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Abstract
The charge phenomena under sine and half‐wave sine voltages within the frequency range
of 500 Hz are studied here. Based on the pulsed electro‐acoustic method, the traditional
circuit design under high‐frequency voltages is first analysed. It is found that the selection
of a 186 pF protection capacitor and a 333 kΩ protection resistor can ensure that the
actual voltage applied to the sample is consistent with the expected input. Based on this
design, experimental results show that the polarity of the charge accumulated in the depth
of the sample is determined by that of the upper electrode. Comparison results under
special voltages with different amplitudes and frequencies indicate that the amount of
accumulated charge under sine voltages are larger than those under positive and negative
half‐wave sine and DC conditions, and the samples under lower‐frequency conditions
show more charge accumulation. The maximum electric field strengths appear at 90 and
270 degrees of the sine voltage with a frequency of 10 Hz, and their values are 68.55 and
81.82 kV/mm, respectively. Therefore, the charge characteristics are easily affected by the
voltage’s waveform and frequency parameters. The results obtained here can provide
guidance for the application of insulating materials under special voltage environments.

1 | INTRODUCTION

During the daily operation of high‐voltage equipment, it usu-
ally faces several insulation problems including electric tree
generation, partial discharge, and dielectric breakdown which
can directly cause insulation ageing and degradation [1–3]. A
key factor leading to these phenomena is the severe distortion
of the electric field. The accumulation of space charge inside
solid insulation is the main factor causing electric field
distortion, which has also become an important indicator for
evaluating the dielectric properties and operating states of
different materials [4–6]. The evaluation of charge accumula-
tion mainly relies on accurate measurement techniques.

At present, the technologically advanced measurement
methods are mainly of two types: the first type is used for
measuring the total charge amount and the type for

measuring space charge distribution. The former is based on
the current integration charge method which can obtain the
changing process of the total charge amount flowing
through the sample. This method is only used for DC
voltages at present [7, 8]. The measurement methods for
charge distribution mainly include the pulsed electro‐acoustic
(PEA) method, thermal methods and pressure wave
methods [9, 10]. Among them, the PEA method has a
relatively mature measurement principle and recovery algo-
rithm. It has been widely used in charge measurements
under DC and AC voltages within a power frequency. Due
to the different injection barriers of electrons and holes at
electrode interfaces and trap depths inside samples, the
charge distribution inside insulating materials depends on the
voltage’s waveform and polarity [11–13]. Therefore, carrying
out research on the charge characteristics under the voltage
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conditions faced by equipment insulation will help analyse
the charge problems withstood by the equipment.

Different from traditional power equipment operating inDC
andAC voltages at a power frequency, the fast‐developing power
electronic equipments such as motors and power electronic
transformers usually face special voltage conditions including
high‐frequency sine and pulse voltages. Researchers have found
that the insulation subjected to these special stresses may dete-
riorate rapidly within 1–2 years [14–16]. Therefore, some charge
measurements aiming at special voltage conditions have also
been accomplished. The charge characteristics of cross‐linked
polyethylene materials under unipolar half‐wave sine and rect-
angular wave conditions are discussed in [17]. It is indicated that
the accumulated charge amount under some special voltages is
more than that under DC conditions, and the voltage frequency
can affect charge distribution. The charge characteristics of
polyamide‐imide (PAI) materials under positive and negative
DC, rectangular wave and half‐wave sine voltages are studied in
[18, 19]. It is also found that compared with the results underDC
conditions, electric field distortion is more serious under some
special voltage environments. The charge results of PAI,
polyester‐imide and polyimide (PI) films commonly used as
coating materials are further compared under different rectan-
gular wave conditions [20]. It is indicated that PI materials show
little charge accumulation. However, there is no further
comparative research on the charge properties of PI material
under half‐wave sine, sine and other voltage conditions. PI
material is one of the important insulating supports for power
electronic equipment including motors and power electronic
transformers. A more comprehensive charge research on this
material will help in further improvement and application.

