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Characteristics and Identification of Partial Discharge
for Insulation Structures in High Voltage IGBT
Modules Under Positive Square Wave Voltage

Xiangchen Liu ", Xuebao Li
Xiang Cui

Abstract—The insulation of insulated gate bipolar transistor
(IGBT) modules is one of the key constraint factors in module
development. It is significant to realize the accurate measurement
of partial discharge (PD) and its identification of the insulation
weaknesses under positive square wave voltage. In this article, a
PD experimental platform under this voltage is established. Three
main possible insulation weaknesses of high voltage IGBT modules
are selected as experimental samples, including chip, silicone gel,
and the interface between direct bonded copper and silicone gel.
Then, PD current waveforms of them are measured. To solve the
interference caused by high du/dt at the rising/falling edge of volt-
age, a distortionless extraction method of PD pulses independent
of any auxiliary detection equipment is proposed. Based on this
method, the PD phase distributions of three samples are obtained
and there are distinct differences among them. Thus, the PD types
in high voltage modules can be identified effectively. In addition,
qualitative explanations of the differences in the typical PD char-
acteristics are presented. The proposed PD identification method
is experimentally verified and can guide the insulation design and
fabrication of high voltage IGBT modules.

Index Terms—Positive square wave voltage, high voltage IGBT,
partial discharge (PD) pulses extraction, PD identification.

1. INTRODUCTION

IGH voltage insulated gate bipolar transistor (IGBT) has
H the advantages of fast switching speed, low saturation
voltage, and high current density. IGBT is the core component of
large capacity converter equipment and has been widely used in
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Fig. 1. Structures of modules. (a) Wire-bond IGBT. (b) StakPak IGBT.

the fields of new energy grid-connection and high voltage direct
current transmission [1], [2].

With the development of high voltage IGBT module, the rated
voltage of the IGBT module is greatly increased from 6.5 kV for
Si IGBT modules to 27 kV for SiC IGBT modules [3]. At this
high voltage, the insulation reliability of insulating materials
used in the module’s internal packaging is one of the crucial
factors for the safe and stable operation of the module. While
the dielectric strength of protective gas used in press-pack IGBT
modules is much lower than that of silicone gel used in wire-bond
and StakPak IGBT modules. Thus, the wire-bond and StakPak
modules may have better application prospects for the higher
voltage demand in the future [4].

Structures of the wire-bond and StakPak IGBT are shown
in Fig. 1, in which the high voltage electrode is red. There
are several main voltage bearing structures, including the sil-
icone gel, direct bonded copper (DBC), and chip as shown in
Fig. 1. Furthermore, the IGBT module works in the states of
repeating turn-ON and turn-OFF. Thus, the module insulation
bears a positive repetitive square wave voltage [5]. Under this
voltage, the insulation of the module package is prone to partial
discharge (PD), which may lead to insulation deterioration and
even breakdown eventually [6], [7].

As shown in Fig. 2(a), the bubble in the silicone gel of
a StakPak IGBT module is generated by violent PDs during
the experiment, located between the wire bond and the DBC.
What’s more, the triple point of DBC has also been reported
to be the possible PD occurrence position in IGBT modules by
researchers through simulations and experiments [8], [9], [10],
[11]. Besides, the damage position left after the breakdown of
the chip can also be seen in Fig. 2(b).
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Fig. 2. Common module discharge positions. (a) Bubbles in the silicone gel.
(b) Damage point of chip.

At the early stage, many excellent investigations have been
carried out for the PD characteristics of silicone gel and DBC-
silicone gel interface of IGBT modules. Do et al. [12], [13]
conducted PD experiments on silicone gel by using a point-plane
gap. The influence of temperature on the PD inception voltage
(PDIV) under ac voltage and the influence of different voltage
waveforms on silicone gel electrical tree were reported. Yabu-
uchi et al. [14] investigated the development of electrical trees
caused by PD under ac voltage in silicone gel with needle-plate
electrode structure. Through simulations and experiments, ABB
researchers found that the most critical causes for insulation
failure are protrusions and field enhancements due to imperfect
etch shapes of DBC [7]. PD experiments were carried out on
the DBC-silicone gel interface, and the effect of ac voltage
frequency on the discharge was studied by Masahiro Sato [10].
In fact, the abovementioned investigation focused more on the
PD characteristics under ac or dc voltage. However, the PD
characteristics under square wave voltage are different from
those under ac and dc voltage, which have been proved and
realized by many researchers [15], [16], [17].

