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ABSTRACT In high voltage direct current (HVDC) cable systems, study of electric field distortion created
by space charge accumulation is very important for examining insulation performance. Therefore, in this
paper the influence of space charge on short-time breakdown characteristics of cross-linked polyethy-
lene (XLPE) are studied. Trap energy distribution is an important factor affecting space charge behavior in
dielectrics. Dielectrics with various thicknesses exhibit different space charge phenomena due to various
trap distribution characteristics, which regulate the injection, migration and accumulation processes of
charges. Consequently, trap characteristics can affect many parameters, such as charge accumulation depth
and injection barrier. XLPE with thickness less than 100 µm show lower density of deep traps which can
accumulate homogeneous bulk charges as compared to thick XLPEwith thickness greater than 100µm. This
phenomenon determines the internal field strength distortion rate which is 20% larger for thin XLPE and it
is much higher than that for thick XLPE. The external factor which is considered for analysis is applied field
strength and it shows a linear proportional affect on the electric field distortion. A quantitative relationship
model between applied field strength and distortion field strength of XLPE with different thicknesses
was established. Linear extrapolation was used to obtain the trend of applied, distortion, and actual field
strengths at different XLPE thicknesses when breakdown occurred. When the thickness of XLPE is less than
100µm, distortion field strengths is higher than 50 kV/mm and increases with decreasing thickness, resulting
in a significant effect on the breakdown phenomenon and breakdown strength increases with increasing
thickness. And when the thickness of XLPE is greater than 100 µm, the distortion field strengths is less
than 50 kV/mm which also confirms the volume effect on breakdown phenomenon and breakdown strength
decreases with increasing thickness.

INDEX TERMS Breakdown, thickness, space charge accumulation, XLPE.

I. INTRODUCTION
Cross-linked polyethylene (XLPE) shows excellent insula-
tion performance and high thermal stability. It has been
widely used as an insulation material in medium, high, and
ultra-high voltage DC cables[1]–[4]. Under high voltage DC
electric fields, space charge accumulates inside the insulat-
ing material. This accumulation will lead to severe elec-
tric field distortion in these materials [5]–[7]. Many studies
have been carried out on the phenomenon and mechanism
of the electric field distortion caused by space charge accu-
mulation. Mitsumoto et al. [8] showed that the strength of
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the distortion electric field could be larger than eight times
the applied field strength. This will certainly threaten the
safe operation of insulation materials. The distortion electric
field needs to be considered when designing of DC cable
insulation. Li and Takada [9] studied the space charge mea-
surement of solid insulating materials. It was found that
space charge accumulation depends on the material proper-
ties, temperature, electric field strength as well as mechanical
stress and chemical structure. The above factors influence
the aging and breakdown strength of insulating materials.
Delpino et al. [10] pointed out that the space charge accu-
mulation is caused by charges injected from the cathode and
anode into the insulating material under an applied electric
field. The accumulation of space charge around the electrodes
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has been widely confirmed, and related theoretical explana-
tions and simulation studies have been reported [11]–[13].
However, the intrinsic causes of insulation failure owing to
space charge accumulation have not been fully clarified.

Therefore, this paper focuses on the influence of space
charge accumulation on the breakdown characteristics of
XLPE with different thicknesses based on the experimental
results. The main factors affecting space charge accumu-
lation are the sample thickness and applied field strength.
A quantitative relationship model between the applied field
strength and distortion field strength for samples with dif-
ferent thicknesses is presented. Furthermore, the variations
in the breakdown strength of XLPE with sample thickness
under AC and DC test conditions were obtained. Finally,
the regulation rule of intrinsic and external factors on the
space charge behavior is analyzed. Then the influence of
space charge behavior on DC breakdown characteristics is
explained using the quantitative relationship model.

II. EXPERIMENTAL dETAILS
A. MATERIALS AND SAMPLE FABRICATION
The raw material of XLPE, namely, the product model
LS4258DCE, used for DC cable production, was purchased
from BOREALIS Co. (Austria). A plate vulcanizer was pre-
heated at 170 ◦C for 10 min and XLPEwas pressed at 10MPa
for 30 min on the vulcanizer. Samples with thicknesses of
50–170 µm were prepared by adjusting the module. Thick-
nesses of different parts of the samples were measured using
a thickness gauge with accuracy up to 0.001 mm. In addition,
samples with thickness differences less than 5 µm were
retained to reduce the influence of sample uniformity on
experimental data. Two batches of samples were prepared
using the same method, labeled as group A and B. Finally,
the samples were cleaned with anhydrous ethanol and dried
at 60 ◦C for 24 h in a vacuum oven. For space charge
and short-time breakdown strength measurements, the sam-
ples were divided into 13 different thicknesses at intervals
of 10 µm. Each group consisted of ten samples.

B. EXPERIMENTAL TECHNIQUES
1) SHORT-TIME BREAKDOWN TEST
The short-time AC and DC breakdown experiments using
Voltage breakdown test instrument V5.5 were carried out
according to the procedure given in ASTM-D149 [14]. Dur-
ing the experiment, the test voltage was increased uniformly
at a rate of 1 kV/s until sample breakdown occurred. Most of
the samples breakdown between 10 and 20 s, which meets
the standard requirement of short-time breakdown experi-
ments [15]. No less than 10 tests for samples with different
thicknesses were carried out, the average breakdown strength
and standard deviation of each group were calculated.

2) SPACE CHARGE MEASURMENT
The space charge characteristics of samples with differ-
ent thicknesses were measured using the pulsed electro

acoustic (PEA) method. The pulse module was used to gen-
erate a narrow high-voltage pulse that was applied to the
sample. This high-voltage pulse created a small displacement
of the space charge in the sample and a piezoelectric sensor
was used to transform it into an electrical signal. Furthermore,
Lab View software was used to collect the space charge dis-
tribution. The pulse module (model AVIR-1-C) used during
the experiments was manufactured by AVTECH, a Cana-
dian Company, which provided a pulse amplitude of 200 V
and pulse width of 2–5 ns. The high-voltage DC module
was manufactured by the Matsusada company, Japan (model
AU-20R3-LC), having an output voltage range of 0-±20 kV.
To improve measurement accuracy, silicone oil was used as
an acoustic coupling agent. Experiments were conducted at
ambient temperature (25 ± 1) ◦C and a relative humidity
of 40 ± 2%. For comparison purposes, the shape, size, and
material of the electrodes used in the PEA experiment were
the same as those used in the short-time breakdown test.