According to the above analysis, we mainly compare the
charge phenomena of PI films under half‐wave sine, sine andDC
voltages. Based on the analysis of the electrode design suitable
for high‐frequency conditions, we compared the results of
charge accumulation and distorted electric field of Kapton‐type
PI materials under the effect of voltage amplitude and frequency
parameters. Then, we summarised the accumulation lawof space
charge under these special voltage conditions.

2 | THE MEASUREMENT SYSTEM
BASED ON THE PEA METHOD

The measurement principle of the PEA method is shown in
Figure 1. Under the effect of the applied high voltage, space
charge can be injected and accumulated inside the sample.
Meanwhile, the applied pulse voltages can disturb the charge
layer in the balanced state. The charge then vibrates and thus,
an acoustic wave is generated. Finally, the acoustic wave
propagates to the piezoelectric transducer and is converted
into an electrical signal, which is measured by the oscilloscope
[21]. In the figure, Rdc and Cc are the protection resistor and
capacitor, respectively. ρs(x) and ρ(x) represent the charge
density. σ(ds) and σ(0) are the two induced surface charges. ds is
the sample thickness. E(x) is the electric field distribution inside
the sample. vout(t) is the measured signal.

From Figure 1, the measured waveform using the PEA
method mainly contains three parts: the space charge accu-
mulated inside the sample, the surface charges induced at the
two interfaces between the electrodes and the sample. In the
actual measurement, due to the effect of pulse excitation and
transducer, the measurement resolution is usually at the level of
a few microns. Therefore, the waveform of surface charge
always broadens in the measurement, and its shape is close to
the Gaussian waveform shown in Figure 1. When the space
charge inside the sample accumulates in the vicinity of the
electrode interface, it can overlap with the surface charge
waveform due to the resolution.

The actually established PEA system is shown in Figure 2(a).
The materials of the two electrodes contacted with the sample
are the semi‐conductive layer and aluminium, respectively. The
former is used to match the acoustic impedance of the sample.
The polyvinylidene fluoride (PVDF) material is used as the
piezoelectric transducer. To control the measurement process,
a self‐designed computer programme is accomplished. The
computer signals can trigger the output of the pulse generator
and the high‐voltage generator. Then, the trigger signal from the
pulse generator can ensure the synchronization of the oscillo-
scope record. Finally, themeasured voltage signal is calibrated by
a recovery algorithm to obtain the actual charge distribution in
the measured sample.

The system is used to measure the charge phenomena
under two special voltages shown in Figure 2(b). Due to the
large random noise in the actual measurement, 100‐1000
groups of continuously measured waveforms need to be aver-
aged to obtain the results with a high signal‐to‐noise ratio. We
use 200 groups in the following measurement. For DC voltages,
a smooth waveform is obtained every 5 s. For the half‐wave
sine and sine conditions in Figure 2(b), two measurements

F I GURE 1 The basic principle of pulsed electro‐acoustic method
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are performed in one period of the voltage. The voltage
application and short‐circuit stages in the half‐wave sine voltage
are defined as volt‐on and volt‐off states, respectively. The
pulse excitation in the volt‐on state is applied at the maximum
amplitude of the voltage. In the case of sine voltage, only the
charge results at 90 and 270° are obtained. 200 measured results
for each state are averaged to obtain smooth waveforms.

According to the IEC standard [22], the half‐value width of
the induced surface charge peak at the grounded electrode side
is defined as the spatial resolution, as shown in Figure 1. The
spatial resolution in length can be calculated by multiplying the
time resolution and the acoustic velocity in the sample. For our
established PEA system, the spatial resolution is about 12 μm.
Due to the resolution, the capacitance charges at the interfaces
formed by the electrodes and the sample always broaden to the
Gaussian shape, as shown in Figure 1. The corresponding
width of the rising and falling edges of the surface charge
waveform is about 12 μm in our system. The accumulated
internal space charge in the vicinity of the electrode interfaces
is always superimposed with the surface charge signal in the
PEA measurement results. In the following measurements, we
use the Kapton‐type PI materials with the thickness of 125 μm
from DuPont company as the measured samples. Due to the
broadened surface charge waveforms at the interfaces, the
internal space charge distribution within the range of 100 μm
can be properly shown without the superimposition effect of
capacitance charges. In addition, the following experiments

under various voltage conditions are all carried out at room
temperature.

