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ABSTRACT

This paper investigates the behaviour of partial discharge (PD) in transformer insulation
paper based on the Finite Element Method (FEM). The three-dimensional (3D) FEM model
consists of conductor and insulation paper, representing part of a transformer’s high voltage
winding. The conductor’s width, height, and length used in this study were 2.4 mm, 11.5
mm, and 16 mm. An insulation paper thickness of 1 mm was modelled around the conductor.
An internal cavity with a diameter of 0.5 mm cavity was introduced within the insulation
paper. This study introduced two locations of the spherical cavities at the centre and left
corner of the insulation paper: Location 1 (L1) and Location 2 (L2). An AC voltage of
33 kV, 50 Hz, was applied to the conductor while the bottom of the insulation paper was
grounded. The model was used to study the electric field distribution within the insulation

paper and its effect on PD current and

charge magnitude. The influence of cavity
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location on the charge magnitude was also
examined. It is found that the electric field
distribution is influenced by the conductor
configuration as well as the location of the
cavity. The electric field in the cavity is
the highest at L1 compared to L2. The first
PD occurs faster for the cavity with a high
electric field. Due to the PD occurrence at
the same inception field, the real PD current
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and charge magnitude is similar at different locations. The apparent PD current and charge
magnitude induced at the ground electrode is slightly higher at L1 than at L2.

Keywords: Insulation paper, partial discharge modelling, spherical cavity, transformer

INTRODUCTION

Among the critical equipment in the electrical power system network is transformers.
Transformers can be subjected to different types of electrical issues, which can reduce their
reliabilities. One common issue in the insulation of transformers is Partial Discharge (PD)
(Hussain et al., 2021). PD is an electrical discharge that originates from a defective area
within the insulation system (Naidu & Kamaraju, 2013). During the PD occurrence, solid
insulation can degrade over time and extend to full electrical discharge. The most known
defective areas are the void, cavity, and crack in the solid insulation (E-CIGRE, 2017).
In recent years, PD assessment has become an important tool for evaluating the integrity
of transformer insulation. Generally, the PD phenomenon is quite complex and requires
further analyses through modelling the physical process. The electric field distributions
before and after PD can be further evaluated based on the analyses.

The PD models with regard to a spherical cavity within solid dielectric material can
be categorized into three capacitance, induced charge concept (ICC) and Finite Element
Method (FEM) models (Illias et al., 2017). The three-capacitance or ABC model represents
the model of PD as a capacitance circuit (Whitehead, 1952). This model is simple;
however, the surface charge decay and charge accumulation along the cavity surface are not
considered in the analysis. The PD occurrence of this model does not relate to the changes
in capacitance as in the ICC model. The ICC model is derived based on the phenomenon of
charge distribution on the cavity surface due to PD (Pedersen et al., 1995; Pedersen et al.,
1991). The ICC model is also known as the analytical equation PD model, which is based on
streamer-type PD whereby consideration on the surface charge accumulation on the cavity
surface due to a PD occurrence is considered. The simulation time for the ICC model is
short, but it is only suitable if the cavity size is small and has a uniform field distribution.

In recent years, the FEM model has been widely used for the PD model of a spherical
cavity (Borghei et al., 2021; Illias et al., 2009, 2010, 2011a, 2011b, 2011c; Illias et al.,
2012a; Illias et al., 2012b; Illias et al., 2015a, 2015b). This approach is promising for
developing the PD model since it can be simulated dynamically. The FEM model solves the
electric field distribution in a cavity numerically and can be applied to solve non-uniform
electric field distribution. The electric field distribution during the PD process can also
be obtained through the FEM model. The apparent and real charges based on the FEM
model are also comparable with the experimental data (Borghei et al., 2021; Forssén &
Edin, 2008; Illias, 2011; Illias et al., 2012a). The FEM model can be considered a reliable
tool to simulate PD due to its credibility in simulating PD in complex geometry. The FEM
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model has also been applied to examine the PD activities in cables (Anagha et al., 2018;
Joseph et al., 2019).

