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Abstract 

In this paper, a detailed analysis of dielectric breakdown and electrical aging behavior of high-voltage 
insulating polymer material has been proposed through sophisticated MATLAB simulation. The 
research involves electric field modeling, aging life prediction, partial discharge (PD) behavior and 

uncertainty modeling using Monte Carlo analysis. 
Electric field hotspots causing critical behavior, 
sensitivity of the lifespan to electric stress, and the 
stochastic PD build-up allow predictive 
diagnostics of the health of insulating polymer 
materials, simulated results say. This method gives 
a common simulation platform that can be 
applicable to researchers and the practitioners in 
the industry who deal with high voltage systems. A 
clear lack exists in the form of an integrated, multi-
dimensional simulation capability which would 
enhance deterministic and probabilistic analyses 
into a coupled and user-friendly framework. In 
particular, a tool stress levels, model PD events as 
random processes, and include statistical 
deviations in polymer material parameters. This 
would not only be an academic exploration tool, 
but it would also enable the industry practitioners 
to have a predictive diagnostic ability, as well as 
the ability to do design verification. The gap is 
closed in this research with the proposed integrated 
MATLAB based simulation framework, which 
captures all the key factors of insulation aging. In 
doing so it addresses a long-standing gap in the 
capability to diagnose polymer materials at high 
voltage and establishes the foundation of a new 
generation of insulation system design and health 
monitoring. 
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INTRODUCTION 
Insulation systems in high voltage (HV) 

equipment (transformers, cables, capacitors, and 

*Author for Correspondence 
Kamalkishor Maniyar 

 
1Assistant Professor, Department of Electrical Engineering, Dr. 
D. Y. Patil Institute of Technology, Pimpri, Pune, India. 
2Associate Professor, Department of Electrical Engineering, 

Annasaheb Dange College of Engineering and Technology 
Ashta, Maharashtra, India. 
3Assistant Professor, Department of Electrical Engineering, 

Annasaheb Dange College of Engineering and Technology 
Ashta, Maharashtra, India. 
4Assistant Professor, Department of Electrical Engineering, 

Rajarambapu Institute of Technology Islampur, Maharashtra, 
India 
5Professor, Department of Electrical Engineering, Dr. D. Y. 

Patil Institute of Technology, Pimpri, Pune, India. 
6Assistant Professor, Department of Electrical Engineering, 

Walchand College of Engineering, Sangli, India. 
7Associate Professor, Department of Electrical Engineering, 
Finolex Academy of Management & Technology, Ratnagiri, 

Maharashtra, India. 
8Assistant Professor, Department of Electrical Engineering,  
Finolex Academy of Management & Technology, Ratnagiri, 

Maharashtra, India. 
9Assistant Professor, Department of Humanities and 
Engineering Sciences, MIT Academy of Engineering, Alandi 

Road, Pune, Maharashtra, India. 
10Associate Professor, Department of Mechanical Engineering, 
Jagadambha College of Engineering and Technology, 

Yavatmal, Maharashtra, India. 

11Professor, Department of Mechanical Engineering PES 
Modern College of Engineering, Pune, Maharashtra, India. 

12Assistant Professor, Department of Electrical Engineering, 
Dr. D. Y. Patil Institute of Technology, Pimpri, Pune, India. 

13Associate Professor, Department of Mechanical Engineering, 

Dr. D. Y. Patil Institute of Technology, Pimpri, Pune, India 
 

Received Date: August 21, 2025 

Accepted Date: November 11, 2025 
Published Date: November 21, 2025 

 

Citation: Digvijay Kanase, Suraj Pawar, Gajkumar 
Kavathekar, Sachin Jadhav, Shankar Chavan, Swapnil Patil, 

Jayant Mane, Rajeshkumar Damodharan, Abhay Dashrath, 

Vijay Bhambere, Girish Modak, Ganesh Patil and Kamalkishor 
Maniyar. Dielectric Breakdown and Electrical Aging of 

Insulating Polymer Materials in High Voltage Systems. Journal 

of Polymer & Composites. 2026; 14(Special Issue 1): S173–

S187p. 



 

 

Dielectric Breakdown and Electrical Aging of Insulating Polymer Materials                                      Kanase et al. 

