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Abstract
The insulation of high-power electronic equipment faces special electrical stresses such as square
and pulse waves, but the numerical research on space charge inside the insulation under such
conditions is still in the blank at present. Based on the traditional bipolar charge transport model,
it is indicated that the polarization conditions with changing polarities require that the solving
algorithms of the model should be selected according to the electric field direction inside the
sample grid. The charge phenomena under different sample parameters and polarization
conditions in the power frequency range are further simulated. It is concluded that both the total
charge amounts under unipolar and bipolar conditions are affected by the polarization power,
and the charge migration depth is within 20 ym. For the sample parameters, it is found that the
accumulated charge amount under two types of polar polarization conditions is obviously
reduced as the value of injection barrier or extraction coefficient increases. And the trapping and
detrapping parameters have a greater influence under unipolar conditions. Therefore, it is
necessary to select appropriate modified parameters according to the actual operating conditions
when controlling the insulating performance. As for the polarization condition, it is found that
the charge amount at high frequencies is unaffected by the frequency value, and a phenomenon
that positive and negative charges simultaneously accumulate can be found under all the bipolar
conditions with a frequency of 0.01 Hz. In addition, the simulation also indicates that the charge
measurement technique needs to have a sufficiently high spatial resolution under these
conditions, and the required time to measure the steady charge is relatively shorter under bipolar
conditions.

Keywords: space charge simulation, bipolar charge transport model, special polarization
conditions, trap parameters, interfacial conditions

(Some figures may appear in colour only in the online journal)

1. Introduction equipment has been widely used in the system of power
transmission and distribution. Different from the operating
With the rapid development of alternate electrical power environments of traditional equipment insulation, the insula-
system with renewable energy sources, power electronic tion of electronic one is usually subjected to special electrical
stresses including sine, square and pulse waves, which
3 Author to whom any correspondence should be addressed. therefore bears more complex operating conditions [1-3]. The
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accumulation of space charge inside solid insulation materials
plays an important role in degradation and breakdown. An
accurate research on dynamic charge phenomenon under the
special stresses is thus useful for evaluating material perfor-
mances and guiding modification designs of insulation [4-6].

The bipolar charge transport (BCT) model, proposed by
Alison and Hill, has been widely used in the charge
phenomenon simulation under different conditions [7]. Based
on the comparison between different solving algorithms for
the self-consistent equations, the best algorithm was chosen
which fitted the experimental results best. And the con-
sistency between the experiment and simulation was verified
[8]. Furthermore, the breakdown field strength under dc
polarization was simulated based on the model, which was
almost the same as the experimental phenonmenon [9]. The
model was also used to calculate the surface potential. It was
further compared with the potential decay process observed
by experiments, by which the validity of the model in
simulating charge distribution was also verified [10]. More-
over, the results under ac power suply were also used to
compare with experimental results, based on which the
applicability of the model in alternating polarization was
indicated [11]. However, the current research only focuses on
the charge distribution under dc or sine polarization condi-
tions, there still lacks the research on the charge phenomena
under various special polarization conditions.

In addition, the performance regulation methods of
insulating materials including molecular structure design and
nano doping can effectively improve the basic material
properties. The research in [12, 13] indicated that nano-
modification could change the trap characteristics of materials
and increase charge conduction, which could suppress the
accumulation characteristics of space charge. It was also
found that nanoparticles were easily filled near the material
surface, the surface performances thus changed and affected
the charge conduction characteristics at the interface between
the sample and the electrodes [14, 15]. Based on the BCT
model, the charge phenomenon influenced by different mat-
erial parameters after nano-modification under dc polarization
was discussed in [16], and the key parameters affecting
charge accumulation were concluded. However, the research
on the influence of material parameters under special polar-
ization conditions is still in the blank at present. In order to
understand the influence of different parameters on charge
accumulation under special polarization, it is of great practical
significance to carry out the research on charge dynamic
behavior based on the simulation method, which can also
effectively guide the targeted regulation methods of the
material performances under corresponding polarization
conditions.

