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Abstract: Polyethylene is one of the widely studied polymeric insulation materials, which have been used extensively for
cable insulation. One of the major issues related to polymeric materials is its easy formation of space charge, a high
chance to cause electric field distortions. This phenomenon is more significant under high voltage direct current (HVDC)
stresses. Space charge can also be observed under high voltage alternative current (HVAC)stresses but with much less in-
tensity due to the limited charge injection period and the effect of charge recombination caused by the constantly variance
of the external fields. When considering the situation of an AC voltage combined with a DC offset, a possible scenario in
HVDC technology, there was little research on charge dynamics in the insulation in terms of both experimental and simu-
lation work. In this paper, a numerical simulation based a bipolar charge injection/transport model is used to obtain
characteristics of space charge in polyethylene under the combined AC and DC high voltage at room temperature. The
bipolar charge injection/transport model, which is widely used in HVDC space charge simulation, is applied in the com-
bined conditions. The overall applied voltage, consisted of root mean square (RMS) values of the AC voltage and DC
voltage, is kept the same, while the DC component’s voltage ratio and AC component’s frequency are changed respec-
tively, to illustrate their effects on the space charge dynamics within the insulation under combined electric fields. The

simulated charge distributions present notable differences when DC offset is increasingly added in, while relatively small

differences when AC component’s frequency altering, especially for the cases whose frequency exceeding 0.5 Hz.
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0 Introduction

Over the years, space charge accumulation has
been regarded as an important factor causing electrical
failures of high voltage DC insulation. The presence of
charge in the localised energy states of an insulator
leads distortion in the internal fields. This distortion
could be exacerbated by the presence of mechanical
and thermal stresses existed from either the applied
electric field or the local environment. Over the last
few decades, several non-destructive charge mapping
methods have been established to investigate the for-
mation, transport, and neutralization of space charge
within polymeric materials (-2 They provided inspir-
ing understanding on charge injection, transport,
trapping, detrapping and recombination within insula-
tion materials. Besides, considerable efforts have been
made to study space charge characteristics in poly-

[3-5

meric insulation under DC conditions®™", However,

space charge behaviour under AC voltages and com-

bined conditions, which are commonly situations in
high voltage convertor transformers, has not been fully
investigated. This paper mainly focuses on numerical
modelling of space charge under combined AC and
DC high voltage conditions. Polyethylene, especially
low density type (LDPE), is chosen as the research
material in order to simplify the simulated conditions
and minimise influence factors.

Two possible reasons are accounted for the cur-
rent limited research on space charge under complex
electric stresses. Firstly, previous experimental meas-
urements showed small amount of space charge can be
observed under AC electric fields, and the accumu-
in the material was

lated amount of charge

significantly reduced under high frequency condi-

tions'®”.

Therefore, space charge under complex
electric stresses is assumed to be less harmful than that
under a DC field and attracts much less attention.
Secondly, the detection of space charge under complex

stresses is relatively difficult comparing with meas-
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DC fields.

proaches are required to deal with large amount of

urement under Additionally, new
data analysis and phase identification.

Numerical modelling provides an alternative
method to investigate charge dynamics within solid
insulation. A bipolar charge transport model involving
bipolar charge injection, transport, trapping, and re-
combination has been established to analyse the
dynamics of space charge within solid dielectrics un-
der DC high electric fields™ L1t has been revealed that
the simulation can represent both reasonable amount
of charges and evolution of space charge in the tran-
sient process as well as the effect of long term
stressing[m]. In this paper, the model is further devel-
oped to facilitate the simulation of space charge within
polyethylene under combined AC and DC fields. Two
factors of the applied fields, the percentage of the AC
and DC voltage portion and frequency of the AC
component, have been investigated. The simulated

results are presented and analysed.
1 Bipolar Charge Transport Model

Based on observed charge in experiments, the
bipolar charge transport model assumes that opposite
charges contribute to charge injection, transport, and
trapping in the bulk of insulators as well as recombi-
nation process, when subjected to electric fields”!. The
model has been implemented to simulate space charge
within LDPE films which have been subdivided into
small elements and the carrier fluxes between ele-
ments for the simulation in the present paper, as shown
in Fig.1. An unbalanced partition is chosen in the
computing process, in consideration of the charges
primarily accumulated in the region close to the inter-
face when the applied field constantly alters its
polarity[”].

