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Abstract - The dynamic behavior of space charges is
one of the potential factors that cause electrical aging.
In this paper, a bipolar space charge transport model
was established under an AC electric field in cross-
linked polyethylene. The effects of physical parameters
on the dynamic behavior of space charges in an AC
electric field were explored by changing the injection
barrier heights, mobilities, trapping coefficients, and
detrapping barrier heights of positive and negative
charges. The effects of voltage conditions on space
charge behavior were explored by changing the
amplitude and frequency. The effects of temperature
were studied by setting a temperature gradient similar
to that of real cable operation. The asymmetry of the
physical parameters could seriously aggravate the
accumulation of space charges in the AC field. A set of
physical parameters based on these results was
identified. Both the increase in voltage amplitude and
decrease in frequency enhanced the amount and
penetration into the insulation in the accumulated
space charge. The dynamic behaviors of the space
charges were more active with increased voltage
amplitude and frequency. The temperature gradient in
the cable insulation implies that the degree of
accumulation, penetration into material, and activity of
dynamic behaviors of the space charges at the warmest
electrode are greater than those at the coldest.
Compared with the DC field, the dynamic behavior of
space charges in the AC electric field is more active
and releases more energy. This research provides a
theoretical basis for inhibiting the accumulation of
space charges in an AC electric field.

Keywords: ac electric field, cross-linked polyethylene,
space charge, physical parameters, accumulation
characteristics, dynamic behaviours

1. Introduction

Cross-linked polyethylene (XLPE) insulated cables are
widely used in transmission and distribution systems of
urban power grids owing to their excellent electrical
properties. Under the long-term effects of electrical, thermal,
and mechanical stresses, discharges may appear in XLPE
insulation and ultimately break down, causing threats to the
safety of the power grid. Electrical treeing is a common form
of cable insulation failure, and many studies have shown that
the dynamic behavior of space charges is a significant factor
in the occurrence of aging through electrical treeing.>? Space
charges generated through injection at the electrodes or
internal ionization led to the local electric field distortion
upon accumulation. Moreover, the interaction of charges
with the host material through trapping, detrapping, and
recombination is accompanied by the release of energy,
which may lead to irreversible changes in the chemical
properties or physical structure of the polymer.® Therefore, it
is necessary to investigate the dynamic behavior of space
charges in cable insulation.

Since the invention of space charge measurement
methods, space charge characteristics in insulating materials
have been widely studied under direct current (DC) electric
fields.*® Parallel investigations under alternating current
(AC) stress are rare because a net charge is not formed as
easily as under DC stress, and the implementation of such
tests with phase-resolved space charge patterns is more
complex. With the development of phase-matching
technology, some researchers have reported on the space
charge accumulation function of the stressing time under
AC. The evolution of the neat space charge as a function of
aging time under an AC electric field was revealed by
applying a method called all-phase averaging to eliminate
the polarized charges that change with the voltage phase.”®
The accumulation of space charges under an AC field is
lower than that existing under a DC field. However, in the
long-term operation of the cable, the density of the space
charges gradually increases, which may still affect the
insulation performance of the cable. Currently, there is no



consensus on the mechanism of space charge accumulation
under an AC electric field. Therefore, it is necessary to
comprehensively investigate the factors influencing space
charge accumulation under an AC electric field.

Polymer molecular bonds can be broken and
reconstructed through energetic processes induced by the
charges, representing a possible triggering step to electrical
treeing.® Several studies have shown that the dynamic
behavior of space charges is often accompanied by the
release of energy.>'%*2 Such energy exchanges, which can
alter the chemical properties of polymer molecules and
degrade the material, can occur near the interfaces during the
injection and extraction of charges.? Additionally, the energy
released by the recombination of charges near the two
electrodes can cause electroluminescence and degrade the
polymer.!! The polarization energy released during repetitive
charge trapping and detrapping could trigger degradation and
electric treeing.'? Therefore, it is necessary to explore the
energy conversion during the dynamic transport of space
charges. However, hitherto, only qualitative arguments have
been primarily made; there appears to be a lack of
quantitative approaches.

The charge transport processes are affected by the
physical structure and chemical properties of the material, in
addition to the voltage conditions and the operating
environment of the cable. Actions on barrier height to
injection, trap density, and trap energy substantially affect
the charge migration.’® The injection and migration of
charges are closely related to the strength of the electric field,
while processes such as trapping are not; there are also
differences between the motion mechanisms of positive and
negative charges. The presence of a temperature gradient and
the nature of the electrode aradditional factors affecting the
behavior of the cable insulation under operating DC stress.
These charge driving mechanisms in dielectrics also appear
to play a role under AC stress. However, a comprehensive
understanding of their influence is not available.

