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A B S T R A C T   

Partial discharge (PD) activities are the essential contributor of insulation failure, which constitute more than 
60% for damaging high voltage equipment. This article presents a critical review on the modelling of partial 
discharge using different techniques. Monitoring partial discharge activities is essential to enhance the 
comprehension on the phenomena of partial discharge through modelling process. A lot of tools have been 
introduced to assist PD measurement in diagnosing and monitoring the condition of high voltage insulation 
system. This article will evaluate the development of important PD models such as three-capacitance model, 
Pedersen’s model, Finite Element model (FEA), and Niemeyer’s model. This review attested that the research 
studies done on partial discharge are still deficient and there are still countless of study on partial discharge to be 
carried out. The parameters that have influence on partial discharge occurrence inside cavities in solid dielectric 
materials are statistical time lag, inception field, effective charge decay time constant, and cavity surface time 
constant. The initial free electron required for the existence of a PD is provided by the electron surface emission 
and volume ionization with the cavity while applied voltage’s amplitude and frequency are the stress conditions 
affecting PD behavior in cavities as well as cavity’s size, shape, and location. A Comparison regarding modeling 
time and accuracy of the model between different models of partial discharge have been done in this article. 
From where it can be concluded that the FEM and Niemeyer’s model are suitable for PD due to their average cost 
and low degree of application, but FEM is commonly used because it is more accurate and easiest model. 
Moreover, from a comparison of advantages and limitations of different models, it is shown that FEM model has 
one major limitation that the large amount of data is required during meshing process. Besides, Niemeyer’s 
model is not accurate due to the fundamental assumptions made and these assumptions are not clearly justified 
with high reliance over immeasurable free parameters.   

1. Introduction 

Degradation of insulation system is a primary constraint in electrical 
power system pertaining to high voltage equipment and machineries. 
Insulation deterioration can result in unforeseen failures in the electrical 
power utilities, inducing prolong downtime and high maintenance costs. 
Different methods of investigating partial discharge are introduced in 
diagnosing insulation failure. The most prevalent method used is phase- 
resolved partial discharge (PRPD) representation, until a more advanced 

method, pulse sequence analysis (PSA) has arrived as a substitute in 
1990’s (Aziz et al., 2017). 

Partial discharge exists in an electrical insulator during the presence 
of high electric field stresses, under the condition where no connection is 
established between the electrodes (Hussain et al., 2021). A lot of 
research on PD in solid dielectric system, specifically in air gaps and 
cavities has been conducted over the years with published papers to 
enhance the comprehension on partial discharge principle through 
in-depth elucidation of partial discharge phenomena. The simulation 
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works on cavities exist in solid insulation material agrees with the 
experimental results and it has proven the factor of insulation degra
dation in high voltage utilities, which is the partial discharge. Whence, 
extensive knowledge on the behaviors of insulation under operational 
stresses will contribute to accurate prediction of the insulation failure 
(Adam and Tenbohlen, 2021). Apart from that, modelling of partial 
discharge phenomena in electrical insulators will also aid in under
standing the progression of PD and concurrently interpreting features of 
PD pattern (Niasar et al., 2021). 

However, it is difficult to model and design the physical phenomenon 
of PD due to differences between modelling and actual demands of 
observable and realism (Afrouzi, 2015). Nevertheless, modelling and 
simulating partial discharge occurrence do provide an alternative way in 
investigating partial discharge activities while inspecting the influence 
of critical parameters such as the size and location of cavities, applied 
voltage, type of insulation material used and cavity’s gas pressure on PD 
behavior (Pan et al., 2020). The study on the effects of the pivotal pa
rameters on partial discharge activities is crucial to improve the preci
sion as well as the dependability of PD diagnosis (Gouda et al., 2018). 

Pulse Height Analysis and Phase Resolved Measurement techniques 
in observing distinctive PD patterns are two of the methodologies 
introduced for PD identification by Rodríguez-Serna et al. (2020) and Ali 
et al. (2018). Moreover, Majidi et al. (2015) asserted that electrical 
discharges are contributory on emitting gaseous by products such as 
Ozone, O3 and Nitrogen gases. On that account, through analyzing the 
decomposed gases in air from the electrical discharges will assist the 
detection of DBD (Dielectric Barrier Discharge) (Suzuoki et al., 1996). 
One of the methods that has been introduced by Shcherbanev et al. 
(2016) to analyze PD gaseous products emission is emission optical 
spectroscopy. Emission spectroscopy is used in estimating the density of 
the emitted gaseous while identifying the exact chemical composition of 
the gas based on the spectrum of PD resolved emission and its corre
sponding shapes of pulse throughout the entire aging process of the 
insulation system (Li et al., 2017a,b). 

The tree shape structure, known as the electrical trees, signifies the 
stage before the incidence of electrical breakdown within high voltage 
insulation network. The occurrence of PDs is induced by the expansion 
of the electrical tree branches (Lv et al., 2018). A few characteristics that 
help to distinguish the form of discharges are the magnitude, number of 
occurrences per power cycle, patterns per resolved phase, and their 
dependency on the voltage applied. In reference to the plot generated on 
the ratio of accumulated damage against the zone radius, the growth of 
electrical trees can be divided into three stages: initiating, stable growth, 
and finally uncontrolled growth stage (Kaneiwa et al., 2000). According 
to previous research studies, the fine tree growth, fast forward growth, 
tree channel propagation, conception, and reverse tree growth are 
phases in which the entire tree process should be divided. At these 
different stages of treeing progress, the PDs are exhibiting different 

characteristics and the changes in the characteristics of partial dis
charges are noticed to be in parallel with the distinct phases of electrical 
tree growth. Suzuoki et al. (1996) designed the feigned defects as long 
single channels inserted inside polyethylene insulation material to 
analyze the alteration in the characteristics of PD in corresponding to 
electric tree propagation. Based on their findings, the size of the feigned 
defect has a major influence over determining the pattern of PD resolved 
with phase. 

The PD pattern exhibits a wing-like shape in long narrow channels 
(Yang et al., 2021), which also resembles a tree of electrical branch (Lv 
et al., 2017). While the PD pattern show to be alike as turtle or rabbit 
shape in short or wide channels, resembling the shape of a cavity 
(Alsheikhly and Kranz, 1991). Fig. 1 shows the previously described 
distinguishable forms of PD pattern; the wing-like and turtle like PD. 

2. Different types of modelling techniques 

All the modelling techniques discussed in this section had been 
applied in modelling PD from cavities that had been surrounded by solid 
material. The capacitance model will not be reviewed in this work since 
it has been reviewed largely by the other researchers. 

2.1. Finite element model for partial discharge modelling 

The disruption in the electric field is numerically resolved since the 
discharge in the cavity dielectric material is designed using FEA. The 
subdomain and boundary parameters are assigned before the model is 
solved. The benefit of utilizing FEA to analyze PD occurrence is that pre- 
discharge event is learnt by obtaining field interruption figures. Addi
tionally, the impact of electrode and the surface charge dispersion across 
the wall of the cavity gives rise to irregular electric field disruption in the 
cavity, which can also be modelled using FEA. Apart from that, the 
temperature and electric field can be obtained simultaneously by 
introducing Multiphysics’ specifications to the model. The downside of 
employing FEA in partial discharge modelling include a long simulation 
time due to the meshing procedure, which necessitates fine-tuning on 
the problematic section for better and more accurate results. 

The electric current and electrostatic models are two FEA methods of 
modelling PD occurrences. Fig. 2 represents the 2D geometry of electric 
current FEA model while Fig. 3 shows 2D geometry of electrostatic FEA 
model. 

