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1 Introduction

The resiliency and reliability of the power system assets heavily rely on the condition and
durability of assets, particularly their insulation system. Insulation is a primary protection
as it isolates conductive parts of equipment, thereby preventing unintended outages.
Deterioration of the insulation system may cause a discontinuity of supply. As power
system networks evolve, driven by increased loads, the integration of distributed energy
generation, renewable energy sources, and dynamic operating conditions, the
deterioration of insulation has become a major concern for insulation system designers,
asset managers, and power system planners. The Insulation system of power system
assets must be able to cope with modern operating conditions.

Insulation deterioration or aging is a complex phenomenon caused by various
stresses, thermal, electrical, ambient, and mechanical (TEAM) stresses, and defects that
occur during manufacturing and installation. These stresses and defects accelerate the
aging rate and cause premature failure of assets. Partial discharge (PD) is one of the
prominent factors that contribute to insulation deterioration. PD is a localized breakdown
that occurs at the weak points in the insulation system; its long-term progression
contributes to insulation aging and breakdown. Consequently, understanding and
observing PD behavior is crucial for the efficient design of the insulation system, early
detection of faults, and forecasting the useful life of the insulation.

Historically, the aging of insulation has been examined by phenomenological, physical,
and thermodynamic models, encompassing thermal, electrical, and thermodynamic
aging laws using statistical life models, like the inverse power law and Arrhenius
equation. Several combined thermal and electrical models are also available in the
literature. Although these models offer significant insight, the applicability of these
models is tested on certain materials; also, these models do not incorporate the
parameters or quantities that describe the effect of PD on insulation, which is a critical
deteriorating phenomenon, and the fact that these models do not account for modern
grid-operating conditions.

PD measurement is an important topic that has significantly advanced in recent years.
Despite considerable progress in quantifying PD apparent charge (Qu), the conventional
methods are inapplicable to online measurements and for detailed investigations. On the
other hand, the interest in non-conventional technologies for detecting and quantifying
PD, such as the use of high-frequency current transformers (HFCT), ultrasonic sensors,
and ultra-high frequency (UHF) antennas, has grown as PD pulses and corresponding
features describe the physics behind the PD activity.

PD measurement relies on efficient sensor technologies and efficient data analytics
tools. Numerous sensor technologies are empirically evaluated for their implication,
accuracy, and performance. This brings us to the subsequent phase in the development
of novel tools. In recent years, hybrid techniques have emerged as potential solutions.
These techniques integrate data-driven tools and physics-based concepts behind PD
mechanisms to analyze PD data and PD behavior in various insulating materials. These
techniques offer high-resolution analysis of PD data using signal processing and machine
learning (ML) tools backed by the physics of the PD phenomenon, providing a more
precise and detailed understanding of insulation aging behavior. The prominent
indicators or quantities with aging models enable the tracking of aging mechanisms and
the lifetime prediction of insulation.



Differentiating between different types of PD is a complex challenge. Internal discharge
refers to the most common type of discharge that occurs in gaseous spaces, cavities, and
cracks in solid insulation. It develops carbonized channels within the insulation. These
channels grow with time and intensity of the electric field and spread over the insulation’s
thickness, leading to a fault or breakdown. Since cross-linked polyethylene (XLPE) has
poor resistance to PD, it is preferable to detect these defects at earlier stages before
failure. PD can also develop at the points where solid insulation meets air, such as cable
terminations. However, it causes surface contamination and is typically not as severely
harmful as internal. However, depending on their location and type of equipment, surface
discharge can also cause a fault. Therefore, the correct identification of PD source
enables utility and asset managers to implement targeted preventive measures, thereby
increasing the reliability and life of power system assets.

PD measurement is not as simple as PD data may contain noise and different types of
PD sources simultaneously, which may affect insulation differently. This makes result
interpretation difficult; in most cases, expert opinion is needed to find potential causes
or sources of PD within measured PD data. There is a potential need for tools that reliably
interpret the results with reduced or minimal supervision.

The PD phenomenon is highly dependent on the electrical field distribution within the
insulation system. Electric field profiles play a crucial role in the prediction of PD
behavior, as these profiles show the regions where PD activity is likely to initiate. COMSOL,
with its finite element method (FEM) capabilities, allows the design of physical electrode
configuration and insulation system, enabling computation of electrical field profiles at
insulation surfaces. These profiles are useful for estimating the partial discharge
inception voltage (PDIV), a key parameter in insulation design.

The lifetime study of solid insulation is a critical aspect that ensures the lifetime
reliability and performance of electrical assets. For this, surface erosion-based accelerated
aging methods are useful as a shorter time is needed to conduct tests from PD inception
until breakdown. These tests are useful for those assets where surface discharges are a
major risk for their insulation system. A well-defined framework includes partial discharge
testing, identifying stages of degradation, and the behavior of PD characteristics at each
stage. Microscopic investigation gives an edge to this investigation as it validates stages
of degradation, thereby highlighting the internal changes in insulation structure at distinct
stages of aging.

To address the above aspects, this thesis provides a multi-method approach designed
for aging and degradation studies based on PD measurement. It includes state-of-the-art
approaches for analyzing PD data that include denoising, pulse detection, feature
extraction, optimum feature selection, classification and clustering, and identification of
the type of PD source (in case different types of PD sources are present in acquired PD
data) using unsupervised methods that require reduced or minimal human intervention.
Further, it delves into the behavior of different types of defects within medium voltage
XLPE cables and validation of the aging stages of Nomex insulation. The framework also
incorporates a COMSOL-based simulation model, which is utilized for the determination
of PDIV of Nomex insulation film, facilitating the calculation of electrical field profiles that
are used for PDIV estimation. Additionally, this framework provides the methodology for
the aging and lifetime study of solid insulation under the influence of surface discharges.
This methodology contributes to the design of predictive maintenance strategies and
long-term reliability analysis of solid insulation. Collectively, this thesis offers a holistic
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methodology for the aging and degradation study of solid insulation used in medium and
high voltage equipment.

The aim is to establish a thorough framework for evaluating insulation integrity using
PD features, guided by physical principles and data-driven insights, to improve asset
durability under modern operating conditions.

1.1 Hypothesis

This thesis hypothesizes that data-driven and FEM modeling approaches can make a
significant contribution to the investigation of aging and degradation behavior of solid
insulation based on partial discharge measurement. This thesis aims to integrate these
approaches with ML tools, and the physical concept of the PD phenomenon can enhance
the investigation of PD in electrical assets and play a crucial role in the aging and
degradation study of solid insulation. This leads to improved diagnostics and predictive
capabilities. The thesis encompasses the following key hypotheses:

e An integrated approach consisting of signal processing, principal component
analysis (PCA), hierarchical clustering, and fuzzy logic-based techniques is useful
for efficient PD pulse detection, investigating the PD behavior in power cables,
and determining the aging or degradation trends in solid insulation.

e The FEM model, combined with the surface discharge model, is useful for the
determination of electric field profiles and estimation of partial discharge
inception voltage of solid insulation.

e Surface erosion-based accelerated aging tests are effective in evaluating the
lifetime performance of solid insulation over a short duration under the
influence of surface discharges.

1.2 Contribution and Dissemination

During the doctoral study period, the author contributed 11 publications as a main and
co-author. The research findings and results have been disseminated through participation
in international conferences, doctoral schools, and peer-reviewed journals. This thesis is
based on 8 research articles, including 4 journal articles and 4 conference articles.

1.2.1 Scientific Novelties

e Development of an integrated approach for denoising partial discharge pulse
detection, feature extraction, optimum feature selection, classification, and
identification of PD data.

e Development of a systematic measurement methodology for investigating
partial discharge behavior in solid insulation.

e Implementation of the three-leg approach for estimation of PDIV in Nomex film.

e Determination of the four-stage aging behavior in Nomex film using surface
erosion-based accelerated aging test.

1.2.2 Practical Novelties
e Implementation of an integrated tool for comprehensive analysis of partial
discharge behavior in medium voltage XLPE cable samples with typical defects
and for validation of different aging stages of Nomex film.
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e Development of an FEM model for the implementation of the three-leg
approach.

e Comparison of various electrode geometries to optimize surface erosion-based
accelerated aging test.

e  Mapping of aging stages of Nomex film with PRPD patterns, PD characteristics,
and microscopic assessment.

1.3 Thesis Outline

The thesis comprises five chapters, each focusing on essential elements of PD-based
investigation of solid insulation.

Chapter 2 describes the factors that contribute to aging and degradation of solid
insulation and a holistic comparison of aging models developed in the past few decades.
This chapter also discusses major aspects of the partial discharge phenomenon,
measurement procedure, and its importance.

Chapter 3 focuses on the design of an efficient approach for PD data analysis, from PD
data collection to source identification, which includes wavelet denoising and the local
maxima method for denoising, detection, and extraction of PD pulse and features from
PD data. Additionally, it describes the application of principal component analysis (PCA)
for optimum feature selection and ML tools such as hierarchical clustering for clustering
and classification of PD data. Finally, the fuzzy logic algorithm has been implemented for
the identification of type PD source. The designed approach has been implemented on
various data sets obtained during PD measurement on various insulation defects in MV
XLPE cable insulation and the lifetime data of Nomex insulation.

Chapter 4 emphasizes the implementation of a three-leg approach used for PDIV
estimation of Nomex insulation film. It explains how the COMSOL-based FEM model and
surface discharge model are used to determine the PDIV of Nomex film. This chapter
also discusses the behavior of electric field profiles at different configurations of
electrodes and voltages. It also describes the experimental methodology adopted for
validation of the three-leg approach since theoretical PDIV is validated with measured
PDIV obtained through PD experiments on Nomex insulation.

Chapter 5 focuses on surface erosion-based accelerated aging of Nomex insulation.
It describes the methodology for the PD-based lifetime study of solid insulation.
It implements the concept of four-stage degradation, which describes how insulation
undergoes various stages of aging or degradation from PD inception until breakdown.
This four-stage degradation is observed through PRPD (phase-resolved partial discharge)
patterns, PD characteristics, and microscopic investigations.

Lastly, Chapter 6 presents a summary of research findings and implications of research
and outlines potential future research directions.
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Abbreviations

AC Alternating current

DSO Digital storage oscilloscope

DWT Discrete wavelet transform

FEM Finite element modeling

FIS Fuzzy inference system

FFT Fast Fourier transform

GIS Gas-insulated switchgear

HFCT High-frequency current transformer
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HVDC High-voltage direct current

IPL Inverse power law
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ML Machine learning

MV Medium voltage

PCs Principal components

PCA Principal component analysis

PD Partial discharge

PDIV Partial discharge inception voltage
PEC Power electronic converters

PRPD Phase-resolved partial discharge
SISO Single input and single output
TEAM Thermal, electrical, ambient, and mechanical
UHF Ultra-high frequency

XLPE Cross-linked polyethylene
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Field or stress exponent

Number of samples

Number of detected odd peaks

Number of breakable bonds

Number of discrete Fourier transform points
Voltage endurance exponent

Total number of features

Pressure (101.325 kPa)

Energy spectral density

Pulse width (number of samples)

End position of a pulse

Sample location of pulse

Location (index or time position) of the i detected peak
Magnitude of detected PD peaks

Start position of a pulse

Initial charge or energy input (pC)
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R Rate of reaction

r Universal gas constant (8.314 J/mol K)

Sk Skewness

T Absolute temperature or thermal stress (K)
T Temperature (K)

t Time or aging time

to Insulation life or reference lifetime when E = E:
tac Time of one AC cycle (ms)

Ts Characteristic breakdown temperature (K)
t Fall time (ns)

t Time to failure

tint Interval between two samples

tioc Time of occurrence of PD pulse (s)

t, Reference time (s)

tr Rise time (ns)

Tio The highest threshold temperature corresponds to Eo (s)
two Pulse width (ns)

Us(E) Energy for breaking bonds (J/mol)

Um Measured PDIV (kV)

U'th Theoretical PDIV (kV)

UH(E) Energy for forming bonds (J/mol)

Vim Peak pulse amplitude (mV)

Vs Applied voltage (kV)

X(k) Discrete FFT at index k

Xi Feature vector for the it observation

Xj Feature vector for J® observation

a Weibull scale parameter

B Weibull shape parameter

y Temperature exponent

AGk ac Gibbs free energy change under AC condition (J/mol)
AH Activation enthalpy (J/mol)

AS Entropy of reaction(J/mol/K)

n Number of broken bonds

Ne Critical number of broken bonds remaining
u Mean

o? Variance

&2 Relative permittivity of XLPE (F/m)
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2 Insulation Aging Mechanism, Review of Aging Models, and
Various Aspects of Partial Discharge Phenomenon

This chapter discusses insulation aging mechanisms, a brief review of different aging
models proposed in the past few decades and highlights the role of PD measurement in
insulation aging and lifetime studies.

2.1 Insulation Aging Mechanism

The operational lifespan of power system assets is contingent on the reliability of their
insulation system. Insulation aging or deterioration is a prominent cause of failure,
particularly in medium and high-voltage assets. According to general failure statistics of
power system assets, 40-60% of the faults in the power system assets are caused by
insulation failure. Figure 1 shows the failure statistics of different power system assets
and the contribution of insulation-related faults in the failure of power system assets
[1-4]. These unforeseen failures result in considerable economic and operational risks on
both the utility and customer side. Therefore, a greater insight into the insulation aging
mechanism and its progression can enable the prediction of faults in critical network assets,
thereby reducing the disruption in industrial, economic, and commercial processes.

110 T T T T

Tank and others Others Other
% 8% 10%

Treeing
=
Mech. damage
10%

Insulation failure
Rotor
Insulation failure 13%
41%

Workmanship
15%

Failure Contribution (%)

Insulation failure -
66% Eaiingltoperiony Insulation failure
st 60%

Core
8%

Winding
14%

HV transformer HV machine GIS Power cable

Figure 1. General statistics of insulation-related failure in power system assets and causes.

The aging mechanism in insulation is categorized into distinct processes, i.e., intrinsic
and extrinsic. Intrinsic aging is a natural process that causes irreversible changes in the
dielectric properties of insulation. It is an intuitive process that results in physiochemical
changes in insulation, impacting a significant portion of the insulation. The chemical
kinetic process causes the breaking of chemical bonds. These bonds are continually
disrupted and reorganized by the electric field that generates moieties. These moieties
accumulate over time and change the microscopic and eventually macroscopic properties
of insulation, resulting in the fast deterioration of insulation. Intrinsic aging causes
gradual deterioration over a long time. Extrinsic aging occurs due to cavities, protrusions,
defects, and voids arising from inadequate production, transportation, installation, and
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operation [5-7]. Under field operating conditions, electrical stress is not only the primary
factor that causes degradation. Instead, it is influenced by the combination of stresses.
These stresses are the result of increasing temperature, tensile compression or bending,
moisture, or voids present in the insulation. The intensity of these stresses triggers
irreversible phenomena, including oxidation, space charge, partial discharges, and
electrical treeing. Consequently, these aging mechanisms lead to a deterioration of
material characteristics, resulting in a localized reduction of dielectric strength that
progressively extends throughout the insulation between conductive components. This
results in an electrical breakdown of the insulation, leading to component failure [8-10].
Figure 2 illustrates the progression of insulation degradation from aging causes to
consequences.

[ Voids, Bending, tensile Moisture,
Temperature : : :
: | < contaminants, | compression, chemical
Aging causes - and joule . 3 S
. protusmns and torsion and radiation and
heating ot
defects vibration gases

e
B = —

y N
/ \
\

Result - Reduced dielectric strength & Increased local strength |

\
) D y
& S — _—

Figure 2. Insulation degradation and aging from causes to consequences [Paper |].

Underground cables are an essential part of the power system, and solid insulation is
a major part of their design. Figure 3 illustrates common defects found in the cables.
Mostly, the defects are in the primary insulation layer, which separates the conductor
from the shielding or surrounding environment or shielding layer. These defects reduce
the dielectric strength of insulation, causing PD or failure eventually. Water treeing is
also a major risk in power cables, especially in moist environments, where the water
infiltration creates favorable conditions for the initiation and growth of water trees.
These trees are microstructures within cross-linked polyethylene (XLPE) insulation, which
reduces dielectric strength and may consequently accelerate aging. Water trees can
evolve into electrical trees under prolonged electrical stress, particularly in the presence
of cavities and voids in the insulation. These trees develop due to continuous PD activity,
leading to the progressive local degradation of insulation. Both water trees and electrical
trees typically propagate in the direction of the local electric field, as electric field
strength influences the growth and path of these microstructures [11-13].
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Bow-tie
shaped tree

Protrusions

shaped tree

Figure 3. Typical defects found in power cables [13].

2.2 Aging Models

Over the years, aging models have made significant progress from the Montsinger
thermal aging model, the Dakin physical model [6], to the Simoni multistress life models
[14-16] and Dissado space charge model [17]. These models are utilized for the lifetime
prediction of insulation under single and multistress conditions. Usually, multiple
stresses are not cumulative; they are coactive and may exert direct, indirect, or
sequential impact on insulation [18]. While accelerated aging tests effectively assess
insulation state, life prediction at a specific service point necessitates statistical methods
and life models. The subsequent part examines aging models based on thermal and
electrical stresses. Considering the impact of different stresses on insulation, both
single-stress and multistress models are examined [19]. Multistress models are further
categorized as phenomenological, physical, and thermodynamic models, as shown in
Figure 4.

Insulation aging

models

\ |

Single-stress Multi-stress

Electrical Thermal Phenomenological Physical Thermodynamic

Figure 4. Classification of insulation aging models [Paper I]

2.2.1 Single Stress Models

Aging models in which a single stress, i.e., thermal or electrical stress, is considered as a
major factor that contributes to aging. These models describe the lifetime of insulation
or the time of failure under a single stress.
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2.2.1.1 Electrical Aging Models

Electrical aging occurs due to the presence of free electrons and other charge carriers.
At low concentrations, free electrons regularly collide with the lattice of dielectric
materials, ionizing molecules of insulating substances by energy transfer. At increasing
electrical stress, this collision releases additional free electrons, which collectively generate
an avalanche effect that causes current flow within the insulation [20]. The additional
current produces heating in the insulating materials, hence accelerating aging. The inverse
power law (IPL) defines the relationship between electrical stress and the lifetime of
insulation using (1)

tr=aE" (a>0) (1)

Where: t:— lifetime of insulation or time to failure.
E — applied electrical stress;
a — pre-exponential constant (scaling factor);
b — voltage endurance coefficient.

The parameter b is defined as the slope of the life graph correlating applied electrical
stress with lifespan. Life prediction by IPL is based on the experimental results of
accelerated aging tests, as it correlates electrical stress with time to failure [21]. It is
described that insulation lifetime data can be accurately characterized by a two-parameter
Weibull distribution [22]. The cumulative distribution function for the Weibull distribution
is (2),

t _ﬁ
Fep) =1—e () 2)

Where: F(tf) — failure probability at specified stress or time;
o — scale parameter (a > 0);
S —shape parameter (f > 0).

Parameter o denotes the voltage or time at which F(tf) reaches 63.2%, whereas f8
represents the dispersion of data, such as variance in a normal distribution. Experimental
observations showed that at lower levels of electrical stress, the insulation life graph
approaches the electrical threshold E:. The exponential model accurately characterizes
this behavior (3)

tp =t e PEED (3)

Where: to—insulation life or reference lifetime when E = E;;
E:— electrical threshold stress.

The model determines the voltage endurance of the insulation using a threshold value
[23]. It is found that the lifetime curve tends to be flat below a certain threshold value
called the threshold effect. Based on this observation, the inverse power model can be
modified as (4). Model (5) incorporates both IPL and exponential models with threshold

[14], [24].
E —-b
=1t (E) (4)

ke
E_Et

~/

ty = to (o) 20 5)

Where: ke — scaling constant.
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2.2.1.2 Thermal Aging Models

Thermal stress is one of the major causes that contribute to the aging of insulation. It induces
irreversible reactions that result in increased dissipation factor or conductance. Dakin et al.
[6] identified three phenomena that contribute to the thermal aging of insulation:

e Change in the dissipation factor and conductance as a result of oxidation.

e  Brittleness of insulation due to the reduction in plasticizer effect.

e Depolarization of insulation at high temperatures.

Montsinger described that aging is directly proportional to temperature and lifetime.
According to Montsinger, a temperature increase of 8...10 °C reduces the asset life by
half. Arrhenius described the relationship between temperature and chemical reactions
that occur due to thermal stress. It is defined as the rate of a chemical reaction that is
directly proportional to temperature (6) [25-26].

R=k et (6)
Where: R - rate of reaction;
k:— reaction rate constant;
T — absolute temperature;
Eq — activation energy;
r— Universal gas constant (8.314 J/mol K).

The Eq can be found from the slope of the line representing the relationship between
the rate of reaction and the inverse of temperature. A revised form of (6) is proposed as
(7) since (6) describes kinematics (reaction rates) exclusively in gaseous states. However,
(7) can describe heterogeneous reactions, i.e., two more states of matter (liquids, gases,
and solids) contribute as reactants, described as,

KT (E_A_H)

= —— e\r 1T

(7)

Where: Kgs—Boltzmann constant (1.38 x 10723 J/k);
h—Planck’s constant (6.62 x 107* Js);
AH — activation enthalpy;
AS — entropy of reaction.
Insulation life under thermal stress can be defined as (8)

Eq
Ly = ke 7T (8)

The linearity of the thermal life graph relies on the consistency of the reaction rate
across all temperature ranges and on the condition that the material experiences only
thermal stress. Various lifetime tests conducted under combined electrical and thermal
stress show that the thermal life graph lines exhibited curved patterns under high electrical
stress [27—-28]. This curved behavior describes the concept of thermal threshold. Eyring
modified the thermal life model by adding the concept of threshold using an exponential
function (9)

K. T
Ly = KlTVe(KZJ'Tf?s)_TB) (9)

Where: f(s)— stress-dependent function (electrical or mechanical);
K1, K2, K3—empirical constants related to activation processes;
Y — temperature exponent;
Ts — characteristic breakdown temperature;
ke — scaling factor.
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2.2.2 Multistress Models

During operation, electrical assets undergo multiple stresses simultaneously.
Understanding aging behavior under the impact of multiple stresses gives a
comprehensive understanding of the aging behavior of insulation. For example,
if thermal stress is a primary cause of aging, its interaction with electrical stress results
in a temperature rise and may cause a tracking phenomenon. On the other hand,
if electrical stress is the primary cause, then thermal stress may change the inception
voltage or intensity of partial discharges. Therefore, multistress models are highly
effective as they consider the synergetic effect of stresses in the lifetime study of
insulation [24], [27]. The generalized multistress model can be represented using (10)

Ly Lil; Ly

Ly LoLy Lo
Where: Lm— life under multistress conditions;
Lo — life under normal conditions or reference life;
L1, Lz, .. Ln—Life under individual stresses S1, Sz, ... Sn;
C — Correlation factor.

C(5,5,, ...Sy) (10)

2.2.2.1 Phenomenological Models
Phenomenological models are based on the aging phenomenon. These are empirical
models based on parameters without necessarily modeling the physical details of the
material. However, their parameters rely on theories or principles of the aging
phenomenon. These models are designed using lifetime data obtained by accelerated
aging tests on insulating materials. The following are the major characteristics of
phenomenological models [29].
e lllustrate the relationship between applied stresses and insulation life based on
the experimental investigation.
e Insulating materials can be characterized based on experimental evidence
rather than physical properties.
e Using extrapolation or regression methods, the life of insulation can be
predicted at any stage.

2.2.2.2 Physical Models
Physical models are based on parameters described by physical and chemical
mechanisms that cause deterioration of insulation over time. Unlike phenomenological
models, which rely on empirical data for lifetime prediction, the parameters in physical
models have physical meaning, representing material properties and aging mechanisms
[29]. Major advantages of these models include:
e These models help to understand the dominant aging mechanism, e.g.,
oxidation, PD erosion, or electrochemical breakdown.
e They are useful considering the design and selection of insulation based on
physical parameters (since parameters are linked to material properties).
e These models can be generalized based on physical mechanisms (e.g., voltage
levels, materials, or temperatures).

2.2.2.3 Thermodynamic Models

These models describe aging as a result of thermodynamic reactions, i.e., energy
transformations, chemical and physical changes. These changes occur due to heat,
temperature, pressure, and electric field. High activation energy causes bond breaking,
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polymer chain scission, and other chemical processes that deteriorate insulation [30].
Major advantages of these models include:

These models are useful in understanding insulation aging behavior at the
molecular level.

Also, these models play a vital role in insulation system design, as model
parameters relate to the physical and chemical properties of insulating material.

A detailed review of aging models is performed in [10]. Table | gives a brief overview
of various multistress models proposed over the years. The following are some
observations that limit the general viability of the proposed models.

Most models are material-oriented, as their validity is assessed based on
specific materials. Table | indicates that most of the models are evaluated on
XLPE and ethylene-propylene rubber (EPR) cables. However, insulation
properties and aging behavior vary with material type and operating conditions.
For example, the lifespan of cables with identical insulation varies across
different networks. Insulation aging behavior depends upon the environment
and operational conditions. As operational conditions change, the degradation
rate is altered, thereby affecting the time to failure. This limits the general
viability of models.

Experimental studies [16] demonstrate significant variability in the life graphs
of different insulating materials subjected to single or combined stresses.
The uncertainty in the results does not show a visible trend that insulation
follows during aging. Also, it is difficult to accurately integrate data into a single
model.

Insulation life model equations incorporate multiple parameters, as shown in
Table I. Their parameters are determined using several statistical techniques,
including maximum likelihood and linear regression methods. Parameters in
the models are like variables in an equation. Therefore, managing the number
of variables in the experimental investigation of combined thermal and electrical
stress is a complex task.

Considering modern grid operating conditions, such as power electronics
converters (PEC), being integrated into the modern grid, reveals that existing
models do not account for their impact. A model proposed in [31] examines
the influence of PEC and articulates the overall aging or degradation rate as the
summation of electrical stress (peak-to-peak voltage values) at a nominal
frequency (50 Hz) and the impulse frequency. However, there is no constructive
relation between stresses, specifically voltage and impulse frequency. Also,
the model does not account for the impact of thermal stress since the model
parameters only incorporate the influences of electrical stress and frequency.
Considering PD as a deteriorating phenomenon, a model was proposed in [32]
that predicts insulation life based on electrical tree length. Since the initiation
of an electrical tree represents severe deterioration, it is essential to assess the
lifetime of insulation before the occurrence of trees.
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Table I. Summary of major multistress (thermal and electrical) stress aging models [Paper 1].

Model Equation Type Parameters = Ref.
L1 e(~heE'-BT+bE'T) Phenomenological = 6 (t;, Es, Er, = [16]
m 0 (ﬂ.,_i_ (bTt, E'T) 1)5 W p, B, he)
E’to Tta (heE’to Tto )
_ Un\" (fi Phenomenological 1 (ne) [31]
sz.Uz - Lf1vU1 U_Z E
s In (M) Thermodynamic 6(Ds,C’,b, [32]
L. = h eq,AC(E)—A* A*, AGK,ac,
'‘AC —
2KsT oh (AGK.AZC%C’E‘”’) Aeg,ac

1 .
t—fn Kp T{ UT(E))(ND »_ ZI;(TE))(W)}] dn Thermodynamic 5(t, ne, N,  [33]

Ur(E),
Us(E))
t, = 1 Physical 4 (by, by, b3, [34]
b = fb,[eb2(E-Ecnac) — 1] ebsEb) + p, ba)
B .
[ <tks(E Er) ) Physical 6§<k5’dE;)’;L [35]
F(t, Qi:E) = 1—¢ ln[(—)+1]d 2,0,

2.3 Role of Partial Discharge Measurement

Partial discharge measurement is widely used for fault detection, determination of
insulation integrity, and diagnostics of medium and high-voltage assets. According to
IEC 60270, it is a localized breakdown that partially bridges the insulation between
conductors [36]. PD can occur near the sharp edges, called corona discharge, or at the
insulation surface, called surface discharge, or within cavities embedded in the insulation,
called internal PD. It occurs in regions of high electrical stress and reduced dielectric
strength, such as voids or cavities, contaminations on insulation surfaces, or insulation
defects [37].

The electric field distribution within insulation that contains embedded cavities can
be used to describe the PD phenomenon. Consider a cavity within a solid insulation as
shown in Figure 5, where &1 represents the relative dielectric permittivity of the material
and &2 represents dielectric permittivity of the cavity. The permittivity of both media
affects the electric field along the polar axis of the cavity. It is assumed that &: = 2.3 for
solid insulation (XLPE), while &2 = 1 for gaseous void, because of the cavity being filled
with gas. In this scenario, the electric field strength ratio within the insulation E; and the
cavity Ez is determined using (11)

Ey e
—_—=— (12)
E, &
The value of Ez in the cavity will be (12)
€
E,=E =2 (12)
Er2
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Figure 5. Behavior of the electric field in a gas-filled cavity and the bulk of insulation [38].

This shows that the enhancement of Ez within the cavity is due to characteristics of
the adjacent insulation. If Ez is sufficiently high, a discharge will occur within the cavity.
The magnitude of Ez that causes discharges is affected by the geometry, size, and location
of the cavity. Initiation of PD needs a high electric field and the presence of a free electron
to initiate the electron avalanche. This avalanche results in the breakdown of the gas
within the cavity. Initially, this electron is unavailable; however, when the electric field
increases above the PD inception field, it creates favorable conditions for ionization of
gas molecules within the cavity. However, the ionization may not occur instantaneously
[37].

The primary concern about PD activity is the deleterious impact that PDs may have on
insulation over an extended period. PD causes degradation of insulation, as persistent
PD activity often generates conditions that are conducive to the occurrence of additional
PD events. Solid and liquid insulation systems may undergo deterioration because of
continuous PD activity. Polymers commonly used in power cables are more susceptible
to PD. However, materials such as mica used in rotating machine insulation can
withstand mild to moderate PD without experiencing permanent damage. The impact of
free electron bombardment on the insulation surface exposed to the discharges is
associated with the degradation mechanism of insulation affected by PD. The material
can be degraded because of chemical and physical changes and breaking of C-C and C-H
covalent bonds by high-energy electrons [39-40].

2.4 Types of Partial Discharge

There are three major types of PD found in the electrical assets, namely corona, surface,
and internal discharge, as shown in Figure 6 (a, b, c). Electrical treeing behavior is also
considered a separate class of discharge. These trees are the result of long-term internal
PD activity. There are various subclasses of discharge depending on the equipment,
location, and nature of the defect [37].

2.4.1 Corona Discharges

These discharges occur at the interfaces of a conductor and surrounding gaseous
insulation. Corona is observed at places where a non-uniform electric field is present,
such as pointed edges and cable terminations. Typically, the corona has a minimal impact
on insulation since the material is not directly exposed to energized particles associated
with discharges. It might indirectly affect insulation through the corrosive influence of
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emitted gases (e.g., O3 and NOy) and ultraviolet light; however, in practical terms, the
significance of these impacts is minimal, except in certain specific situations. PD in the
gaseous medium can demonstrate different behavior depending on the gas type, pressure,
electrical polarity, and electric field characteristics, among other factors [39-40].
Considering the PRPD pattern, corona discharge pulses are likely to appear in the negative
half cycle of the applied voltage, as shown in Figure 7 (b). However, at high voltage levels,
these pulses can appear in the positive half cycle of the applied voltage.

2.4.2 Surface Discharge

Surface discharge takes place at the boundary between a solid or liquid insulation and
air or insulating gas or along the insulation surfaces. Surface discharge is particularly
prevalent in components that exhibit abrupt changes in insulation system geometry,
such as cable terminations and transformer bushings. A sufficiently strong tangential
component of an electric field across the insulation's surface induces surface discharge.
This may happen when conductive materials or particles are present on the insulating
surface, or when the component has incurred damage in regions subjected to elevated
electric field stress. The interaction of impurities and moisture on the insulating surface
can potentially initiate discharges. Surface discharges become problematic over an
extended duration of continuous operation due to the degradation of the insulating
material’s surface. Few materials have greater susceptibility to tracking, specifically the
development of conductive pathways on the dielectric surface. Tracking leads to the
continuous deterioration of the insulation [41-42]. Considering the PRPD pattern, surface
discharge activity is asymmetrical between positive and negative half cycles of the applied
voltage, as shown in Figure 7 (c).

2.4.3 Internal Discharges

These discharges take place in cavities or voids. Their behavior is influenced by the
external electric field and the space charges that have accumulated on the void
boundaries due to previous PD activity. Continuous PD activity increases the conductivity
of the walls of the PD-inducing defect, which changes the chemical and physical
properties of the insulation. [42]. In comparison to the minimum voltage required to
initiate a discharge, the extent of overvoltage across the cavity influences the shape of
the PD pulse. A Townsend-like discharge is induced by a small overvoltage, which is
characterized by low amplitude and a wide pulse. Conversely, a streamer-like discharge
is produced by a high overvoltage, which is characterized by a high amplitude and a
narrow pulse. The discharge activity is influenced by crystals of hydrated oxalic acid
([COOH]2:2H20) at higher stages of PD-related deterioration. These crystals form within
the cavity, alongside other organic molecules that contain carboxyl groups. Because PD
accumulates at the tips of these crystals, the pulse form is characterized by low amplitude
and intermediate width [42—43]. Considering the PRPD pattern, internal discharge activity
is symmetrical between the positive and negative half cycles of the applied voltage, as
shown in Figure 7(d).
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Figure 6. Three major PD types found in electrical assets are a) Corona, b) Internal, and c) Surface.
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Figure 7. PRPD patterns of major types of PD sources found in power cables: a) Sine wave, b) Corona,
c) Surface, d) Internal PD [Paper Ill].

2.5 Measurement of Partial Discharges

The PD phenomenon can be modelled using two models, i.e., the capacitive model
(abc model) or the dipole model. The simple approach to describe the PD phenomenon
is abc model, introduced by Whitehead and Kruger in 1950. Figure 8 shows the schematic
of the abc model. It is extensively used to link the measured external charge from the
measurement system, also called the apparent charge, and the charge available at the
cavity site. The capacitance Cu represents the capacitance of the void or cavity, C»
represents the capacitance of insulation in series with the void, and C: represents the
capacitance of the PD-free bulk of insulation. When the voltage across a and bis raised,
it is divided into two paths: a series path. Cy, = C,C,/C, + C, and parallel path C.
As the voltage reaches the critical value, V,, the voltage may exceed the breakdown
voltage of the gas within the void; at that time, a discharge may occur within the cavity
or void through the capacitor C,, generating a sharp current or voltage pulse. As it does
not cause a full breakdown, it is called partial discharge.
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Figure 8. abc model for PD phenomenon.

The PD measurement can be conducted using a variety of methodologies and
instruments. The detection and quantification of discharge current and voltage pulses is
an essential component of the PD measurement. PD pulse amplitude is measured in
millivolt or milliampere, while the apparent charge is measured in picocoulomb (pC) or
nanocoulomb (nC) range. IEC 60270 defines the standard procedure for PD measurement
[36]. However, this procedure has a few limitations, as it is suitable for offline PD
measurements. It requires proper calibration and galvanic connection of the measuring
circuit and HV terminals of the test specimen, the need for calibration of the circuit by
injecting a charge of known magnitude using a PD calibrator, and the fact that IEC 60270-
compliant instruments are expensive.

HvV
supply

4 ,

cC

MI

PD source [ .
Uit T

Figure 9. Primary circuit configuration for PD measurement, IEC 60270-based setup with an
additional HFCT sensor connected to the ground of the test specimen. HFCT-High frequency current
transformer, CC — Coupling capacitor, Z,, — Measuring impedance, Ml — Measuring instrument.

PD signals can be measured by connecting capacitive or inductive sensors, or both can
be used simultaneously to capture discharges [44—45]. Some detectors can be integrated
during the installation of cable accessories such as joints [46—48]. Figure 9 depicts the PD
measurement setup, using CC and the HFCT sensors. In addition to the above sensors,
the optical and acoustic sensors can also be used for the PD detection [49].
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One key distinction between the IEC 60270 measurement technique and
non-conventional methods is the quantification of PD. Accurate apparent charge
magnitude is a core objective of measurement systems based on IEC 60270. Considering
HFCT as one of the non-conventional methods, it is well-suited for several reasons.

e ltenablesthe processing of data using various digital signal processing techniques.
PD data collected through HFCT sensors can be analyzed using both frequency
and time domains.

e  PD signals are more distinguishable from low-frequency noise and interference
as HFCT operates in a high-frequency range (typically > 100 kHz).

e ltrequires no calibration, as conventional PD measurement systems do.

e |t enables online PD measurement without shutting down the system.

e |t is cost-effective and scalable, i.e., various HFCT sensors can be implemented
at separate locations to measure and locate PD.