The dynamic behavior of space charges is complex; while
the experimental measurement is able to aid the
determination of the density change and position of neat
space charge distributions, it cannot directly resolve the
microscopic processes of generation and transport. To
explore the dynamic transport process of space charges and
the effect of charge interaction on charge accumulation, a
simulation model must be established and compared with the
experiments. A bipolar charge transport model was proposed
by Alison and Hill*®, considering charge injection,
migration,  diffusion,  trapping, detrapping, and
recombination. The model was refined, and the influence of
external conditions during operation under a temperature
gradient and electric field gradient has been investigated.'6
A bipolar space charge transport model with different
electric fields and temperatures can be used to simulate the
real operation of the cable. However, in different studies, the
charge parameters varied greatly. Therefore, it is necessary
to explore the effects of different physical parameter values.

To sum up, one of the innovations of this paper is to set
up asymmetrical physical parameters reasonably to make
simulation and experiment consistent. On this basis, the
quantitative analysis of charge density and energy density of
trapping, detrapping, and recombination with different
parameters and environmental conditions is another
innovation of this paper. To achieve the above two points, a
bipolar charge simulation model of an XLPE cable under an
AC electric field was established. The effects of the physical
parameters on the space charges dynamic behaviors are
investigated by changing the mobility, injection barrier
height, trapping coefficient, and detrapping barrier height.
Moreover, the applicability of the model in an AC electric
field was verified by comparing it with the experimental
results. The dynamic transport process of space charges
under different operating conditions of the cable was
explored by changing the amplitude and frequency of the AC
voltage. Finally, the effect of temperature on the dynamic
behavior of the space charge is studied by setting the
temperature gradient.

2. Space charge transport model

2.1 Transport mechanism of bipolar space charge
transport model

The bipolar space charge transport model assumes that
there are four types of charges in the insulating material. The
exchange mechanisms that are considered herein are shown
in Figure 1.
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FIG.1. Elementary processes considered in the bipolar charge
transport model.

The model assumes that the free electrons and free holes
originate from the injection of two electrodes, ignoring the
charge generated by the internal ionization of the material.
The charge injection process follows the Schottky rule.t’
£ |eE )
kT \|4me

where subscripts e and h refer to electrons and holes,
respectively; A is the Richardson constant; T is the absolute
temperature; e is the elementary charge; ¥ is the barrier
height to injection; k is the Boltzmann constant; E is the
electric field; and ¢ is the dielectric constant.
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The charges need to overcome different potential barriers
according to the electric field strength to be extracted,'” as
follows:

Joe = _abs(_e#eneE —D.Vn,) (2)
Jon = —abs(eupnpE — DpVny) 3)

Here, u is the mobility, n is the charge density, and D is
the diffusion coefficient. There is an Einstein relation
between diffusion coefficient and mobility, as follows:

De,h = (kT/e)/ie,h (4)

The physical or chemical defects that exist in polymer
materials form many traps in the interior of the medium. Free
charges can be trapped to become bound charges.
Concurrently, bound charges are stimulated by thermal
energy and detrapping. The dynamic behavior of the charges
involving migration, diffusion, trapping, detrapping, and
recombination in an insulating material can be described by
the conduction equation, Poisson equation, and current
continuity equation.t’

Conduction equation:

]e/h = :“e/hne/h(x' t)E(x: t) = ve/hne/h (5)

Poisson equation:

2y = 0%V (x,t) _ k) ©)
dx? £
E=-VV (7
Current continuity equation:
on,(x,t aJ,(x,t
aa(t )+ ]aa(x )= Sq(x, t) (8)

Here, p(x) is the net charge density of four types of space
charges at position x; Ja is the current density of free
electrons and holes; u is the mobility of the free charges; v is
the velocity of free charges; and n, is the density of a given
type of charge.

Now, s, on the right side of Equation (8) is the source
term, meaning that, excluding the density changes caused by
the injection, migration, and extraction of space charges,
only the density changes caused by the recombination,
trapping, and detrapping of space charges are considered.
The details are as follows.
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where S, Sh, Set, and Spt are the change rates of the density
of four kinds of charges, respectively, caused by
recombination, trapping, and detrapping. Moreover, ne, n,

Npt

Net, and npe are the densities of the four kinds of charges,
respectively; R is the recombination coefficient between the
charges; neer and none are the deep trap densities of the
electrons and holes, respectively; T.and Ty are the electron
and hole trapping coefficients, respectively; v is the
detrapping rate; Y. and P are the barrier heights of the
bound electrons and holes, respectively.

