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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 (Qa), 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.  
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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: 
 

• 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. 

• 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. 

• 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 
• Development of an integrated approach for denoising partial discharge pulse 

detection, feature extraction, optimum feature selection, classification, and 
identification of PD data. 

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

• Implementation of the three-leg approach for estimation of PDIV in Nomex film. 
• Determination of the four-stage aging behavior in Nomex film using surface 

erosion-based accelerated aging test. 

1.2.2   Practical Novelties 
• 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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• Development of an FEM model for the implementation of the three-leg 
approach. 

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

• 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 
HV High voltage 
HVDC High-voltage direct current 
IPL Inverse power law 
MI Measuring instrument 
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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List of Symbols 
a Pre-exponential constant (scaling factor) 
A* Critical fraction of converted moieties (damage threshold) 
Aeq, AC(E) Space charge model parameter or equilibrium conversion function 
b Accelerated aging factor 

B Arrhenius model parameter (ratio of activation energy and Boltzmann 
constant 

b Model scaling factor 

b₁, b₂, b3, b4 Model constants depend on temperature, frequency, and electrical 
stress  

C Correlation factor 
C′ Material-specific constant 
Ca Capacitance of the void or cavity (pC) 
Cb Capacitance of insulation in series with the void (pC) 
Cc Capacitance of the PD-free bulk of insulation (pC) 
d Exponent in probability model 
D5 Thermodynamic parameter combining entropy and enthalpy effects 
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E’ E-EO (kV)/mm) 
E’to Threshold electrical stress corresponding to θa (kV/mm) 
E1 Electric field in solid insulation (kV/mm) 
E2 Electric field in a gaseous medium (kV/mm) 
Ea Activation energy (J/mol) 
Eb Breakdown field constant (kV/mm) 
En Pulse energy (V2) 
Eo The gradient below which electrical aging is neglected (kV/mm) 
Es Surface discharge inception field (kV)/mm) 
Et Threshold electrical stress (kV)/mm) 
EtAC Activation threshold field constant (kV)/mm) 
EthAC Threshold AC electrical stress (kV)/mm) 
f Frequency (Hz) 
f(s) Stress-dependent function (electrical or mechanical) 
F(t, Qi,E) Failure probability function 
F(Tf) Failure probability at specified stress or time 
f1 Frequency level 1 (Hz) 
f2 Frequency level 2 (Hz) 
fd Dominant frequency (Hz) 
FPCs Feature matrix transformed after PCA 
FPCsi Feature score vector for the ith observation after PCA transformation 
FPCsi, J Feature score of the ith observation on the jth principal component 
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h Height of cavity or vertical distance from triple point (mm) 
h Planck’s constant (6.62 × 10–34 J) 
hc Vertical distance between two electrodes (mm)  
he Exponential model parameter (reciprocal of electrical life slope) 
ii Index or position of the detected odd peak 
j Imaginary unit 
k₅ Rate constant in the failure model 
KB Boltzmann constant (1.38 × 10–23 J/K) 
ke Model constant 
kt Reaction rate constant 
kt, ks, k₂ Model scaling factors 
l Creepage distance or horizontal distance from the triple point (mm) 
L0 Life under normal conditions or reference life  
l1 and l2 points where Emax = Eps (mm) 
L1, L2, … Ln Life under individual stresses S1, S2, … Sn    
LAC Lifetime under AC voltage 
LE Life under electrical stress 
Lf1, U1 Lifetime at frequency of₁ and voltage U₁ 
Lf2, U2 Lifetime at frequency of₂ and voltage U₂ 
Lm Life under multistress conditions 

Lo Life at room temperature without electrical stress for no threshold 
materials 

LPD Length of the PD data 
LT Insulation life under thermal stress 
n Field or stress exponent 
N Number of samples 
nap Number of detected odd peaks 
Nb Number of breakable bonds 
Nd Number of discrete Fourier transform points 
ne Voltage endurance exponent 
Nf Total number of features 
P Pressure (101.325 kPa) 
p(f) Energy spectral density 
Pd Pulse width (number of samples) 
Pe End position of a pulse 
Ploc Sample location of pulse 
Ploc(i) Location (index or time position) of the ith detected peak 
Podd Magnitude of detected PD peaks 
Ps Start position of a pulse 
Qi 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  
t0 Insulation life or reference lifetime when E = Et 
tAC Time of one AC cycle (ms) 
TB Characteristic breakdown temperature (K) 
tf Fall time (ns) 
tf Time to failure  
tint Interval between two samples 
tloc Time of occurrence of PD pulse (s) 
tₒ Reference time (s) 
tr Rise time (ns) 
Tto The highest threshold temperature corresponds to Eo (s) 
two Pulse width (ns) 
Ub(E) Energy for breaking bonds (J/mol) 
Uim Measured PDIV (kV) 
Uith Theoretical PDIV (kV) 
Ur(E) Energy for forming bonds (J/mol) 
Vm Peak pulse amplitude (mV) 
Vs Applied voltage (kV) 
X(k) Discrete FFT at index k 
xi Feature vector for the ith observation 
xj Feature vector for Jth observation 
α Weibull scale parameter 
β Weibull shape parameter 
γ Temperature exponent 
∆GK, AC Gibbs free energy change under AC condition (J/mol) 
∆H Activation enthalpy (J/mol) 
∆S Entropy of reaction(J/mol/K) 
η Number of broken bonds 
ηc Critical number of broken bonds remaining 
μ Mean 
σ2 Variance 
𝜀𝜀r2 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.  
 

 
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. 

 

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

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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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. 

 
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) 

 𝑡𝑡𝑓𝑓 = 𝑎𝑎𝐸𝐸−𝑏𝑏  (𝑎𝑎 > 0) (1) 

Where: tf – 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), 

 
𝐹𝐹(𝑡𝑡𝑓𝑓) = 1 − 𝑒𝑒−�

𝑡𝑡𝑓𝑓
𝛼𝛼 �

−𝛽𝛽

 (2) 

Where: F(tf) – failure probability at specified stress or time;  
α – scale parameter (α > 0); 
β – shape parameter (β > 0). 

 

Parameter α denotes the voltage or time at which F(tf) reaches 63.2%, whereas β 
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 Et. The exponential model accurately characterizes 
this behavior (3) 

 𝑡𝑡𝑓𝑓 = 𝑡𝑡0 𝑒𝑒−𝑏𝑏(𝐸𝐸−𝐸𝐸𝑡𝑡)   (3) 

Where: t0 – insulation life or reference lifetime when E = Et; 

 Et – 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]. 

 
𝑡𝑡𝑓𝑓 = 𝑡𝑡0 �

𝐸𝐸
𝐸𝐸𝑡𝑡
�
−𝑏𝑏

  (4) 

 𝑡𝑡𝑓𝑓 = 𝑡𝑡0 �
𝑘𝑘𝑒𝑒

𝐸𝐸 − 𝐸𝐸𝑡𝑡
� 𝑒𝑒𝑏𝑏(𝐸𝐸−𝐸𝐸𝑡𝑡) (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:  

• Change in the dissipation factor and conductance as a result of oxidation.  
• Brittleness of insulation due to the reduction in plasticizer effect.  
• 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]. 

 𝑅𝑅 = 𝑘𝑘𝑡𝑡  𝑒𝑒
−𝐸𝐸𝑎𝑎𝑟𝑟𝑟𝑟  (6) 

Where: R – rate of reaction; 

 kt – reaction rate constant; 
 T – absolute temperature; 

Ea – activation energy; 
r – Universal gas constant (8.314 J/mol K).  
 

The Ea 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,  

 𝑅𝑅 =  
𝐾𝐾𝐵𝐵𝑇𝑇
ℎ

 𝑒𝑒�
∆𝑆𝑆
𝑟𝑟 −

∆𝐻𝐻
𝑟𝑟𝑟𝑟�    (7) 

Where: KB – Boltzmann constant (1.38 × 10–23 J/k); 

 h – Planck’s constant (6.62 × 10–34 Js); 
 ∆H – activation enthalpy; 

∆S – entropy of reaction. 
 

Insulation life under thermal stress can be defined as (8) 

 𝐿𝐿𝑇𝑇 = 𝑘𝑘𝑡𝑡𝑒𝑒
−𝐸𝐸𝑎𝑎𝑟𝑟𝑟𝑟  (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) 

 
𝐿𝐿𝑇𝑇 = 𝐾𝐾1𝑇𝑇𝛾𝛾𝑒𝑒

�𝐾𝐾2+
𝐾𝐾3

𝑇𝑇 𝑓𝑓(𝑠𝑠)−
𝑇𝑇𝐵𝐵
𝑇𝑇 �

 (9) 

Where: f(s) – stress-dependent function (electrical or mechanical); 

 K1, K2, K3 – empirical constants related to activation processes; 
 γ – temperature exponent; 

TB – characteristic breakdown temperature; 
kt – 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) 

 𝐿𝐿𝑀𝑀
𝐿𝐿0

=
𝐿𝐿1
𝐿𝐿0
𝐿𝐿2
𝐿𝐿0

…
𝐿𝐿𝑛𝑛
𝐿𝐿0

 𝐶𝐶(𝑆𝑆1𝑆𝑆2, … 𝑆𝑆𝑁𝑁) (10) 

Where: Lm – life under multistress conditions; 
 L0 – life under normal conditions or reference life; 

 L1, L2, … Ln – Life under individual stresses S1 , S2, … Sn;   
 C – Correlation factor. 

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]. 

• Illustrate the relationship between applied stresses and insulation life based on 
the experimental investigation. 

• Insulating materials can be characterized based on experimental evidence 
rather than physical properties. 

• 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:  

• These models help to understand the dominant aging mechanism, e.g., 
oxidation, PD erosion, or electrochemical breakdown. 

• They are useful considering the design and selection of insulation based on 
physical parameters (since parameters are linked to material properties). 

• 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 I 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 I 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 I]. 

 

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 𝜀𝜀r1 represents the relative dielectric permittivity of the material 
and 𝜀𝜀r2 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 𝜀𝜀r1 = 2.3 for 
solid insulation (XLPE), while 𝜀𝜀r2 ≈ 1 for gaseous void, because of the cavity being filled 
with gas. In this scenario, the electric field strength ratio within the insulation E1 and the 
cavity E2 is determined using (11) 

 𝐸𝐸1
𝐸𝐸2

=
𝜀𝜀𝑟𝑟2
𝜀𝜀𝑟𝑟1

 (11) 

 

The value of E2 in the cavity will be (12) 

 𝐸𝐸2 = 𝐸𝐸1
𝜀𝜀𝑟𝑟1
𝜀𝜀𝑟𝑟2

 (12) 
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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 E2 within the cavity is due to characteristics of 
the adjacent insulation. If E2 is sufficiently high, a discharge will occur within the cavity. 
The magnitude of E2 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 NOx) 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]2·2H2O) 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. 

 
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 III]. 

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 Ca represents the capacitance of the void or cavity, Cb 
represents the capacitance of insulation in series with the void, and Cc represents the 
capacitance of the PD-free bulk of insulation. When the voltage across a and b is raised, 
it is divided into two paths: a series path. 𝐶𝐶𝑎𝑎𝑎𝑎 = 𝐶𝐶𝑎𝑎𝐶𝐶𝑏𝑏 𝐶𝐶𝑎𝑎⁄ + 𝐶𝐶𝑏𝑏   and parallel path Cc.  
As the voltage reaches the critical value, Vc, 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 Ca, generating a sharp current or voltage pulse. As it does 
not cause a full breakdown, it is called partial discharge. 

