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Abstract: During the last two decades, partial discharges (PDs) modelling methods have been used as a complement of
insulation diagnosis systems of electrical assets. Finite-element-analysis models for simulating PDs in cavities within solid
dielectric materials are reviewed and a novel model is presented, which combines the main advantages of electrostatic and
electric current models. The theoretical background is presented and some limitations and restrictions are discussed. A case of
study was implemented for three different ageing conditions and simulation results exhibit good agreement with reported values
by other authors in the literature. An analysis of variations of PD behaviour with ageing as a function of temperature and
pressure is briefly presented. It is concluded that more research is needed to include physical and chemical interactions on the
void surface and that the cavity surface conductivity plays a fundamental role in the PD simulations at advanced ageing
conditions.

1 Introduction
Solid dielectric materials are vital for the adequate functioning of
electrical equipment. They are used as insulating materials in
applications ranging from electrical and electronic wires to power
generators and high-voltage power transformers [1, 2]. Partial
discharges (PDs) in cavities play a significant role in the ageing
mechanisms of solid dielectrics due to ion bombardment,
molecules excitation, and changes in the temperature and pressure
inside the cavity, which produce local erosion and deteriorations
that lead to a final dielectric breakdown [3–6]. Internal PDs are one
of the main mechanisms for a dielectric breakdown of solid
dielectrics [7, 8] and the correct and accurate evaluation of the state
of insulation systems depends on their adequate characterisation
and analysis. PD modelling is a good alternative for understanding
complex relationships in the phenomenon occurrence, determining
the main parameters affecting the PD behaviour and analysing the
effect of variables such as the voltage magnitude and wave-shape,
room temperature, and cavity geometry. In addition, PD modelling
can be used as a complement to equipment diagnosis [9, 10].
During the last few years, some studies on PD modelling have
proposed models that can be categorised into

• Analytical [11].
• Three-capacitance or ‘abc’ [12].
• Finite-element-analysis (FEA) models [13].

In essence, all the aforementioned models use the same approach
for simulating the PD process, however, they differ in the way the
electric field strength generated by the electric charge on the void
surface after a PD occurrence is calculated.

In the analytical model, analytical solutions of the electric field
strength inside the void for defined geometries are used and the
real and induced PD charge is calculated using analytical
expressions [14]. It is considered that the electric field within the
cavity and surface charge distributions on the cavity surface is
uniform, which is unreal [15]. However, this model is accurate
enough because it is based on a field approach and exhibit good

agreement when compared with experimental studies for different
conditions of ageing and stresses [16, 17].

On the other hand, the three-capacitance model is less accurate
than the analytical because its applicability is based on unphysical
assumptions such as the equipotential void surface and the pre-
existence of electrons for starting an avalanche on the cavity
surface [13]. However, the three-capacitance approach is the most
used model due to its simplicity and ease of implementation in
general-purpose electric circuit simulation software. Variations in
the equivalent circuit have been implemented to consider the effect
of the surface charge distribution, in which some use an additional
capacitor [18], others use mathematical functions for controlling
the PD process externally and consider the effect of charge on the
void surface left by previous PD [19]. The three-capacitance
model, despite its simplicity, is difficult to solve numerically
because of the non-linearities related to PD phenomena [20]. The
induced and real PD charges are calculated as a function of
capacitances and currents in the equivalent circuit. On the other
hand, during the PD process, the transient current related to the
streamer must be equal to the displacement current in the dielectric
material in series with the void. This means that the charge
detected at the electrodes in the measurement circuit must be equal
to the internal PD charge, which is in contrast to the apparent
charge concept presented in the three-capacitance model [21].

FEA models permit the numerical calculation of the distribution
of electric field strength and the electric scalar potential in the
entire geometry, and there are no restrictions on the geometry or
uniformity of electric field distribution. In fact, non-linear or
anisotropic media could be considered. In addition, multi-stress
conditions, electrical, thermal, and mechanical, can be considered
to analyse the PD behaviour [22]. The real and induced PD charges
are calculated numerically on the cavity and electrodes boundaries
using boundary conditions and field solutions without the need to
use the electrostatic (ES) approximations or analytical expressions.
FEA models can be subdivided into two categories [23]

• Conductance or electric current (EC) models.
• ES or Poisson models.
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ES models are physically more accurate than the EC models due to
the recombination of charge in the gas during the streamer current
propagation is likely to be a fairly rapid process [24].

Other kinds of FEA models that could be considered as
advanced, simulate the PD process in a detailed manner using the
drift-diffusion equations that describe the plasma dynamics of the
discharge [25]. In these models, physical processes such as impact
ionisation, attachment, recombination, diffusion, and drift of
charges are quantitatively defined by fluid equations. The solution
of plasma models allows considering a detailed chemical and
physical analysis of the discharge development of a single PD [26].
Different geometry, gas content, surface effect, and conditions can
be considered in the simulation process. However, plasma models
imply large computation consumption. For this reason, they are
impractical in ageing and multiple PD analysis where simulations
for thousands of power frequency AC cycles are required.

This paper is organised as follows. The theoretical background
and state-of-the-art PD FEA models are presented in Section 2. In
addition, a novel hybrid PD FEA model and heat transfer FEA
model are, respectively, presented in Sections 3 and 4. A case of
study and simulation results for three different ageing conditions
are presented in Section 5. Finally, some conclusions are depicted
in Section 6.

2 PD FEA models
PD arise from local electric field enhancements inside the defects,
such as voids, in dielectric materials [27] and are modelled as
streamer discharges because they are self-sustained [28] and have
charge magnitude pulses that can be measured using standardised
and well-known techniques [29].

For the analysis presented in this section, it is assumed that
voids are spherical and immersed in a homogeneous solid material
of circular cylindrical shape between two parallel plates and a
high-voltage (HV) AC power frequency sinusoidal is applied to
electrodes. Finally, it is considered that the void is centred in the
cylinder to ensure a 2D axisymmetric configuration.

2.1 PD stochastic model

For a cavity engulfed in a solid dielectric material, there will be PD
if the two following necessary conditions are achieved [30]:

• The electric field strength magnitude inside the void is greater
than the critical value for starting an avalanche (streamer
inception).

• A first electron for starting the first avalanche is present
(electron generation rate).

The behaviour and variation of these conditions cause the
stochastic behaviour of PD phenomenon, determining
characteristics such as inception delay, phase occurrence, and the
number of PDs per cycle.

2.1.1 Streamer inception: The streamer inception can be
interpreted as a threshold value, which defines an electric field
strength magnitude greater enough to create and sustain an electron
avalanche. The electric field strength inception magnitude can be
calculated using the following expression [31]

Einc = E1/ p crp 1 + B
2pa 0.5 (V m−1) (1)

where E1/ p cr and B are parameters associated with the ionisation
process in gases and depend on each specific gas, e.g. in the air the
values are 24.2 V Pa−1 m−1 and 8.6 Pa1/2 m1/2, respectively. On the
other hand, p is the pressure in Pa and a is the radius of the void in
m. Although (1) was determined in a configuration different to a
gas-filled void surrounded by a solid dielectric, Callender [24]
found that it shows good agreement with plasma models simulation
results and experimental values.

