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Abstract: Many sectors, such as transportation systems, are undergoing rapid electrification due to
the need for the mitigation of CO2 emissions. To ensure safe and reliable operation, the electrical
equipment must be able to work under various environmental conditions. At high altitudes, the
low pressure can adversely affect the health of insulating materials of electrical systems in electric
aircraft. A well-known, primary aging mechanism in dielectrics is partial discharge (PD). This
study targets internal PD evaluation in an insulated-gate bipolar transistor (IGBT) module under
low-pressure conditions. The estimation of electric field distribution is conducted through 3D finite
element analysis (FEA) using COMSOL Multiphysics®. The procedure of PD detection and transient
modeling is performed in MATLAB for two pressure levels (atmospheric and half-atmospheric).
The case study is the IGBT module with a void or two voids in the proximity of triple joints. The
single-void case demonstrates that at half-atmospheric pressure, the intensity of discharges per
voltage cycle increases by more than 40% compared to atmospheric pressure. The double-void case
further shows that a void that is harmless at sea level can turn into an additional source of aging and
couple with the other voids to escalate PD intensity by a factor of two or more.

Keywords: finite element analysis (FEA); high voltage systems; insulated-gate bipolar transistor
(IGBT); insulation systems; low-pressure conditions; more-electric aircraft; partial discharge

1. Introduction

The amount of atmospheric CO2 captured in 2019 was the highest in at least 2 million
years. The human role in this transformation is indispensable and has resulted in changes
in the atmosphere, ocean, cryosphere, and biosphere [1]. Many countries have devised
plans to cut GHG emissions. For instance, the European Commission plans to reduce GHG
emissions by at least 55% compared to 1990 and become carbon neutral by 2050 [2].

As one of the major sources of GHG emissions, the aviation industry produces 2% of
annual CO2 emissions [3]. Considering the 3% annual growth rate in the number of air
travelers, this industry could be a major obstacle in the path toward a more sustainable
future. The studies have revealed the potential of up to a 60% reduction in energy con-
sumption and also GHG emission reduction by at least 90% [4]. To utilize these potentials,
electrification in the aviation industry has been started as a sustainable transition. Besides,
an electric aircraft is likely to have improved reliability and lower operating costs due to
the lower mechanical compartments [5].

Apart from the challenges of enhancing the efficiency and power density of electrical
equipment, the environmental conditions make it even more challenging not to compromise
the reliability of the system. A severe challenge stems from the wide range of pressure
levels that an aircraft undergoes [6]. It is known that the low-pressure conditions intensify
aging mechanisms, such as partial discharge (PD) [7], but the problem goes beyond that.
The rapid changes in the pressure level during ascent/descent may lead to condensation,
accelerating the aging [8]. In addition to moisture and pressure effects, factors such as
vibration, chafing, outgassing, micro-gravity, and plasma radiation would also harm the
health of electrical insulation systems [9,10].
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Another enabling technology for the reduction of the electrical system’s weight is
wide WBG-based power conversion. WBG-based converters are favorable due to their
high efficiency, high blocking voltage, high temperature tolerance, and smaller form factor
compared to conventional converters [11]. However, the reliability of these modules under
low-pressure conditions is not fully understood. Another reliability concern stems from the
high frequency and fast rise voltage pulses generated by these converters. These conditions
lead to accelerated aging of the insulation system by the PD phenomenon. While PD
activities do not stop the system from working momentarily, they can gradually affect
the health of the dielectric and cause its premature failure. The studies have unveiled
the adverse impact of high frequency and low slew rate in square wave voltages on the
intensity and occurrence time of partial discharge [12–14].

In this regard, the analysis of PD behavior under various operating conditions and
taking preventive actions against PD-induced threats is vital. Some of these actions are
geometry modification [15] and using coatings/fillers with nonlinearly field-dependent
properties [16–18]. To apply any of these mitigating techniques, knowledge about the
pattern and intensity of PD activities is necessary.

