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The power module package insulation is prone to partial discharge (PD) under
fast square pulses, which is one of themain reasons for powermodule packaging
failure. However, there are few studies on PD under square electrothermal
coupling stress. One of the important reasons is that the electromagnetic
interference and displacement current generated by the rising and falling edges
of the square pulse seriously interfere with the detection of PD. To address
this problem, this paper proposes a multi-spectral optical detection method
with high sensitivity and strong anti-interference. Based on the multi-spectral
synchronous detection platform, the high-temperature PD characteristics of
power module package insulation under square pulses are studied. The
results show that the partial discharge inception voltage (PDIV) decreases
with increasing temperature, and the intensity of the PD multi-spectral signal
increases with increasing temperature. In addition, the statistical analysis of the
maximum optical signal intensity, cumulative optical signal intensity, number
of PDs, and phase of PD under square pulse shows that with the increase of
temperature, the maximum optical signal intensity and cumulative optical signal
intensity of PD increase, and PD events mostly occur on both sides of the
square pulse. Among them, the optical signal in the near-ultraviolet band is
dominant, and the near-infrared signal has an obvious increase trend. These
findings are of great significance for the reliability detection of power module
package insulation.

KEYWORDS

square pulse, power module package insulation, partial discharge, temperature, multi-
spectrum

1 Introduction

Power devices are the core of power conversion and circuit control in electronic
devices. The new generation of power electronic devices based on wide bandgap
semiconductors (such as SiC and GaN) have higher breakdown voltage, faster switching
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speed, and lower switching loss (Hou et al., 2020), and are gradually
being widely used in smart grids, electric vehicles, and new energy
generation. However, with the long-term use of devices and the
continuous increase in operating voltage and current, the reliability
of power module packaging insulation is easily reduced. Partial
discharge (PD) occurring in packaging materials (such as silicone
elastomers) can causematerial aging and even breakdown (You et al.,
2021) and is one of the main causes of package insulation failure.

Inmost cases, thepackage insulationof thepowermodule isunder
a unipolar high-frequency high-voltage square pulse (hereinafter
referred to as a square pulse). Reference (Fabian, et al., 2005) pointed
out that possible voids and local protrusions in the interface between
ceramic and metal layers on DBC substrates can lead to local electric
field enhancement, which is prone to partial discharge and electric
trees. References (Mancinelli, et al., 2016) studied the effects of
frequency and waveform on PDIV in silicone gels under sine and
square wave voltages and found that the electrical branches grow
faster in silicone gels under square wave voltages, but the square wave
interference is more severe than the sinusoidal interference. When
detecting PD under a square pulse, the displacement current and
spatial electromagnetic interference (EMI) generated by the power
module switch are the main interference sources. Conventional PD
detection methods based on electrical pulses, electromagnetic waves,
etc., may be strongly interfered with and cannot sensitively identify
discharge signals (Zhang et al., 2020). Our previous research explored
EMI suppression and PD extraction methods based on down-mixing
technology, but thehigh cost of thedevice is not easy touse inpractical
engineering applications. References (Auge et al., 2013) Under AC
sinusoidal and bipolar squarewave high voltages, the partial discharge
differences of ceramic substrates in power modules were investigated
by the optical detection method, and it was found that the optical
detectionmethod can sensitively identify the discharge signal and has
good anti-interference performance. Silicon photomultiplier arrays
with high sensitivity, strong anti-interference, and small size show
great applicationpotential in this regard (Renet al., 2020). Studieshave
shown that PD light radiation is accompanied by complex processes
such as field emission, ionization, adhesion, and re-combination
in the development of discharge. The light intensity at a specific
wavelength is determined by the light radiation path and defect
structure. The wavelength of corona discharge light is < 400 nm,
mainly ultraviolet light; the wavelength of spark discharge light is
between 400 and 700 nm, mainly visible light. The materials used for
the insulation of power module packaging are mainly ceramics and
pottingcompounds,whicharedifferent fromgas insulation.Currently,
there is very little research in this area. In addition, as high-voltage
power modules are miniaturized, the electrical and thermal coupling
stresses borne by package insulation are increasing (Ding et al.,
2023). Studies have shown that the internal operating temperature
of SiC-based power modules can reach above 200°C (Siow et al.,
2015). Therefore, it is necessary to study the radiation spectrum
characteristics of high-temperature PD of power module package
insulation under square pulses.