3 | IMPROVEMENT OF THE PEA
SYSTEM FOR HIGH‐FREQUENCY
VOLTAGES

In order to ensure effective measurements using the PEA
method, the IEC standard gives the following design method
of the electrode circuit, as shown in Figure 3 [22]. Rp in the
figure is the resistance of the pulse generator. Vp represents the
voltage output from the pulse generator. Csa is the sample
capacitance. Vs is the output from the high‐voltage generator.
Vm is the voltage actually applied to the sample.

To ensure that a high DC voltage can be accurately applied
to the sample following traditional application methods, the
standard suggests that the capacitance of the protection
capacitor should be less than 1 nF. Its value is usually selected
according to the sample capacitance. The resistance of the
protection resistor should be larger than 10 kΩ. However, to
reduce the impact of accidental breakdown or flashover on the
equipment safety, a 1 MΩ resistor is usually chosen to protect
the system. Based on these parameter settings, the charge
measurements under traditional DC and AC voltages at a
power frequency can be accurately realized.

Take the high‐frequency sine voltages as an example to
analyse the applicability of this parameter selection. A
simulation based on the circuit in Figure 3 is constructed,
and the output of the high‐voltage generator and the actually
applied voltage to the sample are compared. The thickness
of the PI films selected in the experiments is 125 μm. The
diameter of the upper electrode is 5 mm. Therefore, the
corresponding capacitance of the sample can be calculated
by Equation (1),

Csa ¼
ε0εrS
d

ð1Þ

where εr is the relative permittivity of the sample. ε0 is the
vacuum dielectric constant. S is the effective area. d is the
thickness of the sample.

F I GURE 2 The actual measurement process based on the pulsed
electro‐acoustic system. (a) The established PEA system and (b) the
measurement method for special voltages

F I GURE 3 The equivalent circuit of the pulsed electro‐acoustic system

762 - REN ET AL.

 23977264, 2021, 5, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/hve2.12108 by C

ochraneC
hina, W

iley O
nline L

ibrary on [05/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The calculated capacitance of the PI sample is 4.87 pF.
Combined with the simulation circuit in Figure 3, the param-
eters of the protection capacitor and the resistor are set as 1 nF
and 1 MΩ, respectively. Then, the simulated results under an
applied sine voltage are obtained, as shown in Figure 4. The
amplitude of the applied high voltage is 5 kV.

From Figure 4, when the system traditionally used for DC
conditions is directly utilised in high‐frequency sine voltages, the
actually applied voltages to the sample are significantly different
from the outputs from the generator. The difference also in-
creases with frequency. Therefore, the systemmust be improved
for this situation.

The parameter selection of the protection capacitor and
resistor actually determines the voltage applied to the sample.
In order to analyse the effect of these two components
quantitatively, the resistance Rall of the whole circuit in Figure 3
is represented by Equation (2),

Rall ¼ Rdc þ
1

jωCsa

���
1

jωCc
þ Rp

�

¼Rdc þ
jωRpCc þ 1

jωCc þ
�
jωRpCc þ 1

�
jωCsa

ð2Þ

where ω is the angular frequency.
The voltage applied to the sample can be then calculated,

as shown in Equation (3).