In [19], the impact of pressure on the twisted pair winding wires that are insulated by
Kapton® PI film is evaluated. The results show a 50% decrease in PD inception voltage
when the pressure drops from 1 Bar to 0.1 Bar. In [20], the silicone conformal coating of
printed circuit boards (PCBs) is investigated and shows a 58% decrease in PDIV when the
pressure drops from 1 Bar to 0.116 Bar. The authors of [21] show that the PD inception
voltage of twisted pair wire at the voltage frequency of 5–200 kHz monotonically declines
with the pressure drop (0.2–1 Bar).

In this work, the research performed on the PD analysis of an IGBT module [22] is
further extended into a modeling phase. The results imply an agreement between the
inception voltage and the charge magnitude in the regions close to the metallic substrate
reported in [23]. In this paper, an algorithmic model based on FEA is developed to quantify
the internal PD activities in an IGBT module at two pressure levels: atmospheric pressure
and the pressure at 18,000 ft altitude (half atmospheric). The FEA model for quantification
of PD under fast, repetitive voltage pulses is extended to low-pressure conditions and
applied to a real case study. The FEA model is validated through the adjustment of
parameters with experimental data. Therefore, it has been accepted that the FEA model is
able to reproduce experimental results [24–26]. While single-defect geometry is used, the
assessment of multiple voids in the configuration is also performed, which can significantly
improve the interpretations about PD and its destructive impacts.

This work continues the authors’ earlier works on the modeling of PD behavior
through transitioning from laboratory electrode configurations toward real-world cases.
The main improvements of this paper compared to prior works are:

- Extending the 2D axisymmetrical models of laboratory electrode geometries to the 3D
modeling of real-world cases with multiple voids.

- Tackling the computational cost and convergence issues associated with the 3D mod-
eling of configurations with extremely nonuniform electric field distribution.

- Incorporating the impact of air pressure variation into different characteristics of
silicone gel and AlN, as well as the inception and extinction of the discharges.

The rest of the paper is as follows: in Section 2, the PD mechanism is reviewed, and a
model is developed with the aid of finite element analysis (FEA) as a tool for the precise
estimation of electric field distribution. In Section 3, the case study of this research is
presented, which is an IGBT immersed in silicone gel, and a 3D model for the critical
volume of this module is developed. The results of FEA modeling at two pressure levels
(0.5 atm and 1 atm) are presented in this section. Finally, Section 4 concludes the paper and
brings final remarks.
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2. FEA Model for PD Analysis
2.1. Introduction to PD Numerical Modeling

Partial discharge is a stochastic, multi-physical phenomenon, and its analysis requires
a combination of programming and physical modeling of the test configuration. There
are three primary PD models developed for the modeling of internal discharges: the
three-capacitance (ABC) model, induced charge concept model, and numerical model.

The ABC model was first introduced by Whitehead [27] and used an equivalent circuit
of the configuration. In this circuit, three capacitors represent the void, dielectric in series
with the void, and the rest of the dielectric. However, this model was unable to provide
valid physical insights into the PD mechanism.

In the induced charge model, the authors used the notion of induced charge on the
electrode to describe the transient state of the partial discharge in the void [28–30]. While
this model could provide a more accurate presentation of physics behind PDs, it cannot be
applied to models with sophisticated geometries and extremely inhomogeneous electric
field distribution.

Numerical models were founded upon methods such as FDM, FEM, and CSM to
accurately obtain the distribution of electric potential and other pertinent electrical char-
acteristics, such as electric field, field displacement, current density, etc. A method such
as FEA, which was based on FEM, can effectively be applied to complicated geometries
while the other two models cannot. Moreover, FEA can continuously monitor the vari-
ations of the parameters mentioned above, which provides further insights into the PD
phenomenon. In the internal discharges, the presence of unwanted voids with a lower
dielectric constant compared to the surrounding dielectric causes the aging mechanism.
The accurate estimation of the electric field provides the basis to assess PD inception and
extinction conditions and calculate the PD charge magnitude based on the current density
over the electrodes and the defect surface.