 

 

© STM Journals 2026. All Rights Reserved S174  
 

switchgear) insulation systems play a key role. These systems are developed in order to avoid 
undesirable current flowing and ensure safe functioning by enduring high electric stresses. Their 
inability may lead to devastating destructions, loss of power, and enormous financial costs, and thus 
their dependability stands out as one of the main focuses of power engineers and utilities [1–3]. 

 

The usefulness of insulation materials is determined by their ability to withstand dielectric destruction 

in long term, and frequently in a combination of electrical, thermal, mechanical, and environmental 

stresses. With time, recurring electrical stress leads to increasing degradation of the insulation integrity 

a process known as electrical aging. This degradation is often followed by partial discharges (PD) that 

are localized dielectric breakdowns that do not fully span the electrodes but add to long-term destruction 

[4, 5]. 

 

Empirical and laboratory testing has been traditionally important in the assessment of insulation aging 

and failure. These methods though effective, are usually limited by their cost, time constraints and 

reproducibility. In addition, they have a limitation of modeling long-term aging impacts in changing 

operating conditions. Such constraints make it necessary to come up with powerful modelling and 

simulation tools [6–8]. 

 

The introduction of computational based tools as MATLAB and incorporation of numerical solvers 

such as the PDE Toolbox has allowed researchers the opportunity to model intricate electro thermal 

behaviour and ageing performance predictions with excellent accuracy. Simulations may be used to 

reproduce measured field distributions in the real world, calculate areas likely to fail, and approximate 

the insulation life expectancy at various levels of electric stress, and may be used to model stochastic 

processes like PD activity. In this paper, these capabilities are used to describe in detail a MATLAB 

based framework of dielectric breakdown and electrical aging analysis [9–11]. 

 

In this paper, Cross-linked Polyethylene (XLPE) will be taken as an example of high-voltage 

insulating polymer material to be simulated and analyzed. XLPE is a thermoset polymer which is largely 

employed in medium to high-voltage power cables and insulation systems because of its high dielectric 

strength, low dielectric loss, thermal stability, and environmental resistance. Its mechanical integrity 

and resistance to electrical, thermal and chemical stresses are better than conventional polyethylene 

(PE) because of the cross-linking process.  

 

XLPE is heavily characterized with regards to partial discharge (PD) resistance and it has been found 

that it is able to sustain a long period of electrical stress before splitting up takes place. But, as with all 

dielectrics, it is prone to electrical aging, particularly at high field strength, elevated temperature and 

when moisture enters the material. In practice, inhomogeneities in the field, e.g. voids or sharp edges 

of electrodes, may cause a localized PD activity that will, in the long run, degrade the insulation. 

 

The key aim of the work is to integrate deterministic and probabilistic modelling to develop a 

powerful, multi-purpose tool in the comprehension and forecasting of insulation behaviour. These 

comprise electric field simulation, life prediction based on aging laws, partial discharge modelling and 

Monte Carlo uncertainty analysis, all within the same framework to help ensure a better design and 

monitoring of HV insulation systems [12]. 

 

LITERATURE REVIEW 

Dielectric breakdown and electrical aging have extensively been studied in relation to high voltage 

insulation systems. Dissado and Fothergill (1992) carried out pioneering work on degradation processes 

in polymers especially the mechanisms of charge injection, molecular chain scission, and chemical 

decomposition and localized thermal effects. Their work founded the physical and chemical main 

processes that happen during the aging of polymers under high electrical stress [13]. 
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The phenomenon of partial discharge (PD) was examined by Boggs (1990) who further enhanced the 

knowledge on insulation failure. His contributions had discussed the initiation and growth of PD, and 

its influence as a precursor to a catastrophic insulation failure. His findings, in which discharge patterns 

were characterized and correlated with defect types, played an important role in non-destructive 

diagnosis of power systems [3]. 

 

Predictive models of electrical aging that are founded on the relationship between stress and time 

were presented by Montanari (2001). His models considered both the electric field intensity and 

constants that were material dependent giving a quantitative basis on which life expectancy could be 

calculated. Such models have been since applied to a variety of polymeric and composite insulations 

[14–16]. 

 

This knowledge has been advanced into the simulation realms by other modern researches. Finite 

Element Method (FEM) tools and numerical modeling environments have been employed by 

researchers to model the electric field distributions and fail at the points in cable joints, bushings and 

encapsulated devices. There has also been research into developing multiphysics models to couple 

electrical, thermal and mechanical stresses to better represent real world conditions [17–18]. 