In summary, this paper designs a multi-spectral optical sensing
device for PD, which is capable of extracting the optical spectral
information of PD signals across different wavelength bands. In
addition, compared with the previously proposed down-mixing
method, the designed multi-spectral sensing device is proven to be
able to sensitively detect PD signals. In the experiment, multi-spectral

signals of PD in the packaging insulation under unipolar square pulse
voltage at different temperatureswere recorded.Thiswork canprovide
a reference for the reliability of power module packaging insulation.

2 Experimental methods and setup

2.1 Multi-spectral optical PD detection
method

The photons radiated from PD in packaging insulation cover
a broad range of wavelengths from ultraviolet to infrared. Multi-
spectral detection devices can be used to analyze the distribution of
PD signals across different wavelength bands.This requires the sensor
to simultaneously have high sensitivity, anti-interference capability,
and the ability to measure PD light signals across different spectral
wavelength ranges (Ren et al., 2016).Therefore, this built PDdetection
device is based on a silicon photomultiplier array (SiPM) with single-
photon detection capability, using four bandpass filter groups and
a 4 × 4 SiPM array distributed on the surface to form a 4-channel
multi-spectral sensor. Each channel is an independent unit, with
real-time synchronous output and no inter-reference. SiPM adopts
a dense array form, integrating avalanche photodiodes to form a
photoelectric sensorcapableofdetectingweak light signals.Compared
with PMT, SiPM can achieve a signal gain of the order of 106 at a
bias voltage of 30 V. It has the advantages of small size, fast response
speed, and strong anti-interference capability, and can effectively
detect photons in the wavelength range of 200∼900 nm. After the
reverse bias voltage is applied, SiPM will be in a state of waiting
for excitation and work in the “Geiger” mode (Ren et al., 2018). In
this mode, once a photon contacts the SiPM surface, the photon
will trigger a rapid collision of carriers, resulting in a self-sustaining
charge avalanche, which in turn generates a light signal pulse. The
circuit and physical diagram of the multispectral detection device are
shown in Figure 1.Themultispectral sensor, power supply unit, signal
conditioning unit, etc., are integrated inside the metal shielding shell.
Considering that the emission spectrum of partial discharge ismainly
in theultraviolet, visible, and infraredbands, thebandsof thebandpass
filters used are 250∼400 nm (B1), 400∼500 nm (B2), 500∼700 nm
(B3), and 700∼800 nm (B4). The photo-detection efficiency (PDE)
and the transmittance of the filter are shown in Figure 2, where PDE
characterizes the average probability that a photon entering the array
can trigger photoelectric conversion.

Since the PDE of SiPM and the transmittance of the filter vary
with wavelength, the signal directly output by the multi-spectral
PD detection system cannot reflect their true value or proportional
relationship. To solve this problem, a xenon lamp light source with a
continuous spectrum in the 200∼2200 nm band is used to calibrate
the PD signal of different bands output by the PD multi-spectral
detection system. Considering the environmental factors of the test,
the calibration experimental platform based on the xenon lamp is
the same as the PD experimental platform (described below). At the
same time, to accurately estimate the variation of different spectral
components during the PD process, this paper has normalized and
calibrated the signals of each band with the B3 band as a reference.
The calibration steps are as follows: Place the xenon lamp at the
same position as the test specimen in the cavity, illuminate the input
end of the mul-ti-spectral detection system, measure the output
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FIGURE 1
Physical diagram and circuit structure of multispectral optical
detection device.

FIGURE 2
Filter transmittance and photodetection efficiency of the sensor.

TABLE 1 Correction factors for different bands.

Band B1 B2 B3 B4

Factor 1.01 0.68 1 1.77

photocurrent magnitude of each band, and then determine the
correction coefficient of each band by comparing themeasured value
with the known xenon lamp spectrum, as shown in Equation 1.