2.1.2 Electron generation rate: Volume and surface emissions
are the key mechanisms for the first electron generation rate [14].
Volume generation is associated with radiative gas ionisation and
field detachment of electrons from negative ions and its rate can be
obtained using (2) [27]

Net(t) = CradΦrad ρ/ p 0p 4
3πa3 1 − ν−1/0.5 s−1 (2)

where Crad and Φrad kg−1 s−1 are parameters related to the interaction
of gas with radiation, ρ/ p 0(kg m−3 Pa−1) is the pressure reduced
gas density, ν = Ucav(t)/Uinc, Ucav(t) (V) is the voltage across the
cavity centre and Uinc(V) is the inception voltage.

The electron generation rate owing to surface detrapping
follows the Richardson–Schottky law and can be written as:

Ndt(t) = Ndt0exp − t − tPD
τ ν0

⋅ exp − Φdt − eEcav(t)/ 4πε0

kbT
s−1

(3)

where Φdt(eV) is the effective detrapping work function, kb (eV K
−1) is the Boltzmann constant, e(C) is the elementary charge,
t − tPD(s) is the time elapsed between the new PD event and the
latest one, ν0(Hz) is the fundamental frequency of phonon and T is
the temperature in K. Ndt0 = ξ q/e  and ξ is a proportional factor
that describes the fraction of charge carriers, which results in the
creation of detrappable electrons. It also depends on the polarity of
charges deployed on the surface and the electric field strength
polarity. Net + Ndt Δt is the probability that an electron is
generated in the time interval t, t + Δt .

Equations (2) and (3) depend on parameters that are unknown
for the majority of materials and experimental conditions. Other
authors, based on experimental measurement observations
proposed some variations. In [32], Forssén and Edin, considering
that the generation of free electrons in voids is mainly due to
surface emission, proposed the following distribution function for a
PD:

F(t) = 1 − exp −∫
0

t
Ne(t′)dt′ (4)

where Ne(t) = Ne0exp Ucav(t)/Uinc s−1 , Ucav(V) is the voltage
over the cavity centre and Ne0 (s−1) is a constant depending on the
applied frequency.

Similarly, Illias et al. [33] defined the total electron generation
rate due to the surface emission at instant t as

Nest(t) = Ned0 Ucav(tPD)/Uinc exp − t − tPD /τtrap +Nei

exp Ucav(t)/Uinc s−1 (5)

where Nei (s−1) is a parameter corresponding to the charge
detrapping from material loose chain ends, Ned0 (s−1) is the
constant depending on the polarity of the electric field in the cavity,
Ucav tPD (V) is the cavity voltage at the time tPD(s) of the previous
PD event and τtrap(s) is the time constant for charge decay through
charge movement into deeper traps. The likelihood of a PD
occurrence in the interval t, t + Δt  is calculated as
L t = Net + Ndt t Δt.

2.2 EC FEA model

In the EC FEA models, the dielectric breakdown of the gas within
the cavity is simulated by an increase of gas conductivity for
modelling a large number of charges along the discharge channel
during the discharge development. The streamer current increases
and the resultant electric field strength inside the void decreases
when the gas conductivity is increased, due to the charge
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deployment on the cavity surface. The gas conductivity is
gradually increased until the electric field strength inside the cavity
is below an extinction magnitude Eext and the PD process stops.
After that, the cavity conductivity is reset to its original value. The
basic equations that describe the physics in the EC FEA model are

∇ ⋅ D = ρ(C m−3) (6)

∇ ⋅ J = − ∂ρ
∂t (A m−3) (7)

Equation (6) is also known as Coulomb–Gauss law, D (C m−2) is
the electric displacement vector field and ρ (C m−3) is the free
volume charge density. Equation (7) is the current continuity
equation, where J (A m−2) is the free current density.

If it is considered that the media are linear, homogeneous, and
isotropic, (6) and (7) can be rewritten in the following form:

∇ ⋅ εE = ρ(C m−3) (8)

∇ ⋅ kE = − ∂ρ
∂t (A m−3) (9)

where E (V m−1) is the electric field strength, ɛ (F m−1) is the
permittivity and k (S m−1) is the electric conductivity of media.

In addition, using the quasi-static definition of the electric
scalar potential, E = − ∇U, and replacing (8) in (9), it gives

−∇ ⋅ k∇U − ∇ ⋅ ∂
∂t ε∇U = 0 (A m−3) (10)

where U (V) is the electric scalar potential. Table 1 summarises
different approaches that have been used for modifying the cavity
conductivity in the EC FEA model. 

In Table 1, kcav0(S m−1) is the initial conductivity in the streamer
channel, I (A) is the streamer current, the current along the cavity
during the PD event, and Icrit (A) is the critical current magnitude
for starting an avalanche. kcavmax in the second and fourth row of
Table 1 is a constant between 1 × 10−4 and 1 × 10−2 S m−1, its
magnitude depends on the maximum PD charge magnitude in
experimental references and allows to control the numerical
accuracy and convergence [36]. In [33], the following expression
was proposed for calculating the maximum cavity conductivity
during the PD event:

kcavmax = 0.85e2neλe / mece (S m−1) (11)

Equation (11) allows calculating the conductivity of the streamer
channel using the electron conductivity in the plasma because the
conductivity due to ions is assumed to be negligible. e (C) is the
electric charge of the electron, me (kg) is the electron mass, λe (m)
is the electron mean-free path, ce (m s−1) is the electron thermal
velocity and ne (m−3) is the electron density.

A FEA software can be used for solving (10) and determine the
electric scalar potential in the model. Fig. 1 shows the subdomain
definitions in the EC FEA model: 1, the cavity subdomain; 2, the
cavity surface subdomain; and 3, the homogenous dielectric
material. The cavity surface is modelled as a thin layer for
simulating the surface charge decay through conduction along the
cavity wall.

In addition, the exterior boundaries are HV source at the upper
electrode, ground (0 V) at the lower electrode and electric
insulation at side boundaries interfaces. In all the interior
boundaries, the continuity condition is applied considering that
there are no surface currents and the quasi-stationary
approximation.

Equations (12)–(15) establish the boundary conditions for the
EC FEA model

U(t) = U0sin(2π × freq × t) Vat ∂3 ∩ HV electrode (12)

U(t) = 0 V at ∂3 ∩ grounded electrode (13)

in ⋅ J = 0 at ∂3 ∩ lateral exterior boundaries (14)

in ⋅ Ji − Ji + 1 = 0 at ∂i ∩ ∂i + 1, for i = 1, 2 (15)

where in is the unit normal vector to boundary surface and ∂i ∩ ∂i+1
is the boundary between regions i and i + 1, for i = 1, 2.

The magnitudes of apparent and real charges are dynamically
calculated using time-domain integration operations. The real PD
charge magnitude can be calculated integrating the current IPD(t)
(A) flowing through the cavity centre, while the apparent PD
charge can be calculated integrating the current through the
grounded electrode, IGE(t) (A), as it is established by the following
expression:

qPD = ∫
t

t + ΔtPD
I t dt(C) (16)

where ΔtPD(s) is the time elapsed during a PD event.
In this model, the electric field within the void and the charge

distribution on the void surface are assumed as uniform under the
consideration that a PD event affects the entire volume of the
cavity.