The determining equation used in solving the electric potential for 
the electric current model (Illias et al., 2017) is given below. 

− ∇⋅ (σ∇V) − ∇⋅
∂
∂t
(ε∇V) = 0 (1)  

Where the permittivity is represented as ε , the electric potential is 
defined as V and the electrical conductivity is expressed as σ. 

Fig. 1. Distinguishable forms of PD patterns (a) wing-like PD (b) turtle-like PD (Lv et al., 2017).  
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In the partial discharge simulation in a cavity using an electric cur
rent FEA model, the 2D geometry of the electric current FEA model in 
the above figure is used. To model the reduction of charge via surface 
conduction, this model includes a hemispheric cavity formed by an 
axially symmetric, homogeneous dielectric material, and a cavity 
surface. 

This model assumes that discharge occurs along the cavity’s sym
metry axis. It is also assumed that discharge affects the entire cavity 
during the discharge process, causing the conductivity σcav of the entire 
cavity to rise from a small value to a higher value. Ergo, cavity’s electric 
field, Ecav is reduced and σcav resets to an inferior value as Ecav goes below 
the extinction field. Eext .

The electric current model in FEA enables for dynamic modelling of 
PD current over time. As a result, the cavity’s PD pulse current IPD can be 
obtained. The current integration method can be used to calculate the 
partial discharge apparent and real charge magnitudes via the ground 
electrode as well as center of the cavity during a discharge duration. 
Equation (2) is used to calculate the charge regarding to partial 
discharge occurrence. 

qPD =

∫t+dt

t

IPDdt (2) 

Since it is estimated that the partial discharge afflicts the entire 
cavity, the non-uniformity of electric field cannot be modelled in the 
surface charge dispersion across wall of the cavity, but in the electric 
current model. 

Apart from that, the electrostatic model can be used to model PD 
occurrences in a cavity using the FEA method (Kai et al., 2007). In this 
model approach, the assignment of conductivity values is no required 
since there is no current involved, thence, the number of parameters is 
reduced as compared to the electric current model in FEA method. The 

equation relating to the electric field dispersion in electrostatic model is 

∇ ⋅ εE = 0 (3) 

The 2D geometry of an electrostatic FEA model with a hemispherical 
chamber and insulation material is shown in Fig. 3. The surface charge 
distribution on the cavity wall controls the electric field inside the cavity 
(Kai et al., 2004). Ergo, it is not required to assign the cavity surface as a 
subdomain. There are 10 identical area regions modelling the uppermost 
and lowermost cavity surface to design the charge distribution on the 
wall’s cavity (Illias et al., 2014). 

The simulation time and electric field calculation proved reasonable 
and accurate results sequentially, when the cavity regions were divided 
into 10, after various testing (Illias et al., 2013). However, a division of a 
higher number of regions resulted in a longer simulation time whereas 
the electric field calculation in the software proved better accuracy. 
Alternatively, a division of lower number of regions resulted in the 
opposite effect (Crichton et al., 1989). 

The PD is projected to occur outside of the cavity surface on the axis 
of symmetry, stretching via the cavity across the axis of symmetry, and 
reaching the other side of the cavity wall as the discharge occurs. It is 
considered that across the cavity wall, the charges are spread once the 
partial discharge charges reach the cavity wall (Pedersen et al., 1991). 
Increasing the charge density on the wall’s cavity (ρs0), conducts the 
modelling of discharge event, where charges propagate with ρs0 until 
the net electric field along the void axis of symmetry Ecav goes below the 
extinction field Eext . 

The magnitudes of the PD apparent and real charges are not 
computed using the analytical method, even though this model utilizes 
the theory of induced charge because of a PD. In fact, the FEA concept 
calculates charge magnitude numerically based on the charge distribu
tion on the cavity wall following a discharge. The numerical technique is 
an additional benefit of using this model when compared to the 
analytical and FEA approaches. Though, it is hard to decide the charge 
motion via conduction across the cavity surface as consideration needs 
to be established on the speed of charge movement from its original 
deposited location on the cavity wall to the other location across the 
cavity wall. Moreover, the electrostatic model of FEA method has a 
disadvantage when it comes to the prediction on the distance of charge 
propagation across the cavity wall when the charge reaches the cavity 
wall throughout discharge occurrence. 

A new method for simulating discharge processes in dielectric 
breakdown was provided by Noguchi et al. (2020), which incorporates 
field fluctuations based on Maxwell’s equation in the finite element 
framework but does not use artificial stochastic disturbance. These 
equations assume that when electrical treeing develops, field fluctua
tions act as electromagnetic waves and set off the next dielectric 
breakdown. The resulting model can be viewed as an equivalent circuit 
model, with the resistors located on the Delaunay edges as in the real 
circuit. The conductivity and shape of the local mesh influence the 
resistance values of these resistors. 

Because resistance levels are determined independently of one 
another in their model, the dielectric breakdown can be described as the 
replacement of resistors. This can be depicted numerically as a change in 
local conductivity values or functions. Besides, the choice of unstruc
tured meshes was shown to implicitly include stochastic features into 
the discretized model. Due to this capability a Monte-Carlo simulation 
can be run by just altering the domain decomposition. However, the 
computing cost and accuracy must be carefully discussed, whence the 
Monte-Carlo simulation by using the proposed method could be one of 
the feasible approaches for predicting stochastic dielectric discharge 
processes. A numerical analysis was also performed for three- 
dimensional discharge patterns, but it has certain limitations due to 
the assumption of a uniform initial charge density distribution and 
several parameter settings such as conductivities before and after 
breakdown and breakdown voltage. As a result, for a more realistic 
simulation, the initial charge density distribution as well as more exact 

Fig. 2. The FEA model of electric current in 2D geometry (Illias et al., 2017).  

Fig. 3. The 2D geometry of electrostatic FEA model (Illias et al., 2017).  
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parameter setting must be considered. 
The samples of a study into the surface discharge behavior of several 

dielectric samples under DC was presented by Madhar et al. (2021). It 
builds a knowledge base for the study and analysis of partial discharge 
(PD) defects in a linear fashion with the goal of identifying PD defects 
under DC. The dielectric’s material properties are measured to make this 
possible. The electric field and dielectric parameters that affect partial 
discharge behavior are estimated using a finite element (FEM) simula
tion. Based on simulation results and other literature, the DC-PD ex
periments conducted on surface dielectric samples shows a highly 
realistic behavior. This study concluded with the presentation of new 
partial discharge fingerprints for the surface PD fault, which will aid in 
defect detection under HVDC. 

Moreover, Chalaki et al. (2021) conducted a study to classify and 
compare AC and DC partial discharge based on PD pulse waveform 
analysis. A testbed was created to fulfil this goal, allowing for exact 
measurements of individual PD pulses. The testbed is used to collect data 
from four different types of PDs created by individual PD source sam
ples: cavity, surface, corona, and floating potential discharges. Thou
sands of PD pulses were collected by examining all samples under AC, 
positive DC, and negative DC electrical stresses. Following that, each PD 
type’s waveforms were divided into representative groups based on their 
discharge mechanisms. The statistical data from the recorded pulses was 
used to distinguish between AC and DC PDs, while the clustered patterns 
of PD amplitude versus their temporal properties were used to catego
rize the different types of PDs under AC and DC electrical stresses. 