This paper presents the investigation of PD behaviour within a spherical cavity in
the insulation paper of a transformer through FEM modelling. The 3D model consists of
a conductor, insulation paper and a spherical cavity, whereby it is developed and solved
through a transient electric solver. The electric field distribution in the insulation paper
with consideration of the spherical cavity is evaluated, and its effect on the PD current and
charge magnitude is examined.

PARTIAL DISCHARGE MODELLING

Two important criteria need to be considered for PD modelling:

1. The electric field in the cavity should exceed the cavity PD inception field, Ej;,.

2. The presence of the free electron initiates the ionization process.

The discharge process of PD can be delayed if there is no presence of the free electron,
even though the electric field already exceeds the E};, .. Thus, the free electron in the cavity
is a crucial parameter to initiate PD. The Electron Generation Rate (EGR) controls the
number of free electrons in the cavity. Two main contributions of EGR are surface emission
and volume ionization. Once all the requirements were satisfied, the discharge process
simulation was initiated to model the PD occurrence. The simulation continued until the
cavity’s electric field was lower than the PD extinction field, E . ;.

PD Physical Parameter

Four parameters need to be acquired to model the PD. These parameters are known as the
physical process parameter, which consists of the E ¢, E .xt» EGR and surface charge decay.

PD Inception Field. E;,. was determined based on Equation 1, where the PD was
considered a streamer type (Borghei et al., 2021; Niemeyer, 1995; Pan et al., 2019).

£, = (%)p (1+ %) [1]

In the case of air, the ionization parameters for (E1/p)., and B are defined as 24.2
VPa 'm™! and 8.6, respectively (Illias, 2011). P and d are the pressure and diameter of the
cavity, respectively. Equation 1 can be simplified into Equation 2 if the cavity contains air.

E = 24.2 (1 — ) it in— [2]
i 4.2P + unit in
inc ,—P ]

The pressure and diameter of the cavity were set to 100 kPa and 0.5 mm. Based on
Equation 2, the computed E ;. was 5.4 kV/mm.
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PD Extinction Field. E,,; is the minimum electric field required to stop the discharge
process during the PD occurrence. E,,; was determined based on Equation 3, where the
value was set to 10% of Ej;,. obtained from Equation 2 (Joseph et al., 2019).

|4
Eopt = 0.1E;,. unit ina (3]

Electron Generation Rate (EGR). EGR in the cavity is one of the crucial parameters
that control the condition of PD occurrence. The free electron must exist in the cavity to
start the ionization process. The lack of the free electron will delay the PD occurrence
even if the first condition of the cavity Ej,. is already satisfied. The delay time from the
time occurrence of Ej,. to the time of PD occurrence was defined as statistical time lag,
74a- The EGR affects the 7, which is contributed by the cavity surface emission and
volume ionization (Illias et al., 2015a). The EGR contributed by the volume ionization
was considered since only the first discharge was simulated in this study, whereby the
free electron was always considered available. There was no free electron contributed by
the surface emission and the surface charge decay effect since the subsequent discharge
was not simulated in this study.

Discharge Process

Two methods to develop the discharge | Define constant |
process during PD occurrence based »
on the FEM model are electrostatic and | Increase time step, t,,,PD |
electric transient (Illias et al., 2017). This v
study used the electric transient method to Exnrt?g gé%ﬁt;cEf:VId "
model the discharge process based on the
conductance model. The discharge channel No
was included in the model due to the high
charge development in the cavity. As a ves
result, the discharge process influenced the Increase cavity conductivity
entire cavity, which increased the cavity v S—
conductivity from the initial value to a Increase fme EXtrt?\(:cefla?/ictgtc;:aeld )
high value during the PD occurrence. It step,
will lead to the decrement of the electric No
field in the cavity. Once the electric field

Yes

in the cavity was less than the E,y, the

conductivity of the whole cavity was set | Calculate PD current

to non-conducting. Figure 1 shows the

flowchart of the discharge model for the
first PD. Figure 1. Flowchart of the discharge model
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Model Geometry

Figure 2 shows the three-dimensional (3D)
FEM model geometry of the insulation
paper and conductor in Ansys Maxwell.
The transient electric solver was used to
solve the electric potential distribution in
insulation paper. The model was modelled
based on the part of the disc layered high
voltage winding in a 33/11 kV, 30 MVA
transformer.