2.2. Algorithm

The algorithm developed for PD modeling is demonstrated in Figure 1. The procedure
starts by searching for the inception time of the first discharge. During this period, the
model proceeds in time with ∆tH step and the conductivity (σcav(t)) of the cavity is nearly
zero (σcav,0). The FEA model of the configuration in COMSOL Multiphysics® is then run to
find the results of the Poisson and Laplace equations. This step provides the electric field
distribution across the geometry (insulation and voids) helping to assess the inception time
of discharge activity. The details of the parameters in the algorithm are explained in the
following subsections.
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2.3. Initial Electron Generation

To have an electron avalanche inside the defect, the existence of at least an initial
electron is necessary. To check this condition, one should compute the rate of electron
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generation due to different processes. In the case of internal discharges, surface emission
and volume ionization are the two dominating electron generation processes [31]:

.
Ne,tot(t) =

.
Ne,sur f (t) +

.
Ne,vol (1)

where
.

Ne,sur f (t) represents the time-variant rate of electron generation due to surface

emission and
.

Ne,vol is the constant rate of electrons produced by volume ionization. The
summation of these two terms hands the total rate of electron generation, which is mainly
dominated by electric field intensity in the void, and is also affected by temperature,
geometry, defect, etc. The probability of initial electron provision (Prob(t)) can be calculated
with the aid of

.
Ne,tot(t):

Prob(t) = 1− exp
(
−
∫ t

tPD

.
Ne,tot(t)dt′

)
(2)

where tPD is the time of last PD occurrence. The parameter, Prob(t), has a value between
zero and unity, and its comparison with a random number in this interval determines the
stochastic ignition time of partial discharge [32].

2.4. PD Inception/Extinction Criterion

Another necessary condition for the occurrence of a partial discharge is the existence of
a high electric field in the proximity of the void. This allows the electrons to gain sufficient
energy to collide with neutral atoms or molecules and release even more electrons. To
assess this condition, a streamer inception criterion can be used to check whether the
electric field inside the cavity (Ecav(t)) has exceeded the inception electric field (Einc) [31]:

Einc =

(
E
p

)
cr

p

(
1 +

B√
pl

)
(3)

where l and p represent the void diameter and pressure of the gas inside it. The critical
field-to-pressure ratio ((E/p)cr) and B are parameters related to the type of gas.

After the satisfaction of the two inception conditions, one needs to carefully monitor
the transient state of the discharge. Therefore, a much smaller time step, ∆tL, helps not
only to find the extinction time of the discharge but also obtain the amount of current
flowing through the void surface and the electrodes. The extinction threshold of the
partial discharge (Eext) is also dependent upon the gas pressure and the critical field-to-
pressure [33]:

Eext = γ(E/p)cr p (4)

In (4), γ is a dimensionless proportionality factor dependent upon the gas and its
interface as well as the polarity of the voltage.

Another change in the transient state is the rapid rise in the cavity conductivity from
nearly zero to a maximum value (σcav,max). This change causes a voltage (or electric field)
to drop across the void. If the electric field inside the void reaches a value equal to or below
Eext, the integration of current flowing over the void between the inception and extinction
time yields the apparent charge magnitude of the PD activity.

Once the transient state of a discharge terminates, the cavity conductivity and the
time step return to their normal value (σcav,0 and ∆tH) and the aforementioned process
re-iterates to find the next PD event. This procedure continues until all discharges are
detected in a duration of D.

3. Numerical Results

The cross-section of the IGBT module immersed in silicone gel is demonstrated in
Figure 2. The main troublesome regions in this geometry are the sharp edges of the metallic
electrodes. The reason lies in the high electric field intensity in the surrounding of these
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sharp copper edges. Hence, if there is a void in this area, a discharge can ignite and be a
source of harm to the health of silicone gel as a dielectric.
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Figure 2. Schematic layers of IGBT module.

For simplicity, the dies, wire bonds, and interconnections are included in this model.
As mentioned in [34], the main regions under harsh electric stress are the triple joints of the
metallic layers (ground and HV electrode). In these regions, the electric field can go high
enough that a void in this region may be a source of aging.

The 3D model considered in this study is shown in Figure 3, and includes the AlN
substrate, the ground, and the high-voltage (HV) electrode, all encapsulated in silicone gel.
Since this geometry cannot be approximated by a 2D-axisymmetrical configuration, the 3D
model is developed in COMSOL Multiphysics®. Note that since the dielectric material is
not a sealant of the void against the external low-pressure conditions, it is assumed that
the pressure of the void matches the external pressure.

