, the intra-cluster is formed with long-chain polymer
with partial regularity. But, when the water molecules get into the
insulation, they may create structural disorder as well as generation of
localized coupled vibration regions in the presence of electric field [163].
Result of that, it helps to form new smaller size dipole clusters. Therefore,
with inrush of the moisture, the number of cluster are increased. In
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addition, the moisture is a polar group, during field stress it responds more
effectively than the normal XLPE insulation. It has also been observed
from Figure 5.12 that the highest peak (i.e. 2nd peak) is shifted towards the
higher frequency with increment of m.c. in the XLPE insulation. It can be
explained that, the increase of moisture ensures the formation of more polar
cluster groups. As the polar groups are increased in the insulation, they are
more flex to the electric field which ensures the increase of the relaxation
rate. Therefore, the required relaxation time by the cluster groups are also
less, which in turn reduces the relaxation time.
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Figure 5.13 Cluster model of the XLPE insulation.

In addition, the crystallinity of XLPE insulation has two regions, i.e.
crystalline region and amorphous region. The macromolecular polymeric
chains are cross-linked and create lamella or lamellar crystal region. In
between lamellar crystal regions, there are several amorphous regions
where the polymeric chains are shorter in length and the degree of freedom
of the chain movement is higher than the crystalline region [164]. Injection
of water molecules in the XLPE insulation, the amorphous regions are
widened and they (water molecules) try to bend or stretch the lamellar
crystal region (as shown in Figure 5.14) as well as lead to form short
polymeric chains. Hence, increment of amorphous regions may promote to
enhance the degree of freedom of the dipolar movement. Therefore, with
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Figure 5.14 Schematic of XLPE insulation (a) under normal condition, (b) with water induced
XLPE (with impact of water micro-beads).

increment of the m.c., the dipoles may orient themselves faster, in turn
increase the relaxation rate. On the other side, the third peak which implies
the defect or impurity in the insulation, that also signifies the insulation’s
condition. As the water content increases, the defects in the insulation also
increase. This fact in turn increases the magnitude of the relaxation peak
(3" peak) with increment of m.c. As, the relaxation phenomenon changes in
the insulation due to water injection, therefore this water injection (i.e.
degradation of the XLPE insulation) is indirectly affects the relaxation
phenomenon. Result of that, relaxation time get reduced and the relaxation
frequencies (i.e. the relaxation of the 2" and 3@ RFD peaks) are shifted
towards higher frequency with increase of moisture content. From the
above investigation it has also been identified that the magnitude of the
relaxation peaks (i.e. 2" and 3" peak magnitude: Mp, and Mps,
respectively) and the corresponding relaxation frequencies (i.e. frequency
at which peaks occur: fy2 and fys, respectively) are sensitive to the m.c. of
the XLPE insulation. Therefore, M, and f, can effectively be utilized as m.c
sensitive markers of the XLPE cable insulation.
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5.4.2.3 Estimation of the Moisture Content of XLPE Cable Samples

The magnitude of the 2" and 3™ relaxation peaks (i.e. My2 and Mps) have
been estimated from the RFD function spectra of the test insulation samples
as shown in Figure 5.12. The estimated My, and Mps values of the different
XLPE samples have been represented in Table 5.10.

Table 5.10: Relaxation Peak (‘M,’) of XLPE cable samples

Name Mp2 Mp3 6: (MpZ/ Mp3)
So 1.1361E-09 7.1449E-10 1.5901
Sy 1.4696E-09 8.4816E-10 1.7327
S; 1.8980E-09 1.0053E-09 1.8879
Ss 2.9813E-09 1.4157E-09 2.1058
S, 3.6615E-09 1.5355E-09 2.3846
S 4.4360E-09 1.7001E-09 2.6093
Ss 5.4827E-09 1.8583E-09 2.9504
S; 7.1598E-09 2.0524E-09 3.4885