In recent years, many researchers have conducted the PD
characteristics of the insulation structures of IGBT modules
under square wave voltage. Mancinelli et al. [17] studied the
influences of frequency, rise time, and polarity on silicone gel
electrical treeing under square voltage. Fu et al. [18] conducted
experimental investigations on the discharge characteristics of
the interface between the PEEK and N» under positive square
wave voltage. In 2019, the development characteristics of elec-
trical trees in silicone gel under repetitive square voltage were
reported by Nakamura et al. [19]. Wang et al. [15], [20] in-
vestigated the difference of power module PDs under dc and
pulsewidth modulation waveforms. Lin et al. [21] investigated
the influences of temperature and operation duration on the
maximum electric field stress in wire-bonding modules under
square wave voltage. Besides, the influence of the repetitive
frequency and rise time of positive square wave voltage on
the PD characteristics for the DBC-silicone gel was studied
firstly by Mancinelli et al. [17], which is of great reference
value. Therefore, the discharge characteristics of the insulation
structures in the IGBT modules should be carried out under
positive square wave voltage for guiding the insulation design
for the IGBT modules. Besides, through comparisons of the
discharge differences for the different insulation structures, the
PD position in the IGBT modules may be identified [22], [23].
As for the three insulation structures in the high voltage IGBT
module mentioned above, i.e. the silicone gel, DBC-silicone gel
interface, and chip, the PD characteristics under positive square
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Fig. 3. PD Experiment setup circuit.

wave voltage have not been systematically investigated before,
especially for the PD characteristics of chips.

In fact, for the accurate measurement of the PD current pulses
under positive square wave voltage, the main obstacle is how to
remove the interference caused by the high du/dt during the rise
and fall of the square wave voltage. For the measurement of PD
under short rise time and repetitive voltage impulses, the cou-
pling capacitor with filter, high frequency current transformer
(HFCT) with filter, and ultra high frequency (UHF) antenna
were given by IEC/TS 61934 [24]. For the UHF antenna, the
measured results are not quantitative and may be affected by
the position of the antenna [15]. Thus, considering the possible
practical application in the future, simple measurement and
analysis methods based on HFCT for the PD characteristics of
the insulation structures in the high voltage IGBT module under
positive square wave voltage are required.

In this article, a PD experiment platform is established for
measurement of the PD characteristics under positive square
wave voltage of silicone gel, DBC-silicone gel interface, and
chip, which are the typical insulation structures in the high
voltage IGBT module. The discharge current waveforms for
three structures are measured, respectively. Then, a method that
can accurately separate PD current pulses from displacement
current is proposed. After that, the PD characteristics under
positive square wave voltage of the above typical structures
are investigated, which can be used as the identification and
classification features for discharges of the three typical struc-
tures. Then, the validity of the proposed identification method
is verified by the experiment. Finally, the qualitative mechanism
explanations for discharge under the positive square wave of the
three typical structures are presented.

II. EXPERIMENT SETUP AND EXPERIMENT PROCEDURE
A. Experiment Platform Setup

The experimental platform shown in Fig. 3 is developed to
measure PD current pulses of the typical insulation structures
in the high voltage IGBT module under square wave voltage.
In the experiments, the positive square wave voltage source
is applied to the above-mentioned sample through the current
limiting resistor. The experimental sample is grounded through
the sampling resistor with a value of 500 ). The square wave
voltage source is composed of the AFG3022C signal generator
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Fig.4. Schematic diagram of three experimental samples. (a) Silicone gel. (b)
DBC-silicone gel interface. (c) Chip.

of Tektronix and the AMP 40B20 voltage amplifier of Mat-
susada. The voltage amplifier can amplify the signal generator
signal 4000 times, and the protection resistor is a non-PD resistor
with a value of 10 k2. The maximum voltage is up to 40 kV and
the minimum rise time is 20 us for the positive square wave
voltage.

Besides, the applied voltage on the experimental sample is
measured by a high voltage probe typed as North Star PVM-4.
The measurement range of the high voltage probe is from -100
to 100 kV with a 1000:1 attenuation ratio and measurement
accuracy of +4 V. The PD pulse is only measured through the
sampling resistor by a broadband voltage probe typed as Tele-
dyne LeCroy PP-018. In the experiments, the applied positive
square wave voltage and the PD current signals are measured
simultaneously by the oscilloscope with a sampling rate of 250
MS/s.

B. Experimental Samples

According to the analysis of the typical voltage-bearing
structures of high voltage modules in Chapter I, silicone gel,
DBC-silicone gel interface, and chip are selected to be the
experimental samples. In the experiments, samples as shown
in Fig. 4 are designed to approach the defects and electrode
structure in high voltage IGBT module as soon as possible:

In case 1, the silicone gel under needle-plate electrodes is
shown in Fig. 4(a). The silicone gel used in the experiment
is a commercial two-component additive silicone gel, which is
prepared in the lab by mixing components A and B. The mixed
sample should be cleaned, dried, and degassed using the steps
described in [25], which can insure as few bubbles as possible in
the silicone gel. The needle-plate electrode, which was usually
employed to investigate the insulation characteristics of silicone
gel [12], [13], [14], [17], is used to investigate the internal
discharges in the silicone gel of module encapsulation. The
electrode spacing is set to 10 mm, which is better to complete
data acquisition without breakdown. The diameter of the needle
tip and the plate are 30 m and 30 mm, respectively. The material
of the needle plate electrode is stainless steel. The mold is made
of PTFE and PEEK insulation materials to eliminate possible
discharge caused by suspension potential.