The model consisted of conductor and
insulation paper. To represent the defect
area, a diameter of 0.5 mm cavity was
located within the insulation paper. The
detail of the geometrical design can be seen
in Table 1 (Murthy et al., 2020).

In this study, there were two locations
of the cavities, namely Location 1 (L1) and
Location 2 (L2), as shown in Figure 3. L1 is
the location of the cavity at the centre of the
insulation paper, and L2 is the location of
the cavity at the left corner of the insulation

paper.

Simulation of Model

The electric potential calculation in the
model was performed through the transient
electric solver. The details of the other
parameters for the simulation are shown in
Table 2. A 33 kV, 50 Hz AC was supplied
at the conductor while the bottom of
the insulation paper was grounded. The
simulation time was set to 100 ps during
no PD to reduce the simulation time while

Insulation
paper

Conductor

Cavity

Figure 2. 3D FEM model of insulation paper and
conductor of high voltage winding

Front view

Side view (L1)

Side view (L2)

Figure 3. Two different cavity locations within the
insulation paper

Table 1
Parameters for 3D Finite Element Method model
Parameters Values
Power rating 30 MVA
High voltage winding rating 33kV
Low voltage winding rating 11kV
Height (conductor) 11.5 mm
Width (conductor) 2.4 mm
Length (conductor) 16 mm
The thickness of the insulation paper 1 mm
Cavity diameter 0.5 mm

maintaining the accuracy of the electric field in one time step. The time step during the

occurrence of PD was set to 1 ns to maximize the accuracy in one time step due to the

sudden reduction of the electric field in the cavity once the PD was initiated. The fast

change in the electric field within the cavity was controlled by the conductivity during the
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discharge process. In this study, the conductivity during PD was set to 0.005 s/m to reduce
the simulation time and avoid the fast reduction of the electric field. The apparent and real
charges were determined based on the current integration flowing through the electrode
and cavity centre surface area, as shown in Equations 4 - 7 (Borghei et al., 2021).

e ©) = [ TG 7 ds 4]
Scav
@ =[ @i as 5
Sground
Lext
Qreal = f Lrear (t) dt [6]
tinc
text
Q= | T @ 7

inc

Where J(t) is the current density, S, is the cavity centre surface area, and S ground 18 the
ground electrode surface area. The t;,. and ¢,y; are the time occurrence of the inception
and extinction fields.

Table 2
Parameter for partial discharge modelling of the insulation paper and cavity

Parameters Values Units
2.3

1

Insulation paper (relative permittivity), €myq¢

Cavity (relative permittivity), €.qy

Insulation paper (conductivity), G, q¢ 1x101° s/m
Conductivity of cavity during no PD, 6.4,,0 0 s/m
Conductivity of cavity during PD, 6¢qy, pp 5x%107 s/m
Simulation time step (no PD), t,,pp 100 us

Simulation time step during PD, tpp 1 ns

RESULTS AND DISCUSSION

Electric Field Distribution in the Paper Insulation for Different Locations of the
Cavity

The electric field distribution in the insulation paper before the occurrence of the PD for the
cavity at L1 can be seen in Figure 4. The electric field distribution at the centre of the cavity
is higher than the insulation paper. It is expected since the cavity’s relative permittivity is
lower than the insulation paper. Since the cavity surface at the top and bottom is near the
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Figure 4. Electric field distribution before PD occurrence for cavity location at L1
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4.2362E+06

2.8242E+086

1.4121E+08

0.0000E+00

electrode, the electric field distribution in the insulating paper is low at the top and bottom
of the cavity surface. The electric field around the edges of the conductor is higher than
the left and right of the insulation paper.

After the occurrence of the PD, the electric field inside the cavity rapidly decreases,
as shown in Figure 5. It is due to the cavity conductivity being higher than the initial
value during the discharge process. The highest electric fields are located at the top and
bottom surfaces of the cavity. The conductor edge affects the electric field distribution in
the insulation paper, which is higher at the centre than at the left and right of the insulation
paper.