It can be observed from Table 5.10 that the peaks magnitude (both My, and
Mps) increase with the increment of the m.c. in the XLPE insulation. As
peak-magnitude represents the polarization loss and it varies with moisture
content, therefore, it may be an effective m.c. sensitive marker. In this
investigation, the values of My, and Mgz were used to estimate the moisture
content (m.c.) of the XLPE insulation. The variations of Mp, and Mp3 with
moisture content have been plotted in Figures 15(a) and 15(b), respectively.
Based on the variations of My, and Mps (as plotted in Figure 15), an empiric
relationship has been derived to obtain the m.c. of the XLPE insulation as
stated in equation (5.17). It is to be mentioned here that this relation has
been obtained by using least square curve fitting (LSCF) technique.
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Figure 5.15 Variation of relaxation peak with moisture content (a) My, and (b) M.
M,-a,
mc. (ppm )=——— (5.17)

ay

The calculated coefficients (i.e. a1 and a2) of the equation (5.17) for both
Mp2 and Myz have been tabulated in Table 5.11. Therefore, using these
coefficients the m.c. of the XLPE insulation can be estimated by equation
(5.17).

Table 5.11: Fitted Coefficients of equation (5.17)

Value
Parameter Mp2 Mys
01 5.597E-11 1.319E-11
02 5.896E-10 6.988E-10
R? 0.9824 0.9723

Apart from the My, and Mz values, another parameter ¢ have been
calculated, which is the ratio of Mp and Mps (i.e. &= My / Mps). The
calculated & values have been shown in Table 5.10. It has been observed from
the Table 5.10, the & value increases with the ingress of the moisture in the
XLPE insulation. Since, the & is sensitive to m.c., hence it can be used as an
m.c. ingression indicator. Therefore, an empirical relationship (i.e. equation
(5.18)) has been developed between m.c. and & value using LSCF technique.
Figure 5.16 shows the variation of & values with moisture content (m.c.). The
estimated co-efficients of the (5.18) have been tabulated in Table 5.12.

m.c.(ppm) = 4,(£) + 4, (5.18)
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Table 5.12: Fitted Coefficients of equation (5.18)

Parameters Value
M -334.5
Ao -0.7599
A3 235.3
R? 0.9987
4 T T T T T ~
e
3.5¢ X
_ -
3 - 4
2 5+¢ _ */ - 7
2k S o ¥  Actual A
_ ST — — — Fitted
1 .5* 1 1 1 1 1
0 20 40 60 80 100 120

Moisture content (ppm)
Figure 5.16 Variation of relaxation peak ratio (¢) with moisture content.

From the relaxation frequency distribution spectra (as shown in Figure
5.12), the relaxation peak frequencies (frequencies at the position of Mp.
and Mgz i.e. fp2 and fps, respectively) of different XLPE samples have been
computed. The computed f, values of the XLPE samples with different m.c.
have represented in Table 5.13.

Table 5.13: Relaxation Frequency of XLPE cable insulation samples

Name fpz (mHz) fps (mHz)
So 10.989 66.667
S 11.905 71.429
S; 12.500 76.923
Ss 13.158 83.333
S 14.706 90.909
Ss 15.625 100.000
Se 16.667 111.111
S7 18.868 125.000

It can be observed from Table 5.13 that both fy, and f,3 values increase with
the inrush of the m.c. in the XLPE insulation. This fact can be described as
the moisture increases, the relaxation rate of the insulation dielectrics
increases and as a result the relaxation frequency get increased. Therefore,
fo2 and fy3 values varies. As, the fy2 and fp3 vary with the m.c. in the XLPE
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insulation, therefore, fy2 and fp3 has been used as m.c. estimating parameter.
The variations of fy, and fys (in Hz) with m.c. have been shown in Figures
5.17(a) and 5.17(b), respectively. From the variation nature of the fy, and fp3
in Figure 5.17, an empirical relation has been derived using LSCF
technique, stated as (5.19).

1. (f
m.c.(ppm) =—1In (pj (5.19)
ﬂZ ﬂl
0.02 . . . ; . —
Q -
0.018 P 1
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Figure 5.17 Variation of relaxation frequency with moisture content (a) f2, and (b) fps.
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The estimated coefficients (i.e. s and g,) of equation (5.19) have been
represented in Table 5.14.