3) THERMO-STIMULATED DEPOLARIZATION CURRENT
MEASUREMENTS
Thermally stimulated depolarization current (TSDC)was car-
ried out (Novocontrol technologies, Germany) to analyze the
characteristics of trap distribution of XLPE. The samples
with thickness of 80, 100, 120 µm were placed into the test
chamber of TSDC equipment. Firstly, the temperature in the
chamber was heated to 100 ◦C, and then the sample was
started to polarize for 30 minutes under the applied voltage
of 200 V. When polarization was finished, the sample was
cooled down to −30 ◦C by liquid nitrogen and then short
circuited for 30 minutes. After that, the sample was again
heated to 100 ◦C with a heating rate of 2 ◦C/min, and the
depolarization current was measured.

4) ISOTHERMAL SURFACE POTENTIAL DECAY MEASURMENT
The characteristics of carrier mobility were calculated using
the isothermal surface potential decay (ISPD) method. The
corona generated by the needle electrode (connected to the
high voltage DC source) passed through the grid electrode
to charge the sample. After charging, the samples were put
under the Kelvin type probe and its surface potential was
measured. The data of surface potential decay process were
recorded in a computer. Experiments were conducted at
ambient temperature (25 ± 1) ◦C and a relative humidity
of 40 ± 2%.

III. EFFECT OF THICKNESS ON SPACE CHARGE AND TRAP
CHARACTERISTICS OF XLPE
A. TRAP DISTRIBUTION CHARACTERISTICS OF SAMPLES
WITH DIFFERENT THICKNESSES
The TSDC measurement results of samples with thickness
of 80, 100, 120 µm shows in Fig. 1. It can be seen from this
figure that the relaxation peak of the TSDC current occurs in
the test result of samples with different thicknesses in inter-
val of −30–100 ◦C. In order to extract the trap parameters
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FIGURE 1. Thermally stimulated depolarization current fitting and
measurement results of samples with different thicknesses.

of samples, experimental results were analyzed by TSDC
equation [16].

jtsc (T ) = A exp[−
E0
kBT
−

1
βτ0

∫ T1

T0
exp

(
−

Et
kBT

)
dT ] (1)

where jtsc(T ) is the TSDC current density in Am−2, A is an
undermined constant in Am−2, E0 is the activation energy of
relaxation process in eV, τ0 is the relaxation time constant
in s, β is heating rate in ◦Cs−1, kB is the Boltzmann constant,
T0 is the initial temperature of sample at the beginning of
heating process in ◦C, and T1 is the temperature of sample
after heating in ◦C. In order to obtain the parameters of (1),
the TSDC test results are fitted, and the fitting curve is in good
agreement with the test results, as shown in Fig. 1.

According to TSDC theory, the distribution of trap depth
and density can be calculated from the experimental results.
Tian et al. [17] used (2) and (3) to obtain trap depth distribu-
tions form the TSDCmeasurement results directly. This paper
calculated the trap parameters with this method.

Et = kBT ln[v(T − T0)/β] (2)

f0Nt =
2dv(T − T0)
kBTel2β

J (T ) (3)

where Et is the trap depth in eV, Nt is the trap density
in m−3eV−1, ν is the escape frequency of trapped electrons,
f0 is the initial occupancy of a trap level and is a constant,
e is the electronic charge quantity, d is the thickness of sample
in m, l is the penetration depth of the injected electrons.
Fig. 2 shows the trap depth distribution curves of samples
with different thicknesses.

The peak of these curves in Fig. 2 can be compared to
analyze the trap parameters of samples with different thick-
nesses. Trap depth of three peaks of 80, 100, and 120 µm
are 1.033 eV, 1.045 eV and 1.040 eV, respectively. The trap
density corresponding to each peak also has a similar relation-
ship. As shown in Fig. 2, the order of trap density is 100 µm
sample> 120 µm sample> 80 µm sample.

FIGURE 2. Trap depth distribution of samples with different thicknesses.

TABLE 1. Settings for ISPD tests.

Carrier traps in polymers can be divided into physical and
chemical traps. A physical trap is caused by the bending,
folding or local arrangement of the molecular chain in the
polymer, which shows a low trap depth (0.15 eV–0.3 eV).
A chemical trap is caused by impurities, cross-linking
byproducts and defects of the polymer molecular chain, such
as in-chain or in-branch nonconjugated carbon double bonds,
the side-chain carbonyl group, and end groups. Chemical trap
shows a high trap depth (approximately 1 eV) [18]. Therefore,
in Fig. 2, the trap depth is in the interval of 0.95 eV–1.10 eV,
which belongs to the deep trap.

Fig. 2 also shows that both 100 µm and 120 µm samples
have high trap density or deeper trap depth than 80 µm
sample. This may be because the formation of chemical
defects is affected to some extent by the size of materials.
XLPEwith a large thickness or size containsmany impurities,
cross-linking byproducts and other chemical defects. These
conditions result in high trap density or deep trap depth for
samples with large thickness.

B. ESTIMATION OF CARRIER MOBILITY FROM
ISPD RESULTS
ISPD test method was used to measure the decay behavior
of the deposited charge on the surface of the material under
isothermal condition to obtain carriermobility of thematerial.
In the experiment, the corona produced by the needle elec-
trode was used to charge the sample for 10 min. The test time
of surface potential is more than 5000 s and the sampling fre-
quency is 1 Hz. The voltage settings of needle electrode and
grid electrode under positive and negative corona conditions
are shown in Table 1.
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FIGURE 3. ISPD test results of samples with different thicknesses.

FIGURE 4. Relationship between tdVS0/dt and log(t) for positive surface
potential.

Fig. 3 shows the ISPD test results of XLPE samples with
different thicknesses. It shows the surface potential decays
over time. In the process of applied positive and negative
charging voltage, charges are accumulated on the surface of
the sample. Potential are formed on the surface and electric
field are formed in the bulk of thematerial. The surface poten-
tial decay occurs because of carrier migration. The charge
accumulated on the surface migrates to the ground electrode
through the bulk of dielectric. The change of carrier mobil-
ity during charging process leads to the variety of surface
potential decay rate [19]. In Fig. 3, different surface potential
decay trends indicate that the carrier mobility of samples with
various thicknesses is different.

