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Abstract: The influx of a switching impulse during DC steady-state operations causes severe electrical
stress on the insulation of HVDC cables. Thus, the insulation should be designed to withstand a
superimposed switching impulse. All major manufacturers of DC cables perform superimposed
switching impulse breakdown tests for prequalification. However, an experimental approach to
study space charge dynamics in dielectrics under a switching impulse superposed on DC voltage has
not been reported yet. This is because, unlike the DC stress, it is not possible to study the charge
dynamics experimentally under complex stresses, such as switching impulse superposition. Hence,
in order to predict and investigate the breakdown characteristics, it is necessary to obtain accurate
electric field distribution considering space charge dynamics using a numerical approach. Therefore,
in this paper, a numerical study on the switching impulse superposition was carried out. The space
charge dynamics and its distribution within the dielectric under DC stress were compared with those
under a superimposed switching impulse using a bipolar charge transport (BCT) model. In addition,
we estimated the effect of a superimposed switching impulse on a DC electric field distribution. It
was concluded that the temperature conditions of dielectrics have a significant influence on electric
field and space charge dynamics.

Keywords: bipolar charge transport model; DC electric field; space charge dynamics; switching
impulse superposition

1. Introduction

A switching impulse superimposed on a DC voltage causes severe overvoltage stress that can
cause dielectric breakdown in an HVDC cable system. It causes a significant potential difference,
instantaneously resulting in increased electrical stress for a period of several microseconds [1]. Therefore,
consideration of this superposition situation is vital for the design of insulation in HVDC cables.
In recognition of the danger of breakdown, an electrical breakdown test considering superimposed
switching impulse voltage has been strongly recommended for HVDC cables in recent literature [2,3].

However, it is quite difficult to experimentally study the microscopic phenomenon that results
from switching impulse superposition [4]. Therefore, a numerical approach needs to be devised for
studying the space charge dynamics and electric field distribution under superimposed switching
impulse. This kind of information is paramount for optimal and compact insulation design.

In this paper, low-density polyethylene (LDPE) was selected as the dielectric for numerical
study. The application of high DC voltage causes the generation and transport of charge inside the
polyethylene-based insulation materials. This results in an inevitable accumulation of space charge
inside the insulation material [5,6]. This space charge accumulation not only distorts the electric field
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distribution under DC stress, but also causes the deterioration of insulating materials in the long term.
Consequently, by understanding the impact of space charge on insulating materials, we can answer
the problematic issues such as increase of the working stresses, lifetime prediction, and development
of improved materials [7].

A bipolar charge transport (BCT) model was applied to numerically evaluate the space charge
behavior and electric field distribution under DC voltage and superimposed switching impulse. In
this simulation, the switching impulse was applied to the system under prestress DC voltage after
reaching DC steady state. When considering the complex stresses resulting from two different sources,
a suitable coupling should be adopted. Coupling of the switching impulse with the prestress DC
voltage is quite intricate considering the various continuities to be considered for the two systems. For
avoiding an unstable integration, the continuity of all equations at the moment when the switching
impulse was superimposed is maintained.

In this work, charge transport properties of LDPE under the application of DC voltage were
numerically analyzed in terms of rates of generation and loss of charge carriers. We have also discussed
the space charge dynamics under switching impulse superimposed on the prestress DC voltage. In
addition, we have obtained the electric field distribution according to temperature and applied voltage
types (i.e., DC voltage or DC voltage with superimposed switching impulse). The maximum electric
field intensity caused by DC voltage with superimposed switching impulse was compared with that of
pure DC to assess the effect of the switching impulse.

2. Mechanism of Bipolar Charge Transport Model

The BCT model is designed to estimate space charge dynamics in polyethylene-based
dielectrics used in HVDC cables [4–10]. It can overcome the following limitations of an electrical
conductivity-based model.

• Under practical conditions, dielectric material is not homogenous, and local conditions can affect
the transport processes and result in localized accumulations of space charge [8].

• It cannot account for the complicated charge transport mechanisms, including charge injection at
the electrode, conduction, trapping, detrapping, and recombination in bulk of dielectrics [9].