The electric field distribution in the insulation paper before the PD occurrence for the
cavity at L2 is shown in Figure 6. The electric field distribution is higher at the centre of the
insulation paper. It is due to the influence of the sharp edge of the conductor. The electric
field in the cavity is slightly lower than the centre of the insulation paper since the cavity
is slightly far from the centre of the insulation paper.

A similar pattern of the electric field distribution in the cavity compared to Figure 5
is found after the PD occurrence, as shown in Figure 7. During the PD occurrence, the
cavity conductivity increases, allowing the PD pulse current to appear, which results in
the electric field reduction in the cavity. The electric field distribution at the top surface
of the cavity has a similar pattern in Figure 5, whereby the highest electric field is at the
right of the conductor’s edge.

The sharp edge of the conductor and the location of the cavity within the insulation
paper can affect the electric field distribution in the system. Figure 8 shows the electric field
in the cavity without the PD activity for one cycle. At the same electric potential injected
at the conductor, the electric field at L1 is slightly higher than at L2. The time to reach the
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Figure 5. Electric field distribution after PD occurrence for cavity location at L1
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Figure 6. Electric field distribution before PD occurrence for cavity location at L2
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Figure 7. Electric field distribution after PD occurrence for cavity location at L2
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Figure 8. Electric field in the cavity versus time for one cycle in the absence of PD activity

Einc 1s faster at L1 than at L2. It is due to the sharp edge of the conductor as well as the
location of the cavity in the insulation paper.

PD Current and First Discharge Magnitude as A Function of Cavity Location

The simulated real and apparent PD currents for different cavity locations can be seen
in Figure 9. The real PD current recorded at L1 is close to L2 since the first PD occur at
the same E;,,. due to the same cavity size. However, the PD occurrence time is different
because the electric field in the cavity at L1 is slightly higher than at L2, which can be
seen in Figure 8. The simulated apparent PD current at L1 is slightly higher than at L.2.
The difference is affected by the cavity’s location and the electric field distribution in
the insulation paper.

The simulated real and apparent charge magnitudes for different cavity locations are
shown in Figure 10. The charge magnitude was obtained from the integrated PD current.
The real and apparent charges range for both locations from 0.015 to 0.05 nC. The electric
field distribution in the insulation paper affects the apparent charge magnitude induced
at the ground electrode, where its value at L2 is slightly lower than L1. The real charge
magnitude is close at both locations.

The electric field distribution in the insulation paper is influenced by the shape of
the conductor as well as the electric field in the cavity, which depends on the cavity’s
location. The highest electric field distribution is found at the centre of the insulation
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paper, which is close to the sharp edges of the conductor. The electric field in the cavity
at L1 is the highest. The shape of the conductor is expected to affect the subsequent PD
and its intensity due to its influence on the electric field distribution in insulation paper.
The location of the cavity can also affect the PD current and charge magnitude due to the
differences in the electric field distribution.

-3
610 T T T T T T T
—Real PD current for Locationl
- -Real PD current for Location2
Apparent PD current for Locationl
Sk - - Apparent PD current for Location2|™]

PD Current, A

30 35 40

0.06 T T T T T T T T T
—Real Charge for Location 1
- -Real Charge for Location 2
Apparent Charge for Location 1
0.05 - - - Apparent Charge for Location 2|7
S 0.04 - P - _
= .-
53 L
< e
2 e
= 0.03F L7 -
oh .
< L’
g .
a .
&~ 0.02F /0 i
001/ -
< . | 1 1 | 1 1 | | 1
0 5 10 15 20 25 30 35 40 45 50

Times, ns

Figure 10. Real and apparent charge magnitudes for different cavity locations
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CONCLUSION

In conclusion, PD modelling based on FEM can be used to examine the behaviour of PD
in terms of electric field distribution as well as PD current and charge magnitude within a
spherical cavity in the insulation paper of the transformer. The electric field distribution in
the insulation paper is affected by the sharp edge of the electrode. This condition causes
the electric field in the cavity to change dependent on the location of the cavity. The cavity
location affects the first apparent PD current and charge magnitude induced at the ground
electrode. The real PD current and charge magnitude of the first PD is similar at both cavity
locations due to the PD occurrence at the same E;,.. The cavity location can affect the
time of PD occurrence, whereby L1 is faster than L2.
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