The transit time tTR is defined as the time taken for the
leading charge carriers to arrive at the ground electrode. tTR is
estimated by fitting the results of potential decay curves
with exponential function, and then the relationship between
tdVS0/dt and log(t) was obtained, as shown in Fig. 4 and
Fig. 5. The time corresponding to the peak can be regarded
as the transit time tTR, and the carrier mobility determined
by shallow traps can be calculated using the following
equation [19].

µ0(e,h) = d2
/
VS0 × tTR (4)

FIGURE 5. Relationship between tdVS0/dt and log(t) for negative surface
potential.

TABLE 2. Hole and electron carriers mobility.

where µ0(e,h) is the carrier mobility determined by shallow
traps in m2V−1s−1, VS0 is the absolute of initial surface
potential in V.

Table 2 shows the calculation results of hole and elec-
tron carriers mobility of samples with different thicknesses,
respectively. The results in Table 2 shows that among the three
kinds of thickness samples, the carrier mobility of 80 µm
sample is the maximum, while that of 100 µm sample is the
minimum.

The migration of carriers into the bulk of dielectric is
related to the trap distribution characteristics. The probability
of carriers bound by traps in dielectrics with high trap density
or depth increases, hence these dielectrics have low carrier
mobility. It can be seen from Table 2 that the mobility of
carriers in the 100 µm sample is the minimum because the
deep traps of this sample have high trap density and deep trap
depth as shown in Fig. 2. Similar analysis can be carried out
to explain the result that the carrier mobility of 80µm sample
is the maximum.

C. SPACE CHARGE ACCUMULATION CHARACTERISTICS
OF SAMPLES WITH DIFFERENT THICKNESSES
The trap distribution characteristics of XLPE not only affects
the carrier migration process, but also determines the space
charge accumulation characteristics. Moreover, the influence
of the space charge accumulation behavior, especially the
transient accumulation characteristics, on the DC breakdown
characteristics of XLPE samples with different thicknesses
deserves further study.
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FIGURE 6. PEA test results of 80 µm sample.

FIGURE 7. PEA test results of 100 µm sample.

FIGURE 8. PEA test results of 120 µm sample.

The DC breakdown process of XLPE is transient, during
which there is a rapid change of space charge accumulation
behavior. This behavior is of great significance to the study
of breakdown characteristics, hence some researches working
on the transient accumulation behavior of space charge have
been carried out. Some research methods are as follows:
carry out the PEA test in the process of increasing voltage
at a constant speed, and analyze the space charge density
distribution curve from the beginning of increasing voltage
to the near breakdown time. If the resolution of the detec-
tion device meets the test requirements, the influence of the
transient accumulation characteristics of space charge on the
breakdown is obtained by analyzing as many curves of charge
density as possible. In [20] the space charge fast dynamic
measurement with an interval of 10 µs was carried out,
and the measurement duration of the test system was 1 ms.

In [21] the sampling interval of PEA test equipment was 0.1 s,
and the test time was 120 s.

In order to study the space charge transient accumulation
characteristics of XLPE in the process near to breakdown,
the XLPE samples with different thicknesses of 80, 100,
120µmwere selected for PEA test under the linearly increas-
ing applied voltage. The minimum resolution of the PEA
device used in this paper is 10 µm, and the typical thickness
of the tested samples is 50 µm to 20 mm [22], [23]. This
means that the detection equipment can clearly distinguish
the charge density curve of the sample with the minimum
thickness of 50µm. The test voltage is increased uniformly at
a rate of 1 kV/s, the same as short-time breakdown test. Since
the upper limit of test voltage is 20 kV, the measurement was
carried out for 20 s, and test data were obtained at sampling
interval 3 s. The PEA test results are shown in Fig. 6 to Fig. 8.
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FIGURE 9. Sampling method in the PEA test.

In the part (a) of Fig. 6 to Fig. 8, the charge density are
described using color scale at different sampling times. Blue
and red colors indicate the negative and the positive charge
densities, respectively. The charge density shows an obvious
trend of increasing with the test voltage increased form 0 kV
to 20 kV. Although the charge density of three kinds of
thickness samples has similar increasing trends, however,
for some parts of the charge density curve, especially the
bulk space charge accumulation behavior of samples, there
are differences which can be clearly reflected in part (b) of
Fig. 6 to Fig. 8.

The charge density curves of XLPE samples with thickness
of 80, 100 and 120 µm are shown in Fig. 6(b), Fig. 7(b),
and Fig. 8(b), respectively. The results show that the applied
voltage has a positive correlation with the accumulated space
charge density. Therefore, the charge density curves has an
obvious upward trend. In addition, the charge density curve
shows the law of space charge accumulation in the process of
increasing voltage, which has more meaningful information.
During the test voltage linearly increased, the homogeneous
charges accumulate on the electrode surface for a short time
and migrate quickly into the bulk of sample. In fact, the thick-
ness of the interface charge layer between electrode and
dielectric is very small and there is no definite conclusion.
In an ideal situation, more attention can be paid to the bulk of
material, especially tow parts: the part near the electrode and
the middle part of the bulk.

Fig. 6(b), Fig. 7(b), and Fig. 8(b) show some obvious
differences in the middle part of the charge density distribu-
tion curves of the samples with three kinds of thicknesses.
The middle part of charge density curve of 100 µm sample
is flatter than that of 80 µm and 120 µm samples, which
indicates that less amount of space charge accumulated in
the bulk of 100 µm sample during the test voltage linearly
increased. In this paper, the charge density curves of samples

FIGURE 10. Space charge density distribution curves of samples under
150 kV/mm.

with three kinds of thickness are compared under the same
field strength for further analysis. As shown in Fig. 9, the test
voltage was increased at the rate of 1 kV/s, and the space
charge was measured every 3 second. The voltage at each
sampling point is obtained in 0–20s as follows: 3 kV, 6 kV,
9 kV, 12 kV, 15 kV and 18 kV respectively.