In case 2, the tip plate electrode structure with double-sided
copper cladding shown in Fig. 4(b) is adopted for the following
two reasons. First, to simulate the tiny copper protrusion, which
is hard to avoid during DBC’s metallization due to technological
limitations [7]. Second, to create the high electric field locally
to investigate the surface discharges on DBC’s ceramic, which
is different from the internal discharge in the silicone gel. In
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fact, the electrode structure covered by silicone gel was usually
adopted to investigate the insulation characteristics of DBC-
silicone gel interface [6], [10]. In the experiments, the electrode
material is copper, and the material of the ceramic substrate is
AlyOs3. The electrode spacing is set to 2 mm, referring to the
width between DBC’s metallization in high voltage wire-bond
modules. The silicone gel used is degassed with the same process
as mentioned in case 1.

In case 3, a 3300 V high voltage chip is packed by the
column-plate electrode as shown in Fig. 4(c) to simulate the
package form of the chip in StakPak modules. The diameter of
the cylindrical electrode and the bottom plane electrode is 6 and
30 mm, respectively. The electrodes are fixed in a transparent
acrylic cavity. Besides, to eliminate the possible discharge that
occurred at the terminal surface of the chip and air, and the
possible defect in silicone gel, transformer oil is used for en-
capsulation in the experiment. A no-load test is carried out for
the transformer oil before the experiment to confirm that no PD
occurs under the breakdown voltage of the chip.

C. Voltage Waveform and Experiment Procedure

The positive polarity square wave voltage applied in the
experiment is shown in Fig. 5. The high-level amplitude V,,
is adjustable. The low level is set to 40 V to prevent the instan-
taneous voltage from falling below zero due to voltage ripple.
The voltage duty ratio is 50%, and the repetitive frequency is 50
Hz. The rise time (¢,) and fall time (#;) are both 20 ps. Due to the
transient overshoot of square wave voltage, the voltage variation
period (¢..) is 0.05 ms, and the voltage steady-state period (z;) is
9.95 ms.

Before the experiment, a no-load test is carried out first, and
no PD signal is detected when the voltage is applied to 30 kV.
According to the standard of PD measurement [26], the speed
of voltage increase is set as 80 V/s before 70% of the estimated
PDIV. Then, the voltage is increased at the speed of 8 V/s until
five PD pulses appear on average in ten cycles. The voltage at
this point is the repeated PD initiation voltage (RPDIV).

[II. EXPERIMENT RESULTS AND PULSE EXTRACTION
A. Basic Characteristics of the Experimental Results

The voltage and current waveforms within five cycles of the
three samples when PD occurs are shown in Fig. 6. The blue
line is the voltage signal, and the red line is the current signal.
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Fig. 6. Voltage and current signals of samples. (a) Silicone gel. (b) DBC-
Silicone gel interface. (c) Chip.

Since samples can be approximated as a capacitance, the
displacement current can be measured in the circuit under the
action of the high du/dt at the rising and falling of the square
wave voltage. Besides, the forward discharges current pulses,
whose waveform fits the double exponential pulses, can be
generated at the rising process and high level of the applied
voltage. While backward discharges current pulses with negative
polarity are generated at the falling process and low level of
the applied voltage both for the discharges in silicone gel and
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DBC-silicone gel interface. For the discharge pulses in silicone
gel, most forward and backward current pulses concentrate on
the displacement current pulses, and multiple discharge pulses
can be generated in one cycle. But for the discharge pulses from
the DBC-silicone gel interface, some discharge current pulses
with smaller amplitude are distributed in voltage steady-state.
Furthermore, for the discharges in the chip, only multiple posi-
tive polarity current pulses are generated at the high level of the
applied voltage and no backward discharge occurs. The obtained
differences can provide the possibility to identify the discharge
type. However, PD current pulses may be superimposed on the
displacement current, which will impede the further investiga-
tion of PD pulse characteristics. So, the discharge current pulses
should be extracted from the displacement current first.

B. PD Pulse Extraction

Some of the existing PD detection methods used by re-
searchers are given in Table 1.

For the methods based on HFCT, the auxiliary equipment
seems to be needed to identify or extract the PD current pulses
from the displacement current interface [11], [27], resulting in
inconvenience for the actual measurement of the PD current
pulses.

Besides, an appropriate filter may be another good choice
to obtain accurate PD current pulses. So, the characteristics of
the displacement current pulses and PD current pulses should
be analyzed. Since the PD current pulse is not available, it is
necessary to analyze the displacement current and discharge
pulse theoretically before the extraction.

In fact, the typical square wave voltage u(f) can be expressed
as

u(t) = kyt — ky (t — t,)e(t — t,) — kot — T/2)e(t — T/2)

+k2(t—T/2—tf)€(t—T/2—tf) @]
k'l = Um/tr 2
ko =Up/ts (3)

where U, is square wave high level amplitude, 7, and ¢y are the
rise and falling time of the square wave voltage, respectively, T'is
the period of the repeating square wave, and £(¢) is the Heaviside
step function.

Then, the displacement current i p(f) can be expressed as

ip(t)=C-du/dt )

where C is the capacitance of the experimental sample.
Besides, the double exponential pulse i, (#) is used to simulate
the PD pulse as shown in Fig. 7(b), i,o(#) can be expressed as

ipo (1) = k3(exp(—at) — exp(=ft)) 5)

where k3, o, and 3 are the fitting parameters for the double
exponential pulse.