The standard IEC 61287-1 lays the groundwork for the stress magnitude a module
should undergo. During this test procedure, the maximum voltage applied to a system
is 1.5/

√
2 = 1.06 of the nominal maximum voltage (50/60 Hz sine voltage). Figure 3

demonstrates the voltage distribution when the applied voltage is V = 4.7 sin(100πt) kV
(peak of the voltage).
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3.1. Single-Void Case Study

The 2D view of the single-void geometry is shown in Figure 4. Close to the HV copper
electrode, an ellipsoidal air-filled void exists with semiaxes of (800 µm, 600 µm, 800 µm).
The simulation of this case is performed for two pressure levels: 1 atm (sea level) and
0.5 atm (altitude of 18,000 ft). The PRPD pattern of this case is shown in Figure 5 (after
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25 cycles of sinusoidal voltage). The y-axis of this figure is the PD true charge magnitude,
which is the amount of charge accumulated over the lower surface of the void during the
PD transient period. The x-axis of the figure demonstrates the voltage phase at which the
PD has occurred. The statistics of PD in the single-void case are brought in Table 1. The
apparent charge magnitude in Table 1 denotes the amount of charge accumulated over the
surface ground electrode during the PD transient state.
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At the sea level, the results show that about two discharges are detected per cycle.
On the other hand, when the WBG power module works under low-pressure conditions,
the discharges happen at a doubled rate. When the discharge occurs at a lower electric
field (at high altitudes), the discharge tends to have a lower magnitude compared to the
atmospheric environment (~26% drop). However, this does not mean that the low-pressure
conditions are better in terms of PD-induced aging; as the last two rows of Table 1 show, the
mean charge magnitude produced in each cycle increases at the half atmospheric pressure
by about 45%.

Table 1. Comparison of PD characteristics in the single-void case.

Quantity P = 0.5 atm P = 1 atm

Number of PDs per Cycle 3.98 2.03
Mean True Charge 14.14 pC 19.08 pC

Mean Apparent Charge 2.24 pC 2.78 pC
Maximum True Charge 17.74 pC 21.87 pC

Maximum Apparent Charge 3.42 pC 4.00 pC
Mean True Charge per Cycle 56.28 pC 38.67 pC
Mean Apparent Charge per

Cycle 8.95 pC 5.63 pCEnergies 2021, 14, 5394 7 of 12 
 

 

 
Figure 5. PRPD pattern based on true charge magnitude. 

Figure 6 demonstrates that when the pressure drops, the inception electric field will 
also decrease. Therefore, it takes less time to have a discharge, and the defects would have 
more time to generate further discharges in a single cycle of voltage. The occurrence of 
discharges at lower phases in Figure 5 confirms this observation. 

In terms of intensity, the individual discharges produce lower charge magnitudes at 
high altitudes. Considering Ohm’s law (𝐽 = 𝜎𝐸), it can be justified that the breakdown of 
the void at lower electric fields produces a less current flow over the cavity surface. Thus, 
individual PDs would have lower intensity. One may argue that the same decrease occurs 
in the case of extinction voltage at high altitudes; the lower the pressure is, the lower 𝐸௫௧ 
will be. But it should be noted that the variation range of the extinction field is much nar-
rower compared to the inception field. All in all, the discharges at high altitudes are lower 
in magnitude but higher in number. 

 
Figure 6. The inception electric field versus pressure for an ellipsoidal void with 800 𝜇𝑚 radius in 
electric field direction. 

The results after 25 cycles of PD detection can sufficiently enlighten the trend of PD 
behavior at the two pressure levels. However, to obtain the lifetime of a system, much 
longer testing is needed besides the necessity for faster processing speed and cheaper 
computational burden. 

3.2. Double-Void Case Study 
The existence of multiple voids in geometry makes the algorithm of PD detection 

more complicated. While there are only two states (PD/no PD), in the case of single-void 
configuration, the number of states doubles in the case of geometry with two voids. The 

Figure 5. PRPD pattern based on true charge magnitude.