2.2 Parameters setting and simulation conditions

The values of the recombination coefficient, trap density,
and detrapping rate are consistent in most literatures.'82
However, the values of injection barrier height, detrapping
barrier height, mobility, and trapping coefficient are quite
different in different studies. These four parameters are
related to the physical structure and chemical properties of
the material. However, the processing technology, aging
degree, trap, air gap, impurities, and other factors will affect
the test results of the parameters. Therefore, only a relatively
reasonable value range of these four parameters can be
obtained through experimental tests, and it is difficult to
obtain accurate values. In different simulation studies, the
values of these four parameters differ greatly. Some of these
parameters even differ by orders of magnitude. According to
previous studies, the value range of each parameter can be
obtained. The injection barrier height ranges from 1.1 eV to
1.27 eV.'®24 The detrapping barrier height is in the range of
0.90 eV to 0.99 eV.1820.2224 The magnitude range of the
mobility value is 102 m2V-1s to 1012 m2\y/-1s1,1518-23.25 The
trapping coefficient ranges from 0.007 st to 0.2 s1.1518-24
Reasonable values taken from these ranges are listed in Table
1, and are considered as default values.

The XLPE insulation sample slice of 230 um thickness
was resolved as a one-dimensional simulation model using
finite element software. The grounding point was at 0 um,
and the sinusoidal AC voltage was applied at 230 um:
V(t) = Vysin(2mft). The considered peak voltage is VO =
8.0 kV and the frequency is f = 50 Hz. The temperature was
293 K. The model was resolved after 60 min of voltage
application.

Table 1. Setting of symmetrical parameters used in the
simulations.

Parameters Values

Y (Injection barrier height) 1.2eV

Yer ne (Detrapping barrier height) 0.97 eV

Ue n (Mobility) 2x1012 m2v-ist
T, »(Trapping coefficient) 0.1s?

Rent eth,eche(Recombination coefficient for | 4x10-° m*C-1st
other than between free electrons/holes)
R, n(Recombination coefficient between 0

free charges)

Noet,ont (Trap density) 5.9x102° m-3
D, (Diffusion coefficient) 5.05x10* m%/s
v (Detrapping rate) 6x101? 51

& (Relative permittivity) 2.3




3. Influence of physical parameters on the dynamic
behavior of space charge

3.1 Dynamic behavior of space charges with
symmetrical parameters

A bipolar space charge transmission model with
symmetrical parameters under the AC electrical field was
calculated, and the curve of the space charge density at the
phase of 0° within 60 min was obtained, as shown in Figure
2. When the model parameters are symmetrical, there is no
apparent accumulation of space charges under the AC field.
The space charge density at the two electrodes remains
extremely low, at approximately 1.1x10- C/m3, and does not
increase gradually with time. Take the upper electrode
(230um) as an example. Positive charges are injected during
the positive half-wave, while negative charges are injected
during the negative half-wave, and positive and negative
charges will recombine. When the physical parameters of
positive and negative charges are equal, the densities of
positive and negative charges are equal, so the two almost
completely recombine and it is difficult to accumulate. But
this is not consistent with the phenomenon of the space
charge accumulation measured experimentally. Space
charge will accumulate slowly under the AC field, which is
consistent with the actual situation of cable. In order to
explore the reason why the space charges with symmetrical
parameters do not accumulate, the space charge densities of
trapping, detrapping, and recombination were quantitatively
analyzed.

n)

Charge Dansity(C

Wmin)

Posibon{um)
FIG. 2. Accumulation of space charges with symmetrical
parameters at a phase of 0° within 60 min of stressing.

The space charge densities of trapping, detrapping, and
recombination in an AC cycle are shown in Figure 3. The
quantities that are plotted represent the total charge involved
in the processes for one period of the AC stress, which is
calculated by integrating the rate of behaviors, using the
following equations, and the Figure 13. Figure 20. Figure
22, and Figure 23 are also derived from these.

Net/ht
Ntrapping = Z f Te/hne/h <1 - m) dt (13)
—Yet/h Net/h
nde—t‘rapping = Z f v exp( ;;/ t)net/ht ﬁdt (14)

Nyecombination = Z f Reh/eht/eth/ethtne/h/et/htne/h/et/ht dt
(15)
The space charge processes are more active near the
electrodes, while the space charge density is almost zero in
the middle of the material. The maximum space charge
density involved in trapping near the electrode interface is
9.9x10°% C/m3. Moreover, the space charge density involved
in detrapping is three orders of magnitude lower; meanwhile,
the space charge density involved in recombination is
1.17x10-°C/m3, which is slightly higher than that of trapping.
This is because, besides the bound charges, fewer free
charges recombine with the bound charges with opposite
polarity.
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FIG. 3. Space charge densities involved in trapping, detrapping,
and recombination in a voltage cycle (0.02 s) within 60 min with
symmetrical parameters.