In addition, benefit of using this mapping method under DC stress is 
its independence from the repetition rate information provided by PD 
pulses. This method takes a long time to record data and is widely used 
in TRPD research. Another benefit of this method is that each of the rise 
time, decay time, and pulse width of PD waveforms can be used to 
identify and cluster the data. Finally, other probable properties of PD 
waveshapes, such as their integral (area under waveform) can be 
examined in future research to classify varieties of PDs by considering 
the time characteristics of produced PD pulses. 

2.2. Niemeyer’s model for partial discharge modelling 

Niemeyer’s model is known to be the fundamental for most of the 
current literature on PD modelling. In Niemeyer’s model, he introduces 
two settings that encourage the occurrence of PD, which uses computer 
simulation to track each step time. The electric field inside the cavity is 
presumed to be constant and the partial discharge qapp is calculated 
using the derived equations from a former analytical study of Crichton 
et al. (1989). 

The inception condition is deemed as deterministic, disregarding 
whether the field is attainably high enough for PD occurrence while 
having comparison done between the magnitude of the electric field in 
cavity and value of electric inception at each stepping time. The electric 
inception field is highly liable on the size of the cavity considering of the 
discharge direction and gas pressure (Gross, 2018). 

In an air-filled cavity, the formula of electric inception field is 
retrieved from the work of McAllister and Pedersen (1981). Referring to 
this work, the equation of inception field is then derived based on 
measurements of electrical breakdown between the metallic parallel 
electrodes plate, although its application on air filled cavity with sur
rounding dielectric layer are raising uncertainty. Once a discharge has 
transpired, it is deduced that the electric field will decrease until it 
reaches a residual value, Eres which is subjected to the gas pressure 
within the cavity. In this scenario, the Eres is set to the value that cor
responds to the electric field in the streamer’s discharge channel (Höfer 
and Berger, 2018). 

But clarity is lacking for the justification on this work where it is 
more equitable in assuming that the charge recombination in the gas and 
the accumulation of surface charges at the dielectric boundaries would 
alter the electric field following the discharge process (Nijdam et al., 

2010). Apart from that, the electric field in a needle-plane system is 
probably determined by the streamers between the metallic electrodes, 
which is not a practical representation of majority environments of the 
PD systems (Hikita et al., 2010). 

In dielectric bounded cavity, the surface emission occurs in the event 
of returning charge delivered by the earlier PDs emitted back inside the 
cavity (Villa et al., 2017). The activation of this process happens after 
the first PD occurrence in the cavities and the free electrons are pre
sumably generated in the cavity attributable to radiation from the 
background. Since long inception delay is commonly detected before the 
initial PD occurrence, it is deduced that the background radiation during 
this period is very low which instigate surface emission to be the 
dominant mechanism of generating free electrons for discharges (Castro 
et al., 2016). 

Apart from that, an equation that is prevalently used to govern the 
electron production rate from surface emission, Ṅes for surface of insu
lator is shown as below. 

Ṅes(Ev, Ndt; T,Φ)=V0Ndt exp

⎛

⎝ 1
kBT

⎡

⎣

̅̅̅̅̅̅̅̅̅̅̅̅

e3|Ev|

4πε0

√

− Φ ​

⎤

⎦

⎞

⎠ (4)  

where V0 represents the fundamental phonon frequency, Ndt is the 
number of electrons presents in disengaging traps at the surface. Ev, is 
the electric field inside the cavity, Φ is an effective work function and T 
is the temperature. Niemeyer model is implemented on the consider
ation that, the number of electrons in disengaging traps, Ndt will be 
equivalent to the sum of amount of the electrons used by the discharge 
inside the dielectric surface at that instant moment right after the 
discharge. The period between the discharges displayed an exponential 
decay. Anyhow, there is no physical evidence to support the assump
tions made on this model with the presence of limited understanding on 
the rate of electron generated from trapped charge in insulators. Besides, 
it is noticeable that the results from the modelling work are significantly 
reliant on both Φ and the time constant that presides over the decay of 
Ndt, with both being regarded as free parameters that are readjusted to 
fit into experimental data (Li et al., 2017a,b). 

On the other hand, detailed literature review has uncovered the in
consistencies of this equation. This is attested as Schottky term is not 
included in the origin of Niemeyer’s work. Again, the progression of 
equation (4) can be traced back to a proposed equation from the early 
work explaining the rate of electron generation initiated by the depo
sition of surface charge owing to discharges event between vacuumed 
concentric glass tubes ((McAllister and Pedersen, 1981). Apart from 
that, the previous work has used Schottky term with a magnitude that is 
two times larger due distinct methods applied on the potential of elec
tron. The investigation of the potential of electron in Schottky term is 
carried out in relation to the images attained at the metallic boundary 
whereas the potential of electron at the dielectric boundary is inspected 
at the space between an electron and a void (Iddrissu et al., 2018). 

The divergence of these two methods applied would not significantly 
affect the previous results employing Equation (6). However, the 
equation corresponding to the methods applied are found fallacious 
after thorough literature study. This is because the consideration of 
surface emission from metallic surfaces places an assurance over Nie
meyer proposal, which stated the possibility of numerous surface 
emission processes, inclusive of ion impact, which comply with the 
thermionic emission law scaling of Richardson-Schottky. This is highly 
erroneous as thermionic emission is negligible for temperatures applied 
in most investigated PD systems of interest, and so there is no supporting 
evidence ascertains that the same scaling technique can be applied in 
fundamentally distinctive physical processes. 

Simulations performed based on this model has given accurate re
sults which agree with the PRPD patterns for epoxy bounded spherical 
cavities under varying conditions. The Morshuis and Kreuger (1990) has 
reasoned that the application of this model is highly extensive towards 
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wide ranging gaseous defaults bounded by solid dielectric by providing 
the supporting look up table for fifteen different defects that can be 
configured using this model in (Zeng et al., 2019; Hermansyah et al., 
2018). 

Nevertheless, this model has only been applied to an epoxy bounded 
spherical air-filled cavity and an electrode protrusion in SF6 (Seghir 
et al., 2006). The model is applied to assist the investigation on the 
changes in PRPD patterns owing to corresponding discharge event over 
extended time length ((Daphne et al., 2019a). In this experiment, to 
reproduce the standardized ‘rabbit ear’ discharge patterns, a scaling 
factor is applied to equation (5) with the reasoning that adding the new 
parameter, a scaling factor will ease the difficulty of charge emission 
from negatively charged surfaces which are comparatively easier given 
if emitting from a positively charged surfaces. Following by this, the 
future works have now subsequently been using this assumption in their 
modeling works (Illias et al., 2015). Though, empirical evidence has not 
been provided in support to these assumptions. 

Apart from that, alternative assumptions have been provided to aid 
the observation of PRPD patterns and this includes incorporating a 
modified effective work function of the surface, which yields two more 
free parameters for defining PRPD arrangements based on discharge 
activity in epoxy resin over a range of applied voltage frequencies. 

For this model, a spherical cavity is modelled to observe the PD ac
tivity with results tabulated against empirical data. The solution to 
Poisson’s equation was interpreted as a proved field driven by the net 
electric field in the cavity, which is triggered by surface charge. The 
initial free electron initiating a PD can segregated into two categories 
namely, surface emission and volume ionization based on their corre
sponding equations in association to the derived physical parameters of 
the material (Dauksys et al., 2016). 