However, the charge associated with the discharge procedure is complex to measure.
The PD pulse shape can be accurately reproduced by sensors with a wide bandwidth. This
pulse can be numerically integrated to determine the apparent charge (Q.) proportional
to the transferred charge. However, a proportionality coefficient is required that accurately
converts the sensor response into Qq, as measured in pC [50].
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3 An Integrated Approach for PD Data Analysis, Denoising,
Pulse Detection, Multiple Feature Extraction, Classification,
Clustering, and Identification of the Type of PD

Phase-resolved partial discharge (PRPD) patterns and IEC 60270 features have been used
to describe the unique behavior of PD activity under alternating current supply over the
past two decades [51-55]. Energy shift, characterized by the proliferation of renewable
energy sources, electrified transportation, and high voltage direct current (HVDC)
systems, has altered the methodologies for PD monitoring and analysis [52—-56]. This
transition led to the adoption of high-frequency sensors, including HFCT for cables and
gas-insulated substations (GIS), UHF sensors for transformers and GIS, and acoustic and
optical sensors for PD measurement [49]. Among these sensors, HFCT is widely used for
the detection of high-frequency pulses generated during PD activity in cables,
terminations, and converter stations. PD pulse contains useful information that can
describe the physics of PD activity in the insulation [57]. Extraction and analysis of PD
pulse features can enable engineers to identify and locate insulation-related faults in
power system assets at an early stage. From a research and design perspective, these
pulse features are important for analyzing the behavior of various defects and lifetime
assessment [58-61].

PD measurement through the HFCT sensor is usually accompanied by external noise
and a large volume of data, and it may account for different types of PD (internal, surface,
corona) within one PD data set [62, 63]. To address the noise issue and transform acquired
data into useful information, there is an efficient need for sophisticated tools that can
denoise PD data, detect actual PD pulses, extract and optimize major PD features,
classify, and identify if multiple sources are present in the data set. Literature shows that
the data-driven tools for analyzing PD data are scarce, primarily due to challenges in
achieving universal applicability across various power system assets. These tools consider
pulse height and phase distribution features to be key criteria for separation of types of
PD sources [64—65]. Moreover, the existing methods are designed for specific assets, e.g.,
rotating machines. In contrast, the proposed method provides an integrated approach
that denoises data, detects the first occurring PD pulse while removing oscillation
introduced by the measuring circuit. In the subsequent stage, it extracts multi-dimensional
features from each pulse to increase the likelihood of accurately distinguishing between
types of PD sources existing in the acquired PD data.
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Figure 10. Data-driven approach for denoising, pulse detection, multiple feature extraction,
classification, clustering, and identification of PD data.
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In the next stage, the developed approach utilizes PCA and Hierarchical clustering for
the selection of optimum features and clusters from the acquired PD data. In the final
stage, it utilizes a fuzzy logic approach for the identification of clusters based on the
Weibull shape parameter (f) criteria. The developed tool is implemented on various data
sets obtained from artificially created defects in two MV XLPE cable samples and by
performing surface-erosion-based accelerated aging of Nomex film. Figure 10 depicts a
step-by-step process adopted for the implementation of this approach.

3.1 PD Data Acquisition

Data-driven tools operate on data collected through detailed experiments. In this thesis,
the data is collected through two methods.
e By modeling two physical defects (internal and surface) in MV XLPE cable samples.
e By performing a surface erosion-based lifetime accelerated aging test on Nomex
insulation film.

Figure 11 shows the schematic of the PD experiment setup for both methods. Usually,
the PD experiment setup includes a high voltage source, a CC or HFCT sensor, measuring
impedance (Zn), a test object, a commercial PD measurement instrument for measurement
through a CC, and a digital storage oscilloscope (DSO) for measuring PD pulses from
HFCT. The details of the laboratory-based experiment setup and modeled defects will be
described in the case study section.
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NOMEX film
i Ground electrode
—@

av
Variable O — 0

AC Surface discharge

)\
supply T | Zan O — 0

Internal discharge

— ‘

HFCT

HV Transformer
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Figure 11. Schematic of the experiment setup designed in the laboratory for PD measurement.

3.2 Denoising, Pulse Detection, and Feature Extraction

This section discusses the operation of an algorithm designed for noise removal, PD pulse
detection, and feature extraction.

3.2.1 Denoising and Pulse Detection

Partial discharge signals are accompanied by several types of noise, including
electromagnetic interference from communication equipment and noise from the
environment. Elimination of noise is crucial for effective PD data analysis and feature
extraction. Literature indicates that wavelet denoising is an effective technique for
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denoising PD data, as wavelets provide multiresolution analysis in both frequency and
temporal domains, unlike the standard Fourier transform, which allows analysis of
signals only in the frequency domain [62]. To address the noise, a discrete wavelet
transform (DWT) combined with an adaptive thresholding technique is implemented.
The overall methodology of wavelet denoising, peak detection, and feature extraction is
described in [66]. Figure 12 shows the flow chart of wavelet denoising and the local maxima
algorithm.

< Input PD data ) l

Location based indexing of peaks

1 1

Wavelet based denoising of PD data

Extraction of first occuring peak and

location
Setting of horizontal and vertical 5 l " n "
thresholds PD pulse extraction using windowing
method
! I

Detection of local maxima

(Positive and negative peaks) Extraction of pulse features

I

Extraction of peak amplitude location < End >
L

Figure 12. Flow chart of wavelet denoising and local maxima algorithm [Paper Ill].

The DWT-based denoising procedure consists of three steps:

e Selection of the mother wavelet: Selection of the mother wavelet depends on
the input signal’s shape characteristics. PD pulse resembles Daubechies db2 and
db8 wavelets [67]. Therefore, these two mother wavelets are compared.

e <Number of decomposition levels: This parameter depends on the signal length
and sampling frequency. For this, the cross-correlation coefficient (Cc) and SNR
indices are calculated. Figure 13 shows that db8 with decomposition level 9 has
the optimum value of Ccand SNR value [66].
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Figure 13. Indices for selection of optimal decomposition level [Paper Il1].
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o Thresholding: For this, Stein’s unbiased risk estimate (SURE) method is used
since it automatically calculates the threshold value without prior knowledge of
the noise level.

Based on the above input, the DWT reconstructs the PD data. Figure 14 shows the
noisy and the denoised signal.
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Figure 14. Denoising of PD data using DWT-based denoising method [Paper IlI].

In the next stage, a local maxima or peak detection method is implemented to detect
peaks [64]. It works based on the vertical (Vi) and horizontal (H:s) thresholds. The former
is set to identify peaks above a specified threshold, while the latter is set to compensate
for the dead time of pulses, as shown in Figure 16. It decides after how many samples
the algorithm detects the next peak. The optimal selection of threshold values is essential
for the effective detection of PD peaks. The peak identification is executed utilizing
MATLAB’s peak function, which detects local maxima in the PD dataset based on vertical
and horizontal thresholds. Initially, it identifies the positive and negative peaks of an
individual pulse collected during 20 ms or under one AC cycle. Upon identification of
positive and negative peaks, it performs indexing of peaks consecutively as P, Pz, P, ...,
Pn. Let us consider that the P, represents the total count of peaks. After identification of
the first peak, P1, each odd-indexed peak is considered a peak of the PD pulse.

Figure 15 illustrates the time-resolved partial discharge pattern, associated positive
and negative peaks, and the first occurring peak of pulses. The indices of these peaks can
be mathematically stated as (13). The term i]i mod 2 = 1 ensures only odd indices are
selected and restricts indices to within the range of detected pulses; np« is the number of
peaks.

ii={ili mod2=1andi < n,} (13)
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Figure 15. PD pulse detection using peak detection algorithm: a) Time resolved PD pattern,
b) Positive and negative peaks, c) First occurring peak of individual PD pulse [Paper IlI].

Corresponding peak amplitudes are extracted using (14). Subsequently, the time and
phase location of the individual peak is calculated using (15) and (16)

Poga = {P(0) | i € i} (14)
tioc = tine * Proc (15)
tioc * 360
Piloc = Oct (16)
AC

Where: tioc —time of occurrence of PD pulse;
tint — interval between two samples;
Pioc— sample location of pulse;
tac —time of one AC cycle.

After the detection of the peak, the next stage is to extract the pulse using the peak
location. For this stage, the windowing method is used to extract the pulse using the peak
value and location. Equations (17), (18), and (19) describe the extraction of the PD pulse.
Here, Parepresents the width of the pulse.

(17)

~ Pa
P, = max (1, Py, (0) — 7)

PE = mln (lpD, PlOC(i) +
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Pulse = P;: P, (19)

Where: Pioc(i) — location of i" detected peak;
Ps — start of pulse;
Lpp—length of PD data;
Py— pulse width (number of samples);
P. —end of pulse.

The optimum value of pulse duration (window) is set considering the duration of the
lowest pulse and the highest pulse appearing in the time-resolved PD pattern. It is
observed that a window of 250 samples efficiently extracts the PD pulse. Figure 16 shows
the PD pulse extracted using the windowing method. PD pulse is well structured, where
the noise has random behavior. This randomness can be measured using linear
prediction. The residuals related to PD pulse bear high skewness (3.0), and those related
to noise have a low skewness (0.9). The PD pulse follows an asymmetric distribution,
whereas noise has a symmetrical distribution, like the Gaussian distribution. Therefore,
the skewness parameter can be used to differentiate the actual PD signal and noise.
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Figure 16. Typical PD and noise pulse obtained from Nomex film: a) PD pulse and distribution of
residual of linear prediction, b) Noise pulse with residual of linear prediction [Paper IX].

3.2.2 Multiple Feature Extraction

PD pulse features can differentiate between pulses from various discharge sources (e.g.,
surface, internal, or noise). Research indicates that statistical features, time, and
frequency domain attributes can efficiently distinguish different types of PD sources [64],
[68]. The developed tool extracts multiple features, including time and frequency domain
features, pulse shape, and statistical features. In total, 11 features have been extracted.
An iterative approach is utilized that extracts these features from individual pulses and
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stores them in tabular form. Table Il shows PD features extracted using the developed
tool. The rationale for considering the number of features is to enhance the probability
of identifying a two-dimensional PCA map where clusters from distinct sources can be
separated efficiently.

3.2.2.1 Peak Pulse Amplitude (Vm)
It is characterized as the peak value reached by a PD pulse. The peak amplitude of PD
pulses can be described by an extreme value distribution or a two-parameter Weibull
distribution [64]. Consequently, the pulses that follow the Weibull curve are classified as
PD pulses, whereas others are considered noise. The cumulative distribution function of
the Weibull criterion is elucidated using (20)
-B

fy=1-e®) ap>0 (20)
3.2.2.2 Pulse Energy (En)
It is the measure of the strength of a signal over a specified duration. It is mathematically
defined as (21). Where x[n] represents the number of samples per pulse.

Bn= ) lalnll? 1)

3.2.2.3 Dominant frequency (fd)
The highest frequency amplitude occurs in the frequency spectrum of the pulse. It is
found using three stages. The Fast Fourier transform (FFT) of the pulse is initially
computed using equation (22).
N-1
.(2Tkn
X(k) = Z x[nle”?CF) L k=012..N—1 (22)
n=0
Where: X(k)— discrete FFT at index k;
Jj—imaginary unit;
N—number of samples;

In the second stage, the magnitude spectrum of the FFT is computed using the power
spectral density value (23). The dominant frequency is subsequently determined using
equation (24).

p(f) = IX()[? (23)

argmaxy | X (k)|

N

a= (24)

Where: p(f) — energy spectral density;
fs —sampling frequency;
fda— dominant frequency component;
Na — number of discrete Fourier transform points;
argmax,— function that gives the index or location of the maximum amplitude
in the single-sided spectrum.
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3.2.2.4 Pulse Shape features

Partial discharge pulse shape features describe the mechanisms and physics of discharges
[41]. Figure 17 illustrates three major pulse shape features. These features are defined as
follows:

Rise time (t;): Time taken by PD pulse to rise from 10% to 90% of Vm.

Fall time (t7): Time taken by PD pulse to fall from 90% to 10% of V.

Pulse width (tw): The time interval recorded between two points when the pulse
amplitude reaches 50% of V.

Amplitude

Time

Figure 17. Typical PD pulse and shape features [Paper VI].

3.2.2.5 Statistical features

Statistical attributes like mean(u), variance(o?), and skewness (Sk) are significant
indicators for distinguishing various sources. They are mathematically defined as (25),
(26), (27). respectively. Here o is the standard deviation.

EpXCEY (25)
N
1 N
07 =3 ) (= w)’ (26)
i=1
S = s i(xi Ly 27)
FTIN-DIV -4 o
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Table Il. Multiple PD features obtained from ten pulses from surface erosion-based accelerated
aging of Nomex film after 330 minutes of aging.

No. Vs En toc | Pioc fa u o? Sk t t tw
(mv) | (V) | (ms) | (2) | (MHz) | (mV) | (mV) (ns) | (ns) | (ns)
1 38.7 | 7233 | 2.4 | 424 23.9 0.6 286 | 3.0 | 121 | 9.9 | 1838
2 33.1 | 4976 2.8 49.6 3.98 0.5 19.7 | 39| 9.6 | 109 | 188
3 29.4 | 4393 3 53.7 23.9 0.6 172 | 22| 128 | 9.1 | 17.7
4 31.8 | 4146 31 553 23.9 0.4 164 | 26| 13.0| 83 | 151
5 42.3 | 9225 33 58.8 23.9 0.4 36.7 | 19| 133 | 7.6 | 170
6 57 17276 | 3.5 62.3 3.98 0.4 689 | 29| 13.1 | 111 | 20.9
7 30.8 | 4235 4.3 77.2 3.98 0.5 16.8 | 3.6 | 12.6 | 15.4 | 19.8
8 39.6 | 7902 | 12.5 | 225.0 | 23.9 0.7 311 | 1.2 | 124 | 76 | 169
9 389 | 6910 | 13.1 | 2355 | 23.9 0.7 27.2 | 16| 123 | 80 | 153
10 26.5 | 2968 | 13.5 | 2423 | 23.9 0.6 115 | 12| 128 | 7.4 | 136

3.3 Optimum Feature Selection and Hierarchical Clustering

This section presents PCA and hierarchical clustering methods used for optimum feature
selection and clustering of PD data.

3.3.1 Optimum Feature Selection Using PCA

Principal component analysis (PCA) is an effective tool used for dimensionality reduction
and optimal feature selection. It converts the original dataset or features into a new set
of elements referred to as principal components (PCs). It performs optimal feature
selection by using the first N principal components. Let us consider that the feature
matrix of 11 features is processed under PCA, the feature matrix F™" to FM® as
expressed by (28). Figure 18 shows the flow chart describing PCA operation.

- PCs - PCs PCs PCs -
Fy Fi4 Fyj Fik
pcs | oPCs| PC, PC, PCq
F™* =|F; =| Fi{ . F;; Fiy (28)
PCg PCs PCs PCs
_FNf | | FNf,l' ' FNf,]' FNf,k_

Where: FP© —feature matrix transformed after PCA;
Nr—total number of features;
k —number of selected PCs after dimensionality reduction;
FFSi— feature score vector for the i observation after PCA transformation;
FPSs;, ;— feature score of i observation on j principal component.
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Figure 18. Flow chart of PCA-based selection of PD features.

The selection of the number of PCA components is determined by the variance plot.
Figure 19 illustrates the variance plot derived from PCA. The first seven principal
components exhibit a variance of 95%. Thus, these seven features are chosen for
clustering and classification of PD data.
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Figure 19. PCA-based optimum selection of PD features [Paper IX].

3.3.2 Hierarchical Clustering

PCA analysis identifies optimal features suitable for data clustering. The next step after
optimum feature selection is classification and clustering. For this, a hierarchical
clustering method is used. One of the major advantages is that it does not require prior
information about the number of clusters. In addition to this, Ward’s method is used,
which reduces variance within clusters at each step of the hierarchical clustering and
merging process. Similarity among data points is calculated using the Euclidean distance

method. For each pair of data points, x;and x;, the Euclidean distance d (x; x;) is calculated
using (29)
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k
d(x;, xj) = Z (xim — xj,m)z (29)
m=1
Where: m —feature index;
Xi— [Xi1, X2, Xi3 ..., Xik] feature vector for the i* observation;
X — [Xi1, X;2, Xi,3 ..., X;k] feature vector for J* observation.

The optimum number of clusters is determined by utilizing the knee heuristic (second
derivative) method. Overclassification is one of the key issues that occur during
clustering of PD data, i.e., two clusters may overlap. A cross-correlation approach is
employed to merge clusters when similarities are identified between them. A threshold
of 0.8 is set for merging similar clusters [65]. Figure 20 (a, b, c) illustrates the PRPD
pattern, PCA map, and PRPD pattern after clustering of PD data.
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Figure 20. Hierarchical clustering of PD data: a) PRPD pattern, b) PCA map, c) Clusters of different
types of PD sources [Paper IX].

3.4 Identification of Type of PD

The subsequent stage following the clustering of PD data is the identification of PD types
that correspond to specific clusters. Numerous features documented in the literature can
be employed for the classification and labelling of clusters. Nevertheless, the shape
parameter (f) of the Weibull distribution is identified as an effective parameter for
the identification of partial discharge sources, including surface, internal, and corona
discharges. The scale parameter (a) is directly associated with the mean of the distribution.
In PD analysis, it is influenced by the mean integrated pulse height and mathematically
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linked through the gamma function, while § denotes the dispersion of pulse height,
elucidating the physics underlying the PD phenomena. Experimental investigations
indicate that low g signifies surface discharges, medium S denotes internal discharges,
and high f corresponds to corona discharges. For example, in [63] it is illustrated that
between 1...2 represents surface PD, 3...10 represents internal PD, and f > 10 represents
corona discharge. Considering phase angle or phase distribution, a low phase inception
(@) shows internal PD, a medium @; shows surface PD, and a high @; shows corona
discharges. Considering the phase span, it is observed that @, an overlap of phase
inception may occur, particularly between internal and surface or internal and corona
[63—65]. Therefore, the £ is the only criterion set for the identification of PD type. In this
work S is set as 1...3.5 for surface PD, 3.5...10 for internal PD, and f > 10 for corona
discharge. These values are found from PD data sets acquired from surface erosion of
Nomex films at different stages of aging.

Fuzzy logic is an effective tool that resembles human decision-making, particularly in
scenarios where there is uncertainty or limited information. Fuzzy inference systems (FIS)
are based on rules. These rules are linguistic variables established by experts based on
the behavior of partial discharges in various defects [69]. Here, £ is considered for the
identification of different clusters found in the PD data or PRPD pattern. At the initial
level, a single-input and single-output (SISO) FIS is designed since S is the only parameter
used for the identification of sources.

Typically, the input attributes are represented using binary values of 0 or 1 called crisp
inputs. These inputs range from 0 to 1. Depending on the severity or percentage of the
type of source present in a PRPD pattern, these crisp inputs can be set. The second
advantage is that it is a simple method of designing an unsupervised and automated
system for identifying clusters that represent a particular PD source. Figure 21 illustrates
the block diagram of the FIS developed. Fuzzy inputs and outputs are represented by
trapezoidal and triangular membership functions (MF), respectively. Trapezoidal MFs are
flexible and effective, particularly during a gradual transition between categories [69].
In contrast, the Triangular MFs are simpler and ensure that the resulting crisp output aligns
precisely with the center of the intended class, which simplifies centroid calculation.

Rule based

v

Fuzzification ] Inference Engine > Defuzzification

Crisp input Crisp output

A

> Fuzzy inputs

Figure 21. Block diagram of fuzzy inference system (FIS) for identification of PD type [Paper IX].

Examples of if-then fuzzy rules are illustrated below. These rules are set in keeping
with the literature and based on the physics of the PD phenomena [64—65]. Initially, three
rules were designed.

If 8 is low, THEN the cluster represents Surface discharge
If B is medium, THEN the cluster represents Internal PD
If B is high, THEN the cluster represents Corona PD
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Additional rules can be designed based on experimental investigation and expert
advice. The FIS offers flexibility to incorporate different rules based on the severity and
physics of PD activity.

3.5 Case Studies

This integrated tool has been implemented in two cases. In the first case, two artificial
defects are created in MV XLPE cable samples. In the second case, lifetime PD
measurements were performed on Nomex film using a surface erosion-based
accelerated aging method. The details of each case study are given as follows:

3.5.1 Behavior of Internal and Surface PD in MV XLPE Cable

Figure 22 (a) shows a laboratory-based experiment setup and defects created in the MV
XLPE cable. The surface discharge defect is created by damaging the cable termination,
and the internal defect is made by introducing a tiny incision in the external sheath of an
MV cable sample approximately three meters long, which extends into the main
insulation as shown in Figure 22 (b, c). PDIV for the former was found to be 5.4 kV, and
for the latter, it was found to be 5.9 kV.

.

, " Coupling
TS Corona Capacitor
Discharge

TS Internal
— Discharge

TS Surface
Discharge

Figure 22. a) Laboratory-based experiment setup for PD measurement in b) Surface defect
c) Internal defect [Paper IlI].

PD data were recorded at increasing electrical stress. The setup utilizes a high-voltage
AC source, CC, HFCT, and oscilloscope with a bandwidth of 80 MHz. PD data is measured
at different voltage levels at a sampling rate of 250 MS/s. PD behavior in modeled defects
is analyzed under increasing electrical stress. Initially, the applied voltage is increased
with a step size of 0.1 kV until the PDIV is found. After finding PDIV, the voltage is
increased at various levels.
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3.5.1.1 Internal Defect

Figure 23 (a, b, c, d) shows PPRD patterns obtained during PD measurement at different
voltage levels. Three voltage levels are considered after PDIV, i.e., 6.4, 9.4, and 12.4 kV.
Considering the PRPD patterns, internal PDs are symmetrical in both the positive and
negative half-cycles of the applied voltage. Considering phase distribution, PD pulses
usually occur near the zero crossing, i.e., between 0...90° in the positive half cycle and
180°...270° in the negative half cycle of the applied voltage.
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Figure 23. PRPD patterns obtained through modelled internal defect in XLPE cable insulation under
different voltage levels: a) PDIV, b) 6.4 kV, c) 9.4 kV, d) 12.4 kV [Paper IV].

Table Ill. PD features extracted from the modeled internal defect [Paper IV].

No. Vm Vimabs Vapp tioc Dioc t ty tw Dspan
(mv) | (mV) | (kV) (ms) | (°) (ns) | (ns) (ns) (°)

1 30.7 30.7 3.9 1 17.3 69.8 | 30.3 64.5

2 17.7 17.7 8.4 1.6 29 438 | 324 71.8

3 35.9 35.9 11.8 2.6 47.5 48 37.2 73.5 77.1
4 23.5 235 14.1 3.7 65.8 49.1 | 325 72.2

5 13.6 13.6 16.5 5.2 94.4 61.6 | 28.9 74

6 323 | 323 0.7 10.1 | 182.1 | 4656 | 31.6 61.8

7 111 | 111 -7.9 115 | 206.2 | 63.8 | 343 73.9

8 -56.2 | 56.2 -143 | 122 | 2196 | 525 | 328 70 69.2
9 329 | 329 -15.7 | 136 | 2444 |13.1 | 151 28.8

10 217 | 217 -18.1 | 14 2513 | 459 |37.2 71.7

After measuring PD data through an oscilloscope, the data is processed using the
integrated tool, and major PD features are extracted. Table Ill shows major features.
These features include basic pulse features like peak pulse amplitude (Vin), absolute value
of peak pulse amplitude (Vmabs), applied instantaneous voltage (Vapp), pulse location
features (Vioc, tioc, and @), pulse shape features (tr, tr and tw) [70]. Three major features,
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including peak pulse amplitude (Vm), phase distribution or phase span (@), and number
of pulses (np), are considered to analyze the behavior of internal PD defect under the
influence of PD. Figure 24 illustrates the major features.
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Figure 24. PD features considered for analysis of surface and internal defects [Paper V].

Figure 25 shows polar plots and PRPD patterns illustrating the behavior of peak pulse
height (Vm)and @i ofindividual PD pulses observed during an acquisition time of 200 ms.
The results indicate obvious variation in PD features at different voltage levels. The key
findings of this investigation are:

With increasing voltage, there is an increase in Vm. At6.4 kV, Vi ranges between
5...30 mV, and at 9.4 kV, it ranges between 10...60 mV. However, at 12.4 kV,
there is a slight increase in Vum as only a few peaks of amplitude more than
60 mV are observed. It is interesting to note that, at higher voltage levels, there
is no significant increase in the Vu, but the occurrence of pulses increases near
the zero crossing of the applied voltage.

It is observed that with increasing voltage, the n, increases. The increase is
observed in both positive and negative pulses, as shown in Figure 26.

An increased phase span is observed at increasing voltage, at 6.4 kV PD activity
span was found between 210°...250° in the negative half cycle of the applied
voltage and only single peak found in positive half cycle of the applied voltage,
at 9.4 kV phase span increased ranges between 20°...60° in the positive half
cycle of the applied voltage and 180°...270° in negative half cycle of the applied
voltage and at 12.4 kV it is further increased ranges between 0°...90° in positive
half cycle of the applied voltage and 180°...270° in negative half cycle of the
applied voltage.

Itis also observed that with increasing voltage, PD activity becomes denser near
the zero crossing of the applied voltage.
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Figure 25. Polar plot showing peak pulse amplitude (V») and phase location (@) of an individual

pulse of internal discharge defect [Paper IV].
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3.5.1.2 Surface Discharge Defect

Figure 27 shows PPRD patterns obtained during PD measurement at different voltage
levels. Eight voltage levels are considered after PDIV, ranging between 5.9...13.3 kV.
Considering the PRPD patterns, surface PDs are asymmetrical in both the positive and
negative half-cycles of the applied voltage. Considering phase distribution, PD pulses are
mostly observed during the negative half cycle of the applied voltage between
180°... 290°.
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Figure 27. PRPD pattern obtained from the surface discharge defect at different voltages

Figure 28 shows polar plots illustrating the behavior of Vv and @i of individual PD
pulses acquired from the surface discharge defect. Polar plots contain pulses found
during an acquisition time of 200 ms. The key findings of this investigation are as follows:

PD activity in surface discharge defects is observed in two stages. At the initial
stage, between 5.9...9.1 kV, Vmincreases proportionally with applied voltage,
ranging between 10..100 mV. However, at a later stage between
10.1...13.3 kV, the Vm consistently ranges between 20...60 mV. It is noticed
that at the second stage, the occurrence of pulses increases near zero
crossing, as a cloud of peaks appears near zero crossing, as shown in the polar
plots in Figure 28. Considering the np, there is an obvious increase in the np.
At the initial stage, there is a slight increase in pulses. However, at higher
voltage levels, the np increases drastically.

Considering the phase span of PD activity, the activity span increases with
applied stress. At the initial level, the activity span ranges between
210°...270°. This phase span increased after 10.1 kV, ranging between
180°...270° in the negative half cycle of the applied voltage.

In addition to the above features, pulse shape features including rise time
(tr), fall time (t), and pulse width (tw) are investigated for surface discharge
defect. These features are extracted using the developed tool. MATLAB
functions are used to extract these values, as shown in Figure 29. The results
show that pulse features show an increasing trend with applied voltage.
However, there is a high dispersion in the pulse shape feature values at
higher voltage levels.
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Figure 28. Polar plot showing peak pulse amplitude (V.,) and phase location (@) of individual
peaks of surface discharge defect [Paper V].
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3.5.2 Classification and Identification of Four Stages of Aging in Nomex Films
Under Surface Erosion-Based Accelerated Aging
Figure 30 (a, b) shows a laboratory-based experiment setup and a two-electrode
configuration utilized. Major components are outlined as follows:
e A 150 kV-rated test transformer is coupled with a voltage regulator.
e Atwo-electrode arrangement featuring an HV electrode and a ground electrode.
The upper electrode, functioning as the HV electrode, features a flat surface
with a diameter of 6 mm and a contoured radius of curvature of 0.25 mm at the
corners. The ground electrode has a smooth surface with a diameter of 51.5 mm,
as shown in Figure 30 (b).
e Charge calibrator for the calibration of conventional PD measurement systems.
e A capacitor with a capacitance of 1 nF and a voltage rating of 36 kV is connected
in series with a partial discharge sensor for measuring discharges and in parallel
with a two-electrode arrangement and an HV AC supply, as illustrated in Figure
30 (a).
e Conventional PD measurement device with a quadrupole for capturing PRPD
patterns and PD characteristics, as illustrated in Figure 30 (a).

HV electrode

If 'h (s sro\
wo-electrode | “+
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capacito .

B
2 JIL..A‘A

Figure 30. Laboratory-based experiment setup designed for lifetime study of Nomex film:
a) experimental setup, b) electrode configuration [Paper VII].

The electrodes are specially designed for the surface erosion-based accelerated aging.
The high voltage electrode has a flat surface with a contour at the edges that controls
the electric field, and a ground electrode with a flat surface. The specification of the
experimental setup and two-electrode configuration is mentioned in [71]. The square
shape of Nomex film is sandwiched between two electrodes, creating a triple point.
Lifetime PD data is measured at 2xPDIV with a sampling rate of 200 MS/s.
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Surface erosion-based accelerated aging test was performed on Nomex film to observe
PD behavior throughout its lifetime. The analysis of PRPD patterns revealed that aging
on Nomex film follows four distinct stages from inception until breakdown. These major
variations are observed in the PRPD patterns and microscopic analysis [61].
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Figure 31. PRPD patterns at different stages of aging of Nomex film, corresponding PCA maps, and
PRPD patterns after classification of PD data [Paper IX].
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These variations are mapped with the concept of four-stage aging, i.e., surface
discharge inception, surface erosion, surface tracking, treeing, and finally pitting and
breakdown [70]. It is assumed that initially surface discharges occur at the insulation
surface; thus, the PRPD pattern contains discharges that represent only surface
discharges. However, continued PD activity may track within the bulk of the insulation.
It is observed that at the third stage, PD activity tends towards zero crossing of the
applied voltage, which can be an indication of the inception of internal discharges or
tracking. The details about the lifetime study of Nomex film and four-stage aging are
described in Chapter 5 of this thesis. To validate this four-stage aging phenomenon,
oscilloscope-based PD measurements are collected. Subsequently, the data is analyzed
through a developed approach.

Figure 31 (a, b, c, d) illustrates the time-resolved PD patterns corresponding to PCA
maps and PRPD patterns showing different clusters. Initially, PD pulses and pulse
features are extracted using the local maxima algorithm. In the next stage, PCA-based
optimum features are selected, and based on the features, clustering is performed.
The next stage after clustering is the identification of defects. For this, f is calculated for
each cluster at four stages as shown in Table IV.

Table IV. Weibull shape parameter (B) for different clusters at four stages of aging of Nomex insulation.

Stage | Aging time | Cluster | Weibull shape parameter
(Hours) 1))
1 2 1 6.0
2 3.5
2 3 1 4.4
2 3.3
3 6 1 3.5
2 5.5
4 8 1 2.5
2 4

At stages 1 and 2, the surface discharge activity is predominant as cluster-2 has a
higher number of discharges and low f compared to cluster-1. This shows that PD activity
is mostly on the surface of insulation, causing surface discharges. However, there are a
few traces of internal activity at stage 2 shown by cluster 1. At stages 3 and 4, the internal
discharge activity is dominant as cluster-2 has a higher number of discharges and a higher
f compared to cluster-1. This shows that PD activity entered within the bulk of insulation
due to tracking that causes internal discharges to increase compared to surface
discharge. It can be noticed that PD activity tends towards zero crossing of the applied
voltage, particularly at stage 4, which is an attribute exhibited by the PRPD pattern of
internal PD [66]. The observed transition in PD activity from surface to internal discharges
indicates the four-stage aging of Nomex film. The four-stage aging process is further
described in Chapter 5.
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4 PDIV Estimation Using A COMSOL-Based Simulation Model
with Two Electrode Configurations: FEM Simulation,
Modelling, And Experimental Validation

Surface discharges are one of the major causes of failure in various electrical assets and
aerospace devices. Due to their high voltage rating and compact size, these discharges
pose a severe risk to insulation systems, particularly in low-pressure and HV environments.
Nomex is widely used in aerospace devices and has vast applications in various power
system assets. PDIV is a critical parameter used to assess the condition of insulation.
It also plays a key role in the insulation system design. As insulation deteriorates, PDIV
starts decreasing, which can be an indication of cracks, damage, voids, or tracking of
discharges within the insulation. In this chapter, a three-leg approach has been
implemented to calculate the PDIV of Nomex film. An electrode configuration is used,
and a thin Nomex film is placed between the electrodes, thereby creating a triple point.
Figure 33 shows the two-electrode configuration and triple point. The following steps are
taken for the implementation of the three-leg approach:

e Design of FEM-based simulation model in the COMSOL environment and
calculation of tangential and normal field profiles for electrodes with different
contours or radii of curvature.

e Use of tangential field profiles and surface discharge model for estimation of
PDIV.

e Design of physical experiment setup for validation of theoretical PDIV (U
estimated using the first two legs with measured PDIV (U™ found in the third

leg.

4.1 FEM-based Simulation Model

A two-dimensional axisymmetric simulation model is designed to illustrate the spatial
configuration of electric field profiles on solid insulation. These field profiles were
calculated utilizing the electrostatics module in the AC/DC division. Figure 32 illustrates
the methodology adopted to determine electric field profiles.

[ Geometry ]

Figure 32. Methodology for FEM-based modeling [Paper VII].

selection conditions

Material ] [ Boundary ]

Meshing ] [ Simulation ]

4.1.1 Geometry
The geometrical model of the electrode configuration consists of a cylindrical
high-voltage electrode and a circular/disk-shaped ground electrode, as shown in Figure
33. The high-voltage electrode has a diameter of 6 mm and a corner contour of 0.25 mm,
whereas the ground electrode has a diameter of 51.5 mm. A square Nomex specimen of
5 x 5 cm with a thickness of 0.13 mm is sandwiched between two electrodes with no air
gap. A 2D axisymmetric model provides a method to simplify a 3D model into a 2D
geometric representation. This approach offers three primary advantages:

e Improved computing efficiency relative to 3D models.

e Enables the evaluation of the field distribution along the contour.
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e Simplify the implementation of boundary conditions and speed up the meshing
process.

Based on the modelled electrode configuration, two types of discharges can be initiated.
Surface discharge on the insulation surface along direction / and internal discharge h.
However, the electrode design is made in such a way that the surface discharge inception
voltage will be lower than the internal discharge inception voltage [71-73]. Therefore,
only surface discharge occurs, which causes erosion on the material surface. This electrode
configuration is particularly designed to investigate the behavior of surface discharge on
insulation using the erosion method.
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Figure 33. Geometry of two-electrode configuration and Nomex film in COMSOL environment
[Paper VII].

4.1.2 Material Selection

Nomex is extensively used in electrical equipment due to its excellent dielectric strength,
mechanical durability, and thermal stability. The modelled system utilizes Nomex 410
film with a thickness of 0.13 mm, which possesses an AC dielectric strength of 28 kV/mm
and a full-wave impulse strength of 55 kV/mm. Additional details regarding Nomex film
are given in [74].

4.1.3 Boundary Conditions and Meshing
Boundary conditions are established to determine the behavior of the electric field at
specified places and scenarios. For this, Dirichlet boundary conditions are set as shown
in Figure 34. They have extensive applicability in mechanics, heat transfer, fluid dynamics,
and electrostatics. They offer two principal benefits:
e Input parameters or boundary conditions remain unchanged during the solution.
For instance, the voltage of both electrodes remains constant throughout the
solution.
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e It facilitates correlation of experimental investigations to FEM solutions, as
these conditions can be controlled at the initial stages. Consequently, solutions
can be derived under different conditions. For instance, the behavior of tangential
and normal fields is determined at various voltage levels ranging from PDIV to

breakdown.
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Figure 34. Boundary condition and meshing for determination of normal and tangential field
profiles at triple point [Paper VII].

The mesh size and quality are two critical parameters. Triangular meshing is used as it
provides effective surface approximation and accurately represents complex shapes.
The electrodes and the surrounding air are integrated using a predetermined, coarser
mesh to reduce processing time.