All the charges are assumed to be sourced from
the Schottky injection from the boundaries, as Equa-

tion (1) shows
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Fig.1 Discretization of modelled sample under combined AC

and DC stress

where, J.(0, #) and Ju(d, ) are the injected current den-
sity of the electrons at the cathode and of the holes at
the anode respectively; £(0, ¢) and E(d, ) are the elec-
tric fields accordingly; A4 is the Richardson constant,
normally 1.20x10° A'm >*K 7; T is the absolute tem-
perature; e is the elementary charge; &k is the
Boltzmann constant, 1.38x10 > m*kg's > K ; wei
and wy; are the injection barrier heights for electrons
and holes respectively; and ¢ is the permittivity of the
dielectric. While the extraction of charge from the
electrodes can be calculated using Equation (2) as be-

low

J(d,0) = uE(d,D)n,, (d,1)
2

J,(0,1) = ,uhE(O:[)”hp 0,1)

where Jo(d, t) and Jy(0, ¢) are the extracted fluxes of
electrons and holes from the electrodes; u. and uy are
the mobilities of charge carriers and ne, and np, are the
density of mobile electrons and holes respectively.

The charge transport is described by the conduc-
tion process characterised using the mobility of the
charge carriers. Mobility of the electrons and holes are
computed differently in consideration of their different

field dependencesm]

. The mobility of electrons is
analysed using the power’s law'"*! while for holes the
mobility is represented utilising a curve-fitting func-
tion of Fig.2(a)[14]. The specific process is illustrated
below:

J=unE =vn

v=puE™
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aE+a,E* +a,E’, 0<E<ZE,
V= o (Holes) 3)
bE™™, E>E,

Where J is the conduction current density; u is the
field dependent mobility of charge carrier; v is the drift
velocity; uo is the mobility under low electric fields;
mi, my are the power indexes; n is the density of mo-
bile species; and E is the local electric field; ai, a2, a3,
b are the constants obtained from curve-fitting; E. is a
critical field separating the low and high electric field
phenomena for positive charge carriers; in Fig.2 (a), it
is 100 MV/m.

When charges move within the bulk they can be
captured by the trap centres originating from physical
and chemical defects. We assume that the polymer
only contains two types of traps, shallow traps and
deep traps. And charges in shallow traps are able to
detrap, becoming movable, while those in deep traps
cannot.

Theoretically, charge carriers within solids are
governed by three basic equations, namely the Pois-
son’s equation (Equation (4)), transport equation
(Equation (5)) and continuity equation (Equation (6)),
describing the charge density, current density and

electric fields as a function of time and spatial posi-

tion.
OE(x,t) _ p(x, 1) o
Oox &
J(x,1) = un(x,)E(x,1) (5)
on(x,t) oJ(x,t) _
a o ax ©

where p is the net charge density; ¢ is the permittivity
of the diclectric; and s is the source term.

The continuity equation can be split into two,
Equation (7) and Equation (8). Equation (7) is only
controlled by the conduction current density, while
Equation (8) is using the contribution of source term S

to update the charge density in the previous one.
on(x,t) N oJ (x,t) —0
ot Ox
on(x,t)
—_— =g 8
o ®)

The source term, s is designed to present the ef-

(M

fects of charge recombination and trapping phenol-

mena, and in consideration of each species (mo-
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Fig.2 Measured holes’ velocity versus fields and used veloci-

ties versus fields

bile/trapped electrons/holes) Equation (8) should be

presented in four terms
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Where s1, 52, 53, 54 are the source terms for each spe-
cies; So, S1, >, S3 are the recombination coefficients;
B. and By are the trapping coefficients for elec-
trons/holes; 7ey, Ae, My, Hne Tespectively indicate the
densities of each species: mobile electrons, trapped
electrons, mobile holes and trapped holes; nget, 701 are
indicating the trap densities for electrons and holes.
The detailed meaning of these parameters is illustrated
below in Fig.3.