The BCT model used in this paper can not only overcome the aforementioned limitations, but
realistically emulate the actual charge transport mechanism in the polyethylene-based insulation
material as well. The BCT model consists of five charge transport processes: injection, conduction,
trapping, detrapping, and recombination. These five processes are based on four types of carriers in
the dielectric: mobile electrons, mobile holes, trapped electrons, and trapped holes. Figure 1 shows an
overall schematic diagram. When the HVDC voltage is applied, the polyethylene-based dielectric is
subjected to electrical stress, which results in charge injection at the interface between electrode and
dielectric. Thereafter, the injected charges become mobile carriers, and the BCT process begins.
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Mobile carriers travel from injected electrode to the opposite electrode. This is the conduction
process which is based on hopping mechanism. The hopping mechanism means that mobile carriers
hop over the shallow traps. However, not all mobile carriers can reach the counter electrode, because
some of them may get trapped in deep traps during the transport. These trapped charge carriers may
stay conserved in the deep trap or join the conduction process again by detrapping. Furthermore,
recombination between electrons and holes can occur. Recombined neutrons cannot affect the space
charge dynamics because they are no longer charge carriers.

3. Application of Bipolar Charge Transport Model to Switching Impulse Superimposed on
Prestressed DC Voltage

3.1. Governing Equations

All the equations used in the BCT model written below are described in the references [9–13]. The
BCT model dealing with transport of injected charge carriers through polyethylene-based insulation
material is governed by the following equations: transport Equation (1), current continuity Equation
(2), differential Equation (3), Poisson’s Equation (4), and total space charge density (5):

je,h(x, t) = qµe,hne,h(x, t)E(x, t) (1)

∂ne,h(x, t)
∂x

+
1
q
∂
∂x

( je,h(x, t)) = Se,h(x, t) (2)

dnetr,htr(x, t)
dt

= Setr,htr(x, t) (3)

∇(ε0εrE(x, t)) = ρ(x, t) (4)

ρ = q(nh + nhtr − ne − netr) (5)

where ji is the transport current density associated with elementary charge q, each kind of effective
mobility µi, density ni, and applied electric field E. ρ is the total space charge density.

The term Si represents the source, which denotes changes in local density due to processes other
than transport, such as the internal generation and loss of charges and recombination. The changes in
local density due to trapping, detrapping, and recombination processes, are expressed by Equation (6):

Se =
∂ne(x,t)
∂t = −Re.htrnenhtr −Re.hnenh − Tene(1−

netr
Netr

) + Denetr

Sh =
∂nh(x,t)
∂t = −Retr.hnetrnh −Re.hnenh − Thnh(1−

nhtr
Nhtr

) + Dhnhtr

Setr =
∂netr(x,t)

∂t = −Retr.hnetrnh −Retr.htrnetrnhtr + Tene(1−
netr
Netr

) −Denetr

Shtr =
∂nhtr(x,t)

∂t = −Re.htrnenhtr −Retr.htrnetrnhtr + Thnh(1−
nhtr
Nhtr

) −Dhnhtr

(6)

where coefficients Ri are the recombination coefficients, for example, Re,htr represents recombination of
mobile electrons and trapped holes. Ti are trapping coefficients for electrons or holes, Ni are the trap
densities for electrons or holes, and Di are the detrapping coefficients for electrons or holes, which can
be expressed as follows:

De,h = v exp
(
−

wtre,trh

kBT(r, t)

)
(7)

where kB is Boltzmann’s constant, h is Planck’s constant, and T is the temperature inside the dielectric.
In the detrapping coefficient, wi indicates detrapping barrier height, and v represents the attempt to
jump frequency (i.e., the number of times per second that the trapped electron or hole strikes the ‘walls’
of the trap).
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In the BCT model, we have supposed that charge generation results from injection at the electrodes
according to a Schottky law given in Equation (8), for electrons and holes, respectively:

je(0, t) = AT(0, t)2 exp(− wei
kBT ) exp( q

kBT

√
qE(0,t)

4πε )

jh(L, t) = AT(L, t)2 exp(− whi
kBT ) exp( q

kBT

√
qE(L,t)

4πε )
(8)

where wei and whi mean the injection barriers of electrons and hole, respectively, and A is the Richardson
constant. When electrical stress exceeds the injection barrier height, charge carriers can be injected at
an interface between an electrode and a dielectric. In addition, as the electric field intensity increases,
at the anode or cathode where injection occurs, the barrier height lowers and the charge injection can
occur easily.