4.1.4 Simulation

Simulation involves the solution of partial differential equations to determine the behavior
of electric fields (normal and tangential) under set boundary conditions. For this, electrical
field profiles are determined at different radii of curvature and at various AC voltage
levels ranging from 1 to 3 kV. The radius of curvature for field profiles at different voltage
levels is set at 0.25 mm. Figure 35 depicts a FEM-based two-dimensional simulation
model of the electrodes, including the electrical field distribution at the insulation
surface and near the contour of the HV electrode.
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Figure 35. FEM based simulation model a) Direction of tangential distance along | and normal
distance along h and behavior of tangential (orange) and normal (aqua blue) at different radii of
curvature of HV electrode b) 0.25 mm c) 0.5 mm d) 0.75 mm e) 1 mm f) 1.25 mm [Paper VII].

Two types of electric field profiles were identified based on the simulated electrode
configuration [75], the tangential electric field along the horizontal direction /, illustrated
by the red arrow. Secondly, a normal electric field along the vertical direction h,
illustrated by the yellow arrow. Corresponding field distributions at different electrode
contour radii are shown in orange and aqua blue colour in Figure 35 (b...f). The gap
between the electrode contour/radius of curvature at the corner and the insulation
surface forms an air cavity. It is classified as a gas or an internal cavity. Figure 35 (b... f)
shows the magnitude of the tangential and normal field at the triple point at different
radii of curvature (contours). With increasing contour size from 0.25 to 1.25 mm, the
tangential field decreased from 33.6 kV to 28.6 kV. Figure 36 (a...d) illustrates the
tangential and normal field profiles at different radii of curvature of high voltage
electrodes and under different voltages along / and h, respectively. Three major points
were observed by these profiles:

e The tangential field increases from zero to its maximum near the triple point,
while the normal is maximum at the triple point and then decreases
exponentially, as shown in Figure 36 (a...d). A continuous decline in both
fields is noted as the distance from the triple point increases along / and h,
e.g., a consistent decline is noted after 0.2 mm as shown in Figure 36 (a, c).

e  With increasing radius of curvature at the corner of the HV electrode, both
normal and tangential fields are decreased as shown in Figure 36(a, c).

e Although the amplitude of the normal field is much higher than that of the
tangential field, the erosion on the material surface will occur only due to the
tangential field, as it has a direct impact on the material surface; also,
the surface PDIV is lower than the internal PDIV.

e With increasing voltage, both tangential and normal field increases
proportionally as shown in Fig. 36 (b, d).
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Figure 36. Behavior of tangential and normal field profiles a and c) Under different radius of
curvature of high voltage electrode b and d) At different voltage levels with radius of curvature
0.25 mm [Paper VII].

4.2 Estimation of PDIV Using the Tangential Field Profile and Surface
Discharge Model

The partial discharge inception voltage is a crucial parameter in insulation design,
lifetime, and aging studies of insulation. As per IEC 60270, PDIV is the minimum voltage
at which recurrent partial discharges are initially identified. PDIV is induced by the
inception electric field (Es). In [76], Es is found using (30), referred to as the surface
discharge model. This is a modified version of the Niemeyer model for internal discharges,
which describes the inception field in internal or gas discharge (32). Eg4 refers to gas or
internal discharges within an air-filled cavity. The quantity Ut is determined using (33).

4.3
E, = 8p|1
”( +m> (50

ks - (lz (0-95Emax)+ ; l1(0-95Emax)_) (31)
8.6
E, = 25.2p (1 + ) (32)
Vphe
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Vs U
EPS Es

(33)

Where: P —pressure (101.325 kPa);
hc — vertical distance or characteristic distance between two electrodes;
- horizontal distance from triple point or creepage distance;
Vs —applied voltage;
U™ — theoretical PDIV;
Es— surface discharge inception field;
/1 and I2— points where Emax = Eps;
ks — scaling factor.
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Figure 37. Tangential field profile at 0.9 kV, with circular points illustrating Eps = 0.95E, and the
corresponding distances [; and I, [Paper VII].

The justification for this assumption (Eps= 0.95Em) is that the occurrence of a PD event
is more probable in the vicinity of the maximum field. A rectangle is constructed at
0.95Em on the tangential field profile. The points /; and > correspond to where the
tangential field reaches Eps = 0.95Em, as illustrated in Figure 37. Intersecting points are
utilized for the computation of the ks [22]. The normal field is not further addressed here,
as the tangential field is responsible for the surface discharge; Es is computed using (30).

Table V presents the values of the parameters. By correlating the simulated tangential
electric field profile with the surface partial discharge inception field derived from the
partial discharge inception model (31), the electric field strength Es and PDIVy are
determined.
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Table V. PDIV estimation under different radii of curvature of high voltage electrode.

R Em I A ks E; ush
(mm) (kV/mm) (mm) (mm) (kV/mm) (kV)
0.25 3.65 0.09 0.11 0.0004 3.26 0.9
0.5 2.65 0.02 0.03 0.0002 4.27 1.7
0.75 2.19 0.023 0.048 0.0005 3.00 14
1 1.91 0.031 0.052 0.0004 3.20 1.8
1.25 1.72 0.03 0.06 0.0006 2.81 1.7

4.3 Experimental Validation

To validate the Ut with U/, the PD experiment setup was established in the laboratory
as shown in Figure 30.

[ iy
3.5¢1 I Breakdown Voltage | |
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Samples Number

Figure 38. PDIV and breakdown voltage of Nomex film obtained from 9 samples [Paper VIII].

PDIV and breakdown voltage are measured on nine different samples under identical
conditions, and the average PDIV was found to be 0.95 kV, which validates the Ui". Figure
38 shows the PDIV and breakdown voltage (Vb) of nine specimens of Nomex films found
during PD measurement. The average breakdown voltage is found to be 3 kV.
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5 Lifetime Study of Nomex Insulation and Stages of Aging
Under the Influence of Partial Discharges

Surface discharges pose a significant threat to insulation in high-voltage transformers
and aircraft equipment. Nomex film with a thickness of 0.13 mm is extensively utilized in
both dry and oil-immersed transformers as interlayer insulation, offering an optimal
balance of mechanical strength and electrical performance. In electrical machines, it is
utilized as slot liners and phase insulation inter-turn insulation due to its lightweight and
thermal endurance properties [74]. Surface erosion-based accelerated aging framework
replicates the deterioration effects of partial discharges in the field operating conditions.
It allows researchers and asset managers to assess the aging behavior of insulation under
various operating conditions. It plays a vital role in the selection of materials, design of
insulation systems, and preparation of preventive maintenance strategies [61], [72].
Several research articles are available in the literature that focus on the lifetime and
condition assessment of Nomex insulation. Table VI briefly describes the related work
strengths and limitations.

Table VI. Review of research related to aging and lifetime study of Nomex film.

Ref. Strengths Limitations

[77] Comparison of the PDIV of Nomex and No analysis of aging or long-term
cellulose paper erosion

[78] The reduced lifespan of Nomex is linked Short-term endurance tests
to PWM voltages and thermal stress

[79] The behavior of PRPD patterns and PD The study was performed on a modeled
characteristics at increasing voltage cavity within Nomex insulation

[80] Lifetime study of Nomex and monitoring The electrode configuration is not
of maximum charge and number of designed for surface discharges
pulses during lifetime under AC and
superposed inter-harmonics

[81] Comparison of polyimide, polyester, and Based on PDIV and endurance capability.
Nomex under medium frequency square No lifetime study is performed
voltage

None of the above studies proposed a continuous surface-erosion-based aging
framework that integrates PD measurements and microscope-based analysis from the
PD inception until the breakdown. The proposed study bridges that gap by mapping the
aging of Nomex film using a four-stage degradation concept under AC voltages. It also
sets diagnostic markers that connect Nomex insulation behavior under the influence of
surface discharges, offering a useful framework for researchers and insulation designers.

For this, comprehensive PD measurements were performed during the lifetime of
Nomex insulations at twice the inception voltage. The purpose of applying 2xPDIV
voltage is to conduct accelerated aging and to speed up the degradation process caused
by the PD activity. This allows researchers to observe insulation aging and failure
mechanisms within a shorter time. By applying a voltage higher than the normal
operating level (often a suitable multiple of PD inception voltage, PDIV, and well below
its breakdown voltage), PD occurs more frequently and with higher energy, which
accelerates chemical and physical degradation (such as erosion, treeing, or pitting) in the
insulation material in a short time. This helps estimate insulation lifespan, understand
failure modes, and compare the durability of varied materials or designs.
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5.1 Measurement Methodology

Figure 30 (a, b) shows the laboratory-based experiment setup designed for the lifetime
study of Nomex film. After finding PDIV, the voltage is raised to 2xPDIV, and lifetime PD
data are recorded using PRPD patterns and PD features at 15-minute intervals during
aging until breakdown. During each measurement, the PRPD pattern, Qq, and n were
recorded within an acquisition time of 1 minute, with a pulse dead time at 20 us.
Microscopic examinations are conducted at each phase of deterioration. Continuous
surface erosion is conducted for 480 minutes. Trending attributes of PRPD patterns, PD
characteristics, and microscopic images are examined at various stages of the lifetime.

5.2 Four-Stage Aging of Nomex Insulation

Temmen analyzed how an increase in surface conductivity, roughness, and crystal
development changes PRPD patterns resulting from partial discharge activity in flat
cavities. It provides a theoretical insight into how these surface alterations influence the
phase-angle histograms. Figure 39 illustrates Temmen’s four-stage degradation concept
that correlates the evolution of PRPD patterns with increasing aging. However, Temmen'’s
study is limited to artificial cavities modelled at the insulation surface. It does not
consider the lifetime of insulation from PD inception to breakdown [70]. On the contrary,
the proposed framework maps the lifetime of Nomex insulation with a stage aging
concept through PRPD patterns, PD characteristics, and microscopic analysis. The images
are taken from an optical microscope at 40 x magnification.

Surface discharge
inception and surface . Tracking and Pitting and
- Surface erosion X
conductivity treeing breakdown

N

Crystallization or chemical @
degradation

Lifetime (t)

Figure 39. Four-stage degradation of solid insulation based on surface erosion accelerated aging
method [Paper VIII].

5.2.1 Inception of Surface Discharges and Increase of Surface Conductivity

Surface discharge inception refers to the moment when electrical discharges initiate
along the surface of an insulating material, triggered by an applied voltage. The analysis
of the PRPD pattern indicates high PD activity at PDIV, as illustrated in Figure 40 (a). After
one hour, the PD activity is drastically reduced, as fewer discharges of magnitude
40...79 pC were observed in the PRPD pattern, as shown in Figure 40 (b). This can be due
to an increase in surface conductivity. Air and dissociation products interact with the
dielectric surface, collectively enhancing surface conductivity. During PD activity, oxygen
is produced that increases conductivity [4], [27], [28]. Considering PRPD patterns,
asymmetric patterns were observed at this stage, characterized by increased PD activity
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during the positive half-cycle relative to the negative half-cycle of the applied voltage.
Considering the phase span, discharges are observed between 50°...70° during the
positive half cycle and 200°...250° during the negative half cycle of the applied voltage.
This activity lasted for two hours, as illustrated in Figure 40 (b, c). Figure 41 (a, b) shows
a physical sample and a microscopic image of Nomex film, with a little black dot
highlighting the initiation of discharge.

5.2.2 Occurrence of Surface Erosion on the Surface

During the second stage, the PD activity spread on the insulation surface. The oxidation
process results in chemical deterioration and the development of a crystalline structure,
making the surface rough. With increasing aging, several byproducts of oxygen, namely CO>
and CO, are produced, leading to cross-linking, chain scission, and electrical and thermal
degradation of insulation. This process changes the chemical structure of the insulation and
causes surface erosion [3], [29—-31]. Three significant changes were observed in the PRPD
pattern. Asymmetrical partial discharge activity is observed with very high PD activity
during the positive half-cycle of the applied voltage, shown by orange and yellow colours
in the PRPD patterns in Figure 40 (d, e). An increase in PD magnitude is found with
discharges ranging from 78...167 pC. The phase span of PD activity is increased with an
increasing number of discharges recorded between 0°...60° during the positive half-cycle
of the applied voltage and 180°...270° during the negative half-cycle of the applied voltage.
This activity also lasted for two hours. The microscopic images show that discharges
penetrate the Nomex film, showing signs of surface tracking, as illustrated in Figure 41 (c, d).

5.2.3 Tracking and Treeing

The third stage is the tracking stage; prolonged, repeating discharges result in surface
tracking. Tracking under the influence of a continuous electric field forms a conductive
channel within the insulation called electrical trees [27], [30]. Considering the PRPD
pattern, a symmetrical pattern is observed, with significant discharges ranging from 92
to 382 pC observed at this stage. The severity of PD can be described by an increase in
pulse repetition rate, as depicted by the yellow and orange colours in the PRPD patterns
in Figure 40 (f, g). Repetitive PD activity is observed between 0...90° during the positive
half cycle and 180°...270° during the negative half cycle of the applied voltage. At this
stage, PD activity moves towards the zero crossing of the applied voltage, which indicates
the tracking phenomenon. Tracking continued for two hours, as shown by PRPD patterns
at stage lll. The microscopic analysis shows carbonized channels within the insulation
depicted in Figure 41 (e, f).

5.2.4 Occurrence of Pitting and breakdown

Continuous erosion and tracking result in pitting on the insulating surface. Pitting forms
dark spots on the insulation surface as shown in Figure 41 (g). It is the final stage of
degradation that leads to the breakdown [30]. The PRPD pattern shows intense PD
activity with charge levels between 360 pC...1.8 nC detected between 0—90° of positive
half cycle and between 180°...270° during the negative half cycle of the applied voltage,
as shown in Figure 40 (h). The microscopic analysis shows deep black patches within the
material’s thickness, as illustrated in Figure 41 (e, f). After seven hours of aging, PD
activity is intensified in both the positive and negative half-cycles of the applied voltage.
After approximately 50 minutes, a breakdown occurred. Figure 40 (h) shows the PRPD
pattern before the breakdown.
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Figure 40. PRPD pattern at four stages of degradation recorded after every hour of aging from PD
inception till breakdown [Paper VIII].
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Actual samples

\ Microscopic images

Figure 41. Nomex film specimen at different stages from partial discharge inception to breakdown:
Close-up view of physical sample (top row) and microscopic view (bottom row). a and b) Surface
discharge inception, c and d) Surface erosion, e and f) tracking, g and h) pitting and breakdown
[Paper VIII].

5.3 Behavior of PD Characteristics, Maximum apparent charge (Qmax),
and Number of Pulses (np) During the lifetime of Nomex Insulation Film

Figure 42 illustrates the behavior of Qmex during the lifetime of Nomex film. Moving
average lines in Figure 42 and Figure 43 smooth out short fluctuations in the graph and
identify the major trends the PD characteristics follow during the lifetime of Nomex film.
A three-point moving average is applied to Qmax and np data.
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Figure 42. Behavior of Qmax at different stages of aging of Nomex film during the entire lifespan
from PD inception until breakdown [Paper VIII].
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Trendlines of Qmax indicate that after PDIV, when the insulating surface is subjected to
a strong electric field, low-amplitude PD activity (40...125 pC) is detected. The duration
of this activity was two hours. Following two hours, Qmax exhibits an undulating trend
until seven hours, oscillating between 84 and 382 PC. After seven hours, a drastic
increase in Qmaxis observed. A few minor fluctuations are observed, particularly around
300 and 390 minutes. Tracking creates carbonized paths within the insulation, increasing
the local electrical field, which may cause fluctuations in Qmax.

Figure 43 illustrates the behavior of positive and negative pulses over the lifetime of
Nomex material. The trendlines for positive and negative pulses indicate that positive
pulses exhibit a progressive increase over time and maintain greater stability in
comparison to negative pulses. Upon considering negative pulses, initially, a minimal
number of discharges was recorded for a duration of two hours. An undulating trend is
observed after two hours and continues until six hours. However, a considerable increase
is found in both positive and negative pulses after six hours of aging, i.e., at the third
stage.
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Figure 43. Behavior of the number of positive and negative pulses at different stages of aging of
Nomex film during the entire lifespan from PD inception until breakdown [Paper VIII].

Initially, both negative and positive pulses exhibit a modest frequency of occurrence.
During the second stage, there is a significant increase in negative pulses, while positive
pulses exhibit a slow rise. In the third stage, there is a relative reduction in negative
pulses compared to the preceding stage, while positive pulses increase. Before the
breakdown, there is a significant increase in negative pulses. At this stage, severe black
pitting is seen on the insulating surface, resulting in a breakdown after fifty minutes.
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6 Conclusion and Future Work

This chapter presents conclusions drawn from this thesis and outlines potential directions
for future research.

6.1 Conclusions

This thesis proposes a multi-method approach for aging and degradation studies of solid
insulation, providing guidelines for researchers and asset managers to deeply understand
the aging behavior of solid insulation using data-driven and FEM modeling approaches.
The study begins with a thorough literature review of aging mechanisms, aging models,
and the role of PD measurement in the aging and degradation study of solid insulation.
This led to a foundation for a deeper understanding of aging mechanisms, major factors
that contribute to aging, and the important aspects of the PD phenomenon. In addition
to that, the literature review also highlighted the challenges and gaps in the aging study
of solid insulation.

Phenomenological models are useful as their parameters rely on experimental data.
Insulating materials can be characterized and assessed based on empirical investigations
rather than physical properties. Integrated data-driven tools with signal processing and
principal component analysis (PCA) based techniques can play a pivotal role in the
extraction of major PD features. These features can contribute to the formulation of
phenomenological models. However, the general viability of these models requires
expensive experimental studies across different insulating materials and operating
conditions.

This thesis proposed an efficient approach that advances the analysis of PD data. PD
measurement is affected by noise, sensor oscillations, and pulse reflections, which
distort original PD signals. This issue is addressed by implementing discrete DWT-based
denoising and local maxima techniques. An algorithm is developed that denoises PD data
and detects PD pulse peaks above a certain threshold value. The key objective is not to
detect every individual peak that appears, but to detect most PD pulses that can describe
the behavior of PD activity. A window method is then implemented around each peak to
extract the corresponding PD pulse and relevant features for analysis of PD data.

The selection of optimum features was another major challenge, as 11 features were
extracted from individual PD pulses. Principal component analysis (PCA) is an efficient
dimensionality reduction technique that identifies major features that can describe PD
activity. It also contributes to the classification and clustering of PD data if two or more
types of PD are available in the PD dataset. For this, a machine learning based technique
is implemented. It utilizes hierarchical clustering to classify different PD types. This PCA
and clustering algorithm was implemented to describe the aging and degradation stages
of Nomex insulation.

Experimental results on modelled cable defects illustrated that with increasing
voltage, the pulse height increases to a certain level of voltage. However, as the voltage
is further raised, the pulse height remains stable, while the occurrence of pulses
increases near the zero crossing of the applied voltage in the PRPD pattern. The results
also revealed that with increasing applied voltage, the phase span of PD activity widens,
and the number of pulses also increases at a certain level of voltage.

PDIV is an important parameter used for endurance assessment and design of the
insulation system in power system assets. The results showed that the three-leg
approach is a validated approach for the estimation of surface PDIV in solid insulation.
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It utilizes FEM modeling, a surface discharge model, and an experimental setup with a
two-electrode configuration. In the first and the second leg, a FEM model is used to
determine tangential field profiles across the insulation using different electrode
configurations. In the second leg, field profiles are used to estimate the surface discharge
inception field and inception voltage using the surface discharge model. In the third leg,
the experiment setup is used to determine the PDIV of the Nomex insulation.

Lifetime assessment of Nomex insulation using surface erosion accelerated aging
showed that aging on the Nomex film follows four stages of degradation, i.e., surface
discharge inception, surface erosion, tracking, and finally pitting and breakdown. These
four stages were validated using PRPD patterns, PD characteristics, and microscopic
analysis. This study is useful, particularly for the assets that utilize Nomex insulation.
Further investigations can be conducted to investigate the behavior of surface discharges
under different environmental conditions, such as temperature, pressure, or other
operating conditions.

In conclusion, the proposed frameworks, including data-driven tools, FEM models,
and surface erosion-based lifetime studies, can advance condition monitoring and
lifetime studies of solid insulation in power system assets.

6.2 Future Work

While this thesis proposed novel frameworks that can contribute to condition assessment
and lifetime study of insulation used in power system assets, it also elucidates directions
for future research to enhance their applicability and integration into asset management
and design practices. Some of the potential areas for further research are outlined as
follows:

e The implementation of ML or artificial intelligence tools to automate the
optimum selection of thresholds or the detection of PD pulses in acquired PD
data.

e Extensive experimental investigation on commonly used insulating materials
such as XLPE, polyethylene, Nomex, and polyimide films under varying
environmental conditions and defects typically encountered in field
applications. The concrete PD features that describe aging can contribute to the
development of phenomenological models.

e Implementation of the three-leg approach under varying environmental
conditions and different insulating materials.

e Development of pattern recognition algorithms for the recognition of PRPD
patterns at distinct stages of aging.
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Abstract

A Multi-Method Approach to Solid Insulation Aging Based on
Partial Discharge Measurement

This thesis presents a multi-method framework for the aging and degradation behavior
of solid insulation materials, focusing on Nomex and medium voltage cross-linked
polyethylene (XLPE) cable insulation, utilizing efficient partial discharge (PD) data
analysis, finite element method (FEM) modeling, and experimental investigation.
A multifaceted approach has been adopted to examine the electrical aging process,
develop data-driven tools, and validate modeling frameworks. The thesis begins with a
comprehensive review of primary factors that influence the aging of insulation. Followed
by an in-depth comparison of insulation aging models presented over the past three
decades, highlighting their strengths and limitations and the pivotal role of PD
measurement in the aging and degradation study of solid insulation. The literature thus
provides a foundation for identifying existing research gaps and guiding future
advancements in insulation aging and degradation studies.

An efficient data-driven toolset is designed that detects PD pulses and extracts
multiple features by utilizing wavelet-based denoising and local maxima techniques. This
framework is further augmented through the integration of principal component analysis
(PCA) for optimum feature selection and advanced machine learning techniques such as
hierarchical clustering for classification and clustering of PD data. Moreover, a fuzzy logic
algorithm is employed that precisely identifies PD sources (corona, surface, internal),
thereby providing a rule-based interpretation of intricate discharge patterns. The designed
toolset was validated on various data sets obtained from experiments on XLPE cable
insulation and Nomex film under physically modelled defects and aging scenarios.

Partial discharge inception voltage (PDIV) is a critical parameter in the assessment of
insulation dielectric strength and aging behavior. It is one of the crucial markers used in
insulation system design. A three-leg approach is devised that utilizes FEM based
simulation and surface discharge model to estimate PDIV of Nomex film. Simulated PDIV
is validated by experimental PD measurements, which confirm the model’s dependability
and accuracy.

The last section of the work evaluates the lifetime performance of Nomex film
insulation through a surface erosion-based accelerated aging procedure. A four-stage
degradation methodology is adopted to characterize the distinct stages of insulation
aging from the PD inception to the breakdown. Phase resolved partial discharge (PRPD)
patterns, PD characteristics, and microscopic analysis are employed to differentiate
these phases. The study is useful for electrical assets utilizing Nomex insulation and
where surface discharge is a major risk and causes failure of insulation. This research
offers a framework for surface erosion-based accelerated aging to investigate the behavior
of surface discharges under different supply and environmental conditions.

Overall, this thesis contributes to a validated framework that advances insulation
diagnostics and can play a key role in condition monitoring and lifetime prediction of
solid insulation systems used in electrical assets.
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Lihikokkuvote

Osalahenduste mootmisel pohinev mitmemeetodiline
lahenemine tahke isolatsiooni vananemisele

Kdesolevas vaitekirjas esitatakse laiapGhjaline raamistik tahkete isoleermaterjalide
vananemis- ja lagunemiskaitumise uurimiseks, keskendudes Nomex’ile ja
keskpingekaablites kasutatava ristsillatud polletiileenist (XLPE) valmistatud isolatsioonile.
Uurimist66s kasutatakse osalahenduste (PD) andmeanaliitsi, I6plike elementide
meetodiga (FEM) modelleerimist ning katseliselt saadud tulemusi. Rakendatud on
mitmekilgset lahenemisviisi elektrilise vananemise protsessi uurimiseks, andmepdhiste
vahendite viljatootamiseks ning modelleerimisraamistike valideerimiseks. Viitekirjas
antakse pohjalik lilevaade isolatsiooni vananemist mdjutavatest peamistest teguritest.
Samuti teostatakse sivitsi vordlus viimase kolmekimne aasta jooksul arendatud
isolatsiooni vananemise mudelite kohta, keskendudes nende tugevustele ja piirangutele,
ning kasitletakse PD mddtmise olulist rolli tahke isolatsiooni vananemise ja lagunemise
uurimisel. Kirjanduse baasil antakse Ulevaade teadmuse olemasolevatest llinkadest,
mille pohjal saab suunata edasist uurimistd6d isolatsiooni vananemise ja lagunemise alal.

Koostatud on t6hus andmetel pdhinev tarkvaravahend, mis tuvastab PD impulsse ning
eraldab mitmeid tunnuseid kasutades lainikupGhist miraeemaldust ja lokaalsete
maksimumide tehnikat. Seda raamistikku tdiendab peakomponentide anallitis (PCA)
optimaalsete tunnuste valiku jaoks ning edasijbudnud masindppetehnikad, sh
hierarhiline klasterdamine, mida kasutatakse PD andmete klassifitseerimiseks ja
klasterdamiseks. Lisaks kasutatakse hagusloogika algoritmi, mis tdpselt tuvastab PD
allikad (koroonalahendus, pindmine ja sisemine osalahendus), pakkudes keerukate PD
mustrite reeglipGhist tdlgendust. Koostatud tarkvaravahend on valideeritud erinevatel
andmekogumitel, mis on saadud XLPE kaabli isolatsiooni ja Nomex’ist valmistatud
kiledega teostatud katsetest fadsiliselt modelleeritud defektide ja
vanandamisstsenaariumitega.

Osalahenduste alguspinget (PDIV) peetakse oluliseks parameetriks isolatsiooni
dielektrilise tugevuse ja vananemiskditumise hindamisel. See on ka Uks peamisi
parameetreid, mida arvestatakse isolatsioonisiisteemide projekteerimisel. Valja on
tootatud kolmiklahenemisviis, mis kasutab FEM p&hist modelleerimist ja pindlahenduse
mudelit PDIV arvutamiseks Nomex kile puhul. Mudeldatud PDIV on valideeritud
katseandmetega, mis kinnitavad mudeli tdeparasust ja tapsust.

Viimases uurimuse osas hinnatakse Nomex kilest valmistatud isolatsiooni kasutusiga
kasutades pinderosioonipdhist kiirendatud vanandamise protseduuri. Rakendatakse
neljast etapist koosnevat lagunemismeetodit, millega kirjeldatakse isolatsiooni
vananemise erinevaid faase alates PD sittimisest kuni |abil6ogini. Etappide erinevuste
madramiseks kasutatakse osalahenduste faasilaotuse (PRPD) mustreid, PD tunnuseid
ning mikroskoopilist analttsi. Uuringust vOib kasu olla Nomex isolatsiooniga
elektriseadmete kaitamisel, kus isolatsiooni rikkeid pohjustavate pindlahenduste oht on
markimisvdarne. See uurimus kirjeldab raamistikku pinderosioonip&hiseks kiirendatud
vanandamiseks, et uurida pindlahenduste kditumist erinevate toite- ja
keskkonnatingimuste korral.

KokkuvGttes aitab antud t60 edasi arendada ja valideerida isolatsiooni
diagnostikameetodeid ning panustab tahkete isolatsioonislisteemide seisundiseiresse
ning kasutusaja prognoosimisse elektrisiisteemides.
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Abstract: Electrical insulation is an integral part of power components. The aging of electrical insu-
lation is an undeniable fact that limits the operational lifetime of power components. Apart from
regular aging, abnormal stresses and the development of defects are real threats because of their
contribution in accelerating the aging rate and thereby leading to a premature failure of the power
components. Over the decades, various studies have been carried out to understand the aging behav-
ior of electrical insulation mainly considering electrical and thermal stresses. Similarly, a number
of mathematical (aging) models have been developed based on the theoretical and experimental
investigations and evidences. However, a dependable formulation of the models that can provide
more practical estimation of the insulation degradation profile has not been achieved yet. This paper
presents a comprehensive review of the aging models considering single and multistress conditions.
Further, the paper discusses possible challenges and barricades averting the conventional models to
achieve a suitable accuracy. Finally, suggestions are provided that can be considered to improve the
modeling approaches and their performance.

Keywords: electrical insulation; power cables; insulation degradation; aging models; partial
discharge

1. Introduction

While air provides the withstanding capability of 3 kV/mm between two conductors,
the use of dielectric material increases this withstanding capability to the required voltage
levels. In addition to increased electrical breakdown strength, the materials must be able to
meet thermal and mechanical performance requirements [1]. Keeping performance in view,
the reliability, cost, and environmental impacts are the major considerations during the
insulation design of the components [2]. The operational lifetime of the power components
depends on the reliability of the dielectrics. Insulation aging is a looming issue in all types
of power components [3]. However, aging becomes more critical at medium or high-voltage
operation as compared to low-voltage applications. During a survey of Stockholm, out
of 1392 total failures, 263 were due to power transformers, 435 failures were caused by
cables, and overhead lines were responsible for 20 failures where electrical insulation was
considered as a significant cause of these failures [4]. Sudden failure of grid equipment
can cause unplanned power outages, leading to huge economic and operational loss to
customers and utilities. A better understanding of the aging behavior and its progression
can help to foresee the incoming failures of critical network components, which in turn
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reduces the associated losses and interruption of the industrial, commercial, and social
processes.

Considering the nature of the mechanism, aging can be divided into intrinsic and
extrinsic processes. The former is a naturally occurring process that produces gradual
irreversible changes in the insulation properties. This refers to an intuitive process which
leads to unusual changes in physiochemical properties of the insulating materials that may
affect a major part of the insulation. The chemical kinetic process causes the breaking of the
chemical bonds. These bonds are continuously broken and rearranged under the influence
of the electric field that forms moieties [5,6]. The moieties increase with time and collectively
bring substantial changes to the microscopic and ultimately macroscopic properties of
insulation, which may lead to accelerated degradation. Intrinsic aging normally takes
longer to fail and is initiated due to cavities, defects, protrusions, and voids (CDPV),
which are the result of poor manufacturing, transportation, installation, or operation and
contribute to intrinsic aging in the future. These defects under the influence of thermal,
electrical, ambient, and mechanical (TEAM) stresses pose a significant impact on insulation
aging [7].

Diagnostic tests play an eminent role in evaluating the defects’ progression and impact
of stresses. Research on the improvement of the proactive diagnostic capabilities has
progressed well, especially considering the detection and location of insulation defects
in the power components [8,9]. Similarly, prediction of lifetime has been a focus for the
last 40 years [10-12]. It is well-understood that the progression of the insulation defects or
insulation degradation is associated with the magnitude of stresses and condition of the
insulation [13,14]. Various measurement methodologies are used to observe the insulation
conditions, such as dielectric response in the time domain and frequency domain, infrared
spectroscopy, degree of polymerization, moisture content, tensile strength and elongation,
partial discharges (PD), and tan-delta [15]. The suitability of the adopted methodology is
based on the type of equipment and the focus of diagnostics. The clarity in the interpretation
of the measured quantities and their relationship with the aging mechanism or type of
deterioration is vital for reliable diagnostics. Identification of the changing pattern as a
reflection of progressing deterioration can provide a traceable behavior of insulation aging
and prediction of its expected condition [16]. Due to stochastic characteristics of interest
observed from the analyzed measurements, it is challenging to identify the degradation
patterns. Therefore, reliable prediction of life expectancy of the component is a topic of
increased interest for the power engineers [17].

Further in this article, Section 2 discusses aging from cause to consequence, typical
cable defects, and the basic idea of the tests performed for the evaluation of insulation
condition. Section 3 presents a holistic overview of various insulation aging models under
thermal and electrical stress and discusses the threshold behavior of dielectric materials.
Section 4 presents accelerated testing methods, limitations of available models in achieving
general applicability, and prospective solutions for improved understanding of aging
behavior.

2. Insulation Degradation in Solids and Aging Models

The degradation of insulation materials varies with their chemical composition, source
(natural or synthetic), heat-resisting capability, and physical state, i.e., liquid, solid, and gas.
Considering physical state, in liquids and gases degradation occurs due to contamination,
solid impurities, and dissolved gasses. These impurities under the influence of continuous
electric field lower the dielectric strength, which ultimately leads to the breakdown. In
solids, electrical breakdown causes the final failure of insulation; however, electrical stress
itself is not the dominant aging factor under normal operating conditions. The dominant
degradation is caused by the combination of different stresses, among which thermal and
mechanical stresses are more significant. Operational, physical, and environmental factors
may lead to deteriorating effects and cause additional aging, such as the rise of temperature,
bending or compression, contaminations or voids, moisture, etc. [18-20].
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The effects mentioned above become the sources of different types of stresses that
can be categorized as thermal, electrical, ambient, and mechanical stresses. Based on the
magnitude of these stresses, the irreversible incipient degradation mechanisms are initiated
in terms of oxidation, decomposition, electrical treeing, PDs, and space charges. As a result
of these aging mechanisms, the material properties deteriorate, and dielectric strength
is reduced at a localized level that is gradually extended across the insulation between
conducting parts. Consequently, this leads to an electrical breakdown of the insulation,
and the failure of the component occurs. An overview of the insulation degradation from
initiation of aging into the possible failure is presented in Figure 1. The arrows indicate
that the induced stresses are interrelated, as thermal stress is a result of mechanical stress.
The bending and compression cause a temperature rise, which produces thermal stress.
Cables operating in wet environments may cause corona discharges that increase electrical
stress in cables. Mechanical stress relies on the operational and environmental conditions
(harsh or mild). The damage to the cable sheath is due to mechanical stress, i.e., bending
or compression, letting the moisture enter into the cable sheath, resulting in environment
stress and vice versa. It also reduces the electrical performance of cable.

Te — Voif.ls, ending, tefasile Moist!.u'e,
e an d] i conta{nmants, compression, cpel:.mcal
et protusions and torsion and radiation and
defects vibration gases

Result Reduced dielectric strength & Increased local strength

Figure 1. Aging factors, causes, mechanisms, effects, and consequences for solid insulation.

Considering underground cables as a critical component of the medium-voltage (MV)
grid having dielectric a major part of its physical design, typical insulation defects are
depicted in Figure 2. The most alarming defects lie within the main insulation between
shielding and the conductor [21,22].

Water treeing is a serious concern in the extruded cables operating in wet environments
where the potential aqueous infiltration can produce conditions that are favorable for the
inception and development of water trees. These trees are effective areas inside cross-linked
polyethylene (XLPE) insulation with reduced dielectric strength, and can therefore also
contribute to aging, e.g., via consequent initiation of electrical treeing. Electrical trees are
initiated when the insulation is subjected to high electrical stress for a sufficiently long
time in the presence of (CDPVs). The electric trees are formed due to sustained PD activity,



Energies 2022, 15, 3408

40f 20

which causes gradual local disintegration of the insulation. Both water trees and electrical
trees tend to expand in the direction of the electric field they are exposed to [23,24].

Water tree

Protrusion

Crack

Bridging
water tree

Delamination

Figure 2. Typical defects in extruded power cables.

The aim of aging studies and lifetime modeling is to relate the life with the associated
stresses which can be achieved by experimental studies. Considering experimentation,
accelerated-aging tests can be more efficient since the routine testing methods take a
longer time. Typically, underground cables are designed for a service life of 3040 years.
Accelerated aging tests can be used to estimate an asset’s life in a short span with a suitable
accuracy. IEEE 1407 defines well-established guidelines for accelerated tests for medium-
voltage cables (5-35 kV), according to which accelerated water-treeing tests (AWTT) are
performed where cables of various lengths are kept inside water-filled pipes from four
months to one year. Later, the step AC breakdown voltage is applied, and insulation
behavior is investigated. Another method where cables are aged in tanks instead of
water pipes for a known period of time or until failure time is called the accelerated
cable-life test (ACLT). In this method, the step AC voltage is applied under different
temperatures and voltages. This method is very useful for the investigation of the overall
aging process, i.e., from inception and growth to final failure [25]. IEEE 98 defines test
procedures for thermal endurance (TE) characterization of insulating materials based on
analytical methods, concluding that TE tests must be performed at three or more ranges of
temperatures for a duration of more than 100 and 5000 h (about 7 months) for the shortest
and longest test, respectively [26]. A shorter method for TE characterization purposed
in [27] is based on the oxidation-stability measurements to estimate the activation energy
(minimum energy required to initiate a chemical reaction) of degradation. Regarding
measurement techniques, nondestructive tests such as insulation resistance, tan delta, and
PD are comparatively popular.

