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Editorial

Dielectric Insulation in Medium- and High-Voltage Power
Equipment—Degradation and Failure Mechanism, Diagnostics,
and Electrical Parameters Improvement

Tomasz N. Koltunowicz

Department of Electrical Devices and High Voltage Technology, Lublin University of Technology, 38a,
Nadbystrzycka Street, 20-618 Lublin, Poland; t.koltunowicz@pollub.pl; Tel.: +48-81-538-47-13

The proper operation of medium- and high-voltage power equipment is greatly af-
fected by the degradation of its insulation. There are five main factors that cause insulation
degradation: electrical, mechanical, and thermal exposures, as well as chemical aggression
and environmental pollution. Therefore, it is very important to be able to control the devel-
opment of insulation material degradation and thus reduce the possibility of medium- and
high-voltage power equipment failures. The diagnostic tests carried out to this end help
to eliminate damage to the insulating components of power equipment. This effectively
reduces or even eliminates catastrophic failures and thus reduces the risk of environmental
pollution. This Special Issue addresses topics related to the measurement of and the use
of sensors and other solutions to monitor the condition of power equipment components.
Issues related to the determination of degradation and damage mechanisms of dielectric
insulation are presented, as are ways to monitor insulating elements of power equipment,
including the condition of solid, liquid, and gaseous insulation.

The Special Issue “Dielectric Insulation in Medium- and High-Voltage Power Equipment—
Degradation and Failure Mechanism, Diagnostics, and Electrical Parameters Improvement” has
received good responses. Of 16 submissions, 12 were accepted, which gives a 75% ac-
ceptance rate. This Special Issue does not include review papers; all accepted papers are
original research papers.

Z. Pu et al. in paper [1] present a solution to the problem of winding turn-to-turn
breakdown faults in dry-type transformers on wind farms under overvoltage conditions.
For this purpose, a simulation model based on the structural dimensions and material
parameters of transformer windings is developed. The winding distribution parameters are
calculated using the finite element method. The simulation results show that the maximum
overvoltage between turns of the transformer winding under lightning shock is 5.282 kV; the
maximum overvoltage between turns of the winding under very fast transient overvoltage
is 11.6 kV and occurs between the first two and three layers of the section, close to the
insulation breakdown margin. The optimization of the proposed process is carried out. The
accuracy of the winding structure optimization simulation study is verified by testing the
transformer’s impulse voltage before and after optimization, providing a reference for the
stable operation of dry-type transformers in practical wind farm applications.

Paper [2] focuses on issues related to the problems generated when the interruption of
a vacuum circuit breaker on a wind farm causes high amplitude and rapid overvoltages,
damaging the transformer’s inter-winding insulation. Based on the physical process of
dielectric recovery during the opening of the vacuum circuit breaker, a model of dielectric
strength recovery is built to simulate arc reignition. The simulation results show that
the overvoltage amplitude and reignition times calculated by the model are closer to
the measured values. Compared with the traditional linear curve reignition model, the
accuracy was increased by 24% and 51.2%, respectively. A suitable suppression scheme is
proposed by installing a combined arrester on the high-voltage side of the transformer and
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connecting a choke coil in series, which can limit the phase-to-ground and phase-to-phase
voltages and reduce voltage steepness.

X. Ge et al. [3] present four insulation resistance (IR) degradation models for cross-
linked polyethylene-insulated cables under thermal ageing. IR is an essential metric
indicating the insulation conditions of extruded power cables. In the paper, the influences
of methodologies and temperature profiles on IR simulation are evaluated. Cable cylindrical
insulation is first divided into sufficiently small segments whose temperatures are simulated
by jointly using a finite volume method and an artificial neural network to model the
thermal ageing experiment conditions. The thermal degradation of IR is then simulated
by dichotomy models that randomly sample fully degraded segments based on an overall
insulation ageing condition estimation and discretization models that estimate the gradual
degradation of individual segments, respectively. The insulation resistance simulation
results are not only compared between different models, but also discussed in terms of the
sensitivity of insulation resistance simulation to segment sizes and degradation rates.

X. Yi et al. [4] investigate the deterioration of and the abnormal temperature rise in the
GFRP core rod material of compact V-string composite insulators subjected to prolonged
alternating flexural loading under wind-induced stresses. The axial stress on the GFRP
(Glass-Fiber-Reinforced Plastic) core rod, resulting from transverse wind loads, is a focal
point of the examination. By establishing a stress model and damage model, the paper
simulates and computes the evolution of damage in the outer arc material of composite
insulator core rods subjected to alternating flexural loads. The research study underscores
the significance of understanding the ageing and decay-like fracture process of compact
line V-string composite insulators and provides crucial insights for future research aimed
at enhancing the material properties of composite insulator core rods.

In paper [5], M. Florkowski and M. Kuniewski present information about partial
discharges (PDs) and the subsequent deterioration of electrical insulation caused by the
high electric-field stress and high-frequency switching phenomena as well as the impact
of environmental conditions. The authors describe a novel combined approach based on
surface resistance and potential mapping to reveal the effects of internal processes and the
deterioration of insulating material due to the actions of partial discharges. The following
two-step approach is proposed: multi-point resistance mapping is used to identify the
spots of discharge channels, pointing to surface resistance that is a few orders of magnitude
lower as compared to untreated areas, whereas high spatial and temporal resolution allows
for the precise mapping and tracing of decay patterns. Experiments were carried out on
polyethylene (PE) and Nomex specimens that contained embedded voids. The presented
methodology and experimental results expand our understanding of PD mechanisms and
internal surface processes.

P. Mikrut and P. Zydroń in paper [6] present the conditions for the formation of PD
pulses in gaseous voids located in the XLPE insulation of an HVDC cable. The MATLAB®

procedure and the coupled electro-thermal simulation model implemented in COMSOL
Multiphysics® software are used in the analysis. The FEM model was used to study
the effect of the applied voltage, the temperature field, and the location of the gaseous
void in the distribution and values of the electric field in the cable insulation. In the
numerical simulation procedure, the time sequences of PDs arising in the gaseous defects
of the HVDC cable insulation were analyzed by observing changes caused by the increase
in the temperature of the cable core. The model was used to study the conditions for
PD formation in models of three HVDC cables for DC voltages from 150 kV to 500 kV.
The critical dimensions of gaseous voids— which, if exceeded, make voids sources of
PDs—were also estimated for each of the analyzed cables.

K. Meresch et al. [7] present a study on the use of acoustic inspection to detect partial
discharges. Ultrasonic sensors have made detecting partial discharges through acoustic
sensing increasingly feasible. Interpreting acoustic signals can pose challenges, as it requires
extensive expertise and knowledge of equipment configuration. To solve this problem, a
technique based on zero-crossing rate and fundamental frequency estimation is proposed
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to standardize insulator diagnosis. In the experiment proposed by the authors, a database
of 72 raw acoustic signals with frequencies from 0 to 128 kHz was used, and various types
of contamination and defects were introduced into the chain of insulators. The proposed
technique allowed for the detection of partial discharges and their classification according
to type, such as corona or surface discharges. This method simplifies the process while
providing valuable insights into the severity of the phenomena observed in the field.

Paper [8] by A. Cichon and M. Wlodarz presents measurements of the technical
condition of an on-load tap changer (OLTC). The methods used require the transformer to
be taken out of service for the duration of the diagnostic procedure for the sake of precision.
This authors create an online OLTC diagnostics method based on acoustic emission (AE)
signals. An extensive measurement database containing many frequently occurring OLTC
defects is used, and a method of feature extraction from AE signals based on wavelet
decomposition is developed. Several machine learning models for classifying OLTC defects
are created, and the most effective model is selected.

E. Taine et al. [9] present research on silicone elastomers, which are commonly used
in high-voltage engineering. They are used in outdoor insulation as coatings or structural
elements, or at interfaces between network elements, such as cable sealing ends (CSEs).
Developing reliable systems that operate under high electric fields and variable repeated
strains requires a thorough understanding of the mechanisms behind electrical breakdown
and its coupling to mechanical cycling. The effect of Mullins damage and mechanical
fatigue on silicone elastomers is investigated in the paper. An electro-mechanical instability
model that considers cyclic softening allows for predicting the evolution of breakdown
strength depending on loading history.

P. Zukowski et al. in paper [10] present studies of the site percolation phenomenon
for square matrixes with dimensions L = 55, 101, and 151 using the Monte Carlo computer
simulation method. The study features an in-depth analysis of the test results using
a metrological approach, which determines the uncertainty of estimating the iteration
results with statistical methods. The authors establish that the statistical distribution
of the percolation threshold value is a normal distribution. The average value of the
percolation threshold for relatively small numbers of iterations varies in a small range.
For large numbers of iterations, this value stabilizes and practically does not depend on
the dimensions of the matrix. The value of the standard deviation of the percolation
threshold for small numbers of iterations also fluctuates to a small extent. For a large
number of iterations, the standard deviation values reach a steady state. Along with
the increase in the dimensions of the matrix, there is a clear decrease in the value of the
standard deviation. The application of the metrological approach to the analysis of the
percolation phenomenon simulation results allows for the development of a new method
of optimizing the determination and reducing the uncertainty of percolation threshold
estimation. It consists in selecting the dimensions of the matrix and the number of iterations
in order to obtain the assumed uncertainty in determining the percolation threshold. Such
a procedure can be used to simulate the percolation phenomenon and to estimate the value
of the percolation threshold and its uncertainty in matrices with other matrix shapes than
square ones.

Paper [11] focuses on determining the percolation phenomenon for square matrices
using the Monte Carlo simulation method. The spatial distributions of the coordinates of the
nodes creating the percolation channel are determined, and maps of the density distribution
of these nodes are created. It is established that in matrices with finite dimensions, an
edge phenomenon occurs, consisting of a decrease in the concentration of nodes creating a
percolation channel as one approaches the edge of the matrix. As the matrix dimensions
increase, the intensity of this phenomenon decreases. Clusters whose dimensions are close
to half of the matrix dimensions are most likely to occur. The research shows that both the
values of the standard deviation of the percolation threshold and the intensity of the edge
phenomenon are clearly related to the dimensions of the matrices and decrease as matrix
dimensions increase.
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In paper [12], an in-depth analysis of the percolation phenomenon for square matrices
with dimensions from L = 50 to 600 for a sample number of 5 × 104 is performed using
Monte Carlo computer simulations. The percolation threshold value is defined as the
number of conductive nodes remaining in the matrix before drawing the node interrupting
the last percolation channel, in connection with the overall count of nodes within the
matrix. The dependencies of the expected value of the percolation threshold and the
standard deviation of the dimensions of the matrix are determined. It is established that
the standard deviation decreases with the increase in matrix dimensions. The analysis
involves not only the spatial distributions of nodes interrupting the percolation channels
but also the overall patterns of node interruption in the matrix. The distributions reveal
an edge phenomenon within the matrices, characterized by the maximum concentration
of nodes interrupting the final percolation channel occurring at the center of the matrix.
Increasing the dimensions of the matrix slows down the rate of decrease in the number of
nodes towards the edge. In doing so, the area in which values close to the maximum occur
is expanded. The approximation of the experimental results allows for the determination of
formulas describing the spatial distributions of the nodes interrupting the last percolation
channel and the values of the standard deviation from the matrix dimensions.

Conflicts of Interest: The author declares no conflicts of interest.
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Inter-Turn Breakdown Fault Analysis and Winding Structure
Optimisation of Winding of Dry-Type Transformers in Wind Farms

Ziheng Pu 1, Xinyun Yu 1,*, Yaoqiang Wang 2, Hao Liu 1 and Zihao Feng 1

1 College of Electrical Engineering & New Energy, China Three Gorges University, Yichang 443002, China
2 Hainan Jinpan Electric Research Institute Co., Ltd., Wuhan 430074, China
* Correspondence: xinyun142924@163.com

Abstract: To address the problem of winding turn-to-turn breakdown faults in 35 kV dry-type trans-
formers in wind farms under overvoltage conditions, this paper establishes a simulation model based
on the structural dimensions and material parameters of the transformer windings. The winding
distribution parameters were calculated using the finite element method. The transient processes
inside the high-voltage coil were calculated by constructing a multi-conductor transmission line
model (MTL) that took into account the influence of the secondary winding. The voltage distribution
of the winding was analysed for both lightning shock and extra-fast transient overvoltage condi-
tions. The simulation results show that the maximum overvoltage between turns of the transformer
winding under lightning shock is 5.282 kV; the maximum overvoltage between turns of the winding
under very fast transient overvoltage is 11.6 kV, which occurs between the first 2–3 layers of the
section, close to the insulation breakdown margin. On this basis, the transformer winding structure
was optimised and the maximum inter-turn overvoltage after optimisation was 9.104 kV, reducing
the likelihood of insulation breakdown by 24.1%. Finally, the accuracy of the winding structure
optimisation simulation study was verified by testing the transformer’s impulse voltage before and
after optimisation, providing a reference for the stable operation of 35 kV dry-type transformers in
wind farm practical applications.

Keywords: dry type transformer; ultra-fast transient overvoltage; distributed parameter; voltage
distribution; winding structure optimisation

1. Introduction

In recent years, with the large number of wind farms in operation, 35 kV dry-type
transformers have been used in large numbers in the field. Due to the differences between
the electrical network structure of wind farms and the general distribution system, some
of the conventional 35 kV dry-type transformers generated for commissioning in recent
years have experienced winding turn-to-turn breakdown faults during operation due to
the extra-fast transient overvoltages generated by the frequent operation of vacuum circuit
breakers [1–4]. Although 35 kV dry-type transformers are less expensive and have a smaller
failure rate, the high cost of shutdown and transport to replace them after a breakdown
fault seriously affects the benefits. Therefore, it is important to improve and optimise
the transformer winding structure to minimise the probability of this type of fault, in
combination with the calculation and analysis of the fault location and winding inter-turn
voltage of dry-type transformers, for the safe and stable operation of wind farms and to
reduce maintenance costs.

Considering that inter-turn voltage measurement is more difficult, most of the existing
studies on the distribution of winding inter-turn transient overvoltage in lightning overvolt-
age and extra-fast transient overvoltage cases are based on simulation calculations. In [5], a
lightning surge simulation was carried out by establishing an equivalent circuit parameter
model for the proportional model of the excitation winding of an autotransformer, but

Energies 2023, 16, 2012. https://doi.org/10.3390/en16042012 https://www.mdpi.com/journal/energies5
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the inter-turn voltage percentage was not calculated and could not provide a reference for
transformer engineering estimation. In [6], an equivalent circuit model was developed for
every two turns along the radial direction, and the interlayer voltage distribution under
lightning surge overvoltage was solved, but the safety margin of the interlayer insulation
was not analysed and could not be used as a reference for engineering applications. The
literature [7] proposes a hybrid circuit model for the need of extra-fast transient overvoltage
simulation of EHV power transformers, using an MTL circuit to simulate the head of the
winding and a collective parametric RLC circuit to simulate the rest of the winding. This
approach can increase the size of the coils that can be modelled, but the difference in the
number of equivalent circuits between the winding head and the rest of the winding is
large and may result in coefficient matrix singularities. A centralised parametric model of a
transformer winding consisting of a new Π-type equivalent circuit per turn was developed
in the literature [8], which nearly doubles the applicable frequency for inter-turn voltage
calculations of transformer windings of different voltage levels under extra-fast transient
overvoltages, but ignores the coupling between adjacent coils. Most of these studies are
based on wave process calculations with a single winding equivalent circuit model. As
the accuracy of the parameters is related to the actual coil coupling of the coils, further
studies are needed to analyse the transformer coil transient voltage distribution based on
an accurate transformer coil high-frequency model.

In this paper, for the same type of 35 kV dry-type transformer with several faults
during operation in different wind farms, an MTL model is first established considering
the interaction of the primary and secondary windings. A two-dimensional axisymmetric
model is also established based on the actual transformer winding dimensions. The finite
element method is applied to calculate the distribution parameters of the transformer
windings at high frequencies. The transformer winding is then subjected to overvoltage
calculations based on the MTL model taking into account the influence of the secondary
winding. A standard lightning surge overvoltage is loaded and an exceptionally fast
transient overvoltage waveform generated by the opening of a vacuum circuit breaker
in a wind farm is considered. The inter-pie and inter-turn voltage distributions in the
transformer winding are analysed and calculated for the two cases. The waveforms of the
winding voltage as a function of time, the maximum overvoltage value between pies and
the maximum overvoltage value between turns are obtained. The winding structure is
optimised in combination with the simulation analysis to reduce the maximum turn-to-turn
voltage. Finally, the accuracy of the winding structure optimisation simulation study is
verified by testing the transformer surge voltage before and after optimisation.

2. Simulation Modelling of a Transformer Considering the Primary and
Secondary Windings

2.1. MTL Model Considering Primary and Secondary Windings

The MTL model can consider the distribution parameters of all windings and simulate
the winding voltage distribution under transient overvoltage more accurately. Therefore,
the MTL model is considered in this paper to analyse the influence of the secondary winding
on the voltage distribution of the primary winding under transient voltages in wind farms.
For the special structure of the transformer coil, the winding is split along the axial plane,
ignoring the effect of bending of the turns, and the turns are spread into straight lines,
with each turn becoming a “transmission line” [9]. These multiple “transmission lines” are
connected end to end according to the coil winding relationship; the entire transformer
winding constitutes a multi-conductor transmission line model, as shown in Figure 1.
The boundary conditions for the wire turns are that the voltage and current at the end of
the i-th wire are equal to the voltage and current at the beginning of the i-th + 1st wire
(I = 1, 2, ..., n−1); the first wire is connected to a voltage source at the beginning and the
n-th wire is grounded at the end, then the corresponding multi-conductor transmission line
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model can be regarded as a 2n-port network with a total of 2n boundary conditions. The
telegraph equation for the MTL in its time domain can be expressed as

∂[U(x, t)]
∂z

= −
(
[R][I(x, t)] + [L]

∂[I(x, t)]
∂t

)
(1)

∂[I(x, t)]
∂z

= −
(
[G][I(x, t)] + [C]

∂[U(x, t)]
∂t

)
(2)

where U(z, t), I(z, t) are the column vectors of voltage and current, respectively, and [R], [L],
[G], [C] are the matrices of resistance, inductance, conductance and capacitance parameters
of the multi-conductor system, respectively.

 

Figure 1. MTL model of transformer.

When considering the effect of the secondary winding, the secondary winding is
grounded at both ends and the boundary conditions change accordingly; the specific
derivation process can be found in [10].

2.2. Distribution Parameter Model for Transformers

The total number of turns in the high-voltage winding of a 35 kV dry-type transformer
is 959, and the winding is divided into 14 pies; the medium voltage winding is 96 turns
and the winding is divided into 5 pies. The resulting 2D axisymmetric simulation model of
the transformer is shown in Figure 2.

In the internal structure of the 35 kV dry-type transformer, the core is made of silicon
steel. The low-voltage and medium-voltage coils are foil-type and the high-voltage coils
are epoxy-cylinder-type. The transformer model material parameters are shown in Table 1.

Table 1. Material parameters.

Electrical
Conductivity
(20 ◦C) (S/m)

Relative
Permeability

Relative Dielectric
Constant

Materials

Conductors 3.45 × 107 1 1 Aluminium
Insulation 0 1 3.6 Epoxy resin
Iron cores 2 × 106 4 × 103 1 Silicon steel

Air 0 1 1 -
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Figure 2. Two-dimensional axisymmetric simulation diagram.

2.3. Calculation of Distribution Parameters
2.3.1. Calculation of Capacitance Parameters

The formulae for calculating the capacitance parameters refer to the literature [11].
Taking the 1st pie coil as an example, the results of the calculation of its capacitance
parameters are analysed as follows. The sequence structure of the 1st pie coil is shown
in Figure 3, and the resulting self-capacitance of each turn is shown in Figure 4. The self-
capacitance of each turn is highly dependent on the position of the turns. The outermost
and innermost coils are further away from ground on the outside and have a smaller
self-capacitance. The last two turns of the 2nd layer coil (wire turns 11 and 12) are the
same as the 1st layer, with the outer side further away from ground and with a smaller
self-capacitance. The middle part of the coil is surrounded by other coils and has a higher
self-capacitance. The mutual capacitance parameters of coil 1 and the other coils are shown
in Figure 5. As can be seen from Figure 5, the mutual capacitance of the coils adjacent to
coil 1 is higher. Coil 1 and coils 2 and 10 are adjacent to each other, where the area directly
opposite the coils in the vertical direction is smaller than the area directly opposite the coils
in the horizontal direction, thus the inter-turn capacitance of coils 1 and 2 is much smaller
than the inter-turn capacitance of coils 1 and 10. The inter-turn capacitance of coils not
adjacent to coil 1 is approximately zero.

2.3.2. Calculation of Inductance and Resistance Parameters

The inductance and resistance parameters of the winding are related to the frequency
value. With surge voltages, the frequency components are very high and can reach MHz
and above. In this case, a strong skin effect is generated in the core, making it difficult
for the magnetic flux to pass through, and the corresponding inductance values are re-
duced. Therefore, an analysis of the time-harmonic magnetic field is required. In this
paper, frequencies of MHz and above are taken and the inductance–resistance matrix
is calculated and analysed using an infinitely long core model with no iron yoke and
constant permeability.
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Figure 3. The sequential structure of the first cake.

Figure 4. The self-capacitance of each turn in cake 1.

 
Figure 5. The mutual capacitance between turn 1 and each turn in cake 1.
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The self-inductance of the 1st cake coil, for example, is shown in Figure 6. As can be
seen from Figure 6, the self-inductance varies from turn to turn in each layer due to the
skinning effect at high frequencies. In this case, the self-inductance of the coils in the same
layer decreases gradually from the end to the middle. The mutual inductance parameters
of coil 1 and the other coils are shown in Figure 7. It can be seen that the difference between
the mutual inductance parameters of the adjacent coils and their self-inductance parameters
is very small. The mutual inductance tends to decrease with the coils further apart, but still
by the same order of magnitude.

Figure 6. Self-inductance of each turn in cake 1.

Figure 7. The mutual inductance of coil 1 and other coils in cake 1.

The resistance parameters of the first cake winding are shown in Figure 8. As can be
seen from Figure 8, the resistance per turn varies due to skinning effects and differences in
the radii of the different winding layers, but the values are small and have little effect on
the distribution of the inrush voltage.
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Figure 8. Self-resistance of each turn in cake 1.

3. Transient Voltage Distribution of the Transformer Considering the Effect of the
Secondary Side

3.1. Windings Voltage Distribution under Lightning Overvoltage

In order to study the winding inter-turn voltage distribution under lightning shock, a
standard lightning shock voltage with a transient overvoltage amplitude of 111 kV and
a wavefront time/wave tail time of 1.2/50 μs was loaded at the transformer inlet. The
resulting winding inter-turn voltage distribution is shown in Figure 9. As can be seen
from Figure 9, the maximum voltage difference between adjacent line cakes is between line
cake 1 and line cake 2, with an amplitude of approximately 20.43 kV; the minimum voltage
difference is between line cake 9 and line cake 10, with an amplitude of approximately
6.129 kV.

 
Figure 9. The voltage difference between winding cakes.

Inter-turn voltage difference in the vertical direction was small; considering the effect
of capacitance to ground, the maximum inter-turn voltage difference was at the farthest
interval between adjacent layers (e.g., D2 and E3), the node number marker diagram is
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shown in Figure 10. The voltage difference between the layers is shown in Figures 11 and 12.
The voltage peak between turns D10-E11 in the horizontal direction of line cake 1 is the
largest between the layers, reaching 5.282 kV; the voltage peak between turns D2-E3 is the
smallest between the layers of the cake, approximately 4.431 kV. Peak voltage between
turns D13-E14 in the horizontal direction of line cake 2 is the maximum between the layers
of this cake and amounts to 4.339 kV; peak voltage between turns D14-E15 is the minimum
between the layers of this cake and amounts to approximately 4.281 kV.

 

Figure 10. Label diagram of node numbers.

 
Figure 11. Maximum voltage difference between layers of cake 1.
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Figure 12. Maximum voltage difference between layers of cake 2.

Considering the effects of electrothermal ageing in the long-term operation of dry-type
transformers, the breakdown field strength of the epoxy resin drops to about
20 kV/mm [12]. The insulation thickness between turns is 0.64 mm in both horizontal and
vertical directions, and the required voltage for turn-to-turn breakdown is approximately
12.8 kV. The maximum overvoltage between layers 1 and 2 of the line cake is 5.282 kV
when a lightning surge overvoltage occurs, which is much less than 12.8 kV, making it
more difficult for insulation breakdown to occur between turns of the transformer under a
lightning surge.

3.2. Windings Voltage Distribution under Extra-Fast Transient Overvoltage

In this paper, the overvoltage simulation results of the wind farm circuit breaker
breakdown model at the transformer line ends from the literature [13] were used and
the section of the waveform with the greatest wavefront steepness was selected as the
excitation for the transformer windings. This waveform has a voltage amplitude of 145 kV,
a rising edge of 0.2 μs and a wavefront steepness of 700 kV/μs, with frequencies mainly
concentrated in the range 1–20 MHz.

The transient voltage distribution at the first end of each bobbin is shown in Figure 13.
The maximum values of the first four cakes were 114 kV, 89 kV, 68.3 kV and 51.5 kV. The
voltage differences between the winding cakes are shown in Figure 14. The maximum volt-
age difference between adjacent cakes was between cake 1 and cake 2, with an amplitude
of approximately 32.06 kV; the minimum voltage difference was between cake 11 and cake
12, with an amplitude of approximately 2.463 kV. As can be seen from Figures 13 and 14,
the potential distribution between the wire cakes in the area of the high-voltage winding
near the first end was extremely uneven, with the maximum value occurring between
wire cake 1 and wire cake 2. Therefore, the interlayer potential difference between the
1st and 2nd cakes of the high-voltage winding was analysed to determine whether the
maximum interlayer overvoltage would cause damage or failure of the insulation material,
thus providing further theoretical support for optimising the coil insulation design.

The analysis of the voltage difference waveforms between the layers is shown in
Figures 15 and 16. The voltage peak between turns D2-E3 in the horizontal direction of
line cake 1 was the largest between layers, reaching 11.6 kV; the voltage peak between
turns D10-E11 was the smallest between layers of the cake, about 3.983 kV. The voltage
peak between turns D13-E14 in the horizontal direction of line cake 2 was the largest
between layers of the cake, reaching 7.512 kV; the voltage peak between turns D19-E20
was the smallest between layers of the cake, about 3.432 kV. The maximum inter-turn
voltage difference is shown in Figure 17 (example of the first 2 pies). It can be seen that the
maximum voltage difference was between C5 and C6, with an amplitude of approximately
6.653 kV.
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Figure 13. The voltage waveforms at the first end of each cake.

 
Figure 14. The voltage difference between winding cakes.

Figure 15. Maximum voltage difference between layers of cake 1.
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Figure 16. Maximum voltage difference between layers of cake 2.

Figure 17. The maximum voltage difference between turns of the first two cakes.

Taking into account the effects of electrothermal ageing under long-term operation of
dry-type transformers, the voltage required for turn-to-turn insulation breakdown of the
winding is approximately 12.8 kV. Since the generation of operational transient overvoltages
of very high amplitude and frequency is limited, the maximum overvoltage between
layers 1 and 2 of the line cake when wind farm extra-fast transient overvoltages occur is
11.6 kV, which is close to 12.8 kV. Thus, in this case, turn-to-turn insulation breakdown may
occur, but the number of occurrences is limited. By optimising the winding structure of
the transformer, the insulation margins can be made larger, thus reducing the likelihood
of breakdown.

4. Transformer Winding Structure Optimisation Analysis

4.1. Windings Voltage Distribution after Structural Optimisation

The above analysis shows that the maximum interlayer voltage of 11.6 kV is close
to the horizontal interturn breakdown voltage of 12.8 kV for a transformer winding with
75 turns in the first pie, and therefore measures need to be taken to reduce the winding
overvoltage. To address the shortcomings of various overvoltage protection methods [14,15]
and transformer insulation designs [16,17] and consider the fact that in actual transformer
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production, either the installation of capacitor rings and capacitor turns or the insertion
of shielding wires [18,19] increases the size and production costs of the transformer, this
paper uses a change in the number of turns of the first cake for winding optimisation. Due
to the uneven voltage distribution between the line cakes in the area of the high-voltage
winding near the first end, the maximum interlayer voltage difference is influenced by
the capacitance to ground. Consider reducing the number of turns in each layer of the
transformer winding in the first end area to improve the voltage distribution pattern.

In this section, the first and second pancake coils are changed to 43 and 65 turns,
respectively, and the voltage distribution between adjacent pancakes and between layers is
analysed for the optimised winding under extra-fast transient overvoltage. The transformer
high-voltage winding is divided into 14 pancakes and the voltage waveforms at the first
end of each pancake are shown in Figure 18. The maximum values of the first four
cakes were 111.4 kV, 98.48 kV, 88.67 kV and 70.42 kV, respectively. The voltage difference
between the winding pancakes is shown in Figure 19. The maximum voltage difference
between adjacent cakes was between cake 1 and cake 2, with an amplitude of approximately
28.3 kV; the minimum voltage difference was between cake 10 and cake 11, with an
amplitude of approximately 2.293 kV.

 
Figure 18. The voltage waveforms at the head end of each cake.

 
Figure 19. The voltage difference between winding cakes.
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The node number marker diagram is shown in Figure 20. The analysis of the voltage
difference waveform between each layer is shown in Figures 21 and 22. As the number of
turns per winding layer decreases, the ground capacitance also decreases and the winding
voltage distribution is relatively more uniform. The voltage peak between turns D2-E3
in the horizontal direction of wire cake 1 is the largest between layers, reaching 9.104 kV;
the voltage peak between turns D8-E9 is the smallest between layers of the cake, at approx-
imately 1.352 kV. The voltage peak between turns D20-E21 in the horizontal direction of
wire cake 2 is the largest between layers of the cake, reaching 5.379 kV; the voltage peak
between turns D18-E19 is the smallest between layers of the cake, at approximately 1.043 kV.
The maximum inter-turn voltage difference is shown in Figure 23 (for the first 3 cakes). It
can be seen that the maximum voltage difference is between C3 and C4, with an amplitude
of approximately 3.389 kV.

 

Figure 20. Label diagram of node numbers.

Figure 21. Maximum voltage difference between layers of cake 1.
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Figure 22. Maximum voltage difference between layers of cake 2.

Figure 23. The maximum voltage difference between turns of the first three cakes.

A comparison of the maximum voltage difference and position before and after wind-
ing structure optimisation is shown in Table 2. When the winding structure was changed
to 43 turns in the first pie, the maximum overvoltage between the first and second pie was
reduced by 11.73%; the maximum voltage difference between turns was reduced by 49.1%;
the maximum interlayer overvoltage was changed from 12 kV to 9.104 kV, the overvoltage
amplitude was reduced by 24.1% and the insulation breakdown was also reduced.

4.2. Test Verification

Since the access of the measurement leads changes the winding structure and distribu-
tion parameters, affecting the original transformer structure, this makes the measurement
results between each cake and turn not match the real situation. Therefore, this paper
experimentally investigates the actual effect of the surge voltage on the transformer before
and after optimisation and compares the test results with the simulation conclusions for
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verification. The test transformer parameter table is shown in Table 3. The actual layout
diagram of the transformer withstand voltage test is shown in Figure 24. The schematic
diagram of the actual winding of the transformer coil is shown in Figure 25. Using a surge
voltage generator to simulate a very fast transient overvoltage with a voltage amplitude of
145 kV, a wavefront time of 0.2 μs and a wavefront steepness of 700 kV/μs, three withstand
voltage tests were conducted on each of the three transformers before optimisation of the
winding structure. The three transformers passed the first two tests, but under the action
of the third shock, two of the transformers suffered breakdown near the first end. The
breakdown diagram is shown in Figure 26. The three transformer models with optimised
high-voltage winding structure remained intact under the same overvoltage five times each.
The test results verify the accuracy of the winding structure optimisation simulation study
and provide a practical basis for the safe and stable operation of the optimised transformers.

Table 2. Parameter table for test transformers.

Parameter Data

Frequency (Hz) 50
HV rated power (kVA) (AF) 4778

HV rated voltage (V) 33,000
HV rated current (A) 83

HV BIL (KV) 170
HV AC (KV) (1500 m) 70

MV rated power (kVA) (AF) 4157
MV rated voltage (V) 6000
MV rated current (A) 400

MV BIL (KV) 60
MV AC (KV) (1500m) 20

LV rated power (kVA) (AF) 838
LV rated voltage (V) 690
LV rated current (A) 701

LV BIL (KV) -
LV AC (KV) (1500 m) 3

HV-MV impedance (based on 4779 kVA) (%) 8.5 ± 10
HV-LV impedance (based on 4779 kVA) (%) 14.6 ± 10
MV-LV impedance (based on 4779 kVA ) (%) 3~6

Sound power level <95 dBA
Efficiency (PEl)(%) ≥99.354

Insulation class/temperature rise F/75K

Table 3. Comparison of maximum voltage difference and position before and after optimisation of
winding structure.

Winding Construction
When the First Pie Is

75 Turns
When the First Pie Is

43 Turns

Inter-segment (max. voltage) 32.06 kV 28.3 kV

Position Between the first and second
pie

Between the first and second
pie

Interlayer (max. voltage) 11.6 kV 9.104 kV
Position Between D2 and E3 Between D2 and E3

Inter-turn (max. voltage) 6.653 kV 3.389 kV
Position Between turns 5 and 6 Between turns 3 and 4
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Figure 24. Actual arrangement of transformer voltage test.

 

Figure 25. Schematic diagram of actual winding of transformer coils.

 

Figure 26. Winding breakdown after voltage test of transformer with unoptimised winding structure.

5. Conclusions

The analysis of the inter-turn voltage distribution and winding structure optimisa-
tion of transformer windings in wind farms under the action of overvoltage leads to the
conclusion that:
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(1) The maximum intercake voltage under lightning strikes is located between line cakes 1
and 2 with an amplitude of 20.43 kV; the maximum interlayer voltage is located at
D10-E11 of line cake 1 with an amplitude of 5.282 kV, and the insulation margin in
this case reaches 12.8 kV and is not prone to breakdown.

(2) The maximum inter-pancake voltage under extra-fast transient overvoltage is located
between pancake 1 and 2 with an amplitude of 32.06 kV; the maximum inter-layer
voltage is located at D2-E3 of pancake 1 with an amplitude of 11.6 kV, which meets the
insulation design requirements. However, as the insulation margin of the transformer
decreases under long-term operation, the maximum interlayer voltage is close to the
insulation breakdown voltage. The winding structure therefore needs to be optimised
to make the insulation margin larger.

(3) By optimising the winding structure, the maximum interlayer overvoltage was
changed from 11.6 kV to 9.104 kV and its insulation breakdown was reduced
by 24.1%.

(4) The transformer was subjected to a shock voltage test, which resulted in insulation
breakdown at the first end of the high-voltage winding before structural optimisation,
while the high-voltage winding after structural optimisation was left intact. This
experiment demonstrates the accuracy of the simulation results.
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Abstract: The high amplitude and steep overvoltage generated by the breaking of the vacuum circuit
breaker in the wind farm damages the inter-turn insulation of the transformer. There is a certain
difference between the simulation results of the traditional reignition model and the measured
overvoltage. It is necessary to improve the simulation model to simulate the overvoltage condition of
the transformer more accurately and then select appropriate overvoltage protection measures. In
this paper, based on the physical process of dielectric recovery during the opening process of the
vacuum circuit breaker, a model of dielectric strength recovery is built to simulate the arc reignition
of the vacuum circuit breaker. The model was applied to compare the overvoltage protection effects
of RC snubbers, surge arresters, and choke coils. The simulation results show that the overvoltage
amplitude and reignition times calculated by the model proposed in this paper are closer to the
measured values. Compared with the traditional linear curve reignition model, the accuracy was
increased by 24% and 51.2%, respectively. The parameter value of RC snubbers, the connection
mode of surge arresters, and the combination mode of choke coil have an influence on overvoltage
suppression. Finally, a suitable suppression scheme is proposed by installing a combined arrester on
the high-voltage side of the transformer and connecting a choke coil in series, which can limit the
phase-to-ground voltage and the phase-to-phase voltage to 2.43 p.u and 3.24 p.u, respectively, and
reduce the steepness from 157.2 kV/μs to 22.3 kV/μs.

Keywords: wind farm; vacuum circuit breaker; microscopic dielectric; reignition; overvoltage protection

1. Introduction

Multiple reignitions of the vacuum circuit breaker opening in wind farms generate
transient overvoltages of very high amplitude and steepness, which cause shocks to the
equipment and threaten the safe and stable operation of the power system [1,2]. The
overvoltage of wind farms simulated using the traditional vacuum circuit breaker model
is somewhat different from the test results, and the analysis of the operating state of the
equipment and risk judgment is not accurate enough; there are still accidents such as turn-
to-turn and phase-to-phase insulation breakdown of the step-up transformer at the end of
the wind turbine [3,4]. For this reason, it is necessary to improve the vacuum circuit breaker
simulation model to more accurately simulate the overvoltage condition of transformers in
wind farms and provide a reference for overvoltage protection.

Existing studies show that whether reignition occurs after a vacuum circuit breaker is
opened depends on the dielectric recovery process after arc extinguishing [5]. The Helmer
reignition model ignores the complex diffusion process of residual ions, electrons, and
neutral particles after the arc; it considers that the gap breakdown depends only on the static
withstand voltage strength, and the dielectric insulation strength increases linearly with
time. It also considers the interception and the high-frequency arc extinguishing capability
to realize the simulation of vacuum circuit breaker reignition [6]. Ref. [7] found that the
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linear fit of the dielectric recovery rate is too fast, and the simulation error is significantly
based on the reignition test; further considering the mechanical properties of the contacts,
the deduced dielectric insulation strength rises quadratically and nonlinearly with time.
In Ref. [8], the dispersion of the gap breakdown voltage was found to be significant, so
the random nature of the breakdown voltage was considered, the breakdown voltage
was considered to occur in the region between two dielectric insulation strength curves,
and the nonlinear contact motion was considered. The results show that considering the
random breakdown voltage in a vacuum with the contact motion characteristics makes
the overvoltage assessment more accurate compared to the conventional method. Ref. [9]
considered that this dispersion is related to the diffusion of microscopic particles and
the decrease in dielectric recovery strength caused by free metal particles. Based on
multiple sets of measured breakdown voltage distribution statistics, the dielectric insulation
strength curve was fitted in segments. The accuracy of the simulation was improved
after considering the sudden drop in breakdown voltage caused by microscopic particles.
Combined with the above studies, the simulation of wind farm reignition takes less account
of the influence of the microscopic dielectric. This paper improves the dynamic insulation
strength of the dielectric in the traditional reignition model from this aspect.

The residual ions, electrons, and neutral particles left in the gap after the arc extin-
guishment of the vacuum circuit breaker affect the breakdown voltage of the fracture
gap. The recovery process of the microscopic dielectric has been studied extensively by
scholars. In Ref. [10], the dielectric recovery process after arc extinguishment was divided
into three stages: sheath growth, metal vapor attenuation, and static withstand voltage
stage by vacuum switch dielectric recovery strength test. Most of the analytical models
are used for their numerical simulation, such as the continuous transition model (CTM)
describing the sheath growth, the Farrar formula for metal vapor attenuation, and the
average vapor attenuation formula [11]. Based on the above theory, Ref. [12] established,
for the first time, a reignition model for microscopic dielectric recovery of vacuum circuit
breakers; it simulates and calculates the operating overvoltage when opening a no-load
transformer and compares it with the average recovery rate, and the results show that
the established three-stage recovery strength calculation model is closer to the actually
measured recovery characteristics. In Ref. [13], a dielectric recovery microscopic reigni-
tion model was established to study the influence law of load circuit parameters on the
reignition of small inductive currents in circuit breaker opening. Ref. [14] found that in
high-frequency arc opening, the arc burning time is short, the rate of change in current is
large, the cathode spot can not be fully diffused, the cathode spot distribution diameter
is smaller than the diameter of the contact, the traditional analytical model is improved,
the plasma is calculated, metal vapor density is increased by order of magnitude, the
dielectric recovery rate becomes slower, and the probability of reignition increases. The
above reignition model takes into account the physical process of microscopic dielectric
recovery, which is closer to the actual vacuum circuit breaker breaking characteristics. At
present, the model is less used in the study of wind farm overvoltage. This paper intends
to use this model to analyze the transient overvoltage endured by wind farm transformers
more accurately.

For switching overvoltages caused by vacuum circuit breakers, the main suppression
measures are the installation of surge arresters and RC snubbers. Surge arresters can
suppress overvoltage amplitude but not steepness; the use of RC snubbers leads to a low
probability of reignition occurrence [15–17]. Recent studies have shown that the use of
choke coils can reduce the steepness of overvoltages, with insignificant suppression of
voltage magnitude, and the installation of both surge arresters and choke coils is recom-
mended [18,19]; however, the wiring method and the number of surge arresters have not
been studied and require further discussion. The high-voltage side of transformers in wind
farms is usually triangularly wired, which is subjected to higher voltage stresses compared
to star wiring; therefore, the effect of suppression measures on the phase-to-phase voltage
also needs to be analyzed.
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In this paper, firstly, an improved vacuum breaker reignition model is built in the
electromagnetic transient software based on the physical process of post-arc dielectric
recovery of a vacuum breaker. The model takes into account the three stages of post-arc
dielectric recovery, the dynamic changes in cathode spot distribution diameter, and the
actual breaking characteristics of the contacts. The proposed model is compared with the
measured values in the related literature to verify the accuracy of the model, and based on
the model, the reignition overvoltage of wind farms is simulated and analyzed. Finally, a
systematic simulation analyses the impact of different parameter values; wiring methods;
and combinations of RC snubbers, surge arresters, and choke coils on the overvoltage
suppression effect. Additionally, the best solution for overvoltage suppression is proposed.

2. Vacuum Circuit Breaker Micro-Dielectric Recovery Reignition Model

A vacuum circuit breaker opening between the contacts produces an arc; the arc
current occurs before reaching the natural over-zero point. If the current value is small,
the arc becomes unstable and is forced to extinguish; it then enters the post-arc dielectric
recovery process. The contact ends bear the transient recovery voltage (TRV), and dielectric
recovery strength competes with each other. The three stages bearing the TRV size are
different. Reignition and open failure may occur, and static can withstand the voltage stage
if the TRV peak can be withstood; it then opens successfully. The vacuum circuit breaker
opening flow chart is shown in Figure 1.

 

Figure 1. Vacuum circuit breaker opening flow chart.

It is crucial to simulate the dielectric recovery process accurately. In order to solve
the problem in the traditional reignition model where the description of the dielectric
recovery process after the arc is too simple, this paper considers the physical process of
sheath development and metal vapor decay, establishes a mathematical model for each
stage of dielectric recovery after the arc, and considers the vacuum breaker interception and
high-frequency arc extinguishing characteristics to realize the simulation of arc reignition.

2.1. Mathematical Model of the Post-Arc Dielectric Recovery Process
2.1.1. Sheath Growth

The sheath growths were analyzed using the continuous transition model (CTM),
which is modeled as follows [14]:

l2 =
4ε0u0

9eZNi

[(
1 +

uTRV
u0

) 3
2
+ 3

uTRV
u0

− 1

]
(1)

u0 =
Mi
2e

(vi − dl
dt
)

2
(2)
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Ni = Ni0 exp(− t − t0

τ
)(δAMP

l2

d2 + 1) (3)

Ni0 =
4I0

viπD2Ze
(4)

I0 =
dI
dt

tvod (5)

The physical meaning and values of each parameter are shown in Table 1.

Table 1. Physical meaning and values of each parameter.

Parameter Physical Meaning Value or Unit

l sheath length mm
ε0 vacuum dielectric constant 8.85 × 10−12 F/m
e electronic charge 1.602 × 10−19 C
Z average charge carried by ions 1.3~1.5
u0 sheath potential V

δAMP inter-polar ion space charge distribution coefficient 5
I0 Initial value of post-arc current A
Mi metal ion mass 1.062 × 10−25 kg
vi copper ion movement velocity 5000 m/s
D cathode spot distribution diameter mm
Ni plasma density m−3

τ ion diffusion decay time parameter 0.5~10 μs
d gap distance between contacts Max. 20 mm

tvod
the time from the moment of current zero crossing to the

beginning of the sheath growth 100 ns

Sheath stage reignition criterion:

E = 2

√
eZNi

ε0
(
√

uTRVu0 + u2
0 − u0) (6)

Heavy breakdown occurs when the electric field strength E at the cathode surface
is greater than the critical electric field strength Ec(5 × 109 V/m) [13]. The metal vapor
attenuation phase starts when the sheath length l is the same as the gap length d.

2.1.2. Metal Vapor Attenuation

The cathode spot of the vacuum arc is the main source of metal vapor. Under diffusive
arc mode conditions, the metal vapor produced by the electrode at a sinusoidal current
i = Imsinωt can be written as follows [20]:

n(t) =
Smω

ω2 + β2

[
β

ω
sin ωt − cos ωt + e−βt

]
e−βt (7)

ω = 2π f (8)

β =
1

2R

√
8KT
πM

(9)

Sm =
KeEIm

MπR2d
(10)

where n(t) is the average density of metal vapor; Im is the amplitude of sinusoidal current;
β is the decay coefficient of metal vapor; T is the temperature of the metal vapor in the
gap after the current crosses zero, taken as 2000 K; K is Boltzmann’s constant, and its
value is 1.38 × 10−23 J/K; E is the corrosion rate, taken as 61 μg/C; Ke is the evaporation
coefficient of the electrode, taken as 4; M is the metal vapor atomic mass, where copper is
1.062 × 10−25 kg; and R is the cathode spot distribution radius.

26



Energies 2023, 16, 2070

The limit metal vapor density of the vacuum circuit breaker is in accordance with the
Paschen curve law. When the product of metal vapor density and gap opening distance is
about 3 × 1019 m−2, the gap is considered to be broken [5].

When the average free travel of electrons is the same as the gap length, the dielectric
recovery process after the vacuum circuit breaker arc enters the static pressure resistance
stage. The relationship between the average free travel of electrons λe and the critical
density of metal vapor nc is given by the following equation [21]:

nc =
1√

2λeπr2
Cu

(11)

where the copper ion radius rCu is taken as 1.278 × 10−10 m.

2.1.3. Static Withstand Voltage Stage

At this stage, the vacuum circuit breaker gap returns to the vacuum state; the break-
down at this time is a vacuum breakdown, and the relationship between the impact
withstand voltage of the 40.5 kV vacuum interrupter, and the contact gap length is as
follows [22]:

ud = 70.12d0.56 (12)

The contact gap length d is obtained from the measured breaking speed characteristic
curve [23]. The magnitude of the transient recovery voltage (uTRV) is compared with the
static shock voltage (ud) of the circuit breaker, and the vacuum gap is broken when uTRV is
greater than ud.

2.1.4. Cathode Spot Distribution Diameter

The calculation of the initial plasma density and metal vapor density requires the
cathode spot distribution diameter D. When the vacuum circuit breaker reignites, the
contact gap flows through the high-frequency current; the arc burning time is short; the
cathode spot is difficult to spread to the edge of the contact; the contact utilization rate is
reduced; D takes the diameter of the contact, which makes the calculated density value
small; there are deviations from the actual; and the model needs to be introduced for the
acquisition of D. Assuming that the cathode spots are distributed circularly, and the velocity
v of the cathode spots in all directions is the same, D can be written as follows [20]:

D =

{
2vt(2vt < Dc)
Dc(2vt ≥ Dc)

(13)

where v is the diffusion rate of the cathode spot, proportional to (di/dt)1/2 [14], and t is the
arc-burning time. When the arc-burning time is long enough, D equals the diameter of the
contact Dc.

2.2. High-Frequency Arc Extinguishing Capability

Reignition leads to the gap flow through the high-frequency current, and its superpo-
sition on the frequency current appears as a large number of over-zero points; due to the
initial arc current change rate being large, the vacuum circuit breaker can not cut off the
high-frequency current. With the decay of the current, the current change rate gradually
decreases after a few cycles. When the current is over zero, and the current change rate
is small enough, the high-frequency current is cut off, so the critical value of the current
change rate can be used on behalf of the vacuum. Therefore, the critical value of the current
change rate can be used to represent the high-frequency current extinguishing ability of the
vacuum circuit breaker. The range of the critical value is 100~600 A/μs [3]. In this paper,
the critical current rate of change in simulation is set to 300 A/μs.
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2.3. Vacuum Circuit Breaker Opening and Closing Logic

The built vacuum circuit breaker reignition model is shown in Figure 2. The model
consists of an ideal switch, logic control module, and stray components. The ideal switch is
set to infinity resistance (100 MΩ) when it is broken, and the arc resistance is replaced by
a very small resistance (0.01 Ω) when it is closed. The logic control module controls the
opening and closing state of the switch; the capacitance of the stray component is set to
200 pF, the resistance is set to 50 Ω, and the inductance is set to 50 nH.