F = M
∗

P∗i
(1)

Where F is the correction coefficient,M
∗
and P
∗
i Represent the

photocurrent magnitude and power integral of the xenon lamp in
the corresponding spectral band, respectively, both expressed in per-
unit values. The calculation results are shown in Table 1.

2.2 Down-mixing PD detection method

At the moment of rising edge and falling edge of high dV/dt
squared pulse, the rapid change of electric field will produce
electromagnetic interference. The spectrum of interference caused
by square pulse is mainly distributed below 3 GHz, which will cause
interference to electrical detection methods such as pulse current

method, and ultra-high frequency (UHF) method. According to
IEC 61934 standard, the overlapping spectrum between interference
and PD signal can be eliminated by increasing the detection
frequency and using high-pass filter. However, the increase of
detection frequency leads to higher requirements for signal sampling
and processing speed. To properly solve this problem, a down-
mixing partial discharge detection method is proposed. First, the
UHF signal is filtered through a high-pass filter to remove noise
interference, then mixed with a fixed-frequency local oscillator
signal, and finally passed through a low-pass filter to obtain the
difference frequency signal.While retaining the basic characteristics
of the original signal, the signal frequency band is reduced to
the low-frequency region, which facilitates signal acquisition and
improves the signal-to-noise ratio. Our research team has previously
detailed the circuit principles and device parameters in their work
(Wang et al., 2021) and has demonstrated that the PD detection
system combining high-pass filters and down-mixing technology
is effective in suppressing square pulse interference and detecting
PDs.Figure 3 shows the circuit diagram and physical diagram of the
down-mixing PD detection device, as well as the linear relationship
between the down-mixing signal amplitude and the apparent
discharge. Figure 3 shows the circuit diagram, physical diagram, and
calibration result of the down-mixing PD detection device.

2.3 Specimen preparation

The PD test specimen used in the experiment is consistent with
the typical power module packaging structure, as shown in Figure 4.
Its main components include copper plate, ceramic plate, potting
compound (silicone elastomer), and shell. The red circle in Figure 4
is the junction of the three materials of the copper-ceramic-potting
compound.Dueto thedifferentdielectricpropertiesof thesematerials,
the electric field in this area is extremely uneven, and the location
of the three junctions is prone to PD (Wang et al., 2022). The
main components of the package insulation specimen and its model
areshowninFigure 5.Thecurvatureradiusofeachcornerof thesquare
copper electrode on the surface of the Direct Bond Copper (DBC)
substrate is 0.3 mm, the edge of theL-shaped electrode is 0.5 mmaway
from the edge of the copper electrode, and copper pillars are welded
on the electrodes at both ends as lead terminals. In the experiment, the
L-shaped electrode is connected to a square pulse voltage, while the
square electrode is grounded, ensuring that the electric field strength
between the electrodes is greater than in other areas, meaning that PD
will only occur in the region between the two electrodes. The potting
compound is a two-component synthetic silicone elastomer with a
mixing ratio of 10:1. After the two are fullymixed, they are first placed
in a vacuum oven for 10 min for degassing to remove some bubbles.
After being poured into the assembly model, they are degassed for
another 20 min to remove residual bubbles. Finally, after curing at
room temperature for 24 h, vacuum degassing is performed for 10 h
to remove possible by-products.

2.4 Experimental platform

In order to explore the reliability of package insulation under
square electrothermal coupling stress and collect optical signals
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FIGURE 3
Down-mixing PD detection system. (A) Circuit diagram; (B) Physical picture; (C) Calibration result.

FIGURE 4
Typical power module packaging structure.

FIGURE 5
Main components of power module package insulation specimen.

FIGURE 6
Multi-spectral simultaneous detection system for PD.

of each band of PD in real-time, a mul-ti-spectral synchronous
detection system was built, as shown in Figure 6.