IEC-60270 defines PD as an electrical discharge that partially bridges the insulation
between conductors, which may or may not occur adjacent to a conductor. IEC also
provides guidelines for PD measurement where the PD inception voltage (PDIV) is applied
at nominal frequency i.e., 50 Hz, and PD pulses are measured at increasing voltages.
These pulses can be measured by various sensors such as coupling capacitors [28]. Other
devices such as high-frequency current transformer (HFCT), Rogowski coil, ultra-high-
frequency (UHF) sensor, and electric-field sensors (D-dot) are also used for PD pulse
measurement [14,29]. The results demonstrate the fault location, intensity, and type of PDs.
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Modeling has made prominent progress from the Dakin physical model [5] to the
Simoni multistress life models [30-32] and Dissado space-charge model [33]. These models
predict insulation life under single or multiple stresses. The study of the insulation under
multistress conditions can provide a more compressive aging response. Multiple stresses are
not simply additive, but they are coactive and might have a direct or indirect impact; or the
other way around, they might have sequential impact [34]. Although the accelerated-aging
tests evaluate the insulation condition efficiently, the life estimation at a particular instance
of service requires statistical tools and life models. Due to their significant degradation
impact, thermal and electrical stress based aging models are discussed in the next section
considering single-stress and multi-stress approaches, as shown in Figure 3. Multistress
models are further classified into phenomenological, physical, and thermodynamic models.

I

Single-stress models Multi-stress models

Electrical aging

models

Thermal aging Phenomenological
models models

Thermodynamic

Physical models models

Figure 3. Classification of insulation-aging models.

3. Single-Stress Aging Models
3.1. Electrical-Aging Models

Electrical aging occurs due to the presence of free electrons and other charge carriers.
The free electrons at low concentrations start colliding frequently with the lattice of dielectric
materials and ionize molecules of insulating materials by transferring energy. At a high
concentration, this collision liberates additional free electrons and collectively they produce
an avalanche effect [35,36]. The excess of free electrons causes the current to flow within
the insulation. At high stress, heating is produced due to the high current, which thermally
deteriorates the material, thus contributing to aging. Introducing a relationship between
electrical stress and time to breakdown, inverse power law (IPL) predicts the lifetime of the
insulation as

te_.pb (a > 0) (@)

where t; is failure time, E is applied electrical stress, and a is the constant to be estimated
by electrical life data. The parameter b is the voltage-endurance coefficient (VEC), which
is the slope-of-life graph between applied electrical stress and life [37]. Life prediction
through IPL is based on the accelerated-aging-test results, as it is the relation between
electrical stress and time to failure [38]. It has been observed that electrical-endurance
data or the relation between insulation life and applied stress can be best described using
two-parameter Weibull distribution [39,40]. The cumulative density function for Weibull
distribution is expressed as

f)=1-e 1@ t>0 )

where f(t) is failure probability at applied stress or time, and p and q are the scale and shape
parameters and are positive. The parameter p illustrates the voltage or (time) at which
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f(t) becomes 63.2%, whereas q is the measure of the dispersion of data such as variance in
normal distribution and t is time to failure or breakdown value of electrical stress. Figure 4a
is a graphical representation of IPL that depicts an inverse relation between electrical stress
and insulation life; as electrical stress increases, the insulation life decreases [38]. It is
observed that at lower value of electrical stress, the insulation life graph tends towards
the electrical threshold Eg This behavior is best described by the exponential model, as
shown in Figure 4b. The model represents the voltage endurance of the insulation based
on a threshold value that permits faster and accurate results [41], expressed as

tf — k e(-nE) (3)
where k and n are the constants ought to be found by electrical-endurance experimental
data [38]. Both models have wide application for electrical endurance and are extensively
used to study insulation life under single and multiple stresses.

L.
>

Stress (kV/mm
Stress (kV/mm)

Eo

—
Time to failure (Hours) Time to failure (Hours) =

(a) (b)

Figure 4. Relationship between applied stress and insulation life for varnished polyamide films using
(a) inverse life graph; (b). exponential life graph adapted with permission from [40].

In many cases, particularly when the diagnostic tests are extended for a long time, the
electrical lines show their tendency towards the electrical threshold Eg. The life graph of
polyethylene terephthalate (PET) film with surface discharge shows an S-shape curve in
Figure 5a. The green curve (semi-log plot) follows IPL at first and later tends towards Eq at
alow value of electrical stress, showing the practical existence of the electrical threshold [42].
The same material was tested in [43] at different temperatures, as shown in Figure 5b. It
was observed that the threshold value decreased with increasing temperature; however, its
presence was still there even at 130 °C. The tendency of the life graph towards the electrical
threshold (Ep) can be due to the extrapolation of the experimental data or due to operating
conditions of the insulation.

Log E vs. log life

Stress (kV/mm)

E vs. log life

Stress (kV/mm)

T S T PR s
Life (Hours) Life (Hours)
(a) (b)

Figure 5. Electrical life curves for PET, approaching threshold Ep, (a) at constant temperature; (b) at
different temperatures adapted with permission from [43].
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Materials that adopt this behavior can be expressed by adding a threshold value in
both inverse-power-law exponential models. Thus (1) and (3) are extended as (4) and (5).
Adding a threshold value mathematically in the life equation, e.g., Eg in (5), gives precise
results, since it is impractical to include stress values below the threshold.

tr=to [* 4

el (E~Eo)] (5)

_ k
o {E —Eo
where E is applied voltage, t; is insulation remaining life, and tg is life at stress Eg [32].
Haideo also observed threshold behavior in dielectric materials such as polyethylene and
polyethylene-terephthalate. His work illustrates that the life of electrical insulation follows
a Z curve called flat Z characteristics, as shown in Figure 6. Three regions of representation
are provided, while region I shows linear relation between life and applied stress following
IPL; it is assumed that threshold Et appears in the third region [44].

Stress (kV/mm)) >

Log life >

Figure 6. Representation of flat Z characteristics of insulation life in three regions adapted with
permission from [44].

It can also be noticed that during region I and region III, the rate, i.e., (dv/dty), is lower
than in region III, which implies that the degradation rate is high in the transition phase,
which is region IL

3.2. Thermal-Aging Models

Thermal stress is one of the prominent causes of insulation aging, as it produces irre-
versible and enduring reactions that eventually affect the dielectric properties of insulation,
thereby increasing the dissipation factor or conductance. Dakin et al. [27] identified three
processes that lead to thermal aging of insulation, as follows:

e increase in dissipation factor and conductance due to oxidation.
e  brittle hardening of the insulation due to reduction in the plasticizer effect.
e  depolarization of plastic insulation at elevated temperatures.

Montsinger also described aging as a function of time and temperature. According
to him, an increase in temperature (8-10 °C), reduces equipment life by half [45]. The
relationship between temperature and reaction rate of a chemical reaction was first aimed
at by Arrhenius in Equation (6), expressing it as the rate of a chemical reaction directly
proportional to the temperature [46].

K = ke~ Rt ®)
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where K is reaction rate, k is rate constant, T is absolute temperature, and R is general gas
constant [47]. Here E, is the activation energy that determines the rate of the chemical
reaction. It is proportional to the slope of the line between the rate of reaction and the
inverse of temperature. High activation energy represents slow chemical reaction. A
modified form of (6) is proposed in (7), as (6) deals with the kinematics (reaction rates) only
in gaseous form. [48]. However, expression (7) is able to support heterogenous reactions as
well, i.e., reactions in which two or more forms of matter (liquids, gases, and solids) take
part as reactants, and is presented as

— 7KBT e_%e% (7)

K
where Kg and h are the Boltzmann and Planck’s constant, AH is activation enthalpy, AS is
activation entropy. If life Lt is insulation life under thermal stress (assumed to be inversely
proportional to the reaction rate), then (6) becomes

Lr = e ) 8)
where 3 = E; /R is constant and function of activation energy of reaction [49]. The value of «
is mainly dependent on the insulation characteristics and failure mode. The thermal graph

shown in Figure 7 is obtained by extrapolation of data points and temperature indices,
including temperature index TI [50,51].

A

Life (Hours)

Temprature ("C) ) -
Figure 7. Thermal life graph between temperature and insulation life adapted with permission
from [51].

The linearity of the thermal life graph is dependent on the constancy of rate of reaction
at all ranges of temperature and on the assumption that the material only undergoes
thermal stress. However, the tests performed under combined (electrical and thermal)
stress showed that thermal life graph lines followed curved patterns [52,53]. Figure 8
presents the thermal lines of XLPE cable under different values of electrical stress.

It was observed that thermal lines adopt curvilinear behavior with increasing magni-
tude of electrical stress. The plots demonstrate that at the start, the thermal lines exhibit
linear behavior, but at higher values of electrical stress, the lines tend towards thermal
threshold Tt, which reflects the practical existence of the thermal threshold. Considering the
threshold behavior, a modified form of (8) derived from the Eyring relationship proposed
in [52] is expressed as

L= KlTYe(*%) e{[Ka+K3/Tr(S)]} 9)
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8 kV/mm

10 kV/m

Life (Hours)

21 kV/mm

Tt

Temperature (°C)

Figure 8. Thermal lifelines of XLPE cable at different values of electrical stress adapted with permis-
sion from [53].

Here, S is stress other than thermal, which can be electrical or mechanical. It can
be seen from (9) that for s = <0, there will be thermal aging only. K;, K, K3, and Y are
parameters of the Eyring model, extracted by thermal-endurance data. In addition, Figure 8
shows that the insulation life reduces drastically at higher values of electrical stress even at
low temperature, which indicates that electrical stress also influences thermal aging.

The models based on single (individual) stresses provide a clear understanding of the
aging behavior and prediction of lifetime with good accuracy and flexibility. However, in a
more practical scenario, insulating materials operate under multiple stresses, which are
discussed in the next section.

4. Multistress Aging Models

During regular operation, equipment is exposed to multiple stresses simultaneously.
Observing their combined impact provides a more comprehensive understanding of the
aging behavior under operational conditions [46]. If any abnormality of thermal stress has
primarily accelerated the aging rate due to the oxidation process in air, its interaction with
electrical stress further increases the temperature and can initiate the treeing phenomenon.
Conversely, the impact of electrical as the primary stress and thermal as the secondary stress
substantially changes the PDIV and intensity of PD [30]. Thus, multistress models consider
the synergistic effect of applied stresses that are multiplicative in nature, not additive. A
generalized life model (10) for insulating materials (threshold and non-threshold) under
multiple stresses, say, n, is expressed as in [49]:

L Lk 2 C(S1Sy, - Sn> (10)

Iy ol
where 1 is life under multiple stresses. Further, 14,1, ... , I, are individual lives for stresses Sy,
Sy ..., Snand |y is life at a certain stage called reference life. The constant C is the correction
factor, which is necessary to include since at higher values of stresses, the multiplicative
model yields a solid reduction in the insulation lifetime [54]. Multistress models are based
on Arrhenius and Eyring’s equations for thermal and mechanical endurance, inverse,
and exponential models for electrical endurance. These models can be divided into three
categories:

e  Phenomenological Models.
e Thermodynamic Models.
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e  Physical Models.

4.1. Phenomenological Models

The empirical models are based on the aging phenomenon in accordance with the
principal theories; however, their parameters hold no physical meaning. They are designed
by analyzing the failure data of experiments or accelerated-aging-test results that cannot
be found directly as material properties. Phenomenological life models are relatively
successful in predicting the life of insulation at any stage. The major characteristics of these
models can be stated as follows [55]:

e Depicts the relationship between stress (es) and life of the equipment based on the
experimental data;

o  Characterizes insulating materials based on experimental evidence rather than physi-
cal properties;
Predicts life at any stage through extrapolation of the test data;
Statistical and statistical or probabilistic approaches can be used to find model parameters.

Over the past three decades, a number of multistress models based on experimental
results have been proposed. Among the first phenomenological multistress models, Fallou’s
model presented in [56] is expressed as

C CHE
L=BeBEeT et (11)

where By, By, C1, and C; are the electrical constants, determined by experimental results.
The interesting thing about this model is that each of the three terms in (11) represents the
aging process, i.e., first term—electrical aging, the second term—thermal aging, and third
term—aging under combined stress (14). The model is only valid for E > 0; thus, it does
not consider the impact of threshold value or lower value of electrical stress near to zero.
The exponential term in the model holds curvilinear properties at stresses near to zero, as
shown in Figure 4b. Therefore, at a lower value of applied electrical stress, the extrapolation
of the data in the model does not give accurate results. The major contribution in the field
of multistress aging was made by Simoni [31]. The proposed models bear high credibility
as they are developed based on broad research and experimental evidence. Simoni’s first
multistress model is expressed as

o(—hE—BT-+bET )
L= Knp,¢ (12)
AT
Fow T ATy — 1

where k;, is constant depending on insulation short-time characteristics, h and B are elec-
trical (coefficient of inverse-power model) and thermal parameters, b is parameter for
combined stress, Eg is electrical gradient, AT is change in temperature, and Eg;, and ATy,
are electrical gradient and thermal threshold at room temperature, respectively. One of
the major characteristics of Simoni models is the life surface, as shown in Figure 9: a
three-dimensional graph that is a geometrical representation of life under combined stress.
The surface intersection with axes gives electrical lifelines at constant temperature and
thermal aging at constant electrical stress. Additionally, at constant life (L), the isochronal
(hyperbolic) lines of thermal and electrical stress in correlation with selected life can also be
acquired from the surface model.
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Electrical life lines

Figure 9. Life surface graph representing linear and isochronal lines adapted with permission
from [31].

Simoni’s observations during experiments proved to be a breakthrough in defining
the threshold materials i.e., it is not material, which is threshold or non-threshold rather
behaviour, depends on the value of applied stress. If at least one of the applied stresses
is less than the threshold, e.g., at stress E < E,, the lifelines approach thermal threshold
and vice versa. Thus, the material behaves as threshold material. If all applied stresses are
higher than the threshold value, the material behaves as non-threshold material [33]. This
led Simoni to propose a unique model which is valid for material behavior (threshold and
non-threshold) expressed as

o(—hE—BT-bET )

(£ + & — (bTto ET)/(h Eio Tro) — 1)°

2 2
p= (SOKEEEt") + (Ti:‘") } (14)

Equation (13) has seven parameters: L is life at some reference point or at room
temperature, E is applied electrical stress (E—Ey,), and Ey, and Ty, are electrical and thermal
thresholds at room temperature, respectively. The value of o, ultimately 3, defines
material behavior. It can be observed that by putting 3 = 0 in (13) the model represents the
non-threshold behavior of insulating material, which means all stresses must be greater
than or equal to corresponding threshold values, i.e., E > Ey, and T > Ty,. Yetif 3 > 0, the
model represents threshold behavior, inferring that either of the applied stresses must be
less than the respective threshold value, i.e., (E < Eg, or T < Ty,). Moreover, the values of 3
model validity rely on the following boundary conditions:

L=1L (13)

where

e In absence of electrical stress in other words (E < Egy,), the model must tend to the
thermal model; however, at T < Ty, the life function must tend to infinity.

e Likewise, in the absence of thermal stress the model must tend to the electrical model
and at lower value of electrical stress (E < Ey), the life must follow upward curvature
(tend to infinity).

In the absence of both stresses, the model must converge to the linear model. Con-
sidering the versatility of this model, it can differentiate the behavior of materials based
on the values of applied stresses in contrast with the threshold. It can also predict the
life or aging in multiple scenarios given that the suitable test properties and criteria for
failure are used for thermal and electrical-endurance data processing. However, there
are higher chances of uncertainties calculating parameters through estimating methods
such as maximum likelihood, even with the high volume of experimental data [57]. The
phenomenological models have the capability to be transformed into probabilistic models
based on the experimental data results [38,47,58]. A probabilistic model proposed in [59]
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can describe insulation aging of material subjected to thermal and electrical stress. The
IPL-based model is expressed as

]q(E,T)

F(LET) =1l (&) (15)

nj

where n = 5. Here, n; is the initial electrical-endurance coefficient, t is time to

-
failure at stress E arTld ts is time to failure at electrical stress Eg, T represents thermal stress
or temperature, and v U is shape parameter (v = v (T)). It can be observed that the value
of the power term n is dependent on electrical stress E, temperature T, and v, which is
different from previous models, dependent on E and T only. In addition, this model has
no separate term for thermal stress like we have seen in previous models. Although it
is a novel approach, implemented on XLPE-insulated cables, the general validity of the
model for materials with threshold behavior still requires experimental evidence gathered

on varied materials [45,46].

4.2. Physical Models

The major drawback of phenomenological models is the model validity, which solely
depends on the experimental results since the parameters can only be found after the aging
test. This process often takes longer and is difficult to handle a large amount of data using
statistical means. On the other hand, physical models are based on the aging mechanisms,
laws, and theories. These models support aging in insulation parameters of later models
that have physical meaning and can be found directly from the measurement of physical
quantities [55]. The physical model based on the PD phenomenon was initially proposed
by Bahder et al. [60] as

1
fbl [ebz(E*Etac) — 1] eb3(Eb) —+ b4

Lg = (16)

The by, by, bs, and by are constant terms and their values depend on frequency f and
shape of applied stress i.e., impulse, DC, or AC. Here E}, is the voltage at which electrical
breakdown occurs and Eg,c is the threshold value of applied stress (AC). The value of E,c
is influenced by the shape and type of void or defect and insulation temperature. A similar
model based on the tree growth and PD test is proposed in [61], expressed as

B
ks (E—Ep)"
- (e

F(tQ,E) =1—¢ B (17)

This expression describes the probability of insulation failure, where  and n are the
parameters of Weibull distribution; n is also the electrical-endurance coefficient; d is tree
depth and can be found from fractal characters of the tree; and kj, ks are the constants,
whose value relies on the material type and tree-growth phenomenon. The model is
valuable in finding the residual life of the insulation at a chosen value of charge Q; at time t.

Although the above models are based on the novel PD testing, the life estimation
through this model depends on electrical tree growth. Knowing the fact that electrical
treeing is one of the hazardous haps that severely affects insulation, it is therefore necessary
to predict the insulation condition prior to the tree growth. In addition, this model needs
sufficient PD data and processing tools for accurate estimation of the model parameters
and constants.

4.3. Thermodynamic Models

Typically, thermodynamic models illustrate that the insulation degradation or aging is
due to the reactions, activated by heat or temperature. These reactions form moieties that
cause degradation. Both electric field and temperature are responsible for these reactions,
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as temperature provides free energy to electrons to overcome the barrier, and electrical
stress reduces the height of that barrier [62]. Crine et al. [63] proposed a multi-stress model
based on the thermodynamic approach, expressed as

h  (aGBE)
=3 1
ty, = KT B (18)

AG is Gibbs free energy, A is scattering distance, and F is frequency. As seen from the
equation as E—0, the life t,, will tend towards infinity. In this case, A will be contingent
on thermal quantities, i.e., temperature, ad must relate to physical properties (structure
and size of micro voids and small cavities that grow in the material due to structural
defects accelerated by electrons). The model presumes that electrons have sufficient energy
to accelerate reactions that break the weakest bonds; this indicates either that there is a
considerable number of defects or micro voids already present at the start of the aging
process, or the presence of high-voltage stress or a simultaneous effect [63,64]. Another
model proposed in [65] is based on the chemical characteristics of insulation. The break-
ing of chemical bonds under multiple stress(es), i.e., thermal, and electrical, form micro
voids. These micro voids can defuse with each other and form cracks that contribute to
deterioration that can be observed from the expression as

kBT

U, -1
) _ M)} dn (19)

t= { (G
Here, t is time to failure or time at which crack growth due to voids is initiated, n
is number of bonds that are broken, n. is their critical quantity, N is the quantity that
can be breakable, and U,(E) and U, (E) are activation energies required for forming and
breaking of bonds. Taking a similar concept Dissado described the role of space charges in
insulation aging. Space charges are evolved in polymeric insulation as a result of charge
injection by electrodes, where some charges may be trapped within the insulation. At
high electrical stress, these trapped charges attain enough energy to break bonds thus
changing chemical properties of a material at microscopic level and initialize degradation.
The acceleration of degradation is a thermodynamic process [66]. This study focuses on
the microscopic characteristics of insulating materials, which is different from the previous
models, considering macroscopic characteristics as major cause of failure. Dissado el at. [67]
proposed a model called DMM (Dissado—Mazzanti-Montanari), based on the space-charge
degradation phenomenon under combined stress (thermal, and electrical) as
AH_ a¢ 2 !

At =] [Cosh (E—r—) (20)

LET = ZKBT

where A represents degraded moieties, A* is the critical value of A (value at which large
cavities are formed, sufficient for PDs and therefore the electrical tree), Ae (E) is A when
equilibrium occurs between forward and backward reactions, and A is the difference of
free energy between reactants and products. The constant b depends on charge-trapping
and insulation-degradation quantities, and constant C" depends on material properties
such as element strain, permittivity, etc. Interesting results have been found with the
implementation of (20) with certain assumptions. Firstly, it is assumed that the insulation
holds a homogenous structure. As in the past, insulating materials were manufactured with
imperfections (in small size and quantity), and thus can be considered homogeneous on
macroscale level. In addition, it assumes that small voids are present during manufacturing.
However, advanced manufacturing techniques produce extra clean materials, infers that
there are low chances of defects at the manufacturing. On the other hand, charge carriers
trapped in such materials could have a remarkable impact on aging. This concludes that
there is an efficient need to investigate insulation degradation based on the space-charge-
trapping mechanism in presently available materials. Secondly, the model predicts the
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inception of cracks and micro voids that result in PD or breakdown later, but not the failure
time or breakdown itself. This means that the model is extremely useful in cable design and
manufacturing, as in-service insulation is more concerned with failure time and lifetime
prediction.

5. Discussion

Improved understanding of the insulation aging and life prediction is essential for the
reliable operation of power components. Development of defects as a result of manufactur-
ing or certain stress reaching above the specified range causes initiation of the degradation
mechanisms, leading to final breakdown. The complexity of the mechanisms makes it
challenging to develop well-defined degradation models to predict the lifetime or failure
time of the affected component with a reliable degree of accuracy.

This paper provides a comprehensive review of aging models, highlighting the compe-
tencies and barricades of the models under single and /or multiple stresses. The single-stress
approach is relatively simple in terms of experimental analysis, data interpretation, and
relating insulation life to the corresponding stress. However, more practically, the power
components operate in multistress environments; thus, predicting lifetime under single
stress can be indecisive in many cases. Multistress models offer improved estimation of
insulation life, keeping in view variation of insulation characteristics. Phenomenon-based
models provide good understanding of insulation-aging behavior, as model terms rely on
the experimental results. Although model parameters have no physical meaning, these
models can be very helpful in the comparison of different insulating materials. On the
other hand, physical models consider the aging mainly caused by electrical stress. It can
be noticed in (16) and (17) that the models represent electrical and fractal quantities only.
Thermodynamic models—particularly the space-charge approach—bear high significance
in predicting the development of defects (voids and cavities) that result from space charge,
but the insulation operating in-field is much concerned about the time-to-failure approach
instead.

Therefore, the available multistress models are quite useful in predicting the insulation
life. However, there are certain observations that limit their general applicability:

e Ithasbeen observed that most of the models are material-oriented, as their validity
is examined on certain materials. It can be seen in Table 1 that most of the models
are tested on XLPE and ethylene-propylene rubber (EPR) cables. However, insulation
characteristics or aging behavior varies with material type, manufacturing techniques,
operating environments, and level of stress applied. The life of cables with the same
insulation installed in different networks is different. This depends on the environment
and operational conditions. As the operational conditions keep on changing, the
degradation rate changes hence the time to failure will change. This challenges the
general validity of models.

e  Experimental surveys [43,68] show a wide variation in the life graphs of various insu-
lation materials when they come under single or multiple stress. Due to randomness
in experimental data points, the graph does not follow a clear pattern. Thus, it is quite
unwieldy to fit data accurately in one model. Although the model in [33] is valid for
threshold and non-threshold behavior of dielectric materials, the life equation relies
on several parameters. Almost all models contain parameters, indicated in Table 1,
that can be found by different statistical methods such as maximum likelihood, linear
regression, etc. The parameter resembles variables in an equation. It is cumbersome
to handle multiple variables when it comes to experimental analysis of combined
thermal and electrical stress.

o  Considering the operation of the new components being proliferated in the modern
grid, such as power electronics converters (PEC), it is found that available models do
not incorporate their effect. A model proposed in [69] considers the impact of PEC
and describes overall aging or degradation rate as the sum of electrical stress (peak-
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to-peak value of voltages) at nominal frequency (50 Hz) and the impulse frequency

expressed as
Upc\" /£
— p 1
L, [( o ) (50>} (1)

where Upy/pk is peak-to-peak voltage, n is VEC determined from experimental results, and
f; is the frequency at which insulation life is to be found. Unlike conventional models, it
assumes no synergism between stresses, i.e., between voltage and impulse frequency. In
addition to that the model does not consider the impact of thermal stress, the model terms
represent the impact of electrical stress and frequency only.

Table 1. Summary of reviewed multistress aging models.

Model . Model Type and ‘1
No. Model Equation No. of Parameters Validity Tested On References
1. L=B; [e(BzE)ec% e%] Phenominologmal Poly propylene-oil system [56]
Composite
2 G ) Phenomenological (Nomex-Mylar-Nomex), [31]
: [ R v 6 cycloaliphatic epoxy resin and g
oo e polyurethane resin
3 Lol o(~hE-BT+bET ) Phenomenological XLPE Cables and (Composite 133]
' T A LTt ET)/ (h By T)) 1) 7 N-M-N) ’
¢ EynaED Phenomenological
4. FOET) =1—e©(&)] 5 XLPE Cables [59]
5 _ 1 Physical XLPE, PE (Polyethylene) and [60]
. fby [eP2(EFrac) 1] €3 (Fo) 4b, 5 (EPR) Cables
B
thy (E—E 1 7
6. [f (%)} Physical XLPE Cables [61]
F(t,Q,E) =1—el \"®
. Polyethene (HMW-PE), Cross
7. ty = el ) Thermofynamm linked PE, [63]
' XLPE and EPR
t= Thermodynamic
. ~Ur(E - -1 5
8 f;}t{kBTT[(e( UelE)) (N-n) _ of ot ™)} dn 5 XLPE Cables [65]
L(ET) =
9 o g (ET) X , 1 Thermodynamic PET and PP Specimen and (6l
’ bl 8 in 2B Cosh (KT 8 XLPE cables
B
U\ Phenomenological .
10. Ly, = ( plfk) (%)} 1 Enameled Wires [69]

The operational lifetime of the equipment can be followed by the insulation’s re-
maining life in terms of time to failure or likelihood of failure. A comprehensive aging
model can be developed based on the most representative combination of both time to
failure and activity to failure and considering pros and cons of reviewed aging models
mentioned in Table 2. Any hard event or abnormal stress conditions can shorten life and
unexpected failure may occur. To predict the breakdown moments, it should be more
useful to observe the outcome of degradation instead of the mechanism of degradation.
Observing the outcome of the degradation can provide a direct indication of the insulation
conditions. PD measurements provide a direct illustration of the insulation conditions.
Initial studies conducted by the authors demonstrate the characteristics of PD signals such
as PD magnitude and pulse-repetition rate analyzed from the PDIV up to the breakdown
of the insulation due to the gradual increase in electrical stress [16]. The variation in these
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characteristics provides a cognizable pattern during various stages of degradation. Further
characteristics of the PD signals in time and frequency domain should be investigated to
understand the aging behavior in terms of insulation lifetime.

Table 2. Pros and cons of reviewed multistress aging models.

Model No. Pros Cons
Model parameters can be found from experimental results.
1 Model terms represent individual and synergetic effect of Only valid for non-threshold materials.
electrical and thermal stress.
e  Contain nominal number of parameters.
Valid for both threshold and non-threshold materials. e Increased number of parameters can
) Model parameters can be found through experimental increase the compleint)y in evaluation of
results.
. The model includes term for reference life i.e., 1. the results.
e  The model includes additional term (f3) that describe
material behavior.
3 e  Valid for both threshold and non-threshold materials. Increased number of parameters can increase
e Model parameters can be found through experimental the complexity of model.
results.
. The model includes term for reference life i.e., 1.
e  The model terms represent impact of time besides electrical
and thermal stress. . . The model doesn’t represent the impact of
4 e Model terms only define synergetic effect of thermal and individual stress. There is no separate term for
electrical stress that reduces the size of equation and thermal or electrical stress.
parameters.
e  Predicts life under thermal and electrical stress.
. . ° The model terms ‘b1, b2, b3 and b4
Model terms consider impact of frequency. . . .
. require prior knowledge of physical
5. Nominal number of parameters. roperties of materials
Parameter can be found by measuring physical quantities by o "P}helz e is no term that d.irec tly represent
performing PD test. thermal stress.
e Model terms have physical meaning i.e., depth of electrical Model parameters rely on occurrence of
6. tree d and Charg? q- electrical tree. Thus, life prediction prior to tree
Model can predict life at chosen value of charge. is not possible.
Nominal number of parameters
e Model terms rely on chemical properties
e Model terms includes the impact of microscopic properties of insulation. Thus, difficult to extract
7. of insulation, the quantity n defines number of broken through convential methods.
bonds. e The assumptions made about micro-voids
e Minimum number of parameters in the model can impact the accuracy of
the model.
e The assumptions made about the already
e The model is useful in analyzing insulation behavior at broken bonds in the model can impact the
8.

microscopic level as model terms also define the quantity of
broken bonds i.e., n defines number of broken bonds.

accuracy of the model.
e  Increased number of parameters can
increase the complexity of model.
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Table 2. Cont.

Model No. Pros Cons
e Well-suited for cable design and manufacturing processas e  The model can’t predict time to
9. model terms are extracted from microscopic properties of breakdown or aging at macroscopic level.
e Increased number of parameters can
e  Predicts time for development of micro-voids. increase the complexity of model.
e  Consider the impact of modern grid operating conditions e Model terms does not consider impact of
10. i.e., impulse, and high frequency switching. The parameter thermal stress.
n can be calculated through experiments. e The model tested only on the enameled
e  Minimum number of parameters. wires where insulation thickness is small.

The measurement methodology can play a key role in improving the accuracy of life
prediction capability. Nondestructive testing is considered safe and cost-effective without
causing damage to the equipment or interruption in the plant’s operation. The role of
accelerated aging tests is crucial in predicting insulation life in a short time span. However,
the deviation of results from real operation tests or routine tests is a matter of concern, since
accelerated-aging tests are performed at elevated levels of stress, which do not take into
account all the dynamics associated with real operations. A term called accelerated factor A
can be used to correlate accelerated-aging tests to normal routine tests [70], is expressed as

A= tnormal (22)

Eaccelerated

where the times t,,5,0 and t,ccelerateqd are those at which the property (under test) achieves
the same value after the normal and accelerated-aging test. A high value of A shows big
variation in results of the normal and accelerated-aging tests.

In addition to nondestructive testing, destructive testing is needed to observe in-
depth degradation behavior. Destructive testing allows for understanding the pattern of
changing PD characteristics up to a certain stage of degradation. Based on the authors’
own experience during recent destructive testing, the proximity of failure provides distinct
behavior that must be observed.

6. Conclusions

This paper reviews various aspects of insulation aging in solids, including theoretical
and experimental studies describing the aging phenomenon, aging mechanisms, useful
measurement techniques, and their role in the development of efficient aging models. Major
contributions in the field of insulation life modeling were made during the late 1980s and
1990s. While continuous advancements are being made on proactive diagnostic solutions,
no major breakthroughs have been observed during the last two decades in developing
well-defined formulation to determine the aging indices. Further, the conventional aging
models discussed in this paper highlight the limitations of available models in achieving
accuracy and general viability. The major limitations of the models include their viability
when tested on specific materials, and also that most of the model studies do not incorporate
modern grid-operating conditions. The impulsive growth in hybrid girds, DC links, impact
of power electronic converters, and EV charging has raised concerns over the reliablity of
insulation. As there is not enough research on insulation behavior under these conditions,
future work will be oriented towards investigating all these major aspects concerning
modern grid operation. The insulation samples can be tested under IEEE 1407 guidelines
where samples of cable are placed in tanks for four to six months, and later, a partial-
discharge test will be conducted under different scenarios. PD activity offers greater
visibility and continuous tracking of the insulation-degradation process. The statistical
analysis of PD data from inception to breakdown will lead to the development of the aging
model. Due to the close relationship between the characteristics of the PD activity and
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the mechanisms of insulation degradation, PD measurement can determine the state of
the components more effectively. Low-cost nonintrusive measurement sensors such as
Rogowski coils, available data-acquisition solutions, ease of installation, and simplicity
of the analysis makes PD measurement an affordable methodology for aging studies. For
today’s developing grid, it is imperative to develop models that enable the achievement of
pragmatic, well-defined, and accurate formulation for predicting the incipient faults before
the equipment failure causes an unexpected outage.
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Abstract—Surface discharge or surface tracking is one of the
destructive types of discharge that travels along the insulation
surface. In cables, surface partial discharge (SPD) can be caused
due to contamination and moisture. Poor installation and
maintenance are also major causes of SPD. Partial discharge
(PD) measurement is an efficient technique, used for the
assessment of insulation conditions in medium and high voltage
assets. PD pulses contain information that describes the nature
of PD and the severity of a defect in the insulation. Several
characteristics such as accumulated charge, average
discharging current, and discharge power are used that
indirectly describe behaviour of a PD activity within the
insulation. This study investigates the behaviour of quantities
related to partial discharge pulse such as the number of pulses
(observed during full AC cycle of the applied voltage) and pulse
amplitude (peak and average) at progressive electrical stress. An
algorithm has been developed that efficiently identifies the first
occurring PD pulse of individual PD event, its polarity, and peak
amplitude. The probabilistic analysis is also performed to
investigate the behavior of pulse characteristics at progressive
degradation.

Keywords— Power cables, insulation aging, surface partial
discharge, pulse analysis, electrical stress.

I. INTRODUCTION

Insulation is an essential component of power system
assets including cables. The long-term and continuous partial
discharge activity deteriorate insulation chemically and
change the morphological properties of the insulation [1]. PD
is a localized breakdown that causes degradation of
insulation. Physically PD can be explained by the electron
avalanche mechanism. Under high electrical or thermal
stress, the free electrons in insulating materials gain sufficient
kinetic energy and start colliding with other molecules of
insulation or surroundings. The exponential growth of free
electrons initiates an avalanche of electrons that develops fast
current pulses at critical points of insulation called PD [2]-

[3].

Surface partial discharge (SPD) is the most common type
of discharge take place in presence of moisture,
contaminants, and conducting paths which initiate from the
conductor to the insulation surface. In cables, SPDs initiate
due to the appearance of liquid, gas, or along the vicinity of
solid dielectric surfaces in presence of both normal and
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tangential components of electric field strength. These
discharges propagate through cracks, contaminated routes, or
parts with a lack of electrical clearance. The ionization of
atoms results in the development of a strong concentrated
electric field on the surface and at termination, joints, and
sharp edges. Poor environmental conditions like humidity,
moisture, or dust accelerate the SPDs [4]. SPDs can cause
electric erosion when they interact with heat and moisture and
may cause erosion that changes the morphological properties
of insulation [5]. The increase in the PD activity will
accelerate the surface tracking and erosion phenomenon that
can reduce the life of the insulation. Considering the phase-
resolved partial discharge PRPD pattern of surface
discharges, the occurrence of PD pulses between 0° to 90° is
the result of streamer discharges present on the surface, and
pulses from 180°-270° are the result of continuous discharges
due to the memory effect [6] as shown in Fig. 1. The
accumulated charges in the previous voltage cycle produce
sustained ~discharges. Usually, the SPD pulses are
unsymmetrical with a wide range of magnitude and have a
low repetition rate.
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Fig. 1. PRPD pattern of SPD at 13.2 kV
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PD quantification is a very useful tool for finding PD
intensity, nature of the defect, and insulation degradation
pattern. However, due to the random and immanent stochastic
behavior of the PD phenomenon, the interpretation of PD in
correlation to the aging or degradation of insulation is
complex. It is important to characterize the behavior of the
PD signals in relation with the degradation mechanism
occurring inside the defects. During a PD event, localized
breakdown causes rapid displacement of the charges that
induces high frequency (HF) PD current pulses on the
conductor (of the cable) and can be measured using HF
sensors [7]. It is found that PD activity inside defect varies
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during progression. Initially the PD activity was consisted of
narrow pulses of large magnitude appearing in a virgin flat
cavity. Later the appearance of conductive layer at the cavity
surface resulted in wider and low amplitude PD pulses [8].
Various approaches have been presented providing good
understanding of quantifying the intensity of defect in power
cables including accumulated charge, average charge,
average discharging current, discharge power, repetition rate
etc.[9]. These quantities consider all PD data including
oscillations. Different dimension and noise reduction
techniques were also used to reduce dimension of PD data set
and to eliminate the noise [10]-[11].The probabilistic
methods were also used for risk assessment and life
estimation of insulation [12]. The work done in [13] studies
the amplitude, number of pulses per power frequency cycle,
pulse repetition rate, rise time, and pulse width to observe the
traces of PD mechanism.