Different applications of this model are briefly summarised in
the following. In [32], it was presented a charge consistent EC FEA
model, which allows to dynamically simulate PD in a cylindrical
cavity in the 0.01–100 Hz frequency range. Variables such as the
PD magnitude, PD phase, PD rate, and PD distribution were
analysed with the varying applied frequency for different voltage
amplitudes, cavity sizes, and cavity locations. A discharge in the
cavity is simulated increasing the cavity conductivity (changing
from 0 to 1 × 10−4 S m−1) in a small cylinder, coaxial with the
cylindrical cavity. After a PD event, the cavity surface conductivity
is increased until the total amount of charge is below a critical
value, then the cavity surface conductivity is diminished to its
original value. Measured and simulated values are in good
agreement. It was found that in the 0.1–10 Hz frequency range, the
statistical time lag is proportional to frequency. On the other hand,
surface charge decay is reduced when the frequency is increased in
the frequency range of 0.1–100 Hz. A similar work was presented
by Chen and Baharudin [36], who made measurements and
simulations on a cylindrical cavity in polycarbonate material in the
same frequency range. They used a different stochastic model and
an improved computational procedure.

Table 1 Summary of approaches used for simulating the
PD process in EC FEA models
Cavity conductivity, S m−1 References

kcav = 1 × 10−4  [32]

kcav = kcavmax  [22, 33–35]
kcav = kcav0exp Ucav/Uinc + I /Icrit  [36]
kcav = kcavmax 1 − exp − Ucav/Uinc + I /Icrit  [37–39]

 

Fig. 1  Subdomain and boundaries definitions in the EC FEA model
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Using the EC FEA model, in [37], the electric field distribution
inside a spherical cavity was characterised as a function of two
frequency-dependent time constants that allow to modelling the
surface charge decay phenomenon: the cavity surface time
constant, which depends on the cavity surface conductivity and the
material time constant, which depends on the material conductivity.
It was found that at greater frequencies, the effect of time constants
is less significant and time lag is almost negligible.

In [40], the EC FEA model was applied for illustrating the PD
activity in spherical cavities of various sizes and at different
locations within the insulating material. It was found that the
phase-resolved partial discharge (PRPD) pattern depends on the
geometrical characteristics of the void and dielectric bulk because
it depends on the local electric field strength distribution. It was
found that the measured maximum discharge amplitude, the
surface charge density due to the PD on the cavity surface, the total
apparent charge, and the mean charge magnitude are larger in the
higher cavity diameter. On the other hand, the measured number of
PD per cycle is lower in larger spherical cavities due to their lower
extinction voltage and greater PD charge magnitude which indeed
affects their time lag. The PD charge magnitude appears to be
greater when the cavity is situated near to the electrode because the
electrode is producing more charges during the PD activity.

In [38], an EC FEA model was implemented for studying the
effect of the voltage amplitude on PD activity within a spherical
cavity inside solid insulating material. In this study, the φ–q–n
plots, the number of PDs per cycle, the total charge per cycle, the
mean charge magnitude, and maximum discharge magnitude were
obtained for different applied voltage amplitudes. In addition, the
temperature in the cavity was also simulated. It was found that the
initial electron generation rate, the detrappable electron effective
lifetime, the cavity surface conductivity, the inception and
extinction voltages, and the temperature decay time constant are
the critical parameters that affect the PD behaviour as a function of
the applied voltage magnitude. In addition, when the applied
voltage magnitude increases, the electron generation rate increases
and the effects on PD activity due to the surface charge decay and
temperature changes are more significant. Surface charge decay
through conduction along the cavity surface controls the ‘rabbit-
ear’-like structure in the φ–q–n plots because the maximum PD
magnitude depends on the surface charge density at the PD instant.

In [41], the EC FEA model was used for studying the influence
of cavity diameter on local electric field distribution and PD
activity. Experimental measurements in epoxy samples with single
cavities of different diameters were made and it was found that
when the cavity diameter is larger than 1 mm, the magnitude of the
electric field strength at the centre of the cavity decreases when the
cavity diameter increases and its value is different to calculate
using the theoretical enhancement factor [14].

In [33], the EC FEA model was used to study the behaviour of
PD within spherical cavities as a function of frequency and
amplitude of the applied voltage. It was concluded that when the
applied frequency increases, the number of PDs per cycle increases
due to a higher electron generation rate. When the amplitude of the
applied voltage increases, the number of PDs per cycle increases
because the electron generation rate increases. In addition, it was
found that greater applied voltage magnitudes cause an increased
charge decay rate.

In [34], a 3D EC FEA model of two spherical voids in dielectric
material was presented. The spherical voids were arranged
vertically and horizontally to each other with respect to the applied
electric field orientation. The distance between the two voids and
their sizes were varied to observe the electric field behaviour inside
the voids under the different conditions. It was found that when the
voids are close to each other in the vertical arrangement, the
electric field in each void is not uniform before a PD occurrence,
however, when the two voids are positioned far from each other,
the PD behaviour is similar to be observed for a single void. It was
also found that the inception field is hardly dependent on the void
size. From simulations, it was concluded that the maximum electric
field magnitude is lower but the inception voltage is higher for the
vertically-arranged voids than horizontally-arranged voids.

In [22], an EC FEA model is applied for studying the PD
behaviour under different material temperatures. Comparisons
among simulation results and measurements were made for
different temperatures and it was found that when the temperature
of the material is raised from 20° C to 65° C the measured number
of PDs per cycle increases due to a greater electron generation rate.
On the other hand, charge decay, through surface conduction,
increases with material temperature because of faster charge
movement in the cavity. It was concluded that the inclusion of
temperature in the model slightly improves their accuracy because
the average increment in the cavity temperature due to PD activity
is <10° C.

In [42], an EC FEA model was used for simulating PD within
spherical voids inside solid dielectrics under AC sinusoidal,
damped AC, and impulse voltages. Under damped AC sinusoidal
voltage, it was found that the φ–q–n plots are similar to under AC
sinusoidal signal. However, the ‘curvy’ shape in the PRPD is less
evident and the maximum PD charge magnitude decreases when
the charge decay time constant is higher. For studying the PD
behaviour under impulsive voltages, a wave shape with 300 kV
peak, 50 µs tail time, and variable front time was used. It was
found that when the front time of the impulse voltage increases, the
number of PDs per cycle increases.

In [35], an EC FEA model was used for determining the
relationship of statistical time lag with applied voltage magnitude,
frequency, and material temperature. A comparison between
measured and simulated data was used for analysing the statistical
time lag, defined as the time interval between the field in the void
exceeding the inception field and the occurrence of a PD. It was
found that when the applied voltage amplitude, frequency, and
material temperature increases, the statistical time lag is reduced.

In [43], an EC FEA model was implemented for PD simulations
under DC conditions and was applied for a case of study in a HV
DC XLPE cable. Surface charge decay due to charge
recombination by charge propagation on the cavity wall was
neglected because, at DC voltage, the electric field due to the
surface charge is always against the applied electric field, there is
no polarity change. The PD rate under DC conditions is much
lower than under AC conditions due to the only variation in time of
electric field inside the cavity depends on the change of the
residual electric field generated by the charge distribution on the
cavity surface.