Based on the above analysis, this paper mainly analyzes
the influence of different material parameters and polarization
conditions on charge accumulation. The principle of the BCT
model with the charge transport mode inside the sample is
firstly introduced in the second part. The simulated polar-
ization conditions and basic parameter settings are then
described in the thrid part. Finally, the charge phenomena
affected by different parameters are discussed and the key

H Ren et al
extraction il injection
¢ \  Conduction band Sletneiad, £
. e electron
Ground &y (‘P () @ T
electrode™— . electric field 7 HV
injection —— extraction !
Q (eopmmn(eom(ey
4 trapping
x=0 @1111bin@ x=d
v detrapping
(sl (i)
extraction _electric field o e Upper
47

Valence band

T hole W S e ) qb DD electrode
N/

o electric field .. Mot
mjection ——» extraction

Figure 1. Charge transport process in the BCT model.

parameters determining charge accumulation under different
polarization conditions are concluded.

2. Bipolar charge transport model with the solving
algorithms

When an insulating sample is subjected to a polarization
voltage, free electrons and holes can break through the
interface barrier and begin to transport inside the sample.
During the transport process, charge trapping, detrapping and
recombination processes can occur. Therefore, there are four
kinds of charge inside the sample: free electrons, trap elec-
trons, free holes and trap holes. Moreover, when free carriers
accumulate near the electrodes, they may extract from the
sample due to the electric field direction. The BCT model can
describe the whole processes of the charge transport described
above, as shown in figure 1. The model assumes that there are
shallow and deep traps in the sample. The former participates
in the transport process of free carriers by the efficient
mobility, and the latter can lead to charge accumulation.
Charges will annihilate when different polarity charges
recombine, which can make the traps originally with charges
regain the ability to trap free ones [17]. In particular, from
figure 1, the electric field directions at different locations
inside the sample may be different under the polarization
conditions with varying voltage values or polarities, which is
obviously different from that under dc environment. There-
fore, the migration direction of the same polarity charge may
be reversed at the same time.

In order to simulate the charge transport process con-
structed by the model effectively, the self-consistent
equations are established by scholars, as shown in (1), which
mainly include charge convection-reaction equation, transport
equation and Poisson’s equation. The migration process of
charge inside the sample is mainly determined by these three
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Figure 2. Five kinds of polarization conditions. (a) Unipolar square
wave. (b) Unipolar pulse wave. (c) Bipolar square wave. (d) Bipolar
sine wave. (e) Bipolar triangle wave.

equations [18]

0q,(x, 1) 0j,(x, 1)

L
Ja (s 1) = p,q,(x, DE(x, 1) , (1)
Po(x, 1) qx, 1)

o

where x and ¢ represent the position inside the sample and the
moment when the simulation arrives, respectively, which
means the charge transport process is the function of position
and time. ¢, is charge density, and the subscript a represents
the four kinds of charge. j, can be calculated by the mobility
1, of free carriers, the density of free carriers and the electric
field E, which is used to represent the transport current den-
sity inside the sample. ¢ is the potential distribution. The
charge g in Poisson’s equation is the net charge at every
position of the sample. ¢ is the dielectric constant. S, is the
source term of the four kinds of charge, which represents the
effect of charge trapping, detrapping and recombination
processes and can be calculated by (2)
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where the subscripts 4 and e represent the hole and the

electron, respectively, y and ¢ indicate free and trap charges. s;
is the recombination coefficient between different polarity
charges, and there are four types of recombination between
free carriers and trap charges. n,, and n, represent the max-
imum trap densities of electrons and holes. P and D indicate
the trapping coefficient of free carriers and the detrapping
coefficient of trap charges, respectively.

In the simulation below, the charge trapping is directly
determined by the set trap coefficient. And the datrapping
coefficient can be calculated by (3) [19]

D =y exp(kw—’T),
b

where v, is the frequency of attempt to escape, which is
determined by Boltzmann constant k,, Kelvin temperature T
and Planck constant. W, represents the detrapping barrier
height of trap charges.