(a) (b) (c) 

(a) 

(b) 

(c) 

(d) 
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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.  

 

 
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, Zm – Measuring impedance, MI – 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.  

• It enables the processing of data using various digital signal processing techniques. 
PD data collected through HFCT sensors can be analyzed using both frequency 
and time domains.  

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

• It requires no calibration, as conventional PD measurement systems do.  
• It enables online PD measurement without shutting down the system.  
• It 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 (Qa) proportional 
to the transferred charge. However, a proportionality coefficient is required that accurately 
converts the sensor response into Qa, 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.  

 

 

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 (β) 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.  

• By modeling two physical defects (internal and surface) in MV XLPE cable samples.  
• 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 (Zm), 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. 
  

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. 
 

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

The DWT-based denoising procedure consists of three steps: 
• 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. 

• <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 Cc and SNR value [66]. 

 

Figure 13. Indices for selection of optimal decomposition level [Paper III]. 
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• 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.  
 

Figure 14. Denoising of PD data using DWT-based denoising method [Paper III]. 

In the next stage, a local maxima or peak detection method is implemented to detect 
peaks [64]. It works based on the vertical (Vth) and horizontal (Hth) 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 P1, P2, P3, ..., 
Pn. Let us consider that the Pn 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; npk is the number of 
peaks. 

 𝑖𝑖𝑖𝑖 = {𝑖𝑖 ∣ 𝑖𝑖  𝑚𝑚𝑚𝑚𝑚𝑚 2 = 1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖 ≤ 𝑛𝑛𝑝𝑝𝑝𝑝}  (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 III]. 

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

 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = {𝑃𝑃(𝑖𝑖) ∣ 𝑖𝑖 ∈ 𝑖𝑖𝑖𝑖} (14) 
 

 𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 ∗ 𝑃𝑃 𝑙𝑙𝑙𝑙𝑙𝑙  (15) 
 

 𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙 =
𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙 ∗ 360

𝑡𝑡𝐴𝐴𝐴𝐴
 (16) 

Where: tloc – time of occurrence of PD pulse; 
 tint – interval between two samples; 

 Ploc – 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, Pd represents the width of the pulse.   

 𝑃𝑃𝑠𝑠 = max �1, 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙(𝑖𝑖) −
𝑃𝑃𝑑𝑑
2
� (17) 

 

    𝑃𝑃𝑒𝑒 = min �𝑙𝑙𝑃𝑃𝑃𝑃 , 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙(𝑖𝑖) + 
𝑃𝑃𝑑𝑑
2
� (18) 

 

(a) 

(b) 

(c) 
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 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑠𝑠:𝑃𝑃𝑒𝑒 (19) 

Where: Ploc(i) – location of ith detected peak; 
Ps – start of pulse; 
LPD – length of PD data; 

 Pd – pulse width (number of samples);  
Pe – 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. 

 

 
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 

First occuring peak 

+Vth 

-Vth 

Dead time Hth 
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stores them in tabular form. Table II 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) 

 
𝑓𝑓(𝑉𝑉𝑚𝑚) = 1 − 𝑒𝑒�

𝑉𝑉𝑚𝑚
𝛼𝛼 �

−𝛽𝛽

α,𝛽𝛽 > 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. 

 𝐸𝐸𝑛𝑛 =  � |𝑥𝑥[𝑛𝑛]|2  (21) 

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). 

 
𝑋𝑋(𝑘𝑘) =  �𝑥𝑥[𝑛𝑛]𝑒𝑒−𝑗𝑗�

2𝜋𝜋𝜋𝜋𝜋𝜋
𝑁𝑁 �    , 𝑘𝑘 = 0,1,2 …  𝑁𝑁 − 1

𝑁𝑁−1

n=0

 (22) 

Where: X(k) – discrete FFT at index k; 
j – 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). 

 𝑝𝑝(𝑓𝑓) =  |𝑋𝑋(𝑘𝑘)|2     (23) 

 

 𝑓𝑓𝑑𝑑 =  
argmax𝑘𝑘|𝑋𝑋(𝑘𝑘)|

𝑁𝑁𝑑𝑑
. 𝑓𝑓𝑆𝑆  

(24) 

Where: p(f) – energy spectral density; 
fs – sampling frequency; 

 fd – dominant frequency component; 
Nd – number of discrete Fourier transform points; 
argmax𝑘𝑘– 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 (tr): Time taken by PD pulse to rise from 10% to 90% of Vm. 
Fall time (tf): Time taken by PD pulse to fall from 90% to 10% of Vm. 
Pulse width (tw): The time interval recorded between two points when the pulse 
amplitude reaches 50% of Vm.  
 

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

3.2.2.5 Statistical features 
Statistical attributes like mean(μ), variance(σ2), and skewness (Sk) are significant 
indicators for distinguishing various sources. They are mathematically defined as (25), 
(26), (27). respectively. Here σ is the standard deviation.  

 
𝜇𝜇 =

∑ 𝑥𝑥𝑖𝑖𝑁𝑁
𝑖𝑖=1

𝑁𝑁
 (25) 

 
𝜎𝜎2 =

1
𝑁𝑁
�(𝑥𝑥𝑖𝑖 − 𝜇𝜇)2
𝑁𝑁

𝑖𝑖=1

 (26) 

 
𝑆𝑆𝑘𝑘 =

𝑁𝑁
(𝑁𝑁 − 1)(𝑁𝑁 − 2)

�(
𝑥𝑥𝑖𝑖 − 𝜇𝜇
𝜎𝜎

)3
𝑁𝑁

𝑖𝑖=1

 (27) 
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Table II. Multiple PD features obtained from ten pulses from surface erosion-based accelerated 
aging of Nomex film after 330 minutes of aging. 

 

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 FeM×N to FeM×R, as 
expressed by (28). Figure 18 shows the flow chart describing PCA operation. 
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Where: FPCs – feature matrix transformed after PCA; 
 Nf – total number of features; 

k – number of selected PCs after dimensionality reduction; 
FPCsi – feature score vector for the ith observation after PCA transformation; 
FPCsi, J – feature score of ith observation on jth principal component.  

No. Vp 
(mV)  

En 
(V2) 

tloc 
(ms) 

𝝋𝝋𝒍𝒍𝒍𝒍𝒍𝒍 
(º) 

fd 
(MHz) 

μ 
(mV) 

σ2 
(mV)2 

Sk tr 
(ns) 

tf 
(ns) 

tw   
(ns) 

1 38.7 7233 2.4 42.4 23.9 0.6 28.6 3.0 12.1 9.9 18.8 

2 33.1 4976 2.8 49.6 3.98 0.5 19.7 3.9 9.6 10.9 18.8 

3 29.4 4393 3 53.7 23.9 0.6 17.2 2.2 12.8 9.1 17.7 

4 31.8 4146 3.1 55.3 23.9 0.4 16.4 2.6 13.0 8.3 15.1 

5 42.3 9225 3.3 58.8 23.9 0.4 36.7 1.9 13.3 7.6 17.0 

6 57 17276 3.5 62.3 3.98 0.4 68.9 2.9 13.1 11.1 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 31.1 1.2 12.4 7.6 16.9 

9 38.9 6910 13.1 235.5 23.9 0.7 27.2 1.6 12.3 8.0 15.3 

10 26.5 2968 13.5 242.3 23.9 0.6 11.5 1.2 12.8 7.4 13.6 
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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. 

 

  
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, xi and xj, the Euclidean distance d (xi, xj) is calculated 
using (29) 
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𝑑𝑑(𝑥𝑥𝑖𝑖 ,  𝑥𝑥𝑗𝑗) = �(𝑥𝑥𝑖𝑖,𝑚𝑚

𝑘𝑘

𝑚𝑚=1

−  𝑥𝑥𝑗𝑗,𝑚𝑚)2 (29) 

Where: m – feature index; 

xi – [xi,1, xi,2, xi,3 …, xi,k] feature vector for the ith observation; 

xj – [xj,1, xj,2, xj,3 …, xj,k] feature vector for Jth 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.  
 
 
 
 
 
 
 

 

 

 

 

 

 

 

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 (β) 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 (α) is directly associated with the mean of the distribution. 
In PD analysis, it is influenced by the mean integrated pulse height and mathematically 

(a) (b) 

(c) 
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linked through the gamma function, while β denotes the dispersion of pulse height, 
elucidating the physics underlying the PD phenomena. Experimental investigations 
indicate that low β signifies surface discharges, medium β denotes internal discharges, 
and high β corresponds to corona discharges. For example, in [63] it is illustrated that β 
between 1…2 represents surface PD, 3…10 represents internal PD, and β > 10 represents 
corona discharge. Considering phase angle or phase distribution, a low phase inception 
(Φi) shows internal PD, a medium Φi shows surface PD, and a high Φi shows corona 
discharges. Considering the phase span, it is observed that Φi, an overlap of phase 
inception may occur, particularly between internal and surface or internal and corona 
[63–65]. Therefore, the β is the only criterion set for the identification of PD type. In this 
work β is set as 1…3.5 for surface PD, 3.5…10 for internal PD, and β > 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, β 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 β 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. 

 

 
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 β is low, THEN the cluster represents Surface discharge 
If β is medium, THEN the cluster represents Internal PD 
If β 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.  
  

 

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

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.  

(b) 

(c) 

(a) 
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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. 

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

No. Vm  
(mV) 

Vmabs  
(mV) 

Vapp  
(kV) 

tloc 
(ms) 

Φloc 
(°) 

tr 
(ns) 

tf 
(ns)  

tw 
(ns) 

Φspan 
(°) 

1 30.7 30.7 3.9 1 17.3 69.8 30.3 64.5 

77.1 

2 17.7 17.7 8.4 1.6 29 43.8 32.4 71.8 

3 35.9 35.9 11.8 2.6 47.5 48 37.2 73.5 

4 23.5 23.5 14.1 3.7 65.8 49.1 32.5 72.2 

5 13.6 13.6 16.5 5.2 94.4 61.6 28.9 74 

6 -32.3 32.3 -0.7 10.1 182.1 46.6 31.6 61.8 

69.2 

7 -11.1 11.1 -7.9 11.5 206.2 63.8 34.3 73.9 

8 -56.2 56.2 -14.3 12.2 219.6 52.5 32.8 70 

9 -32.9 32.9 -15.7 13.6 244.4 13.1 15.1 28.8 

10 -21.7 21.7 -18.1 14 251.3 45.9 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 III shows major features. 
These features include basic pulse features like peak pulse amplitude (Vm), absolute value 
of peak pulse amplitude (Vmabs), applied instantaneous voltage (Vapp), pulse location 
features (Vloc, tloc, and Φloc), pulse shape features (tr, tf, and tw) [70].  Three major features, 
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including peak pulse amplitude (Vm), phase distribution or phase span (Φspan), 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. 

 

 

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 Φloc of individual 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. At 6.4 kV, VM 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 VM 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 VM, but the occurrence of pulses increases near 
the zero crossing of the applied voltage.  