As shown in Figure 3, a few bound charges are detrapped,
and most of them disappear through recombination.
Therefore, an important reason for the non-accumulation of
space charges with symmetrical parameters is that the space
charges injected in the positive half wave of voltage are
extracted or recombined in the negative half wave of voltage.
However, several studies have found that the movement
mechanisms of positive and negative space charges are
different.2>2 Specifically, the efficiency of injection,
trapping, detrapping, and the migration speed are not exactly
identical, which may lead to a remnant of space charge in the
insulation after a period of voltage application. This is an
important reason for the accumulation of space charge
during the long-term operation of the cable. Therefore, to
explore the influence of asymmetrical physical parameters
on space charge accumulation, it is necessary to set the
injection barrier, mobility, trapping coefficient, and
detrapping barrier of positive charges apart from those of
negative charges.

3.2 Influence of the asymmetry of physical
parameters on the dynamic behavior of space
charges

The influence of each parameter on charge dynamic
behavior is judged from two aspects. The first is the process
of charge accumulation, as shown in Figure 4, 6, 8 and 10.
The other is maximum space charge density of trapping,
detrapping, and recombination in the direction of thickness



in one voltage period (0.02 s) after 60 min of applying
voltage, as shown in Figure 5, 7, 9 and 11.

3.2.1 Injection barrier.

The injection barrier determines the efficiency of the free
electron and hole injection from the electrodes. Here, the
injection barrier of the free electrons is maintained as 1.2 eV,
while that of the free holes is set as 1.19 or 1.21 eV. The
other parameters, voltage, and simulation conditions were
the same as those of the symmetrical model. The
accumulation process of the space charge within 60 min is
shown in Figure 4. When the injection barrier of the free
holes was lower than that of the free electrons, positive
charges accumulated at the two electrodes. When the
injection barrier of the free holes was higher than that of the
free electrons, negative charges accumulated. This was
because space charges with a relatively lower injection
barrier were more easily injected into the material.
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FIG. 4. Space charge profiles for a phase of 90° as a function of

time of voltage application for an injection barrier of free electrons
of 1.2 eV and injection barrier of free holes of 1.19 or 1.21 eV.

As the injection barrier of the free holes increased, the
density of the space charge involved in trapping and
recombination decreased owing to the decrease in the
injected charge amount, as shown in Figure 5. The
asymmetry of the injection barriers led to a decrease in the
detrapping charge density. When the injection barrier of the
free holes was at its highest level, the space charge density
of the detrapping was the lowest.

3.2.2 Mobility.

Mobility mainly affects the migration of free charges in
the material. The mobility of free electrons is maintained at
2x1012 m?V-1st, while that of free holes is set as 1x1072 or
3x102 m?V1sl The other parameters and voltage
conditions remained unchanged. The accumulation process
of the space charge within 60 min is shown in Figure 6.
When the mobility of free holes was lower than that of free
electrons, positive charges accumulated near the electrode
interface, and the negative charges accumulated at 4-8 um
from the electrodes. For higher hole mobilities for electrons,
negative charges accumulate near the electrode interface,
and positive charges accumulate deep in the materials. This

is because the space charges with higher mobility can
migrate deeper into the material and offer a lower probability
of being recombined, resulting in the accumulation of space
charges with higher mobility at the depth of the material.

The asymmetry in the mobility of the positive and
negative free charges decreased the space charge densities of
trapping and recombination, as shown in Figure 7. When the
mobility of free holes was at its maximum, the space charge
densities of trapping and recombination were at their
minimum levels. The space charge of trapping decreased
with an increase in the mobility of free holes.
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FIG. 5. Relationship between the maximum space charge density
of trapping, detrapping, and recombination in the direction of
thickness and the injection barrier of free holes in one voltage
period (0.02 s) after 60 min of applying voltage.
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3.2.3 Trapping coefficient.

