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ABSTRACT Space charge is one of the main causes of electrical tree initiation in high-voltage cable
insulation. To investigate the influence of DC pre-stress on the space-charge distribution of cross-linked
polyethylene (XLPE), a two-dimensional needle-plate electrode model is established in this study. Based on
the bipolar charge-transport model, the space-charge distribution characteristics of the needle-plate electrode
model under DC pre-stress are simulated and analyzed. The space-charge distribution characteristics are
compared with that of the grounded DC electrical tree initiation properties. The work in this study illustrates
that the pre-stress time and value affect the space-charge distribution characteristics. There is a certain
relationship between space-charge distribution characteristics and electrical tree initiation characteristics.
The distribution range of the DC grounded electrical tree is very similar to that of space charge. Both have
a similar distribution shape and increased trend under different pre-stress times, and both have an obvious
polarity effect.

INDEX TERMS DC pre-stress, grounded electrical tree, space charge simulation, XLPE.

I. INTRODUCTION
With the rapid development of high-voltage direct-current
(HVDC) transmission, cross-linked polyethylene (XLPE)
cable has been widely used in new energy transmission,
submarine cable transmission, and other fields because of
its excellent electrical insulation performance and simple
construction technology [1].

Relevant studies have shown that the formation and devel-
opment of an electrical tree are the symptoms of cable insula-
tion deterioration, which seriously affects the safe and stable
operation of cables, and the accumulation of space charge is
the main cause of electrical treeing [2]. When space charge
is injected into the insulation material, the local electric field
will change.When the local electric field intensity is too high,
the insulation will deteriorate or even break down, forming a
dendritic discharge channel. The continuous development of
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an electrical tree can be considered as the process of space
charge penetrating into the dielectric along the tip of the
tree [3]–[5]. The influence mechanism of space charge on an
electrical tree is complicated. At present, the commonly used
theories are space-charge injection extraction theory, elec-
troluminescence theory, and thermal electron theory, among
others [6]–[8].

At present, a significant amount of research has been
done on the space-charge distribution characteristics under
DC voltage. It is generally believed that a large number of
homo-polar space charges will be injected into the insulation
under DC pre-stress to form a space-charge shielding layer.
Regarding extremely inhomogeneous electric fields, such as
needle-plate electrode systems, space charges of the same
polarity will homogenize the electric field at the tip of the
needle, resulting in a significant increase of electrical tree
initiation voltage [9], [10]. However, once stimulated by
the surrounding environment, such as temperature increase,
radiation, and sudden short-circuit grounding of the needle
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tip, the trapped space charge will de-trap quickly, releasing a
large amount ofmechanical electrical energy, and even lead to
material breakdown [11]. The polarization charge transport-
model proposed by Baudoin can well explain the process of
space-charge generation, transmission, trapping, and recom-
bination in a polymer under the action of steady-state uniform
electric field [12]. Liu et al. studied the initiation character-
istics of the electrical tree under DC-impulse voltage [13].
They believed that when the impulse voltage acts, the steady-
state space charge will be de-trapped and its movement will
be accelerated, resulting in the instantaneous breakage of
the molecular chain of the material at the tip of the needle,
and then the electrical tree is initiated. Wang et al. used
the bipolar charge-transport model to simulate and analyze
the space-charge distribution characteristics in samples under
DC pre-stress at different temperatures [14]. They pointed
out that the space-charge behavior under DC pre-stress was
closely related to the initiation and growth characteristics of
a DC-grounded electrical tree. Zhang et al. used the
pressure-wave propagation method to study the space-charge
distribution characteristics in polyethylene with different
insulation thicknesses [15]. The results show that the insu-
lation thickness is the main factor affecting the space-charge
characteristics.

When defects exist in DC cable, the extremely uneven
field near the defects will affect the space-charge distribu-
tion characteristics, and then affect the electrical tree char-
acteristics under DC voltage. At present, there are few stud-
ies on the influence of space-charge distribution in XLPE
under DC pre-stress in extremely uneven fields, and the
mechanism of the influence of space-charge distribution on
DC electrical tree initiation is not clear. Based on the bipolar
charge-transport model, a two-dimensional sample model
with needle inside was set up, and the space-charge distri-
bution characteristics of samples at ±20, ±40 and ±50 kV
under different pre-stress times were simulated. In this
study, the influence of pre-stress time of DC voltage on the
space-charge distribution characteristics under an extremely
inhomogeneous field was investigated, and the space-charge
distribution characteristics were compared with the initiation
characteristics of grounded electrical trees.