At each sampling point, the applied field strength for the
sampleswith various thicknesses is different when the voltage
is applied to the samples. This is because when the increasing
voltage applied on 80, 100 and 120 µm samples at rate
of 1 kV/s, the rate of increasing field strength of each sam-
ple is different. After sampling, the field strength of each
sampling point for different thicknesses samples is vari-
ous, as shown in Fig. 9. However, we can find the same
field strength that can be sampled in all three kinds of
thickness samples, that is 150 kV/mm. Therefore, the space
charge density curves of three kinds of thickness samples
under 150 kV/mm was chosen for further analysis, as shown
in Fig. 10.
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FIGURE 11. Schematic of charge transport model.

Fig. 10 shows that the charge density at the peak of the
three curves, can be obtained: 76.03 C/m3 (80 µm sample),
79.83 C/m3 (100 µm sample) and 78.82 C/m3 (120 µm
sample), which are similar. It can be inferred that the amount
of charge accumulated around the interface have no obvious
difference for the three kinds of thickness samples under the
same field strength of 150 kV/mm. However, the order of
the peak values of the three charge density curves can not be
ignored. The curves in the green rectangle of Fig. 10 show that
the order of charge density value at peaks is 100µm sample>
120 µm sample> 80 µm sample.

We focus on the middle part of the charge density distribu-
tion curves of the samples in Fig. 10. In most of this region,
the charge density curve of 100 µm sample is flat and that
of 80 µm sample and 120 µm sample are uneven. Moreover,
it can be seen clearly that in the orange rectangle of Fig. 10,
the order of charge density value is 80 µm sample> 120 µm
sample > 100 µm sample. This means that, in this region of
sample, the homogeneous bulk charge accumulated in 80 µm
sample is more than that in 100µm and 120µm samples. The
homogeneous bulk charge accumulated in 100 µm sample is
the least among the three kind of thickness samples.

It can be concluded that the space charge accumulated
in the middle bulk of samples decrease obviously with an
increase in the density of deep trap, while the space charge
accumulated around the interface between sample and elec-
trode increase slightly, by comparing the order of charge den-
sity and trap density of three kinds of thickness samples. This
phenomenon can be attributed that the accumulation behav-
iors of space charge in bulk of dielectric is regulated by trap
characteristics and carrier migration behaviors. Specifically,
the space charge behavior depends on the balance between
the charge injection process and the bulk conduction process,
both of which are affected by the material trap characteris-
tics [24], [25]. Charge transport model, such as bipolar space
charge controlled electrical breakdownmodel, is usually been
used to analyze this phenomenon. The schematic for charge
transport model for the dielectric under applied DC field is
presented in Fig. 11 [24].

The charge transport model consists of injection, migra-
tion, trapping/detrapping of electrons and holes, and recom-
bination between electrons and holes [25]. Some parameters
of the material can affect the above processes, such as: the
injection of charge is determined by the injection barrier and

interface electric field; the migration of charge is determined
by the charge carrier mobility and electric field; the trapping
of charge is determined by the trap density and depth; the
detrapping of charge is determined by the trap depth and
electric field.

It is an important condition for accumulation space charge
in the bulk that the charge is injected from the electrode faster
than it is conducted across the bulk. Under this condition,
the charge trapping process is stronger than the detrapping
process. Most of the charges injected from the electrode can
be trapped and then forms trapped charge layer around the
interface, as shown in Fig. 11. The trapped charge layer forms
a opposite electric field, which weakens the field strength
around the interface. Hence, higher field strength is needed
to overcome this weakening effect to exceed the charge
injection potential barrier ϕ. It is equivalent to raises the
value of ϕ, resulting in the weakening of the charge injection
process. The weakening effect will affect charge migration
and accumulation processes. The injection current decreases
(the charge injection rate decreases) gradually, which leads to
the decrease of the difference between the injection current
and the conduction current. When the rate of charge injection
into the bulk of dielectric is less than the rate of charge
migrated through the bulk, few charges can accumulate in
the bulk. Moreover, the field strength in the bulk of dielectric
enhanced by the homogeneous charge accumulated in the
trapped charge layer.

It is clear that the trapped charge layer can regulate the
charge injection, migration and accumulation processes ana-
lyzed above. In fact, one of the important determinants of the
trapped charge layer is the trap characteristics of materials.
The trap density and trap depth affect the trapped charge layer
by regulating the charge accumulation depth λ, as shown
in Fig. 11.

Fig. 12 shows the energy level diagram of the interface
when the ohmic contact occurred between electrode and
dielectric, where Evac is the vacuum level, Ec is the conduc-
tion band level, EF is the Fermi level, ϕ is the charge injection
potential barrier, λ is the charge accumulation depth.
The electric field with the strength of E works on the injec-

tion charge. At the distance of x from the interface, the charge
over crosses the injection barrier ϕ, then the injection process
is completed. The injection barrier ϕ can be considered as
energy of the bottom of the conduction band Ec respect to
the electrode Fermi level EF . The distance x is regulated
by trap density Nt and trap depth Et and has the following
relationship with ϕ as shown by (5) [26].

x =
(
2kBT εrε0
e2Nt

)1/2

sin−1
{
exp

[
ϕ − (ϕi − χ)

2kBT

]}
× exp

(
ϕi − χ − Et

2kBT

)
(5)

where ε0 is the vacuum dielectric constant, εr is the relative
dielectric constant of the insulating material, ϕi is work func-
tion of dielectric, χ is electron affinity of dielectric. When the
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FIGURE 12. Energy level diagram of the interface when ohmic contact
occurred.

distance x equals charge accumulation depth λ, thenϕ=ϕi−χ ,
λ can be expressed as (6).