2.3 ES FEA model

In the ES FEA model, it is considered that for a PD event, charges
from one part of the surface spread diametrically across the cavity
along the symmetry axis and reach the opposite part of the surface.
Once the opposite side of the cavity wall is reached, the charges
propagate on the cavity surface. In this way, the PD development
process is modelled as a gradual increase in the surface charge
density at the cavity wall, σs (C m−2). The explicit presence of
scalar sources of electric fields requires the solution of the
Coulomb–Gauss law (6). If it is considered that the media are
linear, homogeneous, and isotropic and the electric field changes
slowly in time, (6) can be rewritten as

∇2U = − ρ
ε (V m−2) (17)

Equation (17) is known as Poisson's equation and describes the
physics related to ES problems.

A FEA software can be used for solving (17) and calculating
the electric scalar potential distribution in the entire domain as well
as the electric field using the electric scalar potential definition. For
simulating the PD event, the specification of the surface charge
density as a function of spatial coordinates at each time step is
required. Fig. 2 shows the subdomains and boundaries definitions
of the ES FEA model: 1 is the cavity subdomain and 2 is the solid
homogenous dielectric material subdomain. 

In comparison with the geometry shown in Fig. 1, in the ES
FEA model, the cavity surface subdomain is not necessary. The
exterior and interior boundary conditions of the model are
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U(t) = U0sin(2π × freq × t) V at ∂2 ∩ HV electrode (18)

U(t) = 0 V at ∂2 ∩ grounded electrode (19)

in ⋅ D1 − D2 = σ at ∂1 ∩ ∂2 (20)

in × E1 − E2 = 0 at ∂1 ∩ ∂2 (21)

It is considered that electric charges are only present at the void
surface. When a PD happens, the surface charge density is
increased from the distribution remaining from the preceding PD
using the superposition principle.

Table 2 summarises different approaches used for modelling the
surface charge density increasing due to a PD event. In approaches
of the first and second rows of Table 2, the cavity surface is
subdivided into a finite number of segments in which a surface
charge density, calculated using the corresponding expressions, is
discretely added. On the other hand, the approach in the third row
uses a continuous surface charge distribution.

In addition to approaches listed in Table 2, in [44], an approach
was proposed in which point charges are added to the end of
segments on the void surface. The magnitude of charge density has
to be controlled to satisfy the extinction criterion [27]. 

In the ES FEA model, no currents are involved, therefore real
and apparent charges have to be determined as a function of charge
density at boundaries. The induced charge can be calculated as the
integration in the space domain of the change of charge density on
the HV electrode, σse (C m−2), after the time elapsed during the PD
event, ΔtPD (s), using the following expression:

q′ = ∫
Se

σse(t) − σse(t − ΔtPD) dSe C (22)

where Se (m2) is the surface of the HV electrode. The magnitude of
the real PD charge is calculated as the summation of the total
charge left by the PD event on the cavity surface Sc (m2) using (23)

q = ∫
Sc

σsdSc(C) (23)

This model is more accurate than the EC model, however,
phenomena such as charge movement speed along the cavity wall
and the spatial distribution need more research [13].

Different applications of this model are briefly summarised in
the following. In [44], an ES FEA model for simulating PDs was
proposed considering the PD propagation along the streamer
channel and in the perimeter segments around the PD paths. The
model allows considering the changes on the PD behaviour due to
ageing in terms of surface conductivity and electric field strength
magnitudes. The electric field inside the cavity was dynamically
calculated by varying the surface charge distribution. The PD
propagation was obtained by the instantaneous electric field
distribution. The model allows considering the effects of charge
distribution on the void surface left by the previous PD on the
variations of PD discharge area and PD magnitude under AC
voltage. In [49], the previously described model was applied for
studying the PD characteristics under 200 Hz, AC sinusoidal, and
AC square voltages at different ageing conditions in five samples
of a cylindrical void inside polyethylene (PE). It was concluded
that surface conductivity and the discharge area might contribute to
the PD occurrence after the voltage rise time. However, both of
them cannot describe the PD transition for the different stages of
ageing considered.

In [45], an ES FEA model for simulating PD in spherical
cavities within homogeneous dielectric material was developed.
The influence of the cavity surface charge distribution on the PD
behaviour was analysed. The surface of the cavity was discretised
into a finite number of sections where the cavity surface charge
distribution is determined by charge propagation on each section
during a PD event and charge movement along the cavity wall
under the influence of the electric field depending on the polarity

of resultant electric field strength. The upper and lower cavity
surfaces were divided into ten equal regions, each of equal area to
the others, for ensuring that the charge density and the amount of
charge propagation on each surface region are identical. The real
charge magnitude due to a PD event was calculated using the
electric field change as in the analytical approach [31]. It was
found that the surface conductivity increases with the applied field
and cavity size.

In [46], the ES FEA model was used for studying the PD
behaviour in a cylindrical cavity immersed in PE under square
waveform voltage at different magnitudes, 3.5–6 kV. The critical
charge-propagation field concept was introduced in this study to
consider the effective charge propagation along large void surfaces.
A comparison between measured and simulated results allowed
concluding that the most important parameters influencing the PD
behaviour under square waveform voltage are the inception,
extinction, and critical charge propagation field magnitudes and the
electron generation rate. The maximum charge magnitude in the
simulation model was reproduced just modifying the value of the
surface work function in the stochastic model. Experimental and
simulated results showed good agreement.

In [47], an ES FEA model was used for studying the PD
behaviour in a rectangular void within PE insulation under impulse
voltage. The void surface was divided into nine regions having the
same area to model discharge occurrences within a certain portion
of the void surface, and not, as it is usual, along the symmetry axis.
Different analyses at variable peak magnitude and front and tail
times were made. It was found that when the front and tail times
are greater, the number of PDs during the voltage rise time and the
fall time increases for each case. In addition, the total charge
magnitude per ms increases when the front and tail time increase
and the maximum PD charge magnitude remains almost constant
because it is mainly dependent on the voltage peak amplitude.

In [48], a 3D ES FEA model was used for studying the PD
phenomena in a cylindrical cavity in a geometrical structure similar
to found in power cables. The model consisted of a cylindrical
section of cable; the inner conductor of 6 mm diameter is the HV
electrode while the outer conductor of 25 mm diameter is grounded
for simulating the screen. It was observed that the PD rate and the
peak PD charge magnitude increases if the applied voltage
increases. A similar behaviour was found for the cavity diameter.

In [24], the authors presented a general improved method for
PD modelling in which some assumptions and considerations of

Fig. 2  Subdomain and boundaries definitions in the ES FEA model
 

Table 2 Summary of approaches used for simulating the
PD process in ES FEA models
Surface charge density, C m−2 References

σs = σs0 1 + Ecav(tn) − Eext
Einc − Eext

 [45]

σs =1 × 10−4, C m−2  [46–48]

σs a, θ, ϕ = αPD
1 + exp ηPD dv

+ a, θ, ϕ − λPD
…

− αPD
1 + exp ηPD dv

− a, θ, ϕ − λPD

 [24]
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analytical, EC, and ES models were discussed and some
improvements and corrections were implemented. This model is
ES in essence but contrary to previous ES models, the surface
charge is not a discrete distribution that leads to an infinite electric
field at the boundary of the surface charge distribution or rather
clearly unphysical. Taking into account that the experimental
evidence proposes that the charge distribution from a PD is bipolar,
the distribution of surface charge in PD is described by two logistic
functions of equal magnitude and opposite polarity, see the last row
in Table 2. Simulated results have been shown to be in agreement
with the measured results. Great applicability of this model is
shown in which the free parameters required for the modelling
process are reduced in comparison with conventional EC FEA
models. In addition, the author presented a discussion on the main
considerations and assumptions made on the analytical and FEA
models and concluded that the electric field extinction magnitude
concept as the parameter controlling the PD process ending must
be reviewed.