The model parameters and other quantities in all equations related to mobile electrons and holes,
and trapped electrons and holes, are represented by the subscripts e and h, etr and htr, respectively.

3.2. Simulation Conditions

LDPE thickness and DC input voltage were set to 50 µm and 1.5 kV, respectively, to obtain an
initial electric field experienced by LDPE as 30 kV/mm. Applied DC voltage was maintained for 1·105 s
to reach DC steady state. After that, the switching impulse was superimposed on prestressed DC
voltage. The switching impulse is a standard waveform of 250/2500 us, with magnitude equal to that
of the DC input voltage. In other words, a switching impulse with peak of 1.5 kV was additionally
superimposed on DC steady state.

Simulation parameters are summarized in Table 1. To compare the effect of temperature on space
charge behavior and electric field distribution, the temperature was set as 20, 40, and 60 ◦C. As the
temperature increased, the mobility of the electron and hole also increased, and these values were
derived from the experimental studies [14]. Furthermore, it is known that the electron mobility is
about 10 times larger than hole mobility [15,16]. The detrapping barrier heights were also applied with
the values commonly used for LDPE [17,18], and it was set to have a higher value as the temperature
increased [14]. In the case of the deep trap density, the same values were applied regardless of
temperature conditions [19,20]. The recombination coefficient and the relative permittivity were the
same regardless of temperature condition [20]. Also, the same values were applied to the Schottky
injection barriers of both anode and cathode to assume that the same amount of charge was initially
injected at both electrodes. As a result, the reliability of the parameters proposed in Table 1 has been
verified from experimental studies. The temperatures considered in the experimental investigation
were adopted as a simulation condition. Therefore, this study did not take any linear approximation
for smooth convergence, which improved the reliability of the simulation results.
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Table 1. Parameters used in BCT model [14–20].

Parameters Symbols Units
Temperature (◦C)

20 Parameters Symbols

Effective Mobility µe m2/(V·s)
3.0 × 10−14 1.5 × 10−13 5.5 × 10−13

µh 2.5 × 10−15 1.2 × 10−14 5.0 × 10−14

Trapping Coefficients te 1/s 0.02 0.08 0.25
th 0.01 0.03 0.08

Detrapping Barrier
Height

wtre eV
0.93 0.96 1.00

wtrh 0.93 0.96 1.00

Deep Trap Density Netr C/m3 100 100 100
Nhtr 100 100 100

Recombination
Coefficients

Reh

m3/s

0 0 0
Rehtr 6.4 × 10−22 6.4 × 10−22 6.4 × 10−22

Retrh 6.4 × 10−22 6.4 × 10−22 6.4 × 10−22

Retrhtr 6.4 × 10−22 6.4 × 10−22 6.4 × 10−22

Relative Permittivity εr 1 2.3 2.3 2.3
Schottky Injection

Barrier Height
wei eV

1.20 1.20 1.20
whi 1.20 1.20 1.20

3.3. Simulation Method Based on Coupling of Multisystems

To implement the BCT model, a simulation system with adequate architecture is necessary. In
this work, all simulations were performed using COMSOL Multiphyiscs only. The system consists of
coupled physical modules, Finite Element Method (FEM) solver, and solution store, under each type
of voltage source. In the case of multiple voltage sources such as switching impulse superimposed
on the DC voltage, the multisystems are necessary as shown in Figure 2. The multisystems should
be solved by the combination of several modules such as electrostatic modules, transport of diluted
species modules, and PDE modules. Especially, the multisystems (i.e., one containing the solution of
pure DC voltage and another containing the switching impulse) have to be correctly coupled using the
following process.

• Each system should be properly configured according to different independent voltage sources.
In particular, the system dealing with switching impulse should have much narrower time scale
than the other system due to very short duration.

• For accurate and proper coupling, strict time steps should be taken by the solver. Also, multisystems
have to solve the coupled physical model for the point where the switching impulse is superimposed
on the DC voltage because they have independent voltage sources (i.e., constant DC voltage and
switching impulse).

• At the same time, the various continuities for the two phenomena should be taken into
consideration. Most importantly, all initial values of the system that deals with the switching
impulse should be the same as those under the DC steady state.