Valuable work has been performed over the last two decades
to observe insulation degradation behavior. However, there
has been lack of well formulated toolsets that can be used for
simplified and efficient understanding and evaluation of the
progression stages of the insulation defect. The core objective
of this study is to correlate the behavior of PD pulse
characteristics with progressive degradation. PD pulses,
particularly the first occurring pulse in a PD event is
considered as actual representation of a PD event within the
insulation. The rest are the oscillations caused due to
vibration and attenuation caused by sensitivity and
calibration of measuring equipment. In-depth analysis of PD
pulses at different degradation stages may lead to a better
understanding of degradation behavior with time and
increasing stress conditions. In this study, the first occurring
PD pulse is extracted from a PD data without implementation
of dimension reduction and noise elimination methods. The
purposed algorithm detects the first occurring PD pulse at a
threshold value. The comparative assessment of number of
pulses and peak pulse amplitude at progressive degradation is
performed which is the key finding of this study. Probabilistic
analysis is also performed to estimate behavior of average
and peak pulse amplitude at increasing degradation. The
outcome of this study will provide a useful ground for the
development of an efficient tool for the understanding aging
behavior of insulation.

II. EXPERIMENTAL SETUP

The layout of an experimental setup for PD measurement
in accordance with IEC 60270 is shown in Fig. 2. The setup
consists of the following equipment.

A high voltage test transformer 7, which is connected to
medium voltage variable AC supply to vary the applied
voltage in steps.

A coupling capacitor of range C of range 1 nF and 100 kV
rating, connected in parallel to the test transformer and cable
sample to measure the PDs.

A high-frequency current transformer (HFCT) of bandwidth
80 MHz (-3dB) and transfer ratio of 1:10 connected as a
measuring sensor to a coupling capacitor for the measurement
of PD pulses

A digital storage oscilloscope (DSO) of sample rate (250
MS/s) is connected to HFCT using coaxial cable.

MYV cable based

.+ testsample
Pin inside
insulation | //

1V coupling capacitor

HV source

PD signals 'peo Data analysis

Fig. 2. Layout of PD measurement setup [14]

In this study, an MV cross-linked polyethylene XLPE
cable sample of length 3 m is chosen as the test object (TO).
A defect is created by damaging cable termination to produce
a surface discharge as shown in Fig .3. The outer shield and
jacket were removed from one end of the cable approx. 30 cm
of the cable to reach the main insulation. The main conductor
was grounded where HFCT was connected. The propagation
of PD pulses occurs from the PD source to the ground and
HFCT.

1 5 )
Fig. 3. Modelling of surface discharge at MV cable termination

III. ~ PD MEASUREMENT AND EXTRACTION OF PD
CHARACTERISTIC QUANTITIES

The stochastic nature of PD pulses makes it difficult to
interpret the PD behavior. Each PD activity appears in the
shape of a pulse in an oscilloscope or measuring equipment.
These pulses may vary due to the presence of micro cavities
in the neighborhood of the main cavity. This causes the
random occurrence of pulses of different magnitudes. PRPD
pattern during an ac cycle is an effective method that provides
a variation of PD pulses in one full cycle of applied voltage.
Fig. 4 shows the PRPD pattern of surface discharge PDs, at
different stress levels starting from 5.9 kV to 7.12 kV and 8.1
kV, and 9.1 kV). The PD pulses (Ui) are observed in a full
cycle (20 ms) which is the reference time t..r of applied AC
voltage. For accuracy and preciseness, 32 readings were
collected on each stress level. The core objective of this study
is to analyze the behavior of PD during full cycle of applied
AC voltage. Thus, the scaling of the y-axis is kept in volts
according to the PD. However, the applied voltage rating is
in the kV. The PD activity initiated at 5.9 kV and only one
pulse is observed at partial discharge inception voltage
(PDIV) as shown in Fig. 4. The peak value of the pulse is
observed as 0.01 mV. The measurements were taken at an
increasing electrical stress level of 1 kV approximately.
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However, PD activity was not taken beyond 13.5 kV as

breakdown occurred on that level.
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Fig. 4. PRPD Pattern at various stress levels and PD pulse at PDIV

According to IEC 60270, conventional PD measurement
involves the recording of PD pulses (voltage or current) of
amplitude proportional to charge results from a PD activity.
Commercial diagnostic systems use PRPD patterns to
represent apparent charge/pulses with respect to time or phase
angle. However, for detailed analysis of PD non-conventional
methods are used which involve high sensitivity and ultra-
bandwidth sensors like HFCTs, due to their proven efficiency
in practical implications. The PD pulse of a certain magnitude
Upp, measured through HFCT can be used to determine the
overall charge is given by

¢
drp :%ft: Upp(0).dt (1)

Where Upp(?) in (1) is the amplitude of sample at instant
t and R is the resistance of measuring equipment. The
accumulated charge ¢gpp and time 7 can be processed to extract
different quantities like accumulated charges, average
discharging current, etc., These characteristic quantities
indirectly describe the actual phenomenon of a PD source.
Besides the above, other characteristics of PD pulse such as
the number of pulses, maximum pulse amplitude, rise time,
fall time, and pulse width are also important for a deeper
understanding of the PD phenomenon and location of PD. PD
pulse can be represented by a double exponential function,

PDPulse(t) = A(e_alt - e—azt) (2)

Where 4 in (2) is the peak value of PD pulse, a;is the rate
of rise time, a; rate of fall time of pulse [15]. Fig. 5 shows a
typical PD pulse and the characteristics of the PD pulse. Let’s
say the peak value of pulse is P, then the rise time 7, is the
time pulse takes to increase its magnitude from 10% to 90%
of the peak value. Similarly, the fall time 7is the time that a
pulse takes to decay from 90% to 10% of its peak value. The
pulse width T, ;s the time interval between 50% of peak value
on both sides [16].
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Fig. 5. Typical PD pulse and Characteristic features

An algorithm is developed that identifies and number of
PD pulses their peak values (positive and negative)
throughout an AC cycle of the applied voltage. Further, this
algorithm also identifies the first occurring PD pulse above a
threshold value Fig. 6 shows the block diagram of purposed
algorithm.

[ Loading of PD data in m-file l

i

i Extraction of PD events |

)

l Analysis of PD events (Extraction of peaks at progressive electrical stress) I
¥

Vertical thresholding (To remove the noise)

Horizontal thresholding (To extract the duration
of first occurring pulse of a PD event)

Tdentification of first occurring PD pulse

¥

¥

| Comparative analysis of peak amplitude at progressive

plotting of peaks at progressive electrical stress |

electrical stress condition (Probabilistic approach)

¥

Results |

Fig. 6. Block diagram of peak detection algorithm

Fig. 7 shows the peak pulses recorded at 9.1 kV.
Considering the number of pulses, 10 pulses appeared during
the full ac cycle of the applied voltage.
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Fig. 7. PD measured at 9.1 kV and corresponding peaks (positive and
negative)

The qualitative analysis of PD pulses from PDIV to
breakdown follows an increasing pattern as shown in fig 7.
After PDIV at 7.1 kV three pulses were observed, with a
further increase, at 10.2 kV thirteen pulses were observed.
Fifty-one pulses were observed near the breakdown voltage
(13.2kV). Fig. 8 shows the behavior of the number of pulses
at each stress level. There is an exponential rise in the number
of pulses with increasing stress during SPDs.
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Fig. 8. Behavior of PD pulses with increasing stress
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Considering the time-span of overall PD activity, at PDIV
the PD activity appeared only at 0.014 seconds. With
increasing stress levels, the activity span increased. At 7.1 kV
PD activity started at 0.013 seconds and ended at 0.014 sec,
and with a further increase in stress to 12.1 kV the span
increased more. PD activity started at 0.010 sec and ended at
0.015 sec which indicates that as stress increases the time-
span of PD activity increases. Also, as stress increases the PD
activity appears in the positive half cycle of the applied
voltage. Fig. 9 shows a stem plot (at different stress levels) of
the first occurring PD pulses and their location during the full
AC cycle. It can be seen from PDIV to 9.1 kV the PD activity
appeared only in the negative half cycle of the applied
voltage. However, as stress increased to 10.1 kV the PD
activity appeared in both the positive and negative half cycle
of the applied voltage.
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Fig. 9. First occurring peak of individual pulses at different stress levels

The statistical analysis of the number of PD pulses at
different stress levels is performed. A curve fitting tool is
utilized to determine the best fit distribution that efficiently
characterizes the number of PD pulses observed at each stress

level.
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Fig. 10. Relation between stress and no. of pulses using different
probabilistic models

Fig. 10 shows the behavior of number of pulses with
increasing electrical stress. Two probabilistic models,
exponential and power models are applied to the number of
pulses data. The likelihood of any distribution model is based
on the R- square values. The R-squared or coefficient of
determination (COD) values for power distribution and
exponential distribution was found as 0.995 and 0.999
respectively. It implies that the number of pulses (at

increasing stress) during surface discharge follows an
exponential distribution. Although the number of pulses is
not an exact reflection of a PD activity however a trackable
pattern is observed. It can be inferred that during SPD the
number of pulses increases with increasing electrical stress.

The amplitude of PD pulses is a crucial parameter that
describes the severity of SPD and the nature of the defect.
The study of pulse amplitude and reflection is also very useful
in determining the location of PD. The distribution fitting tool
is utilized to determine the best-fit distribution that accurately
describes the peak amplitude of PD pulses observed in the
full ac cycle. Fig. 11 shows the probability density function
(PDF) of wvarious distributions (Weibull, Generalized
Extreme Value distribution, and Rayleigh distribution). The
skewness of 1.02 and kurtosis 4.5 represents that the data
does not follow the normal distribution.
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Fig. 11. Probability density function of various probability
distributions applied on 13 kV peak pulse amplitude data

The goodness of fit of any probability distribution relies
on the log-likelihood or COD values. Weibull distribution is
an extreme value distribution that is often used to model PD
data [17]. Table I shows the log-likelihood values for various
distributions. The highest value of log-likelihood shows that
the peak amplitude of PD pulses during the full ac cycle
follows the Weibull distribution.

Table 1.  Log-likelihood values of various probability distributions
No. Distribution Log
Type Likelihood
1 Gamma 100.347
2 Weibull 100.689
3 Generalized Extreme Value 99.8784
4 Rayleigh 100.607

The comparison of characteristic quantities, peak
amplitude, and the average amplitude of PD pulses with
increasing electrical stress is also analyzed in this study.
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Fig. 12. Behavior of peak and average amplitude at progressive
electrical stress
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Fig. 12 shows the variation of quantitative parameters
including peak PD amplitude and average PD amplitude. It
can be seen that the peak amplitude of PD pulses is increasing
monotonically at lower electrical stress levels i.e., from PDIV
to 9.1 kV. The peak amplitude values show an extreme point
at 9.1 kV where the peak value was recorded as 0.137 mV.
But as electrical stress is increased beyond 9.1 kV the peak
amplitude value starts decreasing. Although the number of
pulses was increasing exponentially at increasing electrical
stress. It can also be seen that near the breakdown voltage of
12.2 kV the peak amplitude value starts increasing. Similar
pattern is observed for average values at start. However, at
higher stress levels (above 10.1 kV) the average amplitude
follows consistent behavior as shown in Fig. 11. It implies
that the degradation rate is higher at 9.1 kV. At higher stress
levels degradation follows a consistent pattern.

IV.  DISCUSSION & CONCLUSION

Power cables are widely used due to their high reliability
and low operational cost. The operational stresses (thermal,
electrical environmental, and ambient) and growing
penetration of renewables particularly the use of power
electronic converters increase the degradation rate. The
condition-based assessment is a key technique to prevent
cables from degradation and upcoming failure.

In this paper, a PD study is carried out on a medium
voltage cable sample with SPD. The key goal of this study is
to relate the PD characteristic quantities with insulation aging
and degradation. The progression of SPD is analyzed using
PD pulse characteristics at increasing electrical stress
conditions. The study is based on the PRPD pattern.
Considering the number of pulses, it increases exponentially
with increasing electrical stress. On the other hand, the peak
amplitude of pulses at increasing electrical stress follows the
Weibull distribution. The study also highlights that the
insulation degradation under SPD follows a two-step
behavior. From PDIV till 9.1 kV the peak and average
amplitude of pulses were increasing proportionally with the
number of pulses. In the second step which is above 9.1 kV
the number of pulses increase but the peak values started
decreasing.

The stochastic nature of PD pulses suggests that the
probabilistic analysis is the best way to analyze PD data.
Generally, during field measurements, the engineers are not
aware of the localized stress at the defects. The PD
measurement-based investigation can be useful in
determining the level of stress by analyzing the variation in
the PD characteristics at different stress conditions. A valid
correlation between quantities and degradation can lead to the
development of aging patterns that can efficiently estimate
the remaining life of the insulation and avoid the sudden
failure of the affect components.
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Abstract— Partial discharge (PD) pulse characteristics
describe the nature of an insulation defect, its severity, and aging
behavior of electrical insulation. However, extracting these
characteristics requires sophisticated tools in order to denoise
measured PD data, detect actual PD pulses, and analyze the
corresponding characteristics. This paper proposes an effective
tool that utilizes a simple hybrid approach based on wavelet
denoising and the local maxima technique that denoises PD data
acquired using a high-frequency current transducer. After
denoising, it detects PD pulses from a time series dataset and
identifies corresponding primary features like peak pulse
amplitude and location. In addition, it can extract pulse shape
(rise time, fall time and pulse width), and pulse sequence (voltage
interval and time interval) features. Developed tool is
computationally efficient as it precisely detects major PD events
and corresponding features from a large data set while rejecting
noise. Efficiency of tool is checked by implementing it on various
data sets obtained from experimental investigation performed
on three distinct types of defects, i.e., corona, surface, and
internal discharge. Results show that this tool can be used for the
identification of defect types, their progression, and aging studies
to estimate the remaining lifetime based on changing PD
behavior.

Keywords—partial discharge, pulse features, electrical stress,
wavelet denoising, local maxima.

1. INTRODUCTION

Electrical utilities around the world rely on the vast
network of power cables to deliver power from generator to
the load centres. These cables have different parts and
insulation is one of the major components. The studies on
power cable failure show that insulation breakdown is a
primary cause of the faults in cables. These faults are the result
of operating stresses and defects, occur during manufacturing
and installation [1-3].

Occurrence of partial discharges is a cardinal indicator that
describes the degradation and aging of electrical insulation in
power system assets including cables. PD as an extrinsic aging
factor impacts the dielectric properties and voltage endurance
capability of insulation and can eventually cause premature
failure. Therefore, it is beneficial to detect PD as early as
possible to protect the cable from failure. Modern grids rely on

Khatmandu, Nepal.
abhbhattarai@gmail.com

the reliable operation of power system assets. PD
measurements can provide useful information which can be
helpful to identify incipient faults and develop predictive
maintenance strategies, thereby improving the reliability of the
overall system [4].

Three common PD types are found in cables, namely
corona, surface, and internal discharge. These PD sources are
found at weak points of the insulation, mainly at sharp edges
or cable terminations, rough surfaces, cavities, and other
defective locations. Their severity increases with time and
intensity of operating stresses. Surface and internal PD are
considered severe as they directly affect the insulation. Surface
discharge causes surface tracking which may lead to internal
PD eventually. Whereas internal PD is more severe and may
lead to electrical trees with time, which is a prime cause of
failure of insulation [5]. Fig.1 shows phase resolved partial
discharge (PRPD) patterns obtained from PD measurement
performed on three defects in the laboratory as shown in Fig.3
(a, b, c).
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Fig.1. PRPD pattern of three types of defects, corona, surface, and internal
discharge obtained through measurement on defects.

PD measurement has several advantages over other
insulation diagnostic methods. Visually, a PRPD pattern can
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identify the nature and severity of any defect. However, the
detailed investigation about type of defect and its location or
solid inferences from measurement is complex and requires
field expertise. PD activity within the insulation can be
described or quantified through PD features. These
characterises represent actual PD activity. Several researchers
have utilized various features for defect classification, pattern
recognition and life assessment of insulation. In [6], IEC
60270 features including accumulated charge (Qacc), average
discharging current (/ay), discharge power (P) and quadratic
rate (D) are extracted from PD data, acquired from three
defects, corona, internal and surface discharge. Behavior of
these features is investigated under electrical stress. In [7],
pulse shape features rise time (¢,), fall time (#) and pulse width
(t) are extracted from a dataset acquired from a cable sample
with a surface defect and their behavior is investigated under
electrical stress. In [8], pulse features are utilized where
classification of defects is performed using pulse sequential
analysis and long short-term memory networks. In [9], pulse
features V,, phase of occurrence (@), pulse repetition rate ()
and phase span (@) are extracted from a cable sample with
surface defects and their behavior is analysed under electrical
stress. Abovementioned research studies highlight three major
points.

e PD pulse features are very useful in detailed
investigation of PD behavior.

e  These features play a crucial role in dimensionality
reduction of data which in turn decreases
computational time.

e Several machine learning (ML) and artificial
intelligence-based tools rely on these features.

PD measurement through HFCT requires sophisticated
tools that not only denoise the incoming PD signal but also can
detect PD pulses appearing in a measured time series data.
Several denoising methods are available in the literature
however these methods require additional ML tools for
dimensionality reduction and feature extraction of PD data
[10-12]. ML methods often require large amount of data and
computationally intensive. This paper proposes a novel tool
that uses simple hybrid approach that not only denoises PD
data, but it also detects actual PD pulse and corresponding
features. In this article, section II describes the methodology
procedure adopted from data acquisition to feature extraction
and section III shows the results obtained via developed tool.

II. STEPS FOR FEATURE EXTRACTION

Overall process from data acquisition to feature extraction
is performed in four steps. Fig. 2 shows the overall procedure,
which includes data acquisition, denoising, detection of actual
PD pulses and extraction of characteristic features.

» Extraction
Data Denoising Pulse of pulse
acquistion of PD data detection features

Fig.2. Steps for extraction of denoising and extraction of PD pulse
characteristics.

A. PD Data Acquisition

PD data is acquired from a laboratory-based test setup.
Fig.3 shows three types of defects. Corona defect is created
by the two electrodes (pin-to-plane) configuration. PD

inception was noted at 11 kV and PD measured at 11.8 kV.
Surface defect was created by removing the stress cone of the
cable termination. Inception of surface discharge is observed
at 6.5 kV and PD measurement is conducted at 12.2 kV. The
internal defect is created by introducing a cut, which protrudes
into the outermost layer of the insulation. PD inception
occurred at 8 kV and PD data were collected at 11.4 kV and
12.8 kV. Fig. 4 shows a schematic of the laboratory
measurement setup. The experimental setup includes a high
voltage variable AC source of 50 Hz frequency, coupling
capacitor of 36 kV and 1 nF capacitance, high frequency
current transducer (HFCT) of 1:10 transfer ratio, 11 kV XLPE
cable samples with defects and digital oscilloscope set at
sampling rate of 250 MS/s.

Fig.3. Three defects modelled in the laboratory a) corona discharge; b)
surface discharge; ¢) internal discharge.

Corona Discharge
»—] - I

Surface Discharge

Coupling L
Cupacitor

Variable,
AC
Supply

Interal Discharge

HV Transformer N
Oscilloscope

Fig.4. Schematic diagram of test setup designed for PD measurement in
different types of defects.

B. Denoising of PD data

PRPD acquisition through HFCT is subject to various
types of noise, including white noise, random noise,
interferences due to equipment and communication systems.
Removal of noise is essential to preserve original signal
features for the analysis.

Fig. 5. Block diagram of discrete wavelet based denoising at n levels.

Several techniques including fast Fourier transform,
frequency domain, and wavelet based denoising have
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previously been used according to the literature to denoise PD
data. Among all techniques, wavelet denoising is one of the
more efficient techniques. Wavelets provide multiresolution
analysis both in the frequency and time domain unlike Fourier
transform, which only analyzes signal in the frequency
domain [13].

In this study, discrete wavelet transform (DWT) is used as
it is effective for signals with transient and non-stationary
behavior, while also being computationally efficient. Fig. 5
shows the block diagram of DWT. It consists of three steps.

1) Decomposition: a mother wavelet is chosen along
with levels and the signal is decomposed into n
levels.

2) Thresholding: for each level, a thresholding method
is chosen that performs thresholding at each level.

3) Reconstruction: finally, the reconstruction of the
signal is performed based on approximation and
detailed co-efficients obtained from levels 1 to n.

PD signals, acquired via oscilloscope are denoised using
wavelet denoising technique. Initially, a mother wavelet is
chosen. Choice of the mother wavelet solely depends on the
shape of the PD pulse. Two Daubechies mother wavelets, db2
and db8, fulfill that criterion as their shape resembles the PD
pulse. Levels define the compression and stretching of signal
amplitude. Different levels are compared in this study and the
maximum value of levels 4 is calculated from (1), where / is
the length of the signal.

2 = 2.log(l) 1)

In the next stage, a threshold is defined. There are several
methods including soft, hard, and adaptive thresholding for
denoising of PD signals. In this study, an adaptive
thresholding method is used where threshold value is
calculated using Stein's unbiased risk estimate (SURE)
technique as it automatically calculates threshold value by
observing the signal characteristics. Hard thresholding is used
as it gives an improved PD signal-to-noise ratio in comparison
to soft thresholding [14].
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Decomposition Levels (L)
Fig. 6. Error indices for optimum level of wavelet denoising.

Different wavelet configurations based on the levels are
compared and an optimum wavelet is selected based on the
correlation coefficient and signal-to-noise ratio (SNR) value.
Fig. 6 shows the correlation coefficient, and SNR values at
different decomposition levels. Db8, level 9 shows the highest
correlation with a value of 0.9954. Fig. 7 shows noisy and
denoised signal obtained using DWT, db8, level 9. After

denoising process (green), PD signals are more distinguished
as spurious noise is removed, showing clear representation of
PD events across phase angle.
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Fig. 7. Noisy signal acquired from internal defect at 12.8 kV (red) and
corresponding denoised using DWT (green).

C. Detection of PD Pulse and Location

Acquisition through HFCT has the number of pulses in a
PRPD pattern as shown in Fig. 7. Thus, it is cumbersome to
detect individual pulses and its location from a PRPD pattern.
Extraction of pulse features solely relies on the peak value of
a PD pulse, its polarity, and location. For this, local maxima-
based algorithm is developed. Fig. 8 shows the flowchart of
the developed algorithm.

Extraction of first
—> occuring peak (Vp) and
location (Vloc)

Input PD signal

Preprocessed: DWT
based denoised signal

I l

Extraction of pulse
characterstics

Smoothing filter

Set horizontal and
vertical threshold

I |

Detection of local
End

maximums (Positive and
negative peaks)

I

Sorting of positive and
negative peaks (location-
based)

| IS

Fig. 8. Flowchart of DWT and local maxima-based algorithm.

It takes denoised signal as an input and operates based on
two thresholds, i.e., horizontal, and vertical. Choice of the
optimum threshold values is crucial for accurate detection of
pulses and corresponding characteristics. Vertical threshold is
set to detect pulses above a certain threshold value. Threshold
value varies with the input signal. In this study, the maximum
value obtained out of the first 2000 samples are set as vertical
threshold. Whereas horizontal threshold 12.8 ps or 2000
samples is set as the deadtime of individual PD pulses in a
measured PD signal. The MATLAB peak detection function
is used to detect pulses in the measured signal. Although the
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developed tool can detect actual PD pulses in a time series
data or in a PRPD pattern. However, detectability is solely
relied on choice of threshold values. Incorrect values may lead
to inaccurate detection of PD pulses.
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Fig. 9. PRPD pattern of Internal PD b) Corresponding negative and positive
peaks of PD pulses ¢) First occurring PD pulses

Initially, it detects the positive and negative peaks of
individual pulses. In the next stage, it sorts the positive and
negative peaks based on their location. After sorting it verifies
if positive peaks equal negative peaks. If this condition is met,
it sets first peak of first pulse as reference and considers every
third peak as peak of the following PD pulse. Fig. 9 (a) shows
a measured signal of internal PD, (b) steam plot showing
corresponding positive and negative peaks and (c) showing
first occurring peak of individual PD pulses respectively.

D. Extraction of Pulse Charaterstics

PD charaterstics play a crucial role in investiation of PD
behavior, in particular defect classfication and lifetime
studies. Following are the basic charaterstics that the
developed tool can detect.

a) Peak Amplitude of PD Pulse (V)

Maximum value attained by a PD pulse. In PD
measurement first occuring pulse is an actual PD pulse, the
rest is reflection or oscillation of PD signal. Its value is
extracted using developed tool. It can extract the instantanous
value of the applied AC voltage (Vapp).

b) Peak Location (Vi)

Sample location of V), of individual pulse (peak) in a
PRPD pattern or in a AC cycle of the applied voltage.

¢) Time of Occurrence (ti.)

Time at which PD pulse occurred in an AC cycle. It is
calculated by (2)

tlnc = linterval * Vloc (2)

d) Phase of Occurrence (®joc)

It is defined as the angle at which PD pulse occurs in an
AC cycle of the applied voltage. It is calculated by (3).

0c*360
By = (2222 3)

0.02 sec

e) Number of Pulses or Pulse Repetition Rate (n)

Number of pulses occurred in ac cycle of the applied
voltage. It is calculated by (4).

__ (no.of pulses
n= ( one cylce ) (4)
/) Phase Span (®Pypan)
Overall Span of the PD activity in positive and negative
half cycle. It can be calculated as (5)

d)span = d)f - ®)

Where @; and @, represent phase of occurrence of initial
and final PD pulse in an AC half-cylce.

g) Pulse Sequential Charateristics

Pulse sequence analysis is one of the efficient methods
widely used for the classification of defects in power cables
[6]. The developed tool can extract the voltage interval (4U)
and time interval (4f) between sequence of pulses.

h) Pulse Shape Characteristics:

Pulse shape characteristics, particularly pulse width ()
that describe discharge type whether its steamer or Townsend.
The pulses with small width represent streamer type
breakdown and with large width are result of Townsend
breakdown [15]. The developed tool can extract pulse shape
characteristics including rise time (%), fall time (#), and pulse
width (#,) [7]. For this MATLAB pulse shape functions are
used to extract shape characteristics.

111. RESULT

Fig.10 shows a polar plot highlighting the peak amplitude
of individual pulses, phase of occurrence, phase span of PD
activity. Pulses of three data sets acquired from each defect
are incorporated in the polar plot.

# Corona discharge at 11.8 KV 270°
#  Surface discharge at 12.2 kV
Internal discharge at 11.4 kV

Fig. 10. Polar plot highlighting peak pulse amplitude and phase location of
PD pulses acquired during full ac cycle.
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Corona activity is observed only in the negative half cycle
of the applied voltage between 230°-300°, whereas surface
discharge activity is asymmetrical as few pulses are observed
in positive half cycle but most of the PD activity is observed
in the negative half cycle between 181°-270°. Internal
discharge is symmetrical to both axis as PD activity is
observed between 0°-90° in positive half cycle and 180°-
270° in negative half cycle of the applied voltage. Considering
the amplitude, the corona discharge pulses have higher
amplitude, as some of the pulses are observed above 60 mV
whereas during surface and internal activity the pulse
amplitude is below 50 mV. Table I show various PD
characteristics extracted from a PRPD pattern of internal
discharge at 12.8 kV.

V. CONCLUSION

This article proposes a novel tool that utilizes a simple
hybrid approach consisting of wavelet denoising and local
maxima techniques, which denoises PD data, detect actual PD
pulse and extracts major pulse features from a PRPD pattern.
Various features are extracted using developed tool. In
addition to the above characteristics, statistical parameters
including mean, variance skewness, and kurtosis values can
be extracted using Matlab functions. Future works include
PCA based investigation so that features with a higher degree
of variation can be used for classification of defects, aging
studies, condition monitoring and fault prediction in
insulation of power cables.

TABLE L. PARTIAL DISCHARGE PULSE CHARACTERISTICS EXTRACTED FROM THE PRPD PATTERN ACQUIRED VIA CABLE SAMPLE WITH INTERNAL DEFECT AT

11.4KV.
No. Vin Vinabs Vapp Vi toc Dioe t tr tw AU At Dpan n
(mV) | (mV) | (kV) | (sample) | (ms) | (°) | (ns) | (ns) (ms) | (kV) | (ms) | (°)
1 30.7 | 30.7 39 150030 1 17.3 | 69.8 | 30.3 64.5 !
2 17.7 17.7 8.4 251904 1.6 29 438 | 324 71.8 45 0.6
3 359 | 359 11.8 412052 2.6 47.5 48 37.2 73.5 34 1 77.1
4 235 | 235 14.1 571402 3.7 65.8 | 49.1 | 325 72.2 23 1.1
5 13.6 13.6 16.5 819738 5.2 944 | 61.6 | 289 74 2.4 1.5
6 -32.3 | 323 -0.7 1580931 10.1 | 182.1 | 46.6 | 31.6 61.8 i 10
7 -1 | 111 <79 1790254 11.5 | 2062 | 63.8 | 343 73.9 72 1.4
8 -56.2 | 56.2 | -143 1906374 122 | 219.6 | 52.5 | 32.8 70 6.4 0.7 | 69.2
9 -32.9 | 329 | -157 | 2121417 13.6 | 2444 | 13.1 | 1I5.1 28.8 1.4 1.4
10 | -21.7 | 21.7 | -18.1 | 2181060 14 | 2513 | 459 | 372 71.7 2.4 0.4
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Abstract— Inception of partial discharge (PD) is an
important indicator of insulation degradation in power system
assets, including cables. The characteristics of PD activity
measured during ongoing degradation process provide
information regarding the nature and severity of insulation
defects. This study investigates the behavior of PD in a medium
voltage (MV) cable sample with an artificial defect developed by
making a cut on the outer jacket towards the shielding that
extends into the main insulation. The PD activity is measured
using a high frequency current transformer. A number of PD
characteristics: peak pulse height, phase of occurrence, and
pulse repetition rate are extracted from the PD measurements
using a local maxima-based algorithm. The behavior of the PD
activity based on these characteristics is analyzed under
increasing electrical stress. This study can be useful in analyzing
the aging and degradation behavior of solid insulating materials.

Keywords—Power cable, partial discharge, condition
monitoring, electrical stress.

1.  INTRODUCTION

European electricity distribution grids are connected to
almost 260 million customers. These customers heavily rely
on a vast network of medium and low-voltage cables.
Reliability of large networks is indeed a significant challenge
for utilities and asset managers. According to a survey of cable
failures conducted in Portugal, it was found that 68 percent of
faults in cables occur due to different component failure. Out
of these, 84% of faults occur due to insulation degradation and
14% due to intrinsic aging [1]. Thus, insulation degradation is
one of the prominent causes of failure in cables. Operating
stresses i.e., thermal, electrical, ambient, and mechanical
(TEAM), and manufacturing defects are two main causes that
contribute to degradation and extrinsic aging [2]. These
stresses may initiate partial discharges (PD) at the weakest
points of insulation, mainly at cable terminations, rough
surfaces, voids, cavities, and other defective regions. These
discharges increase with time and level of stress depending on
the type of defect and eventually cause premature failure of
the insulation.

PD measurement is efficient diagnostic techniques used
for the condition monitoring of power system components [3].
According to IEC 60270, PD is a localized breakdown that
partially bridges the insulation [4]. In cables, this localized

979-8-3503-7498-8/24/$31.00 ©2024 IEEE

breakdown occurs as one of three different types, i.e., corona,
surface, and internal discharge. Corona discharge occurs at
sharp edges, near the conductor. High electrical field strength
ionizes the air surrounding the conductor and causes corona.
Cables operating at medium or high voltages may create
favorable conditions for surface corona at the conductor
surface or braid layer in rubber-insulated cables. Surface
discharges occur at exposed surfaces such as cable
terminations and along the creepage discharge or surface of
insulating material. These discharges are the result of poor
installation, moisture, and contamination and in long run track
across the insulation surface and may eventually cause
internal PD. Internal PD occurs due to voids and cavities
caused due to poor manufacturing and installation. These
cavities, under the impact of TEAM stresses, may result in
electrical trees and water trees in the presence of moisture
which are considered as major causes of insulation failure [5-
6]. Thus, it is customary to detect the type and severity of
defects so that utility can take preventive measures to enhance
the reliablity of the overall system. PD measurement is a very
useful technique as it can be used to identify the nature and
severity of a defect.

Ll POV 54| |
o

0 a5 %0 138 180 226 270 a5 360
Degres(’)

=
Ampitude{mV)

Srwsn 4] |

|
|
as % 136 180 225 210 315 360
Degree(’)
Siess 04 WV
as %0 135 180 225 210 a5 360
Degree(’)
s
3 Swons 124KV
d) | § |
@4 L
3
£
<

g “ w s w0 s o am

Dogree(’)
Fig. 1. PD data obtained from an internal defect modelled in MV cable
insulation at different electrical stress levels a) PDIV (5.4 kV) (b) 6.4 kV ¢)

9.4kVd) 12.4kV.

Fig. 1 (a-d) presents phase-resolved partial discharge (PRPD)
patterns of internal defect at different stress levels. Internal PD
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is mostly symmetrical regarding both positive and negative
cycles of the applied ac voltage. The symmetrical pulses
mainly occur between 0-90° of the positive half cycle and
180°-270° of the negative half cycle of the applied voltage.
PRPD pattern due to the internal cavity follows a wave-like
shape in both ac cycles. Intensity of discharges or pulses at the
leading edge of PRPD pattern describes the physical geometry
of the cavity within the insulation [7]. The following
discharges or pulses are the by-product of discharges
occurring within the cavity. Several research studies have
been conducted to observe insulation degradation behavior
under various scenarios i.c., nature of defects, type of stress,
and supply conditions. This research shows that each
insulation defect follows a distinct trend reflected by PD
characteristics [8]. In [9], a surface discharge defect is created
at one end of cable termination and PD data is collected via a
high-frequency current transformer (HFCT) sensor. The
behavior of pulse shape characteristics i.e., peak pulse height
(Vm), rise time (), fall time (¢), and pulse width (#,) is
analysed under progressive electrical stress. The results show
that pulse characteristics show an upward trending pattern
with applied electrical stress. The statistical analysis shows
that pulse shape characteristics follow a gaussian distribution
with increasing electrical stress. In [10], three defects
(internal, surface, and corona) are created in a cable sample,
and the behavior of four characteristics including apparent
charge (Q), average discharging current (/u,), discharge
power (Pp), and quadratic rate (D) is observed under electrical
stress. A tobit regression model is implemented to model
trending behavior of PD characteristics with applied stress. In
[11], an internal void is created in a high temperature
superconducting DC cable, and pulse sequence analysis is
performed. The results show that although the charge
magnitude and pulse repetition rate vary with the void size and
applied voltage, the patterns, or trending attributes that
different voids create are consistent. The studies highlight two
major points, i.e., PD measurement is a key technique that can
indicate the nature and severity of a defect and secondly, each
defect follows a unique pattern or trend which is shown by PD
characteristics.

This article investigates the behavior of PD characteristics
obtained from a comprehensive data set. PD measurements
were performed on an internal PD defect modelled in the MV
cable sample. Electrical stress is applied from PDIV up to
higher stress levels using the step stress accelerating testing
method.

II. EXPERIMENT SETUP AND PD MEASUREMENT

Fig. 2 (a) shows the schematics of the experimental setup
used for PD measurement. Major equipment includes a high
voltage test transformer connected to a 230 V regulated AC
supply for stepping up the voltage, a coupling capacitor of
rating 1 nF, and 36 kV for PD measurement. A HFCT sensor
with a 1:10 transfer ratio and 500 kHz — 80 MHz (-3 dB)
bandwidth for measuring PD pulses, a 4-channel oscilloscope,
with a bandwidth of 300 MHz-1 GHz. The PD was recorded
at a sampling rate of 250 MS/s. A cable sample with a cavity
created by cutting the outer layer and creating a superficial
groove in the insulation of the cable was used as shown in Fig.
2(b). Measurements are collected at different stress levels
after PDIV using step stress test method. Initially, a voltage of
up to 13 kV is applied for a few minutes without the test object
to check if the setup is PD free. During the test, the voltage is
raised with step size of 0.25 kV until PDIV is obtained. The

measurements are recorded at a sampling rate of 250 MS/s and
considering the stochasticity of pulses, 10 cycles are recorded
at each stress level from PDIV to 12.4 kV.