The output voltage magnitude of the unipolar high-voltage
square pulse power supply used in the experiment is 0∼15 kV, the

maximum repetition frequency is 10 kHz, and the shortest rise time
is 50 ns. The experiment is carried out in a dark room to reduce
the interference of ambient light so that it does not affect the PD
light measurement.The system wiring method is shown in Figure 6.
The unipolar square pulse high-voltage power supply is introduced
into the constant temperature oven, and the packaged specimen is
placed in the constant temperature oven to control the experimental
temperature to be constant. The high-voltage differential probe
measures the voltage at both ends of the specimen in real time.
The broadband horn antenna and the mul-ti-spectral sensor are
facing the surface of the PD specimen, and the distance is fixed
at 15 cm. The oscilloscope is a portable 8-channel acquisition card.
The acquisition software is driven by the LabVIEW program, which
can realize multi-channel simultaneous display and acquisition.
According to the actual operating conditions of the power module,
the package insulation PD experiment is set as follows: the applied
voltage type is a uni-polar square pulse, with a rise time of 400 ns, a
frequency of 5 kHz, and a duty cycle of 50%. To achieve the effect
of accelerated aging by square wave electrothermal combination,
and taking into account the suitable temperature range of package
insulation, the experimental temperatures in this paper are set
to 120°C, 150°C, and 180°C respectively, and the changes of
partial discharge multispectral signal characteristics at different
temperatures are investigated.

The typical down-mixing and multi-spectral PD signal
waveforms are shown in Figure 7. It can be seen from the figure
that the down-mixing signal and multi-spectral signal of PD have
good synchronization. There is slight conducted electromagnetic
interference in the optical signal waveform, but the magnitude of
the PD signal is much larger than the conducted interference.

3 Experimental results

3.1 PDIV results

In the PDIV experiment, in order to ensure the accuracy and
reliability of the experiment, five groups of specimens from the
same batch were set under the same experimental conditions, and
the test was carried out after the temperature in the constant
temperature oven reached the set value and stabilized. The dV/dt
and square pulse width of the square pulse was fixed at 16 V/ns and
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FIGURE 7
Typical down-mixing and multispectral optical PD signals.

FIGURE 8
PDIVs under different temperatures.

100 μs respectively. According to the IEC60270 recommendation
(Zhong et al., 2022), during the PDIV test, a lower voltage
must be applied to the specimen and gradually increased until
the first PD occurs. Therefore, a step of 100 V per second
staircase-increasing procedure was used in the experiment, and
each group of experiments was repeated 5 times. The arithmetic
mean of the five groups of experimental data was taken as
the final result for data analysis. The change pattern is shown
in Figure 8.

As the temperature increases from 120°C to 180°C, the PDIV
gradually decreases from 7.8 kV to 6.6 kV and the average error
gradually decreases, indicating that the increase in temperature
significantly reduces the PD initiation voltage of the insulating
material. The decrease in PDIV may be the result of the combined
action of various mechanisms (Wang et al., 2014; Zang et al.,
2024). The silicon elastomer encapsulated insulation is a multi-
dielectric composite material, and the thermal expansion coefficient
of different materials is different. At higher temperatures, micro-
defects are easily formed at the triple junction point, resulting
in electric field distortion. At the same time, high temperature
will destroy the chemical structure of the molecule, promote
the degree of crosslinking, and further reduce its insulating
properties. In addition, this paper also extracts the average intensity
of PD multispectral signals when the square wave voltage is
fixed to PDIV at three temperatures, and the results are shown
in Table 2.

From the data analytics in Table 2, it can be obtained that the
radiation intensities of all bands of the PD multispectral signal
increase with temperature, but the increase is significant. From
120°C to 180°C, the average intensity of the B1 band increases by

TABLE 2 The average intensity of PD multispectral signals under
different temperatures.

Temperature/°C Band/nm Average intensity/a.u

120

B1 36.7

B2 11.2

B3 5.3

B4 6.9

150

B1 41.4

B2 14.6

B3 10.1

B4 12.3

180

B1 48.5

B2 18.9

B3 13.3

B4 16.7

32.2%, the average intensity of the B2 band increases by 68.8%, and
the spectral intensity of the short-wave range increases more slowly;
the average intensity of the B3 band increases by 151%, the average
intensity of the B4 band increases by 142%, and the spectral intensity
of the long-wave range increases sharply, indicating that the center
of gravity of the spectral radiation gradually shifts to the long-wave
direction with the increase of temperature.