Energies 2019, 12, x FOR PEER REVIEW 5 of 15 

 

Retrhtr 6.4 × 10–22 6.4 × 10–22 6.4 × 10–22 

Relative Permittivity εr 1 2.3 2.3 2.3 

Schottky Injection Barrier Height 
wei 

eV 
1.20 1.20 1.20 

whi 1.20 1.20 1.20 

3.3. Simulation Method Based on Coupling of Multisystems 

To implement the BCT model, a simulation system with adequate architecture is necessary. In 
this work, all simulations were performed using COMSOL Multiphyiscs only. The system consists of 
coupled physical modules, Finite Element Method (FEM) solver, and solution store, under each type 
of voltage source. In the case of multiple voltage sources such as switching impulse superimposed 
on the DC voltage, the multisystems are necessary as shown in Figure 2. The multisystems should be 
solved by the combination of several modules such as electrostatic modules, transport of diluted 
species modules, and PDE modules. Especially, the multisystems (i.e., one containing the solution of 
pure DC voltage and another containing the switching impulse) have to be correctly coupled using 
the following process. 
• Each system should be properly configured according to different independent voltage sources. 

In particular, the system dealing with switching impulse should have much narrower time 
scale than the other system due to very short duration. 

• For accurate and proper coupling, strict time steps should be taken by the solver. Also, 
multisystems have to solve the coupled physical model for the point where the switching 
impulse is superimposed on the DC voltage because they have independent voltage sources 
(i.e., constant DC voltage and switching impulse). 

• At the same time, the various continuities for the two phenomena should be taken into 
consideration. Most importantly, all initial values of the system that deals with the switching 
impulse should be the same as those under the DC steady state. 

 
Figure 2. Implementation process based on multisystems in COMSOL. 

4. Simulation Results and Discussions 

4.1. Space Charge Behavior under DC Stress Only 

Figure 3 shows the rates of generation and loss of charge carriers at room temperature under 
DC voltage stress only. The horizontal axis of the graph represents the thickness of LDPE, where 
zero is the cathode side. The positive and negative rate on the vertical axis denotes the generation 
and loss of charge carriers, respectively. 

Figure 2. Implementation process based on multisystems in COMSOL.



Energies 2019, 12, 1836 6 of 15

4. Simulation Results and Discussions

4.1. Space Charge Behavior under DC Stress Only

Figure 3 shows the rates of generation and loss of charge carriers at room temperature under DC
voltage stress only. The horizontal axis of the graph represents the thickness of LDPE, where zero is
the cathode side. The positive and negative rate on the vertical axis denotes the generation and loss of
charge carriers, respectively.Energies 2019, 12, x FOR PEER REVIEW 6 of 15 
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For the mobile carriers, loss was significant. In the case of the mobile electrons shown in Figure 3a,
it could be confirmed that they reached the anode, the counter electrode, only after about 100 s. So, the
loss occurred entirely within the LDPE by reaching in a relatively short duration. Near the cathode
side, which is the electron-injecting electrode, the rate of loss decreased gradually with time, and after
reaching the steady state, loss did not occur at all. In contrast, near the anode, the rate of loss gradually
increased with time.

On the other hand, in the case of the mobile holes, as shown in Figure 3b, unlike the electrons, the
loss occurred only near the anode, which is the injection electrode for mobile holes. There was no loss
at all from the beginning near the cathode side. Loss occurs relatively locally around the anode, but at
a much higher rate than that of mobile electrons. In conclusion, the results of both mobile carriers can
be summarized as follows:

• Loss mainly occurred in both mobile electrons and holes.
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• The loss of mobile electrons occurred widely within the LDPE, while that of mobile holes occurred
only near the anode, which is the injection electrode.

• The rate of loss of mobile holes is relatively high compared to that of mobile electrons.

Generations of trapped carriers usually occurred. This is because that loss of mobile carriers is the
source of trapping. In the case of the trapped electrons shown in Figure 3c, the generation occurred
entirely within the LDPE. Near the cathode side, which is the injection electrode of mobile electrons,
the generation rates decreased gradually. These results indicate that rate distribution of generation of
trapped electrons and loss of mobile electrons is symmetrical along the horizontal axis.

As shown in Figure 3d, the trapped holes are also symmetrical about the horizontal axis because
the mobile and trapped holes are closely related. In conclusion, the results of both trapped carriers can
be summarized as follows:

• Both trapped electrons and holes were mainly generated, in contrast to the mobile carriers.
• The generation of trapped electrons occurred throughout the LDPE, whereas that of trapped holes

occurred only near the anode, the injection electrode of holes.
• The rate of generation of trapped holes is relatively high compared to that of trapped electrons.