Equation CΔUPD was used to compute the real charge magnitude of 
PD, where UPD represents the voltage drop across cavity when PD is 
being utilized, which represents the PD’s real charge magnitude while 
the capacitance, C, of the cavity is contingent on the geometry of cavity. 
The charge induced on the measurement electrode is measurement of 
apparent charge because of the PD occurrence (Takabayashi et al., 
2018). The electrode is reliant on the gas pressure, the location and the 
shape of cavity, and the cavity’s position in relation to the applied field 
(Jia and Zhu, 2018). Although many studies have shown comparable 
experimental data and simulation results both quantitatively and qual
itatively, there are still some arguments to be found on the of PD’s phase 
and magnitude distributions. Another type of PD model, which utilizes 
related field improvement evaluation method, is the simulation of 
streamer PD mechanism at high temperature affected by aging in a 
spherical cavity enclosed within epoxy resin. All these models can give a 
good describe on PD event, however, the single value of applied stress is 
utilized over their experimental work and simulation results (Balamur
ugan and Venkatesh, 2018). 

In brief, Niemeyer’s model is proven to be successful in reproducing 
a range of PD systems in air-filled cavities although inconsistencies are 
discerned in part of its governing equations where fundamental as
sumptions made are not clearly justified with high reliance over 
immeasurable free parameters, which have been adjusted substantially 
to fit in the experimental data sets (Danikas and Adamidis, 1997). 

2.3. Pedersen’s model for partial discharge modelling 

The induced charge theory model is introduced due to the dispersion 
of charges on cavity’s surface caused by discharges. The discharge 
process in the cavity is shown in Fig. 4. It is projected that such 
distributed charges will form an electric dipole composition, which will 
generate charges on the electrode (Du et al., 2019). 

From the figure above, the applied voltage, E0 is parallel and 
perpendicular to a and b, the dimension of the cavity, while σ represents 
the charge density across the wall of cavity and q is the induced charge 
by the cause of dipole composition from PD charges (Lemke, 2016). 

Pedersen has introduced the concept of induced charge in the year of 
1991, which can be employed into partial discharge modelling in a 
cavity (Arnold and Janicek, 2016). The induced charge can be seen as a 
change in charge on the electrode before and after the cavity discharge 
takes place. During PD, charge distribution on the cavity surface raises 
the surface charge density, which reduces the electric field in the cavity 
until discharge activity is terminated after a predetermined value is 
exceeded (Dordizadeh et al., 2015). 

The dipole orientation of the positive and negative charges created 
on both cavity sides is due to the electric field distribution of these 
charges. The induced charge on the electrode due to charge distribution 
on the cavity surface is represented by Equation (5) and equation (6) is 
used to represent the apparent charge magnitude for spherical or ellip
soidal shapes of cavity (Afrouzi et al., 2013). 

q= − μ→ ⋅ ∇→λ= −

⎛

⎝
∫

s

r→σdS

⎞

⎠⋅ ∇→λ (5)  

Where the charge deposition on the cavity surface due to the dipole 
moment induced is denoted by μ in Equation (5). The ‘r’ is radius vector 
along the surface whereas ‘σ’ is the charge density deposited on the 
surface of the cavity. The dimensionless scalar function is shown by ‘λ’, 
which depends solely on the ‘ds’ position and they can be attained from 
Laplace’s equation. 

For the equation above, the induced charge in contact with the 
electrode or the magnitude of the apparent charge can be expressed in 
Equation (6), for either the geometry being spherical or ellipsoidal. 

q= − Kʊε (Einc − Eext)Aλ0 (6) 

Besides that, induced charge ‘q’ also can be defined as Equation (6), 
the parameter ‘K’ represents the dimensional constant, which is highly 
dependent on the cavity’s size and geometry and ‘ʊ’ is the volume of the 
cavity. The permittivity of the substantial is represented by ‘ε’. In 
addition, the inception electric field and extinction electric field in the 
cavity is denoted as Einc and Eext individually. Einc is the field at time 
when PD the occurs whereas the field when PD is halted, is the extinc
tion field and it is represented by Eext, while the solution of the Laplace’s 
equation for the cavity free which is contingent on the location of the 
cavity, is represented by ‘λ0’. Equating λ0 with the value of one at the 
measuring electrode and λ0 equals to zero at the other electrode, is the 

Fig. 4. Discharge process in the cavity.  
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boundary case for solving the Laplace equation (Toader and Mariana, 
2000). 

The transient response corresponding to the charge induced is seen 
via discernment of the potential as well as the charge on the electrode 
prior and post PD (Venger et al., 2017). Prior to the PD taking place, the 
potential on the electrode as well as the charge remains as V and Q. Upon 
PD taking place, there will be some noticeable changes in the potential 
on the electrode, which is decreasing by ΔV, while the charge provided 
from the outside structure to the electrode is represented by the charge 
on the electrode increasing by ΔQ. As a consequence, the charge induced 
on the electrode is recorded with C being the capacitance of the structure 
(Florkowski et al., 2018). The expression ΔQ in Equation (7) can be 
ignored, considering the case when the circuit’s impedance is sufficient 
for the current because of discharge. 

q=CΔV + ΔQ (7) 

The above method was used in simulating PD occurrences, only 
taken little time. This model can even be applied in simulating PD inside 
cavities with cylindrical, ellipsoidal, or spherical shapes in a dielectric 
material, on the reliance upon a and b parameters as in Fig. 4. The 
drawback of this model is that they can only be utilized for the case 
where the field distribution is uniform because the uniformity of the 
entire cavity is assumed to be afflicted by PD (He et al., 2018). However, 
this may not apply to cavity of a large size and because of that, the 
distribution of surface charge across the cavity’s wall may not be 
modelled (Ala et al., 2011). 

2.4. Capacitance model for partial discharge modelling 

The capacitance model is known as the Whitehead’s three- 
capacitance circuit model or a-b-c model introduced by Whitehead. 

Fig. 5 shows the 3-capacitance correspondent circuit that represents 
the cavity within an insulation material. Ca1 and Ca2 in Fig. 5(a) 
represent the capacitance of the remaining insulator parallel to Cb1 and 
Cb2. Whereas Cb1 and Cb2 replicate the insulator capacitance that is in 
series with the cavity, Cc in both Fig. 5(a) and (b) is the capacitance’s 
cavity and V is the voltage applied to the circuit. Fig. 5(b) demonstrates 
the simplified model of three capacitance equivalent circuit. Ca is the 
correspondent capacitance in parallel of capacitances Ca1 and Ca2 while 
Cb is the correspondent capacitance in series of capacitances Cb1 and Cb2 
and Vc is the potential crosses the cavity. 

In this model, as the inception voltage, Uinc, becomes lower than the 
voltage across cavity Vc, discharge takes place, and diminishes as Vc falls 
below the extinction voltage, Uext . In the event of discharge’s occur
rence, Cc will be short circuited which causes a rapid movement of 
current into the circuit because of the voltage change between Cb and 
the source. As a result of the immediate voltage depletion by the cause of 
change in external circuit impedance, a small momentary voltage is 
generated (Hatiegan et al., 2016). 

Before an existence of PD, voltage across cavity (Vc) is equal to 

Vc =
Cb

Cb + Cc
V (8) 

Fig. 5(b) illustrates that, during PD, the magnitudes of the apparent 
charges (qapp) and real charges (qreal) are calculated by using equation (9) 
and equation (10) individually (Afrouzi, 2015). 

qapp =CbΔV (9)  

qreal =

(

Cc +
CaCb

Ca + Cb

)

ΔV (10)  

Where Δ V denotes the voltage depletion across the cavity due to 
discharge. The simplicity and typicality of this model is used to represent 
the transient happening during an occurrence of discharge, suchlike the 
apparent charge magnitude and PD current. Nevertheless, the limitation 

of this model is the surface of the cavity, which is constantly employed 
as an equipotential surface, which is not often practical for real life 
application especially with the accumulation of surface charge along the 
cavity wall being ignored (Achillides et al., 2008). 