The trapping coefficient reflects the ability of traps to
capture free charges. The trapping coefficient of the free
electrons is maintained at 0.1 s%, while that of the free hole
is set as 0.05 and 0.15 s. The other parameters are set to
default values. The accumulation of space charges within 60
min is shown in Figure 8. When the trapping coefficient of
the free electrons is greater than that of the free holes,
negative charges accumulate at the two electrodes. When the
trapping coefficient of the free electrons is lower than that of
the free holes, positive charges accumulate at the two
electrodes. Charges with a higher trapping coefficient are
more likely to be captured by the traps near the electrodes,
limiting migration to the interior of the material.
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FIG. 8. Space charge density profiles with trapping coefficient of

free electrons of 0.1 s and trapping coefficient of free holes of 0.05
or0.15 s,

As the hole trapping coefficient increased, the space
charge density of trapping and recombination increased, as
shown in Figure 9. More free charges were captured by the
traps after being injected and recombined with charges of
opposite polarity. The asymmetry between the trapping
coefficients of the free electrons and holes increased the
space charge density of detrapping. When the trapping
coefficient of the free holes was at its highest, the space
charge density of detrapping was similarly at its highest.

3.2.4 Detrapping barrier height.

The detrapping barrier heights are the depths of the traps
that can capture free charges. It represents the energy needed
for the bound carriers to escape the traps when they are
occupied. The detrapping barrier height of the bound
electrons was set as 0.97 eV, and that of the bound holes was
set as 0.95 or 0.99 eV. The other parameters remained
unchanged. The accumulation of charges within 60 min is
shown in Figure 10. The positive charge density decreased,
and the negative charge density increased near the two
electrodes with a decrease in the detrapping barrier of the
bound holes. This was because charges with a higher
detrapping barrier have more difficulty in escaping from the
traps. Therefore, when the charges are injected from the
electrodes and captured by the traps, the charges with a lower
detrapping barrier are able to escape easily and migrate

internally; meanwhile, the charges with higher detrapping
barriers are captured near the electrodes and gradually
accumulate. However, owing to the relatively small number
of charges that are excited, the asymmetry of the detrapping
barrier heights has a relatively low effect on the neat charge
accumulation. The asymmetry of the detrapping barrier
heights leads to a decrease in the space charge density of
trapping and recombination, as shown in Figure 11. The
space charge density decreased with an increase in the
detrapping barrier height of the bound holes.
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FIG. 9. Relationship between the space charge density of trapping,
detrapping, and recombination in the direction of thickness and the
trapping coefficient of free holes in one period (0.02s) after 60 min

of applying voltage.
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0.99 eV.
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period after 60 min of applying voltage.



3.3 Dynamic behavior of space charges with fully
asymmetric physical parameters

The asymmetry of physical parameters, such as the
injected barrier, mobility, trapping coefficient, and
detrapping barrier of space charges, led to differences in
density, migration velocity, trapping, and detrapping density
of positive and negative space charges. The mechanism of
space charge accumulation under an AC field was the cause
of the interaction of multiple physical parameters. Therefore,
it was necessary to set multiple asymmetrical physical
parameters simultaneously. Referring to the simulation study
of asymmetrical parameters in the DC electric field and the
experimental results in the AC electric field, the
asymmetrical parameters of space charges were set as shown
in Table 2.253! Other parameters remain unchanged.

Table 2. Setting of asymmetrical parameters.

Parameters Value
Y. n/eV (Injection barrier height) 1.19,1.21
Yerne/eV  (Detrapping  barrier 0.95, 0.97
height)
te,n/(mM?*V"1s™1) (Mobility) 3x10%2,
1x10%?
T,n/(s™1) (Trapping coefficient) 0.05,0.1

The accumulation of space charges within 60 min with
asymmetrical parameters is shown in Figure 12. The positive
space charges gradually accumulated near the electrode
interface (0-1 um), while the negative space charges
gradually increased with time in the insulation (1-8 um).
Compared with the symmetrical parameters, the space
charge densities of trapping, detrapping, and recombination
all decreased, as shown in Figure 13.

In particular, the charge density of recombination was
2.92x10% C/m3, which was slightly lower than that of
trapping. This indicates that some of the bound charges did
not participate in the recombination, but remained in the
insulation, which is an important reason for the accumulation
of space charge under asymmetrical parameters.