Table 5.14: Fitted Coefficients of equation (5.19)

Value
Parameters
fpz fp3
Jint 0.010790 0.064230
2 0.005082 0.006138
R? 0.9864 0.9920

5.4.2.4 Validation of the Proposed Technique for XLPE Insulation

In this paper, a RFD based technique has been applied to estimate the m.c. in
the XLPE insulation. For this investigation, five empirical relationships have
been developed correlating the m.c. in the XLPE cable insulation. To validate
the proposed scheme, three XLPE cable samples with known m.c. (i.e. 35,
65, and 80 ppm) were prepared. Thereafter, relaxation currents have been
measured and the five different ageing sensitive parameters have been
estimated as tabulated in Table 5.15. Based on those parameters, the m.c. of
the test samples have been calculated through equations (5.17), (5.18) and
(5.19) using the parameters have been stated in Tables 5.11, 5.12 and 5.14,
respectively. The estimated m.c. and the error percentage with actual m.c. of
the test XLPE cables have been tabulated in Table 5.15. Based on the
estimated m.c., it may be observed that the proposed technique can closely
predict the m.c. of the XLPE insulation with an acceptable deviation. From
those predicted m.c. values, it has been identified that the estimated result
using fp2 ensures closer estimation with lesser error compare to the estimated
result using fys. Therefore, it can be inferred that the relaxation frequency
zone of the second peak (i.e. near 10 mHz range) is more sensitive to the
presence of water in the insulation. It was observed that the ¢ parameter
predicted the moisture content (m.c.) of the XLPE cable insulation with
greater accuracy compared to the other parameters.

Table 5.15: Estimated Moisture Content Using Proposed Empirical Relationships

Actual Moisture Content (ppm) 35 65 80
Moz (x10°) 2.4265 3.964 5.2497
35 Mps (x10°) 1.2189 1.6558 1.8482
§ £ P 1.9907 2.394 2.8404
il £, (MH2) 12.990 14714 16514
f, (MH2) 81.043 98.535 108.596
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- M2 32.82 60.29 83.26
Be § M3 39.43 72.55 87.14
S8y ¢ 37.07 63.00 83.98

2| £8¢g
S| =25 fr2 36.51 61.04 83.75
E © foo 37.88 69.72 85.56
8 M2 06.23 07.25 04.08
El 5, My 1267 1162 08.93
g L%’ S ¢ 05.90 03.08 04.98
T foo 04.31 06.09 04.69
s 08.23 07.26 06.95

5.5 Conclusions

In this Chapter, a novel technique has been proposed to estimate the electro-
thermal ageing state of epoxy nano-composites (EPNC) insulation and
moisture content in XLPE insulation using dielectric relaxation current
(DRC).

Primarily, this study focuses the effectiveness of relaxation peak frequency
(f) and relaxation peak magnitude (Mp) for estimating the ageing state of
epoxy nano-composites. In order to investigate the relaxation process, the
RFD functions have been evaluated from the DRC response. At the major
peak of RFD of the test samples, two ageing sensitive parameters (relaxation
peak frequency (f;) and peak value of the RFD function (My)) have been
estimated. Table 5.4 shows that the f, value decreases as the concentration of
nano-filler (AlOs) increases and rises with the progression of ageing. As
seen in Table 5.6, the M, value decreases with higher concentrations of nano-
filler (Al2O3) and increases as ageing progresses. Based on the variation of f
and M, two empirical relations have been derived (as shown by (5.15) and
(5.16)). Three new test samples have been prepared for experimental
validation of (5.15) and (5.16). The RFD functions of these test samples have
been evaluated from their measured DRC and based on that, the
corresponding f, and M, values have been estimated. Using the evaluated f,
and M, values, the ageing state of these three test samples have been
estimated using (5.15) and (5.16). Tables 5.8 and 5.9 demonstrate that the
ageing state of the test samples can be accurately estimated using the derived
empirical relations. However, the comparative analysis in Tables 5.8 and 5.9
indicates that f, results in lower estimation errors than M, when assessing the
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ageing status of the insulation. Thus, the proposed technique can be used to
investigate the relaxation characteristics as well as the ageing state of real life
polymeric or composites insulations.