In the BCT model, the charge injection and extraction at
the interfaces between the sample and the electrodes are the
important factors in affecting charge accumulation and dis-
sipation. When the ions generated by ionization inside the
sample are not considered, the injection is the only source of
accumulated charge, which is usually characterized by the
Schottky injection principle. The charge extraction is repre-
sented by the extraction coefficient according to the research
in [20]. These two processes are determined by the electric
field directions at the interfaces and can be calculated by (4)

— Je,E(xo.4, t)/4me
jin (00> 1) = AT? exp| — e

{ kT )

3

“
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where ji, is injection current density. xo 4 represents the two
surfaces of the sample. A is Richardson constant. w is the
injection barrier for charge, determined by the contact surface
between the electrode and the sample. e, is elementary
charge. C, represents the extraction coefficient.

According to the research results in [21], the threshold
electric field of the charge injection should be set as
10kV mm~"'. When the field strength at the interface is lower
than 10kVmm™', new charge can’t be injected into the
sample. In addition, the extracted charge amount is decided
by the electric field direction and proportional to the field
strength.

For the self-consistent equations in the model, the solu-
tion of charge convection-reaction equation and Possion’s
equation needs proper solving algorithms. According to the
comparison results in [21], the convection-reaction equation
can be divided into two terms by the Strang splitting method.
Among them, the convection term is calculated by the finite
differential weighted essentially non-oscillatory algorithm
and the reaction one needs to be solved by the fifth-order
Runge—Kutta method. The BEM method is used to solve the
Poisson’s equation to maximize the solution accuracy of the
model. It should be noted that the solving algorithms are
based on the divided grid. Since the electric field directions at
different positions inside the sample may be different in the
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Table 1. The values of the constant parameters in the simulation.

Table 2. The range of variable parameters in the simulation.

Fixed parameters Value Variable parameters Value range Basic value

Temperature 303 K Injection barrier for charge

Charge mobility wy, (holes) 1.15-1.35eV  1.1eV

1, (holes) 2x 107 m2v st w, (electrons) 1.15-1.35eV  l.1eV

tte (electrons) 2x 1074 m>vls! Detrapping barrier height for charge

Recombination coefficient Wy, (holes) 0.8-1.3eV 1.0eV

s1 (mobile electron/mobile hole) 0 Wy (electrons) 0.8-1.3eV 1.0eV

s, (trapped electron/trapped hole) 1 x 1077 s~ Extraction coefficient for charge

s3 (mobile electron/trapped hole) 1 x 1075571 C;, (holes) 0-1s! 0.5s!

s4 (trapped electron /mobile hole) 1 x 1077571 C, (electrons) 0-1s! 055!

Deep trap density Trapping coefficient

1y (holes) 100Cm™° Py, (holes) 0.05-03s™'  0.1s""

n., (electrons) 100Cm™? P, (electrons) 0.05-0.3 s ! 0.1s7!
Voltage amplitude 5-25kV 12.5kV
Voltage frequency 0.01-50 Hz 10Hz

simulated polarization conditions, it is necessary to select the
proper solving algorithms according to the field direction at
each position point.

3. Polarization conditions and parameter settings

Based on the BCT model with its solving algorithms, the
charge distributions under five kinds of polarization condi-
tions are studied, shown in figure 2. Among them, the uni-
polar square wave and pulse wave are positive, and the
bipolar conditions including square, sine and triangle waves
are also positive at the initial moment of simulation. Both the
square waves have a duty cycle of 0.5, and the width of the
pulse wave is 1/4 of the waveform period.

From figure 2, the difference of the polarization condi-
tions is mainly reflected in the polarity and the polarization
power caused by different polarization waveforms. The con-
ditions contain unipolar and bipolar types, among which the
unipolar and bipolar square waves are set to facilitate com-
parison under the same polarization waveform. Different
waveforms are set to analyze the effect of polarization power
in each polar polarization condition, among which the power
of square wave is the largest in the bipolar conditions, while
that of triangle wave is the smallest. For the settings of
simulation process, in order to balance the simulation accur-
acy and the total simulation time, the minimum simulation
number per period under the square wave is set to 10 times,
while it is at least 20 times for the polarization conditions with
varying voltage values. The maximum time step at low
polarization frequencies is set to 0.01 s, which satisfies the
Courant-Friedrichs—-Lewy condition. In addition, since the
time step is very small, it is difficult to record all simulation
data when the polarization frequency is high. Therefore, for
the simulations with polarization frequencies above 1 Hz, we
only record the simulation results in the last period every 5 s.
The following simulation results are all based on this record
method.