• It is observed that with increasing voltage, the np 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.  

• It is 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 (Vm) and phase location (Φloc) of an individual 
pulse of internal discharge defect [Paper IV]. 

 
 
Figure 26. Behavior of the number of pulses (positive and negative) for internal 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°.  

Figure 27. PRPD pattern obtained from the surface discharge defect at different voltages 

Figure 28 shows polar plots illustrating the behavior of VM and Φloc 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, VM increases 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 (tf), 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. 



47 

Figure 28. Polar plot showing peak pulse amplitude (Vm) and phase location (Φloc) of individual 
peaks of surface discharge defect [Paper V]. 

 
 
 
 
 
 
 

 
 
 
 

 

 

 
 
 

Figure 29. Behavior of pulse shape features at different voltage levels with surface discharge defect: 
a) rise time, b) fall time, c) pulse width [Paper VI]. 

(a) (b) 

(c) 

(a) 

(b) 
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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:  

• A 150 kV-rated test transformer is coupled with a voltage regulator.  
• A two-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). 

• Charge calibrator for the calibration of conventional PD measurement systems.  
• 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). 

• Conventional PD measurement device with a quadrupole for capturing PRPD 
patterns and PD characteristics, as illustrated in Figure 30 (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 2×PDIV with a sampling rate of 200 MS/s.  

HV electrode 

Ground electrode 

Nomex film 
Triple point 

HV 
Transformer 

Coupling  
capacitor 

Two-electrode 
configuration 

Quadrupole 

PD data acquisition unit 

Ground wire 

(a) 

(b) 
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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].  

 

 

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]. 

 

Stage-1: 2 h  

Stage-2: 3 h 
 

Stage-3: 6 h 

Stage-4:8 h 
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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, β is calculated for 
each cluster at four stages as shown in Table IV. 
 

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

Stage Aging time 
(Hours) 

Cluster Weibull shape parameter  
(β) 

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 β 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 
β 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. 



51 

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: 

• 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. 

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

• Design of physical experiment setup for validation of theoretical PDIV (Uith) 
estimated using the first two legs with measured PDIV (Uim) 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.  

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

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: 

• Improved computing efficiency relative to 3D models.  
• Enables the evaluation of the field distribution along the contour.  

Geometry Material 
selection

Boundary 
conditions Meshing Simulation
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• 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 l 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.  

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:  

• 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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• 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. 

 

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.  
 
 
 
 
 
 
 



54 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 35. FEM based simulation model a) Direction of tangential distance along l 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 l, 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 l and h, respectively. Three major points 
were observed by these profiles: 

• 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 l and hc, 
e.g., a consistent decline is noted after 0.2 mm as shown in Figure 36 (a, c). 

• 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). 

• 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.  

• With increasing voltage, both tangential and normal field increases 
proportionally as shown in Fig. 36 (b, d). 
 

(b) (d) (e) (f) (c) 

(a) l 
hc 
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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). Eg refers to gas or 
internal discharges within an air-filled cavity. The quantity Uith is determined using (33). 

 
𝐸𝐸𝑠𝑠 =  8𝑝𝑝 �1 +

4.3
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 𝑉𝑉𝑆𝑆
𝐸𝐸𝑃𝑃𝑃𝑃

=
𝑈𝑈𝑖𝑖𝑡𝑡ℎ

𝐸𝐸𝑠𝑠
   (33) 

Where: P – pressure (101.325 kPa); 
 hc – vertical distance or characteristic distance between two electrodes; 

l– horizontal distance from triple point or creepage distance; 
Vs – applied voltage; 
𝑈𝑈𝑖𝑖𝑡𝑡ℎ – theoretical PDIV; 
Es – surface discharge inception field; 
l1 and l2 – points where Emax = Eps;  
ks – scaling factor. 

Figure 37. Tangential field profile at 0.9 kV, with circular points illustrating Eps = 0.95Em and the 
corresponding distances l1 and l2 [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 l1 and l2 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 PDIVth are 
determined. 
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Table V. PDIV estimation under different radii of curvature of high voltage electrode. 

4.3 Experimental Validation 
To validate the Uith with Uim, the PD experiment setup was established in the laboratory 
as shown in Figure 30. 
 

 
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 Uith. 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. 
 

R 
(mm) 

Em 
(kV/mm) 

l1 
(mm) 

l2 
(mm) 

ks Es 
(kV/mm) 

Uith  
(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 1.4 

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 
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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. 

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 2×PDIV 
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.  

Ref. Strengths Limitations 

[77] Comparison of the PDIV of Nomex and 
cellulose paper 

No analysis of aging or long-term 
erosion 

[78] The reduced lifespan of Nomex is linked 
to PWM voltages and thermal stress 

Short-term endurance tests 

[79] The behavior of PRPD patterns and PD 
characteristics at increasing voltage  

The study was performed on a modeled 
cavity within Nomex insulation 

[80] Lifetime study of Nomex and monitoring 
of maximum charge and number of 
pulses during lifetime under AC and 
superposed inter-harmonics 

The electrode configuration is not 
designed for surface discharges 

[81] Comparison of polyimide, polyester, and 
Nomex under medium frequency square 
voltage  

Based on PDIV and endurance capability. 
No lifetime study is performed 
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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 2×PDIV, 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, Qa, and n were 
recorded within an acquisition time of 1 minute, with a pulse dead time at 20 µs. 
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 × magnification. 

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 CO2 
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 III. 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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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 Qmax 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. 

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 Qmax is 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.  

 

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: 

• 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. 

• 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. 

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

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

 
 
 
 
 
 

 



66 

List of Figures  
Figure 1. General statistics of insulation-related failure in power system assets and 
causes. ............................................................................................................................. 17 
Figure 2. Insulation degradation and aging from causes to consequences [Paper I]...... 18 
Figure 3. Typical defects found in power cables [13]. ..................................................... 19 
Figure 4. Classification of insulation aging models [Paper I] ........................................... 19 
Figure 5. Behavior of the electric field in a gas-filled cavity and the bulk of insulation [38]. . 25 
Figure 6. Three major PD types found in electrical assets are a) Corona, b) Internal, and 
c) Surface......................................................................................................................... 27 
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 III]. ............................................................. 27 
Figure 8. abc model for PD phenomenon. ...................................................................... 28 
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, Zm- Measuring impedance, MI- 
Measuring instrument. ................................................................................................... 28 
Figure 10. Data-driven approach for denoising, pulse detection, multiple feature 
extraction, classification, clustering, and identification of PD data. ............................... 30 
Figure 11. Schematic of the experiment setup designed in the laboratory for PD 
measurement. ................................................................................................................. 31 
Figure 12. Flow chart of wavelet denoising and local maxima algorithm [Paper III]. ..... 32 
Figure 13 Indices for selection of optimal decomposition level [Paper III]. .................... 32 
Figure 14. Denoising of PD data using DWT-based denoising method [Paper III]. ......... 33 
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 III]. ........................................................................................................................ 34 
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. ....................................................................................................................... 35 
Figure 17. Typical PD pulse and shape features [Paper VI]. ............................................ 37 
Figure 18. Flow chart of PCA-based selection of PD features. ........................................ 39 
Figure 19. PCA-based optimum selection of PD features. .............................................. 39 
Figure 20. Hierarchical clustering of PD data: a) PRPD pattern, b) PCA map, c) Clusters of 
different types of PD sources. ......................................................................................... 40 
Figure 21. Block diagram of fuzzy inference system (FIS) for identification of PD type. 41 
Figure 22. a) Laboratory-based experiment setup for PD measurement in b) Surface 
defect c) Internal defect [Paper III]. ................................................................................ 42 
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]. ................................................................................................................................... 43 
Figure 24. PD features considered for analysis of surface and internal defects [Paper V]. 44 
Figure 25. Polar plot showing peak pulse amplitude (Vm) and phase location (Φloc) of an 
individual pulse of internal discharge defect [Paper IV]. ................................................ 45 
Figure 26. Behavior of the number of pulses (positive and negative) for internal defect 
[Paper IV]. ....................................................................................................................... 45 
Figure 27. PRPD pattern obtained from the surface discharge defect at different voltages 46 



67 

Figure 28. Polar plot showing peak pulse amplitude (Vm) and phase location (Φloc) of 
individual peaks of surface discharge defect [Paper V]. ................................................. 47 
Figure 29. Behavior of pulse shape features at different voltage levels with surface 
discharge defect: a) rise time, b) fall time, c) pulse width [Paper VI]. ............................ 47 
Figure 30. Laboratory-based experiment setup designed for lifetime study of Nomex film: 
a) experimental setup, b) electrode configuration [Paper VII]. ...................................... 48 
Figure 31. PRPD patterns at different stages of aging of Nomex film, corresponding PCA 
maps, and PRPD patterns after classification of PD data. ............................................... 49 
Figure 32. Methodology for FEM-based modeling [Paper VII]. ...................................... 51 
Figure 33. Geometry of two-electrode configuration and Nomex film in COMSOL 
environment [Paper VII]. ................................................................................................. 52 
Figure 34. Boundary condition and meshing for determination of normal and tangential 
field profiles at triple point [Paper VII]. .......................................................................... 53 
Figure 35. FEM based simulation model a) Direction of tangential distance along l 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]. .................................................................................................... 54 
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]. ....................................................................................... 55 
Figure 37. Tangential field profile at 0.9 kV, with circular points illustrating Eps = 0.95Em 
and the corresponding distances l1 and l2 [Paper VII]. .................................................... 56 
Figure 38. PDIV and breakdown voltage of Nomex film obtained from 9 samples [Paper 
VIII]. ................................................................................................................................. 57 
Figure 39. Four-stage degradation of solid insulation based on surface erosion accelerated 
aging method [Paper VIII]. .....................................................................................................59 
Figure 40. PRPD pattern at four stages of degradation recorded after every hour of aging 
from PD inception till breakdown [Paper VIII]. ............................................................... 61 
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]. ..................................................................... 62 
Figure 42. Behavior of Qmax at different stages of aging of Nomex film during the entire 
lifespan from PD inception until breakdown [Paper VIII]. .............................................. 62 
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]. ................................................................................................................................. 63 
 
 
 
 
 



68 

List of Tables 
Table I. Summary of major multistress (thermal and electrical) stress aging models  
[Paper I] ........................................................................................................................... 24 
Table II. Multiple PD features obtained from ten pulses from surface erosion-based 
accelerated aging of Nomex film after 330 minutes of aging. ........................................ 38 
Table III. PD features extracted from the modeled internal defect [Paper IV] ............... 43 
Table IV. Weibull shape parameter (β) for different clusters at four stages of aging of 
Nomex insulation ............................................................................................................ 50 
Table V. PDIV estimation under different radii of curvature of high voltage electrode . 57 
Table VI. Review of research related to aging and lifetime study of Nomex film. .......... 58 
 



69 

References 
[1] A. Subramaniam, A. Sahoo, S. S. Manohar, S. J. Raman and S. K. Panda, “Switchgear 

Condition Assessment and Lifecycle Management: Standards, Failure Statistics, 
Condition Assessment, Partial Discharge Analysis, Maintenance Approaches, and 
Future Trends,” IEEE Electrical Insulation Magazine, vol. 37, no. 3, pp. 27–41, 
May/June 2021, https://doi:10.1109/MEI.2021.9399911. 