2.4 Surface charge decay

The charges left on the surface of the cavity due to the previous PD
may decay in time through recombination, diffusion, and
conduction. Under AC voltage, recombination is the dominant
process [43]. In analytical-based models [27], the surface charge
decay rate is usually modelled as an exponential decay function,
exp(−t/τins), where t (s) is the time elapsed since the last PD and
τins (s) is the material time constant that depends on the void
surface conductivity. In EC FEA models, taking into account that is
an electric current-based model, the surface charge decay is
modelled increasing the cavity surface conductivity to greater
value for simulating the charge movement due to surface
conduction along the void surface [33].

On the other hand, in ES FEA models, the cavity surface charge
distribution is defined by charge propagation on the void surface
during PD activity and charge movement along the void wall under
the influence of electric field within the cavity [45], the surface
charge decay on each void surface area is obtained using the
following expression:

Δqs = − ksΔt∫
S

EstdS(C) (24)

where Est (V m−1) is the tangential field along the cavity wall of
surface dS (m−2). Δqs (C) is obtained from a cavity surface region
and is added to the contiguous surface zone, depending on the
charge movement direction on the void wall.

In the approach presented by Callender [24], the surface charge
decay is simulated using the following exponential expression:

σs(t) = σs(tPD)exp − t − tPD
τσ

(C m−2) (25)

where σs tPD (C m−2) is the initial charge density on the void
surface immediately after a PD event and τσ(s) is a time decay
constant.

3 Hybrid PD FEA model
FEA models allow to dynamically calculate the electric field
distribution, the PD charge magnitude, and electrical currents in
measurement circuits without the same physical and geometrical
restrictions as analytical or three capacitance models.

The EC FEA models, despite their good agreement with
experimental results, are not physically realistic because the
electric field in the whole cavity volume is not influenced by a
single PD event [46]. In addition, it is considered that the electric
field distribution in the cavity is uniform as well as the surface
charge distribution [45], which affects the PD rate and PD charge
magnitude [37].

On the other hand, the ES FEA models appear to be more
accurate than the EC models because the recombination of charge

in the gas during the PD event is likely to be a fairly rapid process
[24]. In addition, the electric field within the void is determined by
the surface charge distribution and a subdomain to model the
surface charge decay due to conduction is not needed. However,
charge movement due to conduction along the cavity surface is
difficult to determine because it is necessary to estimate the
propagation characteristics, speed and distance, of charges on the
cavity surface once they have reached the cavity wall during the
PD event [13]. For solving this, discrete distributions for the
surface charge density have been implemented [47, 48]; however,
this produces unphysical electric fields of infinite magnitude at the
boundary of surface sections that simulate the surface charge
distribution. Table 3 summarises the main advantages and
disadvantages of the EC and ES FEA models. 

In this study, a novel approach for PD modelling using FEA
models is proposed, which combines the main advantages and
strengths of the EC and ES models and the main difficulties related
to discrete surface charge density are overcome. The proposed
approach is hybrid and could be implemented as ES pure as will be
described below. The charge propagation during the PD event is
neglected taking into account the short time duration of the PD
event [50] compared to the time constant of the surface charge
decay process [15]. However, the surface charge dynamics after the
PD events is precisely modelled using a theoretical approach as it
is detailed below.

3.1 Dynamics of surface charge density

After PD event charges are deposited on the void surface, they
produce an electric field that opposes the externally applied field.
As the physical materials exhibit finite magnitude parameters, the
cavity wall shows a finite surface conductivity and the surface
charges will become counteracted in time by surface currents on
the void surface. This behaviour will lead to a time-dependent
electric field produced by surface charges. However, as it will be
shown below, the theoretical time variation of the surface charge
density after a PD event permit considering the dynamics of

Table 3 Summary of the main characteristics of the EC and
ES FEA models
Model Advantages Disadvantages
EC the PD event can be easily

simulated changing the
cavity conductivity in time

the minimum value of cavity
conductivity must be controlled
to avoid numerical convergence

problems
during the PD event, the
current pulse through the
cavity and electrodes can

be calculated using
boundary variables

a subdomain at the cavity
surface is required to calculate
the surface charge dynamics

the surface charge decay
due to conduction can be
easily modelled increasing

the cavity surface
conductivity

it is assumed that the whole
cavity is affected by the PD

event

ES the PD event is not
modelled through abrupt
changes in parameters of

media

the current pulse through the
cavity cannot be calculated from

the FEA model

conductivity of media is not
required, which reduces the

number of parameters of
the model in comparison

with the EC model

the surface charge dynamics are
difficult to represent and if the
surface is divided into a finite

number of segments, unphysical
field magnitudes will appear

a subdomain for modelling
the cavity surface is not

required

if the surface charge distribution
is represented as in the present

work, the number of partial
differential equations increases,

which is computationally
expensive
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surface charge decay as quasi-stationary and the simulation model
as eminently ES. On the cavity surface, the continuity equation is

∇Σ ⋅ Js + ∂σs
∂t = 0(A m−3) (26)

where Js(A m−2) is the surface current density and ∇Σ ⋅ Js is the bi-
dimensional divergence of Js.

If the media is linear, homogeneous, and isotropic, the
following constitutive relationship can be used between the
tangential component of the electric field strength, Et(V m−1), and
the surface current density

Js = ksEt(A m−2) (27)

If a spherical coordinate system centred in the origin of the cavity
is considered, the tangential component of the electric field
strength on the spherical boundary surface can be obtained by the
following expression [51]:

Et = ir × Ei × ir (V m−1) (28)

where ir is the unit vector on the radial direction and Ei(V m−1) is
the electric field strength on the boundary interface, for i = 2, the
cavity and i = 1, the homogeneous material. On the other hand,
using the variables separation approach [51], the scalar potentials
on the void surface are defined as follows:

U1(a, θ, ϕ, t) = u1(a, θ, ϕ)Θ(t) (V) (29)

U2(a, θ, ϕ, t) = u2(a, θ, ϕ)Θ(t) (V) (30)

where u1 (V) and u2 (V) are the potential distributions as a function
of space variables at time zero, Θ 0 = 1. Θ t  is a function that
relates the time variation of potential distribution and depends on
the HV source applied.