Fig. 7(a) shows the properly smoothed typical square wave
voltage in the rising process and the corresponding displacement
current calculated by (4). The amplitude of the voltage is set
as 18 kV, and the ¢, and #; are both set as 20 ps based on the
experiments. The capacitance is estimated as 10 pF. Besides, the
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TABLE I
REQUIREMENTS OF VARIOUS PD DETECTION METHODS EXISTING

Time(ms) Time(ps)

E 3

.- . Measurement . . o
Methods Measured amount Auxiliary equipment . Signal processing Limitation
environment
PD current, optical signal [11] Optical sensor (PMT) Dark environment - Constrained by
PD current, optical signal [28] Optical sensor (SiPM) Dark environment - environment
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Fig. 7. Typical signal waveforms. (a) Square wave and displacement current.
(b) PD pulse expressed by double exponential pulse.
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typical waveform of PD pulse is shown in Fig. 7(b), in which ks,
o, and 3 are set as 43 mA, 20x10° s!, and 25x10° s™!, which
are precisely assigned to fit the real PD pulse.

Then, the spectral densities of the displacement current and
the PD pulse shown in Fig. 7 are obtained by fast Fourier
transform as shown in Fig. 8. The frequency band of the PD
pulse is higher than that of the displacement current. Besides,
the spectrum of displacement current and PD pulse overlaps
partially.

Furthermore, to verify the above theoretical results, displace-
ment current waveform without PD superimposed, and separate
PD current pulses for samples are obtained. Then, the spectral
densities of discharge current pulses and displacement current
are obtained and shown in Fig. 9. The frequency bands of the
discharge pulses are all higher than that of the displacement
current, whose highest frequency component f; is about 0.3
MHz. Besides, the spectrum of displacement current and those of
PD pulses from the three experimental samples overlap partially.
And that will bring difficulties in the distortionless extraction of
PD current through filters.

Therefore, to achieve the simple, convenient, and accurate
extraction of the PD current pulses, a PD pulse extraction method
is proposed. The flow chart of the method can be given in Fig. 10,
which is specifically divided into the following steps.

0.02

Fig. 9. Spectrum of displacement current and PD pulses.

Fig. 10.  Flow chart of PD pulse extraction method.

First, by filtering the original current signal i(f) with a high
pass filter with threshold frequency fi, the influence of dis-
placement current is completely removed. Then the distorted
PD signal i’ is obtained. In this article, the Gaussian weighted
moving average filter is finally selected. Its filtering principle
can be expressed as

I(n) =3 Ag() i+ = (w+1)/2} [ 9() —iln)

B ©
9(7) = exp[—(j — (w+1)/2)*/(20%)]/ (V270) ™

where i’ is the PD signal obtained by filtering, w is the width of
the filtering window set as 61 in this article, o is the standard
deviation of Gaussian distribution, and g is the Gaussian function
acts as the weight factor.

Second, locate the positions of the PD current pulses. Take the
absolute value of i, and then find the amplitude values which
are greater than the noise level. Thus, the positions of the PD
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interface. (c) Chip.

pulses (t,.,, m = 1, 2,...M) in the time domain can be marked
and located. M is the number of the PD current pulse amplitudes.

Third, remove the signal at the interval of [t,,,-14, tpm+14]
in the measured current waveform. The ¢4 is the estimated
pulse width of the PD current pulses, which is set as 0.5 us.
Then, the shape-preserving piecewise cubic spline interpolation
is employed to fit and fill the remaining waveform. Then, the
complete displacement current waveform ip can be obtained.

Finally, by subtracting the displacement current from the
measured original current signal, the PD current pulses can be
accurately acquired without any distortion.

Through the extraction method, the comparisons of the ex-
tracted PD current pulses and the measured current waveform
at the rising process for the three experimental samples are
given in Fig. 11. PD current pulses can be extracted from the
displacement current interface without any distortions.

C. Feasibility of the PD Extraction Method

To verify the feasibility of the proposed method in extracting
PD pulses under displacement current interference of square
wave, displacement current waveforms ip(f) under different
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TABLE II
ACCURACY OF THE EXTRACTION IN DIFFERENT RISE TIME

t(us) 200 10.0 5.0 2.0 1.5
cosd  1.0000  1.0000  1.0000  1.0000  0.9992
1,(1s) 1.4 13 1.2 1.1 1.0
cosd 09981 09952 0.0680  0.0653  -0.0079

values of the rise time of square wave signal are calculated
by using (1) and (4). Then, the double exponential pulse i,((#)
with known parameters is added to the displacement current
waveform to simulate the waveform i, (f) with the PD pulse
superposed on the displacement current. By using the extraction
method proposed in this article, the extracted pulse from gy ()
is expressed as i,,(#). To calculate the correlation coefficient
between i,(#) and i,0(?), the discretization results of them are
regarded as vectors i,, and i,o. Then, the correlation coefficient
can be expressed as the cosine of the angle 0 between i), and i,
which is defined as

ip iy,
|ip||2po]

— Z 1D;tPo; <\/Z:_1 ip? \/Z;_l ipoﬂ) . (8
j=1

When cosf) = 1, i,(#) and ipo(7) are completely positively
correlated, which means i,,0(?) is extracted from i, (f) without
any distortion.