Energies 2021, 14, 5394 7 of 12

Figure 6 demonstrates that when the pressure drops, the inception electric field will
also decrease. Therefore, it takes less time to have a discharge, and the defects would have
more time to generate further discharges in a single cycle of voltage. The occurrence of
discharges at lower phases in Figure 5 confirms this observation.

In terms of intensity, the individual discharges produce lower charge magnitudes at
high altitudes. Considering Ohm’s law (J = σE), it can be justified that the breakdown
of the void at lower electric fields produces a less current flow over the cavity surface.
Thus, individual PDs would have lower intensity. One may argue that the same decrease
occurs in the case of extinction voltage at high altitudes; the lower the pressure is, the lower
Eext will be. But it should be noted that the variation range of the extinction field is much
narrower compared to the inception field. All in all, the discharges at high altitudes are
lower in magnitude but higher in number.
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The results after 25 cycles of PD detection can sufficiently enlighten the trend of PD
behavior at the two pressure levels. However, to obtain the lifetime of a system, much
longer testing is needed besides the necessity for faster processing speed and cheaper
computational burden.

3.2. Double-Void Case Study

The existence of multiple voids in geometry makes the algorithm of PD detection
more complicated. While there are only two states (PD/no PD), in the case of single-void
configuration, the number of states doubles in the case of geometry with two voids. The
two voids considered in this case are spherical and positioned symmetrically across the
z-axis (see Figure 7). The diameter of the voids is 0.2 and 0.3 mm. In this case, it is
assumed that the initial electron condition is always satisfied to remove the influence of
PD’s stochasticity when comparing the two voids.
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The electric field distribution across the plane that entails the cross-section of the voids
is shown in Figure 8 before and after a discharge. Additionally, the electric field across the
line that connects the centers of the two voids is demonstrated in Figure 9 before and after
the discharge. These two figures imply that while the electric field in both voids surpasses
the field in the surroundings, the larger void undergoes the highest intensity of the electric
field. In addition, the inception electric field in the larger void is lower, meaning that it is
more probable that discharge occurs in the larger void faster.

Figure 10 shows the distribution of discharges at two pressure levels. As can be seen
in Figure 10a, PDs only occur in the larger void and no breakdown of electric field happens
in the void of 0.2 mm. To investigate the reason, one can analyze the inception field of the
two voids at different pressure levels. Figure 9 shows that at the atmospheric pressure, Einc
for the voids of 0.2 and 0.3 mm is 7.14 kV/mm and 6.28 kV/mm, respectively. Since the
electric field in the smaller void does not exceed the corresponding threshold, no discharge
occurs there.
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However, the situation differs when operating at a higher altitude where the pressure
drops to 0.5 atm. As seen in Figure 10b and Table 2, not only does the number of discharges
increase at the lower pressure level but also the smaller void becomes a medium for
discharge. As seen in Figure 11, the inception electric field at P = 0.5 atm reduces by
36.4% and 37.4% in the 0.2 and 0.3 voids, respectively. Therefore, the electric field can more
quickly cause the breakdown in internal voids at lower pressure.



Energies 2021, 14, 5394 9 of 12

Energies 2021, 14, 5394 9 of 12 
 

 

  
(a) (b) 

Figure 9. The electric field distribution across the line that connects the voids’ centers (a) before and (b) after PD occur-
rence. 

However, the situation differs when operating at a higher altitude where the pressure 
drops to 0.5 atm. As seen in Figure 10b and Table 2, not only does the number of dis-
charges increase at the lower pressure level but also the smaller void becomes a medium 
for discharge. As seen in Figure 11, the inception electric field at 𝑃 = 0.5 atm reduces by 
36.4% and 37.4% in the 0.2 and 0.3 voids, respectively. Therefore, the electric field can 
more quickly cause the breakdown in internal voids at lower pressure. 

  
(a) (b) 

Figure 10. The phase-resolved PD pattern for (a) 𝑃 = 1 atm and (b) 𝑃 = 0.5 atm. 

Table 2. Comparison of PD characteristics in the double-void case. 