λ =
π

2

(
2kBT εrε0
e2Nt

)1/2

exp
(
ϕi − χ − Et

2kBT

)
(6)

This formula reflects the law of the trap characteristics reg-
ulate the accumulation depth of injection charge, that is,
λ decreases with an increase in trap density Nt and trap
depth Et . As shown in Fig. 12(a) and Fig. 12(b), the dielectric
with low trap density or shallow trap depth, named Dielec-
tric I, has accumulation depth λ1, and the dielectric with
high trap density or deep trap depth, named Dielectric II, has
accumulation depth λ2, where λ2 < λ1. The energy level
diagrams of Dielectric I and Dielectric II are compared in
Fig. 12(c). As shown in Fig. 12(c), in the trapped charge layer,
the charge injection barrier of Dielectric I is lower than that
of Dielectric II, that is, ϕ1 < ϕ2. The charge injection barrier
increases with an increase in trap density and trap depth as
analyzed above. It can be inferred that the charge injection
rate in Dielectric II are less than that in Dielectric I because
the barrier of Dielectric II is higher than that in Dielectric I
(ϕ1 < ϕ2). Hence the charge accumulation depth of Dielec-
tric II is less than that of Dielectric I, which conforms to the
assumption in Fig. 12 that λ2 < λ1. Obviously, the regulation
rule of the trapped charge layer width by the trap character-
istics is the same as that of the charge accumulation depth.
As shown in Fig. 12(d) and Fig. 12(e), the trapped charge

FIGURE 13. Electric field strength distribution curves of samples under
150 kV/mm.

layer width decreases with an increase in trap density and trap
depth. This means that the dielectric with high trap density
and deep trap depth accumulates less bulk space charge.

The regulation rule between the test results for 80, 100
and 120 µm samples, such as trap characteristics (Fig. 2)
and charge density distribution curves (Fig. 10), is consistent
with the above theoretical analysis. Compared with 80 and
120 µm samples, 100 µm sample has highest trap density
and deepest trap depth. This means that it has the least charge
accumulation depth and the highest injection barrier, which
results in the fewest space charge injected and accumulated
in the bulk. Conversely, compared with 100 and 120 µm
samples, it can be explained that the 80 µm sample has the
strongest bulk space charge accumulation.

The process of charge injection from the electrode and
accumulation in the bulk of dielectric can also be explained
from the perspective of space charge effects on the electric
field strength where around the interface and inside the bulk.
According to the JB/T 12927-2016 standard for measuring
space charge distribution in solid insulating materials [27],
the electric field distribution E(x, t) can be obtained using (7).
If the x-axis represents the thickness direction of the sheet
sample and the charge density in the sample is ρ(x, t) at time t ,
then, at time t , the relationship between the charge density
ρ(x, t) and electric field distributionE(x, t) can be determined
using the Poisson’s equation as follows:

E(x, t) =
1
ε0εr

∫
ρ (x, t)dx (7)

Therefore, through the PEA test, the waveform of the
electric field distribution can be obtained integrally based on
the waveform for charge density. Fig. 13 shows the electric
field distribution waveforms of samples with thickness of 80,
100, 120 µm under the applied field strength of 150 kV/mm.
Fig. 13 can be combined with the charge density curves

in Fig. 10 for analysis. In Fig. 10, the thickness interval
corresponding to the green rectangle represents the region
around the interface, and the thickness interval correspond-
ing to the orange rectangle represents the region inside the
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sample bulk. The rectangles with the same definition are also
drawn in Fig. 13, and the field strength waveform is divided
into this two regions.

Fig. 13 shows part of the electric field waveform curves
in the green rectangle are less than the applied field strength
(150 kV/mm). This result confirms the previous inference
that the opposite electric fielded formed by the trapped charge
layer weakens the field strength around the interface. The
weakening degree of samples with different thicknesses is
various, the field strength reduction of 100 µm sample is the
largest and that of 80 µm sample is the least. The injection
current density jin is positively related to the electric field
strength around the interface according to Schottky emission
law. The injection current density of carrier can be expressed
by (8).

jin (t) = AT 2 exp
(
−
eϕ
kBT

)
exp

(
e
kBT

√
eE (0, t)
4πεrε0

)
(8)

where jin(t) is the injection current density, A is the Richard-
son constant, E(0,t) is the interface electric field.
It can be seen from (8) that the weakened interface electric

field will cause the decrease of the injection current density.
Therefore, the 100 µm sample with the least interface field
strength should have the least injection current density. The
100 µm sample will take the lead in changing the conditions
for accumulation space charge in the bulk that the charge
is injected from the electrode faster than it is conducted
across the bulk. The charge injection process is suppressed.
Gradually, the least space charge accumulated inside the bulk
of 100 µm sample as shown in Fig. 13. This causes the
electric field distortion inside of the 100 µm samples bulk
to be less than that of 80 and 120 µm samples as shown in
orange rectangle of Fig. 13. Comparing the internal maxi-
mum field strength and applied field strength, the maximum
field strength distortion rate of 80, 100, 120 µm sample
is 23.3%, 18.7% and 22.7%, respectively. The low space
charge injection and bulk field strength result in low carrier
migration of the 100µm sample, as shown in Table 2.

Obviously, the two analysis perspective, the regulation of
trap characteristics on charge behavior and influence of space
charge on field strength, can be unified. Take 100 µm sample
as an example, it has the highest trap density and depth and the
least field strength around the interface compared with 80 and
120 µm samples. The high trap density and depth result
in the small accumulation depth and trapped charge layer
width. This results in the high injection barrier, and more
charges only accumulate around the electrode. Then opposite
electric field has strong weakening effect on the applied field
strength which suppress charge injection process, resulting in
the low injection current density. Hence the least space charge
accumulation and electric field distortion can be found inside
the bulk of 100 µm sample. On the other hand, the results
of 80 µm sample can be explained by similar analysis.

As analyzed above, the XLPE samples with various thick-
nesses have various trap characteristics, which leads to

FIGURE 14. Variation of breakdown strength with thickness under (a) AC
and (b) DC electric fields.

different space charge accumulation characteristics under the
same applied field strength. The electric field distortion inside
of the dielectric bulk shown in Fig. 13 is an intuitive rep-
resentation of space charge behavior, and also an important
factor affecting the DC breakdown characteristics of XLPE.
Therefore, it is necessary to further investigate the influence
of space charge accumulation characteristics of XLPE with
different thicknesses on DC breakdown characteristics.

IV. EFFECT OF SPACE CHARGE ACCUMULATION ON
BREAKDOWN STRENGTH
A. EFFECT OF THICKNESS ON SHORT-TIME AC AND DC
BREAKDOWN CHARACTERISTICS OF XLPE
Fig. 14 shows the variations in the AC and DC breakdown
strengths with different sample thicknesses from 50–170µm.
The test results of 80, 100 and 120 µm samples were drawn
separately and shown in the second layer of each figure.