The recombination of opposite species can be

represented by the total recombination rate 7r as
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shown in Equation (10).
Ty = S,ny,n,, + Slnhtnw -|-S2netnhH +S3nhpne}1 (10)
The total current density Ji(x,#) can be computed
using Equation (11) and the first term is the conduc-
tion current density and second is the displacement

current density.

Jt(x,t)z.](x,z)ﬁ% (11)

The applied voltage used in the simulation can be

expressed as

U =U, sin(2nft) + U, (12)
where, U, is the peak voltage; fis the frequency of AC
voltage; Upc is the DC voltage component.

Different parameter settings have been used for
electrons and holes respectively for this simulation.
The injection barrier for holes is set lower than the
electrons in order to demonstrate the phenomenon that
holes are easier to be injected into the insulation,
comparing with electrons'”!. All the parameter values
are chosen in accordance with those used under pure
AC and DC conditions!""". Specific parameters are
listed in Table 1.

These settings of the parameters will generate
packet-like charge distribution curves under relatively
high DC electric fields'".

2 Simulation Results

In this section in order to describe the percentage
of DC component Upc within the combined electric

stress, a DC offset ratio is defined as
UDC

Rpeo = (13)

UAC_RMS
where Uac rums 1S the root-mean-square (RMS) value
of AC voltage. For the sake of clarity, the simulated
results are divided into two groups. One contains
simulated results under 50 Hz 9 kV(RMS) pure AC
stresses, under 9 kV pure DC stress, and under 50 Hz
9 kV(RMS)combined AC and DC stress with DC off-
set’s ratio of 0.2, 0.5, and 1, aiming to present the
effects of the DC component percentage within the
combined stresses. The applied fields used in this
group in shown in Fig.4, where the pure AC and com-

bined stresses own an overshoot over the 9 kV RMS

value, and the combined stresses with higher DC off-
set’s ratio have more above zero values over time.

In the first group, the chosen field frequency is 50
Hz, which is utilised to reflect the common situation in
high voltage power systems. And the selected ratio
values are 0, 0.2, 0.5, 1, oo, aiming to present a com-
plete evolution of the DC offset’s ratio influences
within the combined stresses on the charge dynamic

with in insulations.

I Conduction band Mobile

s, B, electrons n,
Trapped
[EySpEly R TR R - 1
5, s electrons n,
Localised states

Trapped in band-gap
holes ny, '"'"'§2 """"""""" é;
Mobile
holes my, I Valence band |

Fig.3 Trapping and recombination of bipolar charge carriers

Table 1 Parameters for space charge under combined AC and

DC simulation

Parameter Value
Sample thickness/um 180

Barrier height for injec- wei(electrons) 1.18
tion/eV whi(holes) 1.16

Low field mobility so/(m*-V '+s™") 4.5x107'

Power law’s index of mobility n/(m*V '-s™") 1.165

Noe(electrons 100
Trap density/(C'm ) el )

Now(holes) 10

. . o B(electrons) 7x1073

Trapping coefficients/ s »
Bp(holes) 7x10

Sy trapped electron-trapped hole 4x107°

Recombination coeffi- S mobile electron-trapped hole 4x107°
ciems/(m3 ! -s’]) S, trapped electron-mobile hole 4x107°
S5 mobile electron-mobile hole 0

Voltage/kV
(=]

0 5 10 15 20 25 30 35 40
Time/ms

Fig.4 First two cycles of applied combined stress with
different DC offsets
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The other group contains results under 0.05 Hz,
0.5 Hz, 5 Hz and 50 Hz (power frequency), 4.5 kV
(RMS) AC with 4.5 kV DC voltages, in order to dem-
onstrate the influence of the AC component’s
frequency within the applied stresses. This selection of
the analysed frequencies followed the paper of Tanaka
et al. which investigated the frequency dependence of
charge density under AC stress'®. In the paper they
reported that the amount of charge within insulation
under AC stress shows a sharp decrease only when the
frequency is increased within the range between 107
Hz and 10 Hz, and only slight decreases were ob-
served outside the abovementioned frequency range.
In this way, in this group, the selected external electric
fields include 0.05 Hz and 0.5 Hz, to clearly show the
degree of variation of impacts of frequencies of AC
component on charge dynamics. And the DC offset’s
ratio chosen in this group is fixed to 1, aiming to show
the frequency influence of a balanced combined
stresses, where AC and DC component sharing the
same RMS value, on the charge dynamic within sample.