Overall, this model is suitable in explaining the occurrence of PDs for 

Fig. 5. The equivalent circuit model with three capacitors (a) Full model, (b) 
Simplified model (Mendiola et al., 2017). 
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academic means as well as a deterministic model. For the a-b-c model to 
be transformed to a contingent model, the model must be linked with an 
analytical approach. Research by Callender et al. (2019) described a 
hybrid model that integrates the three-capacitance correspondent cir
cuit model with Pedersen’s doctrine by means of a time variable 
conductance. Additionally, the traditional detailed model is one of the 
models utilized in PD research. The low frequency validity range of the 
traditional detailed model, which is confined to around 1 MHz is one of 
the underlying issues. Resultingly, the transient state behavior of 
transformer winding was investigated by Baravati et al. (2022) using an 
improved detailed model that included stray capacitance in addition to 
the traditional detailed model. 

To determine the winding’s reaction to the application of the PD 
signal, a general state-space technique was proposed. Which determines 
the winding response corresponding to the application of PD between 
two sections and between winding sections and the ground by evalu
ating two distinct state-spaces. The revised detailed model’s frequency 
dependent parameters were derived using the finite element approach 
(FEM). Additionally, new approaches and ideas were implemented and 
evaluated on an actual 20 kV distribution transformer winding as well as 
a 63/20 kV, 30 MVA winding. The accuracy and wider frequency val
idity range of their proposed model was shown by comparing the 
waveforms recorded in the laboratory utilizing PD pulses on both 
windings. 

In addition, the effect of lower order supraharmonics on partial 
discharge activity in an insulation system sample with a predetermined 
spherical cavity defect was examined by Sefl and Prochazka (2022). The 
supraharmonics were represented by sinusoidal oscillations with a 
shape, amplitude, and natural frequency based on typical trends 
detected or estimated in medium to high voltage electric sub grids with 
power converters. The test sample was subjected to a combination of a 
fundamental 50 Hz waveform and a one-per-period oscillation, and the 
resulting partial discharge activity was monitored. 

Moreover, the position and natural frequency of the oscillation were 
gradually modified throughout the experiment. After that an analytical 
model was used to replicate partial discharge activity under identical 
conditions, and the phenomena seen during the experiment were 
described by it. The model has been updated to account for the presence 
of supraharmonics oscillators. Finally, inferences were reached about 
the significance of variations in partial discharge activity. Predictions of 
a higher ageing rate, an earlier start to partial discharge activity and 
continued research as a future work were among them. 

This model aids in the illustration of a dielectric material’s isolated 
cavity (Pan et al., 2011). The instantaneous variation in the capacitance 
charging process of the test object is the characteristic of this particular 
partial discharge model (Callender et al., 2017). Although this capaci
tance circuit is simple and deterministic, its statistical behavior is full of 
complexity which is not applicable for cavity properties description in 
actual circumstance as in reality, the surface of the cavity is not equi
potential and surface charge tends to gather on the exterior of cavity 
after a discharge occurs. Despite that, an improved version of ‘abc’ 
model has also been introduced. This improved model employed the 
consideration of the accretion of charge on the surface of cavity upon PD 
occurrence. The discharge has been calculated as a voltage and time 
dependent resistance, which encapsulates the discharge progression, 
that is a change in the cavity from insulation to conduction (Callender 
et al., 2018). 

2.5. Plasma PD models 

The gas discharge procedure in Plasma PD models is simulated using 
the fluid equations. These equations describe the ionization impact, drift 
of charge, diffusion, recombination, and other secondary effects (Xu 
et al., 2017). This model has successfully attained the evolution of 
electric field as well as the distribution of the absorption of charge inside 
the cavity due to the discharge procedure and the discharge current 

pulse (Mor and Heredia, 2018). In plasma model, physical discharge 
processes had been reflected tremendously with large amount of data 
attained to obtain the repetitive PD pulses and their stochastic param
eters because of stochastic nature (Joseph et al., 2019). 

However, there is an inclination of considering excessive substantial 
discharge process which increases model complexity and add up large 
calculation work to be done which diverse the results for statistical 
analysis (Wang et al., 2017). As a result, only selected, and important 
processes such as the streamer development and surface process will be 
considered in this simulation model (Achillides et al., 2017). The pulse 
current technique which detects the apparent charge are governed by 
the streamer growth within the cavity while the surface procedure 
consists primarily of the charge accretion on the interface and the ra
diation of charge at the surface (Kim et al., 2004). For the subsequent PD 
to be provided with free electrons it relates to the process known as 
surface emission. This process describes that when a streamer lands on 
the surface of dielectric, charge will accumulate which subsequently 
affect the behavior of PD (Dordizadeh et al., 2016). In this model, it is 
noted that surface charges fluctuate through the subsequent one after 
previous discharge. Accumulated charges decay as a result of surface or 
bulk conductivity of dielectric (Romano et al., 2018). In brief, a single 
PD process is represented by the streamer growth as well as surface 
charge accretion. In addition, during a partial discharge series, the 
interconnection of adjacent discharges is represented by the surface 
charge accretion, decomposition, and radiation, which should be 
examined in this simulation model (Yousfi and Lefkaier, 2018). 

This model has presented a rigorous approach, which is to use the 
drift diffusion formulas for 3 charged categories, specifically an elec
trostatic equation in verifying the electric field and 3 Helmholtz equa
tions to find out the photoionization rate (Liu et al., 2018). Besides, this 
simple drift diffusion model does consider the electrons and virtually 
positive and negative ions, which aids in analyzing the phenomena of PD 
(Calcara et al., 2017). This model will then solve the drift diffusion 
equations for the number densities of electrons ne, positive ions np and 
neutral ions nn, as shown below (Driessen et al., 2019). 

∂ne

∂t
= αne

⃒
⃒
⃒We
̅→
⃒
⃒
⃒ − ηne

⃒
⃒
⃒We
̅→
⃒
⃒
⃒ − βnenp − ∇

→
. Γ→e + Sph (11)  

∂np

∂t
=αne

⃒
⃒
⃒We
̅→
⃒
⃒
⃒ − βnnnp − βnenp − ∇

→
. Γ→p + Sph (12)  

∂nn

∂t
= ηne

⃒
⃒
⃒We
̅→
⃒
⃒
⃒ − βnnnp − ∇

→
. Γ→n, (13)  

Where N is the charge number density, e, p and n are the symbols for 
electron, positive ion and negative ion, β and De denote the recombi
nation and electron diffusion coefficients. Drift velocity, W is denoted as 
the production of electric field and charge mobility whereas Ssec in
dicates the source term about secondary process eg. Photoionization and 
cathode secondary emission. 

A thorough plasma dynamics of the discharge along with motion of 
electrons, and ions will be exhibited. A lot of simulations are done on 
this model, typically on modelling discharges from a needle-plane 
electrode configuration without solid dielectric materials present 
while investigating barrier of dielectric discharges (Kim and Siada, 
2018). The simulations conducted are found to have restricted vision 
inside PD event for systems as they are normally carried out for system 
of interest such as sterilization, or material processing at the range of 
power frequencies of 50–60 Hz under significantly different physical 
conditions from the standardized PD systems (Singh et al., 2018). 

The drift diffusion equations were employed in the modelling of an 
extensive figure of partial discharge in an air gap confined by two 
electrodes, one on top and the other are covered with the insulation 
dielectric material (Ahmed and Srinivas, 1998). 