Figure 2. Simulation model of vacuum circuit breaker.

The simulation frequency cut-off current value Ib is taken as 3 A, and the simulation
step is taken as 0.02 μs. The specific simulation flow is shown in Figure 3.

 

Figure 3. Simulation flowchart of the reignition process.

3. Wind Farm Vacuum Circuit Breaker Reignition Overvoltage Model Validation

3.1. Overall Wind Farm System Model Building

The typical electrical layout of the wind farm is shown in Figure 4, and its collector line
wiring structure is chain-shaped, with the entire wind farm consisting of four feeders in
parallel and eight wind turbines connected to a single feeder with a 700 m spacing between
neighboring turbines on the feeder. The cable length from the bottom of the turbine to the
nacelle step-up transformer is about 80 m [24]. The voltage at the wind turbine end is 690 V,
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which is raised to 35 kV through the booster transformer, and the high voltage side of each
booster transformer is connected to each other using collector lines to form a joint unit,
which is finally connected to the booster station for voltage boosting.

Figure 4. Typical distribution diagram of wind farm cable system.

In the simulation model, the step-up transformer models its high-frequency charac-
teristics by connecting stray capacitors in parallel, with the high-voltage side capacitor
CH = 1 nF, the low-voltage side capacitor CL = 3.1 nF, and the inter-high-voltage capacitor
CHL = 3 nF [3]. The switching transients (about 3–5 ms) generated during the vacuum cir-
cuit breaker shutdown are much larger than the doubly fed fan control circuit response time
(about tens to hundreds of milliseconds); therefore, for transient studies, the DFIG is mostly
modeled as a high-frequency induction motor impedance, which is connected in parallel
with its control circuit impedance as well as in series with a harmonic filter. See Figure 5
for the stator-side equivalent resistance Rs = 0.00047 Ω and inductance Ls = 0.0283 mH,
rotor-side equivalent resistance Rr = 0.00053 Ω and inductance Lr = 0.0305 mH, motor
excitation inductance Lm = 1.21 mH, stator and grid-side filter inductance Lfr = 1 mH and
Lfg = 0.73 mH, and filter capacitance Cf = 100 μF [25]. The frequency-dependent (phase)
model provided by the transient electromagnetic software was chosen for the three-core
cable, and the metal shield was grounded via a 0.1 Ω resistance [26].

 

Figure 5. High-frequency model of transformer and DFIG.

3.2. Vacuum Breaker Model Validation

In order to verify the effectiveness of the vacuum breaker model built in this paper,
the same simulation model as the wind farm testbed arrangement in the paper [27] was
built in the transient electromagnetic software (see Figure 6). The transformer, cable,
and vacuum breaker were used in the high-frequency model mentioned above, and the
wind turbine model was replaced by the reactor equivalent as in the paper [27] test. The
simulation results are shown in Figure 7, which includes the comparison of the effect of
traditional calculation methods (linear and quadratic fitting of dielectric dynamic insulation
strength curve). The peak voltage, voltage steepness, number of reignitions, and duration
of reignition were selected as the comparison indexes [9], and the comparison results are
shown in Table 2.

 
Figure 6. Layout of wind farm experimental platform [27].
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(a) (b) 

 
(c) (d) 

Figure 7. Overvoltage at transformer T2 simulated by different methods: (a) real measurement [27]
(peak voltage: 123.01 kV, steepness: 148.31 kV·μs−1, number of reignition: 43, reignition duration:
2.1 ms); (b) linear dielectric dynamic insulation strength curve (peak voltage: 156.18 kV, steepness:
130.64 kV·μs−1, number of reignition: 18, reignition duration: 1.6 ms); (c) quadratic dielectric
dynamic insulation strength curve (peak voltage: 148.67 kV, steepness: 126.32 kV·μs−1, number of
reignition: 30, reignition duration: 1.9 ms); (d) dielectric recovery (peak voltage: 126.61 kV, steepness:
157.89 kV·μs−1, number of reignition: 40, reignition duration: 2.2 ms).

Table 2. Comparison of characteristic parameters of reignition overvoltage.

Method Voltage (kV)
Steepness
(kV·μs−1)

Number of
Reignition

Reignition
Duration (ms)

Real
measurement 123.01 148.31 43 2.1

Linear 156.18 130.64 18 1.6
Quadratic 148.67 126.32 30 1.9
Dielectric
recovery 126.61 157.89 40 2.2

Among the above three models, the values of critical parameters for the linear and
quadratic methods were taken from the empirical values given in the papers [4,7,9]. When
combining the data in Figure 7 and Table 2, it can be seen that the peak overvoltage
of the conventional model simulation is larger than the measured value, and the errors
of the linear and quadratic methods are 26.9% and 20.8%, respectively. The steepness,
number of reignitions, and duration of reignition are smaller than the measured values,
with errors of −11.9%, −58.1%, and −23.8% and −14.8%, −30.2%, and −9.5%, respectively.
Considering the vacuum circuit breaker microscopic dielectric recovery simulation, the
voltage peak, steepness, number of reignitions, and reignition duration are close to the
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measured values with errors of 2.9%, 6.5%, −6.9%, and 4.8%, respectively. It was also found
that the overvoltage of the conventional method rises smoothly according to the fitted
linear and quadratic curves, while the overvoltage simulated by the proposed method
rises to fluctuate, the waveform is more accurate to the measured value, and the reignition
process is more precise.

The analysis shows that the traditional linear method assumes that the contact gap
is linearly proportional to time (constant opening speed), and the withstand voltage rises
linearly with time, which is too fast to recover compared with the actual withstand voltage
characteristics and ignores the low-voltage breakdown situation. Additionally, the gap
withstand voltage value calculated at the later stage is large, resulting in a higher breakdown
voltage when reignition occurs, a reduced number of reignitions, and a shorter reignition
duration. The secondary method assumes constant acceleration of contacts, linear increase
in opening speed, and nonlinear increase in withstand voltage with time. The simulation
has a good fit in the early stage and the number of reignitions increases. However, because
the low voltage breakdown is also ignored, the overall situation is lower than the actual
measurement, and the breakdown voltage is large in the later stage.

By using the reignition model in this paper, the simulation found that the arc reignition
mainly occurs in the metal vapor attenuation and static withstand voltage stage. The TRV
of metal vapor attenuation stage is smaller than that of static withstand voltage stage,
so when reignition occurs in metal vapor attenuation stage, the over-voltage after the
reignition is significantly lower than the over-voltage of the last reignition. To achieve the
low voltage breakdown in the measured waveform, the number of simulated reignition
is higher than the traditional model. The static withstand voltage stage determines the
overvoltage of the final reignition, and its withstand voltage value is obtained according to
the measured breaking speed, so the peak overvoltage is closer to the actual measurement.
Compared with the traditional linear curve reignition model, the reignition model built in
the paper significantly improved the accuracy of overvoltage peak, reignition number, and
reignition duration by 24%, 51.2%, and 19%, respectively. Compared with the traditional
secondary curve reignition model, the accuracy of the overvoltage peak and reignition
number improved significantly by 17.9% and 23.3%, respectively. It can be seen that the
establishment of a detailed model of the physical process of post-arc dielectric recovery
further improves the simulation accuracy of overvoltage.

4. Simulation of Reignition Overvoltage Protection Measures

The overvoltage protection measures used in this section are capacitance absorbers,
surge arresters, and choke coils. The capacitance absorber consists of resistance and
capacitance in a series. Surge arresters are essentially nonlinear resistors, which use the
V-I characteristic curve of residual voltage 73 kV at a nominal discharge current of 1 mA
DC. The equivalent circuit of the choke coil is composed of inductance and resistance in
parallel. The per-unit voltage of the 35 kV power system is as follows:

Up.u. = 40.5 ×
√

2√
3
= 33.1 kV (14)

Reignition overvoltage caused by the opening operation of the vacuum circuit breaker
at the bottom of the wind farm tower is the most serious [4]. In this paper, a simulation
model was established according to the typical wind farm layout in Figure 3, in which the
vacuum circuit breaker, transformer, cable, and wind turbine models adopt the proposed
method. Without suppression measures, the overvoltage simulation waveform of the
high-voltage side of the terminal transformer T1 is shown in Figures 8 and 9 of the vacuum
circuit breaker CB11 at the bottom of the opening tower, and the amplitude and steepness
of the relative ground voltage are 153.7 kV (4.6 p.u.) and 157.2 kV/μs, respectively. The
interphase overvoltage amplitude is 262.8 kV (7.9 p.u.), and the reignition duration is 3.7 ms.
The relative operating overvoltage in a 35 kV system shall not exceed 132 kV (4.0 p.u.), and
the relative overvoltage shall not exceed 1.4 times the relative overvoltage between phases,
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i.e., 185 kV (5.6 p.u.) [28]. It can be seen that the opening operation is easy to damage the
insulation of the terminal transformer of the wind farm, and effective protection is required.

Figure 8. Simulation waveform of transformer T1 phase-to-ground voltage without suppression measures.

Figure 9. Simulation waveform of transformer T1 phase-to-phase voltage without suppression measures.

4.1. Effect of RC Snubbers on Overvoltage

RC snubbers are connected in parallel to the protection equipment and can effectively
reduce the overvoltage amplitude and frequency. Since there is no national standard for
RC snubbers, the capacitance parameters are based on many years of actual operating
experience at home and abroad. In order to effectively suppress the reignition overvoltage
in wind farms, this paper combines different capacitance parameters for simulation, with
resistance selected from 100 to 500 Ω, and capacitance is taken as 0.01 μF, 0.05 μF, and 0.1 μF.
The overvoltage situation under different capacitance parameters is shown in Figure 10.

As can be seen from Figure 10, (1) resistance and capacitance affect the suppression
effect. Resistance remains constant; the larger the capacitance value, the more obvious
the overvoltage suppression. Additionally, capacitance remains constant; the resistance
increases; the overvoltage amplitude decreases; the capacitance value is 0.05 μF; the resis-
tance value is 400 Ω; and the voltage amplitude appears as a significant decline, with a
drop of 58.3%. The increase in resistance value reduces the oscillation frequency, prolongs
the moment of high-frequency current over zero, reduces the chance of reignition, and thus
suppresses the overvoltage amplitude. In order to reduce the loss and heat, the resistance
value should not be selected too large, generally about 400 Ω. (2) Regarding 400 Ω/0.05 μF
is compared with the commonly used 100 Ω/0.1 μF RC snubbers protection effect; the latter
eliminated the occurrence of reignition, and the former occurred with three reignitions, but
the relative ground and phase voltage did not exceed the specified standard value. The
simulation results are shown in Table 3 and Figures 11 and 12, and the two protection effect
is very close. The former is able to overcome the problem of excessive capacitance current
and resistance burnout of the latter in specific cases, and the capacitance value is reduced
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by half compared with 0.1 μF, so the volume can be further reduced, and the increase in
resistance value also improves the protection effect and stability. If the site conditions allow,
the RC snubbers with parameters of 400 Ω/0.05 μF can be considered.

Figure 10. Influence of different RC values on overvoltage.

Table 3. Comparison of protection effects of two RC snubbers models.

Parameter Model
Voltage to

Ground (kV)
Interphase

Voltage (kV)
Steepness
(kV·μs−1)

Number of
Reignition

No protection 153.7 262.8 157.2 45
100 Ω/0.1 μF 41.2 58.6 — 0
400 Ω/0.05 μF 58.3 72.8 53.2 3

Figure 11. Transformer voltage when RC value is 100 Ω/0.1 μF.

Figure 12. Transformer voltage when RC value is 400 Ω/0.05 μF.
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4.2. Effect of Surge Arresters and Choke Coil on Overvoltage

The high-voltage transformer side of the installation of the surge arrester is the conven-
tional overvoltage amplitude suppression measures, the arrangement of star, and combined
connection method. Ref. [15] also proposed the high-voltage transformer side of the relative
ground and phase between the installation of surge arresters at the same time, as shown in
Figure 13. The high-voltage transformer side (cable start end) series choke coil can suppress
overvoltage steepness [18]. Due to the characteristics of high-frequency magnetic material
(ferrite) (see Figure 14), the impedance of the coil is close to zero in the case of working
frequency, which does not affect the equipment in the line, and in the case of high frequency,
the coil exhibits high impedance, which suppresses the high-frequency current during
reignition and reduces the frequency of transient voltage, thus reducing the steepness and
amplitude of overvoltage rise. In order to eliminate wave reflection, the coil equivalent
resistance value is as close as possible to the wave impedance of the cable, so a resistance
of 30 Ω and an inductance value of 85 μH are selected. A series choke coil in parallel
with a small capacitor (10 nF) or surge arresters may be more obvious for overvoltage
suppression [19]. In each system, operating conditions and equipment parameters, etc.,
there are differences in the protection effect, so this paper simulates and compares the
suppression effect under different combinations of the surge arresters and choke coil in the
same system. The simulation results are shown in Table 4.

   
(a) (b) (c) 

Figure 13. Wiring method of surge arresters in wind farm: (a) star connection; (b) combined connec-
tion; (c) star and interphase connection.

Figure 14. Choke coil equivalent circuit.

Table 4. Influence of different combinations of choke coils on overvoltage.

Protection Measures
Voltage to

Ground (kV)
Interphase

Voltage (kV)
Steepness
(kV·μs−1)

Number of
Reignition

Star arrester 91.8 180.6 145.3 27
Choke coil 145.1 253.7 30.4 26

Choke coil +10 nF 133.6 241.6 14.2 16
Choke coil + star arrester 91.7 180.1 24.7 21

Choke coil + combined arrester 80.5 107.3 22.3 14
Choke coil + star and

interphase arrester 74.1 91.9 19.6 12

As seen in Table 4, (1) the commonly used star arrester was installed separately to limit
the relative ground voltage to 2.77 p.u. (a drop of 40.3%), but the phase-to-phase voltage
reaches 5.4 p.u., close to the phase-to-phase standard specified value of 5.6 p.u., which
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may cause transformer phase-to-phase breakdown, and the steepness suppression effect
is poor (a drop of 7.6%). (2) When the choke coil is strung separately, it can significantly
increase the rise time of the overvoltage to the peak (from 0.19 μs to 1.12 μs without
protection; see Figure 15), effectively reducing the voltage steepness (a drop of 80.6%),
but the relative ground and phase to phase voltage suppression is not obvious (a drop
of 7.6% and 3.4%) and are more than the standard value; installing additional protective
components is required. (3) The minimum steepness is 14.2kV/μs when adding small
capacitance elements, which is related to the further increase of time constant, but the
relative ground and interphase voltage exceeds the specified standard value. (4) With the
addition of different wiring arrester components, the star arrester phase voltage is still too
large. Therefore, combining the arrester and star and interphase arrester protection is the
best option. Similarly, the relative ground and interphase voltage are not more than the
specified standard value, but the former can choose a lower residual voltage valve. The
number of surge arresters is also less than the latter; from a comprehensive comparison, the
best protection measures are choking coil + combination arrester (see simulation Figures 16
and 17). Although the reignition phenomenon can not be completely eliminated, the
number of reignitions and steepness reduction of 68.9% and 85.8%, respectively, reduces
the cumulative effect. The critical voltage of the transformer basic insulation level (BIL)
was significantly improved, reducing the risk of transformer insulation breakdown.

Figure 15. Influence of choke coil on overvoltage rise time.

Figure 16. Phase-to-ground voltage of choke coil+combined arrester transformer.
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Figure 17. Phase-to-phase voltage of choke coil+combined arrester transformer.

5. Conclusions

In this paper, through the study of the vacuum circuit breaker reignition mechanism,
a vacuum circuit breaker model was established in the electromagnetic transient software,
and it was verified that it could truly simulate the reignition process of the circuit breaker.
After that, the model was applied to wind farms, and the effects of the parameter values
of the RC snubbers, the surge arrester wiring, and the choke coil combination on the
suppression effect were systematically investigated, and the best suppression scheme was
finally given. The conclusions are as follows:

(1) The vacuum breaker reignition model built in this paper takes into account the
microscopic dielectric recovery process after the arc, and the simulated reignition
number is higher than the traditional linear curve reignition model, while the voltage
is smaller, and the accuracy is improved by 51.2% and 24%, respectively, which is
closer to the actually measured overvoltage and can reflect the transformer operating
condition more accurately.

(2) The resistance and capacitance parameters of RC snubbers affect the inhibition effect.
The 400 Ω/0.05 μF and 100 Ω/0.1 μF parameters of the protection effect are compara-
ble and can make the reignition phenomenon basically disappear. The 400 Ω/0.05 μF
RC snubbers with strong stability can be selected, but the operation of the standard
is not perfect and difficult to manage, among other issues; therefore, they are rarely
used in wind farms.

(3) The addition of a combined surge arrester with a series choke coil can make the relative
ground and phase overvoltage amplitude reduce by 47.6% and 59.2%; the steepness
and the number of reignitions were also reduced by 85.8% and 68.9%. Compared to
the RC snubbers, the normal operation of the line parameters will not change. This
paper recommends this program for wind farms’ reignition overvoltage protection.
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Abbreviations

CTM continuous transition model
VCB vacuum circuit breaker
TRV transient recovery voltage
DFIG double-fed induction generator
BIL basic insulation level
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Abstract: The endurance of medium- and high-voltage electrical insulation is a key reliability element
in a broad spectrum of applications that cover transmission and distribution levels, the transportation
segment, the industrial environment, and power electronics-based energy-conversion systems. The
high electric-field stress and high-frequency switching phenomena as well as the impact of environ-
mental conditions lead to the occurrence of partial discharges (PD) and the subsequent deterioration
of electrical insulation. Partial discharges usually occur inside solid insulation materials in tiny voids
that may either be located adjacent to the electrodes or in the bulk of dielectric material. This effect
refers to both AC and DC systems; however, AC voltage is usually much more intensive as compared
to DC voltage. This paper describes a novel combined approach based on surface-resistance and
potential mapping to reveal the effects of internal processes and the deterioration of insulating mate-
rial due to the actions of partial discharges. To realize the research objective, the following two-step
approach was proposed. Multi-point resistance mapping enables us to identify the spots of discharge
channels, manifesting a-few-orders-of-magnitude-lower surface resistance as compared to untreated
areas. In addition, surface-potential mapping that was stimulated by corona-charge deposition
reflects quasi-equipotential clusters and the related polarity-dependent dynamics of charge decay.
A high spatial and temporal resolution allows for the precise mapping and tracing of decay patterns.
Experiments were carried out on polyethylene (PE) and Nomex specimens that contained embedded
voids. During PD events, the effective discharge areas are identified along with the memory effects
that originate from the accumulation of surface charges. Long-term aging processes may drive the
formation of channels that are initiated from the deteriorated micro clusters, in turn, penetrating
the bulk isolation. The presented methodology and experimental results extend the insight into PD
mechanisms and internal surface processes.

Keywords: partial discharges; surface-resistance mapping; surface-potential decay; electrical insulation
degradation; aging

1. Introduction

The endurance of medium- and high-voltage (HV) electrical insulation is a key relia-
bility element in a broad spectrum of applications that cover transmission and distributions
levels, the transportation segment, the industrial environment, and power electronics-
based energy-conversion systems [1–6]. The high electric field stress and high-frequency
switching phenomena as well as environmental impacts such as temperature, humidity, or
mechanical stresses lead to the occurrence of partial discharges (PD) and the subsequent
deterioration of electrical insulation. This stimulates ongoing research on various char-
acteristics of insulating materials, such as enhanced electrical endurance, high thermal
conductivity, high energy storage density, extreme environmental resistance, and environ-
mental friendliness [1,6]. Partial discharges usually occur inside solid insulation materials
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in tiny voids (gaseous inclusions) that may either be located adjacent to the electrodes
or in the bulk of the dielectric material. This effect refers to both AC and DC systems;
however, AC voltage is usually much more intensive as compared to DC voltage. The
long-term penetration of PDs may lead to local surface degradation or treeing propagation,
whose origins often occur at sharp edges where electric field amplification occurs. The
deterioration of a void’s surface may result in radical surface-resistivity impairment—often
by a few orders of magnitude; this creates local clusters that can even act as equipotential
sheets. Such a conductivity non-homogeneity may thus impose a space-charge accumula-
tion. This effect has an important role in HVDC (High Voltage Direct Current) insulation
systems—especially related to power cables (considering their long-term endurance) [2].
A locally accumulated space charge may elevate operational stresses in HVDC polymeric
cable systems—especially during polarity inversion [7]. The actions of partial discharges in
gaseous inclusions result in changes in void surface conditions (for example, their conduc-
tivity, morphology, or roughness), which impacts the charge accumulation and transport
effects [8–13]. Special attention is paid to investigations related to effective discharge and
memory effects [10,14–16]. New insight was provided by mapping the discharge channels
in the void creating an effective partial discharge area [17–19]. The modified surface con-
ductivity of void walls impacts the decay time of deposited charges during consecutive
PDs (thus, inception conditions in the long run) [20–23].

In this paper, partial discharge-originated deterioration was investigated by surface-
resistance and surface potential-decay mapping. In this new approach, the effects of PD
dynamics can be evaluated—especially revealing discharge channel clusters. The long-term
exposure to partial discharges leads to variations in the discharge areas inside void walls,
accelerating the clustering effect. In such a way, the evolution of so-called “effective discharge
areas” may be observed [14,15,19,20], influencing the creation of discharge spots (thus, con-
tributing to the stochastic character of the magnitude of partial discharges [21–32], which can
be revealed during the acquisition by phase-resolved PD-pattern modulation [14–19]). These
phenomena often contribute to memory effects [27,33–35]. The localization of surface clusters
may even be impacted by the magnetic field, which influences the discharge trajectory [36,37].
The presented experiment was conducted on polyethylene (PE) and Nomex specimens that
were subjected to accelerated deterioration stresses at 1 kHz. The samples took the form of
a flat round gaseous inclusion with a diameter that was much larger than the thickness of
an inclusion. The presented approach allowed for the localization of changes in a dielectric
structure that was subjected to multi-channel PDs; these were identified through the detection
of multi-point clusters with reduced surface resistances. Allocation to the clusters with dif-
ferent resistances by surface mapping reflected the energetic impact that is caused by partial
discharges. The formation of the semiconducting surface inside voids may cause the creation
of channels that penetrate toward the bulk in the next stage (e.g., the early stages of treeing).
Such investigations aimed to better understand discharge mechanisms on the one hand and
lead to the proper selection of the appropriate materials for HV insulation systems on the other.
The novelty aspect of the paper refers also to the introduced measurement approach, which
may be applied to the diagnostics of certain electrical power components, such as insulators,
spacers, or power transformer insulating components during revisions. The compact version
of the measurement rig will allow easy transportation to the inspection site, enabling easy
diagnostics of the deterioration of the insulation materials.

The rest of this paper is organized as follows. The experimental methodology is
presented in Section 2, followed by the specimen and measurement setup description in
Section 3. The experimental results and discussion are in Sections 4 and 5, respectively.
Finally, the conclusion of this paper is drawn in Section 6.
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2. Experimental Methodology

The intention of the performed experiments was to get inside the degradation pro-
cesses that take place in sources of discharges that are embedded in dielectric insulation.
The experimental methodology comprises five distinct phases, which are illustrated in
Figure 1. The scope comprised the two-step approach proposed in this paper, related to
surface-resistance and potential mapping. In the preparatory step, each specimen was
cleaned and discharged while checking its condition with a measurement of the surface po-
tential. The flat sample was formed on sheet layers of insulating material that contained an
embedded round void. The void walls were explored during the experiments. A detailed
description of the specimen’s geometry is presented in the following section. The inves-
tigations started with the accelerated degradation of the specimen after being subjected
to a sinusoidal voltage of 18 kV and a frequency of 1 kHz for a predefined time period of
100 min. In this way, intensive partial discharges penetrated the void volume. In the second
step, the specimens were opened in a clean environment, and both the upper and bottom
walls were subjected to surface-resistance mapping that was performed automatically on a
defined region. The investigated surface comprised the zone of the gaseous inclusion as
well as an untreated external part for reference.

Figure 1. Sequence of experimental methodology steps.
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The third step was related to the DC corona charging of the void walls in the setup that
is described in the next section. The polarity of the deposited charges was defined upfront.
This phase was necessary to perform in the following fourth step the surface-potential
mapping, including the time-decay observation along the marked cross-sections (fifth step).
In this way, the partial discharge-deteriorated insulating material inside the void was
analyzed by means of both surface-resistance testing and potential mapping.

3. Specimen and Measurement Setup

In this section, detailed descriptions of the specimens, setup, and measurement instru-
mentation are provided.

3.1. Specimens

The presented experiment was conducted on polyethylene (PE) and Nomex® (DuPont,
Wilmington, NC, USA, Type 418 flexible paper with a rated temperature range of 220 ◦C
and a sheet thickness of 120 μm) specimens that were subjected to an accelerated deteri-
oration stress at 1 kHz. Both materials are extensively used in high-voltage applications;
polyethylene is a basic material for the main insulation of polymeric high-voltage cables,
while Nomex is applied in the transformer layer and ground insulation as well as the insu-
lation of motor coil wraps and conductors (the latter’s calendared blend of mica and aramid
provides increased voltage corona endurance). The investigated Nomex 418 contained a
50% share of mica lamellas. The aramid paper eliminated the main drawbacks of cellulose,
i.e., reduced moisture absorption as well as increased resistance to high temperatures. The
typical electrical properties for PE and Nomex 418 are presented in Table 1.

Table 1. Typical properties of Nomex Type 418 and PE specimens [18].

Nomex 418 PE

Dielectric Strength, AC [kV/mm] 30 40
Dielectric constant, dry 2.3 2.2
Dissipation factor 0.006 0.0009
Volume resistivity [Ω·m] 1014 6 × 1015

Surface resistivity [Ω] 4 × 1013 5 × 1013

Layer thickness [mm] 0.96 = 8 × 0.12 1

Specimens from both materials (format 100 × 100 mm) were designed according to
the geometry that is shown in Figure 2; these contained flat round gaseous inclusions
with a diameter of d = 38 mm, which is much larger than the thickness of an inclusion
(a = 1 mm—d >> a). The main specimen insulation was composed of three layers (each
1 mm thick) with a punched void in the middle one. Two glass plates (1 mm thick each)
were pressed on both sides of the samples to safeguard their mechanical stability. The
investigated surfaces (the upper and bottom void walls) are marked in red in Figure 2. The
surface-resistance and potential mapping was carried out on these layers after opening
the specimen.

Both high-voltage and ground electrodes made of stainless steel (diameter—50 mm)
ensured a uniform electric field distribution. The measurements were performed in insulat-
ing oil in order to prevent surface discharges on the specimen. The following environmental
conditions were present during the experiments: a temperature of 24 ◦C, a humidity level
of 31%, and an atmospheric pressure of 999 hPa.
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Figure 2. Geometry of test specimen with embedded void.

3.2. Measurement Setup

The measurement setup elements that are described in this section refer to the consec-
utive stages in the experimental framework; i.e., accelerated deterioration of specimens
with AC voltage, DC charge sprinkling in corona mode, and both surface-resistance and
potential mapping.

3.2.1. Accelerated Specimen Degradation

The simultaneous accelerated degradation of both the PE and Nomex specimens was
conducted with a sinusoidal voltage of 18 kV and a frequency of 1 kHz for a predefined
time period of 100 min. The electrical exposure setup is shown in Figure 3. The high
voltage was delivered from a Trek 20/20B amplifier (Advanced Energy, Denver, CO, USA),
which was controlled by a SIGLENT function generator (Siglent, Shenzhen, China). The HV
source was protected with a Z = 2 MΩ resistor. The level of the high voltage was measured
by means of a Tektronix Probe (Tektronix, Beaverton, OR, USA, Model P6015A—depicted
in Figure 3) represented by an R1 and R2 resistive divider, with an input impedance equal
to 100 MΩ, providing an attenuation factor of 1:1000.

Figure 3. Electrical exposure setup: (a) AC accelerated high-frequency deterioration; (b) DC
charge sprinkling.

The presence of partial discharges was detected by a CT wideband current transformer
that was terminated at 50 Ω and placed on the ground side and observed on an oscilloscope.
The aging conditions were set based on the performed tests. The voltage was adjusted to
the level above the partial discharge inception voltage. The higher frequency was ensuring
the acceleration of the specimen deterioration. The duration of the test was set according to
the visible aging effects.
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3.2.2. DC Charge Sprinkling

The charge-sprinkling setup (shown in Figure 3b) was used to accumulate the charge
of the defined polarity on the specimen surface. In corona mode, DC voltage that was
equal to ±18 kV was applied to an HV needle electrode with a radius of 700 μm that was
positioned at a distance h of 100 mm above the sample surface (with thickness dl located
on the ground planar electrode). The relatively great distance between the needle tip and
the specimen surface resulted in a quite-uniform charge deposition. The void region is
marked in red in Figure 3b. The duration of the flash-sparkling process was 10 s. The
voltage potential related to the charge density was measured by using the system that is
described in the next section.

3.2.3. Surface-Resistance Mapping

The measurements of the surface-resistance mapping on the void walls were per-
formed in the setup that is presented in Figure 4. The multipoint method that was described
in [18] was applied to visualize the potential distribution in the frame of the investigated
region. The scanning was executed fully automatically along a programmed line-by-line
pattern. The interelectrode distance of the probe was equal to 5 mm. The mobile micro
two-electrode probe was automatically positioned along the x- and y-axes above the defined
zone of investigation. The control along the z-axis ensured the proper pressure and contact
between the measuring electrodes and the specimen surface. The probe was driven by
three USB-controlled motors (Mx, My, and Mz), which positioned the resistance probe
in three dimensions at defined coordinates in space. The measurement of the surface
resistance was performed by an electrometer through a current measurement at an applied
voltage of 1 kV. The results were sent to the computer via a USB interface. The mapping
sequence was executed along the defined trajectory at defined grid points. The surface-
resistance mapping was carried out in a matrix of 25 × 25 = 625 points, i.e., covering a
region of 60 × 60 mm with a raster of 2.5 mm. Both the upper and lower void walls were
investigated.

Figure 4. Instrumentation for automatic surface-resistance and potential mapping.
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3.2.4. Surface-Potential Mapping

The measurements of the surface-potential mapping and decay-time estimation were
performed in the setup that is presented in Figure 4. Based on this approach, the surface-
charge density could also be calculated [38–41]. One side of the void wall specimen material
was put on the grounded electrode. The mobile-readout probe was automatically positioned
along the x- and y-axes above the selected region of investigation. The control along the z-
axis allowed for the precise positioning of the probe above the specimen. The head that fixed
the probe was driven by three USB-controlled motors (Mx, My, and Mz), which positioned
the probe in three dimensions. The readout of the surface potential was carried out by
means of an electrostatic voltmeter (Trek Model 347), which was directly connected to a
16-bit A/D converter and a computer-interfacing USB module. The potential measurement
was based on a non-contacting field-nulling approach [38]. In the surface-potential mapping
mode, the probe was positioned at a distance of dp = 1 mm above the specimen. The surface-
potential mapping was carried out in a matrix of 25 × 25 = 625 points, i.e., covering a
region of 60 × 60 mm with a raster of 2.5 mm. The probe-to-plane distance was 1 mm. The
upper and lower sheets of the void specimen were investigated. For visualization in both
the surface-resistance and surface-potential mapping cases, the interpolation of the surface
color distribution was applied using the measurement values from the grid nodes. For the
interpolation, a cubic convolution from Matlab (ver. R2022a) was used.

4. Results

The measurements were executed according to the methodology that was described
in the previous section (distinguishing several stages). The experiments started with an
accelerated deterioration of specimens at an AC voltage of 18 kV and a frequency of 1 kHz
for 100 min. The experimental setup of the PD exposition phase was presented in Figure 3.
The intensive action of the partial discharge inside the embedded void resulted in internal
surface degradation. The individual channels on both the upper and lower inclusions’
voids were created. After a longer stressing time, these local spots formed bigger clusters
that were characterized by lower surface resistance. The identification of these effects in
both specimens is the subject of this paper and will be described in the following parts.

4.1. Surface-Resistance Mapping

One of the degradation-assessment methodologies that are presented in this paper is
surface-resistance mapping. The applied instrumentation allowed for the automatic execu-
tion of the mapping of a defined region. The surface resistances of the untreated non-aged
materials were higher than Rs > 1014 Ω in the case of PE and higher than Rs > 1012 Ω for
Nomex. The surface-resistance mapping of the bottom side of the PE and Nomex speci-
mens that was carried out on region (x, y) = (−30, 30; −30, 30) [mm] is shown in Figure 5.
The void wall could be very well-distinguished from the untreated external zone. The
deteriorated regions manifested two-orders-of-magnitude-lower resistance as compared
to the non-aged parts; i.e., for PE, the value dropped from 3.1 × 1013 to 1011 Ω, and in the
case of Nomex, it dropped from 1.6 × 1012 to 1.6 × 1010 Ω. The region of the accelerated
deterioration is well-marked in the 3D (Figure 5c,d) and cross-section views (Figure 5e,f).
The resistance mapping reveals the creation of a quasi-equipotential zone (corresponding
to the void diameter) on one side with a significantly increased level of surface conduc-
tivity. On the other hand, one can even observe the clusters and zones in that region that
corresponded to the more- and less-intensive discharge channels.
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Figure 5. Surface-resistance mapping inside voids on PE (left column) and Nomex (right column)
specimens (bottom sides): (a,b) map view; (c,d) 3D view; (e,f) cross-section view.
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4.2. Surface-Potential Mapping

In order to reveal the deteriorated clusters, the void walls were exposed to a charge
deposition with a defined polarity in the corona mode in the setup that is shown in Figure 3b.
Charge sprinkling at ±20 kV DC was conducted during a flash-exposition time of 10 s.
Immediately after the charge deposition, the electrostatic-potential surface mapping was
performed by using the instrumentation that is described in Section 3.2.4.

The surface-potential mapping on the void walls of the PE specimens (bottom sides) is
shown in Figure 6a,b (3D view) for the negative polarity and Figure 6c,d (3D view) for the
positive polarity of the accumulated charge. An analogic sequence of the surface-potential
mapping on the void walls of the Nomex specimens is shown in Figure 7a for the negative
and Figure 7b for the positive sprinkling. In both cases, the void regions were well-defined;
the contours of the voids (with a diameter of 38 mm) are clearly visible in the patterns
that are shown in Figures 6 and 7. The course of the surface potential within the void wall
zone in fact reflects the equipotential cluster, which was identified by the surface-resistance
mapping as a region with significantly reduced surface resistance.

The potential measurements indicated the PD accumulated-charge zones, which were
concentrated quasi-radially. Due to the intensive accelerated deterioration test (high-frequency
and high-electric field stress), the spatial distribution of the PD filamentary channels became
more and more uniform in their shapes. The mechanism of these effects also referred to the
memory mechanism that was related to the individual PD events [12,21,27,35].

Figure 6. Surface-potential mapping on void walls of PE specimens (bottom side): (a,c) map views;
(b,d) 3D views; (a,b) negative polarity of corona charging; (c,d) positive polarity of corona charging.
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Figure 7. Surface-potential mapping on void walls of Nomex specimens (bottom sides)—map view:
(a) negative polarity of corona charging; (b) positive polarity of corona charging.

5. Discussion

The analysis of the partial discharge-originated degradation of insulating material
that is presented in this paper was carried out jointly by two techniques: namely, surface-
resistance mapping and surface-potential mapping. The former was performed directly
after accelerated deterioration tests at 1 kH, while the latter was executed in the second
step immediately after the DC charge deposition with a known polarity. There are mainly
three physical mechanisms that are associated with surface-charge decay: namely, gas
neutralization due to environmental exposition (incl. the impacts of humidity and tem-
perature), surface conduction, and bulk transport [27,33,34]. All of these mechanisms
may have been present in the experiment; however, they would have manifested different
dynamics. Surface conduction may have especially been present in the deteriorated regions
on the gaseous inclusion walls. In this way, even separate spots that exhibited elevated
levels of surface conductivity may have formed joint clusters over time. Also, the void
boundary that represented the strong electric field tangential component due to the charge
non-homogeneity may have supported this effect. In turn, the bulk transport could have
been characterized by charge injection (dependent on the mobility and density of the
charge carriers), polarization, and intrinsic conduction [34]. In the case of the flat specimen
geometry and neglecting the existence of a space charge in the material bulk, the surface
potential could have been assumed to be proportional to the surface-charge density. The
applied combination of the surface-resistance and potential mapping revealed the effects
of partial discharge action on a dielectric surface in two domains in a quantitative way;
one reflecting the degradation level, and the second revealing the dynamics of the charge
neutralization and transport. The graphical visualization of the mapping effects on the
surface of the deteriorated insulating material is illustrated in Figure 8. The shown symbolic
grid layout density depends on the applied measurement conditions, and the resolution
can be separately defined for the resistance and potential measurements. There is a tradeoff
between the raster spatial resolution and the total scanning time. The boundary of the void
is marked in the graph, indicating the upper and bottom walls as well as distinguishing
the untreated and deteriorated areas.
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Figure 8. Visualization of mapping effects on surface of deteriorated insulating material.

The surface resistance-mapping results that were presented in the previous section
(Figure 5) exhibit the PD channel-formation spots on the void walls with high resolution.
The inclusion contour can be well-distinguished as well as the clusters inside the void that
corresponded to the intensities of the PD at different spots. After extraction, the exact void
areas for both specimens are shown in Figure 9.

Figure 9. Extracted void areas deteriorated by partial discharges in high-frequency accelerated test
(1 kHz, 18 kV) based on surface-resistance mapping: (a) PE; (b) Nomex.

In order to assess the degree of surface degradation, the following classification
procedure was applied [19]. Threshold levels on the surface resistance were defined, which
allowed us to reveal the Si regions, which dropped one, two, or more orders of magnitude
from the reference untreated level. The corresponding areas were calculated according to
the following formula:

Si =
�
x,y

Sρ(x, y)dxdy for Thlow_i < ρ(x, y) < Thhigh_i, (1)

where Thlow_i, Thhigh_i define the thresholds that specified the sub-regions. In particular,
Thlow_i can be set to zero; in this way, the area with a resistance below the Thhigh_i value
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will be visualized. The percentage share Pi of this region with respect to the whole area of
the void with diameter d yields the following:

Pi =
Si

πd2/4
. (2)

According to the above procedure, the degradation degrees (expressed by Pi) for both
the PE and Nomex specimens are shown in Table 2. The threshold levels in the case of
PE showed a drop in surface resistance R by three orders of magnitude, whereas Nomex
showed a drop of two orders. The surface-resistivity mapping for the PE specimen with the
applied thresholding (going down order by order of magnitude) is presented in Figure 10.

Table 2. Threshold levels and percentage shares (Pi) for PE and Nomex specimens.

Thresholds
Thhigh_i [Ω]

Bottom Void Wall

PE
Pi [%]

Thresholds
Thhigh_i [Ω]

Bottom Void Wall

Nomex
Pi [%]

1010 < R ≤ 1 × 1011 17.0 109 < R ≤ 2.5 × 1010 14.4
1 × 1011 < R ≤ 1 × 1012 39.3 2.5 × 1010 < R ≤ 5 × 1010 55.4
1 × 1012 < R ≤ 1 × 1013 42.6 5 × 1010 < R ≤ 7.5 × 1010 23.0
1 × 1013 < R ≤ 1 × 1014 1.1 7.5 × 1010 < R ≤ 1011 6.0

Figure 10. Surface-resistivity mapping for PE specimen with applied thresholding (Table 2): thresh-
olds are marked on top of each plot, and the degradation degree is expressed by Pi factor.

The highest conductance (R < 1011) was attributed to 17% of the void area, while the
majority was occupied by a cluster where R < 1012 (56.3%) and R < 1013 (98.9%). However,
radically different patterns were revealed in these two cases. The centric and radial focus
in the first case that reflected the high-intensity PDs can be noticed, whereas the latter one
represents the discharges that occurred around the boundary of the outer gas inclusion.
In the cases of the regions with the lowest resistance (R < 1011), the tiny hot spots are
well-visible; these can be attributed to those places where the PDs had the greatest impacts.

In the case of Nomex (Figure 11), individual thresholding was applied since the span
was smaller.
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Figure 11. Surface-resistivity mapping for Nomex specimen with applied thresholding (Table 2):
thresholds are marked on top of each plot, and the degradation degree is expressed by Pi factor.

The highest conductance (R < 2.5 × 1010) could be attributed to 14.4% of the void area,
whereas the majority was occupied by clusters for those resistances that were within a
range of 2.5 × 1010 < R < 5 × 1010 (Pi = 55.4%). This is represented by a rather strongly
clustered pattern that was centrally located in the void. The spot was relatively big in this
case, unlike the individual dots that could be observed in the PE case above (Figure 10).
The strongest PD action could be observed when applying the threshold (R < 2.5 × 1010).

After the positive and negative charge depositions (shown in Figures 6 and 7 for the PE
and Nomex specimens, respectively), the surface potential-mapping results exhibited the
boundaries of the equipotential areas. From this perspective, the void interior represented
a quite uniform and clustered pattern, even though the individual sub-regions that were
distinguished by the resistance mapping may have varied in the order of the magnitude
of their surface-resistance values. To analyze the dynamics of the surface-potential decay,
the measurements were performed along a cross-section of the inclusion (along the x-axis
at y = 0), passing both the untreated region and alongside the void diameter. In all of the
cases, the charge was deposited in corona mode at 20 kV over a short time period (10 s).
The time evolutions that were acquired over 35 min for the Nomex sample (bottom side)
are shown in Figure 12a,b (negative polarity) and Figure 12c,d (positive polarity). To reveal
the decay-time constants, the cuts that are marked by the white dashed lines in Figure 12a,c
are shown in the plot in Figure 12b,d. For the deposition of the negative charge, the blue
line in the plot (Figure 12b) traveled through the middle of the void and had a decay
time of τ = 8.6 min, whereas the brown line (representing the untreated region) yielded
τ = 16.5 min.

In the case of the positively polarized Nomex specimen’s surface, a cross-section
is shown in Figure 12c, and the corresponding cuts along the decay time are shown in
Figure 12d. The blue line that is marked through the middle of the void had a decay
time of τ = 9.1 min, whereas the brown line (representing the untreated region) yielded
τ = 30.9 min. The polarity-dependent decay times were radically different for the non-aged
region (and were much longer for the positive charging), whereas the potential-decay times
inside the deteriorated void were quite similar for both polarities.
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Figure 12. Surface-potential mapping-time evolution for Nomex—cross-section alongside x-axis at
y = 0: (a) planar mapping—negative charging; (b) potential decay at selected cross-sections; (c) planar
mapping—positive charging; (d) potential decay at selected cross-sections (charge deposition over
10 s: (a,b) DC −20 kV; (c,d) +20 kV—white dashed lines represent time evolution cutting profiles).

The presented approach revealed the non-homogenous deterioration of the void walls,
which reflected the exact spots of strong PD penetration. In both cases (PE and Nomex),
more-intensive PD action could be observed in the central and radial directions than at the
inclusion’s external round and boundary zones. The long-term partial discharge exposure
resulted in the transition of the effective discharge area. The presented approach may also
be utilized in research on the various charge-decay mechanisms.

6. Conclusions

The goal of this paper was to describe a novel combined approach that was based on
surface-resistance and potential mapping to reveal the effects of the internal processes and
deterioration of insulating materials due to the actions of partial discharges. A dedicated
measurement methodology was elaborated in order to properly address these measure-
ments. The experiments were performed on flat PE and Nomex specimens that contained
embedded voids. Multi-point resistance mapping allowed us to identify the spots of the
discharge channels, which manifested a few orders of magnitude lower surface resistance
as compared to the untreated areas. In addition, surface-potential mapping that was stim-
ulated by corona-charge deposition reflected the quasi-equipotential clusters and related
dynamics of the charge decay. The derived time evolution of the surface-potential mapping
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revealed quite similar decay times for the deteriorated void interior (negative charging
of Nomex—τ = 8.6 min; positive charging—τ = 9.1 min); these reflected the correspond-
ing drops in the surface resistance. The high spatial and temporal resolution allowed
for the precise mapping and tracing of the decay patterns. During the PD events, the
effective discharge areas were identified with the memory effects that originated from the
accumulation of the surface charges. The experimental results showed the formation of
clusters in the deteriorated area, which revealed a few orders of magnitude reduced surface
resistance; the developed methodology allowed for the precise localization of these regions.
The surface-potential mapping indicated those spots that represented the equipotential
behavior and quantitatively showed the potential decay processes. The two measurement
approaches that were presented reflected a quantitative correlation and correspondence
between the untreated and aged regions (pinpointing subclusters in the latter case). It could
be observed that the PD action resulted in a few orders of magnitude surface resistance drop
in the deteriorated void areas. Furthermore, the potential mapping revealed the creation of
equipotential clusters. The patterns of the clusters and the individual spots reflected the
local PD intensities. It can be stated that the void walls were not homogenously stressed
nor deteriorated, leading to the formation and transition of the effective discharge area
within the aging time. The long-term aging processes may have driven the formation of
channels that were initiated from the deteriorated micro clusters, in turn, penetrating the
bulk isolation. The introduced measurement approach may be applied to the diagnostics
of certain electrical power components, such as high-voltage insulators, GIS/GIL spacers,
or power transformer insulating component during revisions. The compact version of the
measurement rig will allow easy transportation to the inspection site. The follow up work
will be two-fold, on one site will refer to the extensions of the measurement setup capabili-
ties in terms of the further improvement of the sensitivity, probe design and measurement
speed of the overall procedure, on the other side will focus on the theoretical foundations
and interpretation of the obtained results. The presented methodology and experimental
results extend the insight into PD mechanisms and internal surface processes.
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Abstract: Acoustic inspection is a valuable technique that can detect early stage defects in equipment,
thereby facilitating predictive maintenance. In recent times, ultrasonic sensors have made detecting
partial discharges through acoustic sensing increasingly feasible. However, interpreting the acoustic
signals can pose challenges, as it requires extensive expertise and knowledge of equipment configu-
ration. To address this issue, a technique based on zero-crossing rate and fundamental frequency
estimation has been proposed to standardize insulator diagnosis. In an experiment involving a
database of 72 raw acoustic signals with frequencies ranging from 0 to 128 kHz, various types of
pollution and defects were introduced to a chain of insulators. By employing the proposed technique,
the occurrence of partial discharges can be detected and classified according to type, such as corona
or surface discharges. This advanced approach to diagnosis simplifies the process while providing
valuable insights into the severity of observed phenomena in the field.

Keywords: classification; high-voltage; insulator; partial discharge; acoustic inspection

1. Introduction

Partial discharges (PDs) are spatially limited and incomplete dielectric breakdowns,
in which the voltage gradient is only strong enough to sustain the electric discharge in the
vicinity of the point of inception [1]. According to [2], there are four types of PDs: corona,
internal, surface and electrical treeing discharges.

As shown in Figure 1A, corona discharges occur if the electric field is sufficiently
non-uniform in the surrounding air. This type of PD is established, commonly, near sharp
points or where conductors are curved on transmission lines. Corona discharges may be
accompanied by a bluish luminescence and a hissing noise, containing ultrasound and
audible acoustic signals. Moreover, corona discharges could have a transient or steady state
behavior, and they may lead to insulation deterioration.

Figure 1B illustrates an internal discharge that may occur in voids or cavities inside the
insulator layer, where there is low dielectric strength. The continuous occurrence of internal
discharges in a solid dielectric may lead to major defects in insulation and the formation of
discharge channels, thus resulting in electrical trees, see Figure 1C. Furthermore, surface
discharges, shown in Figure 1D, occur when there is a relatively high parallel component
of the electric field to a dielectric surface [2].

PDs are typically accompanied by the emission of sound, light, heat and chemical
reactions [1]. Therefore, the most common techniques to measure PDs are based on acoustic,
electrical, optical, thermal and chemical methods of detection. Electrical methods are
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premised on the coupling of a measuring instrument (MI) in the system that has equipment
subjected to PDs. Through this MI, voltage and current signals are taken and PDs are
evaluated. The measurement system for high-voltage (HV) tests is presented in [3].

 
Figure 1. Types of partial discharges: (A) corona; (B) internal; (C) treeing channel; (D) surface discharge.