The simulated charge distribution curve under 50
Hz pure AC fields is shown in Fig.5. The charge dy-
namics under 50 Hz combined AC and DC with DC
offset’s ratio of 0.2, 0.5 and 1 are respectively pre-
sented in Fig.4 to Fig.8. Fig.9 shows charge profiles
under pure DC voltage. Charge profiles under 0.5 Hz
combined AC and DC with DC offset’s ratio 1 is illus-
trated in Fig.10.

Fig.5 gives the charge distribution sranging from
30s to 60 minutes under 50 Hz pure AC conditions,
and the trends of charge development are marked us-
ing the arrows. From the graph, it is clearly the
positive charge accumulation takes place near both
electrodes and transport into the bulk area as a peak.
The front edges of positive charge peaks are changing
one from the ground side starts at 0.011 mm, at 30 s,
and to 0.028 mm at 60 min while the other from the
opposite electrode from 0.171 mm at 30 s and to 0.150
mm at 60 min. This is because more holes are injected
at both electrodes due to holes’ lower injection barrier,
during each half cycle, and slower transport owing to

its lower mobility within the sample. In this way, posi-

tive charge will be accumulated near the two elec-
trodes. However, the electrons, although in a small
amount, can move further into the bulk area. The front
edges of negative charge peaks move one from 0.033
mm at 30 s to 0.078 mm at 60 min from the ground
and the other from 0.147 mm at 30 s, to 0.087 mm at
60 min, from the opposite electrode. With time, both
accumulated peaks become larger, and maximum
charge densities of both charge carriers increased. The
maximum charge density value changes from 3.926
C/m’ to 4.414 C/m’ and from 6.270 C/m’ to 8.570
C/m’ for holes, while from —0.106 C/m’ to —0.247
C/m’ and from —0.147 C/m’ to —0.527 C/m’ for elec-
trons.

Fig.6 shows charge distributions under 50 Hz
combined AC and DC stress with DC offset’s ratio 0.2.
Unlike Fig.5, negative charge and positive charge can
only be observed from one electrode, due to the DC
offset’s effects. A negative charge peak can be ob-
served near the ground side and this peak increases its
maximum value along with time, from —4.326 C/m’ to

~38.660 C/m’. The position of the maximum value
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Fig.5 Charge distribution under 9 kV (RMS) 50 Hz purely AC

stress

Charge distribution curves
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|
=
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Fig.6 Charge distribution under 7.5 kV (RMS) 50 Hz AC +1.5
kV DC stress
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of negative peak occurs at around 0.002 mm at 30 s
and at around 0.017 mm at 60 min. The reason is that
a larger amount of charges can remain and transport
into the bulk of the insulator under the combined AC
and DC condition. The negative charges injected from
the ground, move quickly to meet the front edge of the
positive charge peak, due to the DC offset’s effects.
However the negative charges near the ground sides
can be neutralised by the newly injected positive
charges, making the negative charge peak distorts
sharply with time. As for positive charge under this
condition, they move faster and further than those un-
der pure AC condition from 0.156 mm at 30 s to 0.048
mm at 60 min. This phenomenon is caused by a large
amount of charge injections under the applied field.
Fig.7 shows the simulated charge distribution re-
sults under combined stress (AC at 50 Hz) with one
third DC voltage component’s contributions. Similar
to Fig.6, negative and positive charge can only be ob-
served from one side. But negative charge density
peak value is reduced, especially for the cases after
20min, comparing with Fig.6. It can be seen that the
maximum value of negative peak at 40 min and 60
min in Fig.6 is around —30 C/m’ and —40 C/m’. How-
ever, in the case of Fig.7 it is around —20 C/m’. The
positions where the maximum values occur in Fig.7
are all near the ground side. This is because within this
applied field, the larger DC component lifts the altera-
tion point of field up to a higher value. This leads to
the positive charges injected from the ground side,
occurring when the applied filed is negative, are not
strong enough to significant effect the movement of
the injected negative charges. In this way, the negative
charge peak will be dominated by the positive charge
packet from the other side, moving towards the ground
electrode, in comparison with those in Fig.5 and Fig.6.
When the negative peak is near the ground, it will be
consistently neutralised by the newly injected holes,
resulting in the reduction of negative peak values.
Under this combined condition, the positive
charges transport faster, in comparison with that in
Fig.6 due to the longer time of positive polarity of the
applied field, causing a higher degree of internal field