[2] J. He, C. Somogyi, A. Strandt and N. A. O. Demerdash, “Diagnosis of stator winding 
short-circuit faults in an interior permanent magnet synchronous machine,” IEEE 
Energy Conversion Congress and Exposition (ECCE), Pittsburgh, PA, USA, 2014, 
pp. 3125–3130, https://doi:10.1109/ECCE.2014.6953825. 

[3] S. H. Lee and C. K. Chang, “Separation of Transformers for Class 1E Systems in 
Nuclear Power Plants,” Science and Technology of Nuclear Installations, 2017(1), 
3976049. https://doi.org/10.1155/2017/3976049. 

[4] W. Higinbotham, “The Premier Electrical Maintenance and Safety Event  
Review of Medium-Voltage Asset Failure Investigations” The Premier Electrical 
Maintenance and Safety Event, 2018. 

[5] J. Densley, “Ageing mechanisms and diagnostics for power cables - an overview,” 
in IEEE Electrical Insulation Magazine, vol. 17, no. 1, pp. 14–22, Jan.-Feb. 2001, 
https://doi:10.1109/57.901613.  

[6] T. W. Dakin, “Electrical Insulation Deterioration Treated as a Chemical Rate 
Phenomenon,” Transactions of the American Institute of Electrical Engineers,  
vol. 67, no. 1, pp. 113–122, Jan. 1948, doi: 10.1109/T-AIEE.1948.5059649. 

[7] G. Mazzanti and G. C. Montanari, “Electrical aging and life models: the role of 
space charge,” IEEE Transactions on Dielectrics and Electrical Insulation, vol. 12, 
no. 5, pp. 876–890, Oct. 2005, doi: 10.1109/TDEI.2005.1522183. 

[8] C. Zhou, H. Yi, and X. Dong, “Review of recent research towards power  
cable life cycle management”, High Voltage, 2(3), 179-187. 
https://doi.org/10.1049/hve.2017.0037. 

[9] E. David, J., L. Parpal and J.P. Crine, “Aging of XLPE cable insulation under 
combined electrical and mechanical stresses,” Conference Record of the 1996 
IEEE International Symposium on Electrical Insulation, Montreal, QC, Canada, 
1996, pp. 716–719 vol.2, doi: 10.1109/ELINSL.1996.549445. 

[10] M. Choudhary, M. Shafiq, I. Kiitam, A. Hussain, I. Palu, and P. Taklaja, “A Review 
of Aging Models for Electrical Insulation in Power Cables,” Energies (Basel),  
vol. 15, no. 9, p. 3408, May 2022, doi: 10.3390/en15093408. 

[11] S. Hellesø, J. T. Benjaminsen, M. Selsjord and S. Hvidsten, “Water tree initiation 
and growth in XLPE cables under static and dynamic mechanical stress,” 2012 
IEEE International Symposium on Electrical Insulation, San Juan, PR, USA, 2012, 
pp. 623–627, doi: 10.1109/ELINSL.2012.6251546. 

[12] J. Su, B. Du, J. Li, and Z. Li, “Electrical tree degradation in high-voltage  
cable insulation: Progress and challenges,” High Voltage, 5(4), 353–364. 
https://doi.org/10.1049/hve.2020.0009. 

[13] S. Gutierrez, I. Sancho, L. Fontan and J. D. No, “Effect of protrusions in HVDC 
cables,” IEEE Transactions on Dielectrics and Electrical Insulation, vol. 19, no. 5, 
pp. 1774–1781, October 2012, doi: 10.1109/TDEI.2012.6311527. 

https://doi:10.1109/MEI.2021.9399911
https://doi:10.1109/ECCE.2014.6953825
https://doi.org/10.1155/2017/3976049
https://doi:10.1109/57.901613
https://doi.org/10.1049/hve.2017.0037
https://doi.org/10.1049/hve.2020.0009


70 

[14] L. Simoni, “A General Approach to the Endurance of Electrical Insulation under 
Temperature and Voltage,” IEEE Transactions on Electrical Insulation, vol. EI-16, 
no. 4, pp. 277–289, Aug. 1981, doi: 10.1109/TEI.1981.298361. 

[15] L. Simoni, “General Equation of the Decline in the Electric Strength for Combined 
Thermal and Electrical Stresses,” IEEE Transactions on Electrical Insulation,  
vol. EI-19, no. 1, pp. 45–52, Feb. 1984, doi: 10.1109/TEI.1984.298732. 

[16] L. Simoni, G. Mazzanti, G. C. Montanari and L. Lefebre, “A general multi-stress 
life model for insulating materials with or without evidence for thresholds,” IEEE 
Transactions on Electrical Insulation, vol. 28, no. 3, pp. 349–364, June 1993, doi: 
10.1109/14.236212. 

[17] L. Dissado, G. Mazzanti and G. C. Montanari, “The incorporation of space charge 
degradation in the life model for electrical insulating materials,” IEEE 
Transactions on Dielectrics and Electrical Insulation, vol. 2, no. 6, pp. 1147–1158, 
Dec. 1995, doi: 10.1109/TDEI.1995.8881933. 

[18] P. Cygan and J. R. Laghari, “Models for insulation aging under electrical and 
thermal multistress,” IEEE Transactions on Electrical Insulation, vol. 25, no. 5,  
pp. 923–934, Oct. 1990, doi: 10.1109/14.59867. 

[19] E. L. Brancato, “Insulation Aging a Historical and Critical Review,” IEEE 
Transactions on Electrical Insulation, vol. EI-13, no. 4, pp. 308–317, Aug. 1978, 
doi: 10.1109/TEI.1978.298079. 

[20] L. E. Fisher, C. D. Haries and J. M. Lehr, “Initiation and Growth of the Secondary 
Electron Avalanche along High-Gradient Insulators in Vacuum,” IEEE Transactions 
on Dielectrics and Electrical Insulation, vol. 28, no. 3, pp. 972–980, June 2021, 
doi: 10.1109/TDEI.2021.009400. 

[21] “IEEE Guide for the Statistical Analysis of Electrical Insulation Voltage Endurance 
Data,” in ANSI/IEEE Std 930-1987, vol., no., pp. 1–28, 21 Aug. 1987, doi: 
10.1109/IEEESTD.1987.86250. 

[22] G. C. Stone and J. F. Lawless, “The Application of Weibull Statistics to Insulation 
Aging Tests,” IEEE Transactions on Electrical Insulation, vol. EI-14, no. 5,  
pp. 233–239, Oct. 1979, doi: 10.1109/TEI.1979.298226. 

[23] G. Pattini and L. Simoni, “Discussion on modeling of voltage endurance,” IEEE 
International Conference on Electrical Insulation, Boston, MA, USA, 1980,  
pp. 15–15, doi: 10.1109/ICEI.1980.7470860. 

[24] T. S. Ramu, “On the Estimation of Life of Power Apparatus Insulation Under 
Combined Electrical and Thermal Stress,” IEEE Transactions on Electrical 
Insulation, vol. EI-20, no. 1, pp. 70–78, Feb. 1985, doi: 10.1109/TEI.1985.348759. 

[25] W. Nelson, “Analysis of Accelerated Life Test Data - Part I: The Arrhenius Model 
and Graphical Methods,” IEEE Transactions on Electrical Insulation, vol. EI-6, no. 4, 
pp. 165–181, Dec. 1971, doi: 10.1109/TEI.1971.299172. 

[26] S. Sofyan, M. D. Faraby, K. Naim, A. R. Idris, S. S. Akhmad, and H. Firmansyah, 
“Analysis of estimated age of distribution transformer against loading at ULP 
Panakkukang with the Montsinger Method,” J. Phys.: Conf. Ser., vol. 2596, no. 1, 
art. no. 012054, 2023, doi:10.1088/1742-6596/2596/1/012054. 

[27] G. C. Montanari, G. Pattini and L. Simoni, “Long - Term Behavior of XLPE Insulated 
Cable Models,” IEEE Transactions on Power Delivery, vol. 2, no. 3, pp. 596–602, 
July 1987, doi: 10.1109/TPWRD.1987.4308151. 



71 

[28] G. Mazzanti and G. C. Montanari, “A comparison between XLPE and EPR as 
insulating materials for HV cables,” IEEE Transactions on Power Delivery, vol. 12, 
no. 1, pp. 15–28, Jan. 1997, doi: 10.1109/61.568220. 

[29] G. C. Montanari, G. Mazzanti and L. Simoni, “Progress in electrothermal life 
modeling of electrical insulation during the last decades,” IEEE Transactions on 
Dielectrics and Electrical Insulation, vol. 9, no. 5, pp. 730–745, Oct. 2002, doi: 
10.1109/TDEI.2002.1038660. 

[30] J. P. Crine, J. L. Parpal and G. Lessard, “A model of aging of dielectric extruded 
cables,” Proceedings of the 3rd International Conference on Conduction and 
Breakdown in Solid Dielectrics, Trondheim, Norway, 1989, pp. 347–351, doi: 
10.1109/ICSD.1989.69218. 

[31] A. Cavallini, D. Fabiani and G. C. Montanari, “Power electronics and electrical 
insulation systems - part 2: life modeling for insulation design,” IEEE Electrical 
Insulation Magazine, vol. 26, no. 4, pp. 33–39, July-Aug. 2010, doi: 
10.1109/MEI.2010.5511187. 

[32] G. Mazzanti, G. C. Montanari and L. A. Dissado, “A space-charge life model for ac 
electrical aging of polymers,” IEEE Transactions on Dielectrics and Electrical 
Insulation, vol. 6, no. 6, pp. 864–875, Dec. 1999, doi: 10.1109/94.822029. 

[33] C. L. Griffiths, J. Freestone and R. N. Hampton, “Thermoelectric aging of cable 
grade XLPE,” Conference Record of the 1998 IEEE International Symposium on 
Electrical Insulation (Cat. No.98CH36239), Arlington, VA, USA, 1998, pp. 578–582, 
vol. 2, doi: 10.1109/ELINSL.1998.694859. 

[34] G. Bahder, T. Garrity, M. Sosnowski, R. Eaton and C. Katz, “Physical Model of 
Electric Aging and Breakdown of Extruded Polymeric Insulated Power Cables,” 
IEEE Transactions on Power Apparatus and Systems, vol. PAS-101, no. 6,  
pp. 1379–1390, June 1982, doi: 10.1109/TPAS.1982.317185. 

[35] G. C. Montanari, “Aging and life models for insulation systems based on PD 
detection,” IEEE Transactions on Dielectrics and Electrical Insulation, vol. 2, no. 4, 
pp. 667–675, Aug. 1995, doi: 10.1109/94.407031. 

[36] IEC 60270: High-voltage test techniques – Partial discharge measurements, 
International Electrotechnical Commission (IEC), Geneva, Switzerland, Standard, 
3rd ed., 2000. 

[37] R. Bartnikas, “Partial discharges. Their mechanism, detection and measurement,” 
IEEE Transactions on Dielectrics and Electrical Insulation, vol. 9, no. 5, pp. 763–808, 
Oct. 2002, doi: 10.1109/TDEI.2002.1038663. 