Similarly, an experimental investigation has been carried out on the several
short section of the 11 kV XLPE cable samples having different m.c. (i.e.
pristine, 15, 30, 45, 60, 75, 90, and 105ppm). Initially, the relaxation current
of the test XLPE cable samples have been recorded at d.c. stress of 1kV.
From the recorded relaxation current, the relaxation frequency distribution
(RFD) function has been analyzed in the frequency range 1 mHz to 1 Hz to
diagnosis the m.c. of the XLPE cable. Based on the distribution of the RFD
function, the different relaxation zones have been explored which are
correlated with the physical phenomenon of the XLPE insulation. Five m.c.
sensitive parameters (i.e. Mp2, Mgs, &, oo and fp3) are estimated from the RFD
function. These five parameters are correlated with the m.c. in the XLPE
cable insulation by empirical relations. These empirical relations are further
verified with a new set of XLPE cable insulation with different m.c. From the
observation of the validated results (as shown in Table 5.15), it has been
identified that the relaxation frequency of the highest magnitude peak (i.e. fy2)
of the RFD function is more sensitive than the other relaxation frequency
peak (i.e. fp3). This investigation concludes that the proposed scheme can
reliably estimate the moisture content of real-life XLPE cables, thereby
enhancing the reliability of power system networks.
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Conclusions

In this dissertation, efforts have been made to establish different
methodologies for condition assessment of dry-type insulation used in high
voltage systems. The methodologies and investigation approaches for
developing the condition assessment techniques are designed to be simple,
straightforward, and easy to apply for ageing state estimation of dry-type
insulation. In general, polymeric insulation is used as dry-type insulation in
high-voltage equipment. In this dissertation work, different polymeric
insulation such as LDPE, XLPE, Epoxy resin etc. are used for the
experimental purpose. For the condition assessment, the dielectric response
measurement methods are considered in this thesis work.

Nowadays, polymeric insulation and its nanocomposites have been a popular
choice as dry-type insulation for high voltage applications (such as dry-type
transformers, rotating machines, power cables, etc.). However, the dielectric
response current measurement (i.e. polarization and depolarization current) of
the polymeric insulation is quite challenging due to its low magnitude (in the
range of few pA). In the Chapter 2 of this thesis, an experimental setup has
been developed for the measurement of polarization and depolarization
current (PDC) suitable for the dry-type insulation. The developed
experimental setup offers several advantages, such as capable to record low
magnitude of current (in the range of pA), portability as well as low
development cost. In addition, the experimental unit can able to distinguish
different aged insulation samples as well as different ambient temperature
measurement. Therefore, this developed model is suitable for onsite PDC
measurement of the dry-type insulation.

During high voltage (HV) application, the polymeric insulations are
influenced through multiplicative effects such as ionization collision and
field emission etc. Result of that space charges are generated in the bulk of
the polymeric insulation and further these charges are trapped or de-trapped
during the charging and discharging phases. In addition, due to ageing of the
insulation the bahaviour of the charge trapping characteristics are changed.
So, the charge trapping and de-trapping characteristics are useful for the
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condition assessment of the dry-type insulation. In the Chapter 3, a
methodology has been developed to investigate charge trapping
characteristics by extracting the de-trapping current from the depolarization
current. Further, the trapping parameters (i.e. trap depth and trap density)
have also estimated from the detrapping current. For the experimental
analysis, epoxy alumina nanocomposite insulation has been taken and the
thermal ageing of the insulation has been performed. From the experimental
results, it has been observed that with progress of thermal ageing generates
deep traps. It can be justified as, with the thermal ageing due to material
expansion generates new trapping sites as well as the scission reaction in the
polymeric chain molecules creates new defects results in formation of new
trapping sites. On the other hand, incorporation of alumina nanoparticles into
the epoxy resin insulation creates new bonding with the base resin which
further influences in reduction of deep traps. Overall, the proposed
methodology is very straightforward for understanding the trapping
characteristics from the depolarization current analysis.

From the methodology discussed in Chapter 3, it is possible to extract the
charge de-trapping current from the depolarization current measurements.
However, obtaining detailed information about the charge de-trapping
characteristics requires longer measurement durations (more than an hour) of
charging under high voltage stress. Result of that, when the measurements
are taken over an extended period, there may be a chance of occurrence of
electrode polarization. Electrode polarization refers to the buildup of a charge
layer on the surface of an electrode when it is in contact with the insulating
material, which can alter the behavior of the insulation. This occurs as
charges migrate within the insulation and accumulate on the electrode
surface, leading to polarization. Consequently, the true relaxation behavior of
the dielectric material is obscured by this effect. A similar issue can arise
during frequency domain measurements, particularly at low frequencies (near
to 1 mHz). Therefore, to accurately understand the dielectric material's
relaxation behavior, the effect of electrode polarization must be eliminated.
In Chapter 4, a methodology has been developed to minimize the effect of
electrode polarization and reveals the actual relaxation behavior of the
insulation dielectric. In this work, electric modulus (i.e. inverse of the
complex permittivity) has been utilized with the help of Cole-Cole relaxation
model to reveal the relaxation process of the insulation material. For the
experimental investigation, epoxy-alumina nanocomposite insulation has
been used and its thermal ageing has been performed. Using the proposed
methodology two ageing sensitive parameters (i.e relaxation frequency (fp)
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and Cole-Cole model shape parameter (5)) have been identified and two
empirical relationships have been derived. From the experimental validation,
it has been identified that the proposed methodology is able to estimate the
ageing state of the epoxy nanocomposite with suitable accuracy.