The correlation coefficients between i,(f) and ipo(f) under
different rise times are given in Table II. When the rise time
of the square wave is greater than 1.3 us, the accuracy of the
pulse extraction method proposed in this article can reach at
least 0.9953. Howeyver, for the submicrosecond transition times,
the frequency spectrum of displacement current and PD pulse
overlaps too much, so it is difficult to separate the current signal
by the proposed method. For PD detection under the square
wave voltage of nanosecond transition times, the optical signal
or UHF signal can be used to assist the detection.

So, the pulse extraction method proposed in this article is fully
capable.

cosf =

IV. PARTIAL DISCHARGE STATISTICAL CHARACTERISTICS AND
IDENTIFICATION OF TYPICAL SAMPLES

A. Statistical Characteristics of Three Typical Discharges

Observing the PD pulses extracted from the silicone gel,
DBC-silicone gel interface and chip samples, the discharges of
the three samples have certain differences in PD pulse repetition
rate, pulse amplitude, discharge polarity, and distribution char-
acteristics in the time domain. Due to the randomness of PDs,
it is necessary to investigate the statistical PD characteristics of
the silicone gel, DBC-silicone gel interface, and chip samples
further.

In the following, five cycles of current signals are collected
at each time, and at least 10 times are collected to recognize
the statistical PD characteristics of typical discharge positions
in high voltage IGBT modules.
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TABLE III
PARTIAL DISCHARGE PARAMETERS OF SILICONE GEL SAMPLE UNDER
DIFFERENT VOLTAGES

Voltage (kV) 18.00 19.00 20.00
PD repetition rate (s™) 200.00 251.00 186.00
Average pulse amplitude (mA) 0.34 0.38 0.84
Positive discharge ratio 4545 % 48.20 % 53.22%
Variation stage discharge ratio 96.36 % 91.24 % 88.71 %
TABLE IV

PARTIAL DISCHARGE PARAMETERS OF DBC-SILICONE GEL INTERFACE
SAMPLE UNDER DIFFERENT VOLTAGES

Voltage (kV) 19.30 20.30 21.30
PD repetition rate (s') 191.00 329.00 579.29
Average pulse amplitude (mA) 4.97 4.62 8.82
Positive discharge ratio 51.31 % 54.10 % 58.82 %
Variation stage discharge ratio 19.09 % 34.24 % 78.45 %
TABLE V

PARTIAL DISCHARGE PARAMETERS OF CHIP UNDER DIFFERENT VOLTAGES

Voltage (kV) 4.40 4.46 4.52
PD repetition rate (s™) 718.33 9640.00 69710.00
Average pulse amplitude (mA) 0.33 0.38 0.33
Positive discharge ratio 100.00 %  100.00 %  100.00 %

PD parameters of each sample under different voltages are
given in Table III-V, where PD repetition rate is the ratio of
discharge quantity to time, and average pulse amplitude is the
average absolute value of pulse peak value. The positive dis-
charge ratio is the ratio of positive polarity PD pulse to the total
number of pulses. The variation stage discharge ratio represents
the proportion of the number of discharges occurring in ¢, time
as shown in Fig. 5 to the total number of discharges.

The PD amplitude of DBC-silicone gel sample is larger than
that of silicone gel and chip samples. The ratio of positive
polarity discharge of silicone gel and DBC is close to 50%, while
that of a chip is 100%. In addition, the discharge repetition rate
of the chip is significantly higher than that of the silicone gel
and DBC-silicone gel interface samples.

With the increase of voltage, the PD amplitude of the silicone
gel and DBC-silicone gel interface sample increases evidently,
but the amplitude of the latter is still larger than that of the
former. The variation stage discharge ratio of the silicone gel
sample gradually decreases, but still more than 85%, and that
of the DBC-silicone gel sample increased from 19% to 78%.
The PDs of the chip are still positive at different voltages, and
the pulse amplitude is almost unchanged, but the discharge
repetition rate increases by two orders of magnitude with the
increase of voltage.

To intuitively obtain the PD distribution characteristics of
silicone gel, DBC-silicone gel, and chip under positive square
wave voltage, the PD pulses with timestamps in the 50 cycles are
counted in the same cycle by time-resolved PD (TRPD) pattern
[30] as shown in Fig. 12. Because of the similarity of the three
voltage waveforms, only one voltage waveform is selected as a
reference.

The forward and backward discharges of the silicone gel are
concentrated in 0-0.05 ms and 10-10.05 ms, with the amplitude
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Fig. 12.  TRPD pattern of three samples at different voltages. (a) Silicone gel.
(b) DBC-Silicone gel interface. (c) Chip.

of 0-3 mA. The discharge pattern forms a “~” shape at each
applied positive square wave voltage both for the forward and
backward discharges. Besides, the higher the voltage level is,
the earlier the discharge occurs.