A sample with a thickness of 250 pm is simulated and
split into 250-layer grid cells. To compare and analyze the
simulation results under different parameters conveniently,

the simulation is carried out based on the symmetrical para-
meters of electrons and holes. The values of the constant
parameters are shown in table 1, which are mainly based on
the settings in [22].

As stated in the Introduction, the interface and trap
characteristics of the sample can greatly affect the charge
accumulation. Therefore, the injection barrier and extraction
coefficient representing interfacial effect, with the trapping
coefficient and the detrapping barrier, are used to analyze the
influence of the dielectric performances on charge behavior,
as shown in table 2. Among them, the range of injection
barrier is set based on the research in [22]. According to the
results in [20], the charge migration near the interfaces is
characterized by setting the extraction coefficient range from
0 to 1. The detrapping barrier is mainly from the experimental
and calculated results of the nano-modified materials in
[23-25]. And the charge trapping process is analyzed based
on the set range of trapping coefficient. In addition, the range
of voltage amplitude in table 2 corresponds to the field
amplitude of 20-100kV mm ', and only the polarization
conditions within 50Hz are simulated in the following
simulation.

In order to compare the charge distributions under the
five kinds of polarization conditions conveniently, the basic
values of the parameters are also set in table 2. For the con-
ditions with varying voltage values, the voltage in the table
refers to the maximum amplitude. In the comparison process
below, in addition to the stated variable parameters, the basic
values are used for the other parameters to ensure the
uniqueness of the variable.

4. Simulation results and discussions under
different parameter conditions

4.1. Results based on the basic parameter settings

Based on the above basic parameters, the charge simulations
under the five kinds of polarization conditions are carried out,
with a total simulation time of 1800 s. The results under the
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wave needs longer time to stabilize, which indicates that
charge accumulates faster in higher-power polarization
environments. Although the simulation time reaches 1800 s,
both the migration depths of charge inside the sample under
the two conditions are very short. And most of the charges
accumulates within 20 ym from the sample surface. This is
because when the polarization voltage becomes zero, the
electric field at most positions inside the sample is reversed.
Most of the charges then migrate toward the injection elec-
trode, and part of them extract from the sample. Therefore, it
is difficult for charge to migrate to the depth. In addition, the
maximum amplitude of the accumulated charge density under
square wave can reach 70 C m 3 , while it is about 60 C m3
under pulse wave. It is also indicated that the power of the
polarization condition can affect the accumulated charge
amount in the sample when using the BCT model.

Furthermore, the simulation results under bipolar polar-
ization conditions are obtained, as shown in figure 4. The
frequency and amplitude settings of the bipolar voltage are
the same as those of the unipolar ones.

It can be found from figure 4 that the accumulated charge
under bipolar polarization conditions is always in dynamic
change during the whole simulation process. The positive and
negative charges alternately appear near the same sample
surface, and the accumulated amounts of them are almost the
same, which means that the processes of injection, migration
and recombination of different polarity charges under bipolar
polarization can easily reach a stable state. The accumulated
charge amount under the square wave is the largest, while the
amount under the triangle wave is the smallest. Therefore, the
accumulated charge amount under bipolar conditions is also
determined by the applied total power, which is the same as

Figure 4. Simulation results under the bipolar polarization condi-
tions. (a) Square wave. (b) Sine wave. (c) Triangle wave.

the results under the unipolar states. Moreover, the charge
migration depths inside the sample under the three polariza-
tion conditions are only about 5 um, which indicates that it is
difficult to accumulate a large amount of net charge under
these conditions.