Visual or optical detection is based on the emission of light from PDs. It may require
a dark room or, alternatively, a photographic record could be used throughout a long
exposure time [2]. The detection of PDs made from chemical reactions is more commonly
used in systems with oil or gas insulators. It consists of the analysis of decomposition
products dissolved in the insulating media, e.g., humidity and gas [1].

Acoustic methods are based on the measurement of the sound produced by electrical
discharges. In this regard, audible sound is, typically, generated by severe PDs and electric
arcs. By comparison, the satisfactory detection of incipient PDs depends on ultrasound-
based techniques [2]. The use of ultrasound signals to evaluate the occurrence of PDs
is a well-established technique and has been used in previous studies, such as [4,5]. In
these articles, the authors discuss theoretical and practical foundations for the online (or
otherwise stated, energized) PD evaluation in gas-insulated substations [4] and power
transformers [5].

More accurate ultrasonic sensors have been introduced on the market, resulting in
an emergence of sophisticated methods for evaluating PDs. A feature that turns acoustic
detection into a powerful technique is the immunity to electromagnetic interference (EMI),
making it a suitable method for evaluating PDs in energized equipment [6]. In this regard,
ultrasound inspection is used in different types of equipment, including generators, trans-
formers, cables and insulators. However, the acoustic measurement could be contaminated
with noise, which makes the identification of PDs difficult and complex [6].

To take account of the external noise in acoustic measurement, new approaches devel-
oped in [7] combine the use of distinct sensors with signal processing to eliminate noise
and generate diagnostics of the state of the equipment.

The wavelet transform (WT) is widely used in signal noise reduction, e.g., the tech-
niques in [8–11]. In [8], the authors reported the use of wavelet energy coefficient and
principal component analysis (PCA) for glass and polymer insulators; wavelet packet trans-
form (WPT) for glass insulators [9]; and WT, filtering and noise reduction for polymeric
insulators [10].

Figure 2 shows the main types of sensors, signal processing techniques and diagnostic
methods applied to acoustic inspection.
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Figure 2. An overview of acoustic inspection. Adapted from [6].

In [11], a method is proposed for the evaluation of surface discharges in HV glass
insulators. This method is based on WT for signal processing and on radial basis function
neural networks for identifying PDs. A similar technique is also proposed in [12]. In
this approach, a hybrid model that combines particle swarm optimization (PSO), WT and
neural networks is used to classify PDs in a gas-insulated switchgear (GIS).

An ultrasonic diagnostic method is proposed in [13] for monitoring PDs in medium-
voltage pin-type insulators. This work takes advantage of a normalized frequency, obtained
from measurements in the insulators, to identify the magnitude of PDs. In [14], the state
echo network is used for the classification of insulators based on ultrasound signals. This
study, [14], demonstrates that the proposed neural network presented an 87.36% accuracy
for multiclassification. The insulators are evaluated in the laboratory under controlled
conditions at a voltage of 13.8 kV (phase-to-phase). Furthermore, this work has shown that
the echo state network performed better than multilayer and support vector-machines.

This paper presents a novel methodology for detecting and categorizing PDs in HV
glass insulators using raw (unprocessed) acoustic signals. The acoustic signals are captured
within a frequency range of 0 to 128 kHz without undergoing any prior processing, such
as heterodyning (a widely employed technique in acoustic inspection equipment). The
conducted experiments involve insulators contaminated with various types of artificial
pollutants to simulate real-world conditions that can give rise to PDs. For the diagnosis of
the raw acoustic signals, two techniques are employed: zero-crossing rate and fundamental
frequency estimation. These techniques contribute to the identification of anomalies and
the categorization of PD severity. The proposed method standardizes the diagnosis of
insulators and categorizes PDs into corona and superficial types. This, in turn, helps to
predict failures and reduce unwarranted shutdowns by facilitating scheduled maintenance.

The paper’s primary contributions are as follows:

• Firstly, it introduces a method that does not rely on extensive training datasets for
neural networks or artificial intelligence models. This departure from traditional
machine learning approaches eliminates the need for large-scale data collection and
time-consuming training processes.

• Furthermore, the proposed technique offers distinct advantages for acoustic inspec-
tions, particularly in the context of energized substations. By enabling online diagnosis
directly in the field, it enhances the efficiency and effectiveness of HV glass insulator
assessments. This capacity empowers maintenance teams to make real-time decisions
and take proactive measures to ensure the reliable operation of equipment.

• Categorizing PDs according to type (using the proposed methodology) and under-
standing the spatial distribution of acquired acoustic emissions (via the measuring
device) enables the assessment of the severity of these phenomena and the associated
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risks to electrical equipment. The potential offered by the proposed technique can be
further enhanced when integrated with regular acoustic inspections and the historical
monitoring of the equipment.

• Finally, the technique greatly mitigates challenges associated with interpreting acoustic
data in the electrical sector. Presently, acoustic signal interpretation heavily relies on
the experience of inspectors and, often, the subjective act of listening to signals using
headphones or auscultation devices. This reliance on human expertise inherently
introduces limitations and inconsistencies. The proposed method offers a standardized
approach, reducing reliance on individual experience and establishing a more reliable
and objective framework for acoustic signal analysis.

The structure of this paper is outlined as follows. Section 2 presents the mathematical
foundation underlying the proposed method. The experiments and the characteristics of
the insulators tested in a laboratory are described in Section 3. Subsequently, Section 4
reports the evaluation and analysis of the measurements with the proposed technique.
Section 5 substantiates the validation of the diagnostic approach, while Section 6 presents
the concluding remarks and findings derived from this study.

2. Mathematical Basis of the Proposed Method

Two techniques underlie the evaluation of PDs in this paper: zero-crossing rate (ZCR)
and fundamental frequency estimation. As will be discussed in the following sections,
ZCR is a technique used to detect anomalies in audio frames. In this sense, anomalies are
defined in this paper as the presence of recurrent and accentuated peaks in the ultrasound
signal, which lead to changes in the ZCR result. When changes occur, the fundamental
frequency is calculated and utilized to classify ultrasound signals as normal or abnormal.
In the event of identifying anomalies, they can be categorized as corona or surface PDs, or
may indicate the presence of an inconclusive phenomenon. The theoretical aspects of ZCR
and fundamental frequency estimation are discussed below.

2.1. Zero-Crossing Rate (ZCR)

The zero-crossing rate (ZCR) of an audio measurement represents the rate of changes
of the signal during a frame. In other words, it is equal to the number of times the signal
modifies from a positive to a negative value, divided by the length of the frame [15], in the
following manner:

ZCR(i) =
1

2WL

WL

∑
n=1

|sgn[xi(n)]− sgn[xi(n − 1)]| (1)

where sgn is the function (2), WL is the frame length, xi is the instantaneous value and n is
the number of the sample. In this case, the ZCR result is dimensionless.

sgn[xi(n)] =
{

1, xi(n) ≥ 0
−1, xi(n) < 0

(2)

Moreover, ZCR may also reflect, in a coarse manner, the spectral characteristics of
a signal [16].

2.2. Fundamental Frequency Estimation

Frequency estimation is performed through the power spectral density (PSD). The
PSD technique describes how the power content of a signal distributes as a function
of the frequency. The power spectrum is obtained from the Fourier transform of the
autocorrelation function of the acoustic signal. The autocorrelation function is a powerful
mathematical tool to evidence repeating patterns, such as an unknown periodic signal
hidden by noise. Additionally, it can identify the fundamental frequency of a signal
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with harmonics through the linear relationship between delayed values in a time-series
data [17,18].

For random signals, the periodogram power spectral density (Sx) is given by (3);

Sx(ejω) = lim
N→∞

E

⎧⎪⎨
⎪⎩

1
2N + 1

∣∣∣∣∣∣
N

∑
n=−N

x(n)e−jωn

∣∣∣∣∣∣
2
⎫⎪⎬
⎪⎭ (3)

where E is the evaluation, that is, the mathematical expectation.
Considering a finite amount of data with lengths equal to N − 1, (3) can be rewritten as (4):

Sx(ejω) =
1
N

∣∣∣∣∣∣
N−1

∑
n=0

x(n)e−jωn

∣∣∣∣∣∣
2

=
1
N

∣∣∣X(ejω)
∣∣∣2 (4)

where X
(
ejω) is the discrete-time Fourier transform (DTFT) of the windowed signal, which

in turn is given by (5). The rectangular window has the same length as the input signal and
the frequency sample is equivalent to 256 kHz.

ω =
2πk
N

, k = 0, 1, 2, . . . N − 1 (5)

Through PSD, the fundamental frequency and harmonics characteristics can be calcu-
lated, as performed in Section 4.

3. Laboratory Experiments

The purpose of laboratory tests is to produce different types and intensities of PDs in
a chain of HV glass insulators. PDs are generated during an increase in the applied voltage.
Artificial pollution was applied to the insulators to replicate real operational conditions
that may influence the occurrence of PDs. For each voltage step, ultrasound measurements
were made at a fixed distance.

The measurement methodology, the description of the artificial pollution and the
ultrasound measurement process are described below.

3.1. Measurement Methodology

The methodology of the laboratory experiments is shown in Figure 3.
The equipment illustrated in Figure 3 consists of:

1. Resonant controller;
2. Power transformer;
3. Resonant source;
4. Device under test—insulator chain (IC);
5. Capacitive divider;
6. Digital Digital ultrasound testing device, positioned at a distance of 12.5 m from the

device under test;
7. Oscilloscope;
8. Acquisition system of the capacitive divider;
9. Computer.

In the tests, a chain of HV glass insulators with three elements was used, in which
different types of artificial pollution were applied. The technical sheet of the insulator is
presented in [19].
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d( )

Figure 3. Experimental method organization.

3.2. Description of Artificial Pollution

The tests are intended to reproduce real conditions, to which an insulator chain, as
presented in Figure 4a, may be subjected. For example, the formation of a conductive
microfilm deposited by rain, wind, or other environmental conditions; the presence of mud,
which can be formed by dust and/or bird droppings; and partial damage and degradation.

The first case is illustrated in Figure 4b and it is characterized by a conductive microfilm
produced with saline pollution, distributed partially or totally along the superficies of the
insulators. For the second case, mud pollution (a mixture of soil and water) was applied as
shown in Figure 4c. Finally, partial damage was performed on the surface of the insulator.
In Figure 4d, small cracks are perceptible in the insulator.

Table 1 shows the condition of the insulators and the voltage range used in the labora-
tory experiments. The insulator chain was subjected to voltage levels ranging from 10 kV
to the highest level supported by the laboratory’s resonant source, until the overcurrent
protection system intervened.

Table 1. Test cases.

Case Condition Voltage Range (kV)

1 Clean and undamaged insulator chain. 10 to 100

2 Partial pollution with saline solution. Location: Upper
element of the insulator chain. 10 to 80

3 Total pollution with saline solution. Location: All elements
of the insulator chain. 10 to 70

4 Partial pollution with mud. Location: Upper element of the
insulator chain. 10 to 120

5 Partial pollution with mud. Location: Upper and
intermediate elements of the insulator chain. 10 to 120

6 Total pollution with mud. Location: All elements of the
insulator chain. 10 to 100

7 Upper element of the insulator chain with partial and
surface damages. 10 to 130
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Figure 4. (a) Clean and undamaged insulator chain; (b) total pollution with saline solution; (c) partial
and surface damages; (d) partial pollution with mud.

Importantly, the maximum voltage levels depend on the conditions of the insulator
(pollution levels) and on environmental conditions, since humidity and temperature influ-
ence the occurrence of PDs, owing to either favorable or unfavorable ionization conditions
in the air. Therefore, laboratory tests carried out on days with distinct environmental
conditions with the same chain of insulators may lead to different maximum voltage levels
required for partial dielectric breakdown.

3.3. Ultrasound Measurement Process

Ultrasound measurements were made at a fixed distance of 12.5 m with a sampling rate
of 256 kHz during a period of 10 s. The measurements are composed of raw audio signal
sized in microvolts and frequency spectrum, both time-varying. Figures 5–11 show the
amplitude and frequency spectrogram for each test case under different voltage intensities.
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Figure 5. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 1 at 10 kV.

Figure 6. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 2 at 50 kV.

Figure 7. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 3 at 50 kV.
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Figure 8. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 4 at 70 kV.

Figure 9. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 5 at 120 kV.

Figure 10. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 6 at 100 kV.
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Figure 11. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 7 at 130 kV.

The 10 s measurement time has been demonstrated to be adequate for capturing
the occurrence of PDs. This duration also allows the operator to maneuver the digital
ultrasound tester along the insulator chain without experiencing fatigue or shaking, thereby
facilitating field measurements.

It can be seen that the development in the degradation of the insulation capacity of
the HV glass insulators has a behavioral trend. This tendency is marked by a gradual
increase in the amplitude of the ultrasound signal, ranging from values close to 500 μV at
10 kV (see Figure 5) and reaching values approximately equal to 50,000 μV for a voltage
of 120 kV (see Figure 10). This represents an increase of 100 times in the amplitude of the
ultrasound signal. The occurrence of high-frequency components can also be seen in the
spectrogram, marked by the presence of frequencies in the order of 20 kHz for HV and
relative insulation degradation.

4. Application of the Proposed Method

Based on the ultrasound measurements performed, as well as on the mathematical
foundation provided in Section 2, a method is proposed for identifying and classifying PDs
in HV glass insulators. This approach is based on the ZCR evaluation to identify anomalies
in the ultrasound signal. If there is an anomaly, a fundamental frequency estimation
technique is used to classify the type of the PD, as described in Section 2.

4.1. ZCR Evaluation for the Test Cases

Figure 12 shows the ZCR evaluation for the test cases.
The pattern depicted in Figure 12 clearly demonstrates the ability to detect PDs using

the ZCR technique. It is essential to note that this pattern has undergone validation
in a HV laboratory setting, and Section 5 provides further explanation for the reader’s
comprehension.

In Figure 12, a distinct behavior pattern emerges, wherein the ZCR remains relatively
constant for low voltages. However, as the voltage increases within the range of 40 to 60 kV
(depending on the specific case), the ZCR experiences a notable decrease. These decreases,
with values below 0.5, are accompanied by discernible peaks in the acoustic raw signal,
which are strongly correlated with PDs occurrences. This characteristic serves as a clear
indication of anomalies present within the ultrasound signal, thus confirming the presence
of PDs.
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Figure 12. ZCR evaluation for the test cases.

This observation confirms the effectiveness and reliability of the proposed method-
ology in identifying and characterizing PDs. The ability to discern such abnormalities
through the analysis of the ZCR and associated acoustic raw signals further reinforces the
diagnostic capabilities of the technique.

4.2. Fundamental Frequency Estimation for the Test Cases

The fundamental frequency via the periodogram method for each test case is shown in
Table 2. The “-” notation represents the lack of measurements, that is, the source overcurrent
relay was triggered by a short-circuit.

Table 2. Fundamental frequency estimation.

Voltage
(kV)

Fundamental Frequency Estimation (Hz)

Test
Case 1

Test
Case 2

Test
Case 3

Test
Case 4

Test
Case 5

Test
Case 6

Test
Case 7

10 64.000 k 64.000 k 0.1667 23.362 k 23.359 k 56.933 k 64.000 k
20 11.938 k 0.1000 9.0617 k 23.363 k 23.361 k 23.361 k 64.000 k
30 59.9538 23.366 k 0.2666 23.360 k 23.359 k 23.358 k 64.000 k
40 10.429 k 11.957 k 23.856 k 23.361 k 60.0315 60.0003 64.000 k
50 60.0072 60.0068 16.846 k 23.359 k 23.355 k 59.9697 60.0334
60 60.0358 60.0033 20.218 k 60.0280 60.0092 60.0032 60.0321
70 60.0326 19.074 k 21.831 k 60.0220 60.0005 20.596 k 60.0225
80 59.9981 20.194 k - 20.841 k 60.0037 59.9699 19.290 k
90 60.0329 - - 60.0332 19.725 k 59.9692 9.9998
100 19.424 k - - 20.991 k 19.846 k 19.853 k 59.9972
110 - - - 19.317 k 19.901 k - 59.9862
120 - - - 19.640 k 19.835 k - 19.443 k
130 - - 19.110 k

In yellow: frequencies in the range of 60 Hz (Corona PDs). In red: frequencies in range of 20 kHz (Superficial PDs).

The relationship between PD types and the estimated frequencies has been established
through numerous HV laboratory tests, comparing the results of the proposed methodology
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with measurements of apparent electrical charges. This comparison has provided validation
for the diagnostic approach, with further details discussed in Section 5.

As outlined in Table 2, the estimated frequencies around 60 Hz (indicated in yellow)
signify the presence of corona discharges. Essentially, electric charges accumulate during
the crest of the voltage waveform, leading to intermittent sparking that occurs at the same
frequency as the voltage, i.e., 60 Hz. In this context, Figure 13 illustrates the comparison
between the ultrasound signal from Test Case 1, where a voltage of 90 kV was applied, and
a sine wave at 60 Hz.

Figure 13. Ultrasound signal with the presence of corona discharges for Test Case 1 at 90 kV.

During the laboratory experiments, as the applied voltage increases, a fundamental
frequency with values close to 20 kHz (indicated in red) emerges in the spectrogram. This
frequency indicates the likelihood of superficial PDs occurrences, which are, usually, more
damaging to equipment than corona discharges and have a frequency near the audible
range (below 20 kHz). Superficial discharges are generally more detrimental to electrical
equipment as they generate heat, emit ultraviolet radiation and form chemical compounds
such as ozone and nitric acid. Additionally, surface-type PDs can lead to the phenomenon
of “treeing channels” in more advanced stages. It is worth noting, however, that corona
discharges also pose a significant threat to the integrity and performance of the insulation
system as they indirectly contribute to the deterioration of dielectrics by generating ozone.

Finally, it is crucial to emphasize that, in this paper, the concept of superficial PDs
incorporates both dry surface discharges, also known as dry band arcing (DBA), and wet
surface discharges, when detecting faulty insulators.

4.3. Algorithm for Classification of PDs

The proposed approach calculates ZCR and, if it is greater than 0.5, the equipment
is considered to be operating in normal conditions. However, an anomaly is detected for
a ZCR lower than 0.5. If there is an anomaly, the fundamental frequency is estimated.
If the frequency presents intensities approximately equal to 60 Hz—between 59 Hz and
61 Hz—the PD is characterized as a corona discharge. If the estimated frequency presents
values close to 20 kHz—between 18 kHz and 22 kHz—the PD is identified as a superficial
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type. If none of these conditions are met, an inconclusive result is obtained and a new
measure is required.

Figure 14 shows the method flowchart for identifying and classifying PDs based on
ultrasound measurements.

 
Figure 14. Methodology flowchart for identifying and classifying PDs based on ultrasound measurements.

The proposed method output for the cases is shown in Table 3.

Table 3. Results of the proposed method for classification of PDs.

Voltage
(kV)

Results

Test
Case 1

Test
Case 2

Test
Case 3

Test
Case 4

Test
Case 5

Test
Case 6

Test
Case 7

10 N N N N N N N
20 N N N N N N N
30 N N N N N N N
40 AI N AI N N N N
50 AC N AI N N N N
60 AC AC AS AC AC AC N
70 AC AS AS AC AC AS AC
80 AC AS - AC AC AC AS
90 AC - - AS AS AC AI
100 AS - - AS AS AS AC
110 - - - AS AS - AC
120 - - - AS AS - AS
130 - - - - - - AS

N: Normal (Green—No precautions); AI: anomaly inconclusive (Yellow—Attention); AC: anomaly corona
(Orange—Attention); AS: anomaly superficial (Red—Caution).
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In general, PDs undergo a transition from a normal behavior (N) to the presence of
an anomaly (AI, AC, or AS) in the acquired ultrasonic signals as the voltage is increased.
At lower voltage levels (between 60 and 90 kV), the anomaly is represented by corona
discharges (AC), which then progress to surface discharges (AS) at higher voltages. The
presence of surface discharges, characterized by the emission of acoustic signals with
frequency components within the audible range, can indicate a stage of the phenomenon
that is close to the formation of an electrical arc [20].

The identification of surface PDs for cases 3 and 6, subjected to voltages equal to 60 kV
and 70 kV, respectively, can be attributed to the presence of pollution from saline solution
or mud on all elements of the insulator chain, affecting the electrical conductivity of the
medium. This may lead to DBA, which ceases if the generated heat completely dries out
the pollution layer.

Identifying a surface PD for Case 7 at a voltage level of 80 kV may indicate the forma-
tion of a dry and localized flashover (a transient breakdown event where the insulation
momentarily fails due to the combined effects of contamination and high electric field) that
regressed to a corona discharge. It is important to note that the process of PD formation
may exhibit instabilities, whereby it can abruptly cease, persist or progress in severity
in an uncertain manner depending on changes in the electrical characteristics of the sur-
rounding medium. An example of this is when the phenomenon progresses in severity
when the wetting rate exceeds the drying rate of the pollution layers deposited on the
dielectric surfaces.

Uncertainties and inconclusive cases (AI) arise from various factors that impact the
occurrence and measurement of PDs. These factors encompass a range of influences,
such as environmental conditions and external noise, which can affect the accuracy and
reliability of PD assessments. Notably, environmental conditions play a significant role,
with humidity emerging as a factor influencing the absorption of ultrasound waves by the
air [21]. However, despite the inherent complexities and potential sources of uncertainty, the
proposed method demonstrates the capability to identify abnormal conditions in electrical
equipment, as evidenced by the results presented in Table 3. In such situations, it is highly
recommended to establish a routine monitoring program for the equipment and conduct
further measurement campaigns to gain a more accurate understanding of the underlying
factors at play.

5. Validation of the Proposed Method

To validate the proposed methodology, a comparative analysis was conducted us-
ing apparent charge signals and phase-resolved partial discharge (PRPD) patterns. The
comparison was made for a heavily contaminated insulator chain scenario where all three
elements were affected, and the results are presented in Table 4. The attributes of interest in
these kinds of measurements include the phase angle and polarity of PDs, the frequency
and regularity of impulses, changes in magnitude relative to the test voltage and the ratio
between the ignition and extinction voltages of the PDs, as stated in [2].

Figure 15 shows the spectrogram for a voltage of 60 kV applied in the insulator chain.
The ZCR value is 0.5209, and the estimated fundamental frequency is 54.316 kHz, indicating
a normal condition according to the proposed methodology. Similarly, the PRPD analysis
and interpretation on apparent charge signals, as illustrated in Figure 16, reveal a situation
of normality.

Conversely, an irregularity is observed, following the analysis of the acoustic signal
depicted in Figure 17, with a ZCR and fundamental frequency amounting to 0.3856 and
59.9959, respectively. These attributes align with the corona discharge concept proposed
in this study. Reinforcing this, Figure 18 displays apparent charge measurements for
corona discharge [2]. Regular magnitude impulses can be seen, occurring near the voltage
waveform peaks.
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Figure 15. Amplitude and frequency spectrogram of the ultrasound signal for validation of the
proposed method at 60 kV.

Figure 16. Apparent charge signal at 60 kV.

Figure 17. Amplitude and frequency spectrogram of the ultrasound signal for validation of the
proposed method at 70 kV.
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Figure 18. Apparent charge signal at 70 kV.

Another irregularity is discerned in the spectrogram presented in Figure 19 when the
voltage level attains 80 kV. Under these circumstances, the ZCR and fundamental frequency
yield values of 0.2713 and 18.316 kHz, respectively. Based on the methodology, these values
imply a surface discharge. In this context, Figure 20 demonstrates impulses with increasing
intensities from the zero-crossing point to the voltage signal peak (occasionally surpassing
this value). This pattern is generally representative of superficial PDs [2].

Figure 19. Amplitude and frequency spectrogram of the ultrasound signal for validation of the
proposed method at 80 kV.

Figure 20. Apparent charge signal at 90 kV.
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Table 4. Validation of the proposed method.

Voltage (kV) 60 70 80

ZCR 0.5209 0.3856 0.2713

Fundamental Frequency Estimation (Hz) 54.316 k 59.9959 18.316 k

Result of the Proposal Normal Anomaly Corona Anomaly Superficial

Amplitude and Frequency Spectrogram Figure 15 Figure 17 Figure 19

PRPD and interpretation Normal Corona Superficial

PRPD Apparent Charge Signals Figure 16 Figure 18 Figure 20

6. Measurements in Field

In order to assess the effectiveness of the technique in actual field conditions, ultra-
sound measurements were conducted at a 230 kV substation. It was discovered that there
were two insulation chains with PDs, both located at the entrance of the substation. A visual
inspection of Figures 21 and 22 reveals that the vertical insulation chains are noticeably
dirtier compared to the horizontal ones. Therefore, it can be inferred that this condition
is responsible for the occurrence of corona and superficial discharge phenomena, which
were identified in the measurements and confirmed by the proposed technique. The results
obtained from the method are presented in Table 5.

 

Figure 21. In this insulation chain of 230 kV, corona-type partial discharge was found to be present
specifically in phase B.

Table 5. The outcomes achieved from the suggested approach in practical situations.

Measurement Number 1 2

Location 230 kV Sector, vertical
insulation chain

230 kV Sector, vertical
insulation chain

Phase B A

ZCR 0.3924 0.2831
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Table 5. Cont.

Measurement Number 1 2

Fundamental Frequency Estimation (Hz) 60.01111 21.164 k

Results of the Proposal Anomaly corona Anomaly superficial

Figures Figure 21 Figure 22

Amplitude and Frequency Spectrograms Figure 23 Figure 24

 

Figure 22. In this insulation chain of 230 kV, superficial-type partial discharge was found to be present
specifically in phase A.

Figure 23. Amplitude and frequency spectrogram of the ultrasound signal captured from the insula-
tion chain of Figure 21.
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Figure 24. Amplitude and frequency spectrogram of the ultrasound signal captured from the insula-
tion chain of Figure 22.

7. Conclusions

Identification and classification of PDs through acoustic inspection can be a powerful
predictive maintenance tool. Raw acoustic signals, without any pre-processing and covering
a wide frequency range (from 0 to 128 kHz), contain a large amount of information, both
in the audible spectrum (<20 kHz) and in the ultrasound spectrum (>20 kHz). When
appropriate techniques are applied, they can provide a more accurate diagnosis of PDs.

Seven test cases of artificial pollution on HV glass insulators were performed, produc-
ing a total of seven cases with different physical conditions and different voltage levels,
such as mud build-up, conductive microfilm formation and damage. Thus, some conditions
may be more favorable to the formation of PDs than others, as can be seen considering the
different voltages achieved.

By using the zero-crossing rate, a trigger is created for detecting abnormal operating
conditions, and the fundamental frequency estimate provides a diagnosis of the type of PD;
thus, PDs can be classified in terms of severity and maintenance can be planned in advance,
contributing to a higher level of power system safety and reliability at lower costs.

Although this study is based on experimental data from laboratory-tested insulator
chains, the proposed method can be extended to other scenarios and equipment that
require the diagnosis of partial discharges (provided they are external phenomena) through
acoustic inspection.

It is noteworthy that environmental conditions influence the appearance of partial
discharges, that is, measurements on different days can lead to different diagnoses. In
this way, monitoring evolution regarding the type of PD can be a viable alternative to
avoid making wrong decisions. By executing regular monitoring procedures and follow-
up measurement campaigns, a more comprehensive comprehension of the underlying
conditions can be attained, thereby enabling informed decision-making and proactive
maintenance strategies.
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Abstract: Power cables are one of the key components of fast-growing HVDC transmission systems.
The long-term reliability of HVDC cables is closely related to the occurrence of partial discharges
(PDs) in their insulation systems. The article analyzes the conditions for the formation of PD
pulses in gaseous voids located in the XLPE insulation of an HVDC cable. For this purpose, the
MATLAB® procedure and the coupled electro-thermal simulation model implemented in COMSOL
Multiphysics® software were used. The FEM model was used to study the effect of the applied
voltage, the temperature field (created in the insulation of the loaded cable) and the location of the
gaseous void (on cable radius) in the distribution and values of the electric field in the cable insulation.
The model takes into account the influence of temperature and the electric field on the conductivity
of the insulating material and relates the value of the PD inception field to the temperature/pressure
of the gas inside the void. In the numerical simulation procedure, the time sequences of PDs arising
in the gaseous defects of the HVDC cable insulation were analyzed, by observing changes caused by
the increase in the temperature of the cable core. The model was used for a study of conditions for
PD formation in models of three HVDC cables, for DC voltages from 150 kV to 500 kV. The critical
dimensions of gaseous voids were also estimated for each of the analyzed cables, i.e., the dimension
which, if exceeded, makes a void a source of PD.
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1. Introduction

Alternating current (AC) and direct current (DC) transmission systems are designed
and implemented using overhead transmission lines and power cable lines [1–7]. Since
the beginning of the power industry, the constantly growing demand of world societies
and economies for electricity implies the need to increase the rated voltage of these sys-
tems. The choice of the type of system voltage (AC or DC) depends on the transmission
distance and/or the location of generation sources and power consumption areas [6–8].
Economic considerations, taking into account investment and operating costs estimated
over a long time horizon, play an important role in the decision on the selection of a trans-
mission system [9,10]. In many cases, HVDC (and UHVDC) systems have better technical
and economic performance than HVAC (UHVAC) systems. Currently, these systems are
used for:

• Long-distance, high-capacity transmission of electric energy [1–3,7];
• The implementation of inter-system connections (usually for non-synchronized sys-

tems) [11,12];
• submarine electrical energy transmission [4].

The latter group includes the transmission of electricity from offshore wind farms,
especially those located far from the shoreline, in deep water areas. In recent years, the
number of such HVDC system implementations has been growing significantly in different
regions of the world [10,13–15].
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In each of the above-mentioned applications, the very high reliability of the electrical
insulation systems is of key importance for the failure-free operation of the entire system.
To achieve this goal, HVDC cable production technologies are being improved, based
on analyses and model research for estimating the product lifetime, taking into account
the factors influencing the rate of insulation aging. The basic stresses causing structural
changes in the insulation, the formation and development of defects and the shortening of
the effective lifetime of the insulation system include: thermal (T), electrical (E), ambient
(A) and mechanical (M) stresses, collectively referred to as TEAM [16,17].

The effective lifetime of the cable insulation is estimated based on aging models that
take into account both intrinsic and extrinsic aging processes [4,5,18–24]. In the case of
HVDC cable lines, one of the potential causes of reduced reliability is the occurrence of
various types of defects in the insulation of cables or cable joints. Some of them are the
effects of imperfect technological production processes, whereas others arise as a result of
errors made during the laying of the cable line or are the effect of various types of stresses
during its operation. The required high quality and reliability of cable insulation can be
significantly reduced due to extrinsic aging processes and the related occurrence of various
types of defects in the insulation [25,26]:

- Gaseous voids;
- Delaminations;
- Protrusions;
- Contaminations;
- Electrical trees;
- Water trees.

The problems of the occurrences of these types of defects in insulation have been
intensively studied, both during non-standard experimental tests and type tests, including
long-term tests on model samples, prototypes and complete devices, as well as using
various types of numerical simulation tools. Due to the specific nature of the problem
resulting from the use of high DC voltage, the methods used for testing AC insulation are
not always adequate for use in the analysis and testing of HVDC insulation.

A recognized but still current research problem is the development of electrical and
water treeing processes in the polymer insulation of HV cables [27–30]. For example, the
problems of the development of electrical trees in HVDC insulation in various operating
conditions were analyzed in the research presented in article [31]. The influence of HVDC
voltage polarity on the development of electrical trees and partial discharge parameters
was also studied [30–33]. Simulation tools using the finite element method implemented in
COMSOL software were used to study the conditions and processes of the development of
water trees in the XLPE insulation of submarine cables [34,35].

The research described in this paper concerns the determination of the conditions for
the formation of partial discharges in the gaseous voids of the XLPE insulation of HVDC
cables and the analysis of the time sequences of PD pulses generated as a result of discharge
inception. The problem of voids in the insulation of modern XPLE cables concerns the
presence of defects in the polymer insulation structure of small size (~60 μm) or even
smaller, where partial discharges (PDs) may occur [36–38]. The inception of PDs in internal
voids in solid insulation is possible when the local electric field inside the void exceeds
the value of the PD inception field [39,40]. For AC 50/60 Hz systems, the distribution of
the electric field in the cable insulation depends on the permittivity (dielectric constant) of
the insulation material [41,42]. In contrast, for DC systems, the distribution of the electric
field in the cable insulation is determined by the volume conductivity/resistivity of the
insulating material. Due to the dependence of this material parameter on temperature and
local electric field values, the E field strength analysis in a DC cable must take into account
the influence of these factors on the field distribution in cable insulation for steady and
transient states [41–46].

The distribution of the E field strength in the HVDC cable is affected by the space
charge accumulated in the insulation (both homocharges and heterocharges trapped in
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the bulk of a dielectric), the presence of which may increase or decrease the local field
strength [47,48]. For this reason, it is required that new materials intended for extruded
cable insulation have very low or even no ability to accumulate space charge [48–51]. For
the developed HVDC XLPE 500 kV systems, a certain solution to the problem of space
charge accumulation was reported, and confirmed in qualification tests up to 90 ◦C [52–54].
The test results presented in [54] show that the field enhancement factor (FEF), defined by
the ratio of the E field strength in the DC-XLPE insulation, taking into account the effect
of space charge, to the E field strength without this charge, was always less than 1.10 for
20 kV/mm and 50 kV/mm at 30 ◦C. In a longer period of time after the application of the
DC voltage, it decreased to a value of about 1.05.

For design and operational purposes, extended analyses of temperature and electric
field strength distributions in the insulation of HVDC power cables and their accessories
are performed. The static and dynamic analyses take into account the geometry of the cable
structure, the dielectric material parameters, the processes of space charge accumulation
and decay, the effects of reversing the polarity of the DC voltage (in the case of using LCC
technology), the presence of PD sources and the influence of DC voltage ripple [6–8,55–58].
One of the basic reasons for the analyses is the estimation of the permissible current-carrying
capacity of DC cable lines due to the limit parameters of the insulating material [55,59].
Such analyses are also performed to determine the expected lifetime of the HVDC insulation
of cable designed to operate in the planned electro-thermal conditions [60,61].

The article presents an analysis of the influence of the position of the gaseous void
in the XLPE insulation of the HVDC cable on the conditions of PD formation and the
generation of the PD pulse sequences. In the numerical simulations, made using the
finite element method (FEM) in COMSOL Multiphysics® 6.0 software, the presence of an
electric field, modified by the influence of the temperature field, in the XLPE insulation
of the loaded HVDC cable was taken into account. On this basis, using a dedicated
program implemented in MATLAB® R2021b software, conditions for PD formation and
time sequences of PD pulses generated at DC voltage were analyzed. Based on the results
of numerical simulations, the critical dimension of the gaseous voids was also estimated,
depending on its location on the radius of the cable.

2. The Problem of PD Formation and the Numerical Model of the DC Cable

2.1. PD Formation in Gaseous Void—Overview

The formation of streamer PD pulses in a gaseous cavity located in a solid dielectric
occurs when two required conditions are met simultaneously [39,40]:

(1) The electric field strength in the void must exceed the value of the discharge inception
field strength;

(2) As a result of volume or surface processes, an initial electron must be present to trigger
the development of the discharge process.

The PD inception field strength Einc inside the gaseous void can be estimated using
the following equation [39,40]:

Einc = (E/p)cr· p
[
1 + B·(p·d)−n

]
(1)

where:

Einc—PD inception field strength, V·m−1;
(E/p)cr—critical electric field to pressure ratio, for air 25.2 [V·m−1·Pa−1];
p—gas pressure in void [Pa];
d—gaseous void dimension (the void diameter or height parallel to the applied E field) [m];
B, n—ionization process coefficients (for air B = 8.6 [m1/2·Pa1/2], n = 0.5).

Figure 1 shows the curves of the PD inception field strength Einc as a function of the
dimension of the gaseous void d, estimated for air at different temperatures (from 4 ◦C
to 90 ◦C). The reduction in the dimension of the gaseous void enclosed in the dielectric is
accompanied by an increase in the value of the E field strength required for PD inception.

79



Energies 2023, 16, 6374

When the size of the void is reduced from 1.0 mm to 10 μm (i.e., 100 times), the PD inception
field strength increases about 5 times. As can be seen in Figure 1, an increase in temperature
also increases the value of the PD inception field strength. Due to the properties of gases,
for an un-vented void of constant volume, p/T = const., an increase in temperature causes a
proportional increase in pressure and, consequently, also Einc value. Both of the phenomena
mentioned above (the effect of gaseous void dimension and gas temperature on Einc) are
of key importance for the analysis of the conditions for the formation of PD pulses in
insulation defects of a current-carrying HVDC cable.

 

Figure 1. PD inception field vs. void dimension for different temperatures, from 4 ◦C up to 90 ◦C.

Fulfillment of the second condition necessary for PD inception requires the presence
of a starting electron triggering the discharge development process. Due to the stochastic
nature of the appearance of such an electron, a probability function (usually exponential)
is defined for the lag time of the discharge occurrence relative to the moment when the
field strength in the void reaches the Einc value. An overview of the functions proposed by
various authors for free electron supply and discharge probability can be found in [40]. In
the PD source model implemented in the presented simulations, the discharge probability
Pd was estimated based on the formula:

Pd =

{
1 − exp

(
Δtinc
τlag

)
Evoid ≥ Einc

0 Evoid < Einc

(2)

where:

Evoid—electric field strength in a gaseous void, V·m−1;
τlag—PD inception lag time, s;
Δtinc—the period of time counted from the moment when the field strength in the void
Evoid exceeded the Einc, s.

The occurrence of PD inside a gas void does not result in a reduction of the field
strength in the void to zero at the end of the discharge. Due to the not fully recognized
conditions of PD extinction in a gaseous void enclosed in dielectric, various estimations
of the PD extinction field strength Eext were proposed in published works. One way is to
define Eext as a proportional part of the critical field strength [39,40,62–64]:

Eext ≈ χ·Ecr (3)

where:
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Eext—the PD extinction field strength, V·m−1;
Ecr—the critical field strength, V·m−1;
χ—the PD extinction field coefficient, -.

The value of the χ coefficient may depend on the type of gas, the dielectric in which
the void is enclosed and the processes on its surface, streamer polarization, temperature
and field strength E inside the void, before the PD. Despite so many variable factors, ap-
proximate values of χ = 0.2 for positive streamers and χ = 0.5 for negative streamers [39,63]
or their average value of χ = 0.35 [64] are assumed for numerical PD simulations. An alter-
native method of estimating the value of Eext is to assume a constant value of the residual
field strength, which, based on various research studies, may be about 0.1 kV·mm−1 or
about 1 kV·mm−1 [40].

2.2. Electric Field in Model HVDC Cable Insulation

HVDC cable usually has a complex, multi-layer coaxial construction. There is an
electric field in the insulation of the energized cable, which is created between the semi-
conductive screen on the cable core, with a high electric potential resulting from the applied
voltage, and the semi-conductive screen on the insulation, which is at ground potential.
The distribution of the DC electric field depends on the electrical conductivity σ of the
dielectric. This material parameter of dielectrics is non-linearly dependent on temperature
and electric field strength. To determine the distribution of the E field in the HVDC
cable insulation, often an empirically determined function is used to estimate the value of
electrical conductivity of a dielectric in specified conditions [42–45,48,51,55,57,59,60]:

σ(T, E) = σ0·exp(α·T)·exp(β·E) (4)

where:

σ0—specific dielectric conductivity, S·m−1 (at E = 0.0 V·m−1 and T = 0 ◦C);
T—temperature, ◦C;
E—electric field strength, V·m−1;
α—temperature factor of conductivity, ◦C−1;
β—field factor of conductivity, V−1·m.

Determining the appropriate values of coefficients α and β for numerical simula-
tions may be a problem, because the published results of measurements performed for
various XLPE samples show a large dispersion of their values. Reported values of the
temperature factor of conductivity α range from 0.052 ◦C−1 to 0.180 ◦C−1 [45,65–67] and
the variation of the field factor of conductivity β extends from 0.018 × 10−6 V−1·m to
0.5 × 10−6 V−1·m [65–67]. In addition, the measurements showed a dependence of β on
temperature [66,67].

In order to take into account the influence of temperature and electric fields on con-
ductivity in polymer insulation, a model function derived from the hopping theory of
conduction in dielectrics is also often used [41,42,46,49,68–72]:

σ(T, E) = A·exp
(−ϕ·qe

kB·T
)
· sinh|B|E||

|E| (5)

where:

A, B— specific factors for the dielectric;
ϕ—thermal activation energy, eV;
qe—elementary charge;
T—temperature, K;
E—electric field strength, V·m−1.

Electrical conductivity is highly sensitive to temperature changes and less sensitive
to electric field strength changes. For this reason, the temperature field existing in the
insulating material has a dominant influence on the distribution of the electric field. Joule
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heat is produced in a cable conductor by the flow of operating, overload or fault current.
This causes the temperature distribution in the insulation of the coaxial cable to be radial.
For a loaded cable, the highest temperature is in the cable core and the lowest is at the
outer shield. As a result, the inner layers of insulation, at the cable core, have a significantly
higher conductivity than the outer layers. The increase in the conductivity of the inner
layers of the dielectric material reduces the electric field stress in the vicinity of the cable
core. For this reason, the high temperature of the core conductor can cause the inversion
of the electric field strength distribution in the dielectric (in a radial direction). Then the
electric field stress near the screen on the insulation may be higher than the stress near the
cable core.

The second effect of the change in the radial temperature distribution in the insulation,
caused by the heating of the cable core, is the modification of the PD inception field strength.
An increase in gas temperature in a void of constant volume causes a proportional increase
in pressure, which in turn leads to an increase in Einc (see Section 2.1).

For numerical simulations of PD in HVDC cable insulation, a coupled electro-thermal
2D model was implemented in the COMSOL® program [73]. The model takes into account
both mentioned effects of the temperature field influence on the conditions of PD formation
in gaseous voids. The parameters of the model used for problem analysis take into account
the individual properties of each material included in the layered structure of the HVDC
cable with XLPE insulation.

In the numerical procedure of the electric field simulation used to determine the time
sequence of the PD pulses, it was assumed that the test value of the DC voltage is not
determined by a voltage step at the time t = 0 s, but is achieved by monotonically increasing
the voltage at the cable core in accordance with the quarter-wave of the 50 Hz AC voltage
from 0 V to peak value, i.e., during 5 ms. The initial distributions of the electric field and the
space charge in the cable insulation are, therefore, determined mainly by the permittivity
and the defined voltage transient at the cable core in relation to the outer shield on the
insulation (i.e., between the inner and outer electrode of the concentric cable model). Space
charges from other sources (e.g., trapped in the volume of insulating material) have not
been modeled, so the transient processes of the E field and charge distributions occurring
after the DC voltage is established are related to the influence of electrical conductivity, the
value of which at a specific location on the cable radius depends on the temperature and
electric field, according to Equation (4).

2.3. Cable Model for E Field Analysis with Finite Element Method

The objects of the numerical analysis were three models of the HVDC cables with
XLPE insulation with rated voltages of 150 kV [65,73], 320 kV and 500 kV [53]. Due to the
thickness of the XPLE insulation layer of each cable, the average electric field strength Eavg
in the insulation is 18.75 kV·mm−1, 16.00 kV·mm−1 and 21.74 kV·mm−1, respectively.

A cross-section showing the multi-layer structure of the modeled cables is shown in
Figure 2. Parameters of materials of subsequent layers, necessary for modeling thermal
processes in the cable and the temperature field in XLPE insulation, are listed in Table 1. The
geometric dimensions of the layers for each of the analyzed cables are defined in Table 2,
where the radii of individual layers are listed. The inner radius of the insulation layer is xmin
and the outer radius is xmax (Figure 2, Table 2). Table 3 summarizes the general parameters
defining the properties of XLPE insulation and the air filling the void, as well as the thermal
parameters of the cable environment (laying the cable in water with a temperature of 4 ◦C
is assumed). In the simulations, time sequences of PD pulses in two spherical voids with a
diameter of 0.5 mm each were determined. In all three analyzed cable cases, the first void
is located near the cable core (center of the gaseous void on the inner insulation radius
+1 mm), and the second one near the grounded screen on the insulation (center of the
gaseous void on the outer insulation radius −1 mm), Table 4.
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Figure 2. Geometry of HVDC cable model with two voids in XLPE insulation. Details of the insulation
area with voids located on the cable radius (blue line) are shown in the red box. The cable layers are
numbered according to their order in Tables 1 and 2.

Table 1. Parameters of materials for 150 kV, 320 kV and 500 kV cable models [65].

No Cable Layer
k

(W·m−1·K−1)
Cp

(J·kg−1·K−1)
ρ

(kg·m−3)

1 Core conductor 385 384 8900
2 Semicon layer 0.23 2050 1100
3 Insulation (XLPE) 0.32 2250 920
4 Semicon layer 0.23 2050 1100
5 Lead sheath 0.21 125 11,340
6 PE sheath 0.40 2300 950
7 Armoring 260 2300 2700
8 Outer serving 0.30 2350 950

Table 2. Dimensions of layers for 150 kV, 320 kV and 500 kV cable models.

No Cable Layer
150 kV Cable

r (mm)
320 kV Cable

r (mm)
500 kV Cable

r (mm)

1 Core conductor 10 28.8 33.5
2 Semicon layer (xmin) 11 30.9 36
3 Insulation (xmax) 19 50.9 59
4 Semicon layer 20 52.9 60
5 Lead sheath 23 55.8 64.5
6 PE sheath 25 58.3 70.5
7 Armoring 30 63.3 75.5
8 Outer serving 34 67.3 79.5

83



Energies 2023, 16, 6374

Table 3. Basic simulation parameters for HVDC cable models.

Parameter Value Unit

Initial conductivity of XLPE, σ0 [65] 5.4 × 10−16 S·m−1

Temperature factor of XLPE conductivity, α [65] 0.064 ◦C−1

Field factor of XLPE conductivity, β [65] 6.7 × 10−8 V−1·m
Conductivity of air in void [70,71] 10−16 S·m−1

Conductivity of air in void during PD 10−3 S·m−1

Dielectric constant of gas 1.0 -
Dielectric constant of XLPE 2.3 -
External heat transfer coefficient 30 W·m−2·K−1

External temperature 4 ◦C

Table 4. Simulation parameters for 150 kV, 320 kV and 500 kV cable models.

Parameter 150 kV Cable 320 kV Cable 500 kV Cable

Applied voltage, kV 150 320 500
1st void diameter, mm 0.5 0.5 0.5
1st void center x-coordinate, mm 12 31.9 37
2nd void diameter, mm 0.5 0.5 0.5
2nd void center x-coordinate, mm 18 49.9 58

3. Simulation Results—Case Studies for Three Model Cables

Figures 3–8 present, in the form of graphs, the results of the subsequent stages of the
analysis of the conditions of the formation of PD pulses in the defined gaseous voids of
three model HVDC cables. Distribution analyses of individual physical quantities were
performed for thermal steady states at five different temperatures of the cable core: 4 ◦C,
30 ◦C, 50 ◦C, 70 ◦C and 90 ◦C. Figure 3 summarizes the temperature distributions in the
insulation of individual cable models, which are the basis for the subsequent analyses.

   
(a) (b) (c) 

Figure 3. Distribution of temperature T(x) across the cable insulation at 4 ◦C, 30 ◦C, 50 ◦C, 70 ◦C
and 90 ◦C cable core temperatures for: (a) 150 kV HVDC cable; (b) 320 kV HVDC cable; (c) 500 kV
HVDC cable.

The data visualized in Figure 4 shows the distributions of electrical conductivity in
XLPE insulation on the radius of each of the cable models. The influence of temperature T
and E field on conductivity σ was taken into account according to Equation (4), using the
parameter values specified in Table 3.

Taking into account temperature distributions in the insulation of each cable model,
simulations of E field strength distributions were carried out for a wide range of cable
core temperatures (from 4 ◦C to 90 ◦C). As a result, distributions of the E field in cable
insulation without voids were determined as a function of the x-coordinate on the radius
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of the cable and the temperature of the cable core (Figure 5). For all three 2D distributions,
cross-sections for five selected temperatures were separated, showing the corresponding
reference distributions of the E field as a function of the x-coordinate (Figure 6).

   
(a) (b) (c) 

Figure 4. Distribution of electrical conductivity σ(x) across the cable insulation at 4 ◦C, 30 ◦C, 50 ◦C,
70 ◦C, 90 ◦C cable core temperatures for: (a) 150 kV HVDC cable; (b) 320 kV HVDC cable; (c) 500 kV
HVDC cable.