The increase in the average light intensity of B1 and B2 may be
related to the intensification of high-energy discharge activity. The
increase in temperature will lead to an increase in the conductivity
of silicon elastomers, an increase in leakage current, and an increase
in local electric field distortion, which will lead to more frequent
high-energy electron avalanches, enhanced near-ultraviolet light
radiation, and high-temperature aging will also produce defects
(Cao et al., 2024), releasing short-wave photons during the carrier
recombination process. The significant increase in the average light
intensity of B3 and B4 is dominated by thermal aging and material
degradation (Shang et al., 2024). High temperature accelerates the
movement of molecular chains, resulting in increased vibration of
C-H and Si-O bonds in the silicon elastomer molecular chains,
releasing a large number of photons in the near-infrared band. The
sharp growth of the B3 and B4 bands can serve as an early sign of
insulation aging at high temperatures.

According to the requirements of IEC 61278, the magnitude
of the applied voltage should be higher than the PDIV of
the corresponding applied voltage type to ensure that PD can
occur repeatedly. Based on the previous experimental results,
the magnitude of the applied voltage is fixed at 8.5 kV for the
characteristic experiment, and the computer collects five cycles of
data every 5 s.
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FIGURE 9
Variation of average light intensity of PD under different temperatures.

FIGURE 10
Variation of maximum light intensity of PD under different
temperatures.

3.2 Effect of temperature on PD light
intensity

The PD radiation spectrum of silicone elastomer package
insulation provides physical information in the microscopic
dimension. The light intensity at a specific wavelength is usually
determined by the light radiation path and the defect structure
(Zang et al., 2019; Yu and Zhang, 2024). Therefore, the PD multi-
spectral characteristics can more intuitively reflect the insu-location
state of the package. In this paper, the effect of temperature on the
statistical characteristics of PD is studied by selecting the average
optical signal intensity, the maximum optical signal intensity, and
the cumulative optical signal intensity. The results are shown in
Figures 9–11. Here, the average optical signal strength represents
the average amplitude of the signals in each band over 60 cycles per
minute, the maximum optical signal strength represents the average
maximum amplitude of the signals in each band over 60 cycles per
minute, and the cumulative optical signal strength represents the
sum of all signal amplitudes in each band over 60 cycles per minute.

The statistical results of the average light intensity in Figure 9
show that from 120°C to 180°C, the average light intensity in the B1
to B4 bands increases by 1.3 times, 1.5 times, 2.9 times, and 3 times,
respectively. Among them, the average light intensity in the B1 band
is dominant at different temperatures, but the average light intensity
in B3 and B4 increases significantly with the increase of temperature,
and the effect of temperature increase on photon excitation in the B3
and B4 bands is more prominent.

FIGURE 11
Variation of cumulative light intensity of PD under different
temperatures.

FIGURE 12
Variation of insulation lifetime and PD number under different
temperatures.

As the temperature rises, themaximum intensity and cumulative
intensity of the PD increase, and the multi-spectral signal
performance is different. Among them, the B1 band performs
outstandingly and always dominates, and theB4 bandhas an obvious
growth trend in Figures 9, 10. Silicone elastomer encapsulation
insulation may break or degrade its molecular chain at high
temperatures, producing free radicals or small molecule fragments
(Zhou et al., 2023). These degradation products may have higher
energy, resulting in strong radiation in the near-ultraviolet band.
As the temperature rises, the PD will produce more high-energy
electrons and ions, and excite molecules or surrounding gas
molecules, resulting in an increase in photon emission in the
ultraviolet band. At the same time, the newly generated free
radicals or small molecule fragments will also introduce different
vibration modes (Wang et al., 2024a), resulting in an increase in
radiation photons in the near-infrared band.

3.3 Effect of temperature on lifetime and
PD number

In this paper, the change of insulation aging life and discharge
times with temperature and the change of discharge times with
temperature in each band are counted. The results are shown
in Figures 12, 13. In this paper, the complete cycle of insulation
breakdown is taken as the aging life, and the average value of
the detection results of the same batch of samples is taken. The
number of discharges represents the average number of optical
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FIGURE 13
Variation of PD number in each band under different temperatures.