By comparing figures 3 and 4, the amount of accumu-
lated charge under unipolar conditions is much larger than
that under bipolar conditions, and the former has a larger
migration depth. It is because in the bipolar polarization
environment, two polarity charges can be continuously
injected from the same electrode, which results in the con-
sequence that the accumulated amount of net charge is little.
At the same time, there is also extraction and recombination
processes in the sample. Therefore, the charge amount accu-
mulated under bipolar conditions is significantly smaller.
Based on the above analysis, when it is needed to accurately
observe the charge results under these special polarization
conditions by experimental methods, the spatial resolution of
them is required to be high enough to ensure that the inside
charge signal of the sample is not masked by the induced
charges at the interfaces.

In addition, based on the analysis above, the accumulated
charge distribution in the sample has basically stabilized
under different conditions after 1800 s simulation time, which
means the difference in the charge results in different polar-
ization periods is no more obvious. Therefore, the subsequent
discussions in this article will be based on the results after
1800s simulation, and it is believed that the charge
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distribution and the total charge amount have reached the
state representing the maximum polarization degree built by
different applied voltages.

4.2. Influence of trap conditions on simulation results

Based on the trap characteristics in table 2, the charge
behavior affected by trapping coefficients and detrapping
barriers can be simulated. To compare the simulation results
conveniently, the total amount of accumulated charge is cal-
culated by the integral equation (5)

d
Ooral = j; lg(x)|dx, )

where Q. represents the total charge amount, d is the
thickness of the simulated sample.

Based on the above equation, the results affected by trap
parameters are shown in figures 5 and 6. Since the results
under the unipolar conditions are much larger than that under
the bipolar ones, the figures use two ordinate scales to cor-
respond to the results of the two conditions. The subsequent
discussion in this article is mostly based on this setting.

From figure 5, the influence of trapping coefficients on
the charge accumulation under bipolar conditions is not
obvious, while the charge amount under unipolar ones
decreases with the increase of the trapping coefficients, which
indicates a easily trapping condition can result in much charge
accumulation near the electrode under unipolar conditions. It
thus reduces the electric field around the electrode and sup-
presses charge injection. However, when the polarity of the
polarization condition changes constantly, a minor change of
the trapping coefficient has a little effect on charge accumu-
lation, which is also reflected in the simulation results of the
following detrapping barrier. In addition, since the set basic
value of injection barrier is small, which means a large
amount of charge can be injected into the sample, the total
charge amount can reach the order of mC m ™2 under unipolar
conditions.

It can be seen from figure 6 that the charge amounts
under bipolar conditions are relatively less affected by the
detrapping barrier, but the results under all the polarization
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conditions decrease first and then tend to be stable with the
increase of the barrier. Combined with the equation (3), it can
be analyzed that the increase of the detrapping barrier means
that the probability of charge detrapping reduces, that is, it is
more difficult for charge to escape from the trap. And from
the calculated results of equation (3), when the barrier is
reduced by 0.1, the probability of detrapping will be reduced
by several times, whose effect is much larger than the minor
change of the above trapping coefficient. Therefore, the
charge accumulation under bipolar polarization can be also
affected by the trap characteristics.

According to the simulation results in the two figures, it
can be concluded that the charge accumulation under unipolar
environments is more susceptible to trap conditions.

4.3. Influence of interfacial conditions between the sample and
the electrodes on simulation results

Figures 7 and 8 show the influence of the injection barrier and
the extraction coefficient on the simulation results.

From figure 7, the increase of injection barrier severely
suppresses the charge accumulation under all the conditions.
Among them, the charge amount under bipolar conditions
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decreases rapidly with the increase of the barrier and stabi-
lizes near the zero value, while the amount under unipolar
conditions continues to decrease. According to the
equation (4), the increase of the injection barrier means that
the charge is more difficult to be injected into the sample, and
the barrier thus has a great effect on the injected current
density. Therefore, this condition directly affects the accu-
mulated charge amount.