Using the definition, E = − ∇U, replacing (27)–(30) in (26)
and using the boundary condition (20), the electric scalar potential
distribution in space and time can be found through the following
expression:

ks
r2

∂
∂r r2 ∂u1 a, θ, ϕ

∂r Θ(t)

+ ε2
∂u2 a, θ, ϕ

∂r − ε1
∂u1 a, θ, ϕ

∂r
dΘ(t)

dt = 0 (C m−2)
(31)

The terms within brackets in (31) are time-independent and u1(V)
and u2 (V) are solutions of Laplace's equation in each medium for
the surface charge density at the instant immediately after a PD
event, t = tPD

+ (s).
The scalar potential distribution in space and time is determined

as follows: first, the spatial solutions ui are calculated using the
Laplace's equation in each medium and second, the solutions in
time are calculated using the following time functions [52]:

Θ(t) = exp( − ζt) (32)

ζ =

ks
r2

∂
∂r r2((∂u1(a, θ, ϕ))/∂r)

ε2((∂u2(a, θ, ϕ))/∂r) − ε1((∂u1(a, θ, ϕ))/∂r) (s−1) (33)

Replacing (32) in (29) and (30) gives

U1 = u1exp( − ζt) V (34)

U2 = u2exp( − ζt) V (35)

The surface charge density on the boundary surface for any instant
of time can be determined from (20) using the following
expression:

σs a, θ, ϕ, t = ε2
∂U2

∂r − ε1
∂U1

∂r (C m−2) (36)

3.2 Hybrid FEA model implementation

Two modules compose the hybrid FEA model. First, an ES module
in which the electric scalar potential distribution and electric field
are determined by solving (17). Second, an electric current (EC)
module implemented for modelling the PD events in which the
electric field and electric scalar potential distribution are
determined solving (10) in the whole domain. The ES module is
used for determining the electric field and electric scalar potential
distribution before and after the PD occurrence while the EC
module is used during the PD event. A flowchart that describes the
hybrid FEA model is presented in Fig. 3. 

The model was implemented in COMSOL and MATLAB.
COMSOL is used for solving the partial differential equations that
allow calculating the electric field distribution and electric scalar
potential, and a MATLAB code is used for controlling the PD
process, evaluate the conditions in the stochastic model and modify
the parameters of media along the simulation time.

When simulation starts, the parameters of media have to be
defined. The required parameters for each FEA module are listed in
Table 4. In addition, geometrical parameters such as cavity radius
and dielectric bulk thickness and radius, are required. Finally, the
parameters related to the kind of HV applied source are required.
In this study, an AC 50 Hz, 19.25 kV sinusoidal source is
considered, however, other kinds of sources, such as squared or
impulse, could be used. The simulation procedure can be described
as follows:

(i) Before a PD event, the electric field strength magnitude is lower
than the inception value, the model is under static conditions and

Fig. 3  Hybrid FEA model flowchart
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the electric field inside the cavity is only generated by the applied
external field. The electric scalar potential and electric field
distributions can be determined using the ES module.
(ii) When the inception criterion is fulfilled, the stochastic model is
simulated using (1)–(3) for determining if a PD event will occur
during the next time step.
(iii) If inception and electron-generation-rate criteria are achieved,
the time step is reduced and the EC module, (10) and (12) to (15),
is used for determining the electric field and electric scalar
potential distribution in the whole domain. Then the EC module is
used until the electric field strength magnitude in the centre of
cavity is below the extinction value. During the PD process, it is
considered that there is no electric charge propagation on the void
surface.
(iv) When the extinction criterion is met, the PD process ends, the
time step is increased to the initial value and real charge is
calculated as the integration of current through the centre of the
cavity, IPD (A), during the time elapsed by the PD event, ΔtPD (s),
using the following expression:

q(tPD + ΔtPD) = ∫
tPD

tPD + ΔtPD
IPDdt C (37)

The PD apparent charge magnitude is determined as the integration
of current through the grounded electrode, IGE (A), during the PD
event using (38)

q′(tPD + ΔtPD) = ∫
tPD

tPD + ΔtPD
IGEdt C (38)

(v) After a PD event, the surface charge distribution for each time
step is calculated using (36). With the surface charge density
calculated previously, the electric scalar potential and electric field
strength distributions are calculated solving the Poisson's equation
using the ES module and boundary conditions (18)–(21).

For the specific case of a spherical cavity (36) can be analytically
expressed as [15]

σs a, θ, ϕ, t = 2σ0 ∑
n = 0

∞
4n + 3 P2n + 1 cos θ

⋅ exp − 2n + 1 2n + 2
2n + 2 εrm + 2n + 1

t − tPD
τ (C m−2)

(39)

where σ0 = q/4πa2(C m−2), t − tPD (s) is the time elapsed from the
last PD event, Pn cos θ  is a Legendre polynomial of order n and
εrm is the relative permittivity of the solid homogeneous dielectric
bulk.

The solution presented in (39) assumes that when the charges
arrive at the void wall can be determined equivalently as a point-
charge configuration using the superposition principle.

Fig. 4 shows the behaviour of surface charge density
distribution on the surface of a spherical cavity as a function of
time for a spherical cavity immersed in a dielectric with εrm = 4
calculated from (39). 

In Fig. 4, τ = ε0a/ks (s), a (m) is the cavity radius and ks (S m−1)
is the conductivity of the cavity surface. As can be seen, the charge
density is symmetrically distributed on the cavity surface around
the axis of symmetry and has a time constant that is mainly
dependent on the relative permittivity. The time dynamics of
surface charge decay due to conduction on the void surface is
significantly slow, for the case in Fig. 4, τ = 1.107 × 104 s, which
allows considering that during the PD process, there is no charge
propagation on the cavity surface.

Taking into account the aforementioned information, it is also
reasonable to establish a time step of 5 × 10−5 s for the simulation
before and after the PD events to consider the time variations due
to the AC power frequency signal and reduce the computational
time. The time between consecutive PD events depends on the
magnitude and frequency of applied voltage, the stochastic model
and the surface charge decay time constant. On the other hand, the
time step is reduced to 1 × 10−9 s during the PD development
process whose duration is variable, depending on the extinction
criterion fulfilment and is in the range of tens of ns [24].

As was previously stated, the PD process can also be modelled
only using the ES module. In the novel pure ES approach, the PD
process can be simulated using the ES module under the following
approach:

(i) When the necessary conditions for a PD are achieved, the time
step is reduced and a small magnitude of initial charge density is
added to the void surface, σ0 (C m−2).
(ii) From σ0 (C m−2), the surface charge distribution is determined
using (39) and the electric scalar potential and electric field
distributions are calculated solving the Poisson's equation and the
boundary conditions (18)–(21).
(iii) More charge is discretely added on the void surface until the
extinction criterion is achieved. The principle of superposition and
charge conservation is applied and the calculation process
described in the previous step (ii) is used.
(iv) When the PD process ends, the real PD charge is calculated as
the surface integration of charge density on the void surface at the
end of the PD process

q = ∫
Sc

σs(a, θ, ϕ, tPD + ΔtPD) − σs(a, θ, ϕ, tPD) dS (C) (40)

where tPD + ΔtPD is the time elapsed during the PD event. The
induced charge is calculated using (40) but replacing the surface
charge density on the grounded electrode.
(v) After a PD event, the time step is increased and the surface
charge density is calculated for each time step using (39). The
electric scalar potential and electric field distributions are
calculated solving the Poisson's equation and boundary conditions
(18)–(21).

Table 4 Parameter definition of the EC and ES FEA models
Parameter Description EC ES
k conductivity of media (material and void), S m−1 X —

ks cavity surface conductivity, S m−1 X X

ɛ permittivity of media, F m−1 X X

σs0 initial surface charge density during a PD event,
C m−2

— X

kcPD void conductivity during a PD event, S m−1 X —
 

Fig. 4  Surface charge density distribution as a function of time ɛrm = 4, ks 
= 1 × 10−18 S/m, q = 800 pc and a = 1.25 mm
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The main advantages of the above approach are that surface charge
dynamics, in space and time, are considered just through a unique
equation and the surface charge distribution is a continuous
function that avoids the appearance of unphysical infinite
magnitude electric fields.