To verify the reliability and applicability of the model
with asymmetrical parameters, it is necessary to compare the
simulation with the experimental results. The space charge
measurement method under AC electric field has already
been reported in our past work® and only a brief outline is
given here. In order to ensure that the conditions of the
experiment and simulation are consistent so that the
experimental and simulation results are comparable, the
XLPE cable insulation was cut into samples with a thickness
0f 230 pum and an area of 45 x 45 mm?. An AC electric field
of 50 Hz and 35 kV/mm (RMS value) was then applied to
the slices for 6 h. The space charges were measured through
the space charge measurement system based on the pulsed
electro-acoustic method (PEA). Then the results were
processed using the all-phase average method to filter out the
interface polarization charges that change periodically with

the voltage phase. The remainder is the gradually
accumulating space charge injected by the electrodes.
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FIG. 12. Accumulation of space charges with asymmetrical
parameters within 60 min calculated by simulation.
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FIG. 13. Space charge densities of trapping, detrapping, and
recombination in a voltage cycle (0.02 s) within 60 min with
asymmetrical parameters calculated by simulation.

The obtained accumulation rule of the space charges in
the AC field is shown in Figure 14. As the upper electrode
(230um) is far from the piezoelectric sensor used to measure
the signal, the signal attenuated. The positive charges at the
upper electrode (230um) are difficult to be fully restored. But
the presence of positive charges can still be seen from the far
right of Figure 14. In addition, the charge accumulation
distribution of the upper electrode and the lower electrode is
symmetrical under the AC electric field theoretically, so the
charge accumulation of the upper electrode (230um) can be
obtained through the charge distribution of the lower

electrode (Oum).
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FIG. 14. Accumulation process of space charges within 6 h

measured by experiment.



That is, the positive charges accumulate near the two
electrodes, while the negative charges accumulate slightly
away from the electrodes. Although the simulation time was
shorter than the experimental measurement time and the
simulated space charge density was lower, the accumulation
rules of positive and negative charges were consistent. It can
be predicted that, when the simulation time is extended, the
amount of space charges will increase, and the distance into
the insulation will deepen gradually. Therefore, by
comparing the simulation and experiment, it can be verified
that the model with asymmetrical parameters is reasonable
and feasible.

4. Influence of voltage conditions on the dynamic
behavior of space charges

The amplitude and frequency of the AC voltage affect the
injection, extraction, migration speed, and distance of space
charges. The voltage amplitude evidently affects the amount
of injected charges and their velocity. Changing the
frequency will affect the number of stress periods as well as
the drift time for charges in one period. The analysis of these
effects is based on the model with asymmetrical parameters.
Figure 15 shows the accumulation of space charge for 60 min
with different amplitudes of AC voltage. The voltage
frequency remained at 50 Hz. As the peak voltage rose from
6.0 to 8.0 kV, and subsequently, to 10.0 kV, the maximum
density of positive space charges rose from 0.17 to 0.37
C/m3, and finally, to 0.54 C/m3. The maximum density of
negative space charges increased from 0.05 to 0.1 C/m3, and
finally, to 0.13 C/m3. The distance of the space charges into
the material increased from 10 to 18 um, and finally, to 26
um. Finally, the increase in voltage amplitude enhanced the
charge velocity and the accumulation distance into the
material.

Figure 16 shows the relationship between the dynamic
behavior of the space charges and the voltage amplitude.
With the increase in voltage amplitude, the space charge
densities of trapping, detrapping, and recombination
increased almost linearly because of a larger amount of
injected charges.

Figure 17 shows the accumulation of space charges with
different AC voltage frequencies within 60 min. The voltage
amplitude remained at 8.0 kV. Figure 17 shows that, as the
voltage frequency rises from 40 to 50 Hz, and then, to 60 Hz,
the maximum density of positive space charges dropped
from 0.39 to 0.37 C/m3, and finally, to 0.31 C/m3. The
maximum density of negative space charges dropped from
0.11 to 0.1 C/m3, and then, to 0.08 C/m3. The distance of the
space charges into the material decreased from 25 to 18 pm,
and finally, to 12 um. Meanwhile, the increase in the voltage
frequency attenuated the accumulation and distance into the
material of space charges. The change in the charge density
of trapping, detrapping, and recombination increases with
frequency, as shown in Figure 18. But this change is
nonlinear, the higher the frequency, the greater the impact of
the change in frequency.
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FIG. 15. Accumulation of space charge within 60 min with
different AC voltage amplitudes.
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With the increase of frequency, though the charge
accumulation decreases, the charge dynamic behaviors
become more active. In the insulation medium of AC
cables, the charge accumulation is small, but the
alternating direction of the electric field leads to active
charge dynamic behaviors. Therefore, the charge dynamic
behavior accompanied by energy release plays a dominant
role in the insulation deterioration of AC cables. Hence,
more active charge behavior is one of the important
reasons for insulation deterioration under high frequency
conditions.