 

Nevertheless, a unified framework of this electric field computation, empirical aging prediction, 

stochastic discharge simulation, and uncertainty quantification via Monte Carlo methods has not been 

achieved yet. The unification of those approaches into a single MATLAB-based framework, however, 

is seldom discussed in the available literature. The proposed study provides a comprehensive modelling 

framework to dielectric aging analysis, therefore, enhancing the predictive dielectric diagnostics of 

high-voltage insulation. [19, 20] 

 

RESEARCH GAP 

Although a great progress has been achieved by past studies concerning the aging and breakdown 

mechanisms in dielectrics, a lot of these findings are still compartmentalized. Test programs under 

experimental study are normally constrained to particular stress conditions, e.g., constant voltage 

endurance, or temperature accelerated life tests. Likewise, simulation activities tend to be disjointed, 

either electric field distribution modeled, or life expectancy predicted by empirical formulae without 

considering the overall system behavior [21–30]. 

 

The existing simulation platforms tend to concentrate on a single or two insulation degradation 

aspects. As an example, certain models are limited to analysis of electric fields, others focus on thermal 

stress but do not consider stochastic partial discharge activity or variability of material properties. 

Simulations, moreover, seldom measure the uncertainty in the lifespan estimates of insulation, which is 

crucial in the case of actual deployment [31–40]. 

 

Material Parameters and Polymer Specification 

The dielectric materials selected for this investigation are Cross-Linked Polyethylene (XLPE) and 

Epoxy Resin, both of which are widely utilized in high-voltage insulation systems due to their superior 

electrical strength and chemical stability. The modeling framework developed in MATLAB allows easy 

modification of input parameters, enabling simulation of various polymers by simply updating their 

dielectric properties, conductivity, and breakdown field constants. Table 1 shows electrical and physical 

Properties of Modeled Polymers 

 

In the simulation model, the geometry represents a 2D slab of the insulating medium under uniform 

field stress. The governing Laplace equation for the potential distribution ∇2V=0is solved using 

MATLAB’s PDE Toolbox. The electric field is derived as: 

E= −∇V 
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METHODOLOGY 

The research methodology in this study is modular and sequential. Each of the components considers 

a particular facet of dielectric behavior of high-voltage insulation systems. The simulations were all 

performed in MATLAB R2022b using built-in functions and toolboxes to do the numerical 

computation, data analysis, and visualization [41–50]. The entire procedure is broken down into four 

large elements as shown in Figure 1. 

 

Electric Field Simulation 

MATLAB PDE Toolbox was used to generate a two-dimensional rectangular model of an insulating 

polymer layer. The geometry corresponds to a slab between two electrodes one at high voltage and the 

other at ground. Boundary conditions enforced are Dirichlet voltage source on one side and grounded 

boundary on the other with the rest being electrically insulated boundaries.  

 

The solution of Laplace equation is carried out throughout the domain to get the electrostatic potential 

[51–60]. Electric field intensity is then calculated as the gradient of the potential field which accentuates 

field concentrations and potential breakdown areas. 

𝛻2 = 𝑉 = 0 (1) 

Table 1. Electrical and physical properties of modeled polymers. 

Property Symbol XLPE Epoxy Resin Typical Range/Units 

Relative Permittivity εᵣ 2.3 3.8 2–5 

Volume Resistivity ρ 1×10¹⁵ 5×10¹⁴ Ω·m 

Electrical Conductivity σ 1×10⁻¹⁵ 2×10⁻¹⁵ S/m 

Dielectric Strength E_bd 40–60 25–40 kV/mm 

Aging Constant A 9.5×10⁶ 5.7×10⁶ hours·(kV/mm)ⁿ 

Stress Exponent n 10 8 — 

 

 
Figure 1. Methodology. 

4.1 Electric Field Simulation 
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Electrical Aging Life Estimation 

An empirical power-law model is well established to be applied in predicting the operational life of 

insulation materials. Where L is the lifespan in hours, E local electric field (kV/mm), A is a material 

constant determined by experimental data, and n is the electric stress exponent. The estimated life at 

different field strengths was computed and MATLAB scripts were prepared [61-70]. Furthermore, they 

performed sensitivity analysis, changing values (e.g., 8, 10, 12) and getting an insight into the alterations 

of life expectancy dependent on the responsiveness of materials stress. 