 
(a) (b) 

 
(c) 

Figure 5. A 2D electric field distribution across the cable insulation at 4 ◦C to 90 ◦C cable conductor
temperatures: (a) 150 kV HVDC cable; (b) 320 kV HVDC cable; (c) 500 kV HVDC cable.
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(a) (b) (c) 

xc 

= 14.9 mm xc 

= 40.8 mm 

xc 

= 47.3 mm 

Figure 6. Electric field strength distribution E(x) across the insulation at cable core temperatures of
4 ◦C to 90 ◦C: (a) 150 kV HVDC cable; (b) 320 kV HVDC cable; (c) 500 kV HVDC cable. At the xc

coordinate, the electric field strength E is almost constant.

   
(a) (b) (c) 

Figure 7. E field strength distribution in the cable insulation with two cavities at 4 ◦C, 30 ◦C, 50 ◦C,
70 ◦C and 90 ◦C conductor temperatures: (a) 150 kV HVDC cable; (b) 320 kV HVDC cable; (c) 500 kV
HVDC cable. (Effects related to the formation of PD in the void have not been taken into account).

  
(a) (b) (c) 

Figure 8. E field strength distribution in cable insulation with two cavities at 4 ◦C, 30 ◦C, 50 ◦C, 70 ◦C,
90 ◦C conductor temperature: (a) 150 kV HVDC cable; (b) 320 kV HVDC cable; (c) 500 kV HVDC
cable. (Effects related to the formation of PD in the void have not been taken into account).
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On the basis of numerically determined distributions of T(x), σ(x) and E(x) for each ca-
ble, the values of these variables were determined for the boundary values of x coordinate,
i.e., boundary temperatures (Table 5), boundary electrical conductivity (Table 6) and bound-
ary E field strength in insulation without voids (Table 7). In addition, the conductance
increase factor kσ was defined as a ratio of the σxmin to σxmax (Table 6), and the differences
ΔE between the E field strength at xmin and xmax coordinates (Table 7) were calculated. A
negative value of ΔE means that the electric field inversion effect has occurred in insulation.

Table 5. Boundary temperatures in insulation of 150 kV, 320 kV and 500 kV cable models.

Cable Core
Temperature

150 kV Cable 320 kV Cable 500 kV Cable

Txmin, ◦C Txmax, ◦C ΔT, ◦C Txmin, ◦C Txmax, ◦C ΔT, ◦C Txmin, ◦C Txmax, ◦C ΔT, ◦C

4 ◦C 4.0 4.0 0.0 4.0 4.0 0.0 4.0 4.0 0.0
30 ◦C 28.4 19.1 9.3 28.2 15.2 13.0 28.2 15.5 12.7
50 ◦C 47.1 30.7 16.4 46.7 23.8 22.9 46.7 24.3 22.4
70 ◦C 65.9 42.3 23.6 65.3 32.3 33.0 65.3 33.1 32.2
90 ◦C 84.6 53.9 30.7 83.9 40.9 43.0 83.9 42.0 41.9

Table 6. Boundary electrical conductivity of insulation for 150 kV, 320 kV and 500 kV cable models.

Cable Core
Temperature

150 kV Cable 320 kV Cable 500 kV Cable

σxmin, S·m−1 σxmax, S·m−1 kσ, - σxmin, S·m−1 σxmax, S·m−1 kσ, - σxmin, S·m−1 σxmax, S·m−1 kσ, -

4 ◦C 2.9 × 10−15 2.2 × 10−15 1.32 2.4 × 10−15 1.8 × 10−15 1.33 3.6 × 10−15 2.7 × 10−15 1.33
30 ◦C 1.2 × 10−14 6.6 × 10−15 1.82 8.8 × 10−15 4.6 × 10−15 1.91 1.3 × 10−14 6.9 × 10−15 1.88
50 ◦C 3.4 × 10−14 1.6 × 10−14 2.13 2.5 × 10−14 9.3 × 10−15 2.69 3.5 × 10−14 1.4 × 10−14 2.50
70 ◦C 9.9 × 10−14 3.7 × 10−14 2.68 6.9 × 10−14 1.9 × 10−14 3.63 9.6 × 10−14 3.0 × 10−14 3.20
90 ◦C 2.9 × 10−13 8.7 × 10−14 3.33 2.0 × 10−13 3.9 × 10−14 5.13 2.7 × 10−13 6.4 × 10−14 4.22

Table 7. Boundary E field strength in insulation of 150 kV, 320 kV and 500 kV cable models.

Cable Core
Temperature

150 kV Cable 320 kV Cable 500 kV Cable

Exmin

kV·mm−1
Exmax

kV·mm−1
ΔE

kV·mm−1
Exmin

kV·mm−1
Exmax

kV·mm−1
ΔE

kV·mm−1
Exmin

kV·mm−1
Exmax

kV·mm−1
ΔE

kV·mm−1

4 ◦C 21.3 16.7 4.6 18.1 14.3 3.8 24.2 19.7 4.5
30 ◦C 18.5 18.9 −0.4 14.6 17.2 −2.6 20.2 23.0 −2.8
50 ◦C 16.5 20.7 −4.2 12.1 19.5 −7.4 17.4 25.6 −8.2
70 ◦C 14.6 22.5 −7.9 9.9 21.9 −12.0 14.7 28.3 −13.6
90 ◦C 12.7 24.3 −11.6 7.8 24.4 −16.6 12.2 30.9 −18.7

In the next step of the analysis, the E field strength distributions were determined on
the radius of each of the model cables with the presence of spherical gaseous voids, with
the dimensions and locations described in Table 4. The indicated results of the simulation
of E field strength distributions vs. the x-coordinate are presented in Figure 7. The scale
of the E field axis is identical in all three sub-figures, while the scale of the x-coordinate
axis is adapted to the geometry of each analyzed cable. It should be noted that these Evoid
simulations do not take into account that the highest field strength in the void is limited by
the PD generation process.

The last stage of the static analyses was to determine the 2D distributions of the E field
strength in the insulation of each of the model cables, in the areas where spherical gaseous
voids were located (Figure 8). The E field strength (expressed in V/m) was color-coded
with a scale from ‘cold’ (lowest E field value) to ‘hot’ (highest E field value). The Evoid
values for both voids and the Ecable in XLPE for the same two radii were tabulated and field
enhancement factor (FEF = Evoid/Ecable) values were calculated (Table 8).
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Table 8. E field in void and in XLPE simulation results for 150 kV, 320 kV and 500 kV cable models.

Cable Core
Temperature

150 kV Cable 320 kV Cable 500 kV Cable

1st Void 2nd Void 1st Void 2nd Void 1st Void 2nd Void

Evoid

kV
·mm−1

Ecable

kV
·mm−1

FEF
-

Evoid

kV
·mm−1

Ecable

kV
·mm−1

FEF
-

Evoid

kV
·mm−1

Ecable

kV
·mm−1

FEF
-

Evoid

kV
·mm−1

Ecable

kV
·mm−1

FEF
-

Evoid

kV
·mm−1

Ecable

kV
·mm−1

FEF
-

Evoid

kV
·mm−1

Ecable

kV
·mm−1

FEF
-

4 ◦C 33.6 20.5 1.64 28.5 17.2 1.66 29.7 17.8 1.67 24.4 14.4 1.69 38.6 23.9 1.62 32.7 19.4 1.69
30 ◦C 30.7 18.6 1.65 31.2 18.9 1.65 25.0 14.8 1.69 28.5 17.1 1.67 33.5 20.4 1.64 37.3 22.9 1.63
50 ◦C 28.5 17.1 1.67 33.0 20.2 1.63 21.6 12.6 1.71 31.6 19.3 1.64 29.7 17.8 1.67 40.7 25.3 1.61
70 ◦C 26.3 15.8 1.66 35.0 21.6 1.62 18.2 10.5 1.73 34.7 21.4 1.62 25.9 15.3 1.69 44.1 27.8 1.59
90 ◦C 24.4 14.4 1.69 37.1 23.0 1.61 15.1 8.6 1.76 37.9 23.6 1.61 22.4 13.1 1.71 47.4 30.2 1.57

The red color indicates the highest and blue the lowest values of the E field strength in each pair of gaseous voids
(1st or 2nd), or in the dielectric at void x-coordinates, or value of the FEF. The green color indicates nearly equal E
field values in pairs of voids.

The radial temperature distribution existing in the insulation of the HVDC cable
causes the intensity of the PD inception field in the gaseous void, depending on the location
of the void on the radius of the cable. Assuming that the gas temperature in the void is
equal to the temperature of the surrounding dielectric, the values of Einc vs. x-coordinate
were determined for the selected cable core temperatures of each cable (Figure 9). Using
a dedicated numerical procedure implemented in the MATLAB® program, sequences
of successive distributions of the E field strength were generated for the electro-thermal
model of the cable simulated in the COMSOL® program [73]. The general procedure of
PD simulation is presented in Figure 10. The first step is creating a geometric model,
setting the materials and physical parameters, establishing boundary settings and meshing.
Next, electric and thermal computation vs. time is performed. During the simulation, the
PD initiation condition is checked. Discharge can occur when the electric field strength
in the void exceeds the value of the PD inception field, Equation (1). Moreover, the
stochastic nature of PD generation is modeled using Equation (2). Discharge probability
Pd is calculated and compared with random number R between 0 and 1. If Pd > R, the PD
initiation conditions are met. Partial discharge development is simulated by increasing the
conductivity of the gas in the void from 10−16 S·m−1 to 10−3 S·m−1. The flowing charge
causes a decrease in the electric field inside the void. When the electric field in the gaseous
void is reduced to the PD extinction field Eext, discharge ends and the gas conductivity
is reset to 10−16 S·m−1. Individual PD charge is determined by integrating the current
flowing through the void during discharge process. The entire procedure is repeated until
the assumed simulation time is reached. In each simulation, the procedure was started
2000 s after applying the DC voltage.

  
(a) (b) (c) 

Figure 9. PD inception field in void of 0.5 mm diameter located in XLPE insulation of HVDC cable at
4 ◦C, 30 ◦C, 50 ◦C, 70 ◦C and 90 ◦C cable core temperatures for: (a) 150 kV HVDC cable; (b) 320 kV
HVDC cable; (c) 500 kV HVDC cable.
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Figure 10. Block diagram of numerical procedure for determination of PD pulses generated in
gaseous void in modeled HVDC cable insulation.

Effects related to the formation of PD pulses in both gaseous voids at field strengths
reaching their individual Einc values were taken into account. The time sequences of the
PD pulses simulated in this way are shown in Figure 11.

 

   

   

   

  
(a) (b) (c) 

Figure 11. Simulated PD pulse sequences vs. time at 4 ◦C, 30 ◦C, 50 ◦C, 70 ◦C and 90 ◦C cable core
temperatures for: (a) 150 kV HVDC cable; (b) 320 kV HVDC cable; (c) 500 kV HVDC cable.
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The observed sequence of PD pulses in the cable insulation is the result of two in-
dependent discharge generation processes arising in the first and second gaseous voids
(Figure 11). For each modeled cable (150 kV, 320 kV and 500 kV) and for selected cable core
temperatures (4 ◦C, 30 ◦C, 50 ◦C, 70 ◦C and 90 ◦C) based on the simulated PD sequences,
two basic statistical parameters were determined, characterizing the PD pulses at DC
voltage (Table 9):

- Average PD magnitude qav, pC;
- Average time interval between successive PD pulses Δtav, s.

Table 9. Average PD charge qav and average PD pulse time interval Δtav for 150 kV, 320 kV and
500 kV cable models at selected cable core temperatures.

Cable Core
Temperature

150 kV Cable 320 kV Cable 500 kV Cable

1st Void 2nd Void 1st Void 2nd Void 1st Void 2nd Void

qav

pC
Δtav

s
qav

pC
Δtav

s
qav

pC
Δtav

s
qav

pC
Δtav

s
qav

pC
Δtav

s
qav

pC
Δtav

s

4 ◦C 21.6 1072 21.8 1806 21.4 1495 21.9 2751 21.1 683 21.5 1220
30 ◦C 23.1 343 22.3 497 23.1 577 22.1 841 22.8 265 21.8 379
50 ◦C 24.3 155 23.1 205 24.4 280 22.3 346 24.1 120 22.2 153
70 ◦C 25.5 67 23.9 82 25.9 162 22.9 173 25.4 64 22.7 74
90 ◦C 26.5 26 24.6 31 26.8 73 23.6 77 26.5 32 23.6 33

4. Discussion

The presented results of thermal and electric field analyses for models of three HVDC
cables with different rated voltages (150 kV, 320 kV and 500 kV), different surface areas of
the cable core (300 mm2, 2500 mm2 and 3000 mm2) and different structures of the outer
layers covering the XLPE insulation are the basis for determining the conditions for the
formation of PD pulses in internal gaseous voids.

The electric field in the insulation of the HVDC cable, due to the direct dependence
on the electrical conductivity of the insulating material, is a field coupled (indirectly) with
the thermal field present in the volume of the cable insulation. For current-carrying cables
with a concentric design, the resulting radial temperature distribution in the cable also
modifies radially the conductivity of the insulation material. This leads to a significant
increase in the electrical conductivity of the dielectric along the radius of the cable, from
the lowest conductivity at the outer radius of the insulation to the highest at the inner
radius of the insulation (i.e., near the cable core with the highest temperature). Moreover,
according to Equation (4) or (5), the conductivity of the dielectric is modified, also radially,
by the presence of a DC electric field, which is influenced by the space charge present in
the insulation volume. If the cable insulation is a modern XLPE polymer dedicated to
HVDC applications (DC-XLPE), then the additional component of the E field produced
by the space charge in steady state, a long time after applying a DC voltage, has a small
value, even below 5% [54]. It follows that in such a state, the presence of space charge will
only slightly affect the repetition rate of the PD pulses. However, the nature and trends of
changes in PD parameters under the influence of the radial thermal field will be the same.

When estimating the conditions for the generation of the PD pulse sequence, the
presence of a space charge in the insulation from sources other than the charge resulting
from the application of the test voltage was not considered. More complex simulations
may also take into account other charges present in the polymer structure, e.g., related to
the presence of polar additives or impurities [74].

For the numerical simulations of steady states of the coupled thermo-electric field,
performed in the COMSOL Multiphysics® 6.0 program, a constant value of the temperature
of the external environment of the cable (4 ◦C) was assumed, while the temperature of
the cable core was the modified parameter (from 4 ◦C to 90 ◦C). Obviously, for all three
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cables, similar insulation temperatures were obtained at the inner radius of the insulation
xmin for each core temperature and the calculated differences are not greater than 0.7 ◦C
for a conductor temperature of 90 ◦C (Figure 3 and Table 5). Due to the thickness of the
XLPE insulation and the structure of the outer layers of the cables, the smallest decrease
in temperature occurs in the insulation of the 150 kV cable, and the largest in the 320 kV
cable. For example, when the temperature of the conductor is 70 ◦C, then the numerically
estimated temperature differences for the inner and outer radius of insulation for the
mentioned cables are 23.6 ◦C and 33 ◦C, respectively (Table 5). This fact has consequences
for the conductivity distribution (Figure 4) and electric field strength (Figures 5 and 6)
observed along the x-coordinate in the cable insulation. Already, at a conductor temperature
of 30 ◦C, the electric field inversion effect occurs. The full ranges of variation of electric
field strength E, caused by a change in conductor temperature, are:

(a) On the inner radius of the insulation xmin

- For 150 kV cable, from 12.7 kV·mm−1 to 21.3 kV·mm−1;
- For 320 kV cable, from 7.8 kV·mm−1 to 18.1 kV·mm−1;
- For 500 kV cable, from 12.2 kV·mm−1 to 24.2 kV·mm−1.

(b) On the outer radius of the insulation

- For 150 kV cable, from 16.7 kV·mm−1 to 24.3 kV·mm−1;
- For 320 kV cable, from 14.3 kV·mm−1 to 24.4 kV·mm−1;
- For 500 kV cable, from 19.7 kV·mm−1 to 30.9 kV·mm−1.

Taking into account the above data, and Equation (1) and the data contained in Figure 1,
it should be noted that the distributions of the field strength E for the cable model with
two gaseous voids, presented in Figures 7 and 8, are not adequate to the real situation in
the modeled cables. These distributions were only used to estimate the FEF values for the
analyzed gaseous voids. The FEF values, obtained as a result of numerical simulations,
ranging from 1.62 to 1.76 for all considered cases, are in good agreement with the results
obtained in the 2D simulations presented in [71]. According to this paper, the more accurate
results obtained from the 3D simulation are about 16% lower.

Due to the very high values of the DC field strength in the insulation of all three
analyzed model cables (Figure 6), a 0.5 mm spherical gas void will be the source of PD in
each of the considered cases (Figure 9). Of course, any gaseous void large enough to have a
PD inception field strength (Figure 1) lower than the estimated electric field strength inside
the void will be a potential PD source. This is a problem that is related to the influence
of micro-defects of the XLPE polymer structure (with dimensions below 30 μm) on the
rate of damage growth and the estimated lifetime of the insulation [37,38]. If the radial
distributions of the electric field in HVDC cables (Figure 6) are related to the estimated
values of the PD inception field Einc as a function of the dimension d of the gaseous void
(Figure 1; curves Einc = f (d), parameterized by the gas temperature), then it is possible to
estimate the critical dimension dcr of the gaseous void (i.e., the minimum void size for
which PD can arise for local electro-thermal field conditions) vs. the location of the gaseous
void on the radius of the cable. Figure 12 compares the results of the dcr estimation for the
three analyzed HVDC cables. For these calculations, a simplifying assumption was made
that for each gaseous void, the field enhancement factor FEF is 1.65 (see Table 8).

The results of the estimation of the critical dimension dcr (Figure 12) indicate that for
150 kV and 500 kV cables in the full range of the analyzed temperatures, they are lower than
20 μm, and for the 320 kV cable only for the highest temperatures and x-coordinates close to
the cable core are they are greater than this value. Three decades ago, the size of a gaseous
void of 20 μm was the quality control level for defects of this type in the XLPE insulation
of 500 kV cables [75]. Analyses of XLPE insulation lifetime models have shown, however,
that the estimated critical sizes of microstructural defects are one order of magnitude
smaller [37,38,51]. Damage to the cross-linked structure of XLPE at the microvoid–polymer
interface caused by effective hot electrons may, under conditions of strong field stress,
lead to the initiation of the electric treeing process and, as a result, shorten the life of the

91



Energies 2023, 16, 6374

insulation [38,51]. The performed numerical simulations show that for 150 kV and 500 kV
cables in a wide range of x-coordinates, and for a 320 kV cable in a narrower range, PD
inception can occur in voids with dimensions of several micrometers, below 10 μm and
down to 2 μm.

  
(a) (b) (c) 

Figure 12. Critical diameter of gaseous void dcr vs. x-coordinate in HVDC cable at 4 ◦C, 30 ◦C,
50 ◦C, 70 ◦C and 90 ◦C cable core temperatures for: (a) 150 kV HVDC cable; (b) 320 kV HVDC cable;
(c) 500 kV HVDC cable.

The comparison of the results for all three cables shows that the design parameters,
electrical and thermal, as well as the geometry of the cable have a significant impact on the
critical dimension of the gaseous void. The 320 kV cable, with a more conservative design,
has slightly lower electric field stress than the other two cables (Figures 5 and 6). For this
reason, and due to the temperature field generated in the insulation of the loaded cable
(Figure 3), this results in higher values of the critical dimension dcr for this cable.

It should be noted that from the point of view of assessing the correctness and accuracy
of simulation results carried out in the COMSOL® program, reducing the size of gaseous
voids leads to a significant increase in the numerical complexity of the entire model and
time-consuming calculations. High-resolution analysis of time sequences of PD pulses,
generated in voids with sizes of the order of single micrometers, while taking into account
the full geometry of the HVDC cable, requires the use of a computer hardware platform
with very high computing performance and memory resources sufficient to allocate the
extensive mesh model of the analyzed cable.

If the conditions necessary for PD inception are not met in a thermally stable model
of cable insulation with a gaseous inclusion, the considered field problem is static. The
presence of an active void in the insulation (i.e., one in which the conditions for the
formation of PD are met) makes modeling a dynamic problem. The mechanism of discharge
generation in the void is conditioned by the threshold value Einc, exceeding which causes
the creation of the PD pulse. Thus, a time-varying disturbance of the local electric field in
the void and the dielectric around it is initiated. In circuit models, this corresponds to a
short-term discharge of the void’s electric capacitance and a slow process of its charging
in a circuit with a long time constant. The parameters of the equivalent scheme elements
of an insulating system with a void depend on the values of material constants (dielectric
constant and resistivity/conductivity), which in turn are conditioned by temperature and
electric field [39,76–78]. The magnitude of the PD from the void at a smooth DC voltage
has a small dispersion compared to the PD at an AC voltage. When DC voltage ripple is
present, then the PD charge dispersion is greater due to the influence of the statistically
variable lag time.

In the HVDC cable model implemented by combining the functionality of MATLAB®

and COMSOL®, it was possible to determine the sequence of PD pulses generated in the
analyzed gaseous voids. Considering the variable nature of the radial distribution of the E
field in the insulation of the HVDC cable and the presence of a point with the coordinate
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xc, for which the E field is always almost constant (Figure 6), the insulation volume can be
divided into two zones:

• Zone I, closer to the cable core, limited by xmin and xc radii;
• Zone II, closer to the outer screen on the insulation, limited by xc and xmax radii.

The relationship between the volume of cable insulation in Zone II and the insulation
in Zone I can be defined by the formula:

kV = 100
Volume o f Zone I I
Volume o f Zone I

= 100
x2

max − x2
c

x2
c − x2

min
[%] (6)

where:

kV—zone volume factor, %;
xmin—inner radius of insulation, mm;
xmax—outer radius of insulation, mm;
xc—radius of the insulation layer with (almost) constant E field, mm.

For the three analyzed cable models (150 kV, 320 kV and 500 kV) the kV values are 138%,
130% and 132%, respectively. Assuming that the distribution of defects in the insulation is
uniform, more than 40% of the gaseous voids are exposed to the conditions characteristic
of Zone I, and almost 60% to the conditions of Zone II. In an unloaded cable, the E field
distribution is ‘normal, i.e., it is similar to the distribution in an AC cable and the highest
field stress occurs at the inner radius of the insulation. This is the reason for the shorter
average time interval between successive PD pulses Δtav in voids located near the cable
core (Figure 10 and Table 9, conductor temperature 4 ◦C). The heating of the conductor
and the creation of a radial thermal field causes an inversion of the E field distribution
(Figures 5 and 6). Then, the complex electro-thermal stresses in both zones change, affecting
the conditions of PD formation in gaseous voids. An increase in the gas temperature also
causes an increase in the PD inception field strength, and thus an increase in the PD charge.
This effect is more pronounced in the area near the cable core (Figure 10 and Table 9). At
the same time, due to a significant increase in conductivity, the PD repetition rate increases,
in particular in sources located in areas with the highest temperature, i.e., in Zone I, close
to the cable core. A similar effect of changing the parameters of the PD pulse sequence
was also obtained in other studies based on field modeling of the gaseous void in XLPE
insulation of HVDC cables [70,72]; however, the influence of the location of the defect
on the PD time sequences was not analyzed. It is seen that the factor increasing the PD
repetition rate is also the E field strength, reaching for loaded cable the highest values in
Zone II, especially in the area close to the outer radius of the insulation. The factors causing
the increase of the PD repetition rate, i.e., increase of conductivity and increase of the E
field strength, occur simultaneously, but in the heated cable their radial distributions are
mutually inverse. For this reason, the observed effect of increasing the PD repetition rate in
HVDC cable is the result of the synergistic effect of both of these factors.

5. Conclusions

The problem presented in the article concerns the conditions for the generation of
PD pulses and their time sequences in the XLPE insulation of HVDC cable in steady state.
Elements of research originality, including numerical simulations and analyses, cover
several different aspects of this topic:

1. Reference of the conditions of PD formation in XLPE insulation of ‘cold’ and ‘hot’
HVDC cables to the location of the gaseous void on the cable radius; these analyses
concerned three different designs of HVDC cables, but their results can be generalized;

2. Simulating and analyzing the parameters of the sequence of PD pulses generated
independently in two PD sources with different locations on the cable radius;
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3. Distinguishing two zones in the HVDC cable where the conditions of PD formation
in the ‘cold’ and ‘hot’ cable insulation are different due to the radial temperature
distribution and ‘normal’ or ‘inverted’ electric field distribution;

4. Estimation of the critical dimension of the gaseous void depending on the position
and thermal condition of the cable insulation, for each of the analyzed projects.

The planned further extension of the analyses will take into account the effects related
to the accumulation of space charge in the insulation bulk and at interfaces, as well as
the increase of E field stress in transient states, including those resulting from voltage
polarity reversal.

Table 10 summarizes the conditions for the formation of PD in the gaseous void and
the basic characteristics of the PD pulses and their time sequences in both distinguished
zones of the XLPE insulation of the HVDC cable (Zone I and Zone II).

Table 10. Characteristics of PD in two zones of HVDC cable insulation.

Insulation Zone Unloaded Cable (‘Cold’) Loaded Cable (‘Hot’)

Zone I

Insulation temperature equal to environment
temperature.

High insulation temperature, the highest at the
cable core.

Very low electrical conductivity of insulation material. Higher electrical conductivity of the insulation
material, highest near inner insulation radius.

Very high electric field stress, highest near inner
insulation radius (as in an AC cable).

Significant reduction of electric field stress, lowest
stress near inner insulation radius.

Very low repetition rate of PD pulses, but for voids
with identical parameters higher than in Zone II
(influence of higher E field stress).

Significantly higher repetition rate of PD pulses
(several dozen times compared to a ‘cold’ cable), as
a result of the combined action of higher
temperature and increased E field stress.

PD charges as in Zone II, with a small dispersion of
values. In the case of DC voltage ripple, there is a
greater variability of the PD magnitude due to the
influence of lag time.

An increase in the PD magnitude (over a dozen
percent), caused by an increase in Einc, due to the
higher gas pressure in the closed void.

Due to the higher electric field strength, PD sources of
smaller critical dimension than in Zone II may be
also active.

An increase in the temperature of the cable core
increases the critical dimension of the void near
the core.

Zone II

Insulation temperature equal to environment
temperature.

Increased insulation temperature, lowest on the
outer radius of the insulation.

Very low electrical conductivity of insulation material.
Higher electrical conductivity of the insulation
material, but lower than in Zone I; lowest on the
outer radius of the insulation.

Reduced electric field stress, lower than in Zone I,
lowest near the outer radius of the insulation (as in an
AC cable).

Very high electric field stress, highest near outer
insulation radius.

Very low repetition rate of PD pulses.

Significantly higher repetition rate of PD pulses
(several dozen times compared to a ‘cold’ cable), as
a result of the combined action of higher
temperature and increased E field stress.

PD charges as in Zone I, with a small dispersion of
values. In the case of DC voltage ripple, there is a
greater variability of the PD magnitude due to the
influence of lag time.

A slight increase in PD magnitude (several
percent), caused by an increase in Einc, due to the
higher gas pressure in the closed void.

Critical dimension of the gaseous void slightly larger
than in Zone I.

The critical dimension of the gaseous void can be
significantly smaller than in Zone I (depending on
the temperature of the cable core).
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Abstract: The paper presents studies of the site percolation phenomenon for square matrixes with
dimensions L = 55, 101 and 151 using the Monte Carlo computer simulation method. The number of
iterations for each matrix was 5 × 106. An in-depth analysis of the test results using the metrological
approach consisting of determining the uncertainty of estimating the results of iterations with
statistical methods was performed. It was established that the statistical distribution of the percolation
threshold value is a normal distribution. The coefficients of determination for the simulation results in
approximations of the percolation threshold using the normal distribution for the number of iterations
5 × 106 are 0.9984, 0.9990 and 0.9993 for matrixes with dimensions 55, 101 and 151, respectively.
The average value of the percolation threshold for relatively small numbers of iterations varies in a
small range. For large numbers of iterations, this value stabilises and practically does not depend
on the dimensions of the matrix. The value of the standard deviation of the percolation threshold
for small numbers of iterations also fluctuates to a small extent. For a large number of iterations,
the standard deviation values reach a steady state. Along with the increase in the dimensions of
the matrix, there is a clear decrease in the value of the standard deviation. Its value is about 0.0243,
about 0.01 and about 0.012 for matrixes with dimensions 55, 101 and 151 for the number of iterations
5 × 106. The mean values of the percolation threshold and the uncertainty of its determination
are (0.5927046 ± 1.1 × 10−5), (0.5927072 ± 7.13 × 10−6) and (0.5927135 ± 5.33 × 10−6), respectively.
It was found that the application of the metrological approach to the analysis of the percolation
phenomenon simulation results allowed for the development of a new method of optimizing the
determination and reducing the uncertainty of the percolation threshold estimation. It consists in
selecting the dimensions of the matrix and the number of iterations in order to obtain the assumed
uncertainty in determining the percolation threshold. Such a procedure can be used to simulate the
percolation phenomenon and to estimate the value of the percolation threshold and its uncertainty in
matrices with other matrix shapes than square ones.

Keywords: metrological approach; uncertainty of measurement; percolation phenomenon; percola-
tion threshold; Monte Carlo method; computer simulation

1. Introduction

The phenomenon of percolation comes from chemistry in connection with the gelation
of polymers during World War II [1]. Percolation theory is used in the description of
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various systems and phenomena, including the spread of epidemics [2], the reliability of
computer networks [3], the spread of fires [4], molecular biology [5,6], materials science [7]
and the flow of electricity by conductive and non-conductive mixtures [8]. Currently, the
percolation phenomenon is widely used to describe DC and AC conductivity in metal–
dielectric nanocomposites. This is the so-called hopping conductivity based on the quantum
mechanical phenomenon of electron tunnelling [9–12]. Research on percolation has been
growing rapidly since the 1950s. Currently, over 10,000 articles with the term “percolation”
have been registered in the Web of Science Core Collection database. Moreover, there
are many articles that have reported percolation studies without using the term in their
titles. The phenomenon of percolation (Latin percolatio—a straining or filtering through)
is a critical phenomenon. It describes the type 2 phase transitions due to the continuous
change in parameters. It is an idea that is difficult to define precisely, although it is quite
easy to describe qualitatively. The first article by Flory-Stockmayer [13] on the percolation
theory was published in 1952 [14]. However, S. R. Broadbent and J. M. Hammersley [15]
are the pioneers of the theory of percolation phenomena. In physical terms, the definition
of percolation is quite general. In a medium made up of at least two phases, the elements of
one phase, called dispersed, which are independent, under certain conditions form a more
complex structure that changes the macroscopic properties of the entire medium. This is
a consequence of a change in the concentration of the dispersed phase. The percolation
theory includes models of flat and spatial random processes and the effects of the variable
range of their mutual interactions and is used to describe systems with stochastic geometry
and topologically disordered bodies [16]. This idea is illustrated by the network that was
created by Broadbent and Hammersley as the first, simple, stochastic model [15]. Such
a network consists of n-dimensions and can be both regular and irregular. It has a finite
number of nodes, the distribution of which is determined by the type of the considered
network and may be random or determined by the type of network. In such a model,
nodes are assigned to two states, open or closed. The volume, number or concentration
of open nodes is determined by x. They are distributed randomly with the probability p.
For a small number of open nodes in relation to closed nodes, it is impossible to create the
so-called percolation channel between two opposite planes of the network, i.e., a continuous
connection of open nodes. This is due to the fact that the number of nodes making up
the channel, even for the shortest straight line, is insufficient to connect the network
planes. Both the nodes and the clusters they create as a result of aggregation are isolated.
Then the percolation probability denoted by P(p) is 0. With an increase in the number
of connections, density, filling or concentration in disordered systems, the percolation
threshold suddenly occurs. There is a value of x for which the probability of percolation is
non-zero since the number of nodes making up the percolation channel is sufficient to create
a continuous connection. This value is denoted xc and is called the percolation threshold.
Further increasing the value of x causes the formation of larger clusters, expansion of the
resulting channel or the creation of new ones. The appearance of the percolation threshold
determines the creation of a so-called infinite percolation cluster. Such a cluster takes an
irregular geometric shape. Percolation phenomena can be divided into two main groups
based on the types of connections, i.e., bond percolation and site percolation [17,18]. In
bond percolation, open and closed states are assigned to connections between nodes, while
in site percolation, these states are assigned to nodes. Both are models belonging to discrete
percolation. This term is used to describe percolation theory models in which the media
are discrete sets, such as sets of regular lattice points, or more generalised examples such
as graphs. In addition to the site and bond percolation models, there are others that are
a variation of these two types. An example is the percolation of two-phase continuous
systems (Swiss cheese model) called continuous percolation. This model differs from site
percolation in that the objects that make up the nodes are of any shape and size. In the case
of three-dimensional networks, they can be cubes, canes or spheres, and in two-dimensional
models, there are circles, ellipses, segments, etc. These objects are randomly placed in a non-
conductive environment and are part of the system forming a percolation channel [19,20].
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There is also a model of stirred percolation [21], polychromatic percolation [22] or bootstrap
percolation [23]. The phenomenon of percolation is also analysed in terms of two main
types of networks: random networks and those with translational symmetry. Over the
past few decades, an enormous amount of work has been completed to find the exact and
approximate percolation thresholds for different networks. The exact thresholds are known
only for some two-dimensional networks. Examples are square networks (44), in which
the threshold for bond percolation is exactly 0.5, or triangular networks (36), where the
site percolation threshold is also 0.5 These values have been proven analytically [24]. It
was possible because these networks can be divided into a self-similar pattern, i.e., after
a triangle–triangle transformation, the system remains the same. Two-dimensional self-
modality means that all fully triangulated networks (e.g., triangle, union jack, double cross,
double martini and double asanoha, or double 3–12 and Delaunay triangulation) have a
site percolation threshold of 0.5. In other cases, it is not possible, which resulted in the
construction of models.

The model that describes the behaviour of fluids in porous media was the most primary
and developed at the earliest [25]. It was presented as an analogy network of capillary
tubes, which reflected the geometry of the rock sample, thanks to which parameters
such as permeability, capillary pressure, capillary growth rate and saturation level were
estimated. This model, even though it was based on the percolation theory, provided a lot of
information about capillary flow without contributing much to the study of the percolation
phenomenon. To model the percolation phenomenon in order to determine the percolation
threshold, the most obvious one was the flow of electric current in a two-dimensional
model of a square network composed of conductive and insulating elements [26]. Electric
current will begin to flow between the electrodes at opposite edges of the matrix when the
contacting conductive spheres create a conductive channel called a percolation channel, i.e.,
a continuous connection between the electrodes.

It is intuitively known that there is a critical value of the conductive sphere concen-
tration for which such a channel will be created. For a small number of spheres n < L it
is impossible to create a percolation channel between two electrodes. This is because the
number of spheres forming the channel is insufficient even for the shortest straight line
connecting the opposite sides of the network. Both the nodes and the clusters they create,
i.e., groups of adjacent conductive nodes formed as a result of aggregation, are isolated.
When analysing a square matrix with dimensions L·L, the minimum number of conducting
spheres to reach the percolation threshold is L. However, there is a very small probability of
a random distribution of spheres, which will result in a system that connects two opposite
edges of the matrix in a straight line. There is also a number of conductive spheres for
which the percolation probability P(p) = 1. For a given network example, this number is
(L2 − L + 1). This means that the percolation threshold is in the sphere concentration range
L ≤ xc ≤ (L2 − L + 1). Thus, it cannot be determined based on a single iteration only. This
problem needs to be identified and solved statistically. In order to achieve statistics with a
high confidence coefficient, a given type of network should be repeatedly modelled. In the
pre-computer era, this was technically very difficult to do. With the advent of the computer
age, when the limitations of computational tools ceased to be a barrier, the phenomenon of
percolation began to be analysed using the Monte Carlo method. The possibility of using
the Monte Carlo method in the study of percolation resulted in the creation of numerous
models. The most frequently studied models were two-dimensional networks with trans-
lational symmetry. Such a network was transformed into a random one by occupying
points (vertices) or bonds (edges) with a statistically independent probability p. Depending
on the method of the network obtaining, models of bond percolation or knot percolation,
respectively, were created. These models assume that the occupied places or bonds are
completely random (Bernoulli percolation). The percolation thresholds for many networks
were estimated, incl. honeycombs (66) [27,28], Kagome (6, 3, 6, 3) [29,30], rhombitrihexag-
onal (3, 4, 6, 4) [31], maple leaf (34, 6) [31,32], non-planar chimera [33], subnetworks [34],
many other three-dimensional [26] and even for dimensions larger than 3 [35]. One of the
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first statistical calculations of the node percolation threshold for a square matrix appeared
in the 1960s with a result of 0.569(13)% [36]. The simulations were made for a square matrix
with dimensions L = 78, and number of iterations n = 30. From the nineties of the last
century until now, the intensification of research and increase in computational possibilities
have provided more accurate results of the calculations. The publications give the values
0.59274605079210(2) [30], 0.59274601(2) [28], 0.59274621(13) [37], 0.59274621(33) [38]. The
simulation results in the above works differ by no more than one ten-thousandth of a
percent. In the publication [37] for the calculation of the site percolation threshold using
the Monte Carlo method, a statistical calculation algorithm was assumed, which provides
the result with a very large number of iterations and a much lower demand for computing
power. The calculations were performed for the matrix with the size L = 256 for a very large
number of iterations, amounting to 3 × 108. The estimation result was pc = 0.59274621(13).

Unfortunately, most of the publications quoted above do not provide such model pa-
rameters as the dimensions of matrixes used in the simulations and the number of iterations.
Moreover, the recommendations of the document [39], concerning the metrological analysis
of the measurement results, which are undoubtedly the values of the percolation threshold
and the uncertainty of their estimation, were not applied. According to this document and
its earlier versions, to estimate the numerical values based on random variables, obtained
with repeated repetition of measurements using statistical methods, the measurement un-
certainty of type A is used [39]. This means that at first it should be specified if the obtained
sequence of results corresponds to a normal distribution. According to this document, the
full (correct) measurement in this case consists of the measured value and the measurement
uncertainty. The measured value in the case of multiple repetitions of the measurement is
equal to the arithmetic mean value of the subsequent measurement results. The measure-
ment uncertainty is a function of the standard deviation and the number of iterations. In
the work, the metrological approach for estimating the measurement uncertainty was used
to analyse the results of the Monte Carlo simulation of the percolation phenomenon for
many iterations. Such an analysis, together with other model parameters, such as the use
of different dimension matrixes and the variation of the number of iterations, allows us to
obtain new data on the percolation phenomenon in the so far analysed square matrixes.

The aim of the work is:

• Simulation of the site percolation phenomenon using the Monte Carlo method with
the use of inverted simulation logic for square matrixes with dimensions L = 55, 101
and 151 for a large number of iterations 5 × 106;

• Determination of the node’s initial coordinates and their distribution in space, gen-
erated in each iteration, and on their basis confirmation of the software generating
non-conductive nodes in the matrixes correct operation;

• Determination of the percolation threshold value for each iteration;
• Determination of the probability statistical distribution of the percolation threshold

value occurrence;
• Determination of the average value of the percolation threshold, standard deviation

and the uncertainty of the percolation threshold estimation dependence on the number
of iterations;

• The impact of the matrix dimensions on the values of the percolation threshold, stan-
dard deviation and the uncertainty of the percolation threshold estimation analysis.

2. Methods

Exact percolation thresholds, determined analytically, are known only for some two-
dimensional networks. This is the square network, denoted as (44), for which the node
percolation threshold is exactly 0.5, and the triangular network (36), where the node
percolation threshold value is also 0.5 [24]. In other types of networks, for example, the
square network for node percolation and the triangular network for bond percolation, the
percolation threshold can only be determined by computer simulation. Therefore, the object
of the Monte Carlo simulation was the square network for node percolation.
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The most common percolation model is to define a regular network, such as a quadratic
one, and transform it into a random network by randomly “occupying” sites (vertices)
or bonds (edges) with a statistically independent probability p [24,40,41]. When a critical
probability value pc is reached, the so-called long-range connectivity appears for the first
time and a percolation channel is formed, allowing current to flow. The value of pc is called
the percolation threshold. The percolation of nodes in a two-dimensional square network is
the most studied percolation model by simulation methods. It is a special type of network
because the square network has the property of self-duality [42].

The first step of the Monte Carlo computer simulation was to define the space in which
the problem would be analysed. In this case, it is an L2 square matrix whose nodes are
described in the Cartesian plane. Despite the simplification of the model to two dimensions,
the simulation calculations are performed sequentially, so the choice of the L parameter
determines the time of the performed simulation.

Next, the logic of the model under study was determined. According to percolation
theory, in the simulation, all K nodes of the quadratic network belong to the set E:

E =
{

K(x, y) : x, y ∈ L2
}

, (1)

G = φ. (2)

A sequential permutation without repetition of K nodes on the set E was then per-
formed, which were assigned to subsets of the set G such that:

1. If the set G = Ø, the node K forms a subset of the set G.
2. If node K was the nearest node in the vertical, horizontal or diagonal direction of

a node from the set G, it was added to the subset containing that node.
3. If the node K was the nearest node in the vertical, horizontal or diagonal direction of

more than one point from the set G and these points belong to different subsets of the
set G then the subsets are replaced by their conjunction with the added point K.

Regarding percolation, all subsets in the set G are clusters composed of neighbouring
nodes of the network.

The above conditions define the reverse direction of percolation, i.e., the determination
of the concentration N for which at least one subset will form a critical cluster [43]. This
will be the concentration for which the last percolation channel of the network is broken.
This means that the initial state of the matrix is the state in which all nodes of the matrix
are occupied by conducting elements. In the case of a square matrix, the conductive
nodes are in contact with their neighbouring nodes, arranged in vertical and horizontal
directions. This state of the matrix results in current flow when electrodes are connected to
a current source, contacting the conductive elements of the matrix at its top and bottom
edges. The next simulation steps involve randomly eliminating individual conductive
elements and replacing them with non-conductive nodes. As the number of non-conductive
elements increases, clusters appear, until finally the removal of a single conductive element,
which results in the complete disconnection of the top electrode from the bottom electrode
and the interruption of current flow. This means that the percolation threshold xc is
reached. Previous studies [44] show that the expected percolation threshold for a two-
dimensional square lattice is about 0.59. This means that the use of conduction element
elimination is an optimisation action. In the case of adding conductive nodes, the number
of nodes is about 0.59. In the case of elimination, about 0.41 nodes must be removed. This
means that the algorithm to remove conductive elements requires approximately 1.44 times
fewer calculations.

The algorithm and simulation software for this thesis was developed in the Python
programming language in the Unix system environment. The calculations were based on
multiplicity theory because the computer performs assignment processes much faster than
computational processes. The only variable was the dimension of the square lattice L.
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Figure 1 shows a schematic diagram of the computer software algorithm developed
to simulate the percolation phenomenon using the Monte Carlo method. In the first step
of the simulation, the computer created a set of square network nodes with coordinates
of dimension L·L. Then, using a pseudo-random number generator, the set was randomly
mixed. The pseudo-random number generator implemented for the simulation is based
on a basic function that generates a random regular floating-point number in the semi-
open range [0,1). The main generator is the “Mersenne Twister” algorithm [45] which
generates floating point numbers with a precision of 53 bits in the range 219937-1 and is a
basic implementation in the C programming language. The MT19937 variant used has a
high degree of uniform distribution which means that the periodic dependence between
successive values of the output sequence is negligible. It also satisfies numerous statistical
randomness tests, including diehard tests. It satisfies most, but not all, of the more rigorous
randomness tests (e.g., TestU01 Crush) [45]. The “Mersenne Twister” algorithm is used in
many Monte Carlo studies [46–49].

Figure 1. Schematic of the simulation algorithm.

The software then performed a sequential selection of a non-conductive nodes set.
The first node drawn formed a one-element set. Each subsequent non-conductive node
selected was subject to a membership check of the existing sets, i.e., if the selected node
was within a unit distance in the vertical, horizontal or diagonal direction from any node
in the existing set. It was then attached to this set to form a cluster. Otherwise, the node
formed a one-element set. The exception was when the selected node belonged to more
than one cluster. Then it was added to the combined clusters. Once a non-conducting
node was added to an existing cluster, that cluster was tested to see if it contained points
with coordinates x = 0 and x = L. This condition determined whether the cluster formed
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a continuous connection between the right and left edges of the matrix. Meeting these
conditions means that a so-called “infinite cluster” is formed from non-conducting nodes
and the percolation threshold is reached. The algorithm at this stage stored the coordinates
of the first drawn node, the coordinates of the non-conducting node interrupting the last
percolation channel and the calculated percolation threshold concentration and terminated
its operation. The algorithm was run again until a preset number of iterations was obtained,
which was 5 × 106. Simulations were performed for matrixes of size L = 55, 101 and 151.

The most relevant results in the first stage of the simulation are the coordinates of
the first non-conductive nodes drawn in each iteration. They show the quality of the
developed algorithm. In the case of a large number of iterations, the distribution of the first
non-conductive node number over the area of the square matrix should be regular.

The initial analysis of the first drawn node distribution in each of the 5 × 106 iterations
involved the creation of two-dimensional histograms or so-called heat maps [50]. These
represent a graphical interpretation of multidimensional data, in which the individual
values contained in the matrix are represented by a colour scale. Figures 2–4 show the
corresponding colour for each node of the matrices for networks of dimensions L = 55,
L = 101 and L = 151. The colours represent the number of the first non-conductive nodes in
each node of the matrix.

Figure 2. Two-dimensional histogram of first non-conductive nodes dependent on the coordinates of
the nodes for matrix dimension L = 55 and 5 × 106 iterations.

Figure 3. Two-dimensional histogram of first non-conductive nodes dependent on the coordinates of
the nodes for matrix dimension L = 101 and 5 × 106 iterations.
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Figure 4. Two-dimensional histogram of first non-conductive nodes dependent on the coordinates of
the nodes for matrix dimension L = 151 and 5 × 106 iterations.

Analysis of Figures 2–4 did not reveal any significant inhomogeneities in the distribu-
tion. To estimate the level of homogeneity, graphs were drawn for characteristic sections
of the plane. As is known, a square matrix has a fourth-order symmetry axis passing
perpendicular to the matrix through its centre. For the simulation, matrixes with odd
L-dimensions of 55, 101 and 151 were used to obtain a node in the centre of the matrix
through which the axis of symmetry passes. This allowed us to analyse the distribution of
the first non-conductive node number along lines, perpendicular to their side edges, passing
through the centres of the matrixes. Figure 5 shows a summary of the obtained results.

Figure 5. Number of first non-conductive nodes along the horizontal and vertical lines passing
through the centre of the matrix for 5 × 106 iterations. Dimensions of matrixes L: 1—55, 2—101,
3—151.

It can be seen from Figure 5 that for all the matrixes analysed, the distributions are
constant values. To estimate the homogeneity of the distributions shown in Figure 5, the
standard deviation values, calculated from the equation, were used:

105



Energies 2023, 16, 7128

σ =

√√√√√
n
∑

k=1
(xk − X)

2

n − 1
, (3)

where: σ—standard deviation, X—mean value, n—number of iterations, xk—results for
iteration number k.

The standard deviation value is used in metrology to determine the type A uncertainty
of measurement [39], given by the equation:

u =
σ√
n
=

√√√√√
n
∑

k=1
(xk − X)

2

n(n − 1)
. (4)

Uncertainty of measurement is used to estimate numerical values, obtained by re-
peated measurements, by statistical methods. In this case, the measurement result consists
of the measured value and measurement uncertainty. The measurand value in the case of
repeated measurement is the arithmetic mean value of subsequent measurement results,
while the uncertainty of measurement is given by Equation (4). The result of a measurement
can be written in the form:

X ≈ (
X ± u

)
. (5)

Relative uncertainty, as defined [39], is used to compare the measurement uncertainty
and the measured value:

δ =
u
X

. (6)

The mean value of the first non-conductive nodes in each matrix node for matrixes
with L = 55 is 1652.89, L = 101 is 490.15 and L = 151 is 219.29. Calculated from the simulation
results, the type A uncertainty of measurement by Equation (4) and the relative uncertain-
ties by Equation (6) for first nodes number are: for matrix with L = 55 u = 8.28 × 10−4 and
δ = 5.01 × 10−6, matrix L = 101 u = 1.63 × 10−3 and δ = 3.32 × 10−6, for matrix L = 151
u = 2.94 × 10−3 and δ = 1.34 × 10−5. Based on these results, it can be concluded that the distri-
bution in space of the first randomly selected non-conductive nodes is regular. This indicates
the correct operation of the software developed to simulate the percolation phenomenon.