distortion.

Fig.8 presents charge distributions under 50 Hz
combined AC and DC stress with DC offset’s ratio 1.
The overall trend and shape are similar to Fig.7, but
the positive charge packet moves faster, from 0.137
mm at 30 s to 0.028 mm at 60 min. Besides, the dy-
namic of charge transport ends quicker in Fig.8 and no
significant change can be observed from the charge
profiles after 10 min (For the time for this equilibrium
is 20 min in Fig.7; in Fig.6 the equilibrium has not
been reached within the simulated 60 min).

Fig.9 illustrates the simulation results under 9 kV
DC using the same parameter settings. It is presented

to provide comparison. A clear positive charge packet
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Fig.7 Charge distribution under 6 kV (RMS) 50 Hz AC +3 kV
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Fig.9 Charge distribution under 9 kV DC stress
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develops initially and becomes broader (diffused)
when moving across the sample.

From Fig.5 to Fig.9, it is noticeable that the
charge distribution curves from pure AC electric field
are significantly different from those under the com-
bined electric stresses. Negative charge accumulation
can only be observed near the ground electrode for
charge distribution curves under the combined electric
stresses. The shape of the charge distribution curves is
much more like the distribution curve under pure DC
conditions when the DC offset’s ratio is relatively high
(=0.5).

Furthermore, the magnitude of the injected
charge density under combined stresses is larger than
that under pure AC stress when comparing Fig.5 with
Fig.6 to Fig.8. This is because the DC offsets cause an
unsymmetrical time of positive and negative charge
injections, as shown in Fig.4, which will enhance the
net charge injections. A large amount of charges will
be injected at the above 9 kV (RMS value of the ap-
plied fields) time period since the Schottky injection
indicates the injected charge amount has an exponen-
tial relationship with the electric field.

The frequency influence of the AC component of
the combined electric field has been investigated.
Fig.10 demonstrates a typical result of charge distribu-
tion under combined stress when the AC component
frequency is relatively low. The accumulated positive
charges move like a packet towards the opposite elec-
trode with time, similar to the positive charge
movements under DC condition (Fig.9), due to the
influence of 50% DC component within the applied
field. However the peak values of both accumulated
holes and electrons under the combined condition are
larger than those under DC condition. This is because
the maximum magnitude of the applied combined
field is larger than that of DC field owing to the AC
component, causing a larger amount of charge injec-
tions. Hardly can the differences between Fig.10 and
Fig.8 (same voltage ratio for AC and DC component
while under a higher AC component’s frequency of 50

Hz) be distinguished, due to frequency’s limited

20
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Depth/mm

Fig.10 Charge distribution under 4.5 kV (RMS) 0.5 Hz AC

—
(=]

+4.5 kV DC stress

effects on the charge distribution simulation under
combined AC and DC stresses. In this way, the inte-
gration is applied to get the charge amount within the
sample alteration along with time. Using this method,
the influences of both DC offset’s ratio and AC com-
ponent’s frequency on the charge dynamic within the
sample can both be distinguished and compared. Spe-

cific information is shown in the following section.
3 Analysis and Discussion

In this section, the influences of both DC com-
ponent percentage and frequency of AC component
are analysed. Part A concerns with charge dynamics
within polyethylene under various DC component
percentages; while part B deal with the impact of fre-
quency on charge accumulation in the material.