II. SPACE-CHARGE SIMULATION
A. BIPOLAR CHARGE-TRANSPORT MODEL
The bipolar charge-transport model considers that there exists
an obvious bipolarity for the transport of charge, and the
electrons and holes injected from the electrode are the
main source of carriers [16]. The principle of the model
is shown in Fig. 1. The model assumes that the charge
sources are the electrons and holes injected by the electrodes,
and the modulation effect of shallow traps on charge-carrier
mobility is characterized by effective mobility µ. The deep
traps are simplified to a single level, and the trapping pro-
cess of electrons and holes are characterized by trapping
coefficients Be and Bh, respectively. The recombination

FIGURE 1. Schematic of bipolar charge transport model.

phenomena of charge carriers are characterized by recombi-
nation coefficients S0, S1, S2 and S3. The conduction process
of the bipolar charge-transport model consists of four parts:
injection of electrons and holes from the electrodes, trapping,
de-trapping, and recombination. The injection of electrons
and holes follows the Schottky injection mode [14], and the
injection equations are expressed as follows:
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where subscripts h and e indicate holes and electrons, respec-
tively; A is the Richardson constant, 600 m2/C/s; wei and
whi represent the injection barriers between electrode and
insulating material, in eV, respectively; j denotes the current
densities; E denotes the electric field intensity, in V/m; K is
Boltzmann’s constant; T is the insulating temperature, in K;
e is the elementary charge; and ε is the permittivity of the
insulation material.

In the material, the transport process of injected charge car-
riers can be expressed by a conservative equation, transport
equation, and Poisson’s equation, respectively, as follows:

∂na(x, t)
∂t

+
∂ja(x, t)
∂x

= sa(x, t) (3)

ja(x, t) = µanaE(x, t) (4)
∂E(x, t)
∂x

=
ne + nh
εr + ε0

(5)

where subscript a represents the type of the charges;
na denotes the density of carriers; ja are the current densities;
ε0 and εr are the permittivities of the vacuum and dielectric
constant, respectively; sa is the source term, including seu, set ,
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shu and sht ; and µ is the effective mobility:
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)
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(6)

In (6), S0, S1, S2, and S3 are the coefficients of recombi-
nation; Be and Bh are the trapping coefficients of electrons
and holes, respectively; noet and noht are the densities of deep
traps for electrons and holes, respectively, De and Dh are
the de-trapping coefficients for trapped electrons and holes,
respectively; and subscripts eu, et, hu and ht represent mobile
electrons, trapped electrons, mobile holes, and trapped holes,
respectively.

B. ESTABLISHMENT AND SOLUTION OF MODEL
The bipolar charge-transport model has been widely used to
analyze the space-charge distribution under flat electrodes.
A one-dimensional model is not applicable to the problem
of space-charge distribution under a non-uniform electric
field. Therefore, a two-dimensional model of a needle-plane
electrode is established in this paper, and the influence of
DC voltage on space-charge distribution is analyzed based
on the bipolar charge-transport model. The curvature radius
of the needle electrode is 3 µm, the cone angle of the nee-
dle tip 30◦, and the distance between the needle tip and
plane electrode 2 mm. The DC voltages applied onto the
needle electrode are ±20, ±40, and ±50 kV, and the voltage
boost rate is 2 kV/s in the simulation. The plane electrode is
grounded reliably. The transient solution is used to simulate
and analyze the distribution of space charge in 3,600 s. The
solution is divided into two parts: one is the distribution
of electric field affected by space charge, and the other is
the distribution of space charge under the electric field. The
boundary injection of space charge satisfies (1) and (2),
the charge-transfer process satisfies (3)–(5), and the charge
density change of the non-conduction process satisfies (6).
Values of the material parameters needed in the simulations
were chosen in accordance with [14], [17], and [18]. The val-
ues of the material parameters are displayed in Table 1. The
simulation was completed using COMSOL Multiphysics R©.