[38] Ivar Kiitam, “Insulation durability and measurement of partial discharge,” Tallinn 
University of Technology, Tallinn, 2021. 

[39] G. C. Stone, “Partial discharge diagnostics and electrical equipment insulation 
condition assessment,” IEEE Transactions on Dielectrics and Electrical Insulation, 
vol. 12, no. 5, pp. 891–904, Oct. 2005, doi: 10.1109/TDEI.2005.1522184. 

[40] R. J. Van Brunt, “Physics and chemistry of partial discharge and corona. Recent 
advances and future challenges,” IEEE Transactions on Dielectrics and Electrical 
Insulation, vol. 1, no. 5, pp. 761–784, Oct. 1994, doi: 10.1109/94.326651. 

[41] P. H. F. Morshuis, “Degradation of solid dielectrics due to internal partial discharge: 
some thoughts on progress made and where to go now,” IEEE Transactions on 
Dielectrics and Electrical Insulation, vol. 12, no. 5, pp. 905–913, Oct. 2005, doi: 
10.1109/TDEI.2005.1522185. 



72 

[42] J. C. Devins, “The physics of partial discharges in solid dielectrics,” Conference on 
Electrical Insulation & Dielectric Phenomena - Annual Report, Claymont, DE, USA, 
1984, pp. 15–31, doi: 10.1109/EIDP.1984.7683959. 

[43] P. H. F. Morshuis, “Partial Discharge Mechanisms,” Delft University, Delft, 
Netherlands, 1993. 

[44] M. Shafiq, M. Lehtonen, G. A. Hussain and L. Kütt, “Performance evaluation of 
PD monitoring technique integrated into medium voltage cable network for 
smart condition assessment,” 2014 Electric Power Quality and Supply  
Reliability Conference (PQ), Rakvere, Estonia, 2014, pp. 351–357, doi: 
10.1109/PQ.2014.6866840. 

[45] M. Hashmi, S. Hänninen and M. Lehtonen, “Intelligent fault diagnosis for on-line 
condition monitoring in smart distribution networks,” 2012 IEEE International 
Conference on Condition Monitoring and Diagnosis, Bali, Indonesia, 2012,  
pp. 946–949, doi: 10.1109/CMD.2012.6416309. 

[46] M.Muhr, T.Strehl, E.Gulski, K.Feser, E.Gockenbach, W.Hauschild, E.Lemke, 
“Sensors and sensing used for non-conventional PD detection”, Proceedings 41 
Cigré 2006 session international council on large electric systems, Paris, Frace, 
2006.  

[47] P. L. Lewin, J. Steele-Davies, S.M. Rowland, V.Catterson, C.Johnstone, C.Walton, 
“The state of the art of condition monitoring: where do we go from here?”, 
International Electrical Insulation Conference (INSUCON), Stanford, USA, 2013. 

[48]  R.-N. Wu and C. -K. Chang, “The Use of Partial Discharges as an Online Monitoring 
System for Underground Cable Joints,” IEEE Transactions on Power Delivery,  
vol. 26, no. 3, pp. 1585–1591, July 2011, doi: 10.1109/TPWRD.2011.2124474. 

[49] M. M. Yaacob, M. A. Alsaedi, J. R. Rashed, A. M. Dakhil, and S. F. Atyah, “Review 
on partial discharge detection techniques related to high voltage power equipment 
using different sensors,” Photonics Sensors, vol. 4, no. 4, pp. 325–337, Dec. 2014, 
doi: 10.1007/s13320‑014‑0146‑7. 

[50] CIGRE WG D1.33 Task Force 05, “Experiences in partial discharge detection of 
distribution power cable systems,” Electra, no. 208, pp. 35–43, Jun. 2003. 

[51] N. C. Sahoo, M. M. A. Salama and R. Bartnikas, “Trends in partial discharge pattern 
classification: a survey,” IEEE Transactions on Dielectrics and Electrical Insulation, 
vol. 12, no. 2, pp. 248–264, April 2005, doi: 10.1109/TDEI.2005.1430395. 

[52] G. Stone, S. Campbell and S. Tetreault, “Inverter-Fed Drives: Which Motor Stators 
Are at Risk?,” IEEE Industry Applications Magazine, vol. 6, no. 5, pp. 17–22,  
Sept.-Oct. 2000, doi: 10.1109/2943.863631. 

[53] G. C. Montanari, P. Seri and G. Stone, “Prospects for increasing supply voltage 
and design of electrical field rotating machine windings supplied from power 
electronics,” IEEE Electrical Insulation Magazine, vol. 36, no. 3, pp. 31–38,  
May-June 2020, doi: 10.1109/MEI.2020.9063561. 

[54] G. C. Montanari, R. Hebner, P. Morshuis and P. Seri, “An Approach to Insulation 
Condition Monitoring and Life Assessment in Emerging Electrical Environments,” 
IEEE Transactions on Power Delivery, vol. 34, no. 4, pp. 1357–1364, Aug. 2019, 
doi: 10.1109/TPWRD.2019.2897905. 

[55] M. Kaufhold, H. Aninger, M. Berth, J. Speck and M. Eberhardt, “Electrical stress 
and failure mechanism of the winding insulation in PWM-inverter-fed low-
voltage induction motors,” IEEE Transactions on Industrial Electronics, vol. 47, 
no. 2, pp. 396–402, April 2000, doi: 10.1109/41.836355.  



73 

[56] G. C. Montanari, M. Shafiq, and R. Mcginnis, “Coming Challenges in Electrified 
Transportation and Impact on Electrical Insulation Reliability: Ships and 
Aircrafts,” ATINER’s Conference Paper Proceedings Series, Athens, Greece, 2023. 

[57] H. Okubo, N. Hayakawa and A. Matsushita, “The relationship between partial 
discharge current pulse waveforms and physical mechanisms,” IEEE Electrical 
Insulation Magazine, vol. 18, no. 3, pp. 38–45, May-June 2002, doi: 
10.1109/MEI.2002.1014966. 

[58] M. Choudhary, M. Shafiq, I. Kiitam, I. Palu, and P. Taklaja, “Study on the Progression 
of Surface Partial Discharge in Power Cables,” IEEE 63rd Annual International 
Scientific Conference on Power and Electrical Engineering of Riga Technical 
University (RTUCON), 2022, doi: 10.1109/RTUCON56726.2022.9978804. 

[59] T. Okamoto and H. Uehara, “Partial Discharge Current Measurements With Small 
Discharge Gaps Over Polyimide Film,” IEEE Transactions on Dielectrics and 
Electrical Insulation, vol. 30, no. 1, pp. 158–164, Feb. 2023, doi: 
10.1109/TDEI.2022.3226133. 

[60] J. P. Steiner, P. H. Reynolds and W. L. Weeks, “Estimating the location of partial 
discharges in cables,” IEEE Transactions on Electrical Insulation, vol. 27, no. 1,  
pp. 44–59, Feb. 1992, doi: 10.1109/14.123440. 

[62] S. Sriram, S. Nitin, K. M. M. Prabhu and M. J. Bastiaans, “Signal denoising 
techniques for partial discharge measurements,” IEEE Transactions on Dielectrics 
and Electrical Insulation, vol. 12, no. 6, pp. 1182–1191, Dec. 2005, doi: 
10.1109/TDEI.2005.1561798. 

[64] A. Cavallini, M. Conti, A. Contin and G. C. Montanari, “Advanced PD inference in 
on-field measurements. II. Identification of defects in solid insulation systems,” 
in IEEE Transactions on Dielectrics and Electrical Insulation, vol. 10, no. 3,  
pp. 528–538, June 2003, doi: 10.1109/TDEI.2003.1207481.   

[65] P. Seri, R. Ghosh, and G. C. Montanari, “An Unsupervised Approach to Partial 
Discharge Monitoring in Rotating Machines: Detection to Diagnosis with 
Reduced Need of Expert Support,” IEEE Transactions on Energy Conversion,  
vol. 36, no. 3, pp. 2485–2492, Sep. 2021, doi: 10.1109/TEC.2021.3050324. 

[66] M. Choudhary, I. Palu, I. Kiitam, M. Shafiq, P. Taklaja, and A. Bhattarai, “Denoising 
and Extraction of Partial Discharge Pulse Characteristics Using Wavelet Denoising 
and Local Maxima Method,” IEEE International Conference on Power and Energy 
(PECon), 2024, doi: 10.1109/PECON62060.2024.10827085. 

[67] X. Ma, C. Zhou and I. J. Kemp, “Automated wavelet selection and thresholding 
for PD detection,” in IEEE Electrical Insulation Magazine, vol. 18, no. 2, pp. 37–45, 
March-April 2002, doi: 10.1109/57.995398.  

[68] F. H. Kreuger, E. Gulski and A. Krivda, “Classification of partial discharges,” IEEE 
Transactions on Electrical Insulation, vol. 28, no. 6, pp. 917–931, Dec. 1993, doi: 
10.1109/14.249365. 

[69] A. Contin, A. Cavallini, G. C. Montanari, G. Pasini and F. Puletti, “Digital detection 
and fuzzy classification of partial discharge signals,” IEEE Transactions on 
Dielectrics and Electrical Insulation, vol. 9, no. 3, pp. 335–348, June 2002, doi: 
10.1109/TDEI.2002.1007695. 

[70] M. Choudhary, I. Palu, I. Kiitam, M. Shafiq, and P. Taklaja, “Study of Partial 
Discharge Characteristics in Medium Voltage Cable Insulation with Internal 
Defect,” IEEE International Conference on High Voltage Engineering and 
Applications (ICHVE), 2024, doi: 10.1109/ICHVE61955.2024.10676188. 



74 

[71] M. Choudhary, M. Shafiq, A. Bhattarai, I. Kiitam, P. Taklaja, and I. Palu,  
“A comprehensive study of partial discharge based extrinsic aging in nomex 
insulation films: Modeling, simulation and measurement,” Electric Power 
Systems Research, vol. 245, Aug. 2025, doi: 10.1016/j.epsr.2025.111663. 

[72] K. Temmen, “Evaluation of surface changes in flat cavities due to ageing by 
means of phase-angle resolved partial discharge measurement,” Journal of 
Physics D: Applied Physics, vol. 33, no. 6, pp. 603–608, Mar. 2000, 
doi: 10.1088/0022-3727/33/6/303.  

[73] G. C. Montanari, S. Schwartz and R. Cuzner, “On the Characterization of Partial-
Discharge Endurance of Dielectric Materials for Aerospace Applications,” in IEEE 
Transactions on Aerospace and Electronic Systems, vol. 59, no. 6, pp. 7590–7599, 
Dec. 2023, doi: 10.1109/TAES.2023.3293455. 

[74] Dupont, “Nomex® Paper Protects Critical Components in Electronic 
Applications.” Accessed: Jun. 30, 2025. [Online]. Available: 
https://www.dupont.com/products/nomex-400-series.html. 

[75] G. C. Montanari, M. Shafiq, S. B. Myneni, M. Lizcano, and T. S. Williams, “Electrical 
Characterization of Boron Nitride-Filled Insulation for Aerospace and Avionics 
Applications,” Energies, vol. 17, no. 12, Jun. 2024, doi: 10.3390/en17123016. 