These rates of generation and loss can be explained by bipolar charge transport mechanisms such
as trapping, detrapping, and recombination. For the mobile carriers, only detrapping corresponds to
generation, while trapping and recombination correspond to loss. The conduction process describes
the hopping of mobile carriers, but does not affect generation and loss. Loss mainly occurred in mobile
carriers. Thus, it indicates that trapping and recombination are far more dominant than detrapping in
mobile carriers.

On the other hand, the difference between mobile electrons and mobile holes was significant.
The mobile holes concentrated near the anode, while the mobile electrons were distributed relatively
uniformly throughout the LDPE. This is due to the difference in effective mobility of the two carriers.
The electron mobility is approximately ten times larger than hole mobility. Due to higher mobility of
electrons, the loss of mobile electrons occurred across the volume of the LDPE, but at a much lower
rate than the holes.

For trapped carriers, in contrast to mobile carriers, only trapping corresponds to generation, and
detrapping and recombination correspond to loss. Since recombination means neutralization, it is
always considered as a loss, regardless of the carrier type, whether it is the mobile carrier or trapped
one. Therefore, the relationship between generation and loss of carriers can be summarized as shown in
Table 2. Total rates in mobile and trapped carriers were distributed symmetrically along the horizontal
axis. Nevertheless, the distribution is not perfectly symmetrical due to recombination. In other words,
the generation for one side may not be the loss for the other, since recombination is always a loss
regardless of the carrier type. This is particularly noticeable in Figure 3a,c. Near the anode, the loss of
the mobile electrons did not completely coincide with the generation of the trapped electrons. This is
considered to be due to the vigorous recombination process at that place.

Table 2. Mechanism of generation and losses of charge carriers.

Rate Mobile Carriers Trapped Carriers

Generation Detrapping Trapping
Loss Trapping, recombination Detrapping, recombination

Figures 4 and 5 show the rates of generation and loss under different temperature conditions.
The effects due to different mobility, dominance of trapped carriers relative to mobile carriers, and
dominance of holes relative to electrons were similar to those at room temperature. The difference of
charge transport characteristics according to temperature condition can be summarized as follows:
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• As the temperature increases, the effective mobility also increases, so the rate of generation and
loss is less localized at higher temperature condition compared to that at room temperature,
especially in holes. It could be confirmed by the fact that the trapped holes near the anode shown
in Figures 4b and 5b are relatively less localized than those at room temperature. This is due to
higher mobility.

• However, the overall rate has increased significantly, resulting in more vigorous generation and
loss under high temperature conditions. This is closely related to space charge dynamics, and it
can lead to the further distortion of electric field distribution.
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Figures 6–8 represent the mobile and trapped charge density, and total charge density at different
temperature conditions. Left and right sides of the horizontal axis represent the cathode and the anode,
respectively. The vertical axis denotes time, which is expressed as a log scale. Positive and negative
color legends represent charge density of holes and electrons, respectively. Note that the ranges of
scales represented by color legends are different.
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As shown in Figure 6a, both mobile carriers stood out early in the DC voltage application at room
temperature, but decreased gradually after that. Especially, the generation of the mobile holes was
relatively noticeable. The density of trapped carriers increased significantly after 1 × 103 s, as shown
in Figure 6b. This is because the mobile carriers generated by the injection in the early stage were
trapped near the injected electrode and could not reach the opposite electrode. Therefore, density
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of trapped electrons increased near the cathode and that of trapped holes increased near the anode.
Furthermore, Figure 6c shows that most of the total charge density is represented by trapped carriers,
and the distribution was similar to trapped charge density.

It implies that the trapping has the most significant influence on the space charge distribution. At
the same time, electron distribution was relatively uniform, whereas holes were concentrated near the
anode. This results from the different effective mobility of electrons and holes. In other words, the
effective mobility of charge carriers also plays a significant role in the space charge dynamics.

We can conclude the following from the results in Figure 6. The dominant carriers determining
the space charge distribution are trapped carriers, not the mobile carriers. Furthermore, the space
charge behavior is governed by holes, rather than electrons. As a result, a homocharge distribution
was formed in the LDPE, and it was consistent with some experimental reports [21–23].