III. SIMULATION RESULTS
The space-charge density from the tip of the needle to
the plane electrode was extracted as shown in Fig. 2.
Fig. 2 (a)-(c) shows the space-charge densities at differ-
ent locations of the sample at DC pre-stress amplitudes of
±50, ±40, and ±20 kV, respectively. The origin of abscissa
in Figs. 2 is the position of needle tip. Make a vertical line
from the needle tip to the flat electrode, and the distance

TABLE 1. Parameter settings of simulation process.

from the vertical line to the needle tip is the abscissa value.
In Figs. 2, Fig. 3 and Fig. 7, space charges are homo-polar
charges. It can be seen from Figs. 2 and 3 that the distribution
of space charge under DC pre-stress has an obvious polarity
effect, and the space-charge density and charge injection
depth under the positive polarity are smaller than those under
the negative. The space-charge density and charge injection
depth increase with the increasing pre-stress time under pos-
itive and negative DC voltages, but the growth rate gradually
slows and shows a significant saturation trend. The farther
away from the needle electrode, the lower the space-charge
density. Compared with (a), (b) and (c) in Figs. 2, it can
be seen that the space-charge density and injection depth
increase with increasing DC pre-stress amplitude. The space
charge density and injection depth are the largest at ±50 kV
and the smallest at ±20 kV.
As shown in Figs. 2(a) and 3, when the DC pre-stress value

is ±50 kV, the space-charge density at the tip of the needle
increase with the pre-stress time, but the density increasing
trend slows gradually, until finally becoming saturated.When
a DC pre-stress is applied, the homo-polar space charge is
continuously injected into the tip of the needle, and the den-
sity and distribution range of the charges gradually increase
over time. Most of the charges are trapped near the tip, form-
ing a space-charge layer, which can form a counter electric
field. The counter electric field weakens the electric field
intensity near the tip of the needle, which leads to the limita-
tion of space-charge accumulation and diffusion. In addition,
the counter electric field prevents the further injection of
space charge to a certain extent.With increasing space-charge
density, the electric field intensity of the counter electric field
increases gradually, and the inhibition ability of the charge
injection increases gradually, which leads to the decrease in
the growth rate of the space-charge density and finally to
saturation. The space charge saturates in different degrees
under the DC pre-stress of positive and negative polarity,
but the charge saturates more easily in negative polarity than
in positive polarity. The saturation of space charge under
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FIGURE 2. Simulation results of space charge density at each position.

negative DC pre-stress is easier to achieve than that under
positive DC pre-stress, which is related to the difference of
electron and hole motion.

As shown in Figs. 2(a) and 3, the distribution of space
charges has an obvious polarity effect. The space-charge

FIGURE 3. Variations in the maximum density of space charge at the
needle tip with time under different voltages.

density is larger and easier to reach saturation and the
space-charge injection depth is deeper under the negative
DC pre-stress. The difference in space-charge distribution
between positive and negative polarity may be caused by
the difference of electron and hole motion characteristics.
Compared with holes, electrons are easier to inject into the
medium, and the volume of the electrons is smaller, the aver-
age free path larger, and the mobility stronger [20]. There-
fore, under negative DC pre-stress, the space-charge injection
depth is deeper and the space-charge density larger.

Fig.3 shows the maximum space charge density at the
needle tip under different voltages. As can be seen from
Figs. 2 and 3, when the pre-stress values are ±50, ±40, and
±20 kV, the space-charge density and distribution range are
sequentially decreased under the same pre-stress time, and
the higher the voltage, the higher the space-charge increase
rate. The simulation results show that under DC pre-stress,
a large number of homopolar space charges are injected into
the insulation and thus accumulate near the tip. Most of the
space charges are trapped near the tip. When the pre-stress
value is high, the electric field near the needle electrode is
high, which easily leads to a large number of charge-carrier
injections. Therefore, when the pre-stress time is the same,
the space-charge density and distribution range at the nee-
dle electrode increase significantly with increasing pre-stress
DC voltage.