The setting of the extraction coefficient means that when
the direction of charge migration near the interface is directed
to the electrode, the charge can extract from the sample at a
certain ratio per unit time. When the polarization condition
becomes zero or the polarity changes, the direction of the
electric field near the sample interface is easily reversed, then
the sample is easy to lose charge. Therefore, the simulation
results in figure 8 indicates that the charge amount is nega-
tively correlated with the extraction coefficient. However,
unlike the injection barrier that directly determines the
amount of injected charge, the charge can migrate to the
sample depth when the voltage polarity has not changed,
which means the extracted charge is relatively less after the
electric field is inverted. Thus, the influence of extraction
coefficient is weaker than that of the injection barrier.

Based on the simulation results of figures 7 and 8, it can
be concluded that both the interfacial conditions can affect the
charge accumulation, but the impact of the injection barrier is
relatively more significant. Moreover, combining with the
results in the above section, different sample characteristics
have different effects on the charge accumulation. Therefore,
the modified parameters should be selected according to the
real operating environment of the insulation when controlling
its charge properties.

4.4. Influence of polarization conditions on simulation results

Further, the influence of polarization conditions on charge
accumulation is studied, and the results of electric field
strength are shown in figure 9.

It can be seen from figure 9 that the charge amount is
approximately exponential with the field strength under
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bipolar conditions, while the relationship between them is
proportional under unipolar ones. Combined with the results
in figures 3 and 4, different polarity charges alternately
accumulate near the same sample surface under bipolar
polarizations, which means that the single polarity charge
cannot accumulate continuously. By contrast, though the
accumulation under unipolar conditions is affected by the
charge extraction during the transient non-polarization, the
sample is still in the process of accumulating charge in the
entire process of polarization. Therefore, the effects of electric
field strength under two types of polarization are different.

The simulation results under different polarization fre-
quencies are shown in figure 10. Among them, the two lowest
frequencies are 0.01 and 1 Hz, respectively.

From figure 10, it can be found that the charge amount no
longer changes significantly after the polarization frequency
exceeds 1Hz, while the result under 0.01 Hz frequency is
much larger than that at higher frequencies. Similar with the
results under other parameters, the amount under bipolar
polarization conditions is much smaller than that under
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Figure 11. Simultaneous accumulation of two kinds of charges.

unipolar ones. In addition, the result under 50 Hz frequency is
close to that under 10 Hz, and the simulation results at higher
frequencies indicate that the migration depth of charge is
smaller in the sample. Compared with the experimental
results in [26], there is no obvious charge accumulation inside
the sample under the square wave polarization. However, the
spatial resolution of the measurement system in the literature
is only about 20 yum. Therefore, limited by the measurement
resolution, the signal of accumulated charge inside the sample
is masked by a large amount of induced charge on the
interface. It can be thus concluded that the research of charge
phenomena under special polarization conditions places high
demands on the performance of measurement techniques.

In addition to the effects of the polarization frequency
and field strength above, the accumulated charge distribution
is also affected by the phase angle of the polarization con-
ditions in each period. Meanwhile, a phenomenon that posi-
tive and negative charges simultaneously accumulate can be
found under all bipolar polarization conditions with very low
frequencies, which is also consistent with the experimental
results at low frequencies in [27]. Taking the results under the
bipolar sine wave with 0.01 Hz frequency and 12.5kV
amplitude as an example, the charge distributions corresp-
onding to different phase angles in the last polarization period
after 1800s simulation are shown in figure 11. The
phenomenon is because the constant polarization time under
one polarity voltage is relatively long at low frequencies, the
injected charge has enough time to migrate to the deep of the
sample. Therefore, although a large amount of the other
polarity charge then injects into the sample, it is still difficult
to quickly reverse the polarity of net charge at the deep depth.
This phenomenon cannot be found in the higher frequency
simulation, that is, as in the analysis of figure 4, it is difficult
for charge to migrate to the depth of the sample.

In summary, both the changes of polarization amplitude
and frequency have a great impact on the accumulated charge
inside the sample, and the phase angle in each polarization
period can also affect the charge distribution. Therefore, the
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Figure 12. Accumulation process of charge amount under different
extraction coefficients. (a) Results of unipolar square wave. (b)
Results of bipolar square wave.

charge research under these special polarization conditions
needs to be carried out according to their specific state.