3. Simulation of the Percolation Phenomenon for a Large Number of Iterations

The most important simulation result was the determination of the removed conduc-
tive node number, after which the percolation threshold occurs. In the algorithm used,
the last percolation channel is interrupted when the randomly drawn node marked red in
Figures 6–8 becomes non-conductive. This creates an “infinite” non-conductive cluster that
connects the two side edges of the square matrix. This node thus cuts off the current flow
in the vertical direction. Figures 6–8 below show exemplary visualisations of simulation
results for matrixes with dimensions L = 55, 101 and 151. In the figures, black points are
conducting nodes, which in the first phase of the analysis constitute 100% of the matrix
nodes. Then the conducting nodes are randomly replaced by non-conducting nodes. The
arrangement is defined such that the percolation edges constitute the top and bottom edges
of the matrix so that the percolation threshold will be reached at the moment of interrupt-
ing the last percolation channel connecting these edges. Due to the inverted simulation
logic used to optimise the analysis process, the percolation threshold is determined for
the concentration in which the adjacent non-conductive nodes are connected in such a
way that a non-conductive channel is created connecting the left and right edges of the
tested system.
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Figure 6. Example simulation result for an L = 55 square matrix. Black indicates conductive nodes,
white indicates non-conductive nodes, red indicates the node interrupting the last percolation channel,
blue indicates the “infinite” non-conductive cluster, and green indicates the last percolation channel.

Figure 7. Example simulation result for an L = 101 square matrix. Black indicates conductive nodes,
white indicates non-conductive nodes, red indicates the node interrupting the last percolation channel,
blue indicates the “infinite” non-conductive cluster, and green indicates the last percolation channel.

During the last iteration, a non-conductive node was drawn, marked in red, whose
change in property from conductive to non-conductive determines the interruption of the
last percolation channel. After drawing this node, the percolation threshold is calculated
from the ratio of conducting nodes remaining in the matrix to all network nodes.

When n independent observations have been made, for determining the percolation
threshold value xci (i = 1, 2, . . . n), and when this value varies randomly, the best achievable
estimate of the expected value X is the arithmetic mean. In this case, the type A method
of determining standard uncertainty should be used to determine the uncertainty of the
percolation threshold estimate [39]. In order to determine whether the percolation threshold
values obtained as a result of the simulation are a random variable, histograms of the per-
colation threshold values distributions and their comparison with the normal distribution
function for iterations number from 103 to 5 × 106 for matrixes with dimensions L = 55,
101 and 151 were performed, as recommended in [39]. In the simulation, the result of
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percolation threshold determination in each iteration is the independent variable, which
is drawn from the same population. The expected value and standard deviation σ can be
calculated for them. According to the central limit theorem [51], the sequence of random
variables in the form of normalised Un values converges to a standard normal distribution
for the number of iterations going to infinity and is described as:

Un =

1
n

n
∑

i=1
(xi − X)

σ√
n

, (7)

where: σ—standard deviation, X—expected value, n—number of iterations.

Figure 8. Example simulation result for an L = 151 square matrix. Black indicates conductive nodes,
white indicates non-conductive nodes, red indicates the node interrupting the last percolation channel,
blue indicates the “infinite” non-conductive cluster, and green indicates the last percolation channel.

Figures 9–11 show the histograms of the normalised Un values dependence for the
number of iterations n = 5 × 103, 5 × 104 and 5 × 106 for a matrix of dimension L = 151.
The normal distributions calculated for the mean values and standard deviations, which
have been determined on the basis of the simulations, are also shown in these figures.

Figure 9. Histogram of the percolation threshold values distribution for an iteration number of
5 × 103 for a matrix with L = 151 and a plot of the normal distribution—solid line.
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Figure 10. Histogram of the percolation threshold values distribution for an iteration number of
5 × 104 for a matrix with L = 151 and a plot of the normal distribution—solid line.

Figure 11. Histogram of the percolation threshold values distribution for an iteration number of
5 × 106 for a matrix with L = 151 and a plot of the normal distribution—solid line.

It can be seen from Figures 9–11 that, as the number of iterations increases, the results
are closer and closer to a normal distribution. Similar simulations and calculations were
performed for matrixes with a dimension of 55 and 101 for iteration numbers up to 5 × 106.
The results for the three matrixes are shown in Figure 12 for iteration numbers 5 × 106. As
can be seen from Figure 12, as the dimensions of the matrix increase, the expected value
(position of the maximum) remains constant, while the standard deviation value (width of
the distribution) decreases.

The percolation threshold values obtained were compared with the density value
of the normal distribution for the given values of X and σ depending on the number of
iterations and, as recommended in [39], R2 coefficients of determination were calculated as
functions of the regression results using least squares estimation. Table 1 summarises the
coefficients of determination values for matrixes with L = 55, 101, 151, depending on the
number of iterations.
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Figure 12. Normal distributions of percolation threshold values for matrixes with L: 1—55, 2—101,
3—151 for the number of iterations 5 × 106. Vertical dashed line—maximum value.

Table 1. Dependence of the coefficient of determination on the number of iterations for matrixes with
dimensions L = 55, 101, 151.

Number of
Iterations n, a.u.

R2, a.u.
L = 55

R2, a.u.
L = 101

R2, a.u.
L = 151

103 0.9285 0.8886 0.9067
2 × 103 0.9505 0.9699 0.9392
5 × 103 0.9763 0.9837 0.9830

104 0.9824 0.9921 0.9899
2 × 104 0.9853 0.9952 0.9974
5 × 104 0.9931 0.9963 0.9987

105 0.9985 0.9967 0.9986
2 × 105 0.9912 0.9971 0.9988
5 × 105 0.9954 0.9988 0.9989

106 0.9979 0.9984 0.9991
2 × 106 0.9981 0.9984 0.9990
5 × 106 0.9984 0.9990 0.9993

As can be seen from Table 1, the R2 coefficients of determination already for an iteration
number of 5 × 104 are greater than 0.99 and very close to unity. Their values for an iteration
number of 5 × 106 are 0.9984, 0.9990 and 0.9993 for matrixes of 55, 101 and 151, respectively.
The close to unity values of the coefficients of determination demonstrate the good quality
of the simulation results approximation using normal distributions. This means that the
probability distribution of nodes interrupting the last percolation channel is a normal
distribution and the percolation threshold value is a random variable. This allows the type
A method of determining the uncertainty given by Equation (4) [39] to be used to determine
the uncertainty in the estimation of percolation thresholds later in the article.

The dependencies of the normal distribution basic parameters—the mean value of
the percolation threshold and the standard deviation on the number of iterations n—were
determined. Successive values of the iteration number for which calculations were made
were determined using the equation:

n =
[
1000 · 100.02m

]
, (8)
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where: n—integer part of a number, enclosed in square brackets, m = 0, 1, 2, 3 ... This choice
of iteration number allows them to be evenly distributed on a logarithmic scale.

Figure 13 shows the dependence of the average percolation threshold value on the
number of iterations for matrixes of dimensions 55, 101 and 151. The figure shows every
fifth number of iterations value. It can be seen from the figure that for a relatively small
iteration number, the percolation threshold values change over a small range, not exceeding
0.0007. For iteration numbers of 5 × 104 and above, the percolation threshold values change
in the range below 10−4 and gradually stabilise. This means that, for large numbers of
iterations, the percolation threshold value hardly depends on the dimensions of the matrix.

Figure 13. Dependence of the percolation threshold value on the number of iterations for matrixes
with L dimensions: 1—55, 2—101, 3—151. The figure shows every fifth number of iterations.

Figure 14 shows the waveforms of standard deviation as a function of the iteration
number. For a small number of iterations, some variation in the standard deviation values
is apparent. Once the number of iterations exceeds approximately 5 × 104 and above, the
standard deviation values practically stabilise.

Figure 14. Dependence of the standard deviation on the number of iterations for matrixes with L
dimensions: 1—55, 2—101 and 3—151.
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It should be noted that Figure 14 shows that the value of the standard deviation
for a large number of iterations decreases as the dimensions of the matrix increase. For
iteration number values of 5 × 106, the following standard deviation values were obtained:
0.024526293 for a matrix with L = 55, 0.015941405—L = 101, 0.011915908—L = 151. Based on
the standard deviation values obtained for the number of iterations 5 × 106, the percolation
threshold estimation values and the relative uncertainty for matrixes with dimensions
L = 51, 101, 151 were calculated using Equations (4) and (6). The calculation resulted in the
following percolation thresholds: xc(L = 55) ≈ (0.5927046 ± 1.1 × 10−5), relative uncertainty
δ(L = 55) ≈ 1.9 × 10−5, xc(L = 101) ≈ (0.5927072 ± 7.13 × 10−6), δ(L = 101) ≈ 1.2 × 10−5,
xc(L = 151) ≈ (0.5927135 ± 5.33 × 10−6), δ(L = 151) ≈ 8.99 × 10−6. From a comparison of the
results, shown in Figures 13 and 14, for large iteration numbers the percolation threshold
values are almost independent of the matrix dimensions. The standard deviations for
large iteration numbers hardly depend on the number of iterations, while the values
of standard deviation decrease as the dimensions of the matrix increase. Figures 9–14
show that increasing the number of iterations to very large values for a matrix of specific
dimensions leaves the normal probability distribution of percolation threshold values
virtually unchanged. This distribution is described by two parameters—the mean value of
the percolation threshold and the standard deviation.

From Equation (4), it follows that the uncertainty in the percolation threshold esti-
mation is proportional to the value of the standard deviation and inversely proportional
to the square root of the iteration number. Figure 14 shows that the range of relatively
low iteration number values should not be used to estimate the percolation threshold
determination uncertainty. This is due to two factors. Firstly, the largest fluctuations in
standard deviation values occur in the range of iteration numbers below 104. Secondly, in
this area, the square root values are relatively small compared to the value for the maximum
iteration number of 5 × 106. This means that the uncertainty values for an iteration number
range below 104 are unsatisfactory and should be disregarded.

Figure 15 shows the dependence of the percolation threshold determination uncer-
tainty on the number of iterations for matrixes of dimensions 55, 101 and 151, calculated
according to Equation (4) for a range of iterations numbers from 104 to 5 × 106. This figure
also shows the approximation waveforms in the form of power functions.

Figure 15. Dependence of the percolation threshold estimation uncertainty u(n) on the number of
iterations n for matrixes of dimension L: 1—55, 2—101 and 3—151. The figure shows every fifth
number of iterations.
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The following conclusions emerge from the analysis of Figure 15. The R2 determination
coefficients for the approximation waveforms are very close to unity and are 0.999981761,
0.99997486 and 0.99995301 for matrixes with L = 55, 101 and 151, respectively. The differ-
ences between them and unity are no more than 0.00007815. This indicates a very good
approximation of the simulation results. As is well known, the dependence of uncertainty
on the number of iterations is described, by definition, by the equation [39], which can be
presented in the form:

u = σn−0.5, (9)

where: σ—standard deviation, n—number of iterations.
From the approximations, shown in Figure 15, it follows that the experimental depen-

dencies uD(n) are described by the equation:

uD = σDn−K
D , (10)

where: uD—uncertainty of the percolation threshold estimate, σD—experimental value of
the standard deviation, n—number of iterations, k—power factor.

For matrixes with L = 55, 101 and 151, the following approximation equations
were obtained:

uD(L = 55, n) ≈ 0.02497738n−0.50173554, (11)

uD((L = 101, n) ≈ 0.0157898n−0.49929933, (12)

uD(L = 151, n) ≈ 0.01153863n−0.49735083 (13)

Equations (11)–(13) show that the experimental power coefficients are very close to
the value—0.5. The largest difference between the power value in Equation (9) and the
coefficients from the approximating Equations (11)–(13) occurs for the matrix with L = 151
and is only about 0.00264917. For the other matrixes, the differences are even smaller.

In Equations (11)–(13), the numerical coefficients in front of the iterations number n
are the standard deviation values, determined from the simulation results approximations
of the type A uncertainty dependence on the number of iterations. These values were also
calculated directly from 5 × 106 iterations (see Figures 13 and 15). The comparison of pairs
of standard deviation values determined directly and from the approximation gives the
following differences between them: Δσ(L = 55) = 0.00045110, Δσ(L = 101) = 0.00015160,
Δσ(L = 151) = 0.00037728. The comparison of these differences shows that the values of
standard deviations determined directly and from the approximation are very close to each
other. This means that the dependencies of the percolation threshold value uncertainty
estimation on the number of iterations, obtained by approximation of the simulation
results acquired with the Monte Carlo method perfectly agree with the definition of type
A uncertainty [39]. This is evidenced by both the power values, very close to −0.5, and
the values of standard deviations. Comparing the results of the approximations with
Equation (9), it should be noted that for a matrix of specific dimensions, the uncertainty in
the estimation of the percolation threshold is a function of the number of iterations only,
and the value of the standard deviation σ does not depend on the number of iterations
for n ≥ 104. This means that a reduction in the uncertainty of the percolation threshold
determination for a matrix of certain dimensions is only possible by increasing the number
of iterations.

It can be seen from Figure 15 that an increase in the matrix dimensions decreases the
uncertainty, leaving the power relationship unchanged. This is associated, according to
Equations (11)–(13), with a decrease in the standard deviation, as the matrix dimensions
increase, which is also visible in Figure 14. The reduction in the standard deviation value
established in the study with an increase in the matrix dimensions allowed us to propose
a method to reduce the uncertainty in the percolation threshold estimation not only by
increasing the number of iterations but also by increasing the dimensions of the matrix.

113



Energies 2023, 16, 7128

For example, to reduce the uncertainty in the estimation of the percolation threshold by an
order of magnitude for a matrix with L = 55, that is, from 1.1 × 10−5 to 1.1 × 10−6, requires,
according to Equation (9), a hundredfold increase in the number of iterations from 5 × 106

to 5 × 108. Figure 15 shows that the reduction of the uncertainty value along with the
increase in matrix dimensions makes it possible to apply the uncertainty reduction method,
consisting of increasing the dimensions of the matrix. For example, the uncertainty in
estimating the percolation threshold for a matrix with L = 55 and an iteration number of
5 × 106 is 1.1 × 10−5. The same uncertainty for the matrix with L = 151 will be obtained
after about 4.166 times the smaller number of iterations of about 1.2 × 106.

This means that based on the data obtained in the work, it is possible to optimise
the determination of percolation threshold estimation uncertainty based on the use of the
metrological approach. Optimisation consists of selecting the dimensions of the matrix
and the number of iterations in order to obtain the assumed uncertainty of the percolation
threshold determination. The proposed optimisation procedure can be used to simulate the
percolation phenomena of both nodes and bonds in a matrix with shapes and symmetry
types other than square matrixes.

4. Conclusions

In the paper, a study of the node percolation phenomenon for square matrixes with
dimensions L = 55, 101 and 151 using Monte Carlo computer simulation was performed.
The number of iterations for each matrix was 5 × 106. An in-depth analysis of the test
results using the metrology approach of determining the uncertainty of estimating the
results of repeated iterations using statistical methods was performed.

It was found that the mean value of the percolation threshold for relatively small
iteration numbers varies over a small range. For large iteration numbers, the mean value
stabilises and is practically independent of the matrix dimensions. The standard deviation
values of the percolation threshold for small iteration numbers also fluctuate in a small
range. For large iteration numbers, the standard deviation value reaches a steady state. In-
creasing the dimensions of the matrix for a large number of iterations results in a decrease in
the standard deviation steady-state value, the percolation threshold estimation uncertainty
and the relative uncertainty. The obtained percolation threshold values for matrixes with
dimensions L = 51, 101, 151 and number of iterations 5 × 106 are (0.5927046 ± 1.1 × 10−5),
(0.5927072 ± 7.13 × 10−6) and (0.5927135 ± 5.33 × 10−6), respectively.

The reduction In the standard deviation value established in the paper by increasing
the dimensions of the matrix allows us to develop a way to reduce the uncertainty of the
percolation threshold estimation not only by increasing the iterations number but also
by increasing the dimensions of the matrix. For example, for a matrix with L = 55 and
an iterations number of 5 × 106, the uncertainty of the percolation threshold estimation
estimate is about 1.0968 × 10−5, while for a matrix with L = 151 a similar value can be
obtained for an iterations number 4.166 times smaller, about 1.2 × 106.

The application of a metrology approach to the analysis of percolation simulation
results allowed the development of a new optimisation method for determining the un-
certainty of percolation threshold estimation. The optimisation consists of selecting the
dimensions of the matrix and the number of iterations in order to obtain an assumed uncer-
tainty in the determination of the percolation threshold. Such a procedure can be applied to
simulate the percolation phenomenon and to estimate the value of the percolation threshold
and its uncertainty in matrixes with other network shapes than squares.
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Abstract: PDMS-based composites such as silicone elastomers are commonly found in high-voltage
engineering, especially in outdoor insulation as coatings or structural elements or at interfaces
between network elements, such as cable sealing ends (CSE). They are also promising prospects for
dielectric elastomer generators (DEG), which are retrieving electrostatic energy from large strain
amplitudes. The upper limit of energy conversion from these transducers is determined by the
dielectric breakdown strength (DBS). Therefore, developing reliable systems that operate under high
electric fields and variable repeated strains requires a thorough understanding of the mechanisms
behind electrical breakdown and its coupling to mechanical cycling. In this study, the effect of Mullins
damage and mechanical fatigue on silicone elastomers has been investigated. An electro-mechanical
instability model that considers cyclic softening allows for predicting the evolution of the breakdown
strength depending on the loading history. The results highlight the importance of the “first cycle,”
where up to a 30% reduction in the mean DBS was measured. However, subsequent mechanical
fatigue only marginally contributes to the degradation, which is a promising perspective for the
long-term performance of any silicone elastomer as long as the precise impact of the first cycle
is known.

Keywords: breakdown test; dielectric elastomer; electro-mechanical instability; low-cycle fatigue;
Mullins effect; PDMS

1. Introduction

Polydimethylsiloxane (PDMS) based elastomers can be used in soft transducers, which
are suitable for a wide range of potential applications such as sensors, soft robotics, energy
harvesting, and biomedical devices. They consist of an elastomeric film, which is coated
on both sides with compliant electrodes to form a stretchable capacitor. A number of
DEG devices were proposed [1] with a particular interest in novel wave energy convert-
ers [2–4] due to the potentially high conversion efficiency at large strain amplitudes at
low frequencies of ocean waves. The convertible energy of DEG scales with the strain
amplitude, dielectric permittivity, and the applied electric field. Despite its low permittivity,
PDMS is a popular choice for DEG due to its high stretchability, good aging resistance, and
high electrical resistivity. Its versatility and ease of processing also allow the formulation
of nanocomposites in order to tailor the mechanical and electrical properties to several
electrical applications. For DEG, the dielectric breakdown strength bounds the ultimate
convertible energy, and that physical limit is of primary importance because of its quadratic
contribution to the energy output. The DBS of dielectric elastomers has been widely inves-
tigated, and a variety of parameters are found to influence the electrical limits. Among
them, elastomer stiffness [5–7] and amount of pre-stretch [8–10] can determine the onset
of electrical failure. The breakdown strength of PDMS is also reported to change with
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the thickness of the dielectric layer [11–13], the shape of the electrodes [12,13], and their
size [10,14]. The choice of PDMS in high-voltage applications is often driven by a particular
environment that requires stretchability. Although strain and electric field result from
different mechanical and electrical sources, cross-interactions can build up, resulting in
premature failures. These synergetic effects are scarcely explored in the literature, and
this study aims to better understand the effect of mechanical loading on the DBS. Electro-
mechanical instabilities are acknowledged as the dominant failure mechanisms in dielectric
elastomers; therefore, the relation between mechanical properties and electrical limits is of
particular importance in these soft materials subjected to extreme loadings.

Meanwhile, elastomers are highly nonlinear materials for which the mechanical re-
sponse varies with time, temperature, strain rate, or load history. A particular feature of
highly filled elastomers is known as the Mullins effect, which corresponds to a reduction in
mechanical stress on the second and subsequent mechanical loadings. This softening has
various interpretations, including damage in the elastomer matrix, filler network alteration,
or rubber–filler interface changes [15]. For the specific case of silica-filled PDMS, this
reduction is typically attributed to the disentanglement of adjacent chains [16] or detach-
ment/slippage on the filler surface of chains having reached their limit of extensibility [17].
Additionally, under cyclic mechanical loadings, filled elastomers are prone to additional
softening, which is often considered the result of stress relaxation [18]. Alternatively, the
Mullins effect and cyclic softening could be related to one single process caused by sliding
and friction between polymeric chains and fillers [19].

The relation between mechanical properties and electric breakdown has been widely
investigated. When a dielectric elastomer film is subjected to an electric field, the electro-
static pressure is thinning the membrane and increasing the internal mechanical stress.
When the voltage increases further and exceeds a critical threshold Vc, the equilibrium
between electrostatic and mechanical stresses becomes unstable, causing huge, localized
strains (Figure 1). This phenomenon is known as pull-in instability or electro-mechanical
instability (EMI), which can cause an electrical breakdown if the resulting strain or electric
field exceeds the material’s intrinsic limits [20]. EMI is acknowledged as the main cause of
dielectric breakdown in the absence of defects. An early description of EMI was proposed
by Stark and Garton for stiff polymers with a model relating the breakdown strength to
permittivity and Young’s modulus [21]. Extensions of this model have been proposed to
account for non-linear elasticity in polymers [22] and highly stretchable elastomers [6,11,23].
Therefore, the softening induced by the Mullins effect is expected to change the dielectric
breakdown strength, and experimental results on silicone support this assumption [24].

 
(a) (b) (c) 

Figure 1. (a) Dielectric elastomer at rest, (b)thinned by an electric field, (c) and electro-mechanical
instability (c). The electro-static pressure is schematically represented by red arrows.

The first part of this study further discusses the crucial role of the first cycle and
extends the preliminary results presented in [7]. The long-term performance of dielectric
elastomers remains an exploration field. The influence of millions of squared drive voltage
applications on PDMS dielectric actuators has been investigated with regard to electrode
performance [25] and dielectric breakdown strength [9]. However, degradation of the
dielectric properties after large mechanical cyclic loadings remains scarcely investigated. In
the second part of this study, a series of low-cycle fatigue tests were carried out at various
stretch amplitudes, and then electrical breakdown tests were performed on the fatigued
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specimens. Based on the observed softening, an electro-mechanical instability model was
proposed, which allows the prediction of the reduction in breakdown voltage from the
mechanical damage accumulated.

2. Materials and Methods

The two dielectric elastomers have been prepared for analysis from two components,
platinum catalyzed, liquid silicone rubbers (LSRs) with a shore hardness of 50 ShA and
70 ShA, respectively. Variation in the silica content between the two formulations gives
different mechanical responses and Mullins damages under cyclic loadings. These LSRs
were diluted in a volatile silicone fluid using a turbine mixer under a vacuum environment
(~100 mbar). The resulting mixtures were coated on a polyester carrier film using a
roll-to-roll coating process entirely enclosed in a clean room environment (ISO 8). A
first crosslinking was performed at 110 ◦C for a duration of 10 min, then the dielectric
elastomers were peeled from their polyester carriers, and a final post-curing was performed
at 120 ◦C for a duration of 15 h to complete the crosslinking reaction and eliminate the
volatile residuals.

Samples were cut from the PDMS thin films in a rectangular shape of 300 mm length
and 200 mm width (Figure 2a). For the mechanical loading, the samples were placed in a
tensile test machine (Zwick/Roell Z100, Ulm, Germany) controlled in displacement at a
fixed strain rate of 3%·s−1. Samples were held into pneumatic clamps to prevent slippage
in the jaws under load. The tensile stretch was defined as λ1 = L/L0 with L, the distance
between the clamps (Figure 2b) and L0 to the initial length of the sample (L0 = 220 mm).
Incompressibility of the elastomers λ1λ2λ3 = 1 yields an equal stretch in the direction of
the width and thickness λ2 = λ3 = λ1

− 1
2 .

    
 (a) (b) (c) 

Figure 2. Tensile test sample: (a) unloaded; (b) stretched to λ1; (c) corresponding experimental setup.
Axes of the coordinate system are denoted as 1, 2, and 3.

The nominal tensile stress was defined as T1 = F/A0, with F the force measured
by the load cell and A0 the original cross-sectional area. The machine was loading the
sample up to a pre-defined value of maximal stretch λ1max before releasing completely the
mechanical stress before the electrical test, individual samples were evaluated at different
levels of maximal stretch for the two formulations.

Additionally, the effect of multiple cycles on the dielectric breakdown strength has been
investigated for the 70 ShA elastomer. Individual samples were elongated to different pre-
defined values of maximal stretch (respectively, λ1max = 1.3, λ1max = 1.7, and λ1max = 2.4).
Then, samples were fully released following a triangular displacement-controlled pattern at
a crosshead speed of 6 mm/s. This sequence constitutes one mechanical cycle, which was
repeated 1000 times before submitting the samples to the DBS evaluation. For the higher
stretch amplitude evaluated (λ1max = 2.4), intermediate breakdown strength measurements
were performed after 10 and 100-cycle repetitions, respectively.

After mechanical cycling, the dielectric membranes are installed on an in-house de-
veloped breakdown tester, which allows measuring the DBS automatically in multiple
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locations on the tensile test sample. The PDMS dielectric elastomer film is deposited on
a 304 stainless steel plate having a mirror finish polishing on which a DC power supply
is connected (Heinzinger PNC 30 kV, Rosenheim, Germany). Ethanol is used to ease the
sample installation and to prevent trapped air at the interface between the sample and the
high-voltage electrode. Before starting any measurement, a rest time of 3 h is respected
to ensure the desorption of solvent residuals. For each testing location, the film thick-
ness is preliminary measured using an Eddy current displacement sensor (Micro-Epsilon
EddyNCDT DT3100/EPS08, Ortenburg, Germany). The sensor is integrated into a cylin-
drical holder with a vertical offset between the sensor head and the lower surface of the
cylinder, preventing contact with the measuring object (Figure 3a). The sensor holder is
automatically positioned on the stainless-steel plate at the future locations of the break-
down measurements, and this calibration step gives the value of the offset δ0. The same
measurement is repeated at the surface of the film to obtain the local dielectric thickness
d0 = δ − δ0. Repeatability of the thickness measurement was found to be 1 μm and mean
membrane thicknesses were 138 ± 5 μm for the 70 ShA and 105 ± 3 μm for the 50 ShA.
The corresponding thickness distributions (gathering the measurements of all the tested
specimens) are represented in Figure 3c.

 
(a) 

 
(b) (c) 

Eddy current sensor PDMS film 

Sensor holder 

Stainless steel plate 

Figure 3. (a) Schematic representation of the thickness measurement using the Eddy current sensor,
(b) location of measurement points on the tensile test sample, (c) distribution of thickness measure-
ments for the two elastomers evaluated.

Then, the elastomer film is immersed in a silicone fluid to prevent flashover. For the
ground electrode, a 40 mm diameter cylinder of stainless steel 304 is used (Figure 4a),
for which all edges have been rounded to a 3.2 mm radius, such as limiting electric field
enhancement at that location [13,26]. This electrode is actuated by a 3-axis motor to the first
testing location, where the cylinder is deposited on the dielectric elastomer, and only the
mass of the cylinder contributes to the contact pressure at the film interface. Subsequently,
a positive DC voltage V is applied across the dielectric elastomer using a ramp of 500 V/s.
Assuming that the thickness is uniform across the tested location, the electric field E across
a linear membrane is obtained from the initial dielectric thickness as E = V/d0. The
breakdown voltage VBD is detected from a sharp increase in the current measurement, and
the corresponding DBS is calculated from (1) [27].

EBD = VBD/d0 (1)
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(a) (b) 

HV electrode  

PDMS oil 

PDMS film 

1 

3 

2 

Ground electrode  

Figure 4. (a) Schematic of the breakdown setup; (b) automated multipoint DBS tester.

After lifting the ground electrode, the motor automatically advances to the next testing
location and repeats the breakdown process there. Using only the stretched surface and
ignoring the part of the sample that was previously clamped in the tensile test machine,
a maximum of 23 breakdown points can be measured (Figure 3b). Samples were stored
and tested in a climate-controlled room, where the temperature and relative humidity were
maintained at 23 ◦C and 50%, respectively.

Experimental breakdown results of every single mechanical testing scenario are fitted
with a two-parameter Weibull distribution. The probability density function of a Weibull
distribution is given by (2), where η is the scale parameter and β the shape parameter. The
mean of the Weibull distribution is given by (3), with Γ being the gamma function [28].

f (E) =
βEβ−1

ηβ
e−( E

η )
β

(2)

E = ηΓ

(
1
β
+ 1

)
(3)

For each material, a virgin unstretched sample was tested to attain a reference point
and evaluate the effect of the subsequent mechanical loadings.

3. Model

3.1. Hyperelastic Model

The mechanical properties of the two elastomers have been modeled using an Ogden–
Roxburgh hyperelastic model. The detailed methodology and results were introduced in a
previous work [7]. In this approach, the Mullins effect is accounted for through a damage
parameter D, which evolves with the maximal strain energy density Wmax reached in the
mechanical loading history of the elastomer [29]:

D = 1 − 1
r

er f

⎡
⎣ Wmax −

∼
W

m + bWmax

⎤
⎦ (4)

where r, m, and b are material parameters, er f (x) is the error function, Wmax is the evolving

maximum strain energy density reached throughout the deformation history and
∼
W the
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strain energy density function of a virgin material. Under a uniaxial test condition applied
along direction i, the Cauchy stress (5) and the nominal stress (6) are represented as follows:

σi = Dμ
(
λi

α − λi
−α

2

)
(5)

Ti =
σi
λi

(6)

Figure 5 shows the experimental tensile test results of the two elastomers and the
Ogden–Roxburgh model obtained from the material parameters of Table 1.

 
(a) (b) 

Figure 5. Mullins effect and strain softening behavior modeled with an Ogden–Roxburgh model:
(a) 50 ShA material; (b) 70 ShA material.

Table 1. Ogden and Ogden–Roxburgh parameters [7].

Parameter Symbol 50 ShA 70 ShA Unit

Ogden μ 1.01 × 106 2.58 × 106 Pa
α 2.1 1.61 –

Ogden–Roxburgh
r 1.4 1.35 –
m 7.0 × 105 3.4 × 105 –
b 0.2 0.26 –

3.2. Electro-Mechanical Model

When subjected to an external voltage V, a dielectric elastomer experiences a Maxwell
compressive stress σE that reduces its thickness to d = λ3d0. The equation of this elec-
trostatic compressive stress is given by (7) with ε0 is the vacuum permittivity and εr is
the relative permittivity of the dielectric elastomer. This equation only holds if the per-
mittivity is stretch-independent. In previous works [30,31], a variation of the permittivity
with the applied stretch was reported for acrylic elastomers, whereas the permittivity of
natural rubber was found insensitive to stretch. In our study, a stretch-independent relative
permittivity of εr = 2.7 was measured, and that value is used in our model.

σE = ε0εr

(
V
d

)2
(7)

At equilibrium, the mechanical stress (5) balances the electrostatic stress (6), and
the relation between voltage and compressive stretch is given by (8). Voltage-induced
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actuation depends on the historical loading through the value of the damage parameter D.
In this approach, the friction at the interface between the dielectric layer and electrodes is
considered negligible, and the stiffness of the surrounding inactive material (not covered
by electrodes) is assumed to have a marginal contribution on the actuation stretch of the
active region.

V = λ3d0

√
− Dμ

ε0εr

(
λ3

α − λ3
− α

2

)
(8)

For a virgin material, the damage parameter D is inactive (taking the value 1), and λ3
decreases (corresponding to compressive stretch) when the voltage increases (going from
right to left in Figure 6b,d). This trend is observed until a maximum critical point { λc; Vc} at
which no additional increase in the voltage is required to cause further deformation. This
yields extreme deformations, causing an electrical breakdown because of the monotonic
decrease in the voltage curve beyond that critical point. The model predicts a critical
voltage Vc = 15 kV for the virgin unloaded 50 ShA and Vc =28 kV for 70 ShA used in
this study.

 
(a) (b) 

 
(c) (d) 

Figure 6. Uniaxial tensile stress derived from the Ogden–Roxburgh model (left column) and evolution
of the critical instability (right column) for (a,b) the 50 ShA material; (c,d) the 70 ShA material.
Initiation of the critical instability is represented with stars.
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When considering a sample that has been stretched prior to the breakdown experiment,
the Mullins effect alters the material’s response to electrical stress, and the resultant voltage
curve follows a different path before recovering one of the virgin materials. If the historical
strain energy density Wmax applied in the tensile experiment is below a threshold Wc, no
consequence is predicted for the breakdown, as the irreversible critical point is identical to
the point of the original virgin material. However, if Wmax of a material has been raised
above Wc in its loading history, its voltage curve will not pass through the instability point
and will recover the curve of the virgin material in an unstable region (where thickness
collapses without the need for additional voltage). This leads to breakdown voltages lower
than Vc initiated at the locations of the colored stars, presented in Figure 6b,d.

Interestingly, for materials with significantly high values of historical SED, the voltage
curve indicates a local maximum (upward arrow in Figure 6b,d). However, the decrease
in the voltage is not monotonic beyond this local “pull-in instability”; thus, a further
increase in voltage is required before recovering the permanently decreasing curve at the
location of the stars (Figure 6b,d). A local instability does not necessarily imply an electrical
breakdown [11,20]. However, once the curve of the virgin material is reached, the voltage
becomes immediately unstable, resulting in a snap-through, which will ineluctably cause
an electrical breakdown.

4. Results and Discussion

4.1. Mullins Effect

To confirm the theoretical predictions from the proposed model, the experimental
DBS was measured for various values of maximum historical SED obtained from the
tensile test experiment (Figure 7). The reported breakdown values for both model and
experimental data were obtained from (1). For each individual mechanical loading case, the
Weibull probability density function of the experimental electrical failures (2) is represented
vertically. For the virgin sample and the first loading case of the 70 ShA elastomer, electrical
breakdowns were not reached for all the testing locations due to the voltage limitation
of the DC power supply. These corresponding data were treated as suspensions in the
evaluation of the Weibull parameters and are represented by upward arrows in Figure 7b.
For the virgin 50 ShA material, the mean of the experimental failure was measured at
E = 140 ± 6 V·μm−1, whereas for the 70 ShA material, a significantly higher DBS of
E = 224 ± 9 V·μm−1 was obtained (uncertainties were determined from the two-sided 95%
confidence bound interval). This increase in the DBS was anticipated by the EMI model
introduced in Section 3.2 due to the substantial variation in mechanical properties between
the two elastomers considered. For the 50 ShA material, the model predicts a breakdown
value of 145 V·μm−1, and that value is contained within the confidence bounds of the
experimental results. For the 70 ShA material, a breakdown strength of 205 V·μm−1 is
calculated for a virgin material, which is only 8% lower than the mean experimental value.
The historical SED threshold under which no consequence is expected on the DBS has been
verified experimentally as the mean DBS of the samples previously stretched to λmax = 1.3
are very similar to the ones of the virgin materials (E = 135 ± 6 V·μm−1 for the 50 ShA and
E = 210± 7 V·μm−1 for the 70 ShA). Above this threshold, the overall feature of the Mullins
damage is also predicted accurately compared with experimental data obtained for the
most severe loading cases. This finding confirms that breakdown is initiated at the location
of the stars, and the local instability observed on the highly stretched samples is not causing
a breakdown. The behavior observed here supports previous works [11] where it was
found that pull-in instability does not necessarily imply an electrical failure. The Mullins
damage is found to cause a plateau in the stretch–voltage curve (Figure 6b,d). This feature
is interesting for dielectric elastomer actuators for which obtaining a large stretch amplitude
from a low voltage variation is desirable from a transducer efficiency perspective. Although
a preliminary stretch of the elastomer beyond its operating domain can be used to enhance
its actuation response, further measurement would be required to conclude whether the
plateau could be exploited or not. The instability phenomenon might lead to localized
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inhomogeneous deformation, which is known as creasing, cratering, snap-through, or
wrinkling, and the typical distance between creases was found to be approximately the
same as the thickness of the film [32]. In our experimental setup, the electrode covers a
relatively wide surface (40 mm diameter), and the actuation region is hidden underneath
the steel cylinder, preventing direct observation of the actuation mechanisms.

 
(a) (b) 

Figure 7. Comparison of experimental data to the EMI model: (a) 50 ShA material; (b) 70 ShA material.

In the Ogden–Roxburgh model, the damage parameter D is considered a scalar value
indifferent to the direction of the principal strain. In the tensile experiment, the strain is
applied along direction 1 (Figure 2), whereas the elastomer expands equibiaxially in the
plane of the dielectric sheet when voltage increases. The Mullins effect-induced damage
might preferably occur in the tensile direction, resulting in enhanced actuation along this
axis. Further tests would be required to verify this anisotropy in the Mullins softening, with
the possible outcome of tailoring the actuation response of dielectric elastomer actuators
along a preferred orientation. This could be an alternative to the existing solutions that use
orientated fibers to restrict deformation in one direction [33].

As the Mullins effect is found to reduce the breakdown strength significantly, it is worth
discussing any potential mitigation to that degradation mechanism. The Mullins damage
is attributed to complex interactions between polymeric chains and fillers. Therefore, it
could be of interest to limit the silica content in PDMS composites while trying to stiffen
the mechanical response using alternative strategies. Varying the crosslinking density of
the elastomer network or changing the chemistry of the crosslinker could be considered in
future research studies.

4.2. Mechanical Cycling

With the effect of cycle accumulation, the mechanical response is modified, leading to a
softening of the elastomer and a reduction in the maximal stress reached in the mechanical
cycle. Subsequent to the first cycle, minor changes are observed in the stress–stretch
response between the loading and unloading phase, indicating that viscous losses can be
considered negligible in proportion to the Mullins damage. Therefore, for the sake of clarity,
it is chosen to display only the unloading curves in Figure 8, where the softening behavior
is represented for the three stretch amplitudes evaluated. For the samples stretched to
λ1max = 1.3, the mechanical response is almost unaffected when the number of cycles
increases. However, for the two other loading cases (λ1max = 1.7 and λ1max = 2.4), the
softening is significant and culminates in about a 40% reduction in the peak tensile stress
after 1000 cycles.
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Figure 8. Softening of the 70 ShA material with cycling.

From a modeling perspective, this softening can be interpreted as an increase in
the Mullins damage with the number of cycles. A modification of the Ogden–Roxburgh
model is introduced where the value of Wmax in (4) is replaced by a variable W∗, which
increases with the number N of mechanical cycles (9). An exponential function (10) is
chosen for the expression of W∗ as it was found to represent the experimental cycle-induced
softening accurately.

D = 1 − 1
r

er f

⎡
⎣ W∗ −

∼
W

m + bW∗

⎤
⎦ (9)

W∗ = WmaxeA(1− 1
NB ) (10)

Parameters A = 0.24 and B = 0.25 were calculated, such as minimizing the error be-
tween the evolving experimental tensile stress and the stress derived from the modified
Ogden–Roxburgh model (Figure 8). This approach constitutes a convenient way to model
the experimental results but is only valid if the maximal stretch remains constant dur-
ing the fatigue experiment. In the case of more complex random loadings, a different
softening is expected, which would require the implementation of more sophisticated
constitutive models.

Using this modified damage parameter in (8) allows us to predict the evolution of the
EMI in the stretch–voltage diagram based on the number of cycle repetitions (Figure 9).
For the lower stretch amplitude (λ1max = 1.3), the location of the critical instability is
found unaffected as the instability is identical to the snap-through of the virgin material,
as represented by the black star in Figure 9. For the larger stretch amplitudes, only minor
reductions in the breakdown voltage are expected after mechanical fatigue, as the location of
the snap-through is marginally modified compared to a sample stretched only once (N = 1).
In other words, the softening caused by the Mullins effect predominantly contributes to the
location of the EMI, whereas the role of fatigue softening appears negligible.

To verify these model predictions, experimental breakdown tests were performed
on unstretched film after a different number of mechanical cycles at three given stretch
amplitudes (Figure 10). A good agreement was found between the EMI model and the
mean of the Weibull distributions. It indicates that at this relatively low number of cycles,
the breakdown strength is still driven by EMI. In this experimental setup, the number of
cycles was limited to one thousand mechanical cycles because of the limited capacity of the
tensile machine or premature failure of the samples in the clamping system. Extrapolating
the result to long-term fatigue is not expected to affect the breakdown response further
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as the Mullins damage tends to stabilize towards an asymptotic endpoint as the number
of cycles increases. However, for a large number of cycles, one could expect micro-cracks
to propagate/nucleate, resulting in local electric weak points that cannot be captured
from a global mechanical characterization. However, this type of flaw was not observed
in the most severely loaded sample (λmax = 2.4 and N = 1000 cycles) with microscope
inspection under ×700 magnification, further fatigue experiments on longer duration can
constitute future research work to better understand the long-term performance of dielectric
elastomer generators.

Figure 9. Evolution of the critical instability in the stretch–voltage diagram. The critical instability of
a virgin material is represented with a black star.

(a) 

Figure 10. Cont.
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(b) 

(c) 

Figure 10. Evolution of the dielectric breakdown strength with mechanical cycling after a maximal
stretch of: (a) λ1 = 1.3; (b) λ1 = 1.7; (c) λ1 = 2.4.

4.3. Energy Density

The convertible energy We of DEGs is known to increase linearly with the relative
permittivity εr and quadratically with an increasing applied electric field (11) [1].

We ∝ εrEBD
2 (11)

Intense research activities are devoted to developing material formulations with
higher relative permittivity [34], which is valuable for decreasing the operating voltage of
dielectric actuators or enhancing their actuation stretch. However, it is worth discussing its
beneficial contribution to DEGs. Inserting (8) into (11) shows that the convertible energy is
actually independent of εr for a system in which the failure mechanism is driven by electro-
mechanical instabilities (12). In other words, a rise in the relative permittivity is equally
balanced by a reduction in the breakdown voltage in the overall energy balance. Although
the underlying conclusion only holds if the relative permittivity remains unchanged with
the accumulated mechanical damage, that property shall be considered carefully when
attempting to develop new material formulations with enhanced energy densities.

We ∝ −λc
2Dμ

(
λc

α − λc
− α

2

)
(12)
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Increasing the pre-stretch of the dielectric elastomer is a strategy that is often reported
to prevent electro-mechanical instability and can be an option to overcome the limitation
between permittivity and breakdown strength. However, in large-scale DEG, the failure
mechanism is rarely driven by EMI, as the probability of defect-related breakdowns scales
with the size of the transducer [14]. In such a case, increasing the permittivity might still be
beneficial to increase the energy density of DEG.

5. Conclusions

The influence of multiple mechanical cycles on the DBS of PDMS elastomers has been
investigated. The stretch amplitude of the first cycle was found to be of primary importance
because the Mullins effect significantly changes the onset of electro-mechanical instability.
Using stiffer PDMS elastomers is one approach for increasing the dielectric breakdown
strength of a virgin material; however, this beneficial enhancement is partially counteracted
by a higher softening resulting from the Mullins damage.

Subsequently, after this first loading, the breakdown strength remains nearly stable
up to 1000 cycles. These experimental results are consistent with theoretical predictions
obtained from a hyperelastic model that uses the damage accumulated along the fatigue
experiment to derive the evolution of the electro-mechanical instability.

The outcome of this study helps to understand the relationship between dielectric
performance and mechanical properties and contributes to gaining knowledge on the
long-term reliability of DEGs. This constitutes one of the key milestones to reach before
deploying these systems in commercial applications.
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Abstract: In this study, the phenomenon of node percolation was tested using the Monte Carlo
computer simulation method for square matrices with dimensions L = 55, 101 and 151. The number of
samples for each matrix was 5 × 106. The spatial distributions of the coordinates of the nodes creating
the percolation channel were determined, and maps of the density distribution of these nodes were
created. It has been established that in matrices with finite dimensions, an edge phenomenon occurs,
consisting of a decrease in the concentration of nodes creating a percolation channel as one approaches
the edge of the matrix. As the matrix dimensions increase, the intensity of this phenomenon decreases.
This expands the area in which values close to the maximum occur. The length distributions of the
left and right clusters of non-conducting nodes were determined for the situation when the next
randomly selected node connects them and thus reaches the percolation threshold. It was found that
clusters whose dimensions are close to half of the matrix dimensions are most likely to occur. The
research shows that both the values of the standard deviation of the percolation threshold and the
intensity of the edge phenomenon are clearly related to the dimensions of the matrices and decrease
as they increase.

Keywords: metrological approach; uncertainty of measurement; percolation phenomenon;
percolation threshold; Monte Carlo method; computer simulation

1. Introduction

The study of the phenomenon known as percolation, derived from the Latin ‘percola-
tio’, is primarily aimed at studying the permeation of liquids and gases through porous
substrates [1]. Percolation issues have ubiquitous applications in a variety of scientific
and technological research fields, including chemistry [2], medicine [3], biology [4] and
materials engineering [5]. In addition, the conceptual framework of percolation extends its
utility to the determination of the propagation of electric current in entities characterized
by disordered semiconductors [6].

The study of the percolation phenomenon is directed in two basic directions. One of
these involves empirical research, during which the simplest way to observe a phenomenon
is via the conduit of electric current [7]. Conversely, endeavors directed at the examination
of gas or liquid flow have proved considerably more intricate to execute.

To observe the classical phenomenon of percolation in the context of electric current
flow, certain preconditions must be met. The medium in which percolation occurs should
consist of at least two phases. The first is referred to as the matrix, while the elements
forming the second phase, referred to as the dispersed phase, are distributed throughout
the matrix. The properties of these phases should differ significantly. Typically, the matrix
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is an insulating material, and the dispersed phase is conductive elements with macroscopic
dimensions. As the concentration of the dispersed phase in the composite increases, its
components form electrical connections via points of contact, gradually forming a complex
network of structures known as clusters. When a certain critical concentration, known as
the percolation threshold, is reached, a so-called infinite cluster connecting the electrodes,
known as a percolation channel, is formed. There is a rapid change in the macroscopic
electrical properties of the medium. In the case of metal–dielectric composites or nanocom-
posites, there is a sharp drop in resistivity and a change in the type of conductivity from
dielectric to metallic [8]. Dielectric conductivity is characterized by the fact that the resistiv-
ity of the medium decreases with increasing temperature. However, in the case of metallic
conductivity, resistivity increases with increasing temperature [9]. This is a type 2 phase
transition.

As is known, the conventional limit between composites and nanocomposites is
approximately 100 nm [10]. When at least one of the dimensions of the dispersed phase
elements is below this limit, we are dealing with nanocomposites. Based on experimental
studies, it was determined that the value of the percolation threshold in metal–dielectric
nanocomposites depends on the material of the dispersed phase placed in matrices of
various compositions. The percolation threshold can vary over a very wide range, starting
from a few percent [11–14] to values close to 50% [15,16].

The phenomenon of percolation has been used in the description of various issues,
such as the spread of epidemics [17–19], the reliability of computer networks [20] and the
spread of fires [21,22], as well as in molecular biology [23], materials engineering [24,25] or
the flow of electric current through conductive and non-conductive mixtures [26,27]. In
recent decades, the percolation phenomenon has been successfully used to describe current
conduction in metal–dielectric nanocomposites [28–30]. This is hopping conductivity based
on the quantum mechanical phenomenon of electron tunneling [31–34]. Without taking
this phenomenon into account, it is impossible to understand and explain the dependence
of the current intensity in nanocomposites on the metallic phase content, current frequency
and temperature.

The second line of research is theoretical research and modeling [35–37]. For a longer
period, studies involving the simulation of percolation in two-dimensional networks with
translational symmetry were mainly used to illustrate this phenomenon. Subsequent work
in this direction amounted to more and more precise determination of the percolation
threshold value [38–41]. Yes, it is interesting from the point of view of numerical cal-
culations. However, such high accuracy is not needed, for example, in the analysis of
experimental results.

In recent decades, a new field of materials has emerged, so-called 2D materials. These
are two-dimensional materials with a thickness of one to several atoms. Such materials
include graphene, MXenes and a number of others [42–55].

The structure of two-dimensional composites may contain atoms of impurities, as
well as vacancies and internodes. This is evidenced, for example, by the observation of
step conductivity caused by electron tunnelling in MXene-PCL nanocomposites [56]. As is
known, tunnelling occurs when there are closely located potential wells with nanometer
dimensions in the material [57]. This means that potential wells exist in MXene-PCL
nanocomposites, created by inclusions with dimensions of one or several atoms. Positron
annihilation studies [58] have shown that inclusions can be, for example, divacancy + an
oxygen atom in the internode or vacancy + two oxygen atoms located in the internode.