It can be clearly seen that the breakdown strength (Eb)
varies with thickness, which is obviously different under the
action of applied electric fields. Under an AC electric field,
the breakdown strength Eb−ac decreases continuously with
an increase in the thickness, whereas under a DC electric
field, the breakdown strength Eb−dc increases first and then
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decreases, showing the maximum breakdown strength at a
sample thickness of 100µm. The variation rule of breakdown
strength with thickness is consistent in the results of group A
and B, although there are some differences in their values due
to the sample preparation of different operators.

Breakdown of solid dielectrics always occurs at their weak
points that are caused by local defects [28], [29]. Based on
the volume effect principle of solid dielectrics, increasing the
thickness or area of the sample will lead to an increase in its
volume and increase probability of local defects reduce the
breakdown filed strength. Therefore, the non-uniform electric
field generated at the defect site is more vulnerable to the
occurrence of insulation breakdown. Thus, the breakdown
strength is strongly dependent to thickness and normally
decreases with the increasing thickness [30]–[32].

It can also be explained by using the volume effect princi-
ple which shows the variation in the breakdown strength with
sample thickness under AC electric field. However, some of
the results under DC electric field do not match this principle
well. The Eb−dc increases with the increasing thickness in
the interval of d < 100 µm but decreases in the interval of
d > 100 µm.
Similar phenomena also appear in other research results.

In [31], the DC breakdown characteristics of XLPE was
researched. The results proved that the Eb−dc initially
increased and subsequently decreased. The 160 µm sample
approached the maximum value of Eb−dc, which was 5%
larger than that of 100 µm sample. In [33], the thickness
dependence of the breakdown characteristics of polyester
film under AC and DCwas investigated. The results indicated
that Eb−dc increased from 402.5 kV/mm at d = 40 µm
to 417.5 kV/mm at d = 50 µm and then decreased to
318.2 kV/mm at d = 110 µm.
Some studies analyzed the reason of similar phenomena.
In [34], the increase of Eb−dc was ascribed to the increase

of crystallinity and the absence of spherulites of material.
In [35], it was ascribed to the low free volume or electron
mean free path in the thin film. These investigations were
based on hypothesis and conjectures, and lack of more ade-
quate tests. However, it’s clear from these results that except
volume effect, other factors may play a dominant role in DC
breakdown, especially for thin samples and with high electric
fields.

According to the analysis in the previous section, the elec-
tric field distortion inside the bulk of dielectric caused by
space charge behavior is also one of the factors affecting
the breakdown characteristics of insulation under DC. For
example, 100µm sample has the highest trap density and trap
depth comparedwith 80 and 120µmsamples. That causes the
least charge accumulation depth and bulk space charge accu-
mulation. Therefore, the distortion field strength of 80 and
120 µm samples are larger than that of 100 µm sample under
the same applied field strength (150 kV/mm), according to the
Poisson’s equation. The electric field inside the bulk of 80 and
120 µm samples are faster to reach the intrinsic breakdown
field strength of XLPE than that of 100 µm sample. It can

FIGURE 15. Schematic of the internal electric field formed by the
accumulation of space charge.

be inferred this will lead to the DC breakdown field strength
of 80 and 120 µm samples are less than that of 100 µm
samples, which agrees the result in Fig.14 (b).

For the test samples with more thickness kinds, the results
that Eb−dc decreases with increasing thickness in the interval
of d > 100 µm is in accordance with the volume effect.
Meanwhile, the test results that Eb−dc increases with increas-
ing thickness in the interval of d < 100 µm implies that the
high distortion field strength caused by space charge accumu-
lation inside thin samples at high applied field strength is the
cause of this phenomenon, as reflected preliminarily by the
results of the 80, 100 and 120 µm samples. This finding is
confirmed further by the test results in the next section.

B. ANALYSIS OF THE RELATIONSHIP BETWEEN APPLIED
AND INTERNAL ELECTRIC FIELD STRENGTHS AND
SAMPLE THICKNESS
Fig. 15 shows that the applied electric field on the XLPE
sample is Ea, and the maximum electric field strength due to
bulk space charge accumulation is Esc. Under the action of a
DC electric field, the distortion field strength which is in the
same direction as the applied field strength, is produced by
the accumulation of space charge. Therefore, in the process
of breakdown, the actual field strength of sample Ereal , is not
the applied field strength. When Ereal is used to indicate the
actual field strength of the sample, Ereal should be considered
as the parameter to analyze the effect of space charge accu-
mulation on insulation breakdown strength.

Because of space charge accumulation, the actual electric
field (Ereal) of the sample should be the superposition of the
applied electric field (Ea) and distortion electric field (Esc)
satisfy the relationship shown in (9).

Ereal = Ea + Esc (9)

It can be inferred from (9) that the effect of Ea on Ereal
is reflected by the distortion electric field formed by space
charge accumulation, but the thickness is also one of the
factors regulating Esc. To clarify the influence of the sample
thickness and Ea on Ereal , samples with different thicknesses
under different applied electric field strengths were tested in
this section. For comparing the results of the space charge

VOLUME 8, 2020 85561



Z. Ma et al.: Effect of Thickness on the Space Charge Behavior and DC Breakdown Strength of XLPE Insulation

FIGURE 16. Variation trend of electric field strength distortion rate for different thicknesses under various applied electric field strength.

behavior and short-time breakdown tests, samples with thick-
nesses of 50–170 µm were tested in the PEA system.
Unlike the test with the linearly increasingDC voltage used

in section III, the constant DC voltage was carried out of
the PEA test in this section. The constant Ea were 60, 80,
100, 120, 140, and 160 kV/mm. According to the short-time
breakdown test standard, GB/T 1408.1, the duration of DC
voltage application should not exceed 20 s. In order to further
study the space charge accumulation law when the break-
down occurs, the PEA test time should be selected as the value
close to the short-time breakdown test time. The space charge
behavior, Esc and Ereal of the samples were measured after
applying the electric field for 20 s.