Vm ¼ V s − Rdc ⋅ V s=Rall ð3Þ

An example calculation is given here to show the effect of
these two components. The frequency and amplitude of the
sine voltage are set as 500 Hz and 500 V, respectively. Then, the
voltage applied to the sample is calculated under varying pa-
rameters of the protection capacitor and resistor, as shown in

Figures 5 and 6. For the sake of simplicity, only the calculated
amplitude at 90° is shown by Figure 5. Figure 6 shows the
phase difference between the voltage applied to the sample and
the high voltage from the generator.

From the figures, when the values of the protection resistor
and capacitor decrease, the amplitude of the voltage applied to
the sample becomes closer to 500 V and the phase difference
becomes closer to 0. However, a smaller value of the protec-
tion component means a larger current inside the circuit, which
limits the applicable voltage amplitude to protect the mea-
surement system. Combining the available capacitors and re-
sistors in the laboratory, we set three 1 MΩ resistors in parallel
and three 560 pF capacitors in series to improve the system.
Then, the parameters of the protection resistance and capaci-
tance are 333 kΩ and 187 pF, respectively. The three capacitors
are connected in series to reduce the probability of surface
flashover along its surface. Based on these selections, the
calculated results are shown in Figure 7.

F I GURE 5 The amplitude of the voltage applied to the sample

F I GURE 6 The phase difference between the voltage to the sample
and the high voltage from the source

F I GURE 4 The actually applied voltages to the sample under the
traditional circuit design. (a) 100 Hz, (b) 250 Hz, (c) 500 Hz
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From Figure 7, the actually applied voltages to the sample
under this parameter setting are basically close to the output
from the generator. Meanwhile, it has been verified that the
pulse generator can also be well protected in this system. The
voltage from the high‐voltage generator is mainly applied to
the protection capacitor in Figure 3, which is very close to the
waveform Vm in Figure 7. Only a few microvolts are applied
to the pulse generator. Therefore, this new system can be used
in charge measurements under sine voltages within the
frequency of 500 Hz.

4 | MEASURED RESULTS AND
DISCUSSION UNDER DIFFERENT
VOLTAGE CONDITIONS

4.1 | Charge phenomena under different
voltage amplitudes

For the charge accumulation phenomena under sine and half‐
wave sine voltages, the effect of voltage amplitude is first
analysed. Figure 8 shows the charge results under half‐wave
sine voltages with two polarities. The field strength labelled
in the figure corresponds to the maximum amplitude of the
applied voltages, and the frequency is 50 Hz.

From Figure 8, at each amplitude level of the positive
voltages a small amount of positive charge is accumulated in-
side the sample, which is injected from the upper electrode.
Under the negative situation, the injection of positive and
negative charges occurs on both sides of the electrode, and the
migration distance of the negative charge is larger. Since the
two electrodes contacted with the sample are aluminium and a
semi‐conductive layer respectively, the injection and extraction
barriers of the two kinds of charges at the two electrode in-
terfaces are different. Meanwhile, from the results based on
quantum chemical calculation in [23], the trap sites in the PI

materials that capture positive and negative charges are
4.4’diaminodiphenyl ether and pyromellitic dianhydride struc-
tures, respectively. Due to the different depths of the trap sites,
the migration speeds of the two charges are not the same.
Thus, their migration distances are also different.

Further, the experimental results at 90 and 270 degrees of
the sine voltages are obtained, as shown in Figure 9.

In Figure 9, the polarity of the charge accumulated in the
samples under the sine voltages is the same as that of
the applied voltage at the time of measurement. It means the
charge is mainly injected from the semi‐conductive layer, and
the accumulation of hetero‐charge is formed near the groun-
ded electrode due to the existence of the interfacial barrier. The
maximum distortion of the electric field also appears at this
position. The amount of accumulated negative charge is larger
at 270°. Meanwhile, compared with the results under unipolar
half‐wave sine voltages in Figure 8, the accumulated charge
amount under the sine conditions is larger. Therefore, the

F I GURE 7 The actually applied voltages to the sample under the
improved circuit design. (a) 100 Hz, (b) 250 Hz, (c) 500 Hz