The analysis of the distribution of such inclusions in 2D materials exactly coincides
with the analysis of the percolation phenomenon in two-dimensional matrices with transla-
tional symmetry. Therefore, research on percolation in 2D lattice systems with translational
symmetry, which was initially only model or illustrative, together with the development of
technology for producing 2D materials, may discover both scientific, applied and practi-
cal features.
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In this work, the percolation of nodes in square matrices was selected for analysis.
This choice is because such matrices have high symmetry and are the least complicated
systems compared to triangular, honeycomb and other even more complex matrices. The
choice of the simplest and most symmetrical shape is since the properties of the percolation
process in the case of complex networks may be masked by the geometric and analytical
intricacies of complicated network models

Therefore, the aim of the work was:

• determining the value of the percolation threshold and the coordinates of the node
interrupting the last percolation channel for each trial;

• development of maps and spatial distributions of nodes creating the percolation
channel and the standard deviation of the percolation threshold;

• analysis of the probability of occurrence of clusters depending on their dimensions.

2. Research Method

The programming language Python was used to create the algorithm and simulation
program for this study, with a detailed explanation provided in [59]. This work verified the
correct operation of the program. Set theory served as the foundation for the calculations,
as computers execute assignment processes significantly more quickly than computational
processes. The dimension of the square network L was the sole variable. The ‘Mersenne
Twister’ algorithm [60] used, a pseudo-random number generator, is often used in Monte
Carlo simulations, as mentioned in [61,62]. A sequential selection of non-conducting nodes
was carried out by the program. The initial node, randomly selected, constituted a set of
a single element. Each subsequently chosen non-conducting node was then assessed to
determine if it was part of any existing sets, that is, whether the selected node was within a
one-unit distance vertically, horizontally or diagonally from any node in the preexisting
set. Adding it to this set resulted in the formation of a cluster. In other cases, the node
constituted a single-element set. An exception occurred when the selected node belonged
to multiple clusters, when it was added to the merged clusters. Following the addition of a
non-conducting node to an existing cluster, this cluster underwent a test to verify whether
it contained points with coordinates x = 1 and x = L. This condition ascertained whether the
cluster established a continuous connection between the right and left edges of the matrix.
Meeting these criteria results in the formation of what is known as the ‘infinite cluster’
of non-conducting nodes and the attainment of the percolation threshold. During this
step, the algorithm documented the coordinates of the initial randomly chosen node, the
coordinates of the non-conducting node that disrupted the most recent percolation channel
and the computed percolation threshold concentration and subsequently completed its
operation. The algorithm was executed repeatedly until the specified number of samples,
which was 5 million, was achieved. Simulations were conducted for matrices of sizes
L = 55, 101 and 151.

3. Edge Phenomenon of Spatial Distribution of Nodes Forming a Percolation Channel

It was established that the percolation threshold values for matrices with dimensions
L = 51, 101, 151 and sample numbers 5 × 104 and above do not depend on the matrix
dimensions. In contrast, the values of the standard deviations decrease markedly with
increasing matrix dimensions. In order to determine the sources of this phenomenon, maps
of the spatial distribution of the nodes forming the percolation channel were made for
matrices of dimensions 55, 101 and 151 for a sample number of 5 × 106. For this purpose,
the coordinates of the non-conducting node that interrupts the last percolation channel
were determined via Monte Carlo simulations in each sample. Figure 1 shows, as an
example, a heat map [63] of the two-dimensional distribution of the nodes that form the
percolation channel for a matrix of dimension 101.

134



Energies 2023, 16, 7647

Figure 1. Two-dimensional heat map of the number of non-conductive nodes forming the percolation
channel for matrix node coordinates of dimension L = 101 for 5 × 106 samples.

Figure 1 shows that there is an edge phenomenon in the matrices, which is that the
nodes that form the percolation threshold are concentrated in the central part of the matrix.
As each edge is approached, the number of these nodes decreases. In the central part, the
number of nodes forming the percolation threshold is about an order of magnitude higher
than the one near the edge.

In order to determine the sources of the decrease in the standard deviations of the
percolation thresholds as the dimensions of the matrices increased, maps of the spatial
distributions of the concentrations of the non-conducting nodes forming the percolation
channel were made. Maps were made for matrices of dimensions 55, 101 and 151. To create
the maps in a spreadsheet, after 5 × 106 samples had been performed, the coordinates of
all matrix nodes were recorded along with the assigned numbers of non-conducting nodes
forming the percolation channel. An ascending sorting of the results was then performed
according to the number of nodes forming the percolation channel located in the matrix
nodes. After this, ranges of numbers of non-percolating nodes were selected to divide the
matrix into 10 zones. Table 1 shows the ranges of change in the number of nodes forming
the percolation threshold in each zone and the colours of the nodes in the spatial maps,
corresponding to each zone.

Figure 2 shows, as an example, the two-dimensional distribution of non-conductive
nodes forming the percolation channel per node for a matrix with L = 55 divided into
10 zones.

Figure 2 perfectly illustrates the edge phenomenon, whereby the concentration of
nodes forming the percolation channel decreases as the edge of the matrix is approached.
Analysis of the spatial maps (Figure 2) has shown that, firstly, the distribution of nodes
forming the percolation channel in the zones, closest to the centre of the matrix, is close
to circular. Secondly, for nodes in further zones, there is a fourth-order axis of symmetry
passing through the centre of the matrix perpendicular to it. This is characteristic of square
matrices with L × L dimensions. Thirdly, the closer to the edge, the closer the zone shape is
to square. Fourthly (Table 1), the highest density of nodes forming the percolation channel
is near the centre of the matrix. The further away from the centre, the lower the content of
these nodes. It is also evident from Figure 2 that a small proportion of the nodes, belonging
to one zone, are located between the nodes of neighbouring zones. The shuffling of some
of the nodes near the zone boundary is related to the fact that the boundary between zones
is unitary and the distribution of percolation threshold values is a random distribution. For
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example, for a matrix with L = 55, the upper boundary of zone 2 is 999, while the lower
boundary of zone 3 is 1000.

Table 1. Ranges of the number of non-conductive nodes forming the percolation channel per node of
matrices with dimensions L = 55, 101, 151 in each zone, number of samples 5 × 106.

Zone Number

Range of Contents of the Nodes
Forming the Percolation Channel Zone Colour *

L = 55 L = 101 L = 151

1 599–0 169–0 69–0
2 999–600 269–170 112–70
3 1429–1000 349–270 152–113
4 1729–1430 429–350 188–153
5 1927–1730 499–430 222–189
6 2104–1928 579–500 257–223
7 2369–2105 649–580 289–258
8 2519–2370 729–650 322–290
9 2683–2520 799–730 354–323
10 3019–2684 938–800 442–355

* the colours in the table correspond to the colours in the Figure 2 and Figure 4.

 
Figure 2. Spatial distribution of the number of non-conductive nodes forming a percolation channel
per node of a matrix with L = 55, number of samples 5 × 106.

In order to describe the edge phenomenon numerically, Figure 3 shows the spatial
distributions of the coordinates of the nodes forming the percolation channel. The distribu-
tions were determined along lines passing through the centres of the matrices perpendicular
to the edges. The continuous lines in Figure 3 show the polynomial approximations of
order six of the simulation results. The values of the coefficients of determination R2 for the
approximation waveforms are close to unity and are 0.9986, 0.9910 and 0.9863 for matrices
of dimensions L = 55, 101 and 151, respectively. The closeness to unity of the R2 coefficients
indicates a good-quality approximation. Figure 3 shows that the highest concentration of
nodes forming the percolation channel occurs near the centre of the matrix. As one moves
away from the centre, the concentration of these nodes decreases. It is also evident from the
figure that as the matrix dimensions increase, there is a slowdown in the rate of decrease in
the concentration of nodes, forming the percolation threshold, towards the edges.
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Figure 3. Coordinate distributions of the non-conducting nodes forming the percolation channel
along lines passing through the centres of the matrices perpendicular to the sidewalls. 1—matrix
L = 55, 2—101, 3—151, number of samples 5 × 106. Continuous lines—polynomial approximations of
order six.

The intensity of this phenomenon decreases with increasing matrix dimensions. The
edge phenomenon observed in this work for percolation in finite-dimensional matrices is
very similar, from a qualitative point of view, to the laminar flow of a liquid through a pipe.
There too, the highest flow velocity occurs at the centre of the pipe and the lowest at the
inner surface [64].

4. Spatial Distributions of Standard Deviation

The figures shown in Table 1 are not useful for comparing standard deviation values.
This is because each zone has a different number of nodes forming the percolation channel.
Therefore, it proved impossible to compare the standard deviation values of the percolation
threshold for different zones.

In order to compare the values of the standard deviations in the different zones, the
matrix was divided into 10 zones, each containing an equal number of nodes forming the
percolation channel of 5 × 105. To obtain this division, the coordinates of all the nodes of the
matrix were recorded in a spreadsheet, together with the numbers of non-conductive nodes
forming the percolation channel assigned to them. An ascending sorting of the results was
then performed according to the number of non-conductive nodes forming the percolation
channel located in the matrix nodes. A summation of the number of non-conductive nodes
with the ascending result was then performed. In the zone numbered 1 ≤ i ≤ 10, there are
coordinates of nodes for which the sum of the number of nodes forming the percolation
channel Σ(i) is in the range

[(i − 1) · 5 · 105 + 1] ≤ ∑ (i) ≤ i·5 · 105 (1)

In this way, 10 zones were created, each containing 5 × 105 nodes, forming a perco-
lation channel. Using a spreadsheet, three-dimensional spatial distributions of the nodes
forming the percolation channel were plotted. Figure 4 shows, as an example, the three-
dimensional spatial distribution of the nodes, forming the percolation channel for a matrix
of size L = 55 for a sample number of 5 × 106. In the XY plane, the coordinates of the nodes
of the square network are given. On the other hand, the values of the numbers of nodes
forming the percolation channel per nodes of the square network were deposited along the
vertical Z axis.
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Figure 4. Three-dimensional spatial distribution of the nodes forming the percolation channel for a
matrix of dimension L = 55 for a sample number of 5 × 106.

Figures 2–4 show that the highest concentration of nodes forming the percolation
channel is found in the central part of the matrix. As one approaches the edge of the matrix,
the concentration of nodes forming the percolation channe repeatedly decreases.

Based on the division into ten zones containing 5 × 105 nodes forming the percolation
channel each, the mean values of the percolation thresholds and standard deviations were
calculated, as shown in Table 2.

Table 2. Mean values of percolation thresholds and standard deviations for matrices with L = 55, 101
or 151 in each zone and zone colours. Number of samples in each zone: 5 × 105.

Zone Number,
i, a.u.

L = 55 L = 101 L = 151

Average
Value

Standard
Deviation

Average
Value

Standard
Deviation

Average
Value

Standard
Deviation

1 0.59251 0.02485 0.59267 0.01616 0.59270 0.01208

2 0.59272 0.02467 0.59271 0.01600 0.59270 0.01195

3 0.59271 0.02456 0.59273 0.01600 0.59269 0.01194

4 0.59269 0.02457 0.59265 0.01597 0.59269 0.01192

5 0.59270 0.02450 0.59271 0.01590 0.59272 0.01192

6 0.59275 0.02450 0.59273 0.01590 0.59272 0.01190

7 0.59275 0.02448 0.59269 0.01590 0.59274 0.01188

8 0.59274 0.02440 0.59273 0.01587 0.59274 0.01185

9 0.59274 0.02438 0.59274 0.01587 0.59275 0.01186

10 0.59273 0.02435 0.59273 0.01583 0.59269 0.01186

Whole matrix 0.593 0.025 0.593 0.016 0.593 0.012

Figure 5 shows a histogram of the average values of the percolation threshold for the
individual zones for matrices of 55, 101 and 151. The horizontal lines show the average
values for the matrices. It can be seen from the figure that the lowest percolation threshold
value occurs for zone 1 (outer) for a matrix with L = 55. The difference between the average
value for the whole matrix and zone 1 is, however, very small, at around 0.00018. In this
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zone, as the matrix dimensions increase, the percolation threshold value approaches the
average value for the whole matrix. In the following zones, random fluctuations in the
percolation threshold value are observed. The difference between the smallest and largest
results for zones 2 to 10 is less than 0.0001. This means that only for the matrix with L = 55
does the edge phenomenon have a slight effect on the percolation threshold value.

 

Figure 5. Histogram of percolation threshold values for zones 1 to 10 (Table 2) for matrices with
L = 55—1, 101—2 and 151—3, number of samples in each zone 5 × 105. Horizontal lines—average
values for matrices.

Figure 6 shows histograms of the standard deviation values for 10 zones containing
5 × 105 samples each and the average values for matrices of dimensions 55, 101 and 151. It
can be seen from the figure that the edge phenomenon manifests itself in that the standard
deviation values increase as the edge of the matrix is approached. The rate of change of the
standard deviation in the zones decreases with increasing die dimensions. The differences
in standard deviations between zone 1 and zone 10 are approximately 0.0005 for a die with
L = 51, 0.00032 for L = 101 and 0.00021 for L = 151. Based on the analysis of the results for
matrices with L = 51, 101 and 151, it can be concluded that increasing the die dimensions
reduces the effect of the edge phenomenon on the spatial distributions of the standard
deviation values.

Figure 6. Cont.
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Figure 6. Histogram of the standard deviation values for zones 1 to 10, highlighted in Table 2.,
(a)—matrix with L = 55, (b)—matrix with L = 101, (c)—matrix with L = 151. Number of samples in
each zone 5 × 105. Horizontal line (red colour)—mean value of the standard deviation for the matrix
for the number of samples 5 × 106.

5. Analysis of the Size and Number of Non-Conductive Clusters as a Function of
Matrix Dimensions

To further clarify the nature of the edge phenomenon, Figure 7, as an example, shows
the dependence of the number of clusters consisting of non-conductive nodes on the
number of non-conductive nodes inserted into a matrix with L = 151. The figure also shows
the average number of non-conductive nodes in the clusters.

Figure 7 shows, as an example, the waveforms for 10 randomly selected samples. As
can be seen from the figure, initially the clusters consist of single non-conductive nodes.
As the number of introduced non-conductive nodes increases, a deviation from a linear
relationship begins to occur, caused by an increase in the number of non-conductive nodes
in the clusters. This is achieved by attaching the newly drawn non-conductive nodes to
the existing ones. When a certain number of introduced non-conductive nodes is reached,
the number of clusters reaches a maximum value. For a matrix with L = 55, this number
is about 6 × 102, for L = 101—about 1.8 × 103 and for L = 151—about 4 × 103. With a
further increase in the number of non-conductive nodes, the number of clusters starts
to decrease. At the same time, the average number of non-conductive nodes per cluster
increases rapidly. This is because newly introduced nodes connect neighbouring clusters to
each other. The percolation threshold is reached when two adjacent clusters, one starting at
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the left edge of the matrix and the other starting at the right edge, are joined together. The
sum of the lengths of these two clusters along the horizontal axis is L−1. Placing another
non-conducting node between them results in a so-called infinite cluster, extending from
one side edge of the matrix to the other. An infinite cluster composed of non-conductive
nodes interrupts the possibility of current flow between the top and bottom edges of
the matrix. The waveforms in Figure 7 end when the infinite cluster is formed and the
percolation threshold is thus reached. It should be noted that a number of smaller clusters
remain in the matrices after the percolation threshold is reached. Thus, in a matrix with L
= 55, about 50 clusters remain, with an average number of non-conductive nodes in each
cluster of about 25. In a matrix with L = 101, about 200 clusters remain, with an average
number of nodes of about 25. In contrast, in a matrix with L = 151, the numbers are about
300 and about 30, respectively.

Figure 7. Dependence of the number of clusters consisting of non-conductive nodes—1 (left scale)
and the average content of these nodes in a cluster—2 (right scale) on the number of non-conductive
nodes for a matrix with L = 151.

Figure 8 shows the length distributions of the left and right clusters preceding the
percolation threshold for matrices with L = 55, 101 and 151 for a sample number of 5 × 106.
Drawing the next non-conductive node breaks the last percolation channel. Cluster lengths
are measured along the horizontal axis: for the left cluster, from the left edge, while for the
right cluster, from the right edge.

It can be seen from Figure 8 that the distributions of cluster lengths preceding the
occurrence of the percolation threshold by a step for the left and right clusters are equal
and symmetrical with respect to the centre of the matrix. This is due to the existence of
a fourth-order square axis of symmetry in the matrix, perpendicular to the matrix and
passing through its centre. It can be seen from Figure 8 that the larger one of the clusters is,
the smaller the other should be. This is due to the fact that the sum of their lengths along
the horizontal axis is L−1. The probability of there being pairs of clusters with different
lengths, as can be seen from Figure 8, is lower than for clusters with similar dimensions.
It should be noted that there is a non-zero probability of a cluster of zero length. This is
the situation where one of the clusters has length L−1. Then the length of the other cluster
is zero. This means that the percolation threshold will be reached when the next drawn
node is on the side edge of the matrix. Its attachment to an already-existing cluster of
length L−1 breaks the last percolation channel.
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Figure 8. Length distributions of left and right clusters preceding the percolation threshold along the
horizontal axis. 1, 3, 5—left clusters, distance calculated from the left edge of the matrix. 2, 4, 6—right
clusters, distance calculated from the right edge. Matrices with L = 55—1, 2; 101—3, 4; 151—5, 6;
number of samples 5 × 106.

It can be seen from Figure 8 that the left and right clusters are most likely to occur with
dimensions that are close to half the dimensions of the matrix. The percolation channel will
be broken when the next drawn non-conducting node is placed between these clusters. This
means that the highest density of nodes forming the percolation channel is near the centre
of the matrix. Similar considerations, given that there is a fourth-order axis of symmetry in
square matrices, can be made for the vertical direction. In this direction, the probability
of finding the node interrupting the last percolation channel will also be greatest near the
centre of the matrix. This results in the highest probability of nodes forming a percolation
channel being near the centre of the matrix.

It can be seen from Figures 3 and 8 that as the matrix dimensions increase, the intensity
of the edge phenomenon decreases. As the matrix dimensions increase, there is also a
decrease in the standard deviation values (Figure 5). This means that the values of the
standard deviation and the intensity of the edge phenomenon are clearly related to the finite
dimensions of the matrices and decrease with increasing matrix dimensions. It follows that
as the dimensions of the matrix increase, the edge phenomenon will gradually disappear.
This will result in a decrease in the value of the standard deviation. It should therefore
be assumed that for matrices with large dimensions, the edge phenomenon will virtually
disappear and the standard deviation values caused by it will tend towards zero.

6. Conclusions

At work, an in-depth analysis of the percolation phenomenon was conducted using
computer simulations with the Monte Carlo method for square matrices of dimensions
L = 55, 101 and 151. The number of samples for each matrix was 5 × 106. Spatial distri-
butions of nodes breaking the last percolation channel were determined, and two- and
three-dimensional density distribution maps of these nodes were created. Based on the
spatial distributions of nodes breaking the last percolation channel, it was established that
edge effects occur in matrices with finite dimensions. This phenomenon involves a decrease
in the concentration of nodes breaking the last percolation channel as one approaches the
edge of the matrix. Increasing the dimensions of the matrix slows down the tendency of
reducing the number of nodes towards the edge. At the same time, the area with values
close to the maximum expands. It was found that the intensity of edge effects and the
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values of the standard deviation of the percolation threshold decrease with an increase in
the matrix dimensions.

The distributions of the lengths of left and right clusters were determined for the
situation where the next randomly selected non-conductive node would be situated be-
tween them, connecting them and thereby causing the interruption of electrical current
flow and reaching the percolation threshold. Cluster lengths were measured along the
horizontal axis.

It was determined that the most probable occurrence is the presence of left and right
clusters with dimensions close to half the dimensions of the matrix. A similar result, taking
into account the fourth-order rotational symmetry in square matrices, can be obtained
for the vertical direction. This means that the edge effect is unequivocally related to
the probability of the occurrence of pairs of clusters, the connection of which by a non-
conductive node breaks the last percolation channel. This probability is highest when the
dimensions of each of these two clusters are close to half the dimensions of the matrix and
decreases as one approaches the edge of the matrix.
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34. Kołtunowicz, T.N.; Bondariev, V.; Żukowski, P.; Fedotova, J.A.; Fedotov, A.K. AC Electrical Resonances in Nanocomposites with
Partly Oxidized FeCoZr Grains Embedded in CaF2 Ceramic Matrix—Effects of Annealing. J. Alloys Compd. 2020, 819, 153361.
[CrossRef]

35. Webman, I.; Jortner, J.; Cohen, M.H. Numerical Simulation of Continuous Percolation Conductivity. Phys. Rev. B 1976, 14,
4737–4740. [CrossRef]

36. Qiao, R.; Catherine Brinson, L. Simulation of Interphase Percolation and Gradients in Polymer Nanocomposites. Compos. Sci.
Technol. 2009, 69, 491–499. [CrossRef]

37. Charlaix, E. Percolation Threshold of a Random Array of Discs: A Numerical Simulation. J. Phys. A Math. Gen. 1986, 19,
L533–L536. [CrossRef]

38. Jacobsen, J.L. High-Precision Percolation Thresholds and Potts-Model Critical Manifolds from Graph Polynomials. J. Phys. A
Math. Theor. 2014, 47, 135001. [CrossRef]

39. Jacobsen, J.L. Critical Points of Potts and O(N) Models from Eigenvalue Identities in Periodic Temperley–Lieb Algebras. J. Phys. A
Math. Theor. 2015, 48, 454003. [CrossRef]

144



Energies 2023, 16, 7647

40. Newman, M.E.J.; Ziff, R.M. Efficient Monte Carlo Algorithm and High-Precision Results for Percolation. Phys. Rev. Lett. 2000, 85,
4104–4107. [CrossRef] [PubMed]

41. de Oliveira, P.M.C.; Nóbrega, R.A.; Stauffer, D. Corrections to Finite Size Scaling in Percolation. Braz. J. Phys. 2003, 33, 616–618.
[CrossRef]

42. Kim, S.; Gholamirad, F.; Yu, M.; Park, C.M.; Jang, A.; Jang, M.; Taheri-Qazvini, N.; Yoon, Y. Enhanced Adsorption Performance for
Selected Pharmaceutical Compounds by Sonicated Ti3C2TX MXene. Chem. Eng. J. 2021, 406, 126789. [CrossRef]

43. Gogotsi, Y.; Anasori, B. The Rise of MXenes. ACS Nano 2019, 13, 8491–8494. [CrossRef]
44. Xu, Z. Fundamental Properties of Graphene. In Graphene; Elsevier: Amsterdam, The Netherlands, 2018; pp. 73–102.
45. Zhen, Z.; Zhu, H. Structure and Properties of Graphene. In Graphene; Elsevier: Amsterdam, The Netherlands, 2018; pp. 1–12.
46. Akhtar, M.; Anderson, G.; Zhao, R.; Alruqi, A.; Mroczkowska, J.E.; Sumanasekera, G.; Jasinski, J.B. Recent Advances in Synthesis,

Properties, and Applications of Phosphorene. NPJ 2d Mater. Appl. 2017, 1, 5. [CrossRef]
47. Shahzad, F.; Alhabeb, M.; Hatter, C.B.; Anasori, B.; Man Hong, S.; Koo, C.M.; Gogotsi, Y. Electromagnetic Interference Shielding

with 2D Transition Metal Carbides (MXenes). Science 2016, 353, 1137–1140. [CrossRef]
48. Bhimanapati, G.R.; Glavin, N.R.; Robinson, J.A. 2D Boron Nitride. In Semiconductors and Semimetals; Academic Press Inc.:

Cambridge, MA, USA, 2016; Volume 95, pp. 101–147.
49. Li, X.; Zhu, H. Two-Dimensional MoS2: Properties, Preparation, and Applications. J. Mater. 2015, 1, 33–44. [CrossRef]
50. Ling, Z.; Ren, C.E.; Zhao, M.-Q.; Yang, J.; Giammarco, J.M.; Qiu, J.; Barsoum, M.W.; Gogotsi, Y. Flexible and Conductive MXene

Films and Nanocomposites with High Capacitance. Proc. Natl. Acad. Sci. USA 2014, 111, 16676–16681. [CrossRef] [PubMed]
51. Mashtalir, O.; Naguib, M.; Mochalin, V.N.; Dall’Agnese, Y.; Heon, M.; Barsoum, M.W.; Gogotsi, Y. Intercalation and Delamination

of Layered Carbides and Carbonitrides. Nat. Commun. 2013, 4, 1716. [CrossRef] [PubMed]
52. Naguib, M.; Mashtalir, O.; Carle, J.; Presser, V.; Lu, J.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W. Two-Dimensional Transition Metal

Carbides. ACS Nano 2012, 6, 1322–1331. [CrossRef]
53. Naguib, M.; Kurtoglu, M.; Presser, V.; Lu, J.; Niu, J.; Heon, M.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W. Two-Dimensional

Nanocrystals Produced by Exfoliation of Ti3AlC2. Adv. Mater. 2011, 23, 4248–4253. [CrossRef] [PubMed]
54. Berger, C.; Song, Z.; Li, T.; Li, X.; Ogbazghi, A.Y.; Feng, R.; Dai, Z.; Marchenkov, A.N.; Conrad, E.H.; First, P.N.; et al. Ultrathin

Epitaxial Graphite: 2D Electron Gas Properties and a Route toward Graphene-Based Nanoelectronics. J. Phys. Chem. B 2004, 108,
19912–19916. [CrossRef]

55. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric Field Effect
in Atomically Thin Carbon Films. Science 2004, 306, 666–669. [CrossRef]
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Abstract: In this study, an in-depth analysis of the percolation phenomenon for square matrices with
dimensions from L = 50 to 600 for a sample number of 5 × 104 was performed using Monte Carlo
computer simulations. The percolation threshold value was defined as the number of conductive
nodes remaining in the matrix before drawing the node interrupting the last percolation channel,
in connection with the overall count of nodes within the matrix. The distributions of percolation
threshold values were found to be normal distributions. The dependencies of the expected value
(mean) of the percolation threshold and the standard deviation of the dimensions of the matrix were
determined. It was established that the standard deviation decreased with the increase in matrix
dimensions, ranging from 0.0262253 for a matrix with L = 50 to 0.0044160 for L = 600, which is
almost six-fold lower. The mean value of the percolation threshold was practically constant and
amounted to approximately 0.5927. The analysis involved not only the spatial distributions of
nodes interrupting the percolation channels but also the overall patterns of node interruption in the
matrix. The distributions revealed an edge phenomenon within the matrices, characterized by the
maximum concentration of nodes interrupting the final percolation channel occurring at the center
of the matrix. As they approached the edge of the matrix, their concentration decreased. It was
established that increasing the dimensions of the matrix slowed down the rate of decrease in the
number of nodes towards the edge. In doing so, the area in which values close to the maximum
occurred was expanded. Based on the approximation of the experimental results, formulas were
determined describing the spatial distributions of the nodes interrupting the last percolation channel
and the values of the standard deviation from the matrix dimensions. The relationships obtained
showed that with increasing matrix dimensions, the edge phenomenon should gradually disappear,
and the percolation threshold standard deviation values caused by it will tend towards zero.

Keywords: percolation phenomenon; percolation threshold; uncertainty of measurement; metrological
approach; computer simulation; Monte Carlo method

1. Introduction

The phenomenon of percolation, research of which has been rapidly gaining momen-
tum since the 1950s, is used in the description of various systems and phenomena [1–9].
It is a critical phenomenon describing phase transitions of the second type, the general
idea of which is that in any medium made of two phases, elements of one phase that are
independent due to random factors create a more complicated structure, which results in
a change in the macroscopic properties of the entire medium because of a change in the
concentration of the dispersed phase [10]. Thus, percolation theory encompasses models
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for both planar and three-dimensional random processes, along with the impact of their
interplay. It serves to characterize systems featuring stochastic geometry and systems that
are topologically disorganized. This is illustrated by the model of S.R. Broadbent and
J.M. Hammersley, who, as precursors of the percolation theory, created the first stochastic
model, which was an arbitrary network with a finite number of nodes [11]. Nodes in such
a model are assigned two states, open or closed, and their number is marked as x. The
probability p is the probability of their arrangement; therefore, there is a value of x for
which the probability of percolation is non-zero, because the number of nodes creating the
percolation channel is sufficient to create a continuous connection. This value is designated
xc and is called the percolation threshold [12,13]. Due to the adopted assumptions of the
model, percolation phenomena are divided into two groups. If the states between nodes
are assigned to the connections between them, then it is a bond percolation, while when
the states are assigned to the entire nodes, it is a site percolation [14]. Due to the random
nature of the phenomenon, the percolation threshold cannot be determined based on a
single modeling.

Because in both cases the centers are discrete sets, their analysis is possible using
computer simulation based on the Monte Carlo method [15]. Over an extended duration, in-
vestigations employing the simulation of the percolation phenomenon in two-dimensional
networks exhibiting translational symmetry have been employed for the theoretical analy-
sis of this phenomenon and, in certain instances, for its visual representation. Subsequent
investigations in this realm have involved the increasingly precise determination of the
percolation threshold value [16–21]. The record result for the uncertainty of determining
the percolation threshold for square networks was obtained in publication [22], the value
of which is approximately 10−8. Nevertheless, such a high level of precision is unnecessary,
for instance, in the analysis of experimental results, where an uncertainty of approximately
10−3 or 0.1% is sufficient.

In recent decades, a new field of materials has emerged, called 2D materials. These are
two-dimensional materials with translational symmetry, consisting of flat lattices ranging
in thickness from one to several atomic dimensions. Such materials are graphene, MXenes
and a few others; see, for example, [23–38]. The examination of the dispersion of inclusions
leading to conductivity through tunneling aligns precisely with the investigation of the
percolation phenomenon in two-dimensional matrices exhibiting translational symmetry.
Consequently, studying percolation in 2D lattice systems with translational symmetry,
coupled with the exploration and advancement of technologies for fabricating 2D materials,
could gain both applicative and practice attributes.

In the study cited as reference [39], researchers employed Monte Carlo computer
simulations to investigate the percolation phenomenon in square matrices of different sizes.
They analyzed a vast range of samples, varying from 5 × 104 to 5 × 106. Their findings
revealed that the average percolation threshold remained nearly constant across different
matrix sizes. However, a notable decrease, over two-fold, was observed in the standard
deviation as the size of the matrix increased. In [40], it was established that in matrices
with dimensions L = 55, 101 and 151, an edge phenomenon manifests, characterized by a
reduction in the concentration of nodes forming a percolation channel as one approaches
the edge of the matrix.

The aim of this work was an in-depth analysis of the parameters of the edge phe-
nomenon for the percolation threshold in square matrices over a wide range of dimensions,
from relatively small ones of L = 50 to large ones of L = 600, with the number of samples
being 5 × 104 for each matrix. The residual goals of the work were:

• the determination of the two-dimensional spatial distributions of node coordinates
interrupting the last percolation channel for square base matrices with dimensions
from L = 50 to 600 for 5 × 104 samples;

• the determination of a formula describing the influence of matrix dimensions on the
standard deviation values, based on the approximation of experimental results;
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• the determination of the relationships describing the spatial distribution of nodes
interrupting the last percolation channel depending on the dimensions of the matrix;

• the determination of the formula describing the maximum rate of reduction in the
concentration of nodes interrupting the last percolation channel towards the edge of
the matrix;

• the determination of the correlation between the intensity of the edge phenomenon
for the distribution of nodes interrupting the last percolation channel and the value of
the standard deviation of the percolation threshold depending on the dimensions of
the matrix.

2. Research Method

An in-depth analysis of the parameters of the edge phenomenon for the percolation
threshold of square matrices in a wide range of dimensions, which was the aim of this work,
was performed using computer simulation. Both the algorithm itself and the program
were described in [39]. Generally, the algorithm was based on set theory where nodes
were described using Cartesian coordinates. Using a pseudorandom number generator, the
program sequentially changed the states of the nodes while controlling and recording the
evolution of cluster formation and the overall geometry of the simulated matrix. Moreover,
when an infinite cluster was obtained, it recorded information about the percolation thresh-
old value and the coordinates of the critical nodes that formed the percolation channel for
further analysis. This process was repeated independently 5 × 104 times for matrices of
size L = 50, 75, 100, 125, 150, 175, 200, 250, 300, 350, 400, 500 and 600.

3. Research and Analysis of Basic Percolation Parameters Depending on the
Dimensions of the Matrix

3.1. Determination of the Parameters of the Probability Distribution of Percolation Thresholds
Depending on the Dimensions of the Matrix

In this work, simulations were performed for matrices from L = 50 to L = 200 with a
step of 25, from L = 200 to L = 400 with a step of 50, and for L = 500 and 600. In article [39],
it was found that the standard deviation values of the percolation threshold for the range
of simulation samples below 104 were unsatisfactory. Their stabilization occurred for
sample numbers above 104. Therefore, for the purposes of the present work, the number of
samples for each matrix was chosen to be 5 × 104. Based on simulations for each sample,
the percolation threshold value and the coordinates of the node interrupting the final
percolation channel were determined. The standard deviation value was also determined
for each matrix. Based on the values obtained, histograms of the distribution of percolation
threshold values were made and normal distributions were determined. These results are
shown for selected matrices in Figures 1–3. Figure 4 shows the normal distributions for
selected matrices with dimensions ranging from 50 to 600.

Figure 1 shows that there was an edge phenomenon in the matrices, such that the
nodes that formed the percolation threshold were concentrated in the central part of the
matrix. As each edge was approached, the number of these nodes decreased. In the
central part, the number of nodes forming the percolation threshold was about an order of
magnitude higher than that near the edge.

From an analysis of Figure 4 and Table 1, it is evident that the average percolation
threshold value (indicated by the peak of the waveforms) remained relatively unchanged,
considering the uncertainty range, regardless of the matrix size. Conversely, the standard
deviation value (reflected in the breadth of the waveforms) showed a decreasing trend as
the dimensions of the matrix increased. This resulted in an increase in the maximum value
of the normal distributions.
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Figure 1. A graph showing the frequency distribution of percolation threshold values for a set of
5 × 104 samples in a matrix with dimensions L = 100, accompanied by a curve representing the
normal distribution, depicted as a solid line.

 
Figure 2. A graph showing the frequency distribution of percolation threshold values for a set of
5 × 104 samples in a matrix with dimensions L = 300, accompanied by a curve representing the
normal distribution, depicted as a solid line.
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Figure 3. A graph showing the frequency distribution of percolation threshold values for a set of
5 × 104 samples in a matrix with dimensions L = 600, accompanied by a curve representing the
normal distribution, depicted as a solid line.

 
Figure 4. Normal distributions for L: 1—50, 2—100, 3—200, 4—300, 5—400, 6—500 and 7—600.
Number of samples: 5 × 104.
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Table 1. Dependence of percolation threshold mean value, standard deviation and coefficient of
determination R2 on matrix dimensions for 5 × 104 samples.

Matrix
Dimensions L

Percolation
Threshold Value, a.u.

Standard Deviation,
a.u.

Coefficient of
Determination R2, a.u.

50 0.592187 0.0262253 0.99392
75 0.592663 0.0197870 0.99476

100 0.592443 0.0159748 0.99631
125 0.592767 0.0137418 0.99679
150 0.592616 0.0119424 0.99826
175 0.592718 0.0106823 0.99733
200 0.592726 0.0097261 0.99805
250 0.592751 0.0082911 0.99775
300 0.592732 0.0071884 0.99811
350 0.592717 0.0063989 0.99894
400 0.592713 0.0058001 0.99786
500 0.592726 0.0049406 0.99813
600 0.592738 0.0044160 0.99771

Using least-squares estimation, the R2 coefficients of determination were determined
for the normal distribution approximation of the percolation threshold values for matrices
of different dimensions. The value of the R2 coefficient for all matrices was greater than
0.993. This demonstrated the high accuracy of the approximation of the results using a
normal distribution and that the percolation threshold values were random values. The
results obtained are shown in Table 1. From the analysis of the dependence of the mean
value of the percolation threshold on the matrix dimensions shown in Figure 5, it can be
seen that for matrix dimensions of L ≤ 250, the mean value varied from about 0.592187 to
about 0.592767, which is about ±0.00058 or ±0.0979%. For values of L > 250 and above,
the waveform became close to steady state and the variation decreased and ranged from
0.592712 to 0.592737, which is only ±0.000025 or ±0.0042%. This means that for L > 250,
the fluctuations in the mean value of the percolation threshold decreased by more than
20-fold compared to the range with lower matrix sizes and were virtually negligible.

 

Figure 5. Dependence of mean value on matrix size for 5 × 104 samples.

Figure 6 illustrates how the value of the percolation threshold and its standard devi-
ation varied with the size of the matrix. The data presented in Figure 6 clearly indicate
that the value of the percolation threshold remained largely unaffected by changes in the

151



Energies 2023, 16, 8024

dimensions of the matrix. In contrast, the standard deviation and the associated uncertainty
of the percolation threshold decreased with increasing matrix dimensions.

Figure 6. Dependence of percolation threshold mean value (1), mean + standard deviation (2) and
mean − standard deviation (3) on matrix size L for 5 × 104 samples.

Figure 7 shows the dependence of the standard deviation on the matrix dimensions.
From it, the dependence of the power approximation function on the matrix dimension L
was obtained, given by the formula:

σ(L) ≈ 0.045L−0.75. (1)

 

Figure 7. Dependence of the standard deviation on matrix size L for 5 × 104 samples.

The quality of the approximation, shown in Figure 7, is very good, as evidenced by
the value of the coefficient of determination R2 = 0.99982. This value is close to unity, and
the difference between unity and R2 is only 0.00018. It can be seen from Formula (1) that
the standard deviation tends towards zero as the matrix dimension L increases.

3.2. The Edge Phenomenon of Node Coordinates Interrupting the Last Percolation Channel

Figure 6 demonstrates that the average percolation threshold value remained essen-
tially constant, regardless of the size of the matrix. Conversely, as depicted in Figure 7, the
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standard deviation value showed a significant decrease as the dimensions of the matrix
increased. Figure 7 shows that with an increase in matrix dimensions from 50 to 600, the
standard deviation decreased by almost six-fold. In order to determine the cause of the
decrease in standard deviation with increasing matrix dimensions, spatial distributions of
the nodes interrupting the last percolation channel were developed.

For this purpose, the coordinates of the node that interrupted the last percolation
channel were determined from a computer simulation for each successive sample. To
achieve this, the computational simulations were employed to ascertain the coordinates
of the node responsible for interrupting the final percolation channel in each consecutive
sample. This node, also referred to as the node that formed the percolation threshold,
caused the DC flow to disappear between the upper and lower edges of the matrix when it
was removed.

A constant number of samples with increasing matrix dimensions resulted in a de-
creasing number of non-conducting nodes, interrupting the last percolation channel, at
individual nodes of the square matrix. This made it impossible to compare the simulation
results for matrices of different dimensions. In order to compare the density distributions
of the nodes forming the percolation threshold, determined for matrices of different sizes,
so-called containers were used. A container is an area containing a certain number of nodes
of a network, in our case, a square network. As the dimensions of the matrix increase,
the dimensions of the container increase proportionally to them. This causes the number
of containers to remain constant in matrices of different dimensions. Therefore, as the
matrix dimensions increase, the average number of nodes, interrupting the last percolation
channel going into a container remains constant. This allows for a comparison of the spatial
distributions of these nodes for matrices of different sizes. The symmetry of the square
matrices was taken into account when determining the dimensions of the containers.

In this paper, the spatial distributions of the nodes forming the percolation threshold
located in containers were determined for matrices with L dimensions of 50, 100, 200,
300, 400, 500 and 600. The distributions were made in the form of heat maps, often
used for this purpose [x, y, z, n]. Figures 8–10 show, as examples, the distributions for
matrices of dimensions 50, 200 and 500. The figures illustrate that the nodes constituting
the percolation threshold were concentrated in the central part of the matrix. Approaching
the edges, both top and side, the number of these nodes decreased. The edge phenomenon
of the distribution of nodes forming the percolation threshold, observed in [40] for matrices
of dimensions 55, 101 and 151, was present.

Figure 8. Two-dimensional heat map of the dependence of the number of non-conductive nodes
interrupting the last percolation channel for the coordinates of the nodes of a matrix of dimensions
L = 50 for 5 × 104 samples.
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Figure 9. Two-dimensional heat map of the dependence of the number of non-conductive nodes
interrupting the last percolation channel for the coordinates of the containers of a matrix of dimensions
L = 200 for 5 × 104 samples.

Figure 10. Two-dimensional heat map of the dependence of the number of non-conductive nodes
interrupting the last percolation channel for the coordinates of the containers of a matrix of dimensions
L = 600 for 5 × 104 samples.

In order to accurately analyze the distribution of nodes forming the percolation thresh-
old, graphs of the dependence of the number of nodes forming the percolation threshold
on container coordinates were developed. Figure 11 shows the simulation results as points
and polynomial approximations as solid lines.

The computational and approximation results showed that for all matrices, the maxi-
mum was located in the center of the matrix, and that the values at the maximum for the
different matrices were virtually the same. As the matrix edge was approached, there was
a reduction in the concentration of nodes that interrupted the final percolation channel
located within the confines of the containers. Increasing the size of the matrix slowed down
the rate of decrease in the concentration of nodes interrupting the last percolation channel
towards the edge. It can be seen from Figure 11 that as the matrix dimensions increased,
the area in which the number of nodes forming the percolation threshold was close to the
maximum value increased.
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Figure 11. Number of nodes forming the percolation threshold in containers, distributed along the
axes for matrix dimensions: 1—50, 2—100, 3—200, 4—300, 5—400, 6—500, 7—600 and polynomial
approximations. Number of samples: 5 × 104.

The mean value of the R2 determination coefficients for the polynomial approximations
for all individuals was R2 ≈ (0.992157 ± 0.003208). This value indicated a good quality of
fit of the approximating waveforms to the simulation results.

The rate of change of the distribution function of the number of nodes forming the
percolation threshold was characterized by the derivative. Based on the approximating
functions (Figure 11), the derivatives were calculated for the different dimensions of the
matrix, as shown in Figure 12.

 
Figure 12. Plot of derivatives of the approximating function for the dimensions of the matrices: 1—50,
2—100, 3—200, 4—300, 5—400, 6—500 and 7—600.
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It can be seen from Figure 12 that as the dimensions of the matrix increased, the value
of the derivative decreases and becomes flatter. The largest value of each derivative is
obtained at the side edge. Figure 13 shows the dependence of the modulus of the derivative
value at the right-side edge on the dimensions of the matrix. The continuous line shows
the waveform approximating this relationship.

 
Figure 13. Dependence of the modulus of the maximum derived value on the matrix size L.

It can be seen from Figure 13 that the modulus of the maximum value of the derivatives
decreased as the dimension L of the matrix increased.

The R2 value of the approximating waveform from Figure 13 was close to unity
and was 0.9863. This indicated good quality of the approximation. The equation of the
approximating function was also obtained:

y ≈ 5423L−1 (2)

As can be seen from the figures above, the highest concentration of nodes interrupting
the last percolation channel was near the center of the matrix. The further away from the
center, the lower the content of nodes. As depicted in the aforementioned figures, the
highest concentration of nodes interrupting the final percolation channel was situated in
close proximity to the matrix’s center. Moving away from the center resulted in a gradual
decline in node concentration. This means that, for a finite-dimensional matrix, there was
an edge phenomenon in that, as the edge of the matrix was approached, the concentration
of nodes interrupting the last percolation channel decreased. As the dimensions of the
matrix increase, there was a slowing down of the tendency of the concentration of nodes
interrupting the last percolation channel to decrease towards the edge (Figures 11–13). In
doing so, the area in which values that were close to the maximum occurred was expanded.
This means that as the dimensions of the matrix increased, the edge phenomenon weakened.
From Formula (2), it follows that for matrix dimensions going to infinity, the maximum
value of the derivative should tend towards zero. A zero value of the derivative means
that the spatial distribution of the number of nodes forming the percolation threshold
becomes a constant value. An increase in the dimensions of the matrix also results in a
decreasing value of the standard deviation of the percolation threshold, as in Formula (3).
From Formula (3) for the standard deviation, it can be seen that this value can, with a good
approximation, be described by the relation:

σ(L) ≈ σ0L−0.75. (3)
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On the other hand, the maximum value of the rate of reduction in the concentration of
nodes, interrupting the last percolation (derivative) channel, is described by the formula:

K(L) ≈ K0L−1 (4)

A comparison of Formulas (3) and (4) shows that both parameters decrease as the
dimensions of the square matrix L increases. This means that both the values of the standard
deviation of the percolation threshold and the edge phenomenon are clearly related to the
dimensions of the matrix. From Formulas (3) and (4), it can be seen that with increasing
matrix dimensions, the edge phenomenon will gradually disappear, and the percolation
threshold standard deviation values caused by it will tend towards zero.

4. Conclusions

In this paper, an in-depth analysis of the percolation phenomenon for square matrices
with dimensions from L = 50 to 600 for 5 × 104 samples was performed using Monte Carlo
computer simulations. In the study, the inverse logic of the simulation was used, which
is that initially the matrix is completely filled with conducting nodes. The percolation
threshold will be reached when the last percolation channel connecting the top and bottom
edges of the matrix is broken. This will result in the disappearance of the DC flow between
the upper and lower edges of the matrix. The value of the percolation threshold was
defined as the quantity of nodes capable of conducting, remaining in the matrix before
drawing the node interrupting the last percolation channel, related to the total number of
nodes in the matrix.

On the basis of the simulations, it was determined that the distributions of percolation
threshold values were normal distributions. Using this foundation, we explored how the
expected (average) percolation threshold value and the standard deviation were influenced
by variations in matrix dimensions. The study revealed that the average percolation
threshold value remained largely unaltered by changes in matrix size.

It was found that the decrease in the standard deviation value of the percolation
threshold observed in the study with increasing matrix dimensions is related to the occur-
rence of the edge phenomenon. The observed reduction in the standard deviation value
of the percolation threshold, as the matrix dimensions increased, was associated with the
presence of the edge phenomenon. The dependence of the standard deviation value on
the matrix dimensions was determined, as well as the dependences describing the spatial
distributions of the nodes interrupting the last percolation channel. It can be seen from the
determined relationships that with increasing matrix dimensions, the edge phenomenon
should gradually disappear and the percolation threshold standard deviation values caused
by it will tend towards zero.
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Abstract: Power transformers are an essential part of the power grid. They have a relatively low rate
of failure, but removing the consequences is costly when it occurs. One of the elements of power
transformers that are often the reason for shutting down the unit is the on-load tap changer (OLTC).
Many methods have been developed to assess the technical condition of OLTCs. However, they
require the transformer to be taken out of service for the duration of the diagnostics, or they do not
enable precise diagnostics. Acoustic emission (AE) signals are widely used in industrial diagnostics.
The generated signals are difficult to interpret for complex systems, so artificial intelligence tools are
becoming more widely used to simplify the diagnostic process. This article presents the results of
research on the possibility of creating an online OLTC diagnostics method based on AE signals. An
extensive measurement database containing many frequently occurring OLTC defects was created
for this research. A method of feature extraction from AE signals based on wavelet decomposition
was developed. Several machine learning models were created to select the most effective one for
classifying OLTC defects. The presented method achieved 96% efficiency in OLTC defect classification.

Keywords: on-load tap changer; acoustic emission; wavelet decomposition; diagnostic method

1. Introduction

The main goal of the present research is to assess the possibility of detecting defects
occurring in on-load tap changers (OLTCs). The analysis results of time courses of acoustic
emission (AE) generated during switching processes using wavelet decomposition are
presented in this paper. The creation of a measurement database containing a wide range
of tested OLTC defects is also described.

OLTCs are one of the elements of transformer equipment. Their purpose is to allow
the voltage levels on the power grid to change by varying the number of active coils in
the transformer. The OLTC mechanism works under load conditions so that energy can be
supplied to consumers continuously [1].

Power transformers are an essential part of the power grid and have a relatively
low rate of failure. However, the cost of remedying the consequences of losses is high.
This is why diagnostic tests are so necessary [2]. Increasing emphasis is being placed on
condition assessment without shutting down transformers, and such an approach allows us
to avoid the costs associated with power outages [3]. One of the elements most frequently
causing transformer failures is OLTCs [4]. The reasons for their loss can be divided into
three groups [5]:

• Oil faults;
• Mechanical faults;
• Electrical faults.