(a) B g (b)
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Fig. 2. Schematic diagram of PD experiment and measurement setup: a)
schematic, b) cable sample with internal defect.

III. RESULTS

A. Analyis of PRPD pattern via polar plot

Fig. 3 (a, b) shows PRPD via polar plots at various stress
levels. A polar plot shows three major characteristics which
include PD pulse height (V) phase of occurrence (¢) and
number of pulses (1,) in an ac cycle. ASTM DI1868-13
defines PDIV as voltage after which continuous PD pulses
above a stated magnitude (based on the background noise)
occur. In this experimental investigation, PDIV is found as
5.4 kV where PD pulse of magnitude 4.9 mV is observed at
242.5° as shown in Fig. 1(a).
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Fig. 3. Polar plots representing the behavior of pulse height, phase of
occurrence, and number of pulses at PDIV (5.4 kV) 6.4 kV, 9.4 kV, and
12.4kV.

PD characteristics show obvious variation at different stress
levels as shown in Fig. 3 (a, b). Considering the pulse
amplitude and number of pulses, both of these characteristics
show an upward trend at increasing electrical stress. At
6.4 kV 15 pulses, at 9.4 kV 49 pulses and at 12.4 kV, 109
pulses were observed during ten cycles of the applied voltage.
A similar trend is observed in the phase span of PD activity.
At 6.4 kV, PD pulses are observed between 30°-60° during
positive and 210-250° during the negative half cycle of the
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applied voltage. Whereas at 12.4 kV, the PD activity phase
span is increased, as pulses are observed between 0-30° and
180-270°.

B. PD Characteristics

PD characteristics are very useful for obtaining a deeper
understanding of PD behavior. In this study, the behavior of
three characteristics including pulse height, phase of
occurrence, and pulse repetition rate is analyzed in
correlation to  progressive electrical  stress.  These
characteristics are defined as follows.

a) PD pulse height (V)

PD pulse is a direct reflection of PD activity within the
insulation. Pulse features are very helpful in locating and
determining the severity of PD within the insulation [6]. In
this study, peak amplitudes of individual pulses are extracted
using the local maxima tool, and behavior of pulse height is
analyzed. Pulses above a certain threshold value are
considered in this study.

b) Phase of occurrence (p)

It is defined as the angle at which PD pulses occur in
individual AC cycles. The phase angles of PD pulses are
calculated by (1), where ¢ is the time of occurrence of a PD
pulse in an AC cycle.

@ =t %360/0.02 1)

¢) Pulse repetition rate (n)
Pulse repetition rate (n) is defined as the number of PD
pulses (n,) in a specified time (7) period. Mathematically it
is defined as (2)

n=n,/T, (2

IV. LocAL MAXIMA-BASED PEAK DETECTION TOOL

Fig. 1 shows PRPD patterns of various types of
defects. These patterns contain noise and PD events,
occurring in one AC cycle. For effective analysis PD it is
customary to denoise the data and extract denoised PD
signals. A local maxima-based algorithm is developed that
extracts individual PD pulses with their corresponding
locations. It efficiently extracts the pulses and their features
without using advanced denoising methods, as the
experiments were performed under low-noise laboratory
conditions without excessive levels of background noise
interference. [12]. The operating principle of the algorithm is
demonstrated as Algorithm A using pseudocode given in
Table I.

TABLE-I. ALGORITHM A PSEUDOCODE USED FOR EXTRACTION OF PD
PULSE USING LOCAL MAXIMA METHOD.

Input: PD data =N,

Sampling Frequency = F

Set By

Set B,

[Py, 1,] = find peaks(x_data,MinPeakHeight', ;,'MinPeakDistance', B,);
[Py, 1,] = find peaks(x_data,' MinPeakHeight', ;,'MinPeakDistance', f3,);
Sorting: [peak_locations, sort_idx] = sort([1,', 1,'])

Output: first occurring PD pulse = m

Initially, PD data (N;) and sampling frequency (Fy) are
given as input. Subsequently, two thresholds (5,) as horizontal
threshold and (.) as vertical thresholds are set that denoise
and detect individual PD events in a recorded PD detector
output time series [8]. Based on the threshold values, it
detects positive peaks (P,), negative peaks (P,), and their
corresponding locations as /, and negative peaks /,. These
values are sorted and stored sequentially based on their
location in a PRPD pattern. Afterward, the first occurring
peak (m) of an induvial pulse is extracted. Fig. 4 (a) shows a
measurement at 11.4 kV, which is given as input to the
algorithm. Fig. 4(b) shows extracted P,, P,pulses and their
location in the time domain. Whereas Fig. 4(c) shows the first
occurring pulse which is an actual PD pulse representing a
PD event. After detecting the pulses, it extracts the PD
characteristics. Table II shows four major characteristics
including peak pulse height (V,), peak pulse height
magnitude (Vuass), pulse location (Ppc), time of occurrence
(P:), and phase of occurrence (P,), extracted using the
developed algorithm. Various features can be utilized to
analyze behavior of PD sources [13].

50

(@) =
L

i} 0.002 0004 0006 0008 0.0 0012 0014 0016 0018 0.02
Time(s)

Amplitude{m\/}
°

_ 50
z ) e

F T T ——8 Negstive
o

2
2T ]
£

-50

0 0002 0004 0006 0008 001 0012 0014 0016 0018 002
Time(s)

.50
g ©
g, 1

R
]

E
<

-50

i} 0.002 0004 0006 0008 0.0 0012 0014 0016 0018 0.02
Time(s)

Fig. 4. PD events or pulses extracted using local maxima-based algorithm
a) Measured PD data at 11.4 kV b) Detected positive and negative pulses c)
first occurring PD pulses.

TABLE II. PD CHARACTERISTIC FEATURES EXTRACTED USING LOCAL
MAXIMA-BASED ALGORITHM.

Quantity 1 2 3 4 5
Vi (mV) 25.31 35.28 -19.15 -33.43 -38.03
Vinass (mV) 25.31 35.28 19.15 33.43 38.03
Puc(sample) 217610 369749 1618059 1897639 2132519
Pi(s) 0.0014  0.0024 0.0104 0.0121 0.0136
Pa(°) 25.1 42.6 186.4 218.6 245.7

V. BEHAVIOR OF PULSE CHARACTERISTICS

A. Behavior of pulse height (V) and phase of occurrence
(9)

Pulse amplitude and phase of occurrence are presented on
the scatter plot shown in Fig. 5. The plot represents the
relation between ¢ and V. It is observed that at a lower stress
level (6.4kV), the majority of pulses occur during the
negative half of the applied voltage and their occurrence is
found between 219° to 249°. Considering the phase of
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occurrence, pulses of magnitude 13-15 mV repeatedly
occurring between 219°-223°. There is only a single pulse
found during the positive half cycle at 75.6°. At medium
stress (9.4 kV), the PD activity is observed in both positive
and negative half cycles of the AC voltage. During the
positive half cycle, pulses of magnitude 5-70 mV are
observed between 15°-75°. A scattered PD activity is
observed during the positive half cycle. During the negative
half cycle, pulses of 5-57 mV are observed between 19°-350°.
However, the majority of occurrences are found between
190°-192°. At high stress level (12.4 kV), the activity is
symmetric during both positive and negative half cycles of
applied AC voltage. PD pulses of 8-64 mV are observed
between 0°-90°. During negative half cycle, pulses of 10-75
mV are observed, and their occurrence is found between 180-
270°.
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Fig. 5. Behavior of pulse height and phase of occurrence at different voltages
a) 6.4kVb)9.4kVc)12.4kV.

B. Pulse repetition rate (n)

Fig. 6 shows the behavior of positive, negative, and total
pulses/PD events that occurred in 7. In this study, 7,= 200
ms i.e., ten full ac cycles are considered. Fig. 6 shows a bar
chart of the number of pulses. It is observed that there was
only a single positive pulse at 6.4 kV, which is increased to
15 at 9.4 kV and 53 pulses at 12.4 kV. A similar trend is
observed with negative pulses. Considering the overall
behavior of pulses at increasing electrical stress, an uptrend
is observed.
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Fig. 6. Behavior of positive, negative, and total PD pulses at increasing
electrical stress.

CONCLUSION

This study is based on an experimental investigation
performed on an 11 kV XLPE with an internal defect/cavity
at its outer layer. PD data was collected at different levels of
voltage, i.e., from PDIV at 6.4 kV to 12.4 kV with a step size
of 3 kV. A local maxima-based algorithm is designed that
detects actual PD events, corresponding pulses, and major
pulse characteristics including peak pulse height, phase of
occurrence, and pulse repetition rate obtained from PD data.

Considering the behavior of pulse magnitude, it is observed
that despite electrical stress increasing, the magnitude of most
of the pulses is 10-40 mV. Only a few pulses of magnitude
over 50 mV are observed, which shows that the severity of
PD is not only described by pulse amplitude but also by
number and density of pulses. Similar behavior is observed
with phase as most of the pulses are observed between 0°-60°
and 180°-240° of the applied AC voltage. However, it can be
seen that with increasing electrical stress, the phase span of
PD activity increases. An uptrend is observed between
electrical stress and pulse repetition rate.
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ARTICLE INFO ABSTRACT

Keywords: Insulation degradation in power components is a looming issue that can have a significant impact
XLPE cable on the reliability of power system if not attended timely. Partial discharge (PD) diagnostics is a

Partial discharge measurement
PD characteristics
Regression analysis

key technique used for the condition monitoring and health assessment of insulation. Inception of
PD is a primary indicator which shows degradation and decreased local dielectric strength of the
insulation. PD magnitude can increase with time and level of stress, which may result in failure of
insulation. This article investigates the behavior of PD characteristics in a medium voltage (MV)
cross-linked polyethylene (XLPE) cable sample, containing a defect at the cable termination,
under elevated electrical stresses. PD behavior is studied by investigating the key PD character-
istics, such as partial discharge inception voltage (PDIV), phase of occurrence (¢), mean ampli-
tude (Vinean), pulse repetition rate (PRR), and phase span (@sqn). These quantities are extracted
from a phase-resolved partial discharge (PRPD) pattern using a pulse detection algorithm. Later,
these characteristics are analyzed in correlation with the electrical stress. Various regression
models are implemented and compared to find the best fit model that represents trending attri-
butes of major PD characteristics. The presented study can be used as an effective process to
analyze the measured PD data for evaluation of the insulation condition in the power
components.

1. Introduction

European distribution grids are connected to almost 260 million customers that rely on a vast network of medium and low-voltage
overhead lines and cables. Due to the increased security of supply and comparatively decreasing cost of underground cables, there is a
gradual shift from overhead lines to underground cables [1]. With the growing number of cable networks, failure rates are also
increasing as a result of imperfections during manufacturing, poor workmanship, and aging at normal or abnormal operating stresses i.
e., thermal, electrical, mechanical, and ambient (TEAM) [2]. A survey was conducted in Portugal about medium voltage cable failures
in substation network. The study reveals that approximately 80 % of the faults in the cables occur due to electrical insulation [3].

The occurrence of PD is a primary indicator that can describe the cause of insulation failure and its aging behavior [4]. IEC 60270
describes PD as a localized breakdown confined in a local region of insulation where the electric field strength exceeds the local
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Nomenclature

MV Medium voltage

PD Partial discharge

PDIV Partial discharge inception voltage
HFCT High frequency current transformer
XLPE Cross-linked polyethylene

PRPD Phase resolved partial discharge
PRR Pulse repetition rate

DSO Digital storage oscilloscope

Qavg Accumulated average charge
Quce Accumulated apparent charge
E. Cumulative energy function

Py Discharge power

Iy Average discharging current
PSA Pulse sequence analysis

AU Change of voltage

AT Change of time

tr Reference time

Vinean Mean pulse height

Pspan Phase span

SVM Support vector machine

GPR Gaussian process regression

dielectric strength [5]. Surface discharge and internal PD are two critical PDs, that occur in cables. Surface discharge occurs where
there is an interface between solid and gas or liquid and gas. It propagates across the surface of the insulation, where the electric field is
strong enough. The discharge activity is intensified in the presence of dust, contaminants, and moisture. Over time, surface discharge
may cause internal PDs and electrical trees which may lead to failure of insulation. Internal PD normally occurs in the voids and gas
filled cavities. Internal PDs particulary in large cavities contain more discharges of smaller magnitude due to increase in overall surface
area. However, they have a more severe impact compared to surface discharges [6,7].

PD measurements are playing a vital role in the condition monitoring of power system assets including cables, by facilitating a
reliable asset operation while also saving on maintenance costs [8]. Thus, it is crucial to track the PD behavior to predict upcoming
failures which in turn provides an opportunity to plan maintenance activities accordingly to avoid sudden failures and unplanned
disruptions and outages [9,10].

Experimental research is most efficient method to investigate PD behavior. Several state-of-the-art research studies have been
conducted based on the PD measurements in different power system assets [11-16]. In [11] a lab based experimental investigation is
performed on ethylene propylene rubber (EPR and XLPE cable) under AC and DC supply by creating artificial defects. The study found
that DC voltages reduce the cable size without affecting the service life. In [12] a cavity is created under low temperature. It is found
that like internal PDs in gas filled cavities surface discharge can also occur at low temperature. In [13] three types of defects (internal,
surface and corona) are created and investigated under increasing electrical stress. The result found that PD characteristics including
Quces Tavg, Pp and quadratic rate shows an increasing trend. A tobit regression model is developed to correlate PD characteristics and
electrical stress. In [14] two step regression model is developed for multi-source identification of PD. In [15], PD behavior is analyzed
in relation to the cavity size. Two PD parameters, Qq and partial discharge inception voltage (PDIV) were analyzed in relation to
defect size and shape. It is observed that PDIV and magnitude both vary with the variation in the shape of the defect. In [16], pulse
sequence analysis (PSA) was performed where behavior of consecutive pulses was analyzed to elucidate the physics behind the PD
mechanism. It is found that characteristics pertaining to consecutive pules, i.e., change of voltage (AU) and change of time (AT) follow
a well-defined pattern under increasing stress conditions.

The above-described studies highlighted two major points. Firstly, the insulation degradation caused by any type of defect or stress
follows a distinct trend or pattern which can be analyzed by utilizing PD characteristics. Secondly, from the literature review, it is
found that an ample amount of work has been done to investigate PD characteristics under various scenarios such as various defects
(types and size), multi-stress conditions, and modern grid operating conditions (impact of power electronic converters) for lifetime
estimation. Their main focus is to analyze the impact of defects or grid operating conditions on the insulation rather understanding the
degradation behavior.

This article aims at investigating the PD behavior using PD characteristics extracted from comprehensive data sets, obtained
through PD measurement from PD inception to increasing voltage levels. Furthermore, the trending behavior of major characteristics is
analyzed using various regression models including linear regression, support vector machine (SVM) and gaussian process regression
(GPR).

Three major points describe the novelty of this work which includes comprehensive experimental investigation performed at each
stress level, development of an effective algorithm for detection of PD pulses from PRPD pattern and extraction of PD characteristics
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from a PRPD pattern without using denoising or signal processing techniques. Third is analysis of trending attributes of PD charac-
teristics and regression analysis to map those attributes.

Further on in this paper, Section 2 describes the overall process or methodology of study including XLPE cable sample preparation,
experimental setup, equipment, and measurement parameters chosen for this study. Section 3 elaborates PRPD patterns and behavior
of PD characteristics considered in this study. Section 4 explains various aspects of the developed peak detection algorithm. Section 5
presents the results obtained from the experimental investigation and PD data analysis. Section 6 describes the regression analysis
performed to demonstrate the correlation between the PD characteristics and progressive electrical stress and Section 7 is based on the
comprehensive discussion and conclusion of this study.

2. Experimental study of on the XLPE cable

Fig. 1 depicts schematic of overall process from sample preparation to regression analysis.

The first task was the preparation of a suitable sample for PD measurement. As XLPE has a vast application in the MV power system
network, an XLPE cable section of three meters is used in this study. A defect was created by removing the stress cone at one end of the
cable sample for the production PDs. A measurement setup was established in a low-noise laboratory environment. PD data are
visualized and stored in the form of PRPD patterns in a digital storage oscilloscope (DSO) at a sampling rate of 156 mega samples per
second (MS/s). In the next stage the PRPD patterns are analyzed at various stages of insulation degradation, and major PD charac-
teristics were extracted to investigate PD behavior at increasing degradation. A PD pulse detection algorithm is developed for
extraction of PD characteristics from a PRPD pattern. Later the behavior of PD characteristics is investigated under elevated electrical
stress. Finally, a regression analysis is performed to investigate the trending behavior of PD characteristics. Nine regression models
from three regression families including linear, SVM and GPR are trained to find the best-fit line representing the relationship between
two major PD characteristics and progressive electrical stress. Several measurements were taken into account to find the best-fit model
that develops a strong correlation between stress and PD characteristics. Further, the validation of each model is evaluated using
performance indices i.e., R-squared, root mean square error (RMSE) and mean absolute error (MAE). Based on the results, a
comprehensive discussion is made considering the behavior of PD characteristics in correlation to increasing electrical stress and
regression analysis.

2.1. Cable sample preparation

An XLPE cable of medium voltage rating i.e., 11 kV with copper conductor area of 50 mm?, Semi-conducting layer thickness of 1.2
mm, XLPE insulation thickness of 5.5 mm, Cross tape screen thickness of 0.9 mm, minimum bending radius of 416 mm, aluminum tape
screen thickness of 1.6 mm and outer sheath thickness of 0.9 mm is considered for this study. An artificial defect is created by
dismantling the stress cone of the cable terminal and removing the top layer outer sheath, an aluminum-copper layer, bedding, and
copper tape layer by dismantling the cable terminal as shown in Fig. 2.

2.2. Experimental setup

Fig. 3 shows the schematic diagram of the experimental setup developed for PD measurement in the laboratory. Equipment details
are given as follows:

(1) A 220 V AC source connected to a step-up test transformer of MV rating via a voltage regulator for variation of voltage in steps.

(2) A coupling capacitor (CC) of voltage rating 16 kV and capacitance of 1 nF is connected in parallel to supply for measurement of
PDs emitted by the PD source.

(3) A high-frequency current transformer (HFCT) of bandwidth 500 kHz-80 MHz (-3 dB) and 1:10 transfer ratio is connected in
series to cable sample shielding for the measurement of high-frequency PD pulses.

(4) A digital storage oscilloscope (DSO), connected to the HFCT via a 50 Q coaxial cable is used for data acquisition, i.e., to visualize
and record PD pulses

Prepration of XLPE cable sample| ={ Extraction of PD charaterstics

' !

Modelling of defect for
production of partial discharges

! !

Measurement of PD and
acquistion of data

|

Regression analysis

Discussion and conclusion

Fig. 1. Process for the investigation of PD behavior at progressive electrical stress.
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Fig. 2. Modeling of the defect at one end of XLPE cable to produce PD.
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Fig. 3. Schematic of laboratory experimental setup for PD measurement.
2.3. Measurement procedure

In this investigation, the step stress test method is implemented to observe PD activity at various stress levels. Prior PD testing at
voltages up to 12 kV was applied, to ensure that the setup is PD free. With the cable sample, 3 kV was initially applied and later it was
increased with a step size of 0.2 kV until PDIV. In IEC 60270, the PDIV is defined as the applied voltage at which repetitive partial
discharges are first observed in the test object, when the voltage applied across the test object is gradually increased from a lower value
at which no partial discharges are observed. Afterwards, the voltage was increased to higher levels and PD behavior was observed at
voltage intervals of 1 kV up to 13.3 kV.

60 v v T v
PRPD pattern at 13.3 kV (1)
4ar PRPD pattern at 13.3 kV (2)
>
E 20
3 | | ]
-y - |
g L ] | | ]ll
Q
E-20
<
_40 .
60 . ; . N A
0 60 120 180 240 300 360
Degree(®)

Fig. 4. PRPD pattern contains two measurements at 13.3 kV with changes in pulse amplitude, location, and number of pulses.



M. Choudhary et al. Engineering Failure Analysis 158 (2024) 108006

Due to the stochastic nature of PD, the pulses appearing during any AC cycle are different in magnitude and phase location to the
pulses observed at the next cycle. There is always a variation in the presentation of the PD activity, which is also reflected in the PD
characteristics, i.e., pulse location, pulse height, and the number of pulses. Fig. 4 presents PD data captured over two AC cycles at an
applied voltage of 13.3 kV. There were 49 pulses, observed during the first measurement and 42 pulses of different magnitudes at
different phase locations, observed during the second measurement. A single measurement or PD data over one AC cycle may not
provide an adequate representation of the ongoing PD activity. For a comprehensive analysis multiple measurements are required.
Thus, the oscilloscope was configured to record the PD data over ten consecutive cycles at each voltage level.

3. Investigation of PRPD pattern and selection of PD characteristics
3.1. Investigation of PRPD pattern

PRPD pattern is direct reflection of a PD activity and plays key role in the investigation of the PD mechanism. Commercial PD
measurement systems use PRPD patterns to identify the type of defect and its intensity. It represents the PD activity with respect to the
phase of the applied voltage. In general form, the PRPD pattern is based on three major parameters: phase angle ¢, charge magnitude g,
and the number of discharges n, also called the ¢-n-q pattern. In HFCT-based measurement, a PRPD pattern is represented as ¢-V-n,
where n represents the number of pulses, V represents pulse peak voltage and ¢ represents its phase of occurrence. In this study, in-
depth analysis of the PRPD pattern is performed. Initially, the PRPD pattern is analyzed at various stages of degradation, i.e., from
PDIV to 13.3 kV.

Fig. 5 (a and b) shows PRPD patterns at various electric stress levels. It can be observed that the degradation occurs in two stages. At
the early stage of degradation from PDIV to 9.1 kV as shown in Fig. 5(a), the PD activity is concentrated at the negative half cycle as
most of the pulses are observed during the negative half cycle of the applied AC voltage. At a later stage as shown in Fig. 5(b), when
electrical stress is increased above 9.1 kV, the PD activity starts appearing at the rising edge of the positive half cycle of the AC cycle.
The appearance of pulses in the positive half cycle of the applied voltage may be the result of surface tracking. Under increasing stress
for longer durations, surface discharges start to track by forming irreversible conducting or carbonized paths across the insulation
surface. In wet and contaminated environments this tracking may cause leakage current or simplify the occurrence of flashover that
damages insulating materials and degrades the dielectric properties of insulation. Long-term tracking generates electric trees or in-
ternal PDs, which are a major cause of failure of insulation [21,22]. Thus, these pulses can be an indication of the initiation of internal
PDs. The pulses in the positive half-cycle can also be a byproduct of charge deposition onto the surface of the insulation as a result of
discharges which have occurred during the previous negative half-cycle.

3.2. Selection of PD characteristics

It is important to observe the PD characteristics for in-depth understanding of the degradation behavior in insulation systems. This
investigation is based on captured PRPD patterns. Ref-s [17,18] provide a comprehensive guide for feature extraction and classification
methods for PD analysis. Considering the PRPD pattern in Fig. 6, the four characteristics i.e., phase of occurrence of PD, pulse height of
an individual PD event, number of pulses across full AC cycle or pulse repetition rate, and phase span of overall PD activity show
considerable pattern variations at each cycle and at increasing electrical stress. Therefore, the above mentioned four characteristics are
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Fig. 5. PRPD pattern and phase span of PD activity at two stages of degradation (a) initial level of degradation (b) higher level of degradation.
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considered in this study. These characteristics are illustrated in Fig. 6 and can be defined as follows.
(1) Phase of occurrence (¢)

It is defined as the phase angle at which the PD pulse occurs in a full AC cycle, excluding the oscillations of the signal illustrated in
Fig. 6, where the PD pulse occurred at an angle of 226.55°.

(2) Mean pulse height (Viean)

Pulse height is defined as peak value Vp of a PD pulse representing a PD event as shown in Fig. 6. The mean pulse height (V;neqn) can
be found by adding the V, of individual PD pulses in an AC signal and dividing it by the number of pulses n presented as

n
SVt
=1"p()
Vinean = 'T

1

(3) Pulse repetition rate (PRR)

Pulse repetition rate is defined as the total number of pulses n observed over a reference time interval T, Pulses above a certain
threshold are considered for the analysis as shown in Fig. 6. Mathematically, it is represented as [5].

n
PRR = — 2
T (2)

r

(4) Phase span (@span)

Phase span describes the overall span of PD activity over an AC cycle or half-cycle. It is the difference in ¢ of the last PD pulse ¢ eng
and the first PD pulse @ st as shown in Fig. 6. Mathematically, phase span is represented by

Ppan = Pend — Pstars 3)
4. Implementation of the PD pulse detection algorithm for PD analysis

Commercial systems use the PRPD pattern as a graphical tool that represents the nature and properties of the defect. Amplitude of
the individual PD pulse reflects the extent of the ongoing aging of insulation, however, PRPD pattern provides the amplitude of the
overall PD activity. Therefore, an algorithm is developed that detects individual PD pulse. After detecting the pulse, it extracts the peak
amplitude based on the first rising peak from the PD signal, representing a single PD event. Due to the low level of background noise, it
was not necessary to implement advanced denoising techniques, although several are available. Previous researchers have used
wavelet-based denoising methods and advanced filters before extraction of characteristics to denoise the PD signal and detect actual
PD signal [19,20].

The developed tool is effective in detecting PD pulses, their location, ¢, and the applied voltage at which the pulses occur. Fig. 7 (a)
shows the flowchart of the developed algorithm. It efficiently detects individual PD events from a PRPD pattern. Initially, two
thresholds are needed, i.e., horizontal, and vertical thresholds as shown in Fig. 7(b). Their value is defined based on the variation of
data throughout the measurements. For this study, a range of 5-8 mV was chosen for the vertical threshold and 19.2 us was chosen for
the horizontal threshold. The performance of the algorithm heavily relies on the choice of threshold values. In case of deviation from
optimal values, the algorithm will detect pulses which are oscillations or reflections of individual PD pulses as shown in Fig. 7. Both
thresholds function simultaneously to remove noise, oscillations, and attenuation of PD signals without using advanced denoising
techniques [19,20].
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Fig. 6. PD characteristics considered for ageing study.
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Fig. 7. (a) Flowchart of the algorithm developed for the extraction of PD characteristics (b) Horizontal and vertical threshold defined for
the algorithm.

The key purpose here is to detect the actual PD pulses, and their positive and negative peaks and store them sequentially. Besides
the detection of PD pulses, it also extracts the characteristics such as the peak values of the individual pulse, pulse polarity, time of
occurrence, phase angle of occurrence, instantaneous test voltage, number of pulses, or pulse repetition rate. In addition to that, the
algorithm can also extract characteristics for pulse sequence analysis (PSA) such as AU and AT and characteristics for pulse shape
analysis, e.g., rise time, fall time, and pulse width of individual PD pulses from a PRPD pattern. Thus, it can analyze PD data using
different approaches, i.e., based on shape and pulse sequence characteristics.

5. Analysis of PD characteristics
In this section, PD characteristics are analyzed in correlation to electrical stress and prospective trends are visualized using polar

and line plots. As mentioned above, four characteristics including ¢, Vinean, PRR, and @gq, of PD activity in PRPD pattern are
investigated.
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Fig. 8. (a) Polar plots representing amplitudes (mV) and phase angles of individual PD pulses at following stress levels: 5.9 kV (PDIV), 7.1 kV, 8.1
kV, 9.1 kV (b) Polar plots representing amplitudes and phase angles of individual PD pulses at following stress levels: 10.1 kV, 11.1 kV, 12.1 and
13.1 kv.
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5.1. Behavior of phase of occurrence (¢)

Similar to a PRPD pattern, a polar plot can also represent PD behavior, i.e., pulse height, angle of occurrence and number of pulses
occurring during a full AC cycle. Fig. 8 a and b show polar plots representing individual PD pulse heights and locations over a 360° full
AC cycle. As displayed previously in Fig. 5, the ¢ was showing an obvious variation in the PRPD pattern at different measurements and
at increasing electrical stress. Ten measurements at different electrical stress levels above PDIV are incorporated in the respective polar
plots.

At PDIV, a single pulse of magnitude 10 mV was observed at 252.5° as shown in Fig. 8(a) (PDIV). The PD progression of the PD
activity occurs in two stages. Initially, from 7.1 to 9.1 kV, the PD activity is concentrated at the first half of the negative half cycle of the
applied voltage, between 210°-270°. Scattered PD activity at an amplitude range between 10 and 40 mV was observed at 7.1 kV and
8.1 kV, as shown in Fig. 8(a). At 9.1 kV, the PD activity shows a similar trend, although the amplitude of pulses has increased to a range
of 10-100 mV.

At later stages of degradation, the PD activity started increasing with a larger density of pulses near the zero crossing of the applied
voltage (transitioning from positive to negative), i.e., from 180°-270°, and also few pulses were observed during the positive half cycle
of the applied voltage as shown in Fig. 5(b). This behavior resembles the surface PD activity observed in prior research [23]. At 12.1 kV
and 13.3 kV stress levels, the phase span of PD activity decreased by a few degrees. Also, it is evident from the polar plots that at higher
electrical stresses (10.1-13.3 kV), there is no significant rise in height of pulses, but there is an increase in the number of PD pulses at
increasing stress, which is reflected by the denser scattering on the polar plots i.e., from 10.1 kV to 13.3 kV as shown in Fig. 8(b).

5.2. Behavior of mean pulse height

Pulse height is the second important characteristic of the PRPD pattern. Fig. 9 shows the behavior of Vipeqn at various stress levels i.
e., from 7.1 kV to 13.3 kV. The figure includes 10 measurements taken at each stress level. The developed algorithm extracts the mean
peak value of all PD pulses in an AC signal and plots these against electrical stress. For voltages exceeding 9.1 kV, despite a rise in
electrical stress, Vipeqn demonstrates a decreasing pattern. This can be caused by inception of PD at other locations in the test object,
which creates more PD pulses, with a lower peak value. In the initial stages of degradation, specifically from PDIV to 9.1 kV, the Vinean
increases proportionally with the applied stress. However, at 9.1 kV, there is a distinct peak in the Vyeqn, as illustrated in Fig. 9. A
similar trend is observed with the maximum and minimum values of pulse height concerning electrical stress, as documented in
reference [24]. There is a minor increase in Vipeqn at 11.1 kV. This spontaneous change in Vipeqn at 9.1 kV and 11.1 kV may show high
charge movement at intermediate voltage levels after PDIV and at higher stress levels prior to breakdown, i.e., at 9.1 kV and 11.1 kV.
The mean values in Fig. 9 and demonstrate that at 12.1 kV and 13.3 kV, there is a decrease in Viyeqn which shows that at higher stress
level pulse heights, on average, decrease.

5.3. Behavior of pulse repititon rate

Pulse repetition rate is the third most important characteristic. As depicted in Fig. 8a and b, there is a significant increase in the
number of pulses in correlation to the electrical stress. At 7.1 kV, 36 pulses occurred over ten AC cycles (T, = 200 ms), while at a
medium stress level (9.1 kV), 78 pulses were observed, at highest level i.e., at 13.3 kV, 491 pulses were recorded. As the PRR is directly
proportional to the number of pulses, this similar trend was consistently observed throughout all ten measurements, Fig. 10 shows
minimum average and maximum value of PRR at stress level. It can be seen that PRR varying in three stages i.e., near PDIV, inter-
mediate stage and higher stage. Initially from 7.1 to 8.1 kV PRR found between 150 and 250 s~ i.e., there is monotonic increase in
pulse repetition rate. At intermediate stage (9.1-10.1 kV) PRR observed between 350 and 950 s~ '. At higher levels (10.1-13.3 kV) the
PPR rise significantly ranges between 1000 and 2500 s 1.
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Fig. 9. Behavior of mean pulse height (10 cycles) in correlation to progressive electrical stress.
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Fig. 10. Relationship between pulse repetition rate and increasing electrical stress.

5.4. Behavior of phase span

Phase span is a significant characteristic that describes the duration or span of a PD activity. In this study activity span of only
negative half-cycle is considered. The selection is made based on the occurrence of PD pulses at all stress levels. Fig. 11 show trendlines
of phase span data containing minimum, average, and maximum value at each stress level. Ten measurements into account. Similar to
PRR @gqn trendline varies in three stages.

Immediately after PDIV the ¢gq, of PD activity observed between 26° and 46° which increased further at intermediate level
(9.1-10 kV) and found between 49° and 79°. At higher level this range significantly increased the phase 80°~101°. It is also observed
that high stress level above 12.1 kV the span of PD activity decreased as depicted in the graph. Thus, it can be said that at high level of
degradation the g,y of actvity does not vary much it decreases or stay consistent. Considering variation of data at each stress level, the
skewness value shows that the ¢spqn data is positively skewed.

6. Regression analysis

Regression analysis is one the methods used to find the correlation between variables or quantities. Regression techniques are
widely used in forecasting, prediction, and analysis of time series data. Previous researches have used state-of-the-art methods such as
decision functions, distance, and likelihood functions, artificial neural networks, and trainable classifiers described in [17]. These
methods are useful for the classification of PRPD patterns and defects. However, initially, the degradation trend must be investigated,
which is very useful for ageing studies and condition monitoring of cables. Thus, regression analysis is performed. The regression
analysis consists of the following stages, from data collection to training and evaluation of regression models.

6.1. Data collection and selection of characteristics for regression analysis

PD data are collected through experimental and measurement setup in the first stage. Considering the nature of the data, two
characteristics, PRR and @span, are chosen as the dependent variable and electrical stress is chosen as the independent variable.
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Fig. 11. Behavior of PD activity negative polarity phase span values in correlation to progressive electrical stress.
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6.2. Selection and training of regression models

In this study, nine models from three families including linear, SVM and GPR families are chosen to find best correlation between
phase span and PRR data with applied electrical stress. The models are defined as follows.

(1) Linear regression models

Linear models are one of the simplest regression models used to correlate two or more than two variables, also called the response
and predictor variables. Mathematically, the linear regression models are expressed as [25]

f(x) = a,+ aix; +axx; +e ()]
where q, is the y-intercept, a; and ay are co-efficients of regression, x; and x, are response variables and e represent the error. In this
study, three linear models are selected including simple linear, linear interaction and linear robust. The linear interaction model
includes an interaction term in addition to the constant and linear terms as shown in (5) [26]. The interaction term x;x, represents

interaction between two response variables. The linear model with robust function reduces the sensitivity of the model to outliers by
assigning lower weights to the points which are expected to be outliers.

f(x) = a,+ ayx) +ax, +azxx, +e (5)

(2) Support vector Machine (SVM) regression models

SVM models are extensively used in classification. SVM regression models use the hyperplane (boundaries which predict the
output) to fit the data. In addition to that these use different kernel functions, which transform input data into a suitable format. In this
study, three kernel functions are used: linear, quadratic, and fine gaussian [27].

(3) Gaussian process regression (GPR) models

GPR is a non-parametric and probabilistic regression, which is based on kernel functions. It calculates the probability distribution
over all allowable functions, which best fit the data, calculating it from parameters of any function. However, firstly it requires prior
distribution and based on that, it predicts a posterior distribution on points of interest. GPR models are widely used in the field of
machine learning for classification and regression.

There are two major advantages of GPR. Firstly, it performs well on small data sets and secondly, it provides uncertainty values on
its own estimation. Let us consider a data set {(x;, y;); i = 1,2, 3, ---..n} where x; € R? is the predictor variable with dimension d and
¥i € R is the response variable. We can assert that for any input vector x = [x1,x3, -, x,]" the vector of outputs y = [y, y3, -, yn ' is
normally distributed. The gaussian process is defined by mean m(x) and covariance or kernel function K(x,x) as [28]

f(x) GP[m(x), K(x,x')] (6)
The choice of kernel function is important for obtaining the best fit model. It is essential that the kernel function must be symmetrical, i.

e, K(x;, Xj) = K(x;, x;) and have a positive value for any set of inputs. Three types of kernels are used in this study: rational quadratic,
squared exponential, and Matérn kernels.

6.3. Response plots and error indices

Comparison of models is an important aspect in evaluating the best model representing correlation between quantities. In this
study, the comparison is made based on graphical and error indices. All models are trained with the respective data sets where cross-
validation is kept at 5 folds for all models.

Response plot is a graph between predicted response versus the actual response. If the regression line of the model and actual data
lies on identical lines, it means the model best fits actual data. Performance indices are statistical quantities which are useful in
evaluating the fit of any regression model. In this study, four error indices including R-squared, RMSE, MAE and training time are used
to evaluate and compare the performance of the trained regression models.