PDs of the DBC-silicone gel sample are distributed at the
voltage rising edge, falling edge, and the voltage steady-state.
The PD amplitude in the variation stage is mainly concentrated
in 0-20 mA, higher than that in the voltage steady-state. The
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TRPD of DBC-silicone gel is shaped like “L” and “I"” for the
forward and backward discharges. As the voltage level increases,
the pattern is more dispersed.

While for the discharges in the chip, the TRPD pattern of the
chip changes greatly under different voltages. At 4.40 kV, the
chip discharge only concentrates in 0-0.1 ms, and the ampli-
tude concentrates in 0—1 mA. As the voltage rises to 4.52 kV,
discharges spread at 0—1 ms and 5—10 ms. Besides, the voltage,
leakage current, and discharge pulses of the chip at 4.52 kV
are plotted in Fig. 13. It is found that the leakage current of
the chip presents a waveform like “+/> during the high voltage
steady-state.

By comparing the discharge pulses and current waveform as
shown in Fig. 13, it is found that the similarity between the PD
pulse repetition rate and leakage current amplitude is 0.9275. As
shown in Fig. 14, each blue bar represents the pulse repetition
rate within 0.4 ms, the blue dotted line is the envelope curve
of PD pulse repetition rate, and the red curve is the current
waveform.

B. PD Identification of Typical Samples and its Application
Scenarios

To verify the feasibility of PD parameters and TRPD patterns
in the PD identification of modules under the positive repetitive
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TABLE VI
PARTIAL DISCHARGE PARAMETERS OF THREE SAMPLES

Silicone DBC- silicone .
Sample gel gel interface Chip
PD repetition rate (s™) 237.14 213.68 698.33
Average pulse amplitude
0.89 4.30 0.33
(mA)
Positive discharge ratio 56.83% 49.75% 100%
Variation stage discharge 88.19% 28.54% 76.57%

ratio

square wave voltage, the PD pulses of the silicone gel, DBC-
silicone gel interface, and chip samples under their respective
RPDIV are extracted. The TRPD patterns of each sample under
RPDIV are plotted in Fig. 15.

Besides, the corresponding discharge parameters for the sam-
ples are given in Table VI. The positive discharge ratio of the
chip is 100%, which is the key parameter to distinguish the chip
discharge from the other two kinds of discharges, and the PD
repetition rate can also be used as an auxiliary parameter to iden-
tify chip discharges. Meanwhile, the average pulse amplitude
and variation stage discharge ratio can be used to distinguish
the PDs between silicone gel and DBC-silicone gel interface
because PD pulses of silicone gel have smaller amplitude and
more distribution in the voltage variation stage.

Therefore, the differences in PD characteristics of typical
structures of high voltage modules under positive square wave
voltage are summarized as follows.

1) The PD pulses of a chip are positive, and its repetition rate

increases significantly with the increase of voltage.

2) Both forward and backward current pulses can be gen-
erated for silicone gel. The PD current pulses tend to
concentrate in the voltage variation state, shaping “~2” in
the TRPD distribution.

3) Both forward and backward current pulses can be gener-
ated for the DBC-silicone gel interface. The PD pulses
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(a)

Fig. 16  Wire-bond module sample. (a) External structure. (b) Internal struc-
ture.

tend to have larger amplitudes in the voltage variation
stage and have more dispersion in the time domain than
that of silicone gel. The TRPD pattern of DBC-silicone
gel is shaped like “L” and “T".”

The application scenarios of the method proposed in this
article are as follows. First, in the module design stage, the
reliability of the proposed insulation structure can be tested
under the operating voltage, and then the insulation structure
with defects can be modified pointedly according to the PD
identification results. Second, in the module production stage,
the insulation reliability of the modules can be tested, and then
the specific defect type can be determined according to the PD
identification method without destroying the integrity of the
module.

C. Experimental Verification of the PD Identification Method

To verify the effectiveness of the proposed PD identification
method in practical application, a wire-bond module without a
chip is designed and manufactured.

The external and internal structures of the module are shown
in Fig. 16(a) and (b), respectively. The module is well enclosed,
and except for without the chip, the structure of the package is
designed according to the actual wire-bond module. This module
can be used to find the possible weak point of the package in the
design stage of a module. In this module, the chip is replaced by
a DBC structure that can withstand 40 kV voltage.

In the experiment, positive repetitive square wave voltage is
applied on the collector of the module shown in Fig. 16, and
the gate and emitter are grounded. It should be emphasized
that the module is sealed by the external structure, so it can
be considered as a black-box macroscopically for the discharge
position. During the experiment, PDs occur in the module at
14.3 kV finally. Through the pulse extraction method, the PD
pulses of the module are extracted, and its TRPD pattern is drawn
in Fig. 17.

It can be seen that the TRPD pattern shown in Fig. 17 is
shaped like “L” and “I"™” and has more dispersion in the time
domain. According to the identification method proposed, it is
consistent with the discharge characteristics of the DBC-silicone
gel interface.

To verify the accuracy of the identification method, the exter-
nal tube of the module is disassembled. The electric tree near the
DBC interface can be clearly identified as shown in Fig. 18. Ac-
cording to the position of the electric tree, the discharges belong
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to the DBC-silicone gel surface discharges, which confirms the
accuracy of the above judgment. Therefore, through the identi-
fication method, it can be judged that the surface discharges of
DBC-silicone gel occurred inside the module without destroying
its integrity.