The modelling work of plasma diffusion model focuses on air filled 
spherical cavity, specifically on spherical cavity bounded by epoxy resin 
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has been a general research subject over these recent years (Renforth 
et al., 2019). The attained results had been scrutinized in qualitative 
method in parallel to the experimental results obtained to enhance the 
understanding of the physics behind PD event. Not all parts of the 
research on PD using this modelling technique have been done 
perspicuously (Danikas et al., 1991). However, PD activities occurring 
within the spherical cavities with surrounding liquid insulation is 
considered a similar system with the same physical means of gaseous 
cavity inside the homogeneous dielectric material, which have been 
proven and examined by a few simulations works (Cavallini and Mon
tanari, 2006). The outcome based on these simulation works ascertained 
the statement whereby when cavities in either liquid dielectric or solid 
dielectric are confined by the akin physical conditions, the discharges 
within the system are seen to include an electron avalanche that has 
been transformed into a positive streamer, which is consistent with the 
principle of dielectric barrier discharges. 

The undercurrents of plasma model are approximately discrete 
owing to the discharge enclosed within the cavity, which refrain the 
plasma from spreading. Moreover, previous research has emphasized 
the initialization of PD as well as plasma dynamics. The objectives of this 
model are to enhance the insight of undercurrents of partial discharge as 
well as to experiment the previously employed PD concepts in past 
modelling of discharge activities in gaseous voids. 

In the concept of plasma model, plasma dynamics of PD in gaseous 
cavity has been defined as an electron avalanche that transforms into a 
positive streamer in favor of a dielectric barrier discharge occurring in a 
3 mm air gap with an attained electric field that is slightly higher than 
the breakdown brink of the air. The simulations study conducted on 
cavities in liquid dielectric has testified the concept of plasma model, 
discerning as the indicative of PD systems in spherical cavities. The 
overall results have revealed that the conception of plasma dynamics 
where the motion an electron avalanche in oppose to the applied electric 
field revolute into a positive streamer travelling in parallel to the electric 
field (Forssen and Edin, 2008). 

In partial discharge modelling, the two fundamentals and prevalent 
values employed are the inception and residual fields. This is because 
the occurrence of PD activity is often triggered by some critical value of 
electric inception or inception field (Einc) archetypically at the very 
center of the cavity. The Einc for a standardized PD system is expressed as 
the equation below: 

Einc =

(
E
p

)

cr
P

(

1+
B

(pl)
1 /

2

)

(14)  

where 
(

E
p

)

cr 
has a value of 25.2 V Pa-1 m-1. It is known as the pro

portionality constant between the critical electric field Ecr needed in 
sustaining discharge and the gas pressure p, with B = 8.6 Pa1/2 m1/2. 
The value of ‘l’ in the equation will represent the length of the cavity in 
the discharge direction. The point to be taken note in the employment of 

this equation is that the constant, 
(

E
p

)

cr 
is contingent on the polarity of 

on streamer. It is only then being deduced that the electric field in the 
cavity has decreased to a residual value, which is equivalent to the 
electric field in the streamer channel, Ech right after the discharge has 
occurred. The value of electric field in streamer channel, Ech, will be 
proportional to Ecr. The relation between the electric field in streamer 
channel (Ech) and critical Field (Ecr) shown by equation 15 

Eres =Ech = γEcr (15)  

where γ has a value of 0.35, with a positive streamer average value of 0:2 
and a negative streamer average value of 0:5. Although these equations 
have been prevalently used in past literature, typically being proposed in 
the cited work of Niemeyer, the applications of these equations in PD 
systems are still raising skepticism. This is because the methods used in 

determining of inception equations for the experimental and modelled 
PD systems are entirely different (Arnold and Janicek, 2016). In 
experimental work, the inception equation is resolved based on the 
ionization parameters revolving around the electrical disintegration in 
air gaps between metallic electrodes, whereas in partial discharge 
structures, the creation of the electric field inception equations origi
nated from the PD region surrounded by solid dielectric material 
(Schifani et al., 2001). 

Moreover, there is uncertainty relative to the residual electric field 
equation whereby there is some possibility being overlooked whereby 
the electric field in the streamer channel might no longer be equal to the 
field, Ecr after discharge event has died down. Apart from that, the 
inference established, deducing that the streamer channel field is rela
tional to the critical electric field is in fact, depicted from metallic 
needle-plane experiments, which diversifies from the original PD sys
tems and standardized physical conditions with homogenous applied 
field, and bounded solid dielectric regions. So, the employment of these 
equations is highly restraint to only certain type PD systems. 

The surface charge distributions in plasma model are deduced to be 
bipolar at times when there are symmetrical dielectric surfaces in either 
spherical, cylindrical, or ellipsoidal cavities at each side of a discharge 
channel. However, early experiment and numerical analysis conducted 
on PD investigation in cylindrical cavities has inferred that the surface 
charge distributions of PD systems are not bipolar (Schifani et al., 2001). 
This is because there is a greater spread of negative surface charge 
distribution than the positive surface charge distribution due to higher 
kinesis in electrons as compared to ions. Both studies are governed at 
that instantaneous period right after the electric fields has surpassed its 
breakdown threshold for initializing PD. 

Previous modelling work of PD has deduced the surface charge of 
former PD will directly be buried due to the deposition of surface charge 
of the new PD (Pan et al., 2016a). Still, there is still a possibility that the 
electric field induced by the surface charge of earlier PDs will affect the 
charge adopted by the following PDs. 

Besides, the process of charge recombination is governed by the 
plasma model where in Niemeyer paper, an order of the time delays 
constant magnitude, τrec, was computed to obtain the charge recombi
nation rate within a cavity upon a discharge occurrence as below. 

τrec ∼
l

Cμ

(
E
p

)

cr

E0

Einc
(16)  

where l is the cavity’s length scale, Cμ is the proportion of ion mobility 
affected by gas pressure, p is the gas pressure and E0 is the magnitude of 
electric field applied (Danikas et al., 1991). Most PD systems are gov
erned in the order of microseconds and because of that the effect of 
leftover charge by the earlier PDs is negligible as the time delay is very 
short whereby time for the next discharge occurs is going to be the 
subsequent order of milliseconds (Pedersen et al., 1993). 

Although the numerical analysis methods utilized in this task comes 
to reducing the computational cost, the minor details and parameters 
change in the model system could eventually influence the overall re
sults and that the procedures must be done with extra caution (Liu et al., 
2017). Despite a recent improved model of the same type was success
fully applied in designing various discharges in a spherical void cavity, it 
is indisputably that the results relating PD using this method are still 
imperfect with speculative high level of asymmetry of the model solved 
in a 3D geometry. Nevertheless, this model marks an advance step into 
developing numerical analysis techniques in resolving the major equa
tions revolving partial discharge through axisymmetric physics and 
geometry (Cavallini and Montanari, 2006). 

The fallback of this model is that the behaviors of continuous PDs 
cannot be represented owing to the storing fallout. A change in the next 
PD characters occur as a result of the continuing charges produced by 
the former PD landing on the surface of the cavity which subsequently 
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influence the electric field dispersion inside the cavity. A partial 
discharge simulation should include investigation of the physical pa
rameters as well as multiple data to obtain the statistical parameters of 
repetitive PDs, due to their statistical characteristics. It is concluded that 
plasma model provides in-depth understanding of the physical param
eters of the partial discharge for a single PD only. Ergo, a simulation 
model which represent the discharge growth procedure while consid
ering the memory effect should be established to attain the stochastic 
characters of PD sequences. 