To further explore the influence of space-charge injection,
migration, and diffusion on the electric field intensity, the
electric field intensities under various voltages are shown
in Fig. 4. When DC pre-stress time is 1,200 s, the charge
basically reaches the steady-state distribution, and the electric
field intensity is similar to 3,600 s. Therefore, Fig. 4 com-
pares and analyzes the change of electric field intensity when
DC pre-stress time is 0s and 1200s under different voltages.
Fig. 4 shows that the electric field intensity at 1,200 s is
obviously smaller than that at 0 s. As can be seen in the
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FIGURE 4. Distribution of electric field intensity with position near needle
tip under different voltages.

figure, the electric field intensity at the tip of the needle
decreases with increasing DC pre-stress time under positive
and negative polarity DC voltage, and the higher the DC pre-
stress voltage, the greater the decrease of electric field inten-
sity. In addition, the electric field intensity of negative DC
voltage is significantly lower than that of positive DC voltage.
Studies have shown that space charge can effectively improve
the internal electric field distribution of the sample and
homogenize the electric field intensity. It can be seen from
Figs.2 and 3 that under positive and negative DC voltages,
with increasing DC pre-stress time and amplitude, the space-
charge density gradually increases. Therefore, the degree of
homogeneity of the electric field is gradually strengthened
by the homo-polar space charges, which makes the electric
field intensity decrease with increasing DC pre-stress time
and amplitude. In the same way, the electric field intensity of
the negative DC voltage is less than that of the positive one,
which is caused by the difference in the uniformity of space
charge to the electric field intensity.

IV. ANALYSIS AND DISCUSSION
To analyze the influence of space-charge accumulation on
the initiation characteristics of electrical trees, the simulation
results are compared with the grounded DC tree initiation
properties that are based on the grounded DC tree tests con-
ducted by our research team. Fig. 5 shows the influence of
DC pre-stress voltage on the initiation length of the grounded
DC trees [19]. The experimental methods details were dis-
cussed in [19] and [20]. The DC pre-stress values are ±20,
±22.5, ±40, and ±50 kV and the DC pre-stress times 10 s,
5 min, and 1 h.

As shown in Fig. 5, the initiated electrical tree length
becomes longer with longer pre-stress times.Moreover, when
the pre-stress amplitude and time are the same, the electrical
tree initiation length under negative DC voltage is signifi-
cantly longer than that of a positive one. Besides, when the

FIGURE 5. Relation between the grounded dc tree length and different
pre-stress times [19].

pre-stress DC voltage is larger, the electrical tree initiation
length increase trend is greater. This trend is quite similar
to that of space charge shown in Fig. 3, indicating that there
may be a relationship between the space charge and initiation
properties of the grounded DC tree.

To investigate this relationship, the electrical tree distri-
bution characteristics are compared with those of the space
charge. As the randomness of the initiation characteristics of
the electrical tree is quite large, a single electrical tree cannot
reflect the distribution range of the electrical tree. Therefore,
a set of DC grounded electrical trees (more than 30 samples)
are superimposed, as shown in Fig. 6. To some extent, this can
reflect the distribution range of the DC grounded electrical
tree. Then, the simulated distributions of space charge near
the needle tip under DC pre-stress are compared with the
distribution of the electrical trees. Due to the length of the
manuscript, only 10 s and 5 min of pre-stress times with
pre-stress voltages of ±40 and +50 kV are shown in Fig.6.
A dotted line is used to represent the distribution range of
the electrical trees. Fig.7 shows the simulated space-charge
distribution under the same voltage and pre-stress time. The
influence of pre-stress time on the electrical tree distribution
range can be obtained by comparing the electrical tree stack-
ing chart under the DC pre-stress time of 10 s and 5 min. The
influence of voltage polarity on the electrical tree distribution
range can be known by comparing the electrical tree stacking
chart under ±40 kV DC pre-stress. The influence of DC
pre-stress amplitude on the electrical tree distribution range
can be obtained by comparing the electrical tree stacking
chart under+40 kV and+50 kV DC pre-stress. The abscissa
and ordinate in Fig. 7 represent the geometric distance from
the needle tip; that is, the needle tip is taken as the origin,
and the units of the abscissa and ordinate are millimeters.
Comparing Fig. 6 with Fig. 7, we can find that the distribution
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FIGURE 6. Electrical tree stacking chart.

range of the DC grounded electrical tree is very similar to
that of space charge. Both have a similar distribution shape
and increase trend under different pre-stress times. Therefore,
the distribution characteristics of the DC grounded tree may
be used to qualitatively analyze the space charge distribution
near the needle tip under DC voltage.

