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Abstract—The reliability of electrical equipment is closely tied
with the health of their insulation system. A well-known
symptom of the aging phenomenon in dielectrics is partial
discharge (PD) which can occur in all media. Internal PDs in
solid dielectrics occur in air-filled voids which are difficult to
eliminate thoroughly and may appear simply during the
manufacturing process. Although much research on PD
measurement for solid dielectrics has been conducted, this is not
the case for PD modeling. Besides, the simulation of a case study
and its comparison with experimental results can provide
further insights into the possibility of other PD sources. In this
paper, a finite element analysis (FEA) model for internal PD in
an air-filled cylindrical void inside a solid dielectric under 60 Hz
sinusoidal voltage is developed. For the estimation of the
parameters of the model, experimental data is needed. To this
end, a cylindrical void was artificially made within a 3D-printed
polylactic acid (PLA) block. Then, phase-resolved partial
discharge (PRPD) patterns were measured for the mentioned
samples. Using deterministic PD measurement data, an FEA
model was developed. This model will help us understand and
explain internal PD behavior for the case of a cylindrical void
and study the influence of void size on PD behavior.

Keywords— Finite element analysis, insulation systems,
internal partial discharges, polylactic acid (PLA).

I. INTRODUCTION

The insulation system is an inseparable part of electrical
equipment and its reliable operation keeps the conductive
parts electrically apart. The failure of the insulation system
can lead to a short-circuit and cause the failure of the entire
equipment. Therefore, it is crucial to identify, model, and
mitigate the insulation aging mechanisms.

One of the most important aging factors in dielectric
materials is partial discharges (PDs). This phenomenon can
occur in any medium (i.e., gases, liquids, and solids) and it
also has three types: internal discharges, surface discharges,
and corona. While PDs do not cause an abrupt breakdown of
dielectric material, they can accelerate the deterioration rate
of the material’s insulating properties and reduce the
equipment’s life expectancy [1].

The PD crisis is an important design factor in almost any
electrical equipment including electric motors, power
electronics converters, more electric aircraft, etc. [2-8]. In
solid dielectrics, the material often contains cavities or voids
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within the dielectric material or on the boundaries between
the insulating material and the electrodes. These voids are
usually contemplated as weak points due to their
susceptibility to PDs. The weakness arises from the fact that
the dielectric constant of an air-filled cavity is lower than the
surrounding material and the electric field in this region can
go higher than its proximity.

There are several models proposed in the literature for
internal discharge modelings such as the three-capacitance
model [9], induced-charge model [10, 11], plasma dynamics
model [12], and finite-element analysis (FEA) model [13-16].
In this paper, FEA is used as it is capable of handling
sophisticated geometries efficiently as well as its ability to
dynamically monitor changes in the values of electrical
properties such as electric field, current density, and field
displacement [17-22].

The objective of this study is to develop an FEA model
based on experimental data aiming to provide further insights
into the PD mechanism and other potential sources of PD
besides internal discharges. The experimental results and the
model are based on the 3D printed cylindrical block of
Polylactic Acid (PLA) as the dielectric which has an artificial
cylindrical void at its center.

In Section II, the experimental setup is introduced. In
Section III, the FEA model and the algorithm details are
discussed. The results are demonstrated and analyzed in
section IV. In the end, Section V gives conclusions.

II. EXPERIMENTAL SETUP

To assess the performance of the proposed modeling

scheme to reproduce real PD results, a 3D-printed cylindrical
PLA was used which had a cylindrical void at its center. The
experiment setup and calibration follow the IEC 60270
standard and are shown in Figure 1.
To reduce the imperfections that existed in the sample, the
settings of the 3D printer are adjusted. Also, the sample is 3
mm in height and 12 mm in diameter. The control sample
showed no PD under an applied voltage of 10 kV.

The high voltage and ground electrodes are brass
cylinders with a diameter of 10 mm. The entire sample and
electrodes were immersed in transformer oil to prevent
surface discharges (see Figure 2).



partial discharge phenomenon is strongly dependent upon
electric field distribution, an accurate estimation of the
electric field distribution leads to an accurate and effective
investigation of PD activities. The reproduction of the
experimental results is based upon the assumption that the PD
activities all stemmed from the cylindrical void (the
interference of imperfections and impurities is neglected).

The inception of a PD event is controlled by two factors:
(1) the presence of at least one free electron, and (2) the
electric field that is high enough to energize the free
electron(s) and give rise to further ionization. The first factor
is a stochastic phenomenon. To compare the simulation
results with the experimental results, we assume that the
provision of the initial electron occurs at the same time as the
experimental case.

The rest of the process of the PD simulation is shown in
Figure 3. The algorithm starts with the import of PD data. In
this study, the dataset includes the PD apparent charge and
extinction time/phase. Then, the PD events are sequentially
reproduced as follows: the first PD event is different from the
rest of the discharges as it provides a normalizing index for
the next events. For the reproduction of any PD event, one
quantity is fixed (it is determined by the measurement data):
PD extinction time. However, there are two degrees of
freedom provided by PD inception time and maximum cavity
conductivity. The measurements do not provide the
magnitude of these quantities, but the PD charge magnitude
is affected by these parameters. Therefore, for each
discharge, we have a list of inception times, THSE, and a list
of maximum cavity conductivities, a‘i’,‘,f The FEA model is
run for each combination of inception time, t{nc , and
maximum conductivity, ac’fm and the corresponding apparent
charge magnitude is stored as q]"-k. In the case of the first

discharge, we find the combination (j*, k*) that is the closest
to the measured apparent charge. The ratio of the simulated

Fig. 2. Sample between the electrodes immersed in transformer oil.