In summary, the PD pulse extraction and PD identification
methods proposed in this article can provide certain guidelines
for the design and manufacture of the high voltage modules.

It should be pointed that with the development of high voltage
modules, more encapsulation materials, such as epoxy resin
and silicone elastomers are used for module packaging and the
discharge characteristics will be required further investigation.

V. DISCUSSION

The basic cause of PD in insulating materials is that the partial
field strength exceeds the critical initial field strength due to the
defects or in the non-uniform electric field. The distribution of
the electric field depends not only on the applied voltage but also
on the space charge.

Assuming that the electric field intensity caused only by the
applied voltage at a certain point in the insulation material is £,
and the electric field intensity caused only by the space charge
is E .. Thus, the actual field intensity E, at a certain point can be
expressed as

In the following, the discharge mechanisms of silicone gel,

DBC-silicone gel interface, and chip under positive square wave
voltage will be qualitatively explained.
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A. Silicone gel

For the discharge of the silicone gel in this article, the dis-
charge usually occurs at the tiny bubbles in silicone gel around
the needle with a high electric field [11]. The schematic figure
of the discharge in silicone gel is shown in Fig. 19.

The applied voltage increases gradually at the rising edge,
and PD occurs when the field intensity E, inside the bubble
is greater than the critical field intensity of discharge E at #1,
as shown in Fig. 19(b). Then, a large number of electrons is
rapidly driven to the anode side at ¢, causing the positive current
pulses. Then, accompanied with the positive space charges at the
cathode side, the reverse electric field can be generated right after
11, which will weaken the field intensity E, inside the bubble,
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as shown in Fig. 19(c). As a result, the continuous discharge is
inhibited. Besides, due to the bubble expansion caused by the
discharge at 71, the cross-linked polymer network of the silicone
gel is squeezed and deformed as shown in Fig. 19(c), causing
the bubble walls to be subjected to elastic forces F,, from the
polymer network, tending to reshape the bubble. Meanwhile,
the accumulated positive space charges on the cathode side of
the bubble wall are subjected to the electric field force F. in
the same direction as the electric field, keeping the expansion of
the bubble wall. Then, the applied electric field further increases
with time, and the electric field E, increases to E; again at f5.
However, due to the expansion of the distance between both
sides of the bubble, the electric potential difference on them at
1o is larger than that at 71, resulting in more intense discharge
at o, which is reflected in the amplitude of PD current pulses.
Thus, in terms of statistical properties, it has a trend of increasing
discharge amplitude with time, leading to the “ 2”” shaped TRPD
pattern of the silicone gel.

A few discharges occur in the high voltage steady-state be-
cause the migration rate of the carriers inside the silicone gel
is about 10> m?eV-les’! which is greater than that of the
solid insulation material [25], thus the accumulated positive
charges migrate to the cathode continuously, enhancing E,. and
eventually leading to PD.

At the falling edge of the voltage, E,, decreases rapidly, then a
reverse electric field is formed in the bubble by the accumulated
positive space charges, as shown in Fig. 19(d) Then, backward
discharge occurs at 3, when E,. is greater than the critical field
intensity Ey. After that, the reverse E, decreases due to the
reduction of charges, restraining the continuous discharge. As
the voltage continues to decrease, discharge occurs at 74 with
the increase of field intensity E, and the decrease of residual
charges similar to the forward discharge. However, the electric
field force F . is weakened as the voltage drops and the charge
decreases, so the elastic forces F,, from the polymer network
gradually come to dominate. Thus, the expansion of the bubble
cannot be maintained, so the rising tendency of the amplitude
of backward discharges with time is less than that of forward
discharges as shown in Figs. 12(a) and 15.

Different from the high voltage steady-state, there is no direc-
tional charge migration in the low voltage steady-state, so almost
no discharge occurs. As the voltage level increases, the field
intensity E,. in the bubbles reaches E faster, so the discharge
occurs earlier, which is reflected in the left shift of the green
marker in Fig. 12(a). Besides, the increase of field strength
will lead to the acceleration of charge migration in the high
voltage steady-state. What falls is the increase of the number
of discharges in the high voltage steady-state, resulting in the
decrease in the variation stage discharge ratio in Table III.

B. DBC-silicone gel interface

The joint action of residual charges and electric field changes
for discharges in the DBC-silicone gel interface is similar to
that in silicone gel, but one of the significant differences is that
for the dynamic streamer discharge along the surface, time-lag
plays a critical role under positive square wave voltage [18].
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For the forward discharge, when E,. near the anode exceeds
E,, it still needs to experience the free electron supply time
and the avalanche build-up time before the discharge occurs.
As a result, when PD occurs at t5, E,- is far higher than Ej, so
discharges in DBC-silicone gel interface are more intense and
the pulse amplitude is relatively higher than those in silicone
gel. Meanwhile, discharges in DBC-silicone gel interface have a
larger variation stage discharge ratio than that of silicone gel due
to this time-lag. Besides, the randomness of the time-lag explains
the distinct dispersion of the DBC discharge pattern near the
rising edge. The mechanism of backward discharge at 7 also has
similar features. However, in the high voltage steady state, the
electric field changes caused by charge migration in the silicone
gel are much less rapid than those caused by voltage rising state
in the variation state, so time-lag has much less effect on the
discharges in the high voltage steady-state. Thus, the discharge
amplitude at 75 is much smaller than that at 75, explaining the
“L” shaped TRPD pattern of the DBC-silicone gel interface.