4 Heat transfer and pressure model
During a PD event, the energy in the dielectric system varies
suddenly and could be considered under quasi-stationary
conditions, without changes in ionisation, polarisation, and
magnetisation of media that the change in the energy stored in the
electric field is transformed into other forms of energy, neglecting
the radiated component. It is considered that the electric energy is
converted into heat that is transferred to the cavity and
homogeneous material through heat conduction. The partial
differential equation for simulating the heat transfer is [39]

ρmCp
∂T
∂t − ∇ ⋅ kT∇T = Q (W m−3) (41)

where T (K) is the temperature, ρm (kg m−3) is the density of
media, Cp (J kg−1 K−1) is the heat capacity of media and kT (W m
−1 K−1) is the thermal conductivity of media. Q (W m−3) is the heat
source density.

Equation (41) can be solved using FEA in COMSOL. Fig. 5
shows the boundaries and subdomain definition for the thermal
flow analysis model. 

The heat source density within the cavity is calculated as in [53]

Qcav = Q1 = Jcent ⋅ Ecent (W m−3) (42)

where Jcent(A m−2) and Ecent(V m−1) are, respectively, the current
density and electric field strength at the centre of the cavity during
the PD event.

The heat source density within the homogeneous material is
maintained as zero during all the simulation, Qmat = Q2 = 0.
Equation (43) defines the boundary conditions through (46)

iz ⋅ k∇T = 0 at ∂2 ∩ HV electrode (43)

−iz ⋅ k∇T = 0 at ∂2 ∩ grounded electrode (44)

ir ⋅ k∇T = 0at ∂2 ∩ exterior boundaries (45)

ir ⋅ k1∇T1 − k2∇T2 = 0 at all interior boundaries (46)

Boundary condition (46) is not necessary if COMSOL is used as
the FEA solver because it previously converts the partial
differential equations into the weak form.

If it is considered that the cavity volume does not change during
each PD event, according to the ideal gas law, changes in
temperature produce changes in pressure and vice-versa. The
pressure in the cavity after a PD event can be calculated using (47)

PtPD + ΔtPD =
TtPD + ΔtPD

TtPD
PtPD Pa (47)

where PtPD and PtPD + ΔtPD, are, respectively, the pressure in the void
before and after the PD episode.

5 Case of study
A case of study was simulated using the hybrid FEA model and the
results are compared with measured values reported by other
authors in the literature, to analyse their performance and
capabilities. The geometry of the case of study corresponds to a
linear, homogenous, and isotropic dielectric bulk of epoxy resin of
3.5 mm thickness in the middle of two parallel plates. A spherical
void, filled with air, of 2.5 mm diameter is included in the centre of
the geometrical shaping. A 19.25 kV, 50 Hz sinusoidal voltage
source is feeding the upper electrode while the lower is grounded.
This same configuration was used by Gutfleish and Niemeyer [27]
for simulating the PD behaviour under different ageing conditions.
Table 5 summarises the parameters of media. 

Simulations using the novel hybrid model were implemented at
three different ageing phases as follows:

(i) Phase A corresponding to the first period of the ageing process
with time duration in the order of 10 min.
(ii) Phase B is the period when the PD charge magnitude tends to
increase and the maximum PD charge magnitude appears. It has
time duration in the range 20–50 h.
(iii) Phase C is an intermediate period between the phenomenon
starting and the final breakdown, it is characterised by low
magnitude discharges at a very high rate.

This case of study was simulated during ten periods of the applied
50 Hz HV source at ageing phase A, while for phases B and C,
during 20 periods. Table 6 exhibits the simulation results for PD
charge magnitude and PD rate for the three considered ageing
phases. Table 7 summarises the parameters of the stochastic model
and initial pressure and temperature for each ageing phase
considered. 

In the implemented model, contrary to the implementation
made by Gutfleisch and Niemeyer [27], the electron generation
rate, (2) and (3); the inception electric field strength magnitude, (1)
and the extinction electric field strength magnitude, calculated as
Eext = γ E / p crp, are dynamically calculated as a function of
pressure and temperature for each instant of time.

Fig. 6 shows the results of the PRPD pattern at the three
considered ageing phases. 

At ageing phase A, the PRPD pattern exhibits a horizontal bar
structure with the PD charge magnitudes very close between them

Fig. 5  Subdomain and boundaries definitions in the thermal flow FEA
model

 
Table 5 Parameters of media for the case of study, taken
from [27, 39]
Parameter Description Value
ɛrm relative permittivity of dielectric

material
4

ɛrcav relative permittivity of the cavity 1
ks cavity surface conductivity 1 × 10−18 S m−1

kmat material conductivity 1 × 10−18 S m−1

kcav cavity conductivity during PD 5 × 10−3 S m−1

Cpmat material heat capacity 1179 J kg−1 K−1

Cpcav air heat capacity 1005 J kg−1 K−1

kTmat material thermal conductivity 0.35 W m−1 K−1

kTair air thermal conductivity 0.0257 W m−1 K−1

ρmat material volume density 561 kg m−3

ρair air volume density 1.205 kg m−3
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and the mean magnitude. At ageing phase B, the ‘rabbit-ear’-like
structure begins to appear and the minimum PD charge magnitude
is close to ageing phase A. However, the maximum PD charge
magnitude begins to increase and the number of PD per cycle is
reduced due to the increase of the electric field produced by the
electric charges on the void surface left by previous PD activity.
Finally, at ageing phase C, the PRPD exhibits a structure similar to
the ageing phase A. Although, the PD charge magnitude is reduced
about 22.45% of the PD magnitude comparing with ageing phase
A. The number of PD events per cycle increases in about 549.59%
of the case of ageing phase A and the overlapping angle is small,
which means that the cavity experiences PD continuously and the
time lag is almost 0. The PD behaviour at ageing phase C is
controlled by the pressure in the cavity and the cavity surface
conductivity. When compared with simulated and measured values

and figures presented in [27], Fig. 6 and values in Table 6 exhibit
good agreement.

Numerical magnitudes for the number of PD per cycle were
presented in [27] and are also listed in Table 6 for the three ageing
phases considered and it can be seen that the highest difference
with simulated results, 29.26%, was obtained for ageing phase C,
while for ageing phases A and B were 6.92 and 1.12%,
respectively.

PD characteristics such as PD rate and maximum PD charge
magnitude are dependent on the gas volume and pressure in the
cavity [54]. Another parameter that influences the PD activity is
the void surface conductivity. Owing to the PD activity, gaseous
by-products affect the void surface. Hudon et al. [55] found that
the surface conductivity can be affected due to PD activity,
however, after ∼100 h, the conductivity reaches a constant value.
On the other hand, Ku and Liepins [56] showed that the surface
conductivity of epoxy resin increases proportionally with
temperature. However, taking into account that the average
increase in temperature is below 15% [16], for simulations
presented here, it was considered the conductivity as a constant
parameter.

Table 8 summarises the simulation results for temperature and
pressure at the three ageing phases and simulation periods
considered. On the other hand, Fig. 7 shows the results of
temperature and pressure at the three ageing phases during the first
three periods of applied AC voltage. 