(1) R-squared error

This is a statistical error index, describing the effectiveness of fitting any regression line. Its value ranges between 0 and 1. A higher
R-squared value shows better fitting of regression model [29].

(2) Root means square error (RMSE)
This represents the deviation of residuals (shows how far the actual data is from predicted response). Essentially, it defines the
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distance of residuals from original data points. Mathematically it is defined as [29]

RMSE =

Engineering Failure Analysis 158 (2024) 108006

where X; represents predicted values, x) represents actual values and m represents number of data points.

(3) Mean absolute error (MAE)

@)

MAE is used to evaluate the performance of regression models. It is the difference of the average of actual and estimated data points.
Mathematically, it is represented as [29]
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m
where x; represents predicted values, x; represents actual values and m represents number of data points.

6.4. Performance comparison of regression model

Fig. 12(a—c) includes plots containing actual PRR data at increasing electrical stress and response plots of trained linear, SVM and
GPR family models respectively. The regression lines along with performance indices show that linear SVM, SVM with quadratic kernel
and models of gaussian process regression (quadratic, squared exponential and Matérn) best fit the PRR data at increasing electrical
stress. Performance indices presented in Table 1 indicate that SVM quadratic and all models of the GPR family, i.e., quadratic, squared
exponential and Matérn best fit the PRR data as R-squared values range between 0.95 and 0.98. RMSE and MAE values show that the
GPR model with quadratic kernel has the lowest RMSE values of 160.67 s~ and 118.29 s~ 1. This shows that GPR regression model with
quadratic kernel best fits the PRR data at increasing electrical stress. Fig. 12 (d-f) shows response plots of linear, SVM and GPR families
respectively. The regression lines along with performance indices show all GPR models, i.e., quadratic, squared exponential, and
Matérn, best fit the phase span data at increasing electrical stress.

7. Discussion

Medium voltage cables are integral part of the power system network. These cables composed of two major parts i.e., conductor and
insulation. During operation cables undergo various types of stresses. Various tests are conducted for quality assurance and condition
monitoring of cables. In [30] different testing methods are implemented to determine the quality of a conductor in optical ground wire
(OGW). These tests include stress strain, tensile strength, creep test which are used to test the mechanical properties of insulation,
thermal endurance test which is used to find the thermal capability of material to sustain certain temperature levels during operation,
vibration test, galloping test to evaluate the fatigue performance and lighting test to see the behavior of cables during lighting strike.
Insulation is second most important components of the cable. Thus, it is crucial to investigate the behavior of insulation under TEAM.
Different testing methods including insulation resistance and tan delta used to determine insulation condition. Partial discharge
measurement is latest technique used to assess insulation. Inception of PD indicates that cable undergoing degradation. This article
investigates the PD progression behavior in XLPE insulation. An experimental investigation was performed where PD tests were
conducted on a medium voltage cable sample containing an artificial defect. PD data were stored in the form of PRPD patterns. An
algorithm is developed that extracts major PD characteristics from a PRPD pattern. Later, the behavior of those characteristics was
analyzed at increasing electrical stress. The following conclusions can be made based on this investigation.

Four PD characteristics phase of occurrence, mean pulse height, pulse repetition rate and phase span were analyzed under elevated
electrical stress. Analysis of ¢ shows that at lower stress levels, PD pulses were recorded between 210° to 270°. However, at higher
stress levels the pulses are more concentrated towards the zero crossing of negative half cycle of the applied voltage as the majority of
pulses were recorded between 180°-240°. The denser PD activity near the zero crossing can be the result of surface tracking.

Analysis of Vpeqn indicates that at lower stress levels Vipeqn of PD events varies proportionally to the applied electrical stress.
However, at higher stress levels the strength of PD activity i.e., occurrence of pulses increases rather than pulse height which shows
that pulse height doesn’t indicate the severity of PD, but rather the density or number of pulses near zero crossing. It is also notable that
the mean amplitude of PD pulses is high at intermediate voltage levels after PDIV, i.e., at 9.1 and 11.1 kV, rather than at higher stress
levels, which also shows that severity is not proportional to pulse height. Also, it is noticed that the pulses with maximum amplitude do
not occur near the peak of the applied voltage, but rather during the first half of the negative cycle of the applied voltage, i.e., between
190°-250°.

Analysis of PRR shows that at increasing electrical stress there is rise in number of pulses. At low stress levels pulses increases
linearly with applied electrical stress, however at higher levels there is a significant rise in pulses which makes PRR an important
indicator that represents severity of PD activity.

Analysis of @span indicates that at lower stress levels, the span of PD activity was increasing proportionally to electrical stress.
However, at higher stress levels, there is consistency in @gpan values which implies that at higher stress levels there is not much
variation in @span of PD activity. Regression analysis of @span and PRR data in correlation to elevated stress shows that GPR models best
represent trending attributes of both PD characteristics.

8. Conclusion

This study uses a simple approach to investigate degradation behavior of insulation under light of PD characteristics. For this an
experimental investigation is performed. PD data is collected by creating an artificial defect on cable surface in form of a PRPD pattern.
A tool is developed that extract major PD characteristics. A correlation between PD characteristics and various levels of electrical stress
is shown using graphical representation. The results shows that there an increase in PD activity at middle voltage levels i.e., 9 10 and
11 kV compared to high voltage levels, reflected by the behavior of PRR and mean pulse height. The trending attributes of major
characteristics are mapped using regression analysis which shows that the PRR and phase span data follows GPR. The core objective of
this study is to determine how partial discharge characteristics vary with increasing degradation or aging. The outcomes of this
investigation can contribute to lifetime assessment, failure prediction and condition monitoring of power cables. Similar
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Table 1

Performance indices of regression models trained for PRR and for g, data under increasing electrical stress.
Regression Models R-Squared RMSE MAE

PRR (s 1) Phase span (°) PRR (s 1) Phase span (°) PRR (s 1) Phase span (°)

Linear 0.84 0.80 326.29 15.75 316.49 13.05
Linear interact 0.84 0.80 438.27 15.79 316.49 13.02
Linear robust 0.82 0.80 389.31 15.71 323.74 12.93
SVM 0.85 0.81 346.14 15.42 308.06 12.73
SVM quadratic 0.98 0.59 785.98 22.37 85.54 16.85
SVM gaussian 0.01 —-0.03 147.94 35.61 809.43 33.05
GPR quadratic 0.98 0.92 160.67 10.18 118.29 6.55
GPR Squared exponential 0.95 0.92 204.21 10.18 152.36 6.55
GPR Matérn 0.96 0.92 487.81 9.97 156.23 7.35

methodologies can be implemented to investigate insulation degradation behavior in other power system assets.
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Abstract—Measurement of partial discharge (PD) pulses is a
method used in quantifying PD activity within defective
insulation. PD pulses propagate away from the defect along the
cable and can be measured by sensors such as high frequency
current transformers (HFCT). These PD pulses contain
information that describes the behavior of PD activity in the
degrading insulation. Pulse shape analysis (PSA) is an efficient
method to analyze the degradation behavior of insulation. In
this study, the PSA is performed on a medium voltage cable
sample with surface discharges emerging from a damaged cable
termination. PSA is performed based on rise time, fall time, and
pulse width of individual PD pulses that are extracted from the
PD data measured in the form of phase resolved PD pattern
under increasing electrical stress conditions. The Gaussian
model is implemented to find best-fit lines which describe the
correlation of PSA quantities and electrical stress. The
presented study results can be useful in improving the
diagnostics of aging power cables.

Keywords— Power cables, insulation aging, surface partial
discharge, pulse analysis, electrical stress.

I. INTRODUCTION

The use of power cables is gradually increasing to
improve the reliability of power networks [1]. The increasing
use of polymeric-insulated cables is due to their improved
electrical behavior (low discharging current and dielectric
loss), low transmission loss, reduction in faults, protection
against abrasion, tear, ozone, and improved chemical and
morphological properties. Insulation aging is a general
phenomenon that reduces the lifetime of the cable. Aside
from normal aging, defects emerge during operation due to
associated operating stresses (thermal, electrical, mechanical,
and ambient), overvoltages, and transients and surges due to
the operation of power electronics converters accelerate the
aging and cause premature failure [2], [3].

Therefore, it is crucial to protect the insulation prior to
failure. Partial discharge (PD) measurement is a well-known
testing method utilized for the assessment and prediction of
insulation condition [4]. PDs are confined discharges that
degrade the insulation locally at the defect site and with
increasing stress or time this activity spread across the
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surrounding insulation between the conductor and shielding
and finally causes breakdown [5]. PD activity can be best
explained by the avalanche theory. The electric field is
amplified at the defect site compared to normal electric field
stress in the surrounding insulation. Due to the high electric
field strength, free electrons are accelerated and obtain
sufficient kinetic energy to ionize other gas molecules upon
colliding with them. This generates an avalanche of electrons
[6]. This avalanche creates a multiplicative effect with
increasing stress and time which ultimately cause degradation
and ultimately causes breakdown. This avalanche produces
high-frequency pulses from the defect site termed PD [7]. The
emerging PD pulses travel in both directions toward the ends
of the cable and can be sensed by the high-frequency current
transformer (HFCT) sensor.

Mainly three types of discharges occur in the power
cables that include surface discharge, internal discharge, and
corona discharge. Surface discharges occur at interfaces
where there is the interaction of gaseous and solid dielectrics
under the presence of an electrical field, commonly found on
insulation surfaces and at critical points such as cable
terminations, joints, and sharp edges [8]. These discharges
are the result of contamination, dust, cracks, and sharp edges
(termination) in the cable insulation. Lack of electrical
clearance and poor environmental conditions promote
surface discharges. Their interaction with moisture and heat
results in erosion which in turn affects the chemical structure
of the insulation [9]. Surface partial discharges can cause
tracking on the surface of the insulation and initiate electrical
trees which can cause the breakdown of the insulation.

Different methods are used to investigate insulation
degradation behavior. PRPD pattern analysis is the most
common method. PRPD pattern represents three basic
quantities including charge magnitude ¢, number of
discharges n and phase of occurrence @. Several derived
quantities, accumulated charge Que, average discharging
current /oy, discharge power Pg, and pulse repetition rate PRR
can be extracted from basic quantities for a deeper
understanding of PD behavior. In [10] Qacc, P, Lavg, and PRR
are analyzed in correlation to the increased lifetime of MV
cables.
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Pulse sequence analysis is the second important method
where, peak height of pulses V'p, corresponding instantancous
applied voltage Uins, and time of occurrence ¢ are first stored
sequentially (in full ac cycle), and later frequency distribution
of quantities and their sequential behavior is analyzed. In [11]
pulse sequence analysis is performed where Vp, Uy, t and
derived quantities 4U;,s and At are analyzed to understand the
physics of PD mechanism. In addition, pulse pattern features
can be used to differentiate between different types of cable
defects, which present a variable risk of failure [12].
Although the above methods are very useful in determining
the degradation behavior of insulation.

PD pulse shape itself contains useful information which
can help to understand degradation behavior in cables.
Insulation degradation from initiation to breakdown occurs in
two steps. Initially, short, and narrow pulses of small pulse
width occur however the frequency of occurrence happens
after several ten nanoseconds. These pulses are due to
streamer-like discharges that initiate at the start of a PD
activity. Later with increasing degradation wider pulses occur
(pulse width proportional to the defect size). These pulses are
due to Townsend-like discharges [11]. Therefore, it is crucial
to investigate the behavior of pulse shape characteristics.
Pulse shape analysis (PSA) is a comparatively simple and
efficient method. Fig. 1 shows a PD pulse with its shape
characteristics.[13]. Pulse shape characteristics vary with
type of defect and type of insulation. These characteristics
can be utilized to track the degradation trend of
insulation[14]. There are three major characteristics of a PD
pulse.

Rise time (#:) is the time it takes for the PD pulse to reach
from 10% to 90% of the peak value.

Fall time () is the time it takes for the PD pulse to decrease
from 90% to 10% of the peak value.

Pulse width (#,) is the time interval between 50% peak values
at both the rising and falling edges.

100% a \

00%

Peak amplitude

60%

Amplitude

\VAVNNj»

[10% ].' T
>t
t
Time

Fig. 2. Typical PD pulse and pulse shape characteristics [13].

In this study pulse shape characteristics (¢, ¢, t.) are
analyzed with increasing electrical stress. In the end,
statistical analysis is performed to find the best fit line that
defines PSA quantities. The core objective of this study is to
correlate PSA quantities with progressive electrical stress or
increasing degradation.

II. EXPERIMENTAL SETUP AND PD MEASUREMENTS

For data collection, a PD measurement experiment setup was
established in the laboratory. Fig. 2 shows the schematic of
the measurement setup. The setup includes the following
major components required for the PD measurement.

PD setup includes a high voltage AC source and a voltage
regulator for variation of voltage in steps. A coupling
capacitor (CC) of rating 100 kV and 1 nF charge storing
capacity for storing the charges emitted by the defect site. A

Coupling __|
Capacitor ——

sonan

Computer for PRPD Analysis

Fig. 1. Schematic of PD experiment and measurement setup

high-frequency current transformer (HFCT) with a
bandwidth of 500 kHz to 80 MHz (-3dB) and a 1:10 transfer
ratio connected with CC to measure PD pulses. A digital
oscilloscope for visualization and storage of PD data and a
computer for analysis of PRPD pattern. A small piece of 11
kV XLPE cable main insulation thickness 1.2 mm with
conductor area of 50 mm? , continuous current capacity of
230 A and length 3 m is considered for the experimental
study. A defect is made by removing the stress cone at one
terminal of MV cable sample that produces surface
discharges as shown in Fig. 3. The shield at other end of the
cable is connected to the ground while an HFCT sensor is
installed around the grounded wire for measurement of PD
pulses.

Fig. 3. 11 kV XLPE cable with defect by removing stress cone at the
terminal for surface discharge.

The measurements were taken at rising voltages. Initially,
the voltage increased up to 3 kV where no activity observed.
Later the voltage is increased by a step of approximately 0.3
kV until partial discharge inception voltage (PDIV). ASTM
D1868-13 defines PDIV as the voltage at which a single pulse
stays for a minute. In this measurement, PDIV was observed
at 5.9 kV. After PDIV the voltages are raised at a step of 1
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kV and data is stored until near the breakdown voltage (13.3
kV).

Stochasticity is a major concern during PD measurement.
As PD activity in an insulation exhibit random pulses (PD
pulses in PRPD pattern appear and flee in a fraction of
milliseconds). Thus, the measurement at one instant varies at
another instant. The variation mainly occurs in the phase of
occurrence, pulse amplitude, and the number of pulses. To
cope with this stochastic behavior ten measurements are
captured at each stress level (7.1-13.3 kV).

I1I. CHARACTERISTICS OF SURFACE DISCHARGE AND

EXTRACTION OF PSA QUANTITIES

Surface discharge phenomenon can be explained by a
PRPD pattern. Fig.4. shows the PRPD patterns obtained from
a surface discharge defect at increasing electrical stress.
Considering phase span, surface discharge pulses occur
between 0°-90° in the positive half cycle and between 180°-
270° in the negative half cycle of the applied voltage. Four
measurements at different stress levels are shown in Fig.4 (a)
10.1 kV, (b) 11.1 kV (c) 12.1 kV (d) 13.3 kV. There are two
main features of surface discharge in a PRPD pattern. First,
the PD pulses are asymmetrical in both positive and negative
cycles and most of the pulses occur in the negative half cycle
of the applied voltage. Secondly, the amplitude of pulses due
to surface discharge is comparatively high compared to
internal PDs and there is a wide range of pulses that occur in
a full cycle.
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Fig. 4. PRPD pattern of surface discharge defect at different voltage levels
a) 10.1 kVb)I1.1kVc) 12.1kV d)13.3kV.

In this study, a MATLAB based tool is developed which
extracts the rise time (), fall time (¢ ), and pulse width (#,)
of the individual pulse from a PRPD pattern and stores it in
the corresponding variable. Fig. 5 shows the flow chart of the
developed tool. First of all, it detects the first occurring peak
of an individual PD event then an iteration is run that moves
25 sample locations back and 25 sample locations forward to
and form a PD pulse. After forming the pulse, a pulse
smoothing filter is utilized that soothes the PD pulse and
finally ¢., 5 and t, are extracted.

o

| Load PD data | Sorting of all peaks (magnitude &
location)

Extraction of PRPD pattern |

Construction of PD pulse keeping
peak value of pulse as reference

I

| Smoothening of PD pulse |

Horizontal & Vertical
thresholding (denosing & peak
detection)

storage of peak (positive and
negative) and location of PD event

Extraction of rise time, fall time and
pulse width

Fig. 5. Flow chart of an algorithm for extraction of pulse shape analysis
characteristic quantities.

Iv.

In this section, the behavior of the above-extracted pulse
characteristics is investigated at increasing electrical stress.
The key goal is to correlate the changes that appeared in the
values of these characteristics/quantities with increasing
degradation or increasing electrical stress.

RESULTS & DISCUSSION

A. Behavior of rise time

Fig. 6 shows the box and whisker plot describe the variation
of rise time values of PD pulses at different stress levels. It
can be seen that at lower-stress levels (7-9 kV) the rise time
values were found in the range of 63-73 ns. At high-stress
levels (10 kV-13.3 kV) 25% of rise time values exceed 75 ns.
The interquartile range (IQR) or width of the box which is the
difference between upper and lower quartile ranges (Q3-Q1).
It represents middle 50% of values of a data set i.e., from 25%
to 75% percentile. IQR shows that 50 % of the values still
reside in the range of 65 to 75 ns. Considering median value,
it varies in three stages. At lower stress (7-10 kV) it stays
consistent at 68 ns at high electrical stress (11-12.2 kV) it is
increased to 70 ns and nearest the breakdown (13.3 kV) it is
72 ns. It means that with increasing stress, the median value
follows a trending pattern. Whiskers at different stress levels
which represent the remaining 50% of data show that at lower
stress levels there is a small variation in rise time values but
at increasing stress this variation increases. There are more
outliers near to breakdown (13.3 kV) than at lower stress
levels.
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Fig. 6. Box and whisker plot showing the variation of rise time data at
different stress levels.
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B. Behavior of fall time

Fig. 7 shows the box and whisker plot of fall time at different
electrical stress levels. IQR at each stress level shows that
50% of fall time values reside between 47 to 52 ns. It can be
seen that that at 7.1, 9.1, 11.1, and 13.3 kV the overall fall
time values are concentrated, however at 8.1, 10.1, and 12.1
Kv there seems a slight increase in IQR as shown by width of
box. There is random variation in the IQR at increasing stress.
The whiskers which represent the remaining 50% fall time
values of a data set show that at increasing stress there is a
big variation in the fall time data since whiskers spread out
from both sides. The median values follow a similar pattern
to rise time. From 7.1 kV to 10.1 kV the median value
observed as 50.9 ns, which is slightly increased to 51.2 ns at
middle stress levels (10.1 to 11.1 kV), and further increased
to 52 ns near to breakdown. The number of outliers values are
high at higher stress levels particularly at 11.1 kV and near
breakdown (13.3 kV).
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Fig. 7. Box and whisker plot showing the variation of fall time data at
different stress levels.

C. Behavior of pulse width

Fig. 8 shows the box-and-whisker plot of pulse widths at
progressive electrical stress. It can be observed that pulse
width values follow an upward trend. Initially, pulses of small
duration below 100 ns were observed at (7.1-8. kV). With
increasing stress, the width of pulses increased, and near-to-
breakdown (12.1 kV) pulses of width 110 ns were observed.
According to breakdown theory, there are two mechanisms,
steamer and Townsend breakdown which are responsible for
the breakdown of gases. The streamer breakdown is
characterized by pulses of small pulse width and the
Townsend phenomenon is characterized by wider pulse
widths. The median value varies in three stages. From 7.1 to
8.1 kV, it is 102 ns, from 9.1 kV to 11.1 kV it slightly
increases to 103 ns, and at 13.3 kV it is considerably
increased to 106 ns. The whiskers at higher stress levels
(10.1-13-3 kV) which represent the remaining 50% of data
show that there is a large variation of pulse width values at
high voltage levels.

T
120 T3
z S |
£ 1 |
£ 110 T Q
° =
s ==
[} e |
2100t [ ] E T 5 I
LS T L g B
L+
o +
74 81 91 101 114 121 133

Stress (kV)
Fig. 8. Box and whisker plot showing the variation of pulse width data at
different stress levels.

To understand the degradation behavior based on PSA it
is necessary to observe the variation of #., #;, and #, at
increasing electrical stress. Fig. 8 shows the behavior of these
three parameters based on the mean value. It can be seen that
all three quantities are increasing with the increasing
electrical stress. Although Pulse width shows a random
behavior after PDIV i.e., at 7.1 kV and 8.1 kV. However, at
higher stress levels the pulse width varies proportionally with
applied electrical stress.
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Fig. 9. Behavior of (a)rise time, b) fall time ¢) pulse width in correlation to
electrical stress.

Statistical analysis is performed to find the best fit lines
that represent the trend of three quantities. Table I shows
skewness S; and kurtosis &, values of ,, #; and ¢,, at increasing
stress. The results show that data is slightly skewed to
Gaussian distribution.

TABLE . SKEWNESS AND KURTOSIS OF PSA QUANTITIES AT PROGRESSIVE
ELECTRICAL STRESS
Parameter Rise Time Fall Time Pulse Width
Skewness 0.016 0.59 0.24
Kurtosis -2.0 -0.5 -0.78

Keeping in view S and k, Gaussian model is implemented
using MATLAB curve fitting tool to find the best fit line that
represents the relation between applied electrical stress and
PSA quantities. Fig. 10 shows the curve fitting lines (a) of 7,
(b) t;, and (c) t, with 95%f prediction bounds. All the
quantities show an upward trend with progressive electrical
stress. Prediction lines show that the gaussian model best
describes the relationship between PSA quantities and
electrical stress. However, the validity of any model relies on
the coefficient of determination (COD) or R-Square and
RMSE values. Table II shows COD and RMSE values for
each best fit line representing #, #; and #, respectively.

TABLE II. R-SQUARE AND RMSE VALUES OF GAUSSIAN MODEL

Quantity R Square RMSE
Rise time 0.96 0.41
Fall time 0.97 0.19

Pulse width 0.93 0.76
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Fig. 10. Gaussian models prediction lines and 95% confidence bounds
describe the relation between a) Rise time b) fall time ¢) pulse width and
progressive electrical stress.

V.CONCLUSION

In this study, PD pulse shape characteristics (rise time, fall
time, and pulse width) are investigated in correlation to
increasing electrical stress. To achieve this, PD tests were
conducted on medium voltage cable samples with surface
discharge defects. A tool is developed that extracts PSA
quantities. The results show that all three quantities follow a
trending pattern with increasing electrical stress that is their
value is proportional to the level of applied electrical stress.
R square values, obtained from best-fit lines of ¢, #; and ,
show that the PSA quantities follow gaussian distribution at
increasing electrical stress. These results might be useful for
developing a diagnostics algorithm, which can help utilities
monitor the insulation condition of the critical network asset
without having specific expertise in the area of PD.
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Electrical insulation plays a critical role in ensuring reliability and performance of electrical assets. However,
operational stresses can degrade insulation over time, highlighting the need to understand insulation degradation
behavior for development of reliable electrical systems. Nomex 410 insulation, known for its durability and
thermal stability, is extensively used in electrical assets and aerospace systems. This work presents aging study of
Nomex from perspective of insulation reliability assessments. It is based on a so-called three-leg approach that
can be used as a valuable tool to conduct a surface partial discharge (PD) based aging study of insulating ma-
terials. This approach is used in this paper for estimation of surface partial discharge inception voltage (PDIV) of
Nomex films of selected thickness. Additionally, accelerated aging tests are performed at elevated voltages
(multiples of PDIV). These voltages caused accelerated surface aging, leading to gradual degradation of starting
from the surface, extending towards the bulk of the material, posing more serious threat to the insulation
condition. PD activity is measured in the form of phase-resolved PD (PRPD) patterns. PD characteristics and
trending attributes extracted from PRPD patterns, apparent charge (Q,), and number of pulses (n) are analyzed.
Results provide insights into PD behaviour during electrical aging of Nomex. The presented methodology can be
implemented to conduct reliability assessments and lifetime studies of other insulating materials.

processes affecting insulation as it accelerates intrinsic and extrinsic
aging of the insulation material. PD diagnostics are performed for con-
dition monitoring, aging, and lifetime studies and to observe the
ongoing degree of deterioration within the insulation system of elec-

1. Introduction

Nomex is a widely used electrical insulation material in AC and DC

electrical machines, transformers, large generators, and chokes due to its
excellent dielectric properties, and low dissipation factor at higher
temperature and frequency ranges [1-4]. It is also used in cryogenic
applications due to its moisture resistance and high mechanical strength
[5].

Insulation aging is a complex process that results in the reduction of
insulation service life. Insulation system in electrical assets is subjected
to various types of stresses during operation, which include thermal,
electrical, ambient, and mechanical (TEAM) stresses [6]. Modern
operational conditions pose an additional stress, particularly due to
increased voltage levels, high power density, and higher harmonic fre-
quencies, which contribute to electrical and thermal stress. Therefore,
the resiliency of the insulation system is becoming challenging from a
design and operation perspective [7,8]. PD is one of the most deleterious

* Corresponding author.
E-mail address: maninder.choudhary@taltech.ee (M. Choudhary).
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trical assets [9,10].

While condition monitoring and study of aging mechanisms in
insulation materials has long been of interest to researchers, there re-
mains a critical need to understand further aging and degradation,
particularly considering the progression of partial discharge activity
which is not only a key indicator of insulation deterioration but also a
contributor of extrinsic aging. Considering PD activity, each PD event
results in a high frequency current pulse (based on the charge released
during a discharge process) and a number of current pulses emerge
during PD activity. The key PD quantities such as the amplitude of each
PD (current pulse) and the number of pulses per second (pulse repetition
rate) emerged depend on the various factor, such as type, size, and
location of insulation defect, and environmental and electrical stress
conditions. Therefore, in addition to the PRPD patterns, apparent charge
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Nomenclature

PD Partial discharge

PDIV Partial discharge inception voltage
n Number of pulses

FEM Finite element method

Eg Surface discharge inception field
PDIVy,  Theoretical PDIV

E; Internal discharge inception field
Epmax Maximum tangential field

ks Scaling factor

Vs Applied voltage

HFCT High frequency current transformer
cc Coupling capacitor

Qa Apparent charge

n number of pulses

(Q) and number of pulses (n) are the major PD characteristics to study
the aging and lifetime studies of an insulation [11,12].

Nomex films are widely preferred as electrical insulation due to their
exceptional thermal stability, mechanical strength, and dielectric
properties. Nomex paper claims to offer an increased endurance to
electrical and environmental stresses [13] making them ideal for use in
transformers, motors, generators, cables, and aerospace applications.
Literature shows that the research on electrical aging of Nomex paper
induced by PD is scarce. Some available articles focus on investigation of
aging behavior under thermal stress or Nomex immersed in liquid ni-
trogen and under boiling conditions [14-16]. These researchers utilized
frequency domain spectroscopy, measurement of degree of polymeri-
zation and dissipation factor measurement as testing methods. A
detailed aging study is performed in [17] that uses dielectric spectros-
copy. While surface discharges can be considered as a major cause of
insulation degradation, PDIV of surface PD is studies for Nomex
considering its application for transformers [18]. A recent on Nomex
paper presents the impact of PD under high-frequency stresses on
oil-impregnated Nomex paper, by analyzing surface morphology, mo-
lecular bond degradation, and damage mechanisms [19].

This work focuses on PD behavior at PDIV in terms of surface
discharge initiated at the surface of the film and gradual transition of PD
activity from surface discharge based on three leg approach [8]. During
the aging caused by surface discharge, the PD activity starts to transform
into internal discharge that is more harmful to an insulation, leading to a
possible breakdown. Three-leg approach is an effective way for char-
acterizing insulation behavior, designing, lifetime estimation of insu-
lation system [8,10,20]. The first two legs consist of FEM-based
simulation and modeling used for the estimation of theoretical PD
inception voltage (PDIVy,) through field profiles and parameters ac-
quired from simulation and surface discharge model. Considering third
leg, the PDIVy, is validated with PDIV measured experimentally.

The electrodes’ profile used in this study is custom designed in such a
way that surface discharge is initiated at a voltage that is lower than that
of internal discharge, allowing the insulation to age under surface
discharge activity. The electrode configuration is simulated in COMSOL
environment. Electrical field profiles are calculated through a simula-
tion model. Later these profile and surface discharge model is used to
calculate PDIVy, of Nomex films. The surface PD based aging/erosion
was carried out at higher voltage for accelerated aging of Nomex films at
three voltage levels, i.e., above inception voltage level i.e., 2PDIV,
2.5PDIV, and 2.7PDIV. The highest applied voltage level is kept below
the flashover/breakdown voltage level which was found as 3 kV during
breakdown test under designed electrode configuration. By analyzing
the onset and progression of PD, this research aims to reveal how these
discharges contribute to the degradation of insulation materials over
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time.

Considering the organization of this paper, Section 1 presents the
first leg, which describes behavior of normal and tangential electric
fields at triple point. It also describes model geometry, boundary con-
ditions, implementation of optimized meshing, and simulation model.
Section 2 presents second leg where surface discharge models and
tangential field profiles are used to estimate surface discharge inception
field (E,) and theoretical PDIVy,. Section 3 presents third leg describing
experimental analysis that validates three-leg approach thereby vali-
dating PDIVy, with measured PDIV. It also describes measurement
methodology adopted for surface erosion based experimental investi-
gation. Methodology includes data acquisition in form of PRPD pattern
and PD characteristics. Section V presents results obtained from the
experimental investigation. In this section behavior of PRPD patterns
Apparent charge (Q,) and number of pulses (n) are analyzed at elevated
voltages. Section 4 presents Discussion and Section 5 presents
conclusion.

2. COMSOL based simulation model - 1st leg

Electrode design plays a key role in surface erosion based accelerated
aging tests. Fig. 1 shows electrode configuration used in this study where
the Nomex film is positioned between electrodes.

A 2D axisymmetric simulation model is developed that demonstrates
the spatial arrangement of electrical field profiles on solid insulation.
Electrical field profiles computed using the electrostatics (es) module in
the AC/DC branch. Fig. 2 depicts the methodology utilized to compute
electrical field profiles. The study consists of five stages.

2.1. Geometry

Fig. 3 shows geometrical model of electrode configuration used in
this study, which consists of two electrodes, a cylindrical high voltage
electrode and a circular/disk type ground electrode. High voltage elec-
trode has a diameter of 6 mm and a corner contour of 1 mm, while the
ground electrode has a diameter of 51.5 mm.

Nomex specimen of square shape (5 x 5) cm with a thickness of 0.13
mm is positioned between two electrodes such that the surface of the
electrodes is in good contact with it (without a substantial airgap). A 2D
axisymmetric model offers an alternative way to simplify 3D model into
a 2D geometric representation. There are three main advantages of
utilizing this modelling approach:

o It provides advantage of enhanced computational -efficiency
compared to 3D models.

HV electrode

NOMEX 410 film

Tangential distance

Ground electrode

Fig. 1. Two-electrode configuration with Nomex film insulation.
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Fig. 2. Methodology adopted for FEM-based study.
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Fig. 3. Geometrical model designed for calculation of normal and tangential electric field profiles on Nomex film.

o It helps in determining behavior of electrical field at contour closely 2.2. Material selection
as shown in Fig. 3.

o It facilitates the implementation of boundary conditions and accel- Nomex has a vast application in electrical equipment due to its high
erates the process of creating meshes. dielectric strength, exceptional mechanical toughness, and excellent

thermal stability. Nomex 410 film 0.13 mm thickness bear AC dielectric
strength of 28 kV/mm and full wave impulse strength 55 kV/mm, is used
in this study. Further information regarding material is given in [21].

Mesh: Skewness

m T T T T T
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0.3} ]
0.05+ 1 0.8
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-0.1} < 0.01 | 1 0.4
-0.2} oF - | 0.3
-0.3f K -0.01F ’ SRR 1 0.2
-0.41 K -0.02+ 4 1 0.1
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0 0.2 0.4 0.6 m

Fig. 4. Dirichlet boundary conditions and meshing implemented for calculation of normal and tangential electric field profiles at triple point.
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2.3. Boundary condition

Boundary conditions are set to observe behavior of electric field at
desired locations and scenarios. Dirichlet boundary conditions are
implemented in this study as they have wide application in mechanics,
heat transfer, fluid dynamics, and electrostatics. They offer two major
advantages. Firstly, input parameters or boundary conditions are con-
stant throughout the solution. In this study, the potentials on the high
voltage and ground electrodes are kept constant throughout the
solution.

Secondly, these are very useful in mapping experimental investiga-
tion to FEM solution since they can be controlled initially. Therefore,
solution can be obtained under various scenarios. In this study, behavior
of tangential and normal fields is observed under various voltage levels
between PDIV to 3PDIV, i.e., from PDIV to breakdown voltage (found
during breakdown test under designed electrode configuration).

2.4. Meshing

Mesh size and quality are two major characteristics of FEM based
study. Fig. 4 shows meshing performed in COMSOL environment. Entire
geometry has been meshed using triangular mesh components as they
bear effective surface approximation and adequately describe complex
shapes. Electrodes and air surrounding these are meshed with a pre-
defined, coarser mesh as it utilizes less computational time. The spec-
imen is set with maximum mesh element size limit of 9.74 pm and a
minimum size limit of 0.195 pm. Mesh size is set such that it can
adequately cover the triple point and contour. Model has 179,806 de-
grees of freedom for resolution. This choice was made considering the
balance between computational efficiency and precision of solution.

2.5. Simulation study

Simulation study describes behavior of required parameters under
set boundary conditions by solving partial differential equations. In this
study, electric field strength and potential calculations were performed
at different AC voltage levels between 1 and 3 kV. Fig. 5 shows FEM
based 2D simulation model of electrodes (including the contour profile
of HV electrode) and illustrates the distribution electrical field (scaled
with respect to maximum value) at 3 kV throughout the geometry. Two
distinct electric fields were observed based on simulated electrode

supply(6)=3 kV
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geometry as shown in Fig. 5. Firstly, along the horizontal direction,
called tangential electric field on the surface of the specimen (along 0) as
shown by red arrow and field distribution shown by red/orange color
and second in vertical direction along (h) called normal field distribution
shown by yellow color in Fig. 5. Space between electrode contour at the
corner and insulation surface creates an air cavity. Based on its
phenomenological and physical characteristics it is considered as gas or
internal discharge [20,22]. Figs. 6 and 7 show tangential and normal
field profiles at different voltage levels along [ and along h respectively.
Three points were concluded from these profiles.

o Tangential field is increasing exponentially from zero to maximum
near the triple point whereas the normal field is maximum at triple
point. An exponential decrease in both fields is observed as the dis-
tance from the triple point is increased along I and h. Whereas the
normal field is maximum at the triple point at point O. Both fields
decrease exponentially as the distance from the triple point increases
as shown in Figs. 6 and 7.

It is important to note both tangential and normal fields reduce to
significantly smaller values (which can be considered as zero) after a
certain distance. A constant reduction is observed. Tangential field
reduces to approximately zero after ~ 0.75 mm and the normal field
reaches to zero after ~ 0.22 mm. A constant reduction is observed.
Although the magnitude of the normal field is larger than the
tangential field but the as the surface PDIV is lower than that of the
internal PDIV, therefore the degradation of specimen will be caused
by the surface PD (derived from the tangential field), leading to the
surface erosion of the specimen. Tangential field induces extrinsic
aging processes and hot spots, leading to localized breakdown due to
thermal instability. These factors can further accelerate aging and as
progressive dielectric material degradation continues to occur, this
finally leads to premature breakdown. This degradation is primarily
driven by high-energy electron bombardment from PD pul-
ses—microscale discharges that occur on the insulation surface [7].

3. Estimation of partial discharge inception voltage (PDIV) - 2nd
leg

Partial discharge inception voltage is an important parameter that
describes the level of degradation and behavior of PD activity in insu-
lation. According to IEC 60270:2000, PDIV is lowest voltage at which

Surface: Electric field norm (kvV/mm)

A 28.9

Fig. 5. FEM based 2D simulation model with red area showing distribution of tangential electric field along [ and yellow area showing distribution of normal electric

field along h.
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Fig. 6. Tangential field profiles at different voltage levels along [ obtained from simulated model.
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Fig. 7. Normal field profiles at different voltage levels along h obtained from simulated model.

repetitive partial discharges are first detected. PDIV is caused due to
inception electric field (E;). In [22] E; is described using (1) called sur-
face discharge model. It is modified form of the Niemeyer equation [23],
which describes PD inception field surface discharge. While gas
discharge (E;) i.e., internal discharges in an air-filled cavity can be
determined from the expression modified as (3). PDIVy, is calculated
using (4).