4.5. Discussion on charge accumulation process under
unipolar and bipolar polarization conditions

In order to anlayze the accumulation processes of total charge
amounts under different parameters, the effects of sample
characteristics and polarization conditions are discussed. The
extraction coefficient is firstly taken as an example, and the
corresponding charge accumulation process is shown in
figure 12. For the sake of comparison, only the results under
unipolar and bipolar square waves are shown in the figure. In
addition, the bipolar one shows the results within a short
period of time.

From figure 12(a), the total charge amount under uni-
polar square wave shows an increasing trend throughout the
simulation, though the increasing rate is very slow after a
period, which thus can be considered to be stable. By con-
trast, the total charge amount can basically reach a stable state
under bipolar conditions, and the time required for stabiliza-
tion is much shorter than that under unipolar conditions.
Compared with the simulation results of this sample
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characteristic, the charge accumulation processes under dif-
ferent field strengths are shown in figure 13. It should be
noted that, combined with the results in figure 9, there is a
huge difference in the accumulated charge amount under
bipolar conditions with different field strengths. Therefore,
only the results at three values are shown in figure 13(b) to
facilitate comparison. All the values shown in the legends of
the figures correspond to the field strengths in figure 9.

From figure 13, although the field strength has a large
impact on the total charge amount under different conditions,
the time required for the charge to stabilize is basically the
same. Meanwhile, the required time to stabilize under bipolar
conditions is also much shorter than that under unipolar ones.
In addition, although only the accumulation processes under
the two parameters are given, the charge accumulation results
under all the sample characteristics and polarization condi-
tions show the two properties above.

Based on the above simulation results, the changes of the
accumulated charge inside the sample under two kinds of
polar polarization conditions are detailedly studied in this
paper. The charge results have been discussed when various
key parameters affecting the law of charge accumulation
change, i.e., the actual charge situations have been basically

considered when the insulation characteristics and polariza-
tion environments change. Therefore, the simulation results
can be used to guide the research of the actual charge accu-
mulation phenomenon under various polarization conditions
and different material properties, and to guide the modifica-
tion designs of insulation under the corresponding conditions.
In addition, a hypothesis of the model is that only the
migration law of the injected charge from electrodes is con-
sidered. The results are thus more suitable for providing
reference for related research on injected charge inside the
material with few impurities. Meanwhile, the obtained char-
acteristics of the charge distribution can also provide a
reference for the performance selection of actual measurement
equipment.

5. Conclusions

(1) Based on the BCT model, the influence of unipolar and
bipolar polarization conditions on the charge accumula-
tion is studied including square, pulse, sine and triangle
waves. It is found that in the power frequency range, it
is difficult for charge to migrate into the deep of the
sample under two types of polar polarization conditions.
And the accumulated charge amount is basically
determined by polarization power. Moreover, the
comparison results under different parameters indicate
that, the injection barrier has the greatest effect on the
charge accumulation under the two types of polariza-
tion, and the extraction coefficient shows the same
effect on different conditions. Compared to the effect of
trap characteristics on charge amount under bipolar
conditions, the trapping probability and the detrapping
barrier have a more obvious effect under unipolar
conditions. Therefore, when controlling the perfor-
mance of insulating materials in reality, it is recom-
mended to select appropriate modified parameters
according to their operating environment.

(2) For the effect of polarization conditions on charge
behavior, it is found that the accumulated charge
amounts are proportional and exponential to the
polarization amplitude under unipolar and bipolar
polarizations, respectively. Meanwhile, the total charge
amount at high frequencies in the power frequency
range is basically unaffected by the frequency value,
and the phenomenon of the simultaneous accumulation
of positive and negative charges can be found at low
frequencies. In addition, the simulation results also
indicate that the experimental observation of charge
under low frequency polarization requires that the
spatial resolution of the technique is sufficiently high to
ensure that the charge information inside the sample is
not masked by the interface-induced charge.

(3) In the power frequency range, the required time for the
charge accumulation to stabilize under bipolar condi-
tions is much less than that under unipolar ones. And
the change of parameters has a little effect on the
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accumulation time, which can provide reference for
future measurement research in this field.
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