In order to illustrate the overall charge accumula-
tion information within the insulation and clearly
demonstrate the factors’ influences, the charge distri-
bution over spatial coordinate is integrated to obtain
the total charge amount, which has been used to ana-
lyse and discuss the simulation results. The integration
of charge used is shown in Equation (14).

Cr(0) =] plx,nydx (14)
where Cr is the total charge amount as a function of
time; d is the sample thickness and p is the charge
density, a function of time and spatial coordinate.

3.1 Dynamics of space charge under different DC
offset’s ratio

In this part, the integrations of simulated results
under 50 Hz combined AC and DC stresses with vari-

ous DC offset’s ratio are presented, aiming to
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demonstrate the offset’s ratio effects on the charge
dynamic within the insulation. Integral net charge,
positive charge and negative charge amount are illus-
trated in Fig.11 to Fig.13

Fig.11 presents the net charges within the sample
under combined stresses within different DC offsets.
The overall trend for the curves shows a dynamic pe-
riod followed by a saturation period. And for the
majority cases, the charge amount curves reach steady
states at around 20 minutes. There is an exception for
the case under combined AC and DC fields with DC
ratio 1, here the dynamic ends sharply within initial 10
minutes. The mobility of both carriers increases when
the electric stress intensifies, which causes the short-
ened dynamic periods. The saturation net charge
amounts for the five conditions are divergent. The
maximum saturation amount occurs at DC offset’s
ratio 1, while the minimum happens at offset’s ratio
0.2. When the DC offset’s ratio is higher than 0.5, the
steady state net charge amount is higher than amounts
accumulated under pure AC and DC conditions.
However when DC offset’s ratio is small, like 0.2, the
steady state net charge amount can even be smaller
than the amount gathered under pure AC condition. To
uncover the reality behind this outcome, the total posi-
tive charge amount and negative charge amount and
their variation with time are also analysed.

Fig.12 and Fig.13 present the specific informa-
tion of the integrated positive and negative charge. It
can be observed that, the magnitude of both positive
and negative is similar, causing smaller net charges
amounts presented in Fig.11. For positive charges, the
charge amount for pure DC is higher than the amount
for pure AC while lower than those for combined con-
ditions. The charge amount obtained for the combined
conditions increases along with DC offset ratio.

Nevertheless, the case for negative charge is
much more complicated. The integrated charge
amount with a lower DC offset’s ratio is approxi-
mately the same for negative charge, and the same
goes for the amount gained under pure AC and DC.
But the negative charge amount will reach a relatively

high steady state, comparable to the positive charge

2015, 41(4)
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amount under the same condition when DC offset’s
ratio is one. This is owing to the effect of holes’ lower
injection barrier. It is expected that the injected posi-
tive charges are excessive comparing with the negative
charges. Consequently, the positive peaks in the dis-
tribution curve under pure AC fields dominate the net
charge amount transient and saturating process and
strongly affect the dynamic of negative charges. Under
combined conditions with relatively low DC offsets,

where the injection of electrons is not strong enough to
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compensate the influence of positive charge, the
amount of electrons will show complex relationship
with DC offsets, unlike for holes, always positive cor-
relation.

Overall, the DC offset’s ratio within the applied
combined AC and DC stresses, mainly influences the
positive charge transport within the insulation to affect
the charge distribution within the context of selected
parameters for the simulation model. The higher the
DC offset’s ratio, the larger positive charge amount.
Higher DC offset’s ratio can also help to shorten the
charge dynamic period within sample to reach a steady
state.

3.2 Dynamics of space charge under different AC
component’s frequency

The space charge distribution profiles are simu-
lated by the bipolar model, however, the differences
among the curves under various frequencies are diffi-
cult to distinguish (comparing Fig.8 with Fig.10), due
to the limited impact caused by the variable frequen-
cies. Therefore, in this part, the charge is integrated
using Equation (14) to demonstrate the influence of
AC component within the applied combined stresses.

Fig.14 to Fig.16 show the integrated values of net
charge, positive charge and negative charge over 60
minutes. Because the differences among the results
under high frequencies are too small to distinguish, the
high frequency part is zoomed in as shown on the top
right corners of Fig.14 to Fig.16.