Figures 7 and 8 show the space charge density under different temperature conditions. As
temperature increased, space charge density became more pronounced around both electrodes. It
began to accumulate from an earlier time and reached a steady state relatively quickly. In the case
of 60 ◦C shown in Figure 8c, total space charge began to accumulate relatively early and its density
doubled compared to that at 20 ◦C shown in Figure 6c. However, it should be noted that trapped
carriers and holes remained dominant even at higher temperatures.

4.2. Space Charge Behavior under Switching Impulse Superimposed on Prestressed DC Voltage

Figure 9 shows densities of mobile carriers immediately after the switching impulse is
superimposed on prestressed DC voltage. Figure 9a,b show the density of mobile electrons and
mobile holes, respectively, while closer to zero on the horizontal axis means closer to the cathode or
the anode. Temperatures 20, 40, and 60 ◦C are represented by solid, dash, and dot lines, respectively;
0 µs and 1 s denote the mobile carriers’ density under DC voltage before and after switching impulse
superposition, respectively. In addition, 250 and 2500 µs indicate the time to peak of superimposed
switching impulse and the time to half of the peak value, respectively. They are presented in different
colors such as blue, green, red, and cyan according to time.
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In Figure 9a, the higher the temperature, the higher the mobile electron density will be. High
temperature not only causes high effective mobility but also increases the trapping coefficient. This
leads to higher conduction and trapping as well. Therefore, mobile carriers can reach the opposite
electrode quickly or trapping can occur rather easily. The homocharge can be reduced by transporting
and trapping mobile carriers near the injected electrode. However, since the amount of injected charge
is also large, the density of mobile carrier can be increased near the injection electrode.
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The distribution of mobile holes density is shown in Figure 9b, and it is also similar to that of
mobile electrons density. However, it was slightly denser than mobile electrons density, which was
because the mobility of the holes was relatively low at all temperature conditions. Thus, the mobile
holes did not leave noticeably from the anode side, and this caused an increase in mobile holes density.

The number of mobile carriers injected at the electrode increased instantaneously due to lowered
injection barrier height caused by an increase in externally applied electric field. However, as mentioned
above, the share of mobile carriers in space charge density is meagre, and due to short duration of
switching impulse, trapping fails to occur. As soon as the electrical stress was removed, it returned to
its original DC steady state.

It could be also confirmed by a time-varying current density which could be obtained by
the following Equation (9). The current density distribution before and under switching impulse
superimposed on prestressed DC voltage are shown in Figure 10a,b, respectively.

jcond(t) =
1
L

∫ L

0
[ jh(x, t) + je(x, t)]dx (9)
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As shown in Figure 10a, the current density under DC voltage was relatively high at elevated
temperature conditions. This was in line with the mobile charge density shown in Figure 9. This is
because the current density is based on transport of the mobile carriers. As explained above, the higher
amount of injected charge at high temperature eventually promotes the hopping process, further
increasing the conduction current. In addition, higher temperature allowed reaching DC steady state
earlier. This was in line with the space charge distribution shown in Figures 6–8, which was related to
a time constant [24]. The increase of effective mobility caused the rise of the electrical conductivity,
which resulted in reduced time constant and reaching the steady state within a short duration.

Figure 10b shows the current density under switching impulse superimposed on prestressed DC
voltage. The current density was temporarily increased at the moment when the switching impulse
was superimposed. Thereafter, it returned to DC steady state as soon as the switching impulse was
removed. As a result, the switching impulse did not have any effect on space charge dynamics and,
consequently, neither did the short duration switching impulse have a lasting impact on space charge
behavior. Temperature condition also appeared to have no influence on the space charge distribution.

4.3. The Effect of Superposition on Electric Field Distribution

Figure 11 shows the DC electric field distribution under DC stress only. The left and right sides of
the horizontal axis represent the cathode and the anode, respectively. The vertical axis represents time,
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which is expressed as a log scale. The same legend of 10–40 kV/mm is presented for easy comparison.
Figure 11a–c show the results in 20, 40, and 60 ◦C, respectively.Energies 2019, 12, x FOR PEER REVIEW 12 of 15 
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As the temperature increased, not only did the field distortion initiate earlier, but also the
distortion became extreme. Also, the electric field distortion on the anode side was relatively more
prominent, which was influenced by the dominance of trapped holes due to slow mobility. As a
result, the maximum electric field intensity occurred in the middle of the LDPE due to homocharge
distribution under all temperature conditions, and the maximum electric field intensity also increased
with increasing temperature.