𝐿 = 𝐴. 𝐸−𝑛 (2) 

The aging behavior of dielectric polymers was analyzed using the Electrical Stress-Based Power-

Law Model, which is widely accepted for high-voltage insulation systems. Table 2 includes Comparison 

with Standard Models. 

 

The electrical power-law model captures field-driven degradation dominant in high-voltage cable 

applications, where electrical stress is more critical than thermal stress. Figure 2 shows the variation of 

lifetime versus electric field for XLPE and Epoxy materials. As observed, the lifetime decreases 

exponentially with increased field stress. At 20 kV/mm, XLPE insulation can last over 25 years, while 

at 50 kV/mm the expected life drops below 6 months. 

 

Partial Discharge Simulation 

PD behaviour was taken as a probabilistic process. To emulate realistic variation caused by 

temperature, humidity or defect propagation a synthetic electric field signal with random fluctuations 

was produced. A set value was chosen to act as the PD inception voltage. A PD event was recorded 

when the variable field went above this threshold; the magnitude of the event was sampled from a 

uniform distribution. By integrating the square of magnitudes with time, the cumulative PD energy was 

calculated which provides an indicative of cumulative insulation stress and degradation. [71–75]. 

 

Monte Carlo Analysis 

In order to consider the uncertainty in the material properties as well as the operating conditions, a 

Monte Carlo simulation was conducted. A large number of trials were conducted with the parameters, 

, and being randomly drawn according to the right statistical distribution. Each trial yielded the 

respective values of the lifespan, and a distribution of the expected lifetimes was obtained. The outcome 

is a stronger, probabilistic concept of how material ages as opposed to the use of single-value 

deterministic models. Such combined approach enables versatile and extensive simulations that mimic 

real life insulation stress conditions and ageing behavior [76–83]. 

 

RESULTS AND DISCUSSION 

In the case of the simulations in this paper the values of A and n was picked out of literature to 

represent the realistic behavior of degradation of XLPE under the high-voltage condition. The Monte 

Carlo simulations also included variability in these parameters to consider uncertainties caused by 

material imperfections, operating condition and environmental effects.  

 

Table 2. Comparison with standard models. 

Model Expression Primary Factor Applicable 

Standard 

Remarks 

Dakin Thermal Model L= A exp (B/T) Temperature IEEE Std 930 Thermal aging 

dominant 

Montsinger Rule L α 2 ^(-ΔT/10) Thermal stress IEC 60216 Simplified empirical 

rule 

Electrical Power Law 𝐿 = 𝐴. 𝐸−𝑛 Electric field IEC 60243-1 Used in this study 

Combined Electro-

Thermal Model 

𝐿 = 𝐴. 𝐸−𝑛 exp 

(B/T) 

Field & Temperature — For coupled effects 
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In general, XLPE can be considered a good reference point when it comes to high-voltage insulation, 

and it can also be regarded as an adequate candidate to demonstrate the simulation framework suggested 

in this study. XLPE results are applicable to other solid dielectric materials by modification of the 

parameters as shown in Figure 2 [84, 85]. 

 

This Figure 2 shows the voltage distribution throughout the 2D rectangular insulating polymer slab. 

A linear gradient between 1 (high voltage) and 0 (ground) can be seen, which proves that the Laplace 

equation was solved correctly. The gradual potential gradient shows clearly defined boundary 

conditions. This confirms the evenly distributed voltage when there are no space charges or in 

homogeneities of the dielectric. However, potential is linearly varying, but its gradient, i.e. the electric 

field, reveals stress concentrations, which cannot be seen in this figure alone. Figure 3 describes electric 

field intensity magnitude system. 

 

This Figure 3 indicates the strength of the electric field which is computed as the spatial derivative 

of the potential field. The high field concentrations are found at electrode boundaries and corners. The 

existence of these localized hotspots is a design weakness indicator that can result in premature 

breakdown. These variations are reflected well in the mesh granularity and explain why high-resolution 

modeling is essential in high-risk areas. 

 

 
Figure 2. Electric potential distribution. 

 

 
Figure 3. Electric field intensity magnitude. 
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This Figure 4 curve is of life expectancy of insulation vs. electric field at constant stress exponent 

n=10. The life usefully available falls off exponentially with field. At 20 kV/mm the calculated life is 

greater than 30 years, at 60 kV/mm it is less than 1 year. This underlines the high negative correlation 

of material life on electric stress, which is consistent with experimental evidence of polymer 

degradation studies. 