The relaxation behavior of the polymeric insulation depends on its
macromolecular structure. The macromolecular structure further related to
the polymeric chain length as well as the concentration of the amorphous
region and crystalline region in the polymer matrix. In addition, ageing of the
insulation causes chain scissoring or stretching and create smaller polymeric
chains. Depending on the chain length as well as the macromolecular
structure, the relaxation behavior of the dipoles inside the polymeric
insulation are different. Hence, for proper condition assessment of the
polymeric insulation requires exact relaxation model which may reveals
different relaxation processes. In this context, there are different relaxation
models such as Debye model, Cole-Davidson model, and Havriliak-Negami
(H-N) model, those models can able to model dielectric relaxation current
based on multiple distinct relaxation times. Result of that, the modeling of
relaxation currents using those models may sometimes deviate from the
actual measured relaxation current, potentially obscuring crucial information
about the insulation characteristics. In Chapter 5, a methodology has been
developed to address this problem. The proposed methodology named
Relaxation Frequency Distribution (RFD) method is able to model the
dielectric relaxation current by considering closely related relaxation times
depending on the different relaxation process of the polymeric insulation. In
this methodology, the RFD spectrum can reveal the distribution of the
relaxation coefficient with respect to relaxation frequencies. For experimental
investigation, i) epoxy-alumina nanocomposite insulation has been used and
its electro-thermal ageing has been performed and ii) XLPE cable insulation
has been used and its moisture ageing has been done. From the distribution
of the RFD spectrum two ageing sensitive parameters such as relaxation peak
frequency (f,) and relaxation peak magnitude (Mp) has been identified and
based on these parameters two empirical relationships has been developed for
the estimation of the ageing state of the epoxy-alumina nanocomposite
insulation. Similarly, for the moisture content (m.c.) estimation of the XLPE
cable, five m.c. sensitive parameters (i.e. My, Mps, &, fp2 and fy3) are identified
and corresponding empirical relationships have been derived. Finally, from
the experimental validation, it has been observed that the proposed
methodology is able to estimate the ageing state of the epoxy nanocomposite
as well as m.c. of the XLPE insulation with suitable accuracy.
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From the overall analysis of the thesis it can be concluded that the proposed
methodologies may able to estimate insulation condition (i.e. trap
characteristics, ageing state of epoxy alumina nano composite, moisture
content of the XLPE cable insulation). The overall findings can be helpful for
the insulation diagnosis of the dry-type insulation for real life application in
high voltage system.

6.1 Scope of Future Works

Future research can explore various directions, some of which are highlighted
below.

In this thesis, a methodology has been established to estimate the de-trapping
current from the depolarization current measurement. From the de-trapping
current, the trapping parameters (i.e. trap density and trap depth) have been
estimated. In future, it can be tried to evaluate more precisely the contribution
of the hole charge carriers as well as electron charge carriers in the de-
trapping current. There may be a scope to evaluate different other parameters
such as the charge carrier mobility, trap cross section etc. from PDC analysis.

In this thesis, the proposed methodologies have been performed for a
particular ambient temperature condition. However, in case of real-life
application, the value of the ambient temperature is dependent on the
environmental condition and it may vary from day to day, season to season.
Result of that, it may provide dissimilarities in the insulation condition
estimation even if the insulation condition is not changed. Considering this
fact, there may be a future scope to improve those proposed methodologies
and make it independent of temperature.

Finally, it is worthwhile to mention that this thesis has presented various
empirical relationships derived through specific mathematical approaches for
a particular type of dry-type insulating material, which can be used for
different other materials with suitable modification in coefficients of the
empirical relationships.
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