Figure 12 is presented to compare an electric field intensity with a switching impulse superposition.
Figure 12a,b show the change of the time-varying field intensity under DC voltage only and under
switching impulse superimposed on DC voltage, respectively. For easy comparison, the range of the
vertical axis for the electric field intensity was set the same.
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Figure 12. Comparison of current density according to superposition of switching impulse at different
temperature conditions: (a) under DC voltage only; (b) under switching impulse superimposed on
prestressed DC voltage.

In the case of the electric field intensity under DC voltage only, as mentioned above and as shown in
Figure 12a, higher temperature increases the maximum field intensity by causing significant electric field
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distortion. In Figure 12b, the maximum electric field intensities under switching impulse superimposed
on prestressed DC voltage were just increased by 30 kV/mm regardless of the temperature. This
increased intensity was just caused by the increased potential difference as a result of superposition.
Thereafter, it returned to electric field intensity at DC steady state.

As a result, the final field intensity was determined by the vector sum of the instantaneous
capacitive field due to the switching impulse and the lasting resistive field intensity under the DC
voltage. This means that the electric field distribution under the DC voltage before superposition
can also have a considerable influence on the determination of the electric field distribution under
switching impulse superposition.

Table 3 shows the maximum electric field intensity according to simulation condition. Firstly,
we evaluated the increase in maximum intensity in DC steady state compared to the initial intensity.
The initial field value was set to 30 kV/mm regardless of temperature depending on the simulation
conditions of applied DC voltage. However, as duration of DC voltage application increased, electric
field distorted. The maximum field intensities were 34.2, 35.9, and 37.9 kV/mm at temperature
conditions of 20, 40, and 60 ◦C, respectively. These values mean that they increased about 14.0, 19.7,
and 26.3%, respectively, compared with the initial field intensities. From the simulation results, the
higher the temperature, the higher the maximum field intensity and the greater the distortion of the
electric field.

Table 3. Summary of maximum electric field intensity according to simulation condition.

Electric Field Intensity Unit Temperature (◦C)
20 40 60

EINITIAL kV/mm 30.0 30.0 30.0
EDC.MAX kV/mm 34.2 35.9 37.9

EDC.MAX+SI kV/mm 64.2 65.9 67.9
Increased % of EDC.MAX compared to EINITIAL % 14.0 19.7 26.3

Increased % of EDC.MAX+SI compared to
EDC.MAX

% 87.7 83.6 79.2

On the other hand, since the switching impulse superposition does not affect the space charge
behavior, instantaneously increased potential difference only had a prominent effect on electric field
distribution. When the temperature conditions were 20, 40, and 60 ◦C, the maximum intensities
were 64.2, 65.9, and 67.9 kV/mm, respectively. These values were the maximum field intensities at
250 µs after the switching impulse was superimposed on DC voltage. As a result, the maximum
electric field intensity under the switching impulse superimposed on prestressed DC voltage increased
87.7% compared to the DC steady state. In the case of 40 and 60 ◦C, the increase was 83.6 and
79.2%, respectively.

In conclusion, it should be noted that although switching impulse does not cause space charge to
redistribute, the electrical stress is enhanced significantly. This enhancement in electric field can lead
to a significant increase in the probability of dielectric breakdown.

5. Conclusions

The effect of same polarity switching impulse superposition on an electric field distribution under
DC steady state was discussed considering space charge dynamics. The following can be concluded
from this study.

• In the case of application of HVDC voltage, the increase in charge accumulation was higher at
high temperatures.

• Trapped carriers and holes rather than mobile carriers and electrons are more significant in
determining the space charge behaviors.
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• The switching impulse had no influence on space charge distribution. Because of its momentary
nature, switching impulse does not influence the charge transport process.

• However, a superimposed switching impulse raised the maximum electric field intensity by up to
87.7% compared to the DC steady state.

The simulation method established in this work can be used to study many emerging issues in
the future. Firstly, the space charge dynamics and electric field distribution in real-size HVDC cable
insulation during transient state can be studied. Additionally, the effects of variation of polarity and
magnitude of superimposed switching impulse on the insulating material can be investigated.
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