The PEA test results with the linearly increasing DC volt-
age shows that the accumulation of space charge is not stable
within 0–20s test time as shown in the section III. However,
this can not deny the objective phenomenon of space charge
accumulation in dielectric. Furthermore, the previous anal-
ysis indicates that the regulation of trap characteristics and
carrier migration characteristics on the space charge accumu-
lation behavior of the test sample can be clearly analyzed by
the space charge test results within 20 s in the third section.
The trap characteristics and carrier migration characteristics
of dielectric are closely related to the breakdown character-
istics. Therefore, for the space charge measurement, the test
time of 20 s may cause the charges distribution instability;
but for the analysis of dielectric breakdown process, the test
results within 20 s contain enough important information that
affects the dielectric breakdown characteristics. The effect
of space charge behavior on the breakdown characteristics
can be obtained by analyzing the variation trend of charge

density distribution or electric field distortion within the
20 s after applying test voltage. In fact, there are some of
research results to analyze the variation trend of space charge
characteristics and obtain the influence rule of some param-
eters on breakdown characteristics of dielectric. In [21],
the phenomenon of packet-like space charge in low-density
polyethylene (LDPE) sample before breakdown was studied.
The measure time of space charge was less than 2 minutes
which did not reach the injection stabilization time. However,
this did not prevent the author from clearly measuring and
analyzing the packet-like space charge phenomenon. In [36],
the effect of pre-stressing on the breakdown characteristics
by analyzing the space charge distribution curves of LDPE
samples during the breakdown process was studied. The PEA
test only lasted for 1 ms.

Fig. 16 shows the variation in the rate of field strength
distortion in samples with different thicknesses under various
applied field strengths and the results of 80, 100 and 120 µm
samples were shown in the second layer of each figure. The
variation trend of the field strength distortion rate in the sam-
ple is the same, and it decreases with an increase in thickness.
However, several differences are observed in the results under
various applied field strengths. The distortion rate of samples
with d< 100 µm is more than 20% (up to 50%), which is
much larger than that of samples with d> 100 µm, especially
when the applied field strength is higher than 100 kV/mm.

The results of 80, 100 and 120 µm samples show that
the electric field distortion rate decreases with an increase
in thickness which is consistent with the general variation
trend. However, in most cases (except for Ea = 60 kV/mm),
the distortion rate of 100 µm sample is the least of the
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three values. This result is related to the regulation of the trap
characteristics on the space charge behavior, which has been
analyzed previously. Fig. 16 shows that a thin sample has a
high field strength distortion rate under high field strength.
This occurrence can be explained from the perspective of
trap characteristics of samples. The formation of chemical
defects is affected to some extent by the size of materials.
XLPE with a small thickness or size contains few chemical
defects (impurities, cross-linking byproducts, etc.). This con-
dition results in the deep trap density is low for samples with
small thickness. The low trap density leads to a large charge
accumulation depth, and more charges are injected into the
sample bulk, even if the sample itself is very thin. This results
in a high field strength distortion rate of the thin sample. For
the thick samples, the deep trap density is relatively high,
resulting in a small charge accumulation depth, and more
charges can not be injected into the sample bulk, even if it is
relatively thick. This results in a small field strength distortion
rate of the thick sample.

This phenomenon indicates that the analysis of the influ-
ence of space charge accumulation on DC breakdown char-
acteristics is reasonable. For thin samples, the high field
strength distortion caused by space charge accumulation
results in low breakdown field strength. Therefore, in the
thickness interval of d < 100 µm, the breakdown strength
increases with an increase in thickness. In this case, space
charge accumulation has an obvious effect on DC breakdown
characteristics.

C. ANALYSIS OF DISTORTION FIELD STRENGTH IN THE
SAMPLE USING BREAKDOWN STRENGTH
As stated earlier, the sample thickness has an obvious effect
on the actual field strength of XLPE samples under an applied
field strength. By analyzing the variation trend of the distor-
tion rate, it can be seen that the distortion effect in samples
with thicknesses less than 100 µm is more significant than
that in samples with thicknesses greater than 100 µm under
the same applied field strength. This phenomenon is related
to the trend of the breakdown strength observed for different
sample thicknesses in AC and DC short-time breakdown
tests. Therefore, after breakdown occurs, it is necessary to
quantitatively analyze the effect of space charge accumula-
tion on both electric field distortion and breakdown character-
istics. In addition, it is necessary to obtain theEsc values using
the PEA system until the applied field strength approaches
the breakdown strength of the sample. However, this test
condition obviously has many contradictions with the nor-
mal test conditions employed in the PEA test system. First,
the output voltage of the DC source is very high. Taking the
DC breakdown strength of the 100µm sample as an example,
shown in Fig. 14(b), the minimum breakdown strength is
302.84 kV/mm, and the corresponding breakdown voltage
is 30.3 kV. This shows that the high-voltage DC module of
the PEA test system needs to meet the basic requirement of a
very high output voltage. Second, a high voltage significantly
increases the probability of pre-discharge in the electrode

module when the applied field strength is increased by
increasing the test voltage. The occurrence of pre-discharge
will considerably reduce the accuracy of space charge detec-
tion, and repeatability of the test data is difficult to guarantee.
Third, it is difficult to guarantee the safety performance of the
relevant components in PEA test system under high voltage
conditions for a long time. Therefore, it is necessary to grad-
ually increase the applied field strength so that the distortion
field strength values obtained near the breakdown values
can be used for quantitatively study. The distortion field
strength of samples with thickness of 70, 80, 90, 100, 140,
and 170µmwas measured after 20 s at applied field strengths
of 60, 80, 100, 120, 140, and 160 kV/mm, respectively. The
relationship between the distortion field strength and applied
electric field strength formed via space charge accumulation
can be obtained by solving the conduction current equation
shown in (10) in the space charge limited current (SCLC)
region [37], [38].

jSCLC = µextρfree (x)Esc (x) (10)

By introducing the relationship between the free charge den-
sity and electric field into (10), it can be written as follows:

jSCLC = 4ε0εrυATEEsc (x)
(
αdε0εr

eNt0

∂Esc (x)
∂x

)1/αd
(11)

where jSCLC is the space charge limited current, µext is the
carrier mobility in extended states, ρfree(x) is the density of
free charge, Esc(x) is the internal field strength of the sample
formed by space charge accumulation, υATE is the carrier-
escape frequency in traps, Nt0 is the exponential pre-term in
trap density expressions at energy levels, αd is the coefficient
for characterizing the disorder degree of the medium in rela-
tion to ambient temperature. The boundary condition of jSCLC
is Esc(x) = 0. Based on this boundary condition, the analyti-
cal expression for Esc(x) can be obtained by using (11):

Esc (x)=
[
(αd + 1)

(
jSCLC

4ε0εrυATE

)
qeNt0
αdε0εr

(x + x0)
]1/(αd+1)

(12)

Equation (12) with undetermined coefficients is written as
follows:

Esc (x) = [AF (x + x0)]1/(αd+1) (13)

The expression for undetermined coefficients AF can be
obtained by integrating (13):

A1/(αd+1)F =
αd + 2
αd + 1

Ead

(d + x0)αd+2/αd+1 − x
αd+2/αd+1
0

(14)

By introducing (14) into (13), we obtained

Esc (x) =
αd + 2
αd + 1

Ead

(d + x0)αd+2/αd+1 − x
αd+2/αd+1
0

× (x + x0)
1/(αd+1) (15)
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FIGURE 17. Relationship between distortion and applied field strength
with different sample thicknesses.