FIGURE 14
Variation of PD number and phase under different temperatures.

signals generated by the partial amplifier detected in all cycles per
minute. Previous experiments have proved that the spectral signals
of each band of the partial amplifier are synchronized, so when
the number of discharges is counted in a single cycle, if there is
an optical signal in any of the four bands, it can be regarded as a
discharge.

From 120°C to 180°C, with the increase of temperature, the
average life of the power module package insulation decreases
by nearly 50%, while the number of discharges increases by
about 2 times. The higher the temperature, the higher the
probability of electronic collision inside the insulation increases
(Gao et al., 2024), and the development of aging defects is
exacerbated, so that the performance of the partial discharge is more
obvious, and the number of optical signals shows an increasing
trend. The high temperature will exacerbate the process of the
partial discharge and lead to the shortening of the life of the
package insulation (Wang et al., 2024b). The statistical results
of the number of discharges in Figure 13 show that with the
increase of temperature, the number of discharges in the B1∼ B4
band increases by 2 times, 2.1 times, 2.8 times, and 4.9 times,
respectively.

Since the applied positive polarity repeating square wave
frequency is 5 kHz, a complete square wave cycle time is 200 μs.
For ease of description, the phase of the square pulse is expressed
as the percentage of one cycle (0%–100%), and the initial rising
position of the square pulse is defined as 0. Under the same test
conditions, 500 square wave cycle data were selected for each
group of temperatures. The number of discharges and their phase
distributions are shown in Figure 14.

At 120°C, the discharge activity mainly occurs between 10%
−20% and 40%–50%. With the increase of temperature, the number

FIGURE 15
Schematic diagram of PD at triple junction point.

of discharges increases, and the discharges are concentrated on the
rising edge (0%–10%) and the falling edge (50%–60%) of the square
wave. When the temperature increases to 180°C, the probability
of discharge activity occurring between 0%–10% and 50%–60%
is as high as 90%, indicating that the discharge activity at high
temperature has obvious phase concentration, and the number of
discharges at the rising edge of the square wave is significantly more
than the falling edge of the square wave.

In the edge region on both sides of the square wave, the rapid
change of the electric field leads to slow charge accumulation,
and the partial discharge mostly occurs in the high-level region,
and the discharge activity is obvious in the 10%–20% phase range
at 120°C. With the increase of temperature, the carrier mobility
accelerates, the kinetic energy obtained by electrons in the electric
field increases, and the probability of collision ionization increases
exponentially, resulting in an increase in the number of discharges
in a single cycle; at the same time, the charge flow rate accelerates,
making it easier for the accumulated charge to break through the
threshold, and the partial discharge activity rises and falls to the
square wave.

4 Discussion and analysis

Under the squarewave electrothermal coupling stress, the failure
of the power module package insulation usually originates from the
triple junction (such as the junction of silicon elastomer-ceramic
substrate-copper electrode). The rapid breaking of the square wave
voltage will lead to a transient high electric field, and there are
differences in the dielectric constant and conductivity of different
materials at the triple junction, and the electric field distribution
will be distorted here. At the same time, the thermal stress
caused by temperature changes may exacerbate the microstructural
changes at the material interface and accelerate the aging of the
material to form a discharge channel. Due to the concentration of
electrical and thermal stresses in this area, partial discharges are
more likely to be triggered here (Chen, et al., 2024). Figure 15
shows a schematic diagram of partial discharges at the
three junction points at high temperatures and square
wave voltages.