To further determine the relationship discussed above,
the relationship of the length of DC-grounded electrical tree,
and the injection depth of simulated space charge was ana-
lyzed, as shown in Fig. 8. In the calculation of space-charge
injection depth in Fig. 8, the charge-density threshold
is 0.7 C/m3. It can be seen from the figure that the increase
trends of the two parameters were quite similar; that is,
at the beginning, both parameters increase rapidly, and then
the increase trend slowed and gradually saturated. These
results show that there is a certain relationship between
the space-charge injection depth and length of the electrical
tree. References [21] and [22] show that space-charge injec-
tion depth can effectively affect the electrical tree initiation
length. However, the qualitative relationship between the
space charge characteristics and the electrical tree character-
istics is not given in this paper. The quantitative relationship
and theoretical analysis between the two is also a direction
worth exploring in the future.

When DC voltage is applied, a large number of homo-polar
charges are rapidly injected into the material from the needle
tip. Some of the charges are trapped by the shallow traps
near the tip. Because the energy level of the shallow traps
is small, the charges de-trap and continue to move towards
the interior of the medium. Some of the charges are trapped

FIGURE 7. Simulated space-charge results. (The abscissa and ordinate
represent the geometric distance from the needle tip; that is, the needle
tip is taken as the origin; and the units of the abscissa and ordinate
are mm.)

FIGURE 8. Variation of tree length and maximum space-charge depth at
defects with time at ±40 kV.

by the deep traps in the medium. Because of the high energy
level of the deep traps, the trapped charges are difficult to de-
trap, so the space charges are accumulated in themedium. The
accumulated space charge forms a space-charge layer. Since
the electric field intensity at the tip of the needle is weakened
by the space-charge layer, the further diffusion and accumu-
lation of space charge are limited, so the space-charge density
shows a significant saturation trend with increasing pre-stress
time. At the same time, the injected space charge will form
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a counter electric field on the electrode. With increasing
space-charge density, the electric field intensity of the counter
electric fieldwill increase gradually, which restrains the space
charge injection and makes the space-charge injection rate
decrease gradually with increasing time and finally reach
equilibrium. Once the needle tip is stimulated by external
factors, such as a sudden short-circuit, the trapped charge
will quickly de-trap and release a significant amount of
energy. If the energy is high enough, the molecular struc-
ture of the material near the needle tip will be destroyed,
forming an electrical tree discharge channel [10]. Accord-
ing to space-charge injection-extraction theory [20], in the
DC pre-stress stage the amount, injection depth, distribution
range, and other factors of the space charge accumulated at
the front of the needle tip will directly affect the process of
space-charge de-trapping after the needle tip is stimulated by
the external environment. As the pre-stress time increases,
the space charge migrates and diffuses continuously, which
leads to the differences in the length and shape of the initiation
of the electrical tree.

V. CONCLUSIONS
Based on a simulation study, the influence of DC pre-stress on
space-charge characteristics is analyzed in this study. In addi-
tion, the relationship between the length of the grounded
DC tree and space-charge distribution under different
DC pre-stress voltages and times is further revealed. The
relevant research conclusions are the following:

1) The pre-stress time and value affect the space-charge
distribution characteristics.When the DC pre-stress voltage is
applied, the amount of space charge near the needle electrode
and the range of charge distribution increase slightly with
increasing pre-stress time, but the increase trend gradually
decreases and shows a significant saturation trend.

2) The distribution of space charge has an obvious polarity
effect. When the pre-stress time and amplitude are the same,
the space-charge density and distribution range of negative
DC pre-stress are larger than those of positive DC pre-stress,
and the charge is more easily saturated under the negative
polarity.

3) A relationship exists between space-charge distribution
characteristics and electrical tree initiation characteristics.
The distribution range of the DC grounded electrical tree is
very similar to that of space charge. Both have a similar distri-
bution shape and an increase trend under different pre-stress
times. Therefore, it is believed that the electrical tree initiation
length can be influenced by the space charge density and
injection depth.

4) When space charge is difficult to measure, the distri-
bution of the electrical tree can be used to approximately
evaluate the space charge distribution characteristics.
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