F I GURE 8 The charge results under two half‐wave sine voltages.
(a) positive half‐wave sine, (b) negative half‐wave sine
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polarity reversal in the sine voltage makes the PI material
withstand a more serious charge accumulation problem. In
addition, both the results of the studied PI material under half‐
wave sine and sine voltages show a large charge accumulation.
Before observing the charge phenomena under these PI ma-
terials, we also analyse the characteristics of the PET material.
It is found that the PET material shows little charge accumu-
lation under half‐wave sine and sine voltages with low fre-
quencies and high amplitudes. Therefore, we think that the
insulating property of the material itself determines its charge
performance under these special voltage conditions.

The distorted electric field distributions under the three
kinds of voltages are compared, as shown in Figure 10. The
amplitude of the applied electric field is 60 kV/mm, and the
field distributions at 90 and 270 degrees of the sine voltage are
shown.

From Figure 10, affected by the accumulation of space
charge inside the sample, the internal electric field is distorted
severely under different voltage conditions. Among them, the

charge amount under the positive and negative half‐wave sine
voltages in Figure 8 is little, and the corresponding maximum
electric fields are only 61.57 and 62.96 kV/mm. In contrast,
larger maximum field strengths are found under the sine
voltages, which are 64.49 and 72.76 kV/mm at 90 and 270°,
respectively. Both the values appear near the electrode in-
terfaces. Therefore, the polarity reversal in the sine voltages
makes the PI material more prone to deterioration and ageing
in the negative half part.

4.2 | Comparison of charge results under
DC and half‐wave sine voltages with different
frequencies

The charge phenomena under positive and negative DC volt-
ages are first analysed, as shown in Figure 11. Both the field
strengths are 60 kV/mm. The ordinate on the left side of the
figure corresponds to the thickness direction of the sample.
The labels Al and SC represent an aluminium electrode and a
semi‐conductive layer, respectively. The area of the sample
inside is between these two electrodes. The abscissa indicates
the measurement time, and the colour represents the accu-
mulated charge amount.

In Figure 11, homo‐charges are injected from the two
electrode sides under the positive DC voltage. However, after a
thirty‐minute measurement, there is still no net charge accu-
mulation in the depth of the sample. In contrast, under the
negative voltage, positive charge injected from the anode
dominates inside the sample, which does not change signifi-
cantly during the entire measurement time. It means the charge
accumulation quickly stabilises under negative DC voltages.

The charge phenomena under half‐wave sine voltages with
different polarities are then compared, as shown in Figure 12.
The amplitude of the applied field strength is 60 kV/mm, and
the frequency ranges from 10 to 500 Hz. For the results at one
frequency, the left figure corresponds to the volt‐on state of

F I GURE 9 The charge results under sine voltages. (a) 90°, (b) 270°

F I GURE 1 0 The distorted electric fields under different applied
voltages
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voltage application, and the right one is the volt‐off state of
short circuit. All the results at the volt‐on state are obtained at
90 degrees of the voltages applied.

The results under positive and negative half‐wave sine
voltages show similar phenomena. At the volt‐on stage of
10 Hz, a large amount of charge accumulates under the two

half‐wave sine voltages, and the charge polarity is consistent
with that of the semi‐conductive layer. However, after the stage
is switched to the volt‐off part, the net charge inside the depth
of the sample tends to zero. Only some homo‐charges can be
found near the two boundaries, and it shows more charge
accumulation near the aluminium electrode. Therefore, we can
infer that the charge injection and extraction barriers on the
semi‐conductive layer side are lower than those on the
aluminium electrode, and the rapid injection and migration of
charges occur when a high voltage is applied or when it be-
comes zero. When the frequency of the applied voltage further
increases, the results only show the injection and accumulation
of space charge in the vicinity of the electrodes. It is difficult
for the charge to migrate to the deep of the sample.