Fig.14 shows the integral net charge amount
within the insulation under pure DC stress, under
combined AC and DC stresses with frequency ranging
from 0.05 Hz to 50 Hz. It can be clearly observed from
the graph that the amounts of net charge under the
combined AC and DC stresses are significantly larger
than that under the DC conditions. And the net charge
amount decreases with increasing frequency, and this
phenomenon becomes insignificant when the applied
field frequency is higher than 0.5 Hz. It seems that
there exists a frequency range within which charge
accumulation in the material drops rapidly under com-
bined AC and DC conditions. This observation is

consistent with the experimental results under pure AC
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conditions[(’], which is also consistent with the fre-
quency range found by Tanaka et al. who reported that
the charge within insulation’s amount decreased
sharply when the applied fields’ frequency changed
from 10 to 101",

Besides, it can also be observed that the amount
of net charges within the insulation under combined
stress is positive. In the present model it is assumed
that holes are easier to be injected into the insulation

(lower injection barrier) comparing with electrons.
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Therefore, holes show dominance in charge accumula-
tion dynamics.

Furthermore, as shown in Fig.14, the charge
amount varies dramatically within the first 20 minutes.
And a small increase in the transient time can be ob-
served, along with frequency increasing. But the
transient time is reduced greatly under the combined
stresses in comparison with that under pure DC condi-
tions. And this is because positive charges are moving
faster under the applied combined AC and DC condi-
tions, comparing with under pure DC conditions, due
to the holes’ mobility field-dependent effects (Fig.2).

Fig.15 and Fig.16 are the integrated results of
positive charge and negative charge amounts. Similar
to the net charge amount curve, the total positive
charge saturates at around 20 minutes. The higher the
frequency is, the longer it takes to reach the steady
state. As a comparison, the transient time for electrons
under higher frequency (=5 Hz) is generally longer,
around 30~40 minutes. This indicates the frequency of
the applied combined stress has stronger influence on
the negative charge movements due to the larger vari-
able range of the mobility of the negative charges than
positive charges.

The total positive charge amount and total nega-
tive charge amount under combined conditions are
also larger than those under pure DC conditions. And
the overall accumulated positive charge amount is lar-
ger than negative amount.

Furthermore, with the frequency increasing, the
saturated amount of holes decreases. In contrast, this is
not the case for electrons. The minimum amount of the
saturated electrons occurs at the frequency of 0.05 Hz
instead of 50 Hz. But because the positive charge
amount is larger than the negative charge amount, the
net charge amount decreases with the increase of fre-
quency.

In summary, the simulated results show net
charge amount decreases with increasing of AC com-
ponent’s frequency within the applied fields. Sharp
change occurs within the frequency range of 10° to
10, The frequency of the AC component affects the

overall charge dynamics, mainly via its influence on

the positive charge injection and transport processes
4 Conclusions

Space charge within LDPE under combined AC
and DC stress has been simulated using the bipolar
charge transport model in this paper.

1) The accumulation of space charge under AC
stress can be weakened by the frequent reversal of the
applied field while the addition of the DC component
can neutralise this effects, and even enhance the
charge gathering when the component ratio exceeds a
certain value. Besides, DC offsets within the combined
stress can also distort the charge distribution further,
assisting the charge near the surface area transport
through into the bulk of the insulation.

2) The results also show that the increasing fre-
quency of AC component within the applied combined
stress can reduce the amount of the accumulated
charges and the reduction becomes insignificant when
the frequency is higher than 0.5 Hz. Besides the fre-
quency of the AC component within the applied
electric fields can increase the time for the system to
reach the steady state. This effect is also relatively
weak when the frequency is high.

3) Furthermore the DC offset’s ratio and AC
component’s frequency within the combined AC and
DC applied fields affect charge dynamics within the
insulation via their influence on the positive charge.

4) All these above show that, unlike under AC
conditions, the space charge under complex electric
stresses should be paid more attention as they may
occur in practical applications. Especially, experimen-
tal work needs to be done to validate/guide the
simulation work. Modification on the model can be
made to match practical situations, if sufficient meas-
urement results become available. The correct
modelling will assist our understanding of physical
processes of charge dynamics within the insulating

materials.
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