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Abstract- Polyethylene has been one of the widely studied 
polymeric insulation materials. One of the major issues related to 
polymeric materials is the easy formation of space charge which 
may cause electric field enhancement. In this paper, a numerical 
simulation based on 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 this combined condition. The overall applied voltage, 
consisted of root mean square (RMS) values of 50 Hz AC voltage 
and DC voltage, is kept the same, while the DC component has 
been varied from 0 to 1. The simulated charge distributions 
present notable differences when DC offset is added compared 
with pure AC conditions. Besides, these differences become more 
significant when the offset ratio is increased. The total positive 
and negative charge amounts are calculated respectively by 
integrating the charge in the material, and a curve of net charge 
amount changing along with time is obtained.  
 

I.    INTRODUCTION 
 
    Over years, space charge accumulation has been regarded as 
an important factor causing the electrical failure of high 
voltage DC insulation. Those accumulated charges can distort 
the internal electric field in return. This distortion could be 
exacerbated by the mutual effects of mechanical and thermal 
stress 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 formation, transportation, and neutralization of 
space charge within polymeric materials [1,2]. They provide 
inspiring understanding on charge injection, transportation, 
trapping, detrapping and recombination in insulation 
materials. Besides, considerable efforts have been made to 
study space charge characteristics in polymeric insulation 
under dc conditions [3-5]. However, space charge behaviour 
under ac voltages and combined conditions, which are 
common situation 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 situations and minimise 
influence factors. 
    Two possible reasons are account for the current limited 
research on space charge under complex electric stresses. 
Firstly, previous experimental measurements showed small 
amount of space charge gathered under AC electric fields, and 

the accumulated amount was significantly reduced under high 
frequency conditions [6, 7]. Therefore, space charge under 
complex electric stresses is assumed to be less harmful than 
that under a DC field and attracts much less research attention. 
Secondly, the detection of space charge under complex 
stresses is relatively difficult comparing with measurement 
under DC fields. New approaches are required to deal with 
large amount of data 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 recombination has been established to 
analyse the dynamics of space charge within solid dielectrics 
under DC high electric fields [8,9]. The simulation can 
represent both reasonable amount of charges and evolution of 
space charge in the transient process as well as the effect of 
long term stressing [10]. In this paper, the model is further 
developed to facilitate the simulation of space charge within 
polyethylene under combined AC and DC fields with various 
direct and alternative voltage components’ ratios.  
 

II.   BIPOLAR CHARGE TRANSPORT MODEL 
 
     The bipolar charge transport model is assuming that 
opposite charges contribute to charge injection, transport, and 
trapping in the bulk of insulator as well as recombination 
process, when subjected to electric fields [3]. The model has 
been implemented to simulate space charge within LDPE 
films which have been subdivided into small elements and the 
definition of the carrier fluxes between elements as shown in 
Fig. 1. An unbalanced partition is chosen, in consideration of 
the charges primarily accumulated in the region close to the 
interface when the applied field constantly alters its polarity. 
These settings of the parameters will generate a packet-like 
charge distribution curves under relatively high HVDC 
electric fields [11].  
     All the charges are assumed to be sourced by the Schottky 
injection from the boundaries, as Eq. (1) shows: ܬ௘(0, (ݐ = ଶexp (ି௘௪೐೔୩୘ܶܣ )exp( ௘୩୘ ට௘ா(଴,௧)ସగఌ ,݀)௛ܬ ( (ݐ = ଶexp (ି௘௪೓೔୩୘ܶܣ )exp( ௘୩୘ ට௘ா(ௗ,௧)ସగఌ ) 

      Where Jୣ(0, t) and J୦(d, t) are the injected current density 
of the electrons at the cathode and of the holes at the anode 
respectively;  E(0, t)  and ܧ(݀, (ݐ are the electric fields 
accordingly; A is the Richardson constant, normally 1.20×106 
Am-2K-2; T is the absolute temperature; e is the elementary 
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charge; k is the Boltzmann constant, 1.38 × 10-23 m2 kg s-2 K-1; 
wei and whi are the injection barrier heights for electrons and 
holes; and ߝ  is the permittivity of the dielectric. While the 
extraction of charge from the electrodes can be calculated 
using Eq(2) as below: 
,݀)௘ܬ  (ݐ = ,݀)ܧ௘ߤ ,݀)௘ఓ݊(ݐ ,௛(0ܬ (ݐ (ݐ = ,0)ܧ௛ߤ ,௛ఓ(0݊(ݐ  (ݐ
      