5. Influence of temperature gradient on dynamic
behavior of space charges

When the high-voltage cable is in normal operation, the
conductor temperature is higher than the ambient
temperature of the cable, owing to Joule losses. Hence, the
insulation was subjected to a temperature gradient. To
account for this feature, the temperature of the high-voltage
electrode (at a position of 230 um) was set at 303 K, and that
of the ground electrode (0 um) was set at 293 K. The bipolar
charge model was resolved under this temperature gradient,
and the accumulation process and distribution of space
charges in the insulation within 60 min were obtained, as
shown in Figure 19. The amount of accumulated charge and
their distance into the material at the high-voltage electrode
were much greater than those at the ground electrode. This
was because the higher temperature intensified the dynamic
processes of charge injection and migration, which increased
the degree of space charge accumulation. Notably, in the
model considered here, the two processes (injection and
detrapping) are temperature dependent, while the trapping
and recombination coefficients are temperature independent.

Figure 20 shows the space charge density profiles under
this temperature gradient. The charge amount involved in
trapping, detrapping, and recombination at the higher
temperature electrode was much higher than that of the
colder electrode. Moreover, the space charges involved in
recombination were less than those involved in trapping,
leading to the accumulation of bound charges. Therefore, an
increase in temperature will increase the activity of the space

charge dynamic behavior.
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FIG. 19. Accumulation process of space charges under
temperature gradient within 60 min.
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6. Discussion

6.1 Field distortion in the insulation

The accumulation of space charges led to a serious local
electric field distortion in the polymer. An extremely high
electric field can trigger the growth of structural defects,
followed by partial discharges and failure. Therefore, we
focused on the effect of charge accumulation on the local
electric field distortion.

We consider the space charge data obtained with
asymmetrical parameters, as shown in Figure 12. The peak
value of the AC field was 35 kV/mm, and the frequency was
50 Hz. When the amplitude of the applied voltage was zero,
that is, when the intensity of the applied electric field was
zero, the accumulated positive and negative charges
generated an additional electric field inside the insulating
material, for a stress time of 60 min, as shown in Figure
21(a). The maximum value of the additional electric field
was 2.96x10* V/m, and the additional electric field at the two
electrodes is in opposite directions, pointing to the interior of
the insulation from the electrode interface.

Depending on the phase of the AC stress, the additional
electric field either strengthens or weakens the total field.
The electric field at the ground electrode (cathode) was
weakened in positive half wave, while that which was found
at the high voltage electrode (anode) was enhanced, as
shown in Figure 21(b). The situation was reversed in the
negative half wave, as shown in Figure 21(c).

As the stressing time increased, the accumulated space
charge gradually increased, such that the distortion degree of
the electric field also increased. When the local electric field
exceeds a certain threshold, irreversible damage, such as
partial discharge or electric trees inside the medium, will be
produced. Moreover, the enhancement of the local electric
field will affect the dynamic behavior of the charges in the
materials, such as injection and migration, strengthen the
collision by free electrons, and possibly produce ionization.
As a side effect, an increase in the temperature of the medium
may occur, which will have a detrimental effect on the
insulation properties of materials. For these subsequent



processes, the energetic aspects of charge exchange need to
be considered.

3.00x10%1 2.96X10*
2.00x10%1
1.00x10*

0.00-
-1.00x10%1
-2.00%10%1

-3.00%x10%4

Electric Field (V/m)

-2.96X 10”“\

150
Position (um)

(@)

100 200 250

=-3. 48%107+ [Cathode]
> -3.48x107
=-3.48x10’
2 -3.48x107
w
‘©-3.49x107
+-3.49%x107
{1 -3.49%107
-3.49x1074

3. 482X 107
Weaken

3.487X ]()’N

Enhance
200

250
(b)
Cathode

Weaken X \

- 482X lO

0 50 100 0
Position ( um%

Anode

3.487 X107
\ \Enhance

Posmon (um)
(©
FIG. 21. Electric field profiles at different phases of the AC stress,
accounting for the space charge effect. (a) Zero crossing point. (b)
Positive half wave of AC voltage (0t=90°). (c) Negative half wave
of AC voltage (ot=270°).

3.49%107
3.49x107
3.49x107
3.49x107
3.48x107
3.48x107
3.48x107
3.48x107

Electric Fiela (vim)

250

6.2 Energetic aspects of the dynamic behavior on
insulation

The shallow trap energy levels of insulating polymeric
materials generally exist as Anderson localized states, that is,
near the conduction and valence bands. This corresponds to
a physical disorder of the material. The transport of free
charges mostly occurs through these localized states.?