43
E = 8p|1+ 1
s p|: pksl:| 1)
+
- [12(0.95E,,.,1,) ;zl(o.gsEm) ] ©
8.6
E,=252p|1+— 3
g P{ ﬁ:| 3)
Vs _PDIVy
B e @

Where p is air pressure its value is 101.325 kPa, Epq is the

maximum/peak value of tangential electric field calculated from field
gradient profile of electric field, which is found as 3.6 kV/mm, [; and I
are the points where the tangential field attains a value of 0.95Eqy
obtained from a tangential field profile as shown in Fig. 8.

The rationale behind this assumption (E = 0.95 Emax) lies in the fact
that, if a PD event occurs, it will most likely happen in the region close to
the maximum field. Therefore, a rectangle is drawn at 0.95 Ejay on
tangential field profile. Intersecting points are considered for calculation
for scaling factor (k) [22], 1 is the creepage distance or tangential dis-
tance from the triple point along the surface of the specimen, h is the
height of the cavity for internal discharge in terms of normal distance
from the triple point. k; is the field-dependent factor calculated from the
tangential field profile.

Normal field is not discussed here further since tangential field is
responsible for the surface discharge, E; is calculated using (1). Table 1
shows values of parameters. By matching this simulated tangential
electric field profile with surface PD-inception field calculated from PD-
inception model (1) is E; is found as 3.3 kV/mm and estimated PDIVy, is
0.96 kV.
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Fig. 8. Tangential field profile at 0.96 kV and points [; and [, are the distances when Ep= 0.95Emax corresponding field marked by blue circles [20].

Table 1
Parameter values for estimation of inception field
E; and theoretical PDIV,.

Parameter Value

A 1kV

Eps 3.3 kV/mm
K 0.0004

1 50 mm

4. Experimental setup and measurment methodolgy- 3rd leg

Validation of the simulation model is necessary for completion this
three-leg approach. In this study PDIVy, is validated through measured
PDIV. For this experimental setup is designed in the laboratory. Fig. 9(a)
shows schematic diagram and Fig. 9(b) shows two-electrode configu-
ration with triple point. Following are the major components.

e A voltage regulator that controls AC voltage is attached to a test
transformer with a 150 kV rating.

e A two-electrode arrangement in which the ground electrode is
composed of aluminum and the high voltage electrode is made of

High Voltage
Electrode

i
> Coupling

r Capacitor
ol ———

PD Diagnostic !
System ( a )

AC
supply

Charge
Calibrator

Oscilloscope

HV Transformer

NOMEX Film

Ground Electrode

copper. charge calibrator for commercial PD measuring system
calibration.

e A 1nF capacitance capacitor with a 36 kV voltage rating used as a PD
sensor to measure discharges. It has two electrode configurations,
and a supply linked in parallel.

e An HFCT sensor with a transfer ratio of 1:10 linked to CC via a

ground wire. The sampling rate is 1 GS/s.

A digital oscilloscope for recording PD pulses, which emerge in du-

rations of 20 ms or one AC cycle.

Quadrupoles and a commercial PD measurement equipment for

recording PD traits and PRPD patterns.

Measuremnt methodology includes data acquisition, recording of
PRPD patterns, extraction of PD characters. Initially, calibration is per-
formed to calibrate the conventional PD measurement system using a PD
calibrator. In order to ensure that the experimental setup is PD free, the
voltage was applied to the PD test setup without the insulation test
specimen up to 5 kV, and no PD activity was observed.

In the next stage, Nomex film was placed in between electrodes.
Voltage increased from zero in steps of 0.1 kV, until PD activity was
initiated. Repeated measurements were performed on nine samples due
to stochastic nature of PD. Average PDIV found as 1 kV. which matches
the PDIVy, estimated in the second legs. Considering the PRPD shown in

HV electrode

Triple point

Nomex film

Ground electrode

Fig. 9. Experimental setup a) Schematic layout of laboratory-based experiment setup b) Two-electrode.
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Fig. 10. Measured PD signal at partial discharge inception voltage (PDIV) using HFCT.

Fig. 10, it can be seen that captured PD activity presents surface dis- e 2PDIV ~ 2 kV
charges, which further validates the type of PD activity provided by the e 2.5PDIV~ 2.5 kV
first leg using simulation study. e 2.7PDIV ~ 2.7 kV

After finding PDIV additional measurements are conducted to
observe PD behavior at elevating voltages. Usually aging under PD ac- Each test was performed on a new (unaged) specimen under a con-
tivity can be a time-consuming process, accelerated aging, can provide stant voltage level for 3 h (180 min). PD data in terms of PRPD were
an estimate of the aging behavior of the specimens, which is obtained by acquired using a conventional PD measurement system and oscilloscope.

applying multiples of PDIV as:

60 100 (b )
(a) Sine wave Sine wave
40 ——PDIV —1
s S 50
£ 20 3 /
g g
: : i
5 s |
g 0 wmeitl]
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60 =0
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Angle (°) Angle (°)
600 600
(C) Sine wave (d) Sine wave
400 2.5PDIV 400 ———2.7PDIV

200

Amplitude(mV)
o

Amplitude(mV)
o

-200 -200

-400 -400

-600 -600

0 60 120 180 240 300 360 0 60 120 180 240 300 360
Angle (°) Angle (°)

Fig. 11. PRPD patterns at different voltage levels obtained after aging of 180 min (a) PDIV, (b) 2PDIV, (c) 2.5 PDIV, (d) 2.7 PDIV.
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5. Results
5.1. Analysis of PRPD pattern

While it is known that surface discharge activity tends to remain
within 0-90°, during the experimental study it is observed that PD ac-
tivity is dominantly surface when it tends to be away from 0°, or in other
words, more concentrated towards 90°. However, as the PD activity
starts to spread between 0-90°, it is more likely the combination of in-
ternal and surface discharge activity [24]. A detailed investigation is
performed in [25,26], where automated software separates, identifies
and detects the type of PD using the PD current pulse. Automated tools
show two types of discharges, surface and internal were found for a
given electrode configuration.

e There is a proportional increase of pulse amplitude with applied
electrical stress. At PDIV, the maximum pulse amplitude is 50 mV, at
2PDIV it is 83 mV, at 2PDIV it is 241 mV and at 2.7PDIV it is found as
600 mV.

e Atincreasing electrical stress, the phase span of PD activity increases.
This increase in activity span is observed in both the negative and
positive half-cycles of the applied voltage.

e Considering the behavior of the number of pulses, there is a pro-
portional increase in the number of pulses with applied electrical
stress. However, the number of pulses decreased at 2.7PDIV which is
near breakdown voltage as shown in Fig. 11(d). this reduction in

(@) >
330° 30°
10 mV
300° 60°
5mV
270° 0 90°
240° 120°
210° 150°
* Positive Amplitude 180°
= __Negative Amplitude
0°
330° “400mV. 30°
©
300 mV
300° - 60°

270° 90°

240° 120°

150°
180°
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pulses can be due to increased conductivity caused by surface
tracking.

o Considering pulse amplitude, pulses in the negative half-cycle have a
lower peak value than the positive half-cycle of the applied voltage in
all stress levels, which shows an unsymmetric pattern likely a surface
discharge activity on insulation.

Fig. 12 shows polar plot illustrating the behavior of PD pulse
amplitude and corresponding phase of occurrence. These peaks are
extracted using novel peak detection algorithm [27]. Approximately
800 pulses were considered in this investigation. Considering peak
amplitude of pulses at different voltage levels. It can be seen in Fig. 12
amplitude of pulses increases with the increasing in voltage. Initially at 2
PDIV pulse amplitude range was under 300 mV which is increased to
400 mV on 2.5 PDIV and 600 mV on 2.7 PDIV. Considering number of
pulses, the polar plot Fig. 12 the number of pulses increased with applied
voltage from PDIV to 2.5 PDIV. However, a reduction of positive and
negative pulses observed at 2.7 PDIV. Various studies [7,28,29] have
reported different observations. It can be speculated that as the insu-
lation ages under PD activity, localized dielectric degradation leads to
erosion and the formation of carbonized conductive paths, which reduce
the PD pulse repetition rate at 2.7 PDIV.

(b) 0
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300° 200 mV 60°
100V, s, " .
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R do
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210° 150°
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Fig. 12. Polar plots illustrating the behavior of peak pulse amplitude and phase of occurrence at different voltage levels after aging of 180 min (a) PDIV, (b) 2PDIV,

(c) 2.5 PDIV, (d) 2.7 PDIV.
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5.2. Behavior of accumulated apparent charge (Qq) and number of pulses
(W)

Accumulated apparent charge (Q,) and number of pulses (n) or pulse
repetition rate are two major characteristics that effectively describe
behavior of PDs within insulation [11,12]. IEC 60,270 describes Q, as
the amount of charge if injected into test circuit which gives the same
magnitude as PD current pulse. In this study it is measured in an
acquisition time of 60 s at each voltage level. At PDIV. Q, is found be-
tween range of 0.9-1 nC during three measurements. Fig. 13(a) shows
Qq follows upward trend at elevated voltages. Fig. 13 (b and c¢) shows
behavior of positive and negative pulses respectively. Considering
number of pulses PDIV until 2.5PDIV, an upward trend is observed as the
number of pulses are increasing during both the negative and positive
half cycles of the applied voltage as shown in Fig. 13(b and c). However,
near breakdown voltage i.e., at 2.7PDIV, the number of pulses start
decreasing which is also visible in Fig. 11(d). This shows that number of
pulses or pulse repetition rate decreases near breakdown voltage. Based
on the experimental investigation, it is observed that immediately after
increasing the applied voltage, PD activity increases, either in terms of
PD amplitude, PD repetition rate, or both, depending on the type of PD
defect, i.e., surface PD, internal PD, or a combination of both. Regarding
the behavior of PD activity after a certain period of aging, various
studies [28,29] have reported different observations. In some cases, PD
amplitude increases with aging, while in others decreases, as observed in
[28]. Also, it varies at different aging stages (initial, middle, or final),
often accompanied by a decrease in the PD repetition rate [28]. Most
studies, including the present work, indicate a general trend where PD
pulse repetition rate decreases. As also mentioned in [29], this may be
attributed to changes in surface and bulk conductivity. It can be spec-
ulated that as the insulation ages under PD activity, localized dielectric
degradation leads to erosion and the formation of carbonized conductive
paths, which reduce the PD pulse repetition rate.

6. Discussion

This article is based on a three-leg approach implemented on flat film
type specimens, Nomex 410 films of thickness 0.13 mm. Two-electrode
configuration is used where Nomex films are sandwiched between
electrodes. In the first leg, FEM model is developed. An electrostatic
solver was implemented to investigate the behavior of normal and
tangential fields at different voltage levels and along the distances away
from the triple point. Study shows that there are two discharges that
mainly occur under designed electrode configuration. Surface discharge
due to tangential component of electric field and internal discharge due
to normal field component. Virgin specimen used in this study means a
health insulation under electrical stress. In a healthy insulation system,
the surface discharge inception voltage is typically lower than the in-
ternal discharge inception voltage. This is because surface discharge
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requires a lower electric field to initiate PD because the breakdown
strength of air is much lower than that of solid insulation. Therefore, in
this study the electrode configuration is developed such that surface
discharge occurs at a voltage lower than internal discharges. Therefore,
the degradation specimen will be caused by the surface PD (derived from
the tangential field), leading to the surface erosion of the specimen. In
the second leg PDIVy, is estimated using a surface discharge model and
tangential field profile obtained via FEM simulation. PDIVy, is validated
with measured PDIV using the experimental study which is called the
third leg.

Analysis of PRPD shows as the voltage level increases PD activity is
more visible near zero crossing of the applied voltage. The same trend is
observed with the increase in aging time. This is an increase in phase
span PD activity is also observed with increasing voltage level. Analysis
of apparent accumulated charge (Qg) shows an increasing trend with
applied stress; however, both number of pulses (n) including positive
and negative pulses decrease near the breakdown voltage at 2.7PDIV. It
can be speculated that as the insulation ages under PD activity, localized
dielectric degradation leads to erosion and the formation of carbonized
conductive paths, which reduce the PD pulse repetition rate at 2.7 PDIV.

7. Conclusions

This article demonstrates how three leg approach can be affectively
implemented by simulating electrical field profiles and estimating
inception fields that cause inception of PD on insulation surface. This
approach is useful particularly for electrical assets where surface
discharge is a major risk for its insulation system and affects reliability of
the asset. First and second leg can be utilized for estimation of inception
fields and PDIV of various insulating materials. These parameters are
very crucial for material characterization and PD free design of insu-
lation systems. The variation of apparent charge and pulse count with
applied voltage indicates that, at elevated voltages, the charge ampli-
tude exhibits an upward trend. However, under surface discharge con-
ditions on Nomex paper, the PD pulse repetition rate decreases before
breakdown. This study provides valuable insights into the trending at-
tributes of PD characteristics over time, aiding in the assessment of aging
and lifetime degradation.

The three-leg approach provides a predictive tool set for estimating
partial discharge (PD) inception without extensive experimental studies,
making insulation design more efficient and cost-effective. By consid-
ering key parameters such as thickness, relative permittivity, and
electrode-insulation geometry, it enables systematic optimization. It
also highlights the influence of electrode type on PD behavior, aiding in
refining electrode-insulation interface design to minimize field
intensification.

Considering application of three-leg approach in a wide variety of
applications, while the three-leg approach provides valuable insights
into the study of surface and internal PD for the design of solid
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insulation, particularly in the form of films and flat surfaces, its appli-
cation to liquid and gaseous insulation needs to be investigated.
Although atmospheric pressure has been considered in the three-leg
approach, inception of PD also depends on the environmental condi-
tions such as humidity and temperature. The possible impact of these
factors on the estimation of PDIV using three leg approach needs to be
investigated.
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Surface erosion-based accelerated aging testing has emerged as an efficient alternative to traditional accelerated
life testing methods, as it requires significantly short time for insulation assessment throughout its lifetime i.e.,
from partial discharge (PD) inception to breakdown. It is an efficient method for evaluating assets where surface
discharge critically impacts the reliability and cause insulation failure particularly in cryogenic applications. PD
is a key factor in insulation degradation and its inception marks the onset of extrinsic aging. This study presents a
comprehensive investigation carried out on 0.13 mm thick nomex insulation film which is widely used in
transformer layered insulation and electrical machine insulation. Surface erosion based accelerated aging tests
were conducted on square shape nomex specimen by applying twice of partial discharge inception voltage (PDIV)
from PD inception until breakdown. Comprehensive PD measurements were taken at an interval of 15 min. Phase
resolved partial discharge (PRPD) patterns, apparent charge (Q,), number of pulses (n) were recorded via an IEC
60270 complaint PD measurement system. The aging process is categorized into four distinct stages, identified
through PRPD patterns, PD characteristics and microscopic observations. Results demonstrate correlation be-
tween PRPD patterns, microscope observation, and the progression of Quqx and n over the lifetime. The proposed
methodology offers a practical and efficient approach for lifetime estimation of solid insulating materials in

electrical assets.

1. Introduction

Solid insulation is an integral part of power system assets including
transformers, wind turbines, cables, generators, and electric vehicles.
Modern materials, including nomex offer suitable dielectric properties
under high frequencies and temperatures and have vast application in
cryogenic environments [1,2].

Aging is an inevitable factor that causes life reduction and affects the
reliability of assets. Aging mechanism in polymers under electrical stress
entails physical and chemical mechanisms activated by high intensity
discharges, which cause erosion on the material surface. Prolonged
erosion generates micro voids or conducting paths within the material
matrix which results in reduction in the dielectric strength of material
and eventually leads to premature failure of insulation [3,4]. Thus, the
durability of insulating materials under impact of partial discharges
(PD) is a significant challenge for insulation system designers and asset
operators [5,6]. Surface discharges are major concern for insulation in
high-voltage transformers, and aerospace appliances. Nomex film of
0.13 mm thickness is widely used in transformers, both dry and
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oil-immersed as interlayer insulation as it provides a balance between
mechanical strength and electrical performance. In electrical machines,
it is used as slot liners, phase insulation interturn insulation due to
lightweight and thermal endurance capability [7]. Surface erosion based
accelerated ageing lifetime tests mimic the degradation effects of partial
discharges in the real world, allowing for quicker and more precise
lifetime evaluations. To ensure reliability in critical electrical assets,
these tests are useful for selection, design and development of preventive
maintenance strategies [8].

Several researches related to aging and lifetime study of nomex
insulation are available in the literature. These researches are broadly
fragmented. In [9] nomex and cellulose paper are compared in terms of
partial discharge inception voltage (PDIV). It was found that nomex
paper withstands higher PDIV than cellulose. However, the work does
not consider the impact of long-term erosion or degradation stages. In
[10] PDIV is observed at rising temperatures and under repetitive square
shape pulse voltages. It was found that with increasing temperature
PDIV and lifetime of nomex paper decreases. Also, it was found that high
frequency pulse width modulation (PWM) voltages cause fast decay of
nomex insulation under the influence of PD. However, this study is
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Nomenclature

PD Partial discharge

PDIV Partial discharge inception voltage
Qq Apparent charge

n Number of pulses

cc Coupling capacitor

HV High voltage

Qmax Maximum apparent charge

PWM Pulse width modulation

FTIR Fourier transform infrared spectroscopy
SEM Scanning electron microscopy
XRD X-ray diffraction

EDS Energy dispersive spectrometry

limited to the impact of thermal stress and square shape voltage on PDIV
under short-term endurance tests. In [11] PD behavior is investigated in
a cavity modelled in nomex insulation used in mining dry-type trans-
former; the results show behavior of PRPD patterns and PD character-
istics at different voltage levels. Key findings show that with increasing
voltage, the phase distribution widens, and the pulse amplitude and,
number of pulses are increased. In [12] PD based lifetime study of
nomex film (oil-paper insulation) is performed under needle to plane
electrode configuration. Results show that PDIV and breakdown voltage
of nomex paper decreases under superposed Inter-harmonic AC voltage
in comparison to pure AC voltage. Also, it is observed that maximum
charge (Qmqy), discharge current and discharge power have consistent
behavior till 115 min of aging of nomex film and, after that a sharp rise is
observed. Considering the number of pulses (n), it is observed that n rises
initially but after 90 minutes itstarts decreasing. In [13] polyimide films,
polyester films and nomex films are compared in terms of PDIV and
endurance capabilities during lifetime. The results show that polyimide
and polyester bear better PD resisting capability than nomex paper
under medium frequency square voltage. In [14] reliability assessment
of nomex paper is performed by extracting quality parameters from
three different tests including degree of polymerization, partial
discharge measurement. The results show that quality parameters can be
used for condition monitoring of insulation in dry type transformer. In
[15] PD surface degradation of oil immersed nomex film is analyzed
under high frequencies. It utilizes different techniques including PD
measurement, fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), X-ray diffraction (XRD), and energy
dispersive spectrometry (EDS). The result shows that high frequency
voltage causes more degradation of nomex film than AC voltage. In [16]
surface discharge characteristics of nomex and Cellulose board are
investigated under different voltage levels using PRPD patterns and PD
characteristics. In addition to above researches, different testing
methods are used to investigation of aging behavior under thermal
stress, including nomex immersed in liquid nitrogen and under boiling
conditions [16-19]. These researchers utilized frequency domain spec-
troscopy, measurement of degree of polymerization and dissipation
factor measurement as testing methods. A detailed aging study is per-
formed in [20] that uses dielectric spectroscopy.

Consequently, none of the above provides a continuous surface-
erosion-based ageing map that couples PRPD evolution, quantitative
PD measurements and microscopic evidence from inception to break-
down. Mapping the aging of nomex film with four-stage degradation
concept under 2 x PDIV AC voltage, the present work closes that gap and
generates diagnostic markers linking nomex insulation behavior under
the impact of surface discharges, so providing a practical framework for
insulation designers and asset managers.

Electrode configuration plays a key role in production of surface
erosion [21,22]. Although the research in [12] provides a
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comprehensives study of behavior of PD under pure AC and under su-
perposed inter-harmonic AC voltage during lifetime of nomex insu-
lation. However, the study utilized needle to plane configuration. Under
this configuration three types of discharges can be incepted: Corona
discharge, frequently produced as a result of the extremely uneven
electric field close to the needle tip characterised by a strong localised
discharge with high electric stress caused by the gas surrounding the
needle tip becoming ionised. Secondary Surface discharge occurs at the
tip of the needle positioned on insulation surface. Under some circum-
stances, the localised electric field may result in surface discharges by
causing charge movement along the insulation surface. Internal
discharge near the triple point, the place near triple point may act an air
cavity therefore internal PD may induce. In proposed research electrode
configuration is designed in such a way that it only produces surface
discharges on insulation surface. Fig. 1(b) shows two electrode config-
uration used in this study. Based on the physical geometry of electrodes
two types of discharges can be incepted, surface discharge under the
plane surface of HV electrode and internal discharge near the contours
as it creates an air cavity near triple point. However, since surface PDIV
is lower than the internal PDIV, only surface erosion occurs on insulation
surface thereby producing surface discharges, which will further lead to
surface tracking, treeing and finally breakdown [8,21,22]. Studies
showed that PRPD patterns and PD characteristics played a cardinal role
in lifetime study of XLPE (Cross-linked Polyethylene) and fluoropolymer
cable insulations [23-25]. Using a similar approach this article focuses
on aging/lifetime study of nomex 410 paper film under impact of AC
voltage.

A comprehensive investigation is carried out in this article. The PD
measurement test setup is designed in the laboratory, where a two-
electrode configuration (high voltage and ground electrode) is used.
square shape nomex films of 0.13 mm thickness and an area of 25cm?
are sandwiched between electrodes, thereby creating a triple point.
Initially, pre-tests were conducted to observe the PDIV and breakdown
voltage of nomex specimens. Later, accelerated electrical stress twice the
inception voltage is applied. The choice of 2 x PDIV is made to is to carry
out accelerated aging to speed up the degradation process caused by the
PD activity, allowing researchers to observe insulation aging and failure
mechanisms within a shorter time. By applying a voltage higher than the
normal operating level (often a suitable multiple of PD inception
voltage, PDIV and well below its breakdown voltage), PD occurs more
frequently and with higher energy, which accelerates chemical and
physical degradation (such as erosion, treeing, or pitting) in the insu-
lation material in short time. This helps estimate insulation lifespan,
understand failure modes, and compare the durability of different ma-
terials or designs. Continuous surface erosion is performed for 480 min
until it breaks down. PRPD patterns, apparent charge (Q,) and number
of pulses (n) were recorded via a commercial PD measurement system. A
four-stage degradation is observed from inception to breakdown, which
is recorded through PD measurement and microscopic analysis. Trend-
ing attributes of PRPD patterns, PD characteristics and microscopic in-
vestigations are analyzed at different stages of lifetime. Considering the
novelty of proposed work, the following are the major points.

e Comprehensive lifetime assessment of nomex film under the
impact of PD: In contrast to previous works that mainly concentrate
on PDIV behavior or lifetime studies under high frequency, inter-
harmonics, this study offers a full-cycle degradation analysis of
0.13 mm nomex film, from partial discharge inception to electrical
breakdown under AC voltage. Real-time measurements show the
gradual progression of partial discharge (PD) activity, starting as
purely surface discharges, then transitioning into a mix of surface
and internal discharges, and finally evolving into entirely internal PD
in the final stages before breakdown. This provides valuable insight
into the complete aging process of insulation.

Surface Erosion based accelerated aging: This innovative
approach to surface erosion-based accelerated lifetime testing was
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Fig. 1. (a) Laboratory based experimental setup and (b) Electrode configuration used for the surface erosion of nomex film [19].

used to target environments where surface discharges predominate,
especially in compact insulation systems and aerospace applications.
Four stage aging characterization via PRPD patterns and
microscopic investigation: Using correlated PRPD patterns, PD
characteristics (Qm, n), and surface morphology, the ageing process is
separated into distinct stages. This is a novel framework that has not
been documented before.

Design of Electrode configuration for production of surface
erosion: In contrast to conventional needle-plane configurations
that produce a variety of discharge types, the experimental setup
employs a specially created flat electrode geometry intended to
produce surface discharges [8-22]. This creates a realistic electrode
configuration for surface discharge dominance.

Framework for aging and lifetime studies of solid insulating
materials: By facilitating consistent data collection across ageing
stages, the suggested methodology establishes the groundwork for
future integration of Al models for real-time insulation health pre-
diction for various solid insulating materials.

2. Experimental setup and measurement methodology
2.1. Experiment setup

Fig. 1(a) depicts a laboratory-based experiment setup, and Fig. 1(b)
shows two-electrode configuration. Details of major components are
mentioned as follows:

e A Test transformer of 150 kV rating is connected to a voltage

regulator.

A two-electrode configuration where high voltage (HV) electrode is

made of brass while the ground electrode is made of aluminum.

Upper electrode as HV electrode has a flat surface and diameter of 6

mm with a contour (radius of curvature) of 0.25 mm at the corners.

Ground electrode has a flat surface and diameter of 51.5 mm.

A Charge calibrator for calibration of commercial PD measurement

system.

e A Capacitor of capacitance 1 nF and 36 kV voltage rating connected
in series with PD sensor for measurement of discharges and in par-
allel with the two-electrode configuration and high voltage AC sup-
ply as shown in Fig. 1(a).

e A Commercial PD measurement system and quadrupole for capturing
PRPD patterns and PD characteristics as shown in Fig. 1(a).

2.2. Measurement methodology

Prior to lifetime PD measurements, pre-tests were performed on
different specimens. Partial discharge inception voltage (PDIV) and
breakdown voltage are measured, since the aging behaviour of insu-
lating materials relies on the PDIV and breakdown voltage. PDIV is
defined as the minimum voltage at which PD activity is initiated, and
breakdown voltage is the voltage at which insulation fails [25]. To
ensure a free PD setup, a test voltage of 5 kV is applied without test
specimen and no PD activity was found. In the next stage voltage is
increased in steps with a step size of 0.1 kV, until consistent PD signals
are observed in the commercial PD system and the oscilloscope. PDIV of
nine identical specimens was measured under the same test conditions
and electrode setup. The mean PDIV was then calculated (as 0.9 kV) and
validated using the three-leg approach [22], where FEM based model
and surface discharge model are used to estimate PDIV.

After determining PDIV, the applied voltage is increased to 2 x PDIV,
and lifetime PD data are recorded via PRPD patterns and PD charac-
teristics at every fifteen minutes of aging until breakdown. At each
measurement, PRPD pattern, Q, and n were recorded over an acquisition
time of 60 s and the pulse dead time set as 20 ps. Subsequently micro-
scopic investigations are performed at each stage of degradation.

3. Results
3.1. Pre-test results

Fig. 2 shows pre-tests result of 9 specimens. Mean PDIV is found to be
0.9 kV and mean breakdown voltage is observed as 3.1 kV. After
obtaining PDIV a continuous electrical stress of 2 x PDIV is applied for
lifetime studies.

3.2. Four stage aging of nomex film under partial discharges

Aging of nomex insulation film is divided into four stages as initia-
tion of surface conductivity or inception of PD, localized surface erosion,
surface tracking and material pitting and finally breakdown. The
concept of four stages of aging is readapted from [4]. Fig. 3 shows
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Fig. 3. Four stages of degradation of nomex film adapted from [4].

various stages of degradation aging induced by PD. Both the funda-
mental elements and the distinctive contributions of our study are
revealed by a thorough comparison with Temmen’s work.

Temmen examined how increases in surface conductivity, roughness,
and crystal growth drive progressive changes in the phase-angle
resolved PD patterns caused by PD activity in flat cavities, which
mimic delamination-induced defects. However, it was mainly limited to
artificial cavity structures and did not incorporate the lifetime of insu-
lation from inception to breakdown, even though it offered significant
theoretical insights into how these surface changes modulate the phase-
angle histograms. This study, on the other hand, directly connects the
evolution of PRPD patterns to specific ageing stages and lifetime to
breakdown by applying similar phase-resolved PD measurement prin-
ciples to a real-world insulation material, nomex 0.13 mm films under
continuous AC voltage stress. Furthermore, by combining direct
microscopic confirmation of material degradation with quantitative
lifetime data (apparent charge and pulse counts), this work goes beyond
indirect surface change inference. Our study provides a more compre-
hensive picture of asset reliability in actual high-voltage applications by
bridging the gap between basic surface degradation behaviour and its
direct impact on insulation lifetime.

3.2.1. Surface discharge inception and surface conductivity

Surface discharge inception is the point at which electrical dis-
charges start occurring along the surface of an insulating material when
the applied voltage exceeds a critical level. Analysis of PRPD patterns in
Fig. 4. PRPD patterns and (Qq and n) values collected from three spec-
imens. PRPD patterns exhibits consistent patterns across all samples.
The general pattern in the four ageing stages was strong, despite minor
fluctuations in charge magnitude brought on by inherent variations in
sample surfaces. Initially, an intense PD activity is observed at PDIV as
shown in Fig 4(a).

However, after one hour PD activity has decreased significantly as
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the apparent charge reduced from nC to pC, which can be the result of an
increase in surface conductivity. Air and dissociation products interact
with the dielectric surface and together they increase surface conduc-
tivity. As PD activity continues, oxygen is regenerated faster than it is
consumed sustaining high conductivity [4,26,27]. Asymmetric PRPD
patterns were observed at this stage, with Q, values between 30 pC and
40 pC observed. Considering phase span PD activity is mainly observed
between 50°—70° in the positive half cycle and 200°—230° in the
negative half cycle of the applied voltage. This activity lasted for two
hours after PD inception as shown in Fig. 4(b, c). Fig. 5 (a, b) shows
physical sample and microscopic view of nomex film with small black
dots indicating discharge inception.

3.2.2. Surface erosion

In the second stage, the PD activity propagated along the insulation
surface. Increased oxidation process leads to chemical degradation and
formation of a crystal structure which makes the surface rough. As aging
increases several byproducts of oxygen i.e., CO2 and CO are formed
which results in cross-linking, chain scission and electrical and thermal
degradation of insulation thereby altering the chemical structure of
insulation and producing surface erosion [3,28]. Considering PRPD
patterns, three major changes are observed. A symmetrical PD activity is
observed with intense activity observed in the positive half cycle of the
applied voltage, depicted by orange and yellow color. An increase in PD
magnitude as discharges in the range 78-167 pC is observed. Also, the
phase span of PD activity slightly increased with an increasing number
of discharges observed between 20°—60° in the positive half cycle of
applied voltage and 190°—270° in the negative half cycle of applied
voltage. This activity also lasted for two hours as shown in Fig. 4 (d, e).
From microscopic investigation it is found that the discharges occur
slightly within the material indicating traces of surface tracking as
shown in Fig. 5(c, d).

3.2.3. Tracking and treeing

The Third stage is tracking stage, long run repetitive discharges cause
surface tracking and carbonized paths within the insulation. Continuous
field enhancement at surface particularly crystal locations results in
initiation of tree growth [26,29]. Considering PRPD patterns, a sym-
metrical pattern like internal PD is observed with severe discharges of
magnitude 92-382 pC are observed at this stage. PD severity is increased
as pulse repetition rate is increased illustrated by yellow and orange
colors in PRPD patterns. Considering phase span, repetitive PD activity
is observed between 0-90° in positive half cycle and 180°—270° in the
negative half cycle of the applied voltage. At this stage PD activity is
more tend towards the zero crossing of the applied voltage. This can be
an indication of surface tracking. Tracking lasted for two hours illus-
trated by PRPD patterns in Fig. 4(f, g) and microscopic investigation
which shows carbonized channels within the insulation films, as shown
in Fig. 5 (e, ).

3.2.4. Pitting & breakdown

Continuous erosion and discharges form pitting on the insulation
surface which is visible in the form of dark spots on insulation surface as
shown in Fig. 5(g). Continual growth in trees and pitting ultimately
causes breakdown of insulation [29]. Considering the PRPD patterns, an
intense PD activity with charges ranging from 360 pC to1.8 nC were
observed between 0-90° in the positive half cycle of the applied voltage
and 180°—270° in the negative half cycle of the applied voltage as
shown in Fig. 4 (g, h). Microscopic investigation found dark spots within
the thickness of material as shown in Fig. 5(h). After seven hours of
aging PD activity became more intense in both positive and negative half
cycles of the applied voltage. At this stage dark pitting is observed on the
insulation surface as shown in Fig. 5(g). After approximately 50 min of
pitting breakdown occurred. Fig. 4(i) shows PRPD pattern prior to
breakdown.
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Fig. 5. Nomex film specimen at different stages from partial discharge incep-
tion to breakdown: Close-up view of physical sample (top row) and microscopic
view (bottom row). a and b) Surface discharge inception, ¢ and d) Surface

erosion, e and f) tracking and treeing, g and h) Pitting and breakdown.

3.3. Behavior of apparent charge (Qn) and number of pulses (n) during
lifetime of nomex insulation film

Apparent charge and number of pulses are two major characteristics
that define severity of PD activity within the insulation. According to
IEC 60,270 apparent charge is defined as the charge of pulse if injected
at terminals of test object gives same reading at measuring equipment
[25]. Qq is collected after every fifteen minutes of aging till breakdown
from 3 samples. Fig. 6 shows behavior of maximum apparent charge
(Qmax) obtained via lifetime testing on three samples.

The trendline of Qpgy shows that after PDIV initially, when the
insulation surface exposed to high electric field, PD activity low
amplitude (40-125 pC) is observed. This activity lasted for two hours.
After two hours Qg followed an undulating trend until seven hours,
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Fig. 6. Behavior of apparent charge at different stages and lifetime of nomex
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fluctuating between 84-382 pC. However, after seven hours an intense
PD activity of Quax 1.8 nC is observed. There were a few charge spikes at
300 min and 390 min. The tracking causes discharges of high amplitude
since carbonized channels are formed creating localized breakdown
paths [3].

Fig. 7 shows the behavior of positive and negative pulses during the
lifetime of nomex film. Trendlines of positive and negative pulses show
that the positive pulses have a gradual increase over lifetime and are
relatively stable compared to negative pulses. Considering negative
pulses initially, very low number of discharges was observed for 2 h.
After two hours an undulating trend is observed till 6 h. However, there
is a significant increase is observed in both positive and negative pulses
after 6 h of aging at third stage.

Initially, both negative and positive pulses have a low occurrence. At
the second stage, there is notable growth in negative pulses and a
gradual increase in positive pulses. At the third stage, initially there is a
relative decrease in negative pulses compared to the previous stage.
However, there is an increase in positive pulses. Prior breakdown there
is a high rise in negative pulses. At this stage, dark black pitting is
observed on insulation surface that caused breakdown after fifty
minutes.

4. Conclusion

This article is based on the lifetime study of nomex film. A prolonged
surface erosion accelerated aging test is performed on nomex film. PD
data were recorded during the lifetime of nomex film i.e., from PD
inception to breakdown. Considering the physics of degradation, a four-
stage degradation is observed which is recorded in the form of PRPD
patterns, PD characteristics (apparent charge and number of pulses) and
microscope-based investigation. The behavior of PRPD patterns shows
that initially, an asymmetrical PD activity is observed. After three hours
at second stage, PD activity gets more symmetrical as PRPD patterns
similar to internal PD are observed. After 5h at third stage PD activity
start moving towards zero crossing of the applied voltage, thereby
tracking into the insulation. After seven hours at the fourth stage PD
activity became more severe as high-density discharges were observed
in both negative and positive half cycle of the applied voltage. This four-
stage degradation of PRPD patterns is validated through microscope-
based investigation from discharge inception till pitting. Behavior of
PD characteristics show taht shows that initially a minor surface
discharge activity is observed reflected by stable behavior of Qmax and n
showing minor chemical changes and erosion on material surface. At
mid-life region PD activity shows an undulating trend as Qpqx oscillates
between 80-380pC. PD activity surges at stage IV as Qnqx increased to
1.8 nC. A similar pattern is observed in n, low at stage I, an undulating
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increase in mid-life region and sharp rise of pulses at stage IV. This
framework can be useful for real-time condition monitoring of insu-
lation system particularly for assets where surface discharge is major
risk. PRPD patterns and the evolution of Q, and n. can be used as
prognostic indicators for insulation health in real-world applications,
such as online PD monitoring (e.g., through machine learning or data-
driven models).
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