The research presented in this article focuses on the detection of mechanical damage.
During switching, the dynamic forces acting on the OLTC contacts gradually deform

Energies 2024, 17, 220. https://doi.org/10.3390/en17010220 https://www.mdpi.com/journal/energies160
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the contacts. In uneven contact wear, the OLTC switches the individual phases non-
simultaneously. The spring magazine stores mechanical energy from the electric drive and
then releases it, ensuring quick switching. It consists of two springs mounted axially. If
one of them is damaged, storing the appropriate amount of potential energy will not be
possible, leading to the extension of the switching process.

There are many diagnostic methods to assess the technical condition of OLTCs. One of
the most recognized and widely used methods is dynamic resistance measurement (DRM).
This method is presented in [6]. In the research presented in this manuscript, this method
is used to confirm the occurrence of a defect. The most significant disadvantage of DRM is
the inability to perform diagnostics on a loaded OLTC.

A direction often chosen when developing OLTC diagnostic methods is the analysis of
vibrations generated during switching. Vibration waveforms are challenging to interpret,
and expert knowledge is required from the diagnostician to assess the technical condition.
For this reason, research is being conducted to use machine learning (ML) tools to simplify
the diagnostic process. To train the ML model, descriptors must be extracted from the
signal. Many works have presented proposals for this process. In [7], the authors used FFT
analysis for feature extraction. Another method of obtaining information from vibration
waveforms using the wavelet transform is presented in [8]. An approach using features
extracted from the time–frequency domain by a minimum-entropy deconvolution filter is
shown in [9]. Feature extraction based on calculating statistical values in the time domain
is shown in [10].

Another approach to obtaining data enabling the assessment of the technical condition
of the OLTC is recording the AE signals generated during the switching operation. This
method uses piezoelectric transducers with a larger bandwidth compared to vibration
measurements. Partial discharges and electric arcs generate acoustic signals in higher
frequency bands. Thus, combining OLTC diagnostics from a mechanical and electrical
perspective is possible.

AE signals, similarly to vibroacoustic signals, are challenging to interpret. Thus, ML
models are proposed to classify OLTC defects. Several data feature extraction methods
have been presented in the literature. The usage of Hilbert transform was shown in [11].
An attempt to analyze OLTC AE signals in the time–frequency domain is presented in [12].
A feature extraction method joining spectral density, time and frequency measures, and
wavelet coefficient energies is shown in [13].

This paper mainly investigates the possibility of OLTC mechanical defect detection
using ML tools. The proposed diagnostic method uses wavelet decomposition to extract
details from EA signals, and then numerical values are determined for each detail. The
present research stands out from other studies by using an original database of waveforms
of EA signals recorded for OLTCs with defects. A wide range of contact wear was modeled,
which may contribute to the creation of a diagnostic system that allows for the assessment
of not only whether the OLTC is functional or damaged but also the extent to which it
is worn. Such a system will allow for the estimation of the life of the device and the
planning of renovations more effectively. A measurement database for over 3500 OLTC
switches was created. This allowed for effective training with large amounts of data and
reliable validation of the effectiveness of defect classification. The literature proposes using
various types of transducers, most often accelerometers. A universal broadband transducer
was used during the measurements, allowing for simultaneous OLTC diagnostics for
mechanical and electrical defects. The number of defects examined during this research
was much higher than in the previously presented studies. The possibility of determining
the degree of symmetrical and asymmetrical contact wear was examined. Additionally, a
case of damage to the spring energy storage was modeled. A wide range of ML algorithms
were used to classify defects and were compared in terms of the effectiveness of OLTC
diagnostics. In order to achieve the best classification performance, Bayesian optimization
was used.
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2. Materials and Methods

Databases are used during the process of generating ML models. The more samples
they contain, the more effective classifiers can be created. Currently, there is no open
database containing OLTC measurements enabling the classification of defects with the
level of detail desired by the authors. Therefore, it was decided to perform a series of
measurements to provide research materials.

2.1. Experimental Setup

The conducted research used an actual OLTC model. The OLTC used consists of a
selector shortened to six taps and a VEL-110-type power switch. The switch is shown in
Figure 1. The device was placed in a tank filled with transformer oil, corresponding to
the actual operating environment of the tested OLTC. The system has an electric drive,
providing the mechanical energy necessary for switching.

 
Figure 1. Disassembled VEL-110 power switch.

To avoid the need to switch the OLTC manually, a PLC controller was used. It
performed a series of switches, which significantly accelerated the measurements. The next
step taken to minimize the need to interfere in the data acquisition process was to use the
drive current measurement as a trigger for the measurement card.

During the measurements, the following defects that may occur in OLTCs were examined:

• Class 1: Fully functional OLTC;
• Class 2: Symmetrical contact wear by 1 mm;
• Class 3: Symmetrical contact wear by 2 mm;
• Class 4: Symmetrical contact wear by 3 mm;
• Class 5: Symmetrical contact wear by 4 mm;
• Class 6: Asymmetrical contact wear;
• Class 7: Broken spring;
• Class 8: Damaged contact surface.

Symmetrical contact wear occurs when the contacts for the three phases wear evenly
(Classes 2–5). This manifests in the extension of the switching time, which causes a longer
current flow through the additional resistance of the auxiliary circuits. This may lead to
overheating of the resistors and, in the long run, to a complete loss of the OLTC’s switching
capacity. Several contact sets were used to model contact-wear defects, either symmetrical
or asymmetrical. Each group was characterized by a varying degree of wear. Wear was
simulated by mechanically machining the contacts. The view of the mounted, modified
contacts is presented in Figure 2.
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Figure 2. Modified OLTC contacts.

Asymmetrical wear of contacts (Class 6) results in the switching of individual phases,
not simultaneously. The tests included asymmetrical switching of one phase. This defect
was modeled using contacts with various degrees of wear.

The kinetic energy stored in the switch consists of two springs, one inside the other. A
common cause of OLTC failure is damage to one of these springs. This defect was modeled
by removing one of the springs (Class 7).

Class 8 covers contact damage by modifying their geometry without changing the
effective contact thickness. This models extensive mechanical distortion, which often occurs
in OLTCs. For this case, contacts with an increased contact area were used. The effective
thickness of these elements was not changed.

2.2. Measurement Line

The measurement system used to record the AE signals generated by the OLTC during
switching consisted of the following components:

• Piezoelectric transducer;
• Preamplifier;
• Amplifier;
• Data acquisition card;
• Laptop.

WD17AH was chosen as the acoustic wave transducer. This type of transducer was
selected because it has a frequency response that matches the expected frequencies. Its ad-
ditional advantage is high sensitivity. The data of the WD17AH piezoelectric transducer are
shown in Table 1. The transducer was mounted to the OLTC tank using a magnetic holder.

Table 1. Technical data of the WD17AH transducer.

Frequency Band
(kHz)

Peak Sensitivity,
Ref V/(m/s)

Peak Sensitivity,
Ref V/μbar

100–900 56 dB −61 dB

The signal from the transducer was then amplified using a preamplifier with a gain of
20 dB. The 2/4/6 PREAMPLIFIER manufactured by Physical Acoustics Corporation was
used. The next element of the measurement path was the Wide-Bandwidth AE Amplifier,
also manufactured by Physical Acoustics Corporation.

An Acquitek CH3160 acquisition card was used to acquire the AE signals. The signals
were sampled with a frequency of 350 kHz. The KEW 8146 Leakage Clap Sensor was also
connected to the card, allowing for motor load current monitoring. The current signal was
used as a trigger for the measuring card. When the current reached the threshold value,
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the measurement was triggered. AE signals were recorded using AcquiFlex v2.0 software
dedicated to the card used. In Figure 3, the AE measurement line is shown.

 

Figure 3. AE measurement line.

To enable verification of the occurrence of OLTC defects, the DRM method was used.
This method is widely recognized for assessing the technical condition of OLTCs. An MT3
device was used to perform DRM. The device manufacturer provides OLTC.exe v2.10.510
software that allows for the control of MT3 and record waveforms. MT3 with a laptop is
shown in Figure 4.

 
Figure 4. MT3 used for the DRM method.

Over 400 switches were made for each tested defect, during which measurements
were taken. This allowed us to train ML tools with a significant amount of data and to
check their effectiveness reliably. The general diagram of the measurement line is presented
in Figure 5.
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Figure 5. Measurement line diagram.

2.3. Signal Processing and Classification

Sample recording started when the drive started and ended when the switchover
was completed. All signals were normalized by dividing them by the maximum value,
so the amplitude of each signal was in the range <−1;1>. The recorded runs consisted of
approximately 2 million samples. The fragment corresponding to the switch itself was
much shorter. Therefore, to speed up further work, it was decided to cut out significant
fragments of the signals. The algorithm searched for the maximum amplitude and cut out a
chunk of 50,000 samples. An example of the original waveform and the detected fragment
where the switching occurred are presented in Figure 6.

Figure 6. Cutting out signal fragments: (a) example original waveform with marked limits;
(b) designated significant fragment.

The present research used discrete wavelet transform (DWT) to extract descriptors.
DWT decomposes a waveform into several details. This is done by sliding a wavelet
through the signal and multiplying it in each location. The results are the coefficients. The
process is repeated for a larger-scale wavelet. An important issue when using DWT is the
selection of the mother wavelet. During preliminary research, it was observed that the
sym8 wavelet allows for achieving the best results in classifying OLTC defects. A similar
mother wavelet was proposed in [14]. In the present study, the signal was decomposed
into five details.
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The following characteristic values were determined for each detail:

• Mean;
• Root mean squared;
• Form factor;
• Crest factor;
• Standard deviation;
• Skewness.

To achieve good results in ML training, the data must be normalized. A standard
scaler was used for the data features. That is, the data features were shifted so that their
mean was zero and scaled to achieve unit variance. The determined values were used as
data for training ML models. The dataset was split in half into training and test datasets.
The following ML models were selected:

• K-nearest neighbors (KNN);
• Decision tree (DT);
• Random forest (RF);
• Support-vector machine (SVM);
• Gradient boosting (GB);
• Adaptive boosting (AdaBoost).

KNN is a supervised learning classifier. Proximity is used to predict the class to which
a given data point belongs. The basic assumption is that points belonging to the same
classes are close to one another [15]. On the other hand, DT looks for the best series of
tests to classify the data. This algorithm creates decision rules based on if-else statements.
Each test is defined in a way that allows the data to be divided into classes as precisely
as possible. Decision trees are very susceptible to overfitting [16]. This problem can be
overcome by using RF. The RF classifier consists of a series of DTs. Each tree is trained on a
different dataset. The classification result is the average output value of all trees [17].

SVM is a classifier whose training aims to determine a hyperplane separating examples
belonging to two classes with a maximum margin. This algorithm is used to classify
between two classes. When the issue of multi-class classification arises, the one-versus-rest
approach is used. This approach involves training one classifier for each category. Each
model predicts whether a data point belongs to the corresponding class [18]. Another
technique used for classification in this research is GB, which generates a set of simpler ML
models. Most often, these are DTs. In each iteration, a set of DTs are updated. They are fitted
based on a negative gradient of the loss function [19]. A slightly different approach is used
in AdaBoost classifiers. During model fitting, the significance of previously misclassified
observations is boosted, and they are more likely to be used again to train the model to be
more effective. As a weak learner for AdaBoost, DT was used [20].

Every classification model must be tuned to the currently examined dataset. Each
model has different parameters, and their proper selection allows for a significant increase
in classification efficiency. In the present research, the optimization of classifier parameters
was performed using the Bayesian optimization method. This is a popular strategy for
black-box function optimization. Initially, the optimizer checks the performance of the
classifiers for random sets of parameters. Then, based on the results obtained, it approxi-
mates the objective function. The subsequent matched sets of parameters are determined
at the maximum of the objective function. The algorithm continues for a given number
of iterations.

3. Results

The first step in analyzing the results was to determine the actual existence of the
modeled defects. The DRM was used for this purpose. Two sample current waveforms are
presented in Figure 7. The presented results show the results for a fully functional OLTC
(Figure 7a) and with asymmetry (Figure 7b). DRM results were analyzed for each defect.
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A generally accepted way to interpret DRM results is to compare the times read from the
waveforms. Figure 7 shows three characteristic times:

• T1—from the moment of opening of the first primary contact to the closing of the
second resistive contact;

• T2—from the moment of closing the second resistive contact to the moment of opening
the first resistive contact;

• TC—total switching time.

Figure 7. Example DRM results: (a) OLTC without defects (Class 1); (b) OLTC with asymmetry (Class 7).

The read characteristic times for all classes without asymmetry are presented in Table 2.
The results presented are the average times read for ten randomly selected measurements
from each class. Between Classes 1 and 5, a gradual increase in T1 and a decrease in T2 can
be noticed. This is a characteristic symptom of contact wear. As expected, the damaged
spring (Class 7) resulted in a significant extension of T1, T2, and TC. For Class 8, there
are no significant differences compared to Class 1. This is due to the lack of change in the
contact thickness affecting the individual times.

Table 2. DRM characteristic times for classes without asymmetry.

Class 1 2 3 4 5 7 8

Characteristic Times (ms)

T1 16 19 24 29 35 43 17

T2 23 21 20 18 14 37 22

TC 50 54 59 62 67 81 49

Checking the correctness of modeling the defect described in Class 6 is slightly dif-
ferent than in the case of the other classes. If OLTC switching asymmetry is checked, the
characteristic times for individual phases should be compared. The times are not compared
to those of other classes. The appearance of differences in the lengths of individual connec-
tion stages means the asymmetrical operation of the OLTC. The read times for Class 6 are
presented in Table 3.
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Table 3. DRM characteristic times and time differences for asymmetry (Class 6).

Characteristic Times (ms) Time Difference (ms)

Phase A B C A–B B–C C–A

T1 10 6 14 4 8 4

T2 20 35 15 15 20 5

TC 41 39 62 2 23 21

The interpretation of DRM measurements allowed for the detection of defects. It was
found that the defect modeling methods used allowed for achieving the desired results.
However, the DRM diagnostics did not allow for the diagnosis of mechanical deformation
of the contact (Class 8).

Sample AE waveforms for each class are presented in Figure 8. Detailed interpretation
of the results of the AE method is problematic because it is impossible to assign individual
acoustic events to specific switching stages. The most visible defect is the asymmetrical
operation of the OLTC. The area corresponding to contact switching (for Class 6: 45–90 ms)
is characterized by more acoustic events with a lower amplitude. This is caused by non-
simultaneous switching of the contacts of the individual phases. For defects without
asymmetry, diagnosis is possible only by overlapping the recorded waveforms with the
reference waveforms, but despite this procedure, the diagnostic results may be ambiguous.
Therefore, we propose using ML to simplify OLTC diagnostics.

Figure 8. Example AE waveforms for the defects under research.

The method of feature extraction from AE waveforms proposed in this study is based
on wavelet decomposition. Figure 9 shows the results of the decomposition of an example
waveform. The statistical values calculated, 30 for each detail, constituted a database used
to train the ML models.
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Figure 9. Original signal with its details created with the sym8 wavelet family.

The method used to extract the data features together with the selected method of
optimizing the ML models allowed for achieving satisfactory results. The percentage
accuracy results achieved using the individual algorithms are presented in Figure 10. Each
model was trained five times. Each time, the training set was randomly selected from the
entire set of data features. The presented results were achieved using half of the database as
training data. The SVM algorithm performed the best, achieving an efficiency of 96%. The
RF and GB algorithms also demonstrated effectiveness in classifying OLTC defects. Their
efficacy was slightly worse than that of SVM. DT is susceptible to overfitting, especially in
classification cases containing many classes. An example of such a situation is the presented
OLTC defect classification. This is the reason for the relatively low effectiveness of DT
in the proposed studies. Using many decision trees, the RF algorithm reduces the risk
of overtraining. Using a weak classifier more advanced than, for example, tree stumps
(one-level DT) made the model susceptible to overtraining. Additionally, the large number
of classes in the training set increased the chance of this unfavorable situation. AdaBoost
using DT turned out to be the worst classifier. The parameters of the most effective model
are presented in Table 4.

Figure 11 presents the classification accuracy depending on the size of the training set.
The dataset consists of features extracted from over 3500 tap changes. The smallest training
set tested contained 1% of the total dataset. The rest of the data that were not used for
training were used to test the model. Initially, one may notice a strong correlation between
training dataset size and performance. More than 30% of the data were used as training
data, and no significant increase in effectiveness was observed. The size of the created
measurement database allows for effective training and validation of ML models.
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Figure 10. Classification accuracy for half of the dataset used as the training set. The efficiency of the
best classifier is marked in green.

Table 4. SVM model parameters optimized using Bayesian optimization.

Kernel Gamma C

RBF 0.087 3.136

Figure 11. The efficiency of SVM classification for different sizes of the training set.

An analysis of the prediction effectiveness for individual classes of OLTC defects was
performed for the best classifier. The results are shown in Figure 12. Every bar represents
the percentage rate at which the corresponding class was predicted correctly. Each fault
was diagnosed with a high efficiency of over 90%. The feature extraction method combined
with SVM allows for determining the good technical condition of the OLTC, with 100%
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compliance. It can be seen that the defect recognized with the greatest efficiency was Class
4, which corresponds to contact wear of 4 mm.

Figure 12. Classification accuracy of SVM for individual classes.

A confusion matrix allows for the determination of which defects are confused with
one another. The confusion matrix for SVM, shown in Figure 13, was normalized over
columns corresponding to accuracy in successful class prediction. The percentage values
on the diagonal represent how many predictions for each class were made correctly. For
the SVM model, the class with the least effective prediction was Class 2 (symmetrical
contact wear by 1 mm). This was mainly confused with classes describing other degrees of
contact wear.

Figure 13. Convolution matrix for SVM. The darker the color, the more observations in a given area.
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The most common classification error was incorrectly classifying a damaged spring
(Class 7) as asymmetrically worn contacts (Class 6).

Generally speaking, each defect was classified with high efficiency. This is a satisfactory
result considering the high level of detail used in dividing the causes of OLTC failure.
Particular attention should be paid to the increased effectiveness of the proposed method in
determining the absence of a defect. The SVM model produced no false positive predictions
for Class 1.

4. Discussion

The research results presented in this article confirm the possibility of diagnosing
OLTC faults using EA signals. The effectiveness in determining the OLTC defects was
similar to the results presented in the literature [21–23]. However, our research used a
measurement database containing a much larger number of defects occurring during OLTC
operation. The possibility of diagnosing varying degrees of symmetrical contact wear, along
with spring damage, contact deformation, and asymmetrical contact wear, was examined.
The lack of false positive predictions of a properly functioning OLTC allows us to define
the proposed tool as useful for maintaining OLTCs. Detailed fault diagnosis is expected
to allow for the intelligent planning of transformer shutdowns for maintenance, reducing
the risk of failure. The AE diagnostic method is a non-invasive method that will enable
the creation of a system that monitors the OLTC status online, returning information about
the OLTC status after each switchover. However, before introducing such a system, tests
should be conducted on real OLTCs operating with transformers. The impact of noise
on the fault classification performance should be investigated and, if necessary, a method
should be developed to reduce noise in the signals.

The presented feature extraction method allowed us to achieve satisfactory results
for all of the tested ML algorithms. The original measurement database created for this
research contained large samples. This allowed for effective training of the ML models and
reliable performance verification. It is expected that the proposed method of analyzing AE
signals will allow for the effective diagnosis of various types of OLTC. For each type of
switch, a database should be created storing AE measurements for devices with defects. It
is proposed that such a database would contain similar amounts of data to that created for
the purposes of the present research.

Future work will focus on determining additional descriptors to increase the effective-
ness of diagnostic ML models. We also plan to test the efficacy of other artificial intelligence
tools, such as neural networks. Convolutional neural networks are expected to enable
further improvement of the diagnostic method using AE. Work will be carried out to deter-
mine the possibility of using the method described in this article to combine mechanical
and electrical aspects of OLTC diagnostics.

The research presented here is part of broader research aimed at developing an online
OLTC condition monitoring system.
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Abstract: This paper investigates the deterioration of, and the abnormal temperature rise in, the GFRP
core rod material of compact V-string composite insulators subjected to prolonged alternating flexural
loading under wind-induced stresses. The axial stress on the GFRP (Glass Fiber Reinforced Plastic)
core rod, resulting from transverse wind loads, is a focal point of examination. By establishing a stress
model and damage model, the paper simulates and computes the evolution of damage in the outer
arc material of composite insulator core rods subjected to alternating flexural loads. Additionally, a
multi-factor coupled aging platform is set up, integrating humidity, heat, and mechanical stress, to
simulate the crazing deterioration process of composite insulators under alternating flexural loads.
Experimental results reveal that during 400,000 alternating load cycles, the core rod underwent stages
of surface damage, damage increasing, fatigue embrittlement, matrix hydrolysis, and fiber fracture.
Simultaneously, the silicone rubber sheath on the outer side of the composite insulator’s bending
arc develops cracks over aging time, creating pathways for moisture ingress into the interface and
core rod. The dielectric constant and dielectric loss factor of the aging region of the core rod increase
to varying degrees compared to the non-aging part. Moreover, the degree of abnormal heating
of the samples intensifies with the duration of aging experiments. These findings underscore the
significance of understanding the aging and decay-like fracture process of compact line V-string
composite insulators. They provide crucial insights for future research aimed at enhancing the
material properties of composite insulator core rods.

Keywords: composite insulator; bending load; GFRP core rod; abnormal temperature rise

1. Introduction

Composite insulators, a crucial component in electrical power systems, consist of
silicone rubber sheaths, a fiberglass-reinforced plastic (FRP) core rod, and end fittings.
These insulators play a vital role in bearing electrical and mechanical loads in transmission
lines [1–4]. The fiberglass-reinforced epoxy resin (GFRP) core rod primarily serves the
functions of electrical insulation and mechanical load support. At the same time, the
external silicone rubber sheath is used to protect the core rod. It effectively guards against
external moisture, dust, and chemical substances, preventing them from corroding the
composite insulator core rod. In practical applications, composite insulators operate under
diverse and challenging conditions experiencing various incidents that affect the secure
and stable operation of transmission lines throughout their long-term service life. These
incidents encompass flashovers under specific weather conditions, aging, and abnormal
fractures of composite insulators [5–8]. Among these incidents, the anomalous fracture of
composite insulators poses the most severe threat to the power system. Line faults resulting
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from such fractures cannot be promptly resolved within a short time frame, only by the
replacement of new insulators to restore the power supply. Consequently, to ensure the
secure and stable operation of the power grid, it becomes imperative to delve into the
deterioration mechanisms of composite insulators.

Core rods are the main components of composite insulators that undertake mechanical
loads. The deterioration mechanism of core rod materials is closely related to the reliability
of composite insulator operation. Recent research by several scholars has delved into
the artificial aging of composite insulator core rods. For instance, Yanfeng Gao et al. [9]
conducted studies investigating core rod deterioration characteristics and designed corre-
sponding simulation tests. Their research revealed that discharges in humid environments
contributed to epoxy resin deterioration in the core rod. The microstructural features and
epoxy resin deterioration observed in artificially aged samples closely resembled the actual
core rod deterioration in practice. Leilei Zeng et al. [10] utilized a vacuum drying oven to
conduct wet-heat aging tests on core rod specimens. They confirmed that the degree of
core rod material deterioration deepened with increasing wet-heat exposure, as evidenced
by scanning electron microscopy, Fourier transform infrared spectroscopy, and thermal
analysis. Yongfei Zhao et al. [11] conducted wet-heat aging tests on short core rod samples
at different temperatures using a constant-temperature water bath aging chamber. Their
findings indicated that under wet-heat conditions, the core rod color darkened and the
texture became softer. The surface temperature rise of degraded samples increased with
higher wet-heat aging temperatures. The microstructural features and changes in epoxy
resin content in artificially aged pieces exhibited good consistency with field-used core
rods. Xinming Ma et al. [12] performed aging tests on core rod slices under different
humidities and high-electric-field conditions, referencing the dielectric barrier discharge
theory. After analyzing the aged samples through scanning electron microscopy, Fourier
transform infrared spectroscopy, and X-ray energy-dispersive spectroscopy, they concluded
that moisture accelerates the deterioration process of core rods. The studies mentioned
above have primarily focused on analyzing the promoting effects of high electric fields and
wet-heat environments on the deterioration of composite insulators.

In practical applications, composite materials often need to withstand static or dy-
namic mechanical loads, such as tension, compression, bending, or shear forces. These
mechanical loads may cause microstructural changes in composite materials, thereby af-
fecting their performance. Therefore, understanding the mechanism by which mechanical
loads deteriorate composite materials is crucial [13–16]. According to incomplete statistics
from a North China power grid company, between 2012 and 2020, they reported 683 cases
of abnormal heating in 500 kV composite insulators, with 218 insulators likely having
decay-like defects. Among these, 141 were V-string insulators mainly used in compact
line configurations, accounting for 65% of the total [17]. The data above show that the
composite insulators prone to decay-like defects are primarily compact V-string composite
insulators. Therefore, there needs to be more research on the aging mechanisms specific
to close V-string composite insulators, considering their operational environment and the
characteristics of mechanical loads. The role of bending loads in the deterioration process
of V-string composite insulators has yet to receive sufficient attention. The alternating
mechanical load is one of the indispensable factors in the decay-like fracture process of
composite insulators. There is no clear conclusion on the impact mechanism of mechanical
loads on the cracking and deterioration process of composite insulators, as further in-depth
research is needed.

In summary, previous research has certain limitations in the level of attention paid
to the role of alternating loads in the core rod deterioration process. Furthermore, prior
research has mostly used single-factor aging tests to age composite insulators which may
differ from the actual aging process of composite insulators. This inspires us to design
and conduct multi-factor coupled aging tests to simulate the deterioration mechanism of
composite insulators under the interaction of multiple factors. Based on these observa-
tions, this paper employs simulation to analyze the microstructural damage evolution of
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composite insulator core rod materials under alternating bending loads. We establish a
multi-factor composite insulator aging platform involving humidity, temperature, and
mechanical stress, before going on to conducting artificial aging experiments on full-size
composite insulators and studying the deterioration and abnormal temperature rise mech-
anisms under bending loads. The findings of this study are of significant importance for
understanding the deterioration evolution process of V-string composite insulators and
provide valuable insights for improving the material properties of composite insulator core
rods which help to safeguard the secure operation of the power grid.

2. Microscopic Damage Evolution Simulation of GFRP Materials under
Alternating Loads

2.1. Force Analysis of V-String Composite Insulators

When subjected to lateral wind acting parallel and perpendicular to the conductor,
V-string composite insulators on compact lines experience axial pressure on the leeward
insulator and axial tension on the windward insulator, assuming that the conductor connec-
tors do not rotate. Consequently, the leeward insulator takes an arched bending state under
the bending load, as Figure 1a depicts. In this bent state, the length of the line connecting
the two ends of the composite insulator is shortened (compared to the normal state) by
a distance known as the compression stroke ΔL, as shown in Figure 1b. The thick black
line represents the V-string composite insulator in the normal state, while the thick red line
represents the state after experiencing compression.

Figure 1. Bending state of v-string composite insulators under lateral wind loads. (a) Bending state,
(b) compression stroke.

For quantitative analysis, the composite insulator with a structural height of L is
divided into n segments, each with a length of Li = L/n. It is assumed that the mass of the
composite insulator is uniformly distributed, the material parameters are the same at all
locations, and each cross-section has a standard circular shape with a diameter of D. After
bending, the angular position of each segment of the V-string composite insulator under a
lateral wind load is denoted as δi (i = 1, 2, . . ., n). The mechanical model for the ith segment
of the V-string composite insulator under a lateral wind load is depicted in Figure 2.
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Figure 2. Mechanical model for the ith segment of the insulator.

From Figure 2, it can be observed that the condition for the ith segment to reach an
equilibrium state is as follows:

⎧⎪⎨
⎪⎩

Fx(i) = Fx(i+1)

Fy(i) = Fy(i+1) + Gi

Mi +
L
2 cos δi(Fy(i) + Fy(i+1)) = Mi+1 +

L
2 sin δi(Fx(i) + Fx(i+1))

(1)

By employing the Newton–Raphson method to solve the above model, the maximum
tensile and compressive stresses at any cross-section can be obtained as:⎧⎨

⎩
σ+

max(i) =
Mi D

2I − Pi
A

σ−
max(i) = −Mi D

2I − Pi
A

i = 1, 2, . . . , n + 1 (2)

Pi =

⎧⎪⎪⎨
⎪⎪⎩

Fx(1) cos δ1 + Fy(1) sin δ1 i = 1

Fx(i) cos( δi−1+δi
2 ) + Fy(i) sin( δi−1+δi

2 ) i = 1, 2, . . . , n

Fx(n+1) cos δn+1 + Fy(n+1) cos δn+1 i = n + 1

(3)

If we consider one end of the composite insulator as the coordinate origin, the coordi-
nates of any other point on the composite insulator can be expressed as:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
xi =

i−1
∑
k

Lk cos δk

yi =
i−1
∑
k

Lk sin δk

i = 1, 2, . . . , n + 1 (4)

In the above equations, Gi represents the self-weight of each segment, Fx(i) and Fy(i) denote
the horizontal and vertical forces, Mi and Mi+1 are the bending moments at the two ends of
the ith segment, D is the insulator cross-sectional diameter, I is the cross-sectional moment
of inertia (I = πD4/64), and A is the cross-sectional area.

The method outlined provides an analytical relationship between the axial compres-
sion and maximum stress in the composite insulator [18]. To calculate the critical bending
load for the composite insulator, it can be viewed as an elongated strut with hinged supports
at both ends. The critical bending load F in Figure 1b can be expressed as follows:

F =
π2EI

L2 (5)

I =
πD4

64
(6)
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In the equation, E represents the elastic modulus of the composite insulator core rod
and I is the moment of inertia in the rod’s cross-section. D is the core rod diameter and L is
the height of the composite insulator structure.

2.2. The 3D Model and Material Constitutive Model of GFRP Core Rod Material

For one typical I-string composite insulator, 30% to 50% of the year is influenced
by low-level wind-induced vibrations. Characteristics of these wind-induced vibrations
include high frequency and small amplitude; both need a significantly extended period to
result in fatigue life. Usually, there are over 10 million cycles during operation and at least
30 million cycles in the experiment. Consequently, such low-level wind-induced vibrations
have minimal impact on the mechanical performance of composite insulators. However,
compact V-string composite insulators have a higher probability of experiencing secondary
distance vibrations under the lateral wind. Moreover, the split wires can induce composite
insulator bending motion through torsional and secondary distance vibrations [19,20]. The
alternating bending loads associated with these vibrations have larger amplitudes and
lower frequencies. Therefore, they can reach their fatigue life in a relatively short period
of time (usually less than one million cycles). As a result, they significantly impact the
mechanical performance of composite insulators. In summary, the alternating bending
loads significantly contribute to the relatively higher occurrence of decay-like fracture in
compact V-string composite insulators.

There is a significant difference in strength between the epoxy resin matrix and the
fiberglass in GFRP core rod material. If the GFRP core rod material is regarded as a single-
phase anisotropic homogeneous material, it will lead to distortion in the results when
we calculate the properties of the fiber. The reason for this is that the fiber properties are
replaced by the properties of the matrix that are more prone to damage, which does not
accurately represent the material’s behavior. Additionally, the damage and failure process
at the fiber–matrix interface cannot be ignored. Therefore, in this section, the simulation
and calculation of the damage evolution process of the material on the outer side of the
bending arc of the GFRP core rod under alternating bending loads are performed using
multiphase material finite element analysis and zero-thickness cohesive zone modeling.

A model is created using finite element analysis software, Abaqus 2021, with mate-
rial parameters shown in Table 1. The model is a cuboid of GFRP material measuring
200 μm × 200 μm× 50 μm, extracted from the outer side of a core rod’s bending circular
arc. One face of the model corresponds to the outer surface of the core rod’s bending
circular arc, while the remaining faces are entirely contained within the core rod. The model
includes 12 fibers with a diameter of 20 μm, as depicted in Figure 3.

Table 1. Material model parameters.

Material Phase Parameter Value

Fiberglass

Density 970 kg/m3

Modulus of elasticity E1 = 89,000 MPa, E2 = E3 = 8610 MPa
Poisson’s ratio σ12 = σ13 = 0.3, σ23 = 0.45 MPa
Shear modulus G12 = G13 = 4160 MPa, G23 = 3000 MPa

Epoxy Matrix

Density 1200 kg/m3

Modulus of elasticity 3450 MPa
Poisson’s ratio 0.35
Shear modulus 0

Yield stress 74.7 MPa

Interface
Normal strength 1000 MPa
Shear strength 385 MPa
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Figure 3. Three-dimensional polyphase model of GFRP core rod material.

Before conducting calculations, it is essential to define the material constitutive mod-
els for the matrix and fibers using the VUMAT (user subroutine for defining material
constitutive relations) within the Abaqus software.

E = (1 − dm)E0 (7)

dm =
upl

upl
f

= L
εpl

upl
f

(8)

upl
f =

2Gf

σy
(9)

In the formula, E is the stiffness after the matrix damage evolution. E0 is the stiffness
before the damage and dm varies from 0 to 1 as the stiffness decreases when the stiffness
is 0, dm = 1. upl stands for plastic deformation. upl

f is the plastic deformation during matrix

damage failure, εpl represents the equivalent plastic strain, and L is the element length.
Gf is the fracture energy per unit area and σy is the material yield strength.

First, the fiberglass is defined as transversely isotropic along the axial direction with
no plastic deformation stage. When the minimum principal stress at a node exceeds the
compressive strength limit or the maximum principal stress exceeds the tensile strength
limit, it is considered fiber fracture failure. The corresponding elements will be removed.
Second, the epoxy resin matrix is defined as an isotropic elastic–plastic material. According
to the Mises yield criterion, matrix damage is initiated when the maximum principal
stress in a matrix element exceeds the strength limit, resulting in a stiffness reduction, as
expressed in Equation (7). At this point, the matrix elements experience damage failure
and are deleted. After defining the material constitutive models, the fiber–matrix interface
considered as a pure viscous interface with zero thickness and no material properties is
assigned. This section employs cohesive interface elements based on the traction–separation
law to simulate the fiber–matrix interface.

2.3. Damage and Deterioration Process of GFRP Core Rod Material under Alternating Loads

A composite insulator specimen with an insulating distance of 1000 mm, a core
rod diameter of 18 mm, and a sheath thickness of 4 mm can be taken as an example.
Experimental results show that its maximum axial compression displacement is 300 mm.
By selecting 30% of the maximum axial compression displacement as the amplitude of
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the alternating bending load for the entire core rod, it can be proportionally scaled to a
micro-scale model, resulting in an alternating load amplitude (Lm) of 48 μm. With an
alternating load frequency set at 0.5 Hz, the number of cycles of alternating loads (bending
and resetting as one cycle) for various load amplitudes is specified as 100,000 cycles,
200,000 cycles, 300,000 cycles, and 400,000 cycles. The deterioration status of the GFRP core
rod material under these conditions is illustrated in Figure 4.

  
(a) (b) 

  
(c) (d) 

Figure 4. Deterioration process of GFRP core rod material under bending loads; (a) N = 1 × 105;
(b) N = 2 × 105; (c) N = 3 × 105; (d) N = 4 × 105.

The blue color in Figure 4 represents the initial color of the epoxy resin matrix unit.
The initial color of the fiberglass unit is white. As fatigue intensifies, the color of the epoxy
resin unit gradually develops from blue to light green, green, yellow, orange, light red and
finally red. Figure 4 provides a visual representation of the damage evolution process of
GFRP core rod materials under the influence of alternating bending loads. As the number
of cycles of alternating loads increases, the GFRP core rod material gradually experiences
fatigue and damage. Fatigue is initiated on the outer surface of the core rod’s bending
arc and propagates toward the core rod’s interior. Simultaneously, with an increase in the
amplitude of the alternating load, the fatigue rate accelerates, leading to a greater extent
of damage. After subjecting the core rod to 100,000 cycles of alternating loads, the epoxy
resin matrix on the outer surface of the core rod experiences significant stress. When an
element matrix surpasses the maximum principal stress, the element matrix is deleted,
indicating damage and detachment in that portion of the epoxy matrix. The detached
matrix debris accumulates at the core rod–sheath interface. After applying alternating
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loads until 200,000 cycles, the glass fibers undergo fracture damage once they lose the
protection of the epoxy matrix. The broken fiber debris detaches from the core rod’s surface,
accumulating at the core rod–sheath interface. Upon reaching 400,000 cycles of alternating
loads, the material on the core rod’s surface, with a thickness of approximately 100 μm,
experiences varying degrees of damage. The decay-like composite insulators retrieved
from sites also exhibit a significant accumulation of white cotton-like residues at the local
core rod–sheath interface, as depicted in Figure 5. This phenomenon further confirms the
rationality of the simulation results.

Figure 5. Debris at the core rod–sheath interface of a brittle composite insulator.

In summary, the outer surface of the composite insulator core rod’s bending arc under
alternating loads experiences fatigue damage. As the number of cycles of alternating loads
increases, the damaged area gradually expands and propagates toward the core rod’s
interior. The mixture of debris generated in the damaged area, comprising epoxy matrix
and fibers, accumulates at the core rod–sheath interface. These observations have been
corroborated in actual instances of decay-like composite insulators [21].

3. Multi-Factor Aging Test of Composite Insulators under Wet-Hot and
Alternating Loads

3.1. Sample Selection

The composite insulator samples elected for this experiment were provided by Xi-
angyang State Grid Composite Insulator Co., Ltd. (Xiangyang, China). The specific
parameters of the specimens are shown in Table 2.

Table 2. Parameters of composite insulator samples.

Parameter Value

Rated mechanical tensile load 70 kN
Insulation distance 1000 mm

Min nominal creepage distance 3150 mm
Number of umbrella skirts (large/small) 25(9/16)

Core rod diameter 18 mm
Sheath thickness 4 mm

Maximum axial compression 300 mm

3.2. Experimental Setup

An artificially accelerated aging test platform with multiple factors, including humid-
ity, temperature, and mechanical load, was constructed to simulate the actual operating
conditions of V-string composite insulators. The main components of this test platform
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include a temperature and humidity control module and an alternating load application
module. The alternating load application module was primarily utilized to mimic the
unique mechanical characteristics of compact line V-string composite insulators. It accom-
plishes this by employing a servo actuator cylinder to exert reciprocating compressive and
reset motions on the composite insulator, thereby applying alternating flexural loads.

Referring to the environmental conditions in areas where composite insulators are
prone to deterioration in China, the artificially accelerated aging test of composite insulators
was set with an ambient temperature of 20–25 ◦C and a relative humidity of 75–80% RH.
According to DL/T 1580-2016 [22], GB/T 34937-2017 [23], and GB/T 13096-2008 [24],
combined with the operating condition on-site of composite insulators, it was determined
that the axial compression amount of the alternating bending load applied in the test is
90 mm and the frequency is 0.5 Hz. The composite insulator subjected to bending loads is
shown in Figure 6.

Figure 6. Schematic diagram of the composite insulator bearing a bending load.

3.3. Testing and Characterization
3.3.1. Scanning Electron Microscopy Testing

Microscopic morphology analysis was conducted on surface material samples of
composite insulator core rods at various aging stages using the SEM 230 scanning electron
microscope produced by Alfa Chemistry Company in New York, NY, USA. The purpose
was to investigate the changes in surface morphology at the point of buckling deterioration
in GFRP core rods.

3.3.2. Thermogravimetric Analysis

The PerkinElmer STA6000 thermal gravimetric analyzer produced by PerkinElmer,
Waltham, MA, USA, was employed to examine the thermal decomposition characteristics
of surface material samples from composite insulator core rods. The test covered a temper-
ature range of 30 ◦C to 800 ◦C, featuring a temperature rise rate of 10 ◦C/min, and utilized
nitrogen as a protective gas.

3.3.3. Fourier Transform Infrared Spectroscopy Analysis

The IRTracer-100 Fourier transform infrared spectrometer produced by Shimadzu
Corporation in Kyoto, Japan, conducted attenuation total reflection scanning tests on
surface material samples from composite insulator core rods at various aging stages. The
distinction in functional group content before and after aging was determined by analyzing
the distinct absorbance peaks of functional groups on the characteristic infrared light peaks.

3.3.4. Charged Temperature Rise Experiment

Different composite insulator samples subected to varying alternating load cycles were
tested for electrical temperature rise. To make the heating phenomenon more pronounced,
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the composite insulator samples were placed in a constant temperature and humidity
chamber at 20 ◦C and 75% RH for 150 h before the test to ensure saturated moisture
absorption [25,26]. Afterward, a 64 kV, 50 Hz AC voltage was applied to the high-voltage
end fittings of the composite insulator while grounding the low-voltage end fittings. One
hour after applying the AC voltage, the temperature rise images of the composite insulator
were recorded using a FLIR T1040 handheld thermal imaging camera produced by Teledyne
FLIR in Wilsonville, OR, USA.

3.3.5. Moisture Absorption Test

The most severely deteriorated section of the core rod from the composite insulator
sample was used to prepare test specimens. The specific preparation steps are as follows.
First, we cut a 40 mm long segment from the location with the maximum flexural deflection,
which is the red-dashed rectangle area in Figure 7. Secondly, we prepared this segment
into 20 pieces of specimens with a thickness of 2 mm and a diameter of 18 mm, as shown
in Figure 7. After that, we used 100-grit sandpaper to uniformly sand the cross-section
of the prepared samples. Continually, after grinding, we placed the pieces in a constant
temperature and humidity chamber at 50 ◦C for 72 h. Finally, we measured each slice’s
dielectric loss factor and the saturated moisture absorption rate after drying.

Figure 7. Schematic diagram of the sampling area and preparation for test pieces.

We conducted moisture absorption and weight gain tests on core rod materials in
accordance with ASTM D5229/D5229M-20 [27]. The FA224C electronic analytical balance
produced by the Shanghai Lichen Instrument Technology Co., Ltd. in Shanghai, China
was selected for testing, with an accuracy of 0.1 mg. Each experiment was set up with
3 repeated samples. Samples were regularly taken from deionized water for weighing,
and then quickly immersed back into ionized water to continue the moisture absorption
test. The weighing results were taken as the average of the 3 samples, and the process was
repeated until the weight of the samples no longer changed, that is, when they reached
the saturation and moisture absorption level. The formula for calculating the moisture
absorption rate Mt of the sample is as follows [28]:

Mt =
Wt − W0

W0
× 100% (10)

In the formula, W0 is the initial weight of the sample and Wt is the weight of the
sample at time t. The average of the saturation moisture absorption rates measured on
20 test pieces of each core rod was taken to characterize the saturation moisture absorption
rate of the corresponding brittle composite insulator test piece at a temperature of 20 ◦C.
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3.3.6. Dielectric Loss Factor Test

The dielectric loss factor of the test piece was measured using the YG9100 fully
automatic anti-interference precision dielectric loss tester produced by Shanghai Yanggao
Electric Appliance Co., Ltd., Shanghai, China. Before the test, the upper and lower cross-
sections of the test piece were uniformly pasted with tin foil. This ensured full contact
between the cross-section and the measuring electrode, avoiding discharge interference
from air gaps. The test frequency was 50 Hz. We then took the average value of the dielectric
loss factor measured on 20 test pieces of each core rod to characterize the dielectric loss
factor of the corresponding degraded composite insulator test piece.

3.4. Experiment Result
3.4.1. Appearance Inspection

Before conducting the test, pre-treatment of the specimens was performed. The sample
was visually inspected to ensure they were free from any visible damage. Subsequently,
the specimens’ surfaces were cleaned using deionized water. After cleaning, the sample
was placed in a constant temperature and humidity chamber at 50 ◦C for 72 h to ensure
thorough drying. After drying, the sample was transferred to the wet–thermal–mechanical
multifactor composite insulator artificial accelerated aging test platform to initiate the aging
test. Throughout the testing process, observations were made to record any changes in
the appearance of the specimens. Furthermore, the protective sheath was removed for a
comparative analysis of the core rod’s morphology.

As shown in Figure 8, after 100,000 cycles of alternating load applications, the external
appearance of the composite insulator exhibited no significant changes. However, after
200,000 cycles, cracks appeared in the insulator sheath. When the number of alternating
load cycles reached 400,000, the insulator sheath exhibitd noticeable and extensive cracking
in multiple areas.
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Figure 8. Cont.

Figure 8. Appearance of composite insulators tested after applying different number of times of
alternating loads: (a) 100,000 times, (b) 200,000 times, and (c) 300,000 times.

To further examine the deteriorated appearance of the core rod, a strip process was
performed on the aged composite insulator sheath. The morphology of the core rod at
the location with the maximum flexural deflection in the stripped composite insulator is
depicted in Figure 9.
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Figure 9. Appearance of composite insulator core rod tested after applying different number of times
of alternating loads: (a) 100,000 times, (b) 200,000 times, and (c) 300,000 times.

Figure 9 shows that with an increasing number of cycles of alternating load applica-
tions, the outer part of the core rod’s curved arc gradually deteriorated. After 100,000 cycles
of alternating load applications, the adhesion between the composite insulator sheath and
the core rod remained in good condition. The core rod’s surface slightly whitened, with no
matrix fragments spilling out. After 200,000 cycles, partial delamination of the insulator
sheath occurred, and there were some core rod fragments at the interface between the
sheath and the core rod. When the number of alternating load cycles reached 400,000, it was
found that a significant amount of white matrix powder spilled out when the composite
insulator sheath was stripped. The core rod showed signs of hydrolysis, and its color
changed from pale green to light yellow.

3.4.2. Microscopic Morphology Analysis

Figure 10 shows the microstructure of the core rod under four different fatigue states
observed using a scanning electron microscope. Comparative analysis reveals that the
extent of deterioration on the outer side of the core rod’s curved arc surface deepened with
an increasing number of alternating bending load application cycles. After 100,000 cycles of
alternating load applications, the glass fibers on the core rod surface remained intact with-
out any signs of breakage. The epoxy resin also adhered well to the fibers, with no exposed
glass fibers. However, there were instances of interface cracking between some fibers and
the epoxy matrix, as shown in the red-dashed area in Figure 10. After 200,000 cycles of al-
ternating loads, the core rod’s surface exhibited increased fatigue damage at locations with
more significant flexural deflection. Still, no apparent hydrolysis suggests that moisture
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did not significantly penetrate the core rod area. After 300,000 cycles of alternating loads,
the core rod’s surface epoxy matrix was severely damaged, and signs of deterioration were
present, indicating that moisture had penetrated the interior of the composite insulator
sheath in significant amounts and the matrix had started hydrolysis. After 400,000 cycles of
alternating loads, the epoxy resin matrix material had undergone extensive hydrolysis at
the severely deteriorated areas of the core rod’s surface. Some epoxy resin matrix fragments
adhered to the fiber surface. Some fibers lost the epoxy resin matrix’s protection and were
fractured [29,30].

3.4.3. Thermogravimetric Analysis Results

By heating and measuring the weight of samples at different temperatures, the epoxy
resin content in the core rod could be analyzed, and the degree of deterioration of ar-
tificially aged core rods could be quantitatively analyzed. The thermogravimetric test
results at the buckling point of composite insulator core rods before and after aging are
shown in Figure 11. The epoxy resin decomposition temperature was reached when the
temperature rises to 320 ◦C. When the temperature reached 430 ◦C, the epoxy resin was
basmati-factorially decomposed, and the remaining masses of the samples before and after
aging accounted for 81.63% and 89.95%, respectively. After the multi factor aging test, the
epoxy resin in the core rod of the test sample degraded and the content decreased.

3.4.4. Fourier Transform Infrared Spectroscopy Analysis Results

Through Fourier transform infrared spectroscopy analysis, it can be seen that there is
no significant difference in characteristic peaks between the core rod after multiple factors
aging and the unaged core rod. However, there was a difference in intensity between
the same characteristic peak. As shown in Figure 12, the strength of C=O and Si−O in
the core rod material had decreased to a certain extent, while the strength of O−H had
increased, indicating that as aging progresses, the continuous invasion of moisture into
the core rod in a high humidity environment leads to the continuous deterioration of the
composite material.

From the above physical and chemical analysis results, it can be seen that as aging
progresses, water continuously invades the composite insulator core rod, the epoxy resin
matrix continuously hydrolyzes, and the degree of deterioration also intensifies.
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(a)  (b)  

  
(c)  (d)  

Figure 10. Microscopic morphology of core rods with different fatigue times; (a) N = 1 × 105;
(b) N = 2 × 105; (c) N = 3 × 105; (d) N = 4 × 105.

Figure 11. Thermogravimetric analysis results of composite insulator core rods before and after
aging.
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Figure 12. Infrared spectroscopic analysis results of composite insulator core rods before and
after aging.

3.4.5. Artificial Aging Test Sample Charged Temperature Rise Test

The infrared images of the abnormal temperature rise of composite insulators after
applying different alternating loads are shown in Figure 13.