2.6. Summary 

An overview of PD as well as a description of the existing literature 
on PD modelling is provided in this section. Although many of the 
concepts may be tracked back to Niemeyer’s pioneering work as a va
riety of PD models have been developed. For a number of studies, such as 
cylindrical or spherical air-filled gaps enclosed by a solid dielectric 
substance such as polyethylene or epoxy resin PD models have proved 
successful in recreating PRPD patterns. A Poisson PD model is recom
mended above Niemeyer’s model, ABC model, Pedersen model, and 
plasma model according to the literature review. Because it enables full 
resolution of the defect geometry, knowledge of the electric field and 
explicit calculation of the apparent charge at all points in the PD system. 

Many PD models have been developed in the past with an aim to 
overcome flaws of prior FEA Poisson model, particularly their reliance 
on many free parameters. Many previous models contained a large 
number of free parameters, which is said to provide a more physical 
explanation of the PD process and allow the model results to suit 
experimental data. 

3. Charge decay by conduction along the surface in different 
models 

Accretion of charges on the cavity wall occurs upon a discharge 
moving freely across the whole cavity wall or being trapped on the 
cavity surface. In charge decay, free charges are generally being 
assumed to travel via conduction of the surface on cavity wall. More
over, the motion of such charges is highly contingent on the magnitude 
and direction of cavity field Ecav(t) and field from the surface charge Es(t)
(Alsheikhly et al., 1992). Apart from that, it is deduced that the motion 
of surface charges is towards the symmetrical axis with the direction of 
Ecav(t) distinctive from Es(t). Due to this case, there arises the limitation 
of charge movement on the wall’s cavity. On the other hand, recombi
nation of charge is caused, when Ecav(t) is in the same direction as Es(t), 
the free charges on the cavity wall are inferred to be moving away from 
their deposited location while approaching the charges with the oppo
site polarity. The number of charges deposited on the surface then 
decrease; causing Es(t) to reduce. The rate of free charges on the surface 
moving across the cavity surface is highly reliant on the electrical con
ductivity of cavity surface, σs. The higher the σs, the faster the motion on 
charge induced. 

The conduction of charge on the wall’s cavity is represented differ
ently by each partial discharge model. However, in the a-b-c equivalent 
capacitance model, charge conduction is not modelled as a result of free 
charges on the surface accumulated being unavailable. As for Nie
meyer’s model, the degradation of the surface charge Δqs in contact with 
the cavity wall is predicted adopting Ohm’s law while obtained using 
equation (17) (Cavallini and Montanari, 2006). 

Δqs = −
(

π /2
)

2aEcav σsΔt (17)  

Where the instantaneous voltage drop across the cavity wall is repre
sented by 2aEcav, the cavity field is defined as Ecav, σs is the electrical 
conductivity of cavity surface while π /2 is the geometrical factor and Δt 
is the stepping time interval. 

In electric current FEA model (Fig. 2), the conductivity of cavity 

surface, σs is being raised to a greater value to design the charge motion 
by surface conduction across the cavity surface (Chen and Baharudin, 
2008). While in electrostatic FEA model, the surface charge reduction on 
each of the cavity surface region (Fig. 3) is computed using equation in 
(Pan et al., 2016b). 

4. Discussion and comparison between partial discharge models 

Based on a critical review of the existing PD models, the following 
conclusions can be drawn (Time, cost, Degree of application). Based on 
Table 1, the advantages of using the Finite Element model outshines the 
others model as it allows the modelling of the PD system of interest to be 
easily achieved through computing the electric field strength and direct 
evaluation of real and apparent charges due to the approximations of PD 
system geometry (Cavallini and Montanari, 2006). However, one 
disadvantage that comes along with this technique is that many pa
rameters will be needed for curve fitting. 

In contrary, although Pedersen’s model can provide precise numer
ical correlation between measured transient and induced charge, this 
model is unsupported by employment of theoretical approaches 
whereby the complexity of the computation will be increased (Dordi
zadeh et al., 2016). 

ΔqS = − σSΔt
∫

S

EStdS (18) 

Equation (18) is used to calculate the amount of surface charge, 
where Est is the tangential field along the cavity wall of surface element, 
dS. ΔqS is deducted from the cavity surface region and subsequently 
being joined to the contiguous surface region, conditional on the di
rection of charge motion on the cavity wall. ΔqS is increased to the 
subsequent area which is nearer to the axis of symmetry if the charge 
moves to the symmetrical axis, else it will be joined to the area farther 
from the symmetrical axis. As a consequence, the recombination of 
charge in the event of meeting of charges from the lowermost and up
permost cavity surfaces causes a decrease in the number of surface 
charge. 

The speed of charge movement from one area to another area is 
affected by the number of surface areas where charge propagates in the 
event of a discharge. As a result, the electrical conductivity of cavity 
surface for the simulation may vary, contingent on the prediction 
deduced on the motion of charge across the cavity wall. Based on Fig. 3, 
the simulation of epoxy resin covers a justifiable surface conductivity 
when the surface region was being divided into 10 identical regions. 

Although the simulations showed that the time step interval has no 
compelling impact on the cavity field alteration, the number of charges 
disintegrating with time may vary as smaller stepping time leads to a 
more rapid decline in the number of surface charge. In brief, as various 
time step used, no significant alteration occurs to the charge dispersion 
on the cavity surface. Consequently, the electric field dispersion inside 
the cavity surface independence as of the simulation time step used. 

With reference to the simulation work by Illias et al. (2011a), 
different simulation parameter values are used for different PD model 
where (S1- Niemeyer model, S2 – Electric current FEA model & S3 – 
Electrostatic FEA model). Material and cavity conductivities are only 
designated for electric current FEA model (S2) as current is deduced to 

Table 1 
Summary of the mechanism of charge conduction on the cavity surface for each 
Pd model (Illias et al., 2011a).  

PD Model Decay charge modelled via surface conduction 

Three-Capacitance Model −

Niemeyer model Δqs = − παEcavσsΔt  
Electric Current FEA Model The cavity surface conductivity is being increased 
Electrostatic FEA Model Δqs = − σsΔt

∫

S
EstdS   
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move in the substantial as well as the cavity while the initial surface 
charge density ρs0 is set for the electrostatic FEA model, which is used to 
increase the density of charge along the cavity wall during PD occur
rence. While the parameters such as the inception field, Nes, Nev and 
charge decay time constant remain the same for these models. 

However, different electrical conductivity of the cavity surface, σS 
for movement of charges along the cavity surface and extinction field, 
Eext are acquired for various PD models. This is the result of different 
approaches that are used in calculating the electric field of the cavity 
and PD apparent charge magnitudes. This may be noted for the case 
where the maximum field in the cavity without PD occurs, Ecavma is 
different for each model while the extinction field, Eext is determined by 
the minimum PD charge from the measurement since PD charge is 
highly dependent on the cavity field reduction after PD occurrence. As a 
result, different ways to calculating charge magnitude provide diverse 
relationships between cavity field change and charge magnitude. 

The cavity surface conductivity, σs is derived through comparison 
between the optimum PD charge on the charge magnitude phase axes 
between φ − q − n plots of the simulation and measurement (Illias et al. 
(2011b). The reasonable value of the cavity surface conductivity for 
each model is 10− 14to10− 7Sm− 1. In Niemeyer ‘s model, the movement of 
charge via surface conduction is evaluated using equation (19) while for 
electrostatic FEA model, surface charge conduction is highly dependent 
on the regions that cavity surface is being divided. The more regions that 
surface is being divided, the slower Es decreases. This is as a result of 
slower disintegration ratio number of surface charge for 10 surface re
gions since more stepping time interval is needed to shift from a surface 
region to the encounter point of the lowermost and uppermost cavity 
surfaces where charge recombination takes place. 