Equation (15) is the analytical expression of the relation-
ship between the distortion field strength (Esc) inside the
dielectric and applied field strength (Ea). It can be assumed
that Esc is affected by the thickness of the sample and the dis-
order degree of the dielectric. However, at the same external
temperature, the Esc shows a linear relationship with the Ea
at a definite position inside the dielectric with a certain thick-
ness. Fig. 17 shows the corresponding relationship between
the internal distortion field strength and applied field strength
of the samples with different thicknesses.

It can be clearly seen from Fig. 17 that with the increase
in sample thickness, the slope of the expression representing
the quantitative relationship between Esc and Ea tends to
decrease. The decreasing trend of the slope indicates that
the effect of the applied field strength on the distortion field
strength decreases with an increase in sample thickness. This
conforms to the qualitative analysis rule of the field strength
distortion rate, that is, the electric field strength distortion
caused by the space charge accumulation in the thin sample
under high field strength is higher than that of thick sample.

D. QUANTITATIVE ANALYSIS OF DISTORTION FIELD
STRENGTH USING EXTRAPOLATION METHOD
The distortion field strength due to space charge accumula-
tion was obtained using the extrapolation method considering
the sample breakdown strength. When breakdown occurs,
the applied field strength (Ea) of the XLPE is equal to the
breakdown strength obtained in the short-time breakdown
test. When Esc is obtained, the actual field strength (Ereal) of
samples with different thicknesses can be obtained using (9).

The calculated results of Ea, Esc, and Ereal are listed
in Table 3. Based on the data presented in Table 3,
Fig. 18 shows the variation trend of the applied, distortion,
and actual field strengths for various sample thicknesses
when breakdown occurs. From table 3, Esc is higher than
50 kV/mm and increases with decrease in thickness in the

TABLE 3. Calculated results of Ea, Esc , and Ereal .

FIGURE 18. Variation trend of Actual (Ereal ), Applied (Ea) and
Distortion (Esc ) field strength with various thickness when breakdown
occurs.

range of d < 100 µm. Fig. 18 shows a high distortion field
strength in the thin sample under breakdown field strength.

The DC breakdown strength (Ea = Eb−dc) of XLPE
with several thicknesses is affected by the distortion field
strength (Esc) when breakdown occurs. The main reason is
the high distortion of electric field in the thin sample under
high applied electric field. The high distortion field strength
results in low breakdown strength. As shown in Fig. 14(b),
in the thickness interval of d < 100 µm, Eb−dc shows a trend
of increasing with the increase of thickness. Meanwhile, The
trend of Esc decreases with the increasing thickness which is
consistent with the result in Fig. 16 when Ea is higher than
100 kV/mm. The decreasing trend represents the weakening
of the effect of space charge accumulation on the breakdown
characteristics. In the thickness interval of d > 100 µm,
the variation trend of Eb−dc with thickness is in accordance
with volume effect.

It can be assumed that if only volume effect affects the
breakdown characteristics, the variation trend of breakdown
strength with thickness should be consistent with the result of
Ereal in Fig. 18. However, this assumption is not true, because
the accumulation of space charge will cause electric field
distortion under DC condition. Various thicknesses XLPE
samples have different bulk charge accumulation and carrier
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migration behaviors, which lead to a decreasing tendency
of distortion field strength with an increase in thickness.
The effect of space charge behavior in thin samples and
volume effect in thick samples are the main reasons for the
results of the relationship between Eb−dc and sample thick-
ness in Fig.14(b).

V. CONCLUSION
In this paper, the impact of space charge accumulation on the
breakdown characteristics of XLPE was analyzed. The space
charge behavior in breakdown phenomena was quantitatively
analyzed using linear extrapolation, and the distortion field
strength was obtained.

Experimental results confirms that AC breakdown strength
of XLPE decreases with an increase in thickness due to
volume effect, which may influence breakdown process,
whereas the DC breakdown strength initially increases and
subsequently decreases with an increasing thickness. This
phenomenon was related to the distortion in field strength
formed by the accumulation of bulk space charges. The space
charge behavior, such as injection, migration and accumula-
tion, are the significant factors for the electric field distortion,
which are regulated by the trap characteristics of dielectric.
The difference in trap characteristics makes the electric field
distortion in various thicknesses dielectrics different even
under the same applied electric field. This is one of the
reasons responsible for the difference of breakdown charac-
teristics with various thicknesses samples, and the other is
volume effect.

For XLPE thicknesses less than 100 µm, less chemical
defects lead to low density of deep traps, and higher charge
accumulation depth due to low injection barrier.More charges
accumulate inside the bulk of XLPE. This results in higher
distortion rate of field strength, which is 20% larger than
applied field strength and finally space charge behavior dom-
inates the breakdown process. However, with an increase
in thickness, the density and depth of deep traps increase,
which leads to decrease in charge accumulation depth and
increases in injection barrier. The charge accumulated inside
the dielectric bulk decreases gradually (the minimum amount
may appears in the sample with d = 100 µm), which also
leads to the decrease of electric field distortion. The break-
down strength of XLPE increase with an increase in sam-
ple thickness. For XLPE thicknesses greater than 100 µm,
the distortion rate of field strength is less than 20% and
hence volume effect dominates the breakdown process. The
breakdown strength of XLPE decreases with an increase in
sample thickness.

Moreover, the effect of space charge accumulation on the
long-term voltage-withstanding characteristics of XLPE is
not clear, and further studies in this regard will be carried out
in future.
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