Studies have shown that the contribution of square wave
electrical stress to partial discharge is the main component, and
thermal stress is more to accelerate the aging process (Sili et al.,
2013). The rapidly rising edge of a high dV/dt positive square
wave leads to a transient electric field enhancement, which drives
electrons to inject from the copper electrode, and the silicon
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elastomermolecules are dissociated by high field strength to produce
free electrons and positive ions. In the high-level stage of the square
wave, the positive ions move along the direction of the applied
electric field Ein, partially recombine with the electrons during the
movement, and the electrons move in the opposite direction of the
electric field, whichmay be trapped by the electrodes or accumulated
at the interface.The residual charge forms an additional electric field
Eq in the opposite direction and weakens the applied electric field
Ein.When the combined field strength of Ein andEq still exceeds the
critical field strength, a positive discharge occurs (square wave rising
edge region). At this stage, the high-energy particles have a high
initial kinetic energy and carry enough energy to transition. The
radiation photons are mainly in the near-ultraviolet band (Zhang
and He, 2017). The driving force of charge migration in the low-
level stage temporarily disappears, and the remaining unneutralized
charge (such as electrons or ions trapped by traps) is driven by the
additional field strength Eq to continue to diffuse or slowly migrate
and form a built-in field strength Ei. When the superimposed field
strength exceeds the critical field strength, it will trigger reverse
discharge (square wave falling edge region). The energy of the
particles in this stage is insufficient and can only transition between
low energy levels.The radiation photons aremainly in the visible and
near-infrared bands.

When the polarity of the square wave is switched, because the
dielectric relaxation time of the silicon elastomer is greater than
the duration of the high level, the charge can hardly be dissipated
in each cycle. At the same time, the high temperature reduces the
activation energy of the trap, causing the charge in the deep trap
to be released, resulting in the continuous accumulation of space
charges inside the material.The accumulated space charge will form
a new additional electric field inside the material and superimpose
with the applied electric field, resulting in the local field strength
exceeding thematerial breakdown field strength, triggering a partial
discharge (Jiang et al., 2024), and the plasma generated by the
discharge will further damage the material and form more defects.
The new defect causes the electric field to further concentrate,
forming more discharge channels, and this process accelerates at
high temperatures, increasing the number of PD in a single cycle.

In addition, the experimental results in the third section above
show that in all bands from B1 to B4, the optical radiation intensity
and discharge times in the B1 band dominate, while the increase
in the optical radiation intensity and discharge times in the B4
band is the most prominent. Studies have shown that during partial
discharge, high-energy particles such as electrons or ions collide
with molecules, causing the particles to be excited to a high-energy
state. When they return to a low-energy state, a transition occurs.
These transitions release photons with higher energy and shorter
wavelengths (Zhao et al., 2020). Therefore, the intensity of near-
ultraviolet (B1) light radiation is closely related to the energy in the
discharge, which can reflect the intensity of the discharge. While
near-infrared spectroscopy is usually related to molecular vibration
energy levels, insulating materials undergo molecular structural
changes during aging (such as the stretching vibration of C-H bonds
or the bending vibration of Si-CH3), increasing the activity of certain
vibration modes (Cai et al., 2010), thereby enhancing near-infrared
radiation. Therefore, the enhancement of near-infrared (B4) light
radiation can reflect changes in the internal chemical structure of
the material, that is, the deepening of aging.

5 Conclusion

1) This paper introduces a PD multi-spectral optical sensing
method based on SiPM, which features high sensitivity
and strong anti-interference capabilities. Aiming at the
physical phenomenon of PD light radiation from power
module packaging insulation across different spectral bands,
a PD multi-spectral synchronous detection platform was
established, and accelerated aging experimentswere conducted
under square pulse voltages.

2) Compared with the PD detection results of the down-mixing
method, the PD detection effect of the multi-spectral sensing
device is good, and the corresponding optical signals of
each band are synchronized. The comparison results of PDIV
show that as the temperature increases, PDIV decreases,
and the intensity of PD radiation light signals increases.
High temperatures will reduce the performance of packaging
insulation materials and intensify photon excitation activity.

3) The effects of temperature on the characteristics of PD
light intensity, lifetime, and PD number are studied. The
results show that the multispectral statistical characteristics
of PD are different under high temperatures, and the average
light intensity, maximum light intensity, and cumulative
light intensity of each band increase with the increase of
temperature. The optical signal in the near-ultraviolet band is
the largest under all conditions, and the optical signal in the
near-infrared band shows a significant increasing trend with
rising temperature. The lifetime of the power module package
insulation decreases with the increase of temperature, and the
PD number in each band increases. In addition, the discharge
activity gradually concentrates on both sides of the square
pulse with the increase of temperature.
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