The electric current as well as the electrostatic FEA models can 
simulate the decay rate of the surface charge electric field Es(t) using 
different cavity surface conductivity, σs. Under high electric field stress, 
the electric field distribution of the cavity alters after discharge occur
rence due to the motion of charge on the cavity wall. In both FEA 
models, higher σs will induce greater charge motion on the surface of 
cavity, leading to higher rate of surface charge deduction due to 
recombination of charge and faster depletion rate of. Es(t).

In brief, all the PD models show that the magnitude of charge in
crease with the diameter of cavity which are validated by the experi
mental work on cavity dielectric material (Madhar et al., 2021). The size 
of the cavity decides the optimum propagation length of an electron 
avalanche which goes in equal direction as the applied voltage while the 
avalanche goes perpendicular with the applied voltage. The greater the 
electron avalanche propagation length in larger cavity size will result in 
higher charge magnitude. 

For capacitance model, it offers a few advantages such as allowing 
direct association between space charges and variation of capacitance 
with number of space charges within the cavities of insulator evaluated 
but the major downfall of this model is the incapability of replicating the 
mechanism of PD within gaseous cavities surrounded by solid dielectric 
(Chen and Baharudin, 2008). Apart from that, the reason that they are 
having a low degree of application is because the concept highly opposes 
the real-life specifications where there is a misrepresentation between 
apparent charge with induced charge (Daphne et al., 2019b). 

A comparison of different partial discharge modelling techniques is 
given in Table 2. Moreover, advantages and limitations of each model is 

summarized in Table 3. 
Plasma PD Model is considered a newly developed model, which 

signifies the introduction of numerical analysis techniques in solving PD 
activities. However, this model is only applicable to limited systems such 
as material processing and sterilization. In brief, they are still imperfect 
with speculative high level of asymmetry of the model solved in a 3D 
geometry (Riande and Calleja, 2013). On the other hand, Niemeyer’s 
model provides flexibility by introducing free parameters in assisting the 
investigation of PRPD patterns for spherical cavities in the insulation 
system under varying physical conditions. Withal, they are not appli
cable to all PD systems of interest since they are having limited 
employability to only spherical gaseous cavity bounded by epoxy and an 

Table 2 
Comparison between different partial discharge modelling techniques.  

PD Models Finite 
Element 

Pedersen’s Capacitance Plasma Niemeyer 

Time Lengthy Average Short Average Average 
Cost Average High Low Low Average 
Degree of 

Application 
Easy & 
Accurate 

Average Low Low Low  

Table 3 
Advantages and Limitations of PD models.  

PD Models Advantages Limitations 

FEM  • Pre-discharge event is learnt 
by obtaining field 
interruption figures.  

• Accurate model by 
measuring the apparent 
charge magnitude by time 
integration of current  

• Possible to model using 3D 
geometry and significant 
analysis in term of boundary 
setting  

• Large amount of data is 
required for the meshing 
process  

• It requires a digital computer 
and fairly extensive 

Niemeyer’s 
Model  

• The fundamental for most of 
the PD modelling.  

• Propose the mathematical 
model consider of initial 
electron generation, model of 
streamer process and the 
estimation of PD charge 
magnitude.  

• Propose equation of cavity 
surface emission and volume 
ionization.  

• Not accurate due to 
fundamental assumptions 
made  

• Fundamental assumptions 
made are not clearly justified 
with high reliance over 
immeasurable free 
parameters.  

• Some parameters assume to 
be constant such as cavity 
surface charge.  

• The induced charge assumes 
that the void internal field 
remains constant, and the 
entire section of the void 
undergoes the discharge 
procedure. 

Pedersen’s 
Model  

• Introduced the induced 
charge concept which is 
associated with partial 
discharge in a cavity  

• Propose the model of induced 
charge theory and consider 
the induced charge on the 
electrode before and after a 
discharge occurrence in the 
cavity.  

• This type of models 
distinguishes the PD 
occurrence from the 
perspective of field model  

• It can only be used when 
field distribution is uniform 
because the uniformity of the 
entire cavity is assumed to be 
afflicted by PD. However, 
this may not apply to cavity 
of a large size and due to 
that, the distribution of 
surface charge across the 
cavity’s wall may not be 
modelled  

• The induced charge assumes 
that the void internal field 
remains constant, and the 
entire section of the void 
undergoes the discharge 
procedure 

Capacitance 
Model  

• The capacitance models are 
concise  

• An easy model to apply to 
power equipment such as 
power cables  

• The model is used to simulate 
multiple PDs.  

• When the cavity surface is 
equipotential then void 
capacitance can be used.  

• Distribution of surface 
charges causes non- 
uniformity, leading the cav
ity surface being equipoten
tial after a PD. 

Plasma Model  • The mode presents in-depth 
details and physical under
standing into the discharge 
phenomenon for a single PD  

• Simulating multiple PDs are 
difficult as complex physical 
activities lead to difficulty in 
modeling the PD as well as 
huge methods of 
computation.  
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electrode protrusion in SF6 with inconsistent governing equations and 
ambiguous fundamental assumptions (Danikas et al., 1991). This model 
also requires an exact scaling factor to precisely replicate the typical 
rabbit ear discharge, which adds up the workloads of researchers and 
with high dependency over immeasurable free parameters, the re
searchers deploying this technique will again being forced to adjust the 
free parameters significantly to fit in different sets of experimental data. 

5. Conclusion 

An overview to PD has been provided in this article along with a 
summary of different PD modelling techniques to enhance the compre
hension of partial discharge dynamics. Although an assortment of PD 
models has been developed, the foundational concepts of these devel
oped PD models are all established based on Niemeyer’s model. The 
resultant PRPD patterns had been successfully generated during the 
experiments of different PD models, in customary the cylindrical or 
spherical air-filled cavities in a solid dielectric insulation, which com
prises of either polyethylene or epoxy resin. Despite that, a few limita
tions and inconsistencies have been discerned in many of these PD 
models. Among all these PD models developed, Poisson PD model that is 
resolved using FEA is chosen over Niemeyer’s model, ABC model, Ped
ersen model and Plasma model as the defect geometry can be resolved 
completely with calculation of apparent charge done explicitly and 
thorough phenomena of electric field at all locations in PD system pro
vided. Apart from that, since the quick process of gas recombination, 
where changes in the surface charge density at the surface of cavities can 
be detected, the Poisson model has proven to be more physically accu
rate. However, the dependence on high figure of free parameters is 
found to be the shortcomings of previous FEA Poisson models, although 
it is argued that using high figure of free parameters are going to fit the 
model results to experimental data. A problem which occurs with this 
method is that the model gradually becomes a curve fitting application 
and loses physical applicability. Even though it is impossible to elimi
nate free parameters due to the limited data available from the PD 
system, work should be done to reduce the number of free parameters. It 
may be prominent that as the characterization of the procedure of 
discharge remains a significant simplification in this model, and it might 
be impossible to discard numerous drawbacks related with former PD 
models. Throughout the research, it became evident that the drawbacks 
of modified PD model are still considerable. Particularly, it is unclear 
whether majority of the theories used in the model are justified. This 
research schemes the essential contribution, which significantly re
considers the necessity of PD modelling, exclusively if the more 
complicated PD systems existing in the field are to be considered. 
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