      Where  ܬ௘(݀, (ݐ  and ܬ௛(0, (ݐ  are the extracted flux of 
electrons and holes from the electrodes; μ  is the mobility of 
charge carriers and nୣµ and n୦µ  are the density of mobile 
electrons and holes respectively.  

 
Fig. 1 Discretization of modelled sample under combined AC and DC stress  
 
     The charge transport is described by the conduction process 
characterised using the mobility of the charge carriers. The 
mobility of the electrons and holes are computed differently in 
consideration of their different field dependences [12]. The 
mobility of electrons is analysed using the power’s law [13] 
while that of holes is predicted utilising a curve-fitting 
function of Fig. 2.(a) [14]. The specific process is illustrated 
below: ܬ = ܧ݊ߤ =  ݊ݒ
ݒ  =  ௠భ          (Electrons)ܧ଴ߤ
ݒ  = ൜ܽଵܧ ൅ ܽଶܧଶ ൅ ܽଷܧଷ(0 ൏ ܧ ൑ ܧ)௠మିܧܾ(௖ܧ ൐ (௖ܧ    (Holes) 

 
     Where J is the conduction current density; μ  is the mobility 
of charge carrier and is field dependent; v is the drift velocity; 
μ0 is the mobility under low electric fields;  ݉ଵ , ݉ଶ  are the 
power indexes; n is the density of mobile species; and E is the 
local electric field; a1, a2, a3, b and ݉ଶ  are the constants 
obtained from curve-fitting of Fig. 2.(a) (a1 is 1.746×10-14, a2 
is -3.141×10-22, a3 is 1.454×10-30, b is 19.51 and ݉ଶ is 1.065); 
Ec is a critical field distinguishing the low and high electric 
field phenomena for positive charge carriers. In Fig. 2 (a), its 
value is 100kV/mm.            
     When charges move within the bulk, they can be captured 
by the trap centres originating from physical/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.  
                                                                                                                                                                                                                             

 
                    (a)                                                     (b) 

Fig. 2 Measured holes’ velocity versus fields and used velocities versus fields  
(a) is measured results of  Chen [13] and (b) is the used velocities of  holes 
and electrons in the simulation 
         
     Theoretically, charge carriers within solids are governed by 
three basic equations, Poisson’s equation Eq(4), Transport 
equation Eq(5) and Continuity equation Eq(6), describing the 
charge density, current density and electric fields as a function 
of time and spatial position. డா(௫,௧)డ௫ = ఘ(௫,௧)ఌ ,ݔ)ܬ  (ݐ = ,ݔ)݊ߤ ,ݔ)ܧ(ݐ ,ݔ)߲݊ (ݐ ݐ߲(ݐ ൅ ,ݔ)ܬ߲ ݔ߲(ݐ =  ݏ
    Where ߩ is the net charge density; ߝ is the permittivity of 
the dielectric; and s is the source term. 
    The continuity equation can be split into two, Eq(7) and 
Eq(8).   And one is only controlled by the conduction current 
density, while the other is using the contribution of source 
term s to update the charge density in the previous one.  డ௡(௫,௧)డ௧ ൅ డ௃(௫,௧)డ௫ =0 డ௡(௫,௧)డ௧ =  ݏ

     The charge trapping and recombination effects are included 
in the source term s and specific relationships are illustrated in 
Fig.3 S0, S1, S2, and S3 are the recombination coefficients for 
different opposite species; Be and Bh are the electrons/holes 
trapping coefficients.  
The total current density Jt(x,t)can be computed using Eq(9) 
and the first term is the conduction current density and second 
is the displacement current density.  ܬ௧(ݔ, (ݐ = ,ݔ)ܬ (ݐ ൅ ߝ డா(௫,௧)డ௧  