III. FEA MODEL and actual charge magnitudes (&) is then defined which will

To simulate the dielectric-void  configuration be used as a calibration factor for the next discharges. For any

numerically, the finite element method (FEM) is used to FEA model, the process starts with the update of time profile

estimate the electric field distribution in the domain and such that the time-stepping occurs more gently during the PD

compare the outcome with the experimental results. Since the transient state that has a duration in the scale of nanoseconds.
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Fig. 3. The algorithm for reproduction of PD results
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Thereafter, the cavity conductivity is updated to capture the
change in the state of the cavity from non-conductive to
conductive (aci,m) during the discharge. This FEA model can
run in COMSOL Multiphysics® to find the electric field
distribution across the cavity-insulation domain.

For the next PD events, the process is almost the same;
the only difference is that the charge factor, 9, is used to
compare the simulated charged magnitude with the actual
charge magnitude. This process is continued until covering
all the discharges. The entire algorithm is implemented in
MATLAB® which is interfaced with COMSOL
Multiphysics®.

IV. RESULTS

The 3D geometry of the void-dielectric system is shown
in Figure 4. Due to the symmetry of the configuration, we use
the 2D axisymmetric representation of geometry that reduces
the computational burden considerably.

The experiments are performed based on IEC 60270 for
the PLA sample when a 60-Hz voltage is applied to the HV
electrode. Figure 5 shows the PRPD pattern for this sample.
The sample without artificial void does not present any PD
for the voltages below 10 kV. In the case of a sample with 1-
mm void, the discharges start to appear at a voltage level of
4.6 kV. The reproduced PDs in this study are based on the
measurement performed at V,.,,,, = 4.6 kV.

For the test sample, we apply Algorithm 1 to capture the
first 10 discharges (Npp = 10). The time-step during the
transient state is 1 ns. The extinction electric fields for the
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discharges are determined by the measurements (which are
based on the phase of the voltage at the extinction time). The
dielectric constant and conductivity of PLA considered for
the model are 3.1 and 10~ S/m, respectively [23].

The list of the candidates for maximum cavity
conductivity includes 5 wvalues: 0.00005, 0.0001, 0.0005,
0.001, and 0.005 all in S/m. Also, the list of discharge
durations, based on which the THS! is defined, includes
durations of 3000, 2000, 1000, and 500 ns. Note that the
optimal choice of t;,, and g, ,, is made through a spline
interpolation using all the combinations of the above values.

The results of the FEA model, in comparison with
experimental results, are shown in Figure 6. At the first
glance, the similar trend of discharges over time and the
closeness of magnitudes of discharges look salient. The
former could be expected as the provision of the initial free
electron for the PD events was calibrated with the
experimental results. Also, the latter indicates the robust
performance of the algorithm in the reproduction of the
results. An accurate reproduction of the measurement results
through only two degrees of freedom (PD duration and cavity
conductivity) introduces a great potential to model discharges
based on the correct adjustment of the two parameters
mentioned above.

However, it is noteworthy to mention that after the first
couple of discharges, a small gap (1 pC — 6.5 pC) appears
between the measured and simulated charge magnitudes. This
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observation demonstrates the existence of other PD sources
that act in tandem with the artificial cylindrical void.

This is also logical since the simulation considers an ideal
dielectric, but in the real world, there are still microscopic
defects in the body and at the surface of the dielectric.

To investigate this further, X-ray images of PLA samples
were acquired using a Bruker Sky-scan 1275 micro-CT
instrument (Fig. 7). X-ray images confirm the presence of
unwanted voids inside the samples albeit very few and small.
The control sample (i.e. the sample with no intentional void)
shows imperfections that appear in form of air gaps/voids
especially in the periphery of the dielectric(Fig. 7a). It
appears that the imperfections were formed along the path of
movement of the printer nozzle. Fig. 7b shows the sample
with a 1-mm void. The same horizontal imperfections/defects
are again visible.

V. CONCLUSIONS

The proliferation of electrical equipment and the escalated
tension on insulation systems due to new generations of
power electronic modules urges the accurate analysis and
modeling of the partial discharge phenomenon. In this study,
PD tests and simulation methods are integrated to investigate
the internal partial discharge activities in an artificial,
cylindrical void in the 3D-printed PLA stressed by the HV
system. The experimental results detect PD activities for a
cavity-dielectric test system including a 1-mm (height and
diameter) cylindrical void. The reproduced PD events are
generally in agreement with the measured. The charge
magnitude of the discharges after the initial discharges,
however, shows a small degree of discrepancy which is a
potential sign of other unwanted PD sources such as printing
imperfections inside the insulation block and surface
discharges. The X-ray images of the PLA block confirm the
existence of such impurities. Future studies will focus on
producing 3D-printed samples with higher precision in which
the interference of natural voids is negligible compared to the
artificial voids.
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