Figure 13. Infrared heating images of composite insulators after being electrified under different
cycles of alternating loads.

Figure 13 shows that as the number of alternating load cycles increases, the deterio-
ration of the composite insulator samples progressively worsens—both the temperature

189



Energies 2024, 17, 423

rise range and the degree of temperature rise increase. When 100,000 cycles of alternat-
ing loads were applied, there was a slight temperature rise in the central region of the
composite insulator, with a maximum temperature rise value of 1.6 K. Continuing to exert
alternating load cycles up to 200,000, the temperature rise area of the composite insulator
expanded in a small range, with the maximum temperature rise reaching 4.2 K. When
the number of alternating load cycles reached 300,000, the temperature rise area of the
composite insulator further expanded, and the maximum temperature rise value increased
to 9.3 K. At this point, the heating phenomenon became more pronounced. Finally, when
400,000 alternating load cycles were applied, the maximum temperature rise amplitude
of the composite insulator reached 16.8 K. The temperature rise area and the maximum
temperature rise value were primarily located at the maximum flexural deflection of the
composite insulator, indicating that this location experiences more severe deterioration.

3.4.6. Analysis of Moisture Absorption and Dielectric Loss Characteristics

The test specimens had uniform tin foil coverage on their top and bottom surfaces.
It is assumed that external moisture only permeates from the sides of the samples. This
assumption aligns with the moisture ingress observed during the temperature rise test.
We then weighed and recorded the initial weight of each test piece after drying using an
electronic balance. Each test piece was then placed in a constant temperature and humidity
box to absorb moisture at a temperature of 20 ◦C and a humidity rate of 75%. We then took
it out and weighed it immediately every 6 h, and calculated the moisture absorption rate of
the test piece, totaling 480 h.

The results of the dielectric loss factor and saturation moisture absorption tests for
each sample are presented in Figure 14. The figure shows that both the dielectric loss factor
and saturation moisture absorption of the test samples exhibited a trend of initially slow
increase, followed by a rapid rise, and then a subsequent slow growth with an increase
in the number of times of alternating load applications. The test results indicate that
the samples extracted from intact insulators had a dielectric loss factor and saturation
moisture absorption rate of 3.45% and 0.04%, respectively. However, when subjected to
400,000 alternating load applications, the deteriorated core rod’s dielectric loss factor and
saturation moisture absorption rate reached 30.68% and 0.6%, respectively, significantly
increasing compared to the new samples.

Figure 14. Moisture absorption and dielectric loss characteristics of composite insulator thin specimens.

4. Analysis and Discussion

The abnormal heating phenomenon in aged composite insulators is mainly attributed
to dielectric losses. These losses are induced by the polarization effect of the dielectric
material when exposed to the power frequency alternating electric field [31]. The equivalent
electrical circuit model for the core rod material is illustrated in Figure 15.
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Figure 15. Dielectric equivalent circuit diagram.

In the diagram, Cg represents the capacitance equivalent to lossless polarization, while
Rp and Cp represent the equivalent resistance and capacitance formed by lossy polarization,
respectively. Rlk is the leakage resistance, which can be further divided into bulk leakage
resistance and surface leakage resistance. Ilk represents the leakage current. For aged
composite insulators, the decrease in insulation resistance in the deteriorated section of the
core rod increases the leakage current, contributing relatively slightly to the temperature
rise. Under the influence of high electric field strength in AC voltage, the polarization loss
in the decay-like part of the composite insulator under AC power frequency is the leading
cause of its abnormal temperature rise.

Furthermore, the power loss per unit volume of the dielectric can be expressed as:

p = EJr = E2ωε tan δ (11)

In Equation (11), E represents the distribution of the electric field intensity in the
dielectric. Jr is the total active current density within the dielectric. ω is the angular
frequency of the power frequency sinusoidal electric field. ε is the dielectric constant and
tanδ is the loss angle tangent of the dielectric. This equation shows that the dielectric power
loss is closely related to the magnitude of the electric field intensity and the dielectric
loss factor. Furthermore, the scanning electron microscopy testing of slices of composite
insulator core rods at different aging stages and physicochemical analysis showed that
the surface epoxy matrix of the aged core rod material gradually deteriorated. The epoxy
resin hydrolyzed continuously, resulting in numerous voids and microcracks inside. The
emergence of these micro-defects not only led to distorted and abnormally increased
electric fields in that region but also provided pathways for accelerated moisture ingress.
An increase in the saturation moisture absorption rate macroscopically represents this.
Additionally, water molecules are polar molecules. When they exist in the dielectric, they
interact with the dielectric molecules, leading to the polarization of dielectric molecules
and, consequently, an increase in dielectric material polarization loss. Coupled with the
increase in dielectric loss in the core rod material during the aging process, macroscopically
represented by the rise in the dielectric loss factor, the abnormal heating of the composite
insulator is further promoted.

5. Conclusions

This article establishes a force model and a damage model to simulate and calculate the
evolution of the damage process of the material outside the bending arc of the composite
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insulator core rod under alternating bending loads. A wet thermal mechanical multi-factor
coupled artificially accelerated aging platform for composite insulators is established, and
deterioration simulation tests for V-string composite insulators are carried out. The main
conclusions are as follows:

(1) Compact V-string composite insulators were found to be susceptible to the influence
of alternating flexural loads. A detailed examination of the damage evolution in
GFRP core rod material revealed that fatigue damage was initiated from the outer
surface of the core rod’s bending arc due to alternating flexural loads. It propagated
towards the core rod’s interior, beginning with epoxy resin matrix damage on its
surface, subsequently leading to fiber breakage.

(2) The establishment of a multi-factor composite insulator artificially aging platform,
combining moisture, heat, and mechanical stress, allowed for accelerated aging tests.
Microscopic morphology observation and physicochemical analysis indicates that
while subjecting the test specimen to 400,000 alternating load cycles, the core rod
underwent stages of surface damage, an increase damage, fatigue embrittlement,
matrix hydrolysis, and fiber fracture. The deterioration primarily occurred on the
outer side of the composite insulator’s bending arc.

(3) Electric temperature rise tests were conducted on composite insulator specimens
subjected to different numbers of alternating load cycles. It was observed that the de-
terioration of composite insulator specimens gradually intensified with an increasing
number of alternating load cycles. Both the temperature rise range and the degree
increased, with the temperature rise region and maximum temperature rise primarily
occurring at the point where the bending deflection of the composite insulator was at
its maximum, indicating that this position was the most severely deteriorated part.

(4) Both the dielectric loss factor and saturation moisture absorption rate of the test sam-
ples exhibited an initially slow increase, followed by rapid growth and then a gradual
increase with an increasing number of alternating load cycles. Test results showed that
the dielectric loss factor and saturation moisture absorption rate for slices from the
new insulator were 3.45% and 0.04%, respectively. However, after 400,000 alternating
load cycles, the deteriorated core rod’s dielectric loss factor and saturation moisture
absorption rate significantly increased to 30.68% and 0.6%, respectively, in contrast to
the new samples.

(5) As the times of alternating flexural loads increased, the depth of core rod deterioration
continuously deepened. The microcracks and pores formed inside the core rod distort
the electric field and provided pathways for accelerated moisture ingress. This, in
turn, increased dielectric material polarization loss, causing abnormal temperature to
rise in the deteriorated section of the composite insulator.
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Abstract: Insulation resistance (IR) is an essential metric indicating insulation conditions of extruded
power cables. To deliver reliable IR simulation as a reference for practical cable inspection, in this
paper, four IR degradation models for cross-linked polyethylene-insulated cables under thermal
ageing are presented. In addition, the influences of methodologies and temperature profiles on IR
simulation are evaluated. Cable cylindrical insulation is first divided into sufficiently small segments
whose temperatures are simulated by jointly using a finite volume method and an artificial neural
network to model the thermal ageing experiment conditions. The thermal degradation of IR is
then simulated by dichotomy models that randomly sample fully degraded segments based on an
overall insulation (layer) ageing condition estimation and discretization models that estimate the
gradual degradation of individual segments, respectively. Furthermore, uniform and non-uniform
temperature profiles are incorporated into dichotomy and discretization models, respectively, for
a comparison. The IR simulation results are not only compared between different models, but also
discussed around the sensitivity of IR simulation to segment sizes and degradation rates. This
provides cable assessment engineers with insights into model behaviour as a reference for their
selection of appropriate IR degradation models.

Keywords: extruded power cables; insulation resistance; thermal ageing; dichotomy models;
discretization models; insulation temperature profiles

1. Introduction

The ageing of extruded power cables refers to the gradual deterioration and alteration
of their physical, chemical and electrical properties over time subject to environmental,
thermal, mechanical and electrical stresses. The ageing process can result in a gradual
reduction in the cable performance, including its insulation integrity, mechanical strength
and overall reliability. Factors such as temperature variations, exposure to moisture,
chemical interactions, mechanical stresses and electrical loading contribute to the cable
ageing process, potentially diminishing cable insulation effectiveness and increasing the
risk of operational failures or breakdowns [1,2].

Thermal stress is considered one of the primary stresses accelerating the ageing of
extruded power cables [3]. The principal source of thermal stresses arises from the resistive
heat of the heavily loaded cable core conductor. The resistive heat generated in the core
conductor propagates throughout the cable insulation and might increase the insulation
temperature beyond its designed limit. Furthermore, excessively high ambient temperature
conditions can also contribute to the thermal ageing of cable insulation. In addition to
the cable temperature itself, the thermal degradation of extruded power cables is closely
related to their polymer structure and the effectiveness of antioxidants [4].

The estimation of a good electrical cable insulation condition is inherently associated
with a heightened resistance to electric current flow. Insulation resistance (IR) testing is a
widely acknowledged condition monitoring technique, demonstrating an ability to directly
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infer the current state of cables [5]. Most research related to power cable ageing has placed
a notable emphasis on the increase in electrical conductivity or the decrease in electrical
resistivity for the insulation materials throughout the ageing processes [6–11]. Mecheri
et al. delved into the impacts of prolonged thermal ageing on dielectric and mechanical
properties of cross-linked polyethylene (XLPE) insulation of high voltage (HV) cables [7].
To ascertain the degree of the XLPE material deterioration resulting from thermal ageing
and prevent potential failures, an extensive examination was conducted by encompassing
volumetric resistivity assessments and additional condition monitoring evaluations on
dumb-bell- and circular-shaped XLPE probes over a duration of 5000 h. The findings
revealed a significant reduction in resistivity, amounting to several hundredfold, caused
by the concurrent decrease in polymer viscosity which was considered to increase the
mobility of charge carriers within XLPE. Nedjar [8] examined the influences of thermal
ageing on the electrical characteristics of XLPE employed in HV cables, demonstrating that
thermal ageing induced notable modifications in the electrical properties of the polymer. In
particular, elevating the thermal ageing temperature leads to a faster reduction in resistivity,
aligning with the principle outlined by the Arrhenius law. With the thermal ageing process
going further, molecular bonds exhibited weakening, resulting in an augmentation of
free volume. This phenomenon subsequently heightened the mobility of charge carriers,
accompanied by a decline of volumetric resistivity. Mecheri et al. performed a compre-
hensive investigation into the impacts of thermal ageing conditions on the performance
of XLPE for medium voltage (MV) 18/30 kV cables [9]. XLPE specimens of the same
material were subjected to thermal stresses under a controlled environment facilitated by a
forced air-circulating oven. The assessments on XLPE thermal degradation were carried
out through the volumetric resistivity testing under a direct current (DC) voltage of 500 V
at a measurement temperature of 85 ◦C. After 1350 h of thermal ageing at 90 ◦C, XLPE
resistivity was observed to significantly decrease from around 700 TΩ·cm to 2.5 TΩ·cm.
Discernible resistivity reductions were further pronounced at higher ageing temperatures
of 135 ◦C and 150 ◦C, where the volumetric resistivity values declined to 0.46 TΩ·cm and
0.2 TΩ·cm, respectively, after 1350 h of thermal ageing.

Zhang et al. investigated the impacts of thermal ageing temperatures and durations
on the DC electrical conductivity of XLPE insulation materials for HVDC cables by using
Fourier transform infrared (FTIR) spectra [10]. The experimental findings and subsequent
analysis revealed a sequential pattern in the DC electrical conductivity of thermally aged
XLPE insulation, which initially declined below the level observed on unaged XLPE insula-
tion and then exhibited a gradual increase over the entire ageing period due to the combined
effects of thermal decomposition, post-crosslinking and the diffusion of low molecular
weight substances. In addition, it was observed that higher thermal ageing temperatures
induced more pronounced changes in the electrical conductivity of XLPE insulation. When
subjected to the same ageing duration of 700 h, the variations of the DC electrical con-
ductivity of XLPE insulation with ageing temperatures complied well with the Arrhenius
equation. Kang and Kim performed a comprehensive assessment on IR properties of low
voltage cables, subjecting them to external flame exposure, over-current conditions and
accelerated degradation trials [11]. The results revealed a notable IR reduction from a peak
of 7.5 TΩ to 0.008 TΩ during direct flame contact. However, it demonstrated a complete
recovery to its initial state when cooling down to room temperature. In accelerated degra-
dation experiments simulating 10 to 30 years of cable operation, no notable IR decline was
observed at room temperature. Nevertheless, upon reaching an induced ageing equivalent
to 40 years, a rapid IR reduction was observed at room temperature.

A significant challenge of comprehending the dielectric insulation condition lies in
developing a quantitative approach to assessing insulation degradation over time. A di-
chotomy model was originally proposed by Chang et al. [12] to predict the IR of rectangular
(unit cube) insulation bulk. It regards an entire insulation specimen cube as a combination
of multiple small sub-cubes and divides them into degraded and non-degraded sub-cubes
which possess disparate resistivity. The volume ratio of the two parts is estimated from

196



Energies 2024, 17, 1062

thermal ageing temperature and duration, based on which the positions of degraded sub-
cubes within the specimen are randomly sampled to evaluate the overall IR. According
to the original dichotomy model, the electrical resistance degradation trend of the XLPE
material under thermal ageing can be classified into three phases, as shown in Figure 1 [12]:

• Phase 1: IR gradually decreases from an initial resistance R0 since thermal ageing
conditions are applied on insulation till a time ts;

• Transition phase: IR significantly decreases within a short period from ts to tf due to
the percolation phenomenon occurring in the insulation bulk;

• Phase 2: After tf, IR gradually approaches toward a completely degraded resistance
constant Rd.

Figure 1. Temperature-dependent IR degradation of XLPE materials under thermal ageing [12].

Even though the original dichotomy model is able to describe the long-term decline
of IR over thermal ageing time, it assumes that the insulation is uniform in ageing tem-
perature and chooses the degraded sub-cubes in a random way. The contributions of this
paper are to enhance the dichotomy model by simulating different degradation degrees
between insulation layers under radial temperature gradients and additionally propose
a discretization model that simulates the thermal degradation of individual insulation
segments separately given a non-uniform temperature distribution. Furthermore, the
developed IR degradation models adapt the original unit cube insulation model to a cylin-
drical insulation model in order to reflect the geometry of a practical cable insulation. In
addition, the finite volume method (FVM) and artificial neural network (ANN) models
are jointly employed to simulate the temperature distribution of cable insulation, which is
then incorporated into the enhanced dichotomy model or the novel discretization model
to evaluate IR degradation during Phase 1 in Figure 1. In order to perform a comparison
not only between the dichotomy and discretization models but also between the uses of
different temperature profiles, four IR degradation models are developed in this work:

• a dichotomy model with uniform temperature distribution;
• a dichotomy model with radial temperature gradients;
• a discretization model with uniform temperature distribution;
• a discretization model with non-uniform temperature distribution.

These models help investigate the influences of model methodologies and temperature
profiles on the IR degradation simulation of power cables under thermal ageing. In addition,
different segment sizes and degradation rates are applied to examine their effects on the IR
degradation simulation.

The paper is structured as follows: Section 2 describes the IR degradation model
development; Section 3 presents the application of the four IR degradation models with
the temperature profile simulated under thermal ageing conditions; Section 4 discusses
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the effects of segment sizes and degradation rates on IR simulation results; and Section 5
presents conclusions and recommendations for further work.

2. IR Degradation Models

Based on the discretization methodology [13], a sample of extruded power cable
insulation can be conceptualized as a cylindrical volume made up of a substantial number of
small segments, as illustrated in Figure 2a, where the inner radius, outer radius and length
of the cable insulation model are denoted by x, X and L, respectively, all in meters. The
position of the center of each segment is represented in a cylindrical coordinate system in
the form of

(
xi, ϕj, lk

)
, as shown in Figure 2b, where xi (m), ϕj (arc degree) or lk (m) denotes

the position of a segment along the radial, angular or longitudinal dimension, respectively.

 
(a) (b) 

Figure 2. (a) Model of cable insulation divided into multiple segments; and (b) shape and position of
a segment in the cable insulation model, with a red arrow representing the direction of the current
flowing through insulation.

Denoting radial, angular and longitudinal sizes of each segment by Δx, Δϕ and Δl,
respectively, the resulting numbers of segments along radial, angular and longitudinal
dimensions are equal to M = (X − x)/Δx, N = 360◦/Δϕ and P = L/Δl, respectively. The
total number of segments in the cable insulation model then equals Nt = M × N × P.

The volume of a segment in the cable insulation model is dependent on its position
along the radial axis. The segments located at outer insulation layers have larger volumes
than those at inner insulation layers. The electrical resistance of any insulation material
not only depends on its material resistivity (ρ in Ω-m) but also on shape and volume [14].
The integral formula of electrical resistance (R in Ω) for variable cross-section resistors with
parallel curved terminals can be formulated by (1) [15]:

R =
1

A(l1)

∫ l2

l1

ρ(l)(
1 + κ↑(l − l1)

)
(1 + κ→(l − l1))

(1)

where l1 or l2 is the arc-length parameter of each terminal measured through its normal
surface (l2 > l1), A(l1) represents the cross-section area located at l1 and ρ(l) is the resistivity
of the segment. The specific signed principal curvature values of κ↑ and κ→ for the
cylindrical segment terminals are equal to 1 and 0, respectively.

It is assumed that the electric current flows through individual insulation segments
along the radial axis with a uniform density (i.e., radially from the core conductor to any
surrounding outer ground sheath), as indicated by the red arrow in Figure 2b. In addition,
the material resistivity is assumed to be uniform within an individual insulation segment
given its sufficiently small volume. For the insulation segment located at

(
xi, ϕj, lk

)
with
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resistivity ρ
(
xi, ϕj, lk

)
, (i = 1, 2, . . . , M; j = 1, 2, . . . , N; k = 1, 2, . . . , P), based on (1),

its resistance Re
(
xi, ϕj, lk

)
can be formulated by (2):

Re
(
xi, ϕj, lk

)
=

ρ
(
xi, ϕj, lk

)
ΔϕΔl

ln

(
xi +

Δx
2

xi − Δx
2

)
(2)

The resistances of all the insulation segments are converted into the total resistance
of the power cable insulation based on the equivalent resistance model for a DC circuit.
The series resistance of all the segments along an individual radial column at fixed angular
and longitudinal locations is first estimated, making the insulation model have resistances
of N × P columns. Then, the parallel resistance of all the columns within each individual
plane at every fixed longitudinal location is calculated. Finally, the total resistance Rt of
cable insulation is derived from the parallel connection of all the plane resistances. In other
words, all the radial columns within the insulation are parallel connected. The total IR, Rt,
is formulated by:

Rt =
1

∑P
k=1 ∑N

j=1

(
1

∑M
i=1 Re(xi ,ϕj ,lk)

) (3)

The estimation of resistivity ρ for individual insulation segments by the four different
IR models is detailed in the following subsections, respectively.

2.1. Dichotomy Model with Uniform Temperature Distribution

The dichotomy models categorize insulation segments into two types, virtually non-
degraded and degraded segments, which are assumed to have resistivity values of ρ0 and
ρd, respectively. The value of ρ0 is considered to be much greater than ρd. According to
(2), the resistances of non-degraded and degraded segments (denoted by R0 and Rd) are
formulated by (4) and (5), respectively:

R0
(
xi, ϕj, lk

)
=

ρ0

ΔϕΔl
ln

(
xi +

Δx
2

xi − Δx
2

)
,
(
xi, ϕj, lk

) �= (xl , ϕm, ln) (4)

Rd(xl , ϕm, ln) =
ρd

ΔϕΔl
ln

(
xl +

Δx
2

xl − Δx
2

)
,
(
xi, ϕj, lk

) �= (xl , ϕm, ln) (5)

When the ageing temperature distribution is uniform within the cable insulation and
also within individual segments, the number Nd of degraded segments to be randomly
sampled within the insulation model depends on the total number Nt of segments and the
degradation volume ratio Vd, i.e., Nd = Nt × Vd. Assuming that the degradation rate does
not change with ageing time t, the value of Vd can be determined based on the cumulative
distribution function (CDF) of an exponential distribution in terms of t [16]:

Vd(t) = 1 − e−λ(T)·t (6)

where the degradation rate λ(T) (in 1/h) of insulation material is a function of the ageing
temperature T (in K) depending on material properties and generally obtained from the
IR decay tendency rather than the measurement of chemical reaction. Considering in this
work, and for this model, that the degradation of cable insulation is thermally activated,
λ(T) is presumed to follow the Arrhenius model [16] as formulated by (7):

λ(T) = λ0·e(
−Ea
kB ·T ) (7)

where λ0 is a constant (1/h) obtained from experimental data, kB is the Boltzmann constant
of 1.38 × 10−23 J/K and Ea is the IR thermal degradation activation energy (J) of insulation
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material. Then, the degradation volume ratio and the number of degraded segments within
the insulation can be calculated by (8) and (9), respectively:

Vd(t, T) = 1 − e−(λ0· exp ( −Ea
kB ·T ))·t (8)

Nd(t, T) = NT ·Vd(t, T) (9)

Since this model assumes a uniform temperature distribution for cable insulation, the
locations of the degraded segments accompanying their resistivity ρd are randomly and
uniformly sampled within the insulation. A flowchart showing the IR estimation by the
dichotomy model with uniform temperature is presented in Figure 3.

 

Figure 3. IR estimation process of a dichotomy model with uniform temperature.

2.2. Dichotomy Model with Radial Temperature Gradients

When considering the temperature gradients along the cable radius created by the
propagation of resistive heat from the core conductors through insulation layers, outer
insulation layers closer to the ambient environment and further away from the core con-
ductors have lower temperatures than inner insulation layers, as shown in Figure 4. The
introduction of insulation temperature gradients into the dichotomy model will produce
more reliable IR results when power cables are carrying currents.

According to the Arrhenius model [17], the radial temperature gradients will result
in inner insulation layers having higher degradation volume ratios than outer insulation
layers. Given that the temperature of the ith insulation layer along the radial axis is fixed at
Ti, its degradation volume ratio Vd(i) and the number Nd(i) of degraded segments at ageing
time t can be calculated by (10) and (11), respectively:

Vd(i) = 1 − e
−(λ0· exp ( −Ea

kB ·Ti
))·t

(10)
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Nd(i) = Nt(i)·Vd(i) (11)

where Nt(i) is the total number of segments in the ith layer equalling (N × P). Since the
model assumes a constant temperature for each individual layer, the locations of the
Nd(i) virtually degraded segments accompanying their resistivity ρd within each layer are
randomly and uniformly selected for that layer. The IR estimation process of the dichotomy
model with radial temperature gradients is shown in Figure 5.

Figure 4. Schematic of insulation temperature gradients along cable radius.

 

Figure 5. IR estimation process of a dichotomy model with radial temperature gradients.

2.3. Discretization Model with Uniform Temperature Distribution

Compared with the dichotomy models which differentiate the segment resistivity
between non-degraded ρ0 and fully degraded ρd only, the discretization models proposed
here simulate the gradual resistivity degradation of individual segments separately by a
function of thermal ageing time t and ageing temperature T. Assuming that insulation
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segments have consistent temperature, their resistivity is modelled to exponentially decline
with t at the same degradation rate λ(T):

ρ(t, T) = ρ0·e−λ(T)·t (12)

where λ(T) complies with the Arrhenius model as formulated by (7). The resistance of
each segment is then calculated by (13) based on its location along the radial axis, segment
sizes and ρ(t, T). The process of IR estimation by the discretization model with uniform
temperature is described in Figure 6.

Re
(
xi, ϕj, lk, t

)
=

ρ(t, T)
ΔϕΔl

ln

(
xi +

Δx
2

xi − Δx
2

)
(13)

 

Figure 6. IR estimation process of a discretization model with uniform temperature.

2.4. Discretization Model with Non-Uniform Temperature Distribution

As it was noted in Section 2.2, the temperature distribution of cable insulation is
generally non-uniform along its radial axis. The cable temperature will also vary longi-
tudinally along the cable especially when it spans a long distance with various ambient
environment such as solar irradiation, wind velocity and soil moisture content [18]. The
non-uniform temperature along multiple dimensions will cause degradation rates to vary
with the positions within cable insulation. Given the temperature T′ of a particular in-
sulation segment locating at

(
ri, ϕj, lk

)
, its resistivity and resulting resistance at t can be

calculated by (14) and (15), respectively. A flowchart describing the IR estimation by the
discretization model with a non-uniform temperature distribution is shown in Figure 7.

ρ
(
xi, ϕj, lk, t, T′) = ρ0·e−λ(xi ,ϕj ,lk ,T′)·t (14)

Re
(
ri, ϕj, lk, t, T′) = ρ

(
xi, ϕj, lk, t, T′)

ΔϕΔl
ln

(
xi +

Δx
2

xi − Δx
2

)
(15)

It is noted that the flow charts in Figures 3 and 5–7 are applied at each ageing time step
to estimate the IR value after a particular thermal ageing period. For dichotomy models,
the number of degraded segments is first determined at each individual ageing time step.
Then, the locations of the degraded segments selected in the previous time step are kept,
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while new degraded segments are uniformly and randomly sampled from the locations
of the remaining non-degraded segments. For discretization models, the resistivity of
insulation segments is updated at every ageing time step.

 

Figure 7. IR estimation process of a discretization model with non-uniform temperature.

3. Application of IR Degradation Models

3.1. Degradation Model Parameters Estimation

The parameters of the four IR degradation models are estimated based on the experi-
mental data of XLPE insulation referenced from the research of Mecheri et al. [7] where
XLPE insulation samples were thermally aged at four different temperature levels of 80 ◦C,
100 ◦C, 120 ◦C and 140 ◦C (i.e., 353.15 K, 373.15 K, 393.15 K and 413.15 K, respectively). The
XLPE sample resistivity was measured through a megohmmeter by applying a DC voltage
of 500 V for a duration of 10 min. Figure 8 shows the XLPE resistivity measurements under
different thermal ageing temperatures, which generally declined with the thermal ageing
time, with the pattern being affected by the ageing temperature.

Figure 8. Volume resistivity (Ω·m) of XLPE insulation varying with ageing time and temperature [7].

To explore the dependency of the IR degradation model parameters on temperature,
the values of λ, ρ0 and ρd for each temperature level are first determined from the corre-
sponding XLPE resistivity measurements in Figure 8. The software Origin 2022 is used
here to estimate λ, ρ0 and ρd in (12) by fitting the decay of XLPE resistivity over Phase 1
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of the thermal ageing process prior to the occurrence of a percolation phenomenon in the
transition phase. The results of λ, ρ0 and ρd estimated for the four ageing temperature
levels are listed in Table 1. Taking the natural logarithm of the Arrhenius model which links
λ to T via the IR thermal ageing activation energy Ea, as formulated by (16), the parameters
λ0 and Ea are computed by fitting (16) to the degradation rate estimates in Table 1, as
shown in Figure 9a, which equal 1.82 × 106 (1/h) and 64 kJ, respectively. Figure 9b,c show
the linear fitting of ρ0 and ρd against temperatures, which is used here to approximately
describe the dependencies of ρ0 and ρd on T, as formulated by (17) and (18), respectively.
The statistics of the linear fitting of ln(λ), ρ0 and ρd against T are listed in Table 2. While
the linear fitting of ln(λ) and ρ0 achieves an R-squared of about 0.9, the R-squared for the
linear fitting of ρd is 0.54 only. The fitting could be improved by using a function with
a higher degree of freedom, though this might cause an over-fitting problem. The data
obtained from more XLPE samples and more temperature levels can be considered for a
better fitting of the temperature-dependent variables.

ln(λ) =
(
−Ea

kB

)
1
T
+ ln(λ0) (16)

ρ0 = (−3.0475 × T + 1255.52)× 1010 (17)

ρd = (0.0126 × T − 3.4677)× 1010 (18)

Table 1. Degradation rates, non-degraded and degraded resistivity values obtained from resistivity
measurements of XLPE insulation samples at different thermal ageing temperatures.

Temperature (K) Degradation Rate λ (1/h) ρ0 (Ω-m) ρd (Ω-m)

353.15 8.5 × 10−4 2.0 × 1012 1.0 × 1010

373.15 1.0 × 10−3 1.0 × 1012 1.0 × 1010

393.15 9.0 × 10−3 3.2 × 1011 1.9 × 1010

413.15 1.4 × 10−2 1.95 × 1011 1.54 × 1010

  
(a) (b) (c) 

Figure 9. (a) The Arrhenius plot of the natural logarithm of degradation rate against the inverse of
absolute temperature; and the linear fitting of (b) non-degraded resistivity and (c) degraded resistivity
against absolute temperature for XLPE insulation samples.
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Table 2. The statistics of linear fitting of the natural logarithm of degradation rate, non-degraded and
degraded resistivity against absolute temperature for XLPE insulation samples.

Fitting Statistics ln(λ) ρ0 ρd

Intercept
Value 14.4153 1255.5200 × 1010 −3.4677 × 1010

Std. Err. 5.3673 267.4020 × 1010 3.1279 × 1010

t-Value 2.6858 4.6953 −1.1086

Slope
Value −7.6959 −3.0475 × 1010 0.0126 × 1010

Std. Err. 2.0460 0.6967 × 1010 0.0081 × 1010

t-Value −3.7615 −4.3741 1.5460
Residual Sum of Squares 0.7874 1941.6750 × 1020 0.2657 × 1020

R-squared 0.8762 0.9054 0.5444

3.2. Experiment Design and Temperature Simulation

The model parameters estimated in Section 3.1 are applied here to simulate the IR
of an XLPE insulation sample with inner radius x of 0.0075 m, and outer radius X of
0.0115 m (i.e., a 0.004 m insulation thickness). Long term laboratory experiments have
been undertaken on the surface temperature measurements along a number of 3.2 m
LSXHIOE 1 × 185/35, 6.35/11 kV XLPE-insulated power cable samples in a temperature
ageing enclosure running increased currents to produce cable surface temperatures of
approximately 100 ◦C [19]. The surface temperature distribution across the length of the
cables was measured using five type T temperature sensors as depicted in Figure 10. An
FVM simulation model was also implemented to replicate the measurements to a reasonable
degree of accuracy, as shown in Figure 11. The details are too extensive to reproduce here,
but as an example an outer temperature of 100 ◦C was simulated in order to produce
an understanding of the inner temperature distribution across the cable insulation. The
example is displayed in Figure 12 which shows the temperature profile at one cross section
of the cable with natural convection air flow in the ageing chamber. The purpose of this
is to demonstrate the power of the FVM model in being able to provide data that can be
fed to an ANN model to estimate the temperature at any position within the insulation.
Different FVM simulations can be applied for different physical geometries and scenarios
and this is simply one scenario to demonstrate the principles of the methodology. For the
details of FVM simulation and the coefficients of cable layer and air properties, the reader
is referred to [20] and [21–24], respectively.

 

Figure 10. Positions of type T thermocouples placed along the cable sample surface.

Figure 11. Measurements and simulation of cable surface temperatures (◦C) at the sensor positions.
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In order for the resolution of the FVM-based temperature simulation to meet the sizes
of insulation segments, the FVM-based temperature simulation results were used to train
the ANN model [25] which then interpolated the temperature for all the segments. The
MATLAB neural network toolbox [26] was employed to construct the ANN model which
was trained based on 70% of the temperature data obtained from the FVM simulation. An
amount of 15% of the temperature data was designated for validation, and the remaining
15% was used for testing. The ANN models underwent training for a total of 1000 iterations,
with a Pearson correlation coefficient of over 0.99 indicating an excellent performance of
the ANN model. The temperature distributions estimated by the ANN model for the entire
cable insulation and a selected 1 m insulation section starting from the middle of the cable
sample are shown in Figures 13a and 13b, respectively. Higher temperatures generally
occur at the segments closer to core conductors and/or the centre of the ageing chamber.

 

Figure 12. Example temperature profile simulation (◦C) across one cross section of the cable sample.

 
(a) (b) 

Figure 13. Example temperature profiles (K) of (a) the entire cable insulation and (b) the selected 1 m
insulation section in cylindrical coordinate system.

It is noted that the insulation temperature simulation performed by the FVM depicts
the temperature profiles across insulation in the thermal ageing experiment and does
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not reflect the local temperature elevation in partial discharge events or a highly non-
uniform temperature profile in the case of a complex ambient environment. While the
FVM-based simulation shows its capability of replicating the temperature profiles in the
experimental environment, the FVM can be enhanced to cope with the heat exchange of
cables with the surrounding environment and reflect the effects of partial discharges on
local temperature under practical operation, providing reliable insulation temperature
profiles for thermal degradation assessment in practice. In addition, the existence of
local temperature variations means that the dichotomy models which assume a uniform
temperature distribution across the entire insulation (layer) are not applicable. In such
cases, the discretization models can be employed to simulate the thermal degradation of
individual insulation segments under a highly non-uniform temperature distribution.

3.3. IR Degradation Simulation Results

The 1 m cable insulation sample with constant diameters across its length, as shown
in Figure 13b, is employed here to compare the performance of the four IR degradation
models and simplify the conditions for IR simulation. Given the four IR degradation
models considering temperature information in different ways, the hotspot temperature of
377.26 K within the entire insulation is applied to the dichotomy or discretization model
with uniform temperature, and the discretization model with non-uniform temperature
uses the exact insulation temperature profile. The dichotomy model with radial temperature
gradients divides the insulation sample into 10 layers along the radial dimension. Table 3
lists the hotspot temperature adopted for each layer and related degradation rate which
decreases from the innermost layer #1 to the outermost layers #10. As it was noted in
Sections 2.1 and 2.2, the degraded insulation segments are selected by the dichotomy
models in a random way. To that end, the IR simulation of the dichotomy models is
performed 50 times to ensure reliability. The 50 potential IR estimates at each thermal
ageing time step are found to have a negligible standard deviation which is smaller than
0.1%. Therefore, the one-time IR calculation results of the dichotomy models will be
presented in this work.

Table 3. Hotspot temperatures and associated degradation rates of 10 insulation layers in the
dichotomy model with radial temperature gradients.

Layer No. Absolute Temperature (K) Degradation Rate (1/h)

1 377.26 0.002505

2 376.96 0.002464

3 376.66 0.002424

4 376.36 0.002385

5 376.07 0.002348

6 375.86 0.002321

7 375.59 0.002287

8 375.33 0.002256

9 375.10 0.002227

10 374.82 0.002192

3.3.1. Initial Resistance Distributions

The initial resistances of insulation segments estimated by the four IR degradation
models are shown in Figure 14, respectively. In the main, the segments at inner insulation
layers which have relatively smaller volumes show higher resistances than those at outer
layers. Since the (non-degraded) segment resistivity at the start of the thermal ageing
process depends on segment temperature only, the dichotomy and discretization mod-
els which assume uniform temperature produce the same initial resistance distributions
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(see Figure 14a,c) which lead to a total IR of 94.6 GΩ. When the radial temperature gra-
dients are introduced into the dichotomy model, the segments of outer layers with lower
temperature will have higher resistivity than those that are assumed to be subjected to
the hotspot temperature of the entire insulation. Therefore, the dichotomy model with
radial temperature gradients produces relatively higher initial resistances for segments at
outer layers than the model with uniform temperature (see Figure 14a,b). This results in a
higher total IR equalling around 97.18 GΩ. When the full insulation temperature profile
is introduced into the discretization model, the segment resistance variations with the
position-dependent temperatures are simulated along longitudinal and radial dimensions
(see Figure 14d). The total IR estimated by the discretization model at the start of the
thermal ageing process is around 101.32 GΩ.

  
(a) (b) 

  
(c) (d) 

Figure 14. The segment resistances (Ω) of cable insulation at 0 h estimated by (a) dichotomy model
with uniform temperature; (b) dichotomy model with radial temperature gradients; (c) discretization
model with uniform temperature; and (d) discretization model with non-uniform temperature.
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3.3.2. Resistance Distributions after 100 h and 300 h Thermal Ageing

Figures 15 and 16 compare the segment resistance distributions of the insulation
sample modelled by the four IR degradation models for thermal ageing durations of
100 h and 300 h. Compared with the dichotomy models which assign low resistivity ρd to
the random samples of fully degraded segments, the discretization models are shown to
describe the gradual resistance degradation of individual insulation segments separately.
Table 4 tabulates the degradation volume ratio and the resulting number of degraded
segments that are randomly sampled for each insulation layer by the dichotomy model
with radial temperature gradients. The degradation volume ratio determined from the
temperature-based degradation rate not only increases with layer temperature but also
with the thermal ageing duration, which is reflected in the increasing number of degraded
segment samples (see Figures 15b and 16b). Since the dichotomy model with uniform
temperature uses the hotspot temperature of the entire insulation, the number of degraded
segment samples at the outermost layer in Figure 15a is greater than in Figure 15b which
is simulated with the radial temperature gradients. In addition, the inclusion of the full
insulation temperature profile allows the discretization model to describe the dependency
of individual segment degradation on local temperatures which vary along both radial and
longitudinal dimensions, as shown in Figures 15d and 16d.

209



Energies 2024, 17, 1062

  
(a) (b) 

  
(c) (d) 

Figure 15. The segment resistances (Ω) of cable insulation at 100 h of thermal ageing estimated
by (a) Dichotomy model with uniform temperature; (b) dichotomy model with radial temperature
gradients; (c) discretization model with uniform temperature; and (d) discretization model with
non-uniform temperature.
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(a) (b) 

  
(c) (d) 

Figure 16. The segment resistances (Ω) of cable insulation at 300 h of thermal ageing estimated
by (a) Dichotomy model with uniform temperature; (b) dichotomy model with radial temperature
gradients; (c) discretization model with uniform temperature; and (d) discretization model with
non-uniform temperature.
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Table 4. Degradation volume ratios and numbers of degraded segments estimated for 10 insulation layers
by the dichotomy model with radial temperature gradients after 100 h and 300 h of thermal ageing.

Layer
Thermal Ageing for 100 h Thermal Ageing for 300 h

Degradation Ratio
Number of Degraded

Segments
Degradation Volume Ratio

Number of Degraded
Segments

1 22.158% 1994 52.833% 4755

2 21.836% 1965 52.245% 4702

Table 4. Cont.

Layer
Thermal Ageing for 100 h Thermal Ageing for 300 h

Degradation Ratio
Number of Degraded

Segments
Degradation Volume Ratio

Number of Degraded
Segments

3 21.526% 1937 51.674% 4651

4 21.220% 1910 51.106% 4600

5 20.927% 1883 50.559% 4550

6 20.715% 1864 50.161% 4514

7 20.443% 1840 49.645% 4468

8 20.194% 1817 49.171% 4425

9 19.964% 1797 48.731% 4386

10 19.687% 1772 48.197% 4338

3.3.3. IR Degradation Curves in Short Term of Thermal Ageing

To examine the impacts of model assumptions on IR degradation simulation, the IR
degradation curves generated by the four models over the initial short term (0–300 h) of
thermal ageing are compared in Figure 17. Compared with the dichotomy model which
uses the hotspot temperature of the entire insulation, the adoption of hotspot tempera-
ture for each of the 10 insulation layers under radial temperature gradients reduces the
degradation rates and numbers of degraded segments at outer layers. This not only pro-
duces relatively greater IR simulation results but also slightly reduces the speed of the
simulated IR degradation. In addition, different IR simulation results between dichotomy
and discretization models which use the same uniform temperature reveal the inherent
differences between the two models. The discretization model simulates the gradual IR
degradation of individual segments separately, while the dichotomy model assesses the
overall degradation condition of the insulation sample through a degradation volume ratio
based on which the fully degraded segments are randomly located within the insulation
sample. With the degradation volume ratio increasing over the thermal ageing process,
the radial column consisting of series connected segments along the radial dimension be-
comes more likely to have multiple degraded segments, which largely reduces the column
resistance and causes more degradation in the total IR. Therefore, the random selection of
degraded segments by the dichotomy model leads to lower IR values than the discretization
model, as shown in Figure 17. Furthermore, the discretization model with non-uniform
temperature distribution is shown to generate the highest IR estimates throughout the
duration of interest due to the use of a detailed insulation temperature profile instead of
the hotspot temperature(s) of cable insulation.
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Figure 17. IR degradation curves (GΩ) estimated by different models within 300 h of thermal ageing.

4. Sensitivity Analysis

4.1. Influence of Segment Size

To examine the influence of the segment size adopted for the IR degradation simulation,
the IR simulation results of the four IR models are simulated based on four different
segments sizes, respectively, as listed in Table 5 where the size #2 is different from the size
#1, #3 or #4 along the radial, longitudinal or angular dimension, respectively. The material
properties and related parameters are the same as those that were employed in Section 3.
To explore the IR degradation trend over a longer thermal ageing period, the IR results are
simulated at every 50 h during 2000 h of thermal ageing, as shown in Figure 18.

Table 5. Insulation segment sizes and resulting numbers of segments for comparison.

Size Index Δx (m) Δϕ (◦) Δl (m) M N P Nt

1 2 × 10−4 2 0.02 20 180 50 1.8 × 105

2 1 × 10−4 2 0.02 40 180 50 3.6 × 105

3 1 × 10−4 2 0.01 40 180 100 7.2 × 105

4 1 × 10−4 1 0.02 40 360 50 7.2 × 105
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(a) (b) 

 
(c) (d) 

Figure 18. IR degradation trends (Ω) over 2000 h of thermal ageing simulated based on different
segment sizes by (a) dichotomy model with uniform temperature; (b) dichotomy model with radial
temperature gradients; (c) discretization model with uniform temperature; and (d) discretization
model with non-uniform temperature.

Figure 18a,b show that the adoption of sizes #2, #3 and #4 in the dichotomy models
almost produces the same IR results, meaning that the segment size change along the
angular or longitudinal dimension examined in this work has negligible impacts on the IR
simulation. When the size #1 is used by the dichotomy models, a degraded segment with a
radial size Δx = 0.2 mm can be regarded as two degraded segments of Δx = 0.1 mm that are
series connected in a column along the radial dimension. This increases the probability of a
single radial column having more degraded parts and thus reducing the total IR. Therefore,
compared with the sizes #2, #3 and #4 of Δx = 0.1 mm, the size #1 of Δx = 0.2 mm results in
the dichotomy models producing slightly lower IR values, especially during 200–1200 h of
thermal ageing. When the thermal ageing process approaches 2000 h, the effect of Δx on IR
simulation becomes negligible due to a sufficient degradation volume ratio which makes
the two different Δx values result in similar degradation parts of single radial columns.
For the discretization models which simulate the individual segment degradation rather
than rely on the random selection of fully degraded segments, the use of the four different
segment sizes produces very similar IR results, as shown in Figure 18c,d. This illustrates
that the segment size variations assessed in this work have little impact on the IR simulation
of discretization models.
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4.2. Influence of Degradation Rate

The degradation rates employed in the simulation above are determined through the
Arrhenius fitting of experimental data sourced from Mecheri et al. [7]. Considering the
possible inherent uncertainties, a percentage error of ±10% is introduced in the degrada-
tion rate, denoted by 0.9λ and 1.1λ. With other model parameters remaining fixed, the
IR degradation trends simulated by the four models using the smaller segment size #3
combined with the three degradation rates are compared in Figure 19a–d, respectively.

Even though the uncertainties of degradation rates do not affect the IR degradation
pattern, it is estimated that the IR percentage errors are less sensitive to the λ error of
+10% and vary with thermal ageing time in different ways between the dichotomy and
discretization models. The IR percentage error amplitudes of dichotomy models increase to
a maximum of about 22% for 0.9λ or 16% for 1.1λ at around 900–1000 h and then relatively
slowly drop with the ageing time going further. This might be because the dichotomy
models randomly assign a constant fully degraded resistivity to insulation segments based
on the number of degraded segments jointly determined by the degradation rate and
ageing time. The variation in the number of degraded segments induced by the λ error
of ±10% increases at the beginning of the thermal ageing process and then decreases at a
certain ageing time when the number of degraded segments approaches the total number
of insulation segments. In an extreme case where all the segments are fully degraded after a
sufficiently long thermal ageing process under any degradation rate, the dichotomy models
will always give the same IR results independent of degradation rates. For the discretization
models which simulate the gradual degradation of individual segments, the IR percentage
error amplitudes increase with the ageing time throughout the thermal ageing process
and approximately reach 60% for 0.9λ or 40% for 1.1λ at the end of 2000 h. However, the
corresponding IR absolute errors at the end of 2000 h are insignificant due to the fact that
the IR results become very small after a long thermal ageing time compared with initial
IR levels. Since the uncertainty propagating from degradation rates to IR values can be
magnified especially when using the discretization models, further exploration should
reflect the confidence bounds for IR degradation estimation subject to various sources
of uncertainty.
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(a) (b) 

 
(c) (d) 

Figure 19. IR degradation trends (Ω) with percentage errors over 2000 h of thermal ageing simulated
under uncertain degradation rates by (a) dichotomy model with uniform temperature; (b) dichotomy
model with radial temperature gradients; (c) discretization model with uniform temperature; and
(d) discretization model with non-uniform temperature.

5. Conclusions and Future Work

The insulation of heavily loaded power cables is subjected to varying extents of
thermal ageing that causes the degradation of electrical dielectric properties including
insulation resistance (IR). To identify an appropriate approach for the IR degradation
simulation under thermal ageing, this paper has developed four IR degradation models
for cross-linked polyethylene-insulated power cables and compared the IR simulations
between different methodologies and also between the uses of uniform and non-uniform
temperature profiles. A cylindrical cable insulation sample has been modelled in this work
and divided into multiple sufficiently small segments, enabling the random selection of
fully degraded segments by dichotomy models and the estimation of individual segment
degradation processes by discretization models. The insulation temperature profile has
been estimated by modelling the thermal ageing experiment via a finite volume method
(FVM) and then refined by an artificial neural network (ANN) to match profile resolutions
with the insulation segment sizes.

When assuming a uniform insulation temperature equal to the hotspot temperature
of the entire insulation, the dichotomy model has generated lower IR values than the
discretization model, especially for a longer thermal ageing duration due to an increased
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probability of assigning the fully degraded insulation resistivity to multiple segments
that are series connected in the same radial column. Although the incorporation of radial
temperature gradients into the dichotomy model has mitigated the overestimation of IR
degradation, the resulting IR levels are lower than those that are produced by the discretiza-
tion model with the exact temperature profile. This is because the discretization model
has additionally considered the temperature variation along the longitudinal dimension
and simulated the gradual degradation of individual segments separately rather than
randomly sampling fully degraded segments from the insulation (layers). In addition,
the IR degradation simulation has been performed based on different segment sizes and
degradation rates for a sensitivity analysis, suggesting that IR results are more sensitive to
the segment size along the radial dimension and to the underestimation of degradation
rates. Furthermore, the degree of sensitivity not only varies with the thermal ageing time
but also depends on the IR degradation model adopted.

It is noted that the IR degradation models developed here consider thermal ageing
effects only. Based on the present work, the proposed discretization model with the full
temperature profile should be enhanced to simulate the joint effects of thermal ageing
and annealing by additionally considering the diffusion of chemical components from
semicon shields which may increase trap density and promote hopping conduction within
cable insulation [27]. The cumulation and exhaustion of the chemical components could
result in the IR trend exhibiting a U-shape variation at the initial stage of the heating
process [28]. Furthermore, the enhanced discretization model will be fitted to laboratory IR
measurements to understand the conduction mechanisms in insulation with the presence
of semicon layers over the heating process. Moreover, different sources of uncertainty will
be translated into the confidence bounds of an IR estimate by simulating their propagation
through IR degradation models. In addition, the FVM will be further developed to simulate
highly non-uniform insulation temperature profiles which may be induced by local partial
discharges and/or complex ambient environments, providing reliable temperature profiles
to discretization models for resistivity degradation estimation. The low-resistance current
path generated during partial discharges will also be considered in future model develop-
ment. In the case of overhead cables that are exposed to air, the insulation degradation
accelerated by solar radiation should also be explored.
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