Based on the above charge results, the electric field dis-
tributions inside the sample under different DC and half‐wave
sine voltages can be calculated, as shown in Figure 13.

Consistent with the charge results in Figure 12, according
to Figure 13, the maximum field strengths under the two
half‐wave sine voltages appear at the frequency of 10 Hz.
The values are 68.02 and 66.82 kV/mm under the positive
and negative conditions, respectively. The field strengths
under the other frequency conditions are relatively close. In
contrast, the maximum field strengths under positive and
negative DC voltages are 63.76 and 65.59 kV/mm, respec-
tively. It means the electric field distortions are close under
the negative DC and half‐wave sine voltages with the fre-
quency of 10 Hz. However, the PI material under positive
half‐wave sine voltages is subjected to more severe electric
field distortion.

4.3 | Space charge and electric field
distributions under sine voltages

The charge results under sine voltages with different fre-
quencies are measured, as shown in Figure 14. For the results
at one frequency, the left figure corresponds to 90°, and the
right one is the result at 270°. The amplitude of the field
strength applied to the sample is 60 kV/mm.

From the results in Figure 14, although the accumulated
charge inside the sample is injected from the upper electrode,
the charge phenomena are different at the two degrees. At 90°,
a large amount of charge accumulates in the frequency range of
10‐250 Hz, but the amount is little at 300 Hz. At 270°, it can be
found that the amount of accumulated charge basically de-
creases with frequency, and the amount becomes very little
when the frequency reaches 300 Hz. Combined with the
charge phenomena in Figure 12, the polarity of the applied
voltage at the measurement moment determines that of the
accumulated charge. This phenomenon indicates that the speed
of charge injection, migration and extraction in this PI material
is very fast. Meanwhile, homo‐charge still remains near the
aluminium electrode during the short‐circuit stage in Figure 12.
Therefore, the results in the two figures indicate that the charge
injection and migration speed from the semi‐conductive layer
side is faster, and the injection and extraction barriers on this

F I GURE 1 2 Charge results under half‐wave sine voltages with
different frequencies. (a) positive half‐wave sine, (b) negative half‐wave sine

F I GURE 1 1 The charge results under DC voltages
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side are lower when a high voltage is applied. For the interfaces
formed by the electrodes and the insulating material, the in-
jection and extraction barriers determine the injection and
extraction behaviour of the electrons and the holes. The barrier
is determined by the vacuum level of the electrodes and the
Fermi level of the insulating material. This characteristic can be
evaluated by quantum chemical calculations. Based on the
calculated results of some materials in [24], the electron and
hole barriers at the semi‐conductive layer side could be equal
to or smaller than those at the aluminium electrode side.
Meanwhile, these values can further change due to the inter-
facial electrical field affected by the applied voltage and accu-
mulated charge. The barriers of the studied PI material will be
discussed under different voltage conditions by quantum
chemical calculations in the future.

From the charge distribution, the distorted electric field
distributions under the above sine conditions are obtained, as
shown in Figure 15.

The maximum field strength at 90° appears under the
voltage condition of 10 Hz, which is 68.55 kV/mm. At
300 Hz, due to little charge accumulation, there is almost no
distortion of the internal electric field. The maximum electric
fields at other frequencies are relatively close. The distortion of
electric field at 270° is basically inversely proportional to the
voltage frequency. The maximum strength at the frequency of
10 Hz is about 81.82 kV/mm.

Combined with the results in the above sections, although
the frequency parameter can affect the characteristics of charge
accumulation and electric field distortion under different
voltage conditions, the problem of charge under special voltage
conditions can still seriously affect the dielectric properties of
PI materials, just like DC voltages. The problem of accumu-
lation under sine voltages is the most serious, and the
maximum distortion of electric field appears in the negative
half period. The phenomenon and mechanism of charge
accumulation under special voltage conditions still need more
in‐depth research.