Deeper trapping centers generally involve chemical
defects. When a free electron is trapped as a bound charge, it
releases an energy of less than 1.5 eV.® The bound charge
will generate an additional electric field, which will cause the
surrounding charge to be polarized and deepen the depth of
the trap to approximately 2-5 eV. 3 This energy is stored in
the form of electromechanical energy, which is released
when the bound electrons detrap and the polarization
disappears. The energies released by the trapping and
detrapping of holes are similar to those of electrons.

In contrast to trapping and detrapping, recombination is a
process that releases a considerable amount of energy. The
recombination process between the bound electron and hole
is specific. The bound electron first stabilizes in an excited
state at the recombination center, and then, decays to the
ground state when interacting with the positive charge.® The

energy released in this process is greater than 5 eV?, and is
usually in the form of photons.

The energies that were released in the process of charge
trapping, detrapping, and recombination were quantitatively
calculated. It is assumed that the minimum energy released
by each event of charge trapping, detrapping, and
recombination is 1.5, 2, and 5 eV, respectively. In the model
with asymmetrical parameters with the peak amplitude of
8kV and the frequency of 50 Hz, the energies released by
space charge dynamic behavior in an AC cycle (0.02 s) after
60 min of field application are shown in Figure 22. In one
voltage period, the total energy released by space charge
trapping is 3.11x10% eV/ms3, the energy released by
detrapping is 2.36x10'° eV/m3, and the energy released by
recombination is 9.10x10"® eV/m?.
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FIG. 22. Energy released by space charge trapping, detrapping,

and recombination in an AC cycle (0.02 s) after 60 min of stressing
under AC voltage of 8kV(peak value).

The dissociation energy of most chemical bonds in XLPE
is 4-5 eV. A significant amount of energy is released in the
dynamic behavior of space charges, and converted into
different forms, such as phonons. In particular, the energy
released in the recombination process  causes
electroluminescence, which may constitute a fingerprint of
the damage to the structure of the polymer molecular chain.
For comparison purposes, the energy released by space
charges in 0.02 s under the DC electric field is shown in
Figure 23.
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Notably, the DC and AC peak electric field strengths were
the same. Compared with the DC electric field, the energy
released by the space charge of trapping, detrapping, and
recombination in the AC electric field was approximately
twice as much as that in the DC electric field, while the RMS
AC field was 30% less than that of the DC field. This is
because the alternating voltage polarity intensifies the
activity of space charge behaviors, especially recombination.
This will seriously affect the insulation characteristics of AC
cables, which is an important reason for aging through
electric treeing.

7. Conclusions

A bipolar space charge transport model under an AC field
was established and solved. By changing the physical
parameters, voltage conditions, and setting the temperature
gradient, the factors influencing space charge dynamics were
studied. The feasibility of parameter selection was verified
by comparison with various experiments. The distortion of
the local electric field caused by the accumulation of space
charges and the energy released dynamically by space
charges were discussed.

The asymmetry of the injection barriers, mobilities,
trapping coefficients, and detrapping barriers led to
differences in the motion and accumulation of positive and
negative space charges. In comparison with experimental
results, a set of asymmetrical physical parameters that are
consistent with the experimental results were obtained. The
asymmetry of physical parameters results in the
accumulation of positive charges near the electrode interface
and negative charges in the deeper insulation.

Based on the asymmetric parameter simulation model, the
peak value and frequency of the AC voltage were changed,
and the temperature gradient was set. The degree of space
charge accumulation and the distance into the insulation
increased with an increase in the voltage peak and decreased
with an increase in frequency. The densities of charge,
involved in trapping, detrapping, and recombination,
increased linearly with the increase in amplitude but
increased nonlinearly with the frequency. The temperature
gradient resulted in the amplitude of space charge
accumulation, and the distance of space charge into the
material at the warmer electrode was much greater than that
at the colder electrode. Furthermore, the dynamic behavior
of the space charge at the warmer electrode was more active
than that of the lower electrode.

The space charge accumulation forms an additional
electric field near the two electrodes, which is directed from
the electrode interface to the interior of the insulation, and
weakens the cathode electric field, while strengthening the
anode electric field. Compared to trapping and detrapping,
space charge recombination releases more energy and has a
more serious effect on insulation. The energy released by
space charges under an AC electric field is more than twice
that under a DC electric field. Even if the space charge
accumulation is less under the AC electric field, the

influence of the energy released by space charge dynamic
behaviors on the destruction of the molecular chain structure
cannot be ignored. This study provides theoretical guidance
for improving the performance of cable insulation from a
micro point of view.
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