 

Figure 5, three curves plot predictions of lifespan n=8, n=10 and n=12, Small alteration in the 

exponent n creates wide differences in predicted life. The materials of higher n are more sensitive to 

variation in field. Herein lies the necessity of experimentally establishing material-specific constants 

instead of utilizing standard values, at least in cases where critical HV applications are concerned. 

 

Figure 6, spikes in the field above the PD threshold creates events of discharge. These occasions are 

randomly spread, mimicking the actual world impacts of thermal, environmental or mechanical clamor. 

PDs are also known to destroy insulation in a progressive manner and their random nature in terms of 

appearance justifies their categorization as breakdown precursors. 

 

 
Figure 4. Electrical aging life prediction. 

 

 
Figure 5. Life prediction to stress exponent. 

1.2

1

0. 

0. 

0. 

0.2

0

E
st
im
at
ed
 l
if
e 
( 
ea
rs
)

Electric a in  life prediction (n=10)

Electric  ield (kV/mm)

20 2  0    0    0    0

 10
 11

 . 

 

 . 

 

2. 

2

1. 

1

0. 

0

E
st
im
at
ed
 l
if
e 
( 
ea
rs
)

Life prediction sensitivit  to stress exponent

Electric  ield (kV/mm)
20 2  0    0    0    0

 10
  

. n =  
n = 10
n = 12



 

 

Dielectric Breakdown and Electrical Aging of Insulating Polymer Materials                                      Kanase et al. 

 

 

© STM Journals 2026. All Rights Reserved S180  
 

This Figure 7 demonstrates the total energy that has been emitted by all PD events. The energy builds 

up slowly, yet monotonically, and focuses on the additivity of degradation of PDs during long-time 

operation. The surveillance of these cumulative parameters may play an important role in the 

establishment of condition-based maintenance of insulation systems programs. 

 

The Figure 8 Histogram of life expectancy with 1000 trials that simulate uncertainties in the electric 

field, exponent n and aging constant A. This is a range of variability of material behavior as well as 

operational conditions. Confidence-based design and management of insulation and other assets can be 

made based on this distribution as opposed to deterministic predictions. 

 

 
Figure 6. Electric fluctuation and partial discharge. 

 

 
Figure 7. Cumulative PD energy over time. 

 
Figure 8. Monte carlo simulation of lifetime. 
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Table 3. Example output for XLPE (nominal voltage = 11 kV, E_bd = 50 kV/mm). 

Parameter Symbol Result Unit 

Maximum Electric Field Emax 18.7 kV/mm 

Safe Operating Field Esafe 20.0 kV/mm 

Predicted Mean Life Lmean 27.5 years 

5% Percentile Life L5% 8.9 years 

Cumulative PD Energy EPD,cum 1.42×10⁴ arb. units 

 

The developed MATLAB-based framework is designed for direct application in industrial insulation 
design, verification, and maintenance planning. Unlike commercial finite-element solvers that primarily 
offer field visualization, this model quantifies life expectancy, safety margins, and risk probabilities 
under realistic field and material variations. Table 3 shows example Output for XLPE (Nominal Voltage 
= 11 kV, E_bd = 50 kV/mm) 
 

CONCLUSION 

This paper unifies and describes a MATLAB-simulation-based framework that can be used to 
determine the dielectric reliability of high-voltage insulating polymer materials. Four major modules 
(electric field computation, life estimation, PD modelling and Monte Carlo uncertainty analysis) were 
smoothly combined. 
 

Key Takeaways 

• Electric Field Simulation: field hotspots were identified which may cause localized breakdown. 

• Life Prediction exhibited a high negative exponential correlation involving electric field and 
insulation life. 

• Partial Discharge Modeling accounted stochastic discharge behavior, and accumulated stress 
effects. 

• Monte Carlo Analysis gave a probabilistic picture of the aging phenomenon that showed the 
variability of lifespan in real-world uncertainties. 

 
This framework combines the deterministic model-based approach with probabilistic simulation-

based approach to provide predictive capabilities of insulation health to engineers and researchers. 
These tools play an important role in optimization of design, reliability analysis, and risk-based 
maintenance of the modern high-voltage systems. 
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