5 | DISCUSSION

In the above measurement results, the speed of charge
accumulation inside the depth of the sample under half‐wave
sine and sine voltages is very quick after voltage application.
Meanwhile, after the high voltage is removed, the charge in
the depth also dissipates quickly. Similar charge phenomena
are also found in our previous research studies under DC and
polarity reversal conditions [25–28], which found that the
charge accumulation also appears at the beginning of the
voltage application or state transition.

This kind of charge accumulation is mainly due to the
rapid migration speed of space charge. According to the
measurement research by Dissado [29, 30], an accumulated
charge with a high migration speed also exists in the sample.

F I GURE 1 3 The electric field distributions under DC and half‐wave
sine voltages. (a) positive half‐wave sine, (b) negative half‐wave sine

F I GURE 1 4 The charge results at 90° and 270° under different sine
voltages
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The mobility of this kind of charge is close to 10−9 m2/(Vs).
Due to the fast charge accumulation, similar phenomena can
also be found at the beginning of the voltage application in the
references. Meanwhile, the effect of DC‐superimposed pulsed
electric field is studied in [31]. It is found that when the pulsed
voltage transfers between the falling and rising edges, the
accumulated charge amount inside the sample decreases or
increases sharply. Besides these direct charge measurements,
the research based on electric current measurement in [32] also
indicates that some parts of space charge can migrate very
quickly.

This rapid accumulation phenomenon may be due to the
forces withstood by the space charge. Besides the applied
electric field force applied to the sample, the space charge also
withstands the material force from the attraction of other
charges, the material itself and other forces. As shown in
Figure 16, when the space charge is in a constant voltage
environment, it may accumulate for a long time. In this state,
although the researchers have also found rapid charge

migration in different materials [29, 30], the mobility of most
space charge is still in the range of 10−17 to 10−13 m2/(Vs).
When the sample is suddenly connected to a high voltage or in
a varying electric field, the space charge cannot always keep a
balanced state due to the slow changing speed of material
stress. Therefore, the space charge may show a larger mobility
under special voltage conditions.

6 | CONCLUSION

(1) Aiming at the charge measurement under high‐frequency
voltage conditions, the applicability of traditional elec-
trode design of the PEA system previously used for DC
conditions is first simulated and studied. It is found that
using the original circuit selections of 1 nF protection
capacitor and 1 MΩ protection resistor, the waveform and
amplitude of special voltages actually applied to the sample
can be deformed significantly. After adjusting the two
components to 187 pF and 333 kΩ, the voltage actually
applied to the sample is consistent with the expected input
within the frequency range of 500 Hz.

(2) The measured results under 50 Hz half‐wave sine and sine
voltages with different amplitudes show that the homo‐
charge injected from the upper electrode can accumulate
in the depth of the sample. The amount of accumulated
charge at 90 and 270 degrees of sine voltages is much more
than that under half‐wave sine conditions. Affected by the
accumulated space charge, the maximum electric field
strengths under positive and negative half‐wave sine
voltages are 61.57 and 62.96 kV/mm, respectively. In
contrast, the values reach 64.49 and 72.76 kV/mm in the
two half periods of sine voltages.

(3) Based on the charge phenomena within the frequency
range of 10‐500 Hz, it is found that space charge can
migrate and distribute in the depth of the sample under the
two half‐wave sine voltages with the frequency of 10 Hz,
while the amount of accumulated charge is relatively
smaller at a higher voltage frequency. The PI material
under low‐frequency sine conditions also shows a large
amount of space charge, but it reduces after the frequency
reaches 300 Hz. Meanwhile, the maximum electric field
strengths under these special conditions are much larger
than those under DC voltages. Therefore, the charge
accumulation mechanism and dielectric performance
evaluation under special voltage conditions for power
electronic equipment still need further research.

F I GURE 1 6 The forces withstood by the space charge

F I GURE 1 5 The distorted electric fields under the sine voltages with
different frequencies. (a) 90°, (b) 270°
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