Quantity 𝑷 = 𝟎. 𝟓 𝐚𝐭𝐦 𝑷 = 𝟏 𝐚𝐭𝐦 
 0.2 mm Void 0.3 mm Void 0.2 mm Void 0.3 mm Void 

Number of PDs per Cycle 4.00 3.80  0 3.80 
Mean True Charge 19.73 pC 46.82 pC - 28.06 pC 

Mean Apparent Charge 3.15 pC 8.68 pC - 3.93 pC 
Maximum True Charge 20.69 pC 48.82 pC - 29.27 pC 

Maximum Apparent Charge 3.37 pC 9.19 pC - 4.38 pC 
Total True Charge per Cycle  78.84 pC 177.74 pC - 106.82 pC 

Total Apparent Charge per Cycle 12.60 pC 32.96 pC - 14.85 pC 

Figure 10. The phase-resolved PD pattern for (a) P = 1 atm and (b) P = 0.5 atm.

Table 2. Comparison of PD characteristics in the double-void case.

Quantity P = 0.5 atm P = 1 atm

0.2 mm Void 0.3 mm Void 0.2 mm Void 0.3 mm Void

Number of PDs per Cycle 4.00 3.80 0 3.80
Mean True Charge 19.73 pC 46.82 pC - 28.06 pC

Mean Apparent Charge 3.15 pC 8.68 pC - 3.93 pC
Maximum True Charge 20.69 pC 48.82 pC - 29.27 pC

Maximum Apparent Charge 3.37 pC 9.19 pC - 4.38 pC
Total True Charge per Cycle 78.84 pC 177.74 pC - 106.82 pC

Total Apparent Charge per Cycle 12.60 pC 32.96 pC - 14.85 pC
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The study of multiple voids shows that the multitude of different voids, even smaller
ones, adversely affect the aging of the dielectric. In the case of the larger void, the rate
of PD occurrence at the atmospheric pressure and sub-atmospheric pressure is the same.
However, the magnitude of discharges under low-pressure conditions increases. The
coupling of discharges between the two voids affects the discharge magnitudes observed
at the voids’ surface and electrodes. This results in a more than 66% increase in the true
charge magnitude at half atmospheric pressure.

On the other hand, the smaller void with a 0.2 mm diameter does not show any
discharge at atmospheric pressure while with the decrease in Einc at low pressures, the
void starts to show PD activities as well. In this example of two voids, at P = 0.5 atm,
the intensity of PD activities is more than twice the intensity of PDs at P = 1 atm. The
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comparison of the single-void and the double-void cases shows that the impact of low-
pressure conditions is not easy to predict even with well-known theories such as Paschen
law. The microscopic defects during the manufacturing process can be more devastating
than expected.

4. Conclusions

One of the main obstacles in the path toward electrification is the adverse impact of
harsh environmental conditions. In the example of a high-altitude condition, lower air
pressure accelerates the aging of insulating materials due to partial discharges. This paper
puts forth an approach to model the PD behavior in an IGBT module under two conditions:
(1) Sea level (atmospheric pressure) and (2) Altitude of 18,000 ft. (half atmospheric pressure).
A numerical model using FEA is developed to detect the discharges in the silicone gel
encapsulant of a WBG-based IGBT module according to the standard IEC 61287-1. In one
of the case studies, the existence of a single void close to the triple joint of the HV electrode
causes PD occurrence in both pressure levels. However, at the lower pressure level, the
rate of PD occurrence doubles, and although the intensity of individual PDs decreases, the
total amount of produced charge per cycle increases by more than 40%. In the double-void
case, the coupling of two voids could be devastating at the cruising altitude and increase
the PD intensity by more than 100% compared to the sea-level pressure.

Future studies will focus on the generalization of the PD model based on the image
of the dielectric defects. This requires overcoming computational challenges as real-cases
demand 3D models while having very fine meshes in regions with high electric tension.
The studies presented in this paper can be a foundation to build an online condition
monitoring system to determine the extent and severity of internal defects in insulation
systems. Measuring PRPD patterns and using our PD model, we may predict the voids’
dimension, number, and location.
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IGBT Insulated Gate Bipolar Transistor
PCB Printed Circuit Board
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PRPD Phase-Resolved Partial Discharge
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