It was found that at ageing phases A and B, the increments on
temperature and pressure due to PD are small, about 1 K and 0.22 
kPa. After the PD event, the heat source density disappears and the
media begin to cool down until a new thermal equilibrium is
reached. The final equilibrium temperature will increase, however,

Table 6 Simulation results for PD charge and PD rate at
the three considered ageing phases
Variable Phase A Phase B Phase C
qmin, pC 825.22 838.87 167.71
qmean, pC 921.10 927.38 206.80
qmax, pC 991.69 1321.60 271.70

Einc, kV mm−1 2.63 2.63 0.47

Eext, kV mm−1 0.55 0.55 0.05

PD/cycle simulated 12.10 11.47 66.50
PD/cycle measured 13 11.6 94
error, % 6.92 1.12 29.26

 

Table 7 Parameters of the stochastic model for the case of
study taken from [27]
Parameter Description Phase A Phase B Phase C
T0 initial temperature of the

gas inside the cavity, K
300 300 300

p0 initial pressure of the
gas inside the cavity,

kPa

65 65 6

B parameter of gas
ionisation, air, Pa1/2  

m1/2

8.6 8.6 8.6

ε0 permittivity of vacuum,
F m−1

8.854 × 
10−12

8.854 × 
10−12

8.854 × 
10−12

E / p cr parameter of gas
ionisation, air, V Pa−1 m

−1

24.2 24.2 24.2

ρ/ p 0 reduced gas density, air,
kg m−3 Pa−1

1 × 10−5 1 × 10−5 1 × 10−5

CradΦrad reduced radiative
cosmic and radioactive
quantum flux density, kg

−1 s−1

2 × 106 2 × 106 2 × 106

γ factor of streamer
propagation

0.35 0.35 0.35

ξ+ detrapping factor for
positively charged

surfaces

1 1 1

ξ− detrapping factor for
negatively charged

surfaces

1/50 1/50 1/50

τ effective detrapping
time constant, ms

2 2 2

ν0 fundamental phonon
frequency, Hz

1 × 1014 1 × 1014 1 × 1014

Φdt effective detrapping
work function, eV

1.0 1.1 0.98

 

Fig. 6  PRPD pattern simulation results for the case of study at three
ageing phases
(a) Phase A, (b) Phase B, (c) Phase C
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at ageing phases A and B the increment is negligible. On the other
hand, at ageing phase C, despite the reduced magnitude of PD, the

increases in temperature and pressure are noticeable, about 7 K and
140 Pa in a half period. However, when compared with phases A

Table 8 Summary of simulation results for temperature and pressure at the three considered ageing phases
Variable Phase A Phase B Phase C

Mean Max Mean Max Mean Max
Tcav, K 300.32 301.27 300.39 301.46 318.25 330.01
Tscav, K 300.22 300.73 300.30 300.91 314.65 326.31
Tmat, K 300.13 300.26 300.22 300.44 311.10 322.21
ΔT/cycle, K 0.0258 0.0221 1.1103
P, kPa 65.07 65.29 65.09 65.33 6.356 6.585
Δp/cycle, kPa 0.0008 0.00057 22.5135

 

Fig. 7  Temperature and pressure simulation results for three ageing phases
(a), (b) Phase A, (c), (d) Phase B, (e), (f) Phase C
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and B, at phase C, the magnitude of pressure is lower due to
phenomena that are explained below.

During the early stages of the ageing process, the changes in
pressure are low, on the contrary, when the time during the void is
subjected to PD activity increases, the pressure in the cavity
exhibits a continuous reduction until final breakdown [57] with a
decreasing rate that is dependent on voltage and temperature. The
pressure behaviour depends on the gas consumption and gaseous
by-products generation rates during the ageing process. The
variation of pressure with time can be subdivided into three stages
[58]

• Stage 1 is characterised by a continuous reduction on cavity
pressure due to the oxygen consumption rate that is higher than
the generation rate of gaseous by-products, the ratio O2/N2 and
the gas density decrease, which reduces the effective ionisation,
which implies a reduction on the PD rate, it lasts 10–15 min.

• Stage 2 begins when the pressure reaches the minimum value
and starts to increase, which could be due to an increase in the
generation rate of gaseous by-products, such as CO2, and
oxygen releasing by dissociation of CO and CO2, it lasts about
30 min.

• Stage 3, the pressure starts to decrease again due to an increase
in the gas consumption rate, the decreasing rate is dependent on
room temperature and the applied electric field and can be
modelled using the following expression [59]:

∂p
∂t = ap(T)exp bp(T)U(t) (kPa s−1) (48)

where U(t) (V) is the applied voltage and ap(T) and bp(T) are
functions of temperature. The pressure behaviour described by
(48) is unaffected by any changes in PD activity, it starts after
about 30 min.

Changes in the cavity gas composition and pressure allow us to
explain some characteristics of the PRPD pattern, however, the
condition of the cavity wall interface plays an important role in the
PD evolution because electron bombardment, chemical radical
erosion, and by-product deposition affect the surface conductivity
[58]. In addition, the changes in PD behaviour with temperature
can be related to cavity surface conductivity variations [60].

Temperature consequences on surface degradation can be
ignored in comparison with chemical reactions and particle impact
[17]. At the end of the ageing process, it is assumed that the ratio
O2/N2 is very small which promotes the apparition of swarming
microPDs and pits that originates treeing [3].

6 Conclusions
The state-of-the-art PD FEA models were reviewed and found that
ES models appear to be more physically accurate than EC models
due to the recombination rate of charges during the PD process.
The theoretical background of FEA models was presented and
limitations and restrictions were discussed.

Novel hybrid FEA and ES FEA models were presented, which
combine the main advantages of ES and EC FEA models and some
limitations of the ES model, such as the surface charge distribution
and dynamics were overcome. In addition, the appearance of
unphysical infinite magnitude electric fields was avoided by the
use of a continuous surface charge distribution. The hybrid FEA
model allowed obtaining the PD current pulse for making future
analysis in frequency.

Simulation results for a case study at three different ageing
phases exhibited good agreement with measured values reported by
other authors. The changes in PD behaviour with ageing were
analysed as a function of temperature and pressure and was
concluded that detailed modelling taking into account chemical
interactions on the void surface is necessary. Cavity conductivity
and pressure are the main parameters affecting the PD behaviour at
prolonged ageing phases.

The main advantages of the novel hybrid method proposed can
be summarised as follows:

• The surface charge dynamics after PD events are considered
through a continuous surface charge distribution theoretically
determined using field equations.

• The pulse current during the PD event through the electrodes
and the cavity can be determined in the time domain using the
electric currents module.

• Division of the void surface into a finite number of sections is
not required, which allows avoiding computational efforts and
unphysical magnitudes of field.

• Finally, local spatial variations on the void surface can be
considered through the void surface conductivity.

This method allows simulating PD in spheroidal cavities inside
solid dielectrics when HV is applied to the dielectric bulk.
Numerical simulations considering AC voltage and parallel plate
electrodes have been implemented and results exhibit good
agreement with measured values provided by other authors.
Currently, simulations considering different electrodes
configurations and voltage sources are being implemented and
simulations results will be presented in future works.
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