[76] P. Cambareri and G. Montanari, “A Surface Discharge Model for the Design of 
Surface Components of Insulation Systems Under AC Stress in Industrial 
Electronics Environments,” IEEE Journal of Emerging and Selected Topics in 
Industrial Electronics, vol. 4, no. 2, pp. 698–706, Nov. 2022, doi: 
10.1109/jestie.2022.3221001. 

[77] H. Moranda, H. Moscicka-Grzesiak, P. Przybylek, K. Walczak, and R. Szewczyk, 
“Comparative tests of partial discharges in Nomex® 910 paper and cellulose 
paper,” Energies (Basel), vol. 13, no. 3, 2020, doi: 10.3390/en13030647. 

[78] C. Zheng, Q. Wang, H. Wang, Z. Shen, F. F. Da Silva, and C. L. Bak, “Partial 
discharge inception and deterioration of Nomex paper under repetitive square 
wave voltage,” IEEE International Conference on High Voltage Engineering and 
Applications (ICHVE) 2022, doi: 10.1109/ICHVE53725.2022.9961729. 

[79] S. Zhang et al., “Investigation on the partial discharge of the cavity in Nomex 
insulation for mining dry type transformer,” 12th International Conference on the 
Properties and Applications of Dielectric Materials (ICPADM), Xi’an, China, 2018, 
pp. 525–529, doi: 10.1109/ICPADM.2018.8401044. 

[80] X. Li et al., “Partial discharge characteristics of oil-paper insulation for on-board 
traction transformers under superposed inter-harmonic AC voltages,” IEEE 
Transactions on Dielectrics and Electrical Insulation, vol. 27, no. 1, pp. 240–248, 
Feb. 2020, doi: 10.1109/TDEI.2019.008404. 

[81] C. Zheng, Q. Wang, H. Wang, Z. Shen, F. F. Da Silva, and C. L. Bak, “Comparative 
PDIV and endurance studies on different insulating materials used for medium 
frequency transformers,” in 2022 IEEE International Conference on High Voltage 
Engineering and Applications, ICHVE 2022, Institute of Electrical and Electronics 
Engineers Inc., 2022. doi: 10.1109/ICHVE53725.2022.9961619. 

 
 
 

https://www.dupont.com/products/nomex-400-series.html


75 

Acknowledgments 
This thesis is the result of the contributions of many individuals whose support, guidance, 
and encouragement were instrumental throughout my PhD journey.  

Primarily, I would like to extend my sincere gratitude to my supervisor Prof. Ivo Palu, 
and co-supervisor Ivar Kiitam, for their unwavering support, constant encouragement, 
and invaluable guidance during my PhD journey. The quality and direction of this 
research have been significantly influenced by their patient mentorship, profound 
expertise, and insightful feedback. 

I am also grateful to Muhammad Shafiq for providing me with this opportunity. His 
support and guidance in this endeavour are deeply appreciated. I would like to thank 
Abhinav Bhattarai for his support in FEM modeling and Marten Pärg for assisting with 
microscopic imaging of Nomex films. I would like to thank Paul Taklaja for his support in 
the HV Lab. I am also very thankful Electrical Power Engineering & Mechatronics 
Department staff for their academic support throughout the various stages of my PhD 
journey.  

I also would like to thank the Estonian Government for investing in my future by giving 
financial support that facilitated the completion of my PhD journey. This research was 
additionally supported by the Estonian Research Council’s grant PSG632 “Aging Behavior 
of Medium Voltage Cables under Smart Grid Operation.” 

Finally, I would like to extend my most profound gratitude to my family. To my 
parents, brothers, wife, and son. I am grateful for their unwavering love, devotion, and 
moral support. Special thanks to my wife Hem Lata Choudhary and son Chervic. Their 
confidence in me has consistently served as my greatest asset. Their patience, sacrifices, 
and understanding during the countless hours I gave this research have been genuinely 
inspiring and motivating. I dedicate this thesis to my beloved wife and my dearest son. 

In the end I would like to thank all those who supported me and believed in me 
throughout this PhD journey. I am incredibly grateful for your participation in this 
endeavour. 

 
  



76 

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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Lühikokkuvõte 

Osalahenduste mõõtmisel põhinev mitmemeetodiline 
lähenemine tahke isolatsiooni vananemisele 
Käesolevas väitekirjas esitatakse laiapõhjaline raamistik tahkete isoleermaterjalide 
vananemis- ja lagunemiskäitumise uurimiseks, keskendudes Nomex’ile ja 
keskpingekaablites kasutatava ristsillatud polüetüleenist (XLPE) valmistatud isolatsioonile. 
Uurimistöös kasutatakse osalahenduste (PD) andmeanalüüsi, lõplike elementide 
meetodiga (FEM) modelleerimist ning katseliselt saadud tulemusi. Rakendatud on 
mitmekülgset lähenemisviisi elektrilise vananemise protsessi uurimiseks, andmepõhiste 
vahendite väljatöötamiseks ning modelleerimisraamistike valideerimiseks. Väitekirjas 
antakse põhjalik ülevaade isolatsiooni vananemist mõjutavatest peamistest teguritest. 
Samuti teostatakse süvitsi võrdlus viimase kolmekümne aasta jooksul arendatud 
isolatsiooni vananemise mudelite kohta, keskendudes nende tugevustele ja piirangutele, 
ning käsitletakse PD mõõtmise olulist rolli tahke isolatsiooni vananemise ja lagunemise 
uurimisel. Kirjanduse baasil antakse ülevaade teadmuse olemasolevatest lünkadest, 
mille põhjal saab suunata edasist uurimistööd isolatsiooni vananemise ja lagunemise alal. 

Koostatud on tõhus andmetel põhinev tarkvaravahend, mis tuvastab PD impulsse ning 
eraldab mitmeid tunnuseid kasutades lainikupõhist müraeemaldust ja lokaalsete 
maksimumide tehnikat. Seda raamistikku täiendab peakomponentide analüüs (PCA) 
optimaalsete tunnuste valiku jaoks ning edasijõudnud masinõppetehnikad, sh 
hierarhiline klasterdamine, mida kasutatakse PD andmete klassifitseerimiseks ja 
klasterdamiseks. Lisaks kasutatakse hägusloogika algoritmi, mis täpselt tuvastab PD 
allikad (koroonalahendus, pindmine ja sisemine osalahendus), pakkudes keerukate PD 
mustrite reeglipõhist tõlgendust. Koostatud tarkvaravahend on valideeritud erinevatel 
andmekogumitel, mis on saadud XLPE kaabli isolatsiooni ja Nomex’ist valmistatud 
kiledega teostatud katsetest füüsiliselt modelleeritud defektide ja 
vanandamisstsenaariumitega. 

Osalahenduste alguspinget (PDIV) peetakse oluliseks parameetriks isolatsiooni 
dielektrilise tugevuse ja vananemiskäitumise hindamisel. See on ka üks peamisi 
parameetreid, mida arvestatakse isolatsioonisüsteemide projekteerimisel. Välja on 
töötatud kolmiklähenemisviis, mis kasutab FEM põhist modelleerimist ja pindlahenduse 
mudelit PDIV arvutamiseks Nomex kile puhul. Mudeldatud PDIV on valideeritud 
katseandmetega, mis kinnitavad mudeli tõepärasust ja täpsust. 

Viimases uurimuse osas hinnatakse Nomex kilest valmistatud isolatsiooni kasutusiga 
kasutades pinderosioonipõhist kiirendatud vanandamise protseduuri. Rakendatakse 
neljast etapist koosnevat lagunemismeetodit, millega kirjeldatakse isolatsiooni 
vananemise erinevaid faase alates PD süttimisest kuni läbilöögini. Etappide erinevuste 
määramiseks kasutatakse osalahenduste faasilaotuse (PRPD) mustreid, PD tunnuseid 
ning mikroskoopilist analüüsi. Uuringust võib kasu olla Nomex isolatsiooniga 
elektriseadmete käitamisel, kus isolatsiooni rikkeid põhjustavate pindlahenduste oht on 
märkimisväärne. See uurimus kirjeldab raamistikku pinderosioonipõhiseks kiirendatud 
vanandamiseks, et uurida pindlahenduste käitumist erinevate toite- ja 
keskkonnatingimuste korral. 

Kokkuvõttes aitab antud töö edasi arendada ja valideerida isolatsiooni 
diagnostikameetodeid ning panustab tahkete isolatsioonisüsteemide seisundiseiresse 
ning kasutusaja prognoosimisse elektrisüsteemides. 
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����%�JKLMNOPQRS�TPURVWRS�KWR�TPXPLRS�LNY�Z[TTPVV�\VP]ROWPL̂�N_�ZRUMVNTǸ â�bNcVTN[SRS�NV�dULNeRO�fghifij�[L�fkYljYmn�\Zo�_ONX�pqqq�rsTNORa��tRWLOPULPNVW�[ssT̂a�



�������������	��
���

���

������
��������
����
����
�������

����������
���
��
����
��������
����	
��
���
�������������� !"�#������$��%�
���������
��
����
&�
�'���
��(�)*�&+�
��'��
&���
����,������
��	
�������)�
�-������
������������.�$���
��
���

���%�/�
�,��/�
���
��������	���������
������%�0,����������
�������,���
�"����
/0���,���0��0�����

������	
�������,�������/�
��%�
�������)���//����
����
�
�����������/��,������%�0
����
�������0����
��
00
��
���	
���10,��������	����0���������/�����0	
���

���)�#������$��������
�����


����������%�
�
2��
��
���

��/��	����
���,�����	��	��
������	��	���
���������

��,���
2'

�����	���
�������&��#3���$��,������	����0����
��������
����
�0�
����
���/0���
���
�)��	���%�0,�������
�����
�
�/
�
��,���456$�/�
�,�����	��,�	�#3����

�'��,������������/�
���	������
����	
�����������
�'���789:;<= >89?@ABC@DEDF � �("�G	����456HIJ��
��("�����	��
/0���,�������
/0���
���
��

��I�

��K�����	��������

������/�
�,��
���L,�0/�
�)��	��
��,/,�
�����	
����M56�

����/��I��

�'��0�������������N��
����������
��L,

���������&��
��,/,�
�����	
����$�
���
�������	
���
���,���
�$����)$��	�����	
�
����������L,

��������
���������������'���	��
��,
��0	�
�/�
�
����
��%���,���)�O��������	��
'���$���	����	
�
���������������%�0,�����,�	�
���	��
,/'������0,����$�/
N�/,/�0,����
/0���,��$��������/�$��
�����/�$�

��0,��������	�
���
�����/0���

������
����0���,
�����

��
������	���%�0	�
�/�
�
�

�����
���
�����%)��%�0,�����

�'����0����
����'��
���,'����N0�
�
��
���,
����
$��PQ8RSTU?@A:V?WXYFDZWXYEDA� ��"�G	����[��
���"�����	��0�
&��
�,������%�0,���$�\]�����	���
�������������/�$�\̂���
�������
�����/�����0,����_(*̀)�3��)�*��	����
���0��
���%�0,����

���	���	
�
���������������	���%�0,���)�a��b���
���	��0�
&��
�,�����0,�������5$��	�
��	���������/��cd�����	����/��0,�����
&�������
���
�������/
�
��,������/�(�e����f�e�����	��0�
&��
�,�)���/��
���$��	���
�����/��cg�����	����/���	
��
�0,�����
&���������
�����/�f�e����(�e��������0�
&��
�,�)��	��0,��������	�ch�����	����/���
����
��'�����
�*�e����0�
&��
�,���
�'��	�������_(�̀)��

�3��)�*)���0��
���%�0,����

���	
�
������������
�,����

�-
�
������	/����������0����	
�����
�������

��
,/'�������%�0,������	����0�
&��
�,����0��������

��
��
����"��	��,�	�,��

�-������������	��
00���������
��)�3,��	��$��	���
������	/�
�������
��������	�����������,���
���%�0,����
'����
��	���	�����
�,��3��)����	�����	��'���&���
��
/����0,�0�����
������	/)�
�3��)��)�O���&���
��
/����0�
&���������
�
������	/�3��)�.��	�����	��0�
&�0,��������������
��f)(�&+)���
������
���	��
,/'������0,����$�(��0,�����
00�
�����,��
���	���,���
������������	��
00���������
��)��
�3��)�.)��%�/�
�,����
��f)(�&+�

��������0�
��
��0�
&���0��������

��
��
����"��	��L,
���
�����


����������%�0,��������/��%�+����'��
&���
���������

��
���
��
��0
����
�
���	��
��
�����.)�-������%�+�
��.)(�&+��	����0,�����������'������$����	�
��,��	����
���
��$�
��(�)��&+��	�����
�0,�����������'������)�3����2�
��0,�����������'�������
�
���	��'��
&���
�����
����(�)��&+")�3��)�i��	�����	��'�	
���������	��
,/'������0,�����
���
�	�������������)��	�������

��N0�
�
��
��������
��	��
,/'������0,��������	��
���
��
����������,��
����%�)���
�3��)�i)�O�	
���������%�0,��������	��
���
��
���������

3��)�j)����%��
����
�
���
���,����������������

���%�0,����
���%�+�

klmnopqrst�uqvswxst�lxs�uqyqmst�moz�{|uuqww�}wq~spxqm��o��{svnwouo�����o�wuo|tst�ow��vmo�sp���������|m���z��z���}{���poy��������uops����sxmpqvmqowx�|��u���



�������������	��
���

���

������
��������
����
����
�������

����������
���
��
����
��������
����	
��
���
�������������� !"���
������
���	����#�$�%

��������
����&�
�������'�
���&�(��	���&�
��������
%%�
�����
���
���)�*+�����
��)�,��	��
���
��
���������������'��	��
���������%

��
���
���)�-��.)*�/(��&�
����������
�����
���)�*������
���

���
����
���)�*+����'�

�����	�
��0��	����
���
����
�����������*�)*�/(��	���%

��
���
����#���)��&�
����������
�����
���)�*������

���
����
���)�*1������	��	��
���
�����	
��
����������
���
�����	����#�$�%

�����&�
���������
���
���)�-���'�
����������
���
�����	���&�
��������
%%�
����
��	��%��������	
�������������	��
%%���������
��)�2��)�3��	����
����#�%�����
���������
���������������"�����	�����������0���
���&�%0�����

���	�������
���
��0��
���	���0���-�������)�����

�4�����
����#��&�(����3)*�/(��	���&�
��������
%%�
�����
����
��	��
��
�����	
�������������	��
%%���������
��)�5������'�
����������
���
�������*�)*�/(��	���&�
��������
%%�
�����
�4��	��	��%��������

��
��
�����	
�������������	��
%%���������
��)�
�2��)�3)�2��������0���
��%�
/�����
�����0
��%0�����
���������
�����������������	����
������
��


����������	��
0#4�������&�%0�����
���������
�������������������%�����#��)�-��0���������
����������0����6�����������#�
���	��4��������������40���
��	
���������
�����	
�
�����6����	��
0#4�������&�%0������4�������
���
�	�������������)�

�2��)�*�)����
���
�4�����
��������

��
�)����%0�����0��
���������
��%��4
4��������#������2��)�*���	�����	��4�	
��������
0#4������%0��������	��
���
��
����������
��������)�����%��4
4��������#�����'��7%�
�
��
��

��%�����#������
���
%%���������	��
0#4������%0������
�
)��	����/���	�������

��������40���
�#��������4
�����
��	���$��80
����
�0��)��	���$�80
����������������
����������#�

���
��� &"��
�0�������%�����������40���
�

���7%�
�
��
��������40���
��
����0
��
���)331�

���)333����%��������)�����#%������	
���	��
0#4������%0������
��

�
���
��
��������"��0��
���0��
�������	
������������

��7%�
�
��
��������40���
)�-��	�0�	��	��
0#4������%0��������
���

��7
������������
����
��&�
��������	�������
���
�/
4���%
����
�����4������)�����

�4���
��������	
���0��
����&��	��
0#4������%0������
���
�������	��
���
��
����������
��������)���	��
#%���0�������&�%0��������
���0��
��%
�
#������	
��������4����	����������������&�

���	��

�0�������	��������)��	����0������%0����
#%���0���

�����������
����
���������0���0���
������#�
�
���	�����
���
�����&)��	��������40���
������
����������0����6�����������#�
���	��4���$����������40���
��	
��
��0�
�����������4����	��%�
/�
#%���0�������&�%0������4��������
��	���0���
�������)�2��)�**��	�����	��%��4
4��������
������0
����
���&2"�����
���0��������40���
���,��40��'�9�
��
��6����7���#��(
�0��������40���
'�

���
�����	�������40���
")��	���/��
�������*)���

��/0�������+)1���%����
����	
���	���
�
������
�����������	��
��#
��������40���
)��
�2��)�**)����4
4��������
������0
����
�����
���0��%��4
4������������40���
��
%%������
�*��/(�%�
/�%0����
#%���0����
�
��	������
��������������

��%��4
4������������40���
���������
��	�����$��/���	�������� &��
�0��)�,��40���������40���
����

��7���#���
�0��������40���
��	
���������
�0�������#������&��
�
�:*.;)��
4������	�����	�����$��/���	�����
�0��������
���0��������40���
�)��	��	��	�����
�0��������$��/���	�����	�����	
���	��%�
/�
#%���0�������&�%0������0��
���	���0���
�����������������	��,��40���������40���
)���
4����)��<��$��/���	�����
�0�������
���0��%��4
4������������40���
��=>?� @ABCDAEFCA>G�HIJK� L>M�LANKOAP>>Q�*� 9
##
� *��)�+.��� ,��40��� *��)�R3��� 9�
��
��6����7���#��(
�0�� 33)R.R+�+� �
�����	� *��)��.���	����#%
����
�����	
�
����������80

������'�%�
/�
#%���0��'�

���	��
���
���
#%���0�������&�%0��������	��
���
��
����������
������������
����


��6����
��	�����0��)���2��)�*�)�S�	
��������%�
/�

��
���
���
#%���0���
��%�������������������
����������

TUVWTUVUXUU UVUUY UVUUZ UVUU[ UVUU\ UVUW UVUWY UVUWZ UVUW[ UVUW\ UVUY]̂ �_̀abc�ad�eVW�bf
TUVUXUU UVUUY UVUUZ UVUU[ UVUU\ UVUW UVUWY UVUWZ UVUW[ UVUW\ UVUY]̂ �_̀abc�ad�WUVY�bf
TUVUXUU UVUUY UVUUZ UVUU[ UVUU\ UVUW UVUWY UVUWZ UVUW[ UVUW\ UVUY]̂ �_̀abc�ad�WWVY�bf
TUVUXUgh_ijdkl̀�mfn U UVUUY UVUUZ UVUU[ UVUU\ UVUW UVUWY UVUWZ UVUW[ UVUW\ UVUY]̂ �_̀abc�ad�WYVY�bfTUVUXUU UVUUY UVUUZ UVUU[ UVUU\ UVUW UVUWY UVUWZ UVUW[ UVUW\ UVUYojh̀ �mcn]̂ �_̀abc�ad�WpVY�bf

qrstuvwxyz�{w|y}~yz�r~y�{w�wsyz�su����{{w}}��}w�yv~ws��u���y|t}u{u�����u�}{u�zyz�u}��|su�yv����������s���������������vu���������{uvy����y~svw|swu}~����{���



�������������	��
���

���

������
��������
����
����
�������

����������
���
��
����
��������
����	
��
���
�������������� !"�#��$�%���	�����	���
��
���
����&'

���
�����(
�
)�������
��'��
��(�
*��+�
)(���'���

��
���
����+�
)(���'��$�����

�,�����
��	
���	��(�
*�
)(���'�������+�('���������
���
��
��)�
���
��
����
����������������
�����������������$�$-����)��+�.����/$%�*.$��	��(�
*�
)(���'����
�'����	���

��0���)��(��
��
��/$%�*.��	�����	��(�
*��
�'���
�����������
���$%�1�).$�2'��
����������
�������������
���
����,���
��/$%�*.��	��(�
*�
)(���'����
�'����
���������
��
�$�3��	�'�	��	��
'),������('������
���
���
��
���0(�
�
��
����
���
���
��
����������
��������$�����

�
����,�����
��	
��
�
���	��,��
*���
�����
������%�$��*.��	��(�
*�
)(���'����
�'����
�����
���
��
�$���)��
��(
����
�����,�����������
���
����
�'���
����
��$�4������-�
��	��	������������������
,����%�$%�*."��	��
���
���
)(���'�������������
�����
��,�	
�����
���	��
��
�#��$�%%$�����)(������	
���	������
�
���
��
������	��	���
��/$%�*.$�3��	��	���������������������
�
���
���������
���
�����
��(
����
$��.$� +������� !�5�� !�6��� !����������
,����
����������'�����'������	����	��	�����
,������

�������(��
���

������$��	���(��
���

�������������	��)
�-���������
���
����
)�
�
�-�

��
),��
�"�

�������
��(�
���
���
������
��
,����(
����'�
�����	��'������(������������
�����
���������
���
����	������
�
���
��
��$��	����
�����
7,
����
�����)�
�����
�*������	
�&'�����(����
���
,�������)�����
�
���
�

��'(��)�
���
��'��$���
��	���(
(��-�
��+���'�������
�������'���
�
�)���')�����
����
,����
)(������	���+$��	��*�����
������	�����'������������
����	���+��	
�
����������&'

����������	��
�'�
���
�
��
��

������
�
���
$��	��(���������
������+����


��8���'��
���+�('�����	
�
�����������
���
���
��
����������
�����������
�����
�$��	����'������,
�����
��	�����+�(
����
$���
������
���	��
'),������('����-�����
���
�����0(�
�
��
�������	��
���
��
����������
��������$� 
��	����	���	

�-��	��(�
*�
)(���'������('�����
���
���
��
����������
������������������	��9��,'���������,'���
$��	����'���
����	��	���	����	
���	���
�'�
���
�����
�
���
�'
������+���������
����7���(�,�	
����$�#��)��+�.������/$%�*.��	��(�
*�

��
���
���
)(���'������('�����������
���
��
��(��(�����

�������	��	��
'),������('����$��
��	������
�����(��	��	����
,����/$%�*.��	��
'),������('������
���
���,'���	��(�
*��
�'�����
����������
��
�$����	������	
�����

�'�������+�('������'��������	
���	��(��,
,��������


����������	��,�����
�����


��8���+��
�
$�:�
��
���-��'��
��������)�
�'��)�
��-��	���
��
�����
���
���
�
�������	�����
��8����������
���	���������$��	���+�)�
�'��)�
�7,
�����
������
���
��

�,��'���'���
������)�
�
���	������������������,��


��8�
���	���
��
���
��
��	���+��	
�
�����������
���������
�����������
�����
�$�3��
����������
���
�,�����
�&'

�������

������
�
���
��

���
������	��������()�
�����
��
��(
����
���	
���

��������
��������)
����	����)
�
�
�����������	���
�'�
���
�

��
������	���'���
��
��'�������	��
��������)(�
�
��$��3�;! 96�+:�<�!���	������*�����'((������,���	������
�

�����
��	���'
����'
����:�

��!�$���:���$� ��#���!����=%>� �$�2
��
�*
�-�?�
���
������	
������	����)��	

��)-���������
�

��)�
�'��)�
�-@�ABBB�CDEFGEHIJKFG�KF�LJMNMHIDJHG�EFO�BNMHIDJHEN�AFGPNEIJKF-����$�/-�
�$�Q-�(($�1��RS�S-� ��$�����-����T�%�$%%�/U�+��$����$%��S���$�

=�>� �$�6
'��
��

��:$����������-�?4����������
�

��(
���
�7����	
�����
�'����
���
�����(���)���-@��
�VPHNMED�AFGIDPWMFIG�EFO�XMIYKOG�JF�ZY[GJHG�\MGMEDHY]�̂MHIJKF�_̀�_MEW�AFIMDEHIJKFG�aJIY�XEIMDJENG�EFO�bIKWG-�3'�$�����-����$���S-�
�$�%Rc-�(($�cc�Rcc1$����T�%�$%�%�U��%�S7QS�d����"���c/7/$�=�>� <$�4����

���$��
���	-�e3�(	����
��)����-�������,�
���	��

�'������(
���
������	
����('������&'�
���-e�ZDKHMMOJFfG�Kg�hIY�AFIMDFEIJKFEN�iKFgMDMFHM�KF�ZDKjMDIJMG�EFO�bjjNJHEIJKFG�Kg�LJMNMHIDJH�XEIMDJENG-�%//1-�(($��S�7�S�����$%-����T�%�$%%�/U���3+<$%//1$�%1QS�$�=c>� �$��	��')'�'�

-�:$�2$�;'),	
�-�

���$� �'�

��-�?�'��
���+���	
�����	
�
��������������+������
�������76�&'����
�'�
���
�<
����
����
���������

����)���-@�ABBB�CDEFGEHIJKFG�KF�ZNEGWE�ĤJMFHM-����$�c1-�
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��������� !"#$%#&$ '%!#!#($")$'�('�**!"#$+"&��*$,-$./01$1.2345$-0-6$783691$:;87$./;66$:<709061$0-=9230->$90-6<;5$?@A$<-3$BCD$:<709061$<;6$=/816-$.8$E-3$F61.$=8;;69<.08-$F6.G66-$H/<16$1H<-$<-3$CDD$3<.<$G0./$<HH9063$696=.;0=<9$1.;611I$J/6$783691$<;6$36E-63$<1$:8998G1I$$KLM$N0-6<;$;6>;61108-$783691$N0-6<;$783691$<;6$8-6$8:$./6$107H961.$;6>;61108-$783691$2163$.8$=8;;69<.6$.G8$8;$78;6$./<-$.G8$O<;0<F9615$<918$=<9963$./6$;61H8-16$<-3$H;630=.8;$O<;0<F961I$A<./67<.0=<9945$./6$90-6<;$;6>;61108-$783691$<;6$6PH;61163$<1$QRST$UVWXYZ[\Z]W]\ẐŴ\_ K̀M$G/6;6$%"$01$./6$4a0-.6;=6H.5$%b$<-3$%�$<;6$=8a6:E=06-.1$8:$;6>;61108-5$cb$<-3$c�$<;6$;61H8-16$O<;0<F961$<-3$�$;6H;616-.$./6$6;;8;I$,-$./01$1.2345$./;66$90-6<;$783691$<;6$1696=.63$0-=9230->$107H96$90-6<;5$90-6<;$0-.6;<=.08-$<-3$90-6<;$;8F21.I$J/6$90-6<;$0-.6;<=.08-$78369$0-=92361$<-$0-.6;<=.08-$.6;7$0-$<330.08-$.8$./6$=8-1.<-.$<-3$90-6<;$.6;71$<1$1/8G-$0-$KSM$QRdTI$J/6$0-.6;<=.08-$.6;7$cLcR$;6H;616-.1$0-.6;<=.08-$F6.G66-$.G8$;61H8-16$O<;0<F961I$J/6$90-6<;$78369$G0./$;8F21.$:2-=.08-$;632=61$./6$16-10.0O0.4$8:$./6$78369$.8$82.906;1$F4$<110>-0->$98G6;$G60>/.1$.8$./6$H80-.1$G/0=/$<;6$6PH6=.63$.8$F6$82.906;1I$UVWXYZ[\Z]W]\ẐŴ\ZeW]Ŵ\_ KSM$$$$KRM$?2HH8;.$O6=.8;$A<=/0-6$K?@AM$;6>;61108-$783691$?@A$783691$<;6$6P.6-10O694$2163$0-$=9<110E=<.08-I$?@A$;6>;61108-$783691$216$./6$/4H6;H9<-6$KF82-3<;061$G/0=/$H;630=.$./6$82.H2.M$.8$E.$./6$3<.<I$,-$<330.08-$.8$./<.$./616$216$30::6;6-.$f6;-69$:2-=.08-15$G/0=/$.;<-1:8;7$0-H2.$3<.<$0-.8$<$120.<F96$:8;7<.I$,-$./01$1.2345$./;66$f6;-69$:2-=.08-1$<;6$2163g$90-6<;5$h2<3;<.0=5$<-3$E-6$><2110<-$QRiTI$$KjM$B<2110<-$H;8=611$;6>;61108-$KBCDM$783691$BCD$01$<$-8-aH<;<76.;0=$<-3$H;8F<F0901.0=$;6>;61108-5$G/0=/$01$F<163$8-$f6;-69$:2-=.08-1I$,.$=<9=29<.61$./6$H;8F<F090.4$301.;0F2.08-$8O6;$<99$<998G<F96$:2-=.08-15$G/0=/$F61.$E.$./6$3<.<5$=<9=29<.0->$0.$:;87$H<;<76.6;1$8:$<-4$:2-=.08-I$k8G6O6;5$E;1.94$0.$;6h20;61$H;08;$301.;0F2.08-$<-3$F<163$8-$./<.5$0.$H;630=.1$<$H81.6;08;$301.;0F2.08-$8-$H80-.1$8:$0-.6;61.I$BCD$783691$<;6$G03694$2163$0-$./6$E693$8:$7<=/0-6$96<;-0->$:8;$=9<110E=<.08-$<-3$;6>;61108-I$J/6;6$<;6$.G8$7<l8;$<3O<-.<>61$8:$BCDI$m0;1.945$0.$H6;:8;71$G699$8-$17<99$3<.<$16.1$<-3$16=8-3945$0.$H;8O0361$2-=6;.<0-.4$O<9261$8-$0.1$8G-$61.07<.08-I$N6.$21$=8-1036;$<$3<.<$16.$nVc!op!Xq!YLoRojorss#tG/6;6$c!uv&$01$./6$H;630=.8;$O<;0<F96$G0./$3076-108-$&$<-3$p!uv$01$./6$;61H8-16$O<;0<F96I$w6$=<-$<116;.$./<.$:8;$<-4$0-H2.$O6=.8;$cYxcLocjoroc#yz$./6$O6=.8;$8:$82.H2.1$pYxpLopjorop#y $01$-8;7<994$301.;0F2.63I$J/6$><2110<-$H;8=611$01$36E-63$F4$76<-$+VcX<-3$=8O<;0<-=6$8;$f6;-69$:2-=.08-${Vcoc|X<1$QR}T$UVWX~�x�VWXo�VWoW|Xy KdM$$J/6$=/80=6$8:$f6;-69$:2-=.08-$01$07H8;.<-.$:8;$8F.<0-0->$./6$F61.$E.$78369I$,.$01$6116-.0<9$./<.$./6$f6;-69$:2-=.08-$721.$F6$14776.;0=<95$0I$6I5${�c!oc��Y{�c�oc!�<-3$/<O6$<$H810.0O6$O<926$:8;$<-4$16.$8:$0-H2.1I$J/;66$.4H61$8:$f6;-691$<;6$2163$0-$./01$1.234g$;<.08-<9$h2<3;<.0=5$1h2<;63$6PH8-6-.0<95$<-3$A<.�6;-$f6;-691I$������*�"#*�$��" *$%#&$�''"'$!#&!��*$�87H<;018-$8:$783691$01$<-$07H8;.<-.$<1H6=.$0-$6O<92<.0->$./6$F61.$78369$;6H;616-.0->$=8;;69<.08-$F6.G66-$h2<-.0.061I$,-$./01$1.2345$./6$=87H<;018-$01$7<36$F<163$8-$>;<H/0=<9$<-3$6;;8;$0-30=61I$�99$783691$<;6$.;<0-63$G0./$./6$;61H6=.0O6$3<.<$16.1$G/6;6$=;811a$O<903<.08-$01$f6H.$<.$S$:8931$:8;$<99$783691I$D61H8-16$H98.$01$<$>;<H/$F6.G66-$H;630=.63$;61H8-16$O6;121$./6$<=.2<9$;61H8-16I$,:$./6$;6>;61108-$90-6$8:$./6$78369$<-3$<=.2<9$3<.<$9061$8-$036-.0=<9$90-615$0.$76<-1$./6$78369$F61.$E.1$<=.2<9$3<.<I$C6;:8;7<-=6$0-30=61$<;6$1.<.01.0=<9$h2<-.0.061$G/0=/$<;6$216:29$0-$6O<92<.0->$./6$E.$8:$<-4$;6>;61108-$78369I$,-$./01$1.2345$:82;$6;;8;$0-30=61$0-=9230->$Da1h2<;635$DA?�5$A��$<-3$.;<0-0->$.076$<;6$2163$.8$6O<92<.6$<-3$=87H<;6$./6$H6;:8;7<-=6$8:$./6$.;<0-63$;6>;61108-$783691I$$KLM$Da1h2<;63$6;;8;$J/01$01$<$1.<.01.0=<9$6;;8;$0-36P5$361=;0F0->$./6$6::6=.0O6-611$8:$E..0->$<-4$;6>;61108-$90-6I$,.1$O<926$;<->61$F6.G66-$�$<-3$LI$�$/0>/6;$Da1h2<;63$O<926$1/8G1$F6..6;$E..0->$8:$;6>;61108-$78369$QR�TI$$KRM$D88.$76<-1$1h2<;6$6;;8;$KDA?�M$J/01$;6H;616-.1$./6$36O0<.08-$8:$;61032<91$K1/8G1$/8G$:<;$./6$<=.2<9$3<.<$01$:;87$H;630=.63$;61H8-16MI$�116-.0<9945$0.$36E-61$./6$
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