Besides, the other difference is reflected in the force on the
bubbles. Due to the more positive charges than in silicone
gel gathered at the cathode side of the bubble as shown in
Fig. 20(b), the bubble is stretched longer than in silicone gel
by the electric field force F. as shown in Fig. 20(c). In the low
voltage steady-state, the applied electric field disappears, so the
bubble wall is only subjected to the elastic force of the silicone
gel crosslinked polymer network, which will shrink the bubble.
Meanwhile, there is no directional transfer of charges during this
period, so the charge near the bubble wall is concentrated with
the bubble shrinking, which increases the field intensity in the
bubble and leads to the occurrence of the backward discharge
at 3. However, due to the discharge at 7, there are less residual
positive charges to discharge, so the amplitude of backward
discharge in the low voltage steady-state is small, resulting in
the “ I" ” shaped TRPD pattern.

Furthermore, two reasons can attribute to the significant
increase of DBC variation stage discharge ratio with voltage
level. First, with the increase of voltage level, the discharge
time-lag becomes shorter, which leads to part of the discharge
occurring in the voltage variation state. Second, the structure of
double-sided copper makes the electric field distribution near the
electrode tip more dispersed, so the voltage rise will cause more
discharges in different directions, which leads to the increase in
the number of discharges during the voltage variation and the
fan-shaped electrical tree on DBC shown in Fig. 21. Thus, the
discharge repetition rate of DBC-silicone gel interface increases
significantly with the increase of voltage.

C. Chip

For semiconductor chips, PDs tend to occur at the terminal
region, where have the maximum electric field strength [31]. So,
as shown in Fig. 12(c), the discharges of chip only distribute in
the high voltage steady-state, when there will be enough field
intensity.

When the electric potential difference between the two sides
of the space charge region (SCR) rises to a certain threshold, the
voltage between the two sides of the internal defect gradually
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Fig. 21.  Electrical trees and voids on the DBC- silicone gel interface.

increases and PD occurs. Due to the dense wafer, the internal
defects are small. After the discharge occurs, electrons rapidly
migrate from the cathode side of the air gap to the anode side,
forming a reverse electric field that, can hinder the continuous
development of the discharge in a short time. Thus, the discharge
pulse amplitude is small.

Due to the properties of semiconductors, the charge will
immediately migrate to the two sides of SCR under the action of
the electric field and then the next discharge will occur. Mean-
while, as carriers are depleted in the SCR, thermally generated
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electron-hole pairs will migrate to the two sides of SCR, resulting

in th

e leakage current as shown in Fig. 13. Thus, the discharge

repetition rate of the chip is strongly correlated with the leakage
current amplitude because of the similarity of the two processes.

A
high

VI. CONCLUSION

PD experimental platform for the insulation structure of
voltage IGBT module under square wave voltage is estab-

lished and PD characteristics of typical discharge locations are
obtained. The specific conclusions are obtained.

)

2)

3)

(1]

(2]

A PD experiment platform under positive square wave
voltage is established for silicone gel, DBC-silicone gel
interface and chip, which are the typical discharge position
in high voltage IGBT module. The current signals of PD of
three samples are measured by the HFCT method. Accord-
ing to the obtained current signals, a method of PD pulse
current extraction without other auxiliary detection means
is proposed, and the accurate extractions of PD pulses
from three samples under the interference of displacement
current are realized.

The key parameters and phase distributions of three typ-
ical PDs are analyzed statistically. The discharge current
pulses of chip are positive and only appear in the high
voltage steady-state. The amplitude range is O—1 mA, and
the discharge repetition rate is strongly correlated with the
leakage current. Forward positive discharge current pulses
and backward negative current pulse can be generated
both for the silicone gel and DBC-silicone gel interface.
The discharge only appears in the voltage variation stage
and the amplitude is concentrated in 0—5 mA. But the
discharge amplitude of the DBC-silicone gel interface is
mainly concentrated in 5-10 mA at the voltage variation
stage and 0-5 mA at the voltage steady stage.

Based on the differences in the PD characteristics from
the three typical structures, the discharge types can be
identified. The discharge of chip can be distinguished from
that of package insulation by pulse polarity, discharge rep-
etition rate, TRPD distribution, and even leakage current
waveform. PDs in silicone gel mainly concentrate in the
voltage variation state and shaping “~” in the TRPD, but
PDs in DBC-silicone gel interface have more dispersion
in voltage steady-state than that of silicone gel. Experi-
ments are conducted to demonstrate the effectiveness and
practicality of the proposed method. By analyzing the
combined effect of applied voltage and space charge and
considering the effect of bubble volume change in silicone
gel on discharge, the mechanism of discharge and related
characteristics are explained qualitatively.
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