       The applied voltage used in the simulation can be 
expressed as:  ܸ = ௉ܸ(ݐ݂ߨ2)݊݅ݏ ൅ ௢ܸ௙௙௦௘௧௦ 
      Where Vp is the peak voltage and f is the frequency AC 
voltage. 
       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 holes are easier to inject into the insulation, 
comparing with electrons. All the parameter values are chosen 
in accordance with those used under purely AC and DC 
conditions [11,15]. However the mobility of holes is 
calculated using a curve-fitting function. Specific parameter 
values are listed in Table I. 
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Fig.3 Trapping and recombination of bipolar charge carriers [15] 

 
TABLE I 

Parameters for space charge under combined AC and DC simulation [11, 15] 
Parameter  Value Unit 
Sample thickness 180 um 
Barrier height for injection  
wei (electrons) 1.18 eV 
whi (holes)  1.16 eV 
Low field Mobility μ0  4.5×10-16 m2V-1s-1 
Power law’s index of mobility n  1.165 m2V-1s-1 
Trap density 
N0et (electrons)  100  Cm-3 
N0ht (holes) 10 Cm-3 
Trapping coefficients 
Be (electrons)  7×10-3  s-1 
Bh (holes) 7×10-5  s-1 
Recombination coefficients 
S0 trapped electron-trapped hole  4×10-3  m3C-1s-1 
S1 mobile electron-trapped hole  4×10-3  m3C-1s-1 
S2 trapped electron-mobile hole  4×10-3  m3C-1s-1 
S3 mobile electron-mobile hole  0  m3C-1s-1 

 
III.   SIMULATION RESULTS 

 
      For easy comparison, all the simulations have been carried 
out under the condition of fixed total voltage 9 kV (ACRMS + 
DC) as shown in Fig.4.  In order to describe the percentage of 
DC component within the combined electric stress, a DC 
offset ratio is defined as:  ݐ݁ݏ݂݂݋ ܥܦᇱ݋݅ݐܽݎ ݏ = ௏ವ಴௏ಲ಴_౎౉౏ା௏ವ಴ 

 

 
Fig.4 The first two cycles of the applied electric voltages 
 
     The simulated charge distribution curves are presented in 
Fig.5 to Fig.9. The time step used for simulation is 0.002s, and 
all the charge profiles under AC and combined AC and DC 
stresses are plotting the phase angle zero of the applied fields. 
     Fig.5 is the charge distribution curve under purely AC 
conditions, and we can see a positive charge accumulation at 
both electrodes, due to holes’ lower injection barrier and 
smaller mobility. Because more holes are injected at both 
electrodes during each half cycle and transport slower within 
the sample, the positive charge will be accumulated near two 

electrodes. However, the electrons, although in a small amount, 
can move further into the bulk area. With time, the amount of 
accumulated charges becomes larger, and the front edges of 
the two kinds of charge carriers move further. 
   

  
Fig.5 Charge distribution under 9kV (RMS) 50Hz purely AC stress 
 

 
Fig.6 Charge distribution under 7.5kV (RMS) 50Hz AC +1.5kV DC stress 
 

 
Fig.7 Charge distribution under 6kV (RMS) 50Hz AC +3kV DC stress 
 

 
Fig.8 Charge distribution under 4.5kV (RMS) 50Hz AC +4.5kV DC stress 
 

 
Fig.9 Charge distribution under 9kV DC stress 
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      From Fig.5 to Fig.9, it has been noticed that the charge 
distribution curves of the purely AC and the combined stresses 
are significantly different. And the shapes of the charge 
distribution curves are much more like a  distribution curve 
under purely DC conditions when the DC offset’s ratio is 
relatively high (≥0.33). 

 
Fig.10 Integral net charge’s trend over time under various ratios 
 
     Besides, the charge amount accumulated under AC electric 
stress is smaller than that under the combined conditions, 
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, like shown in Fig.4, which will enhance the 
net charge injections. And a large amount of charge will be 
injected at the above 9kV (RMS value of the applied fields) as 
Schottky injection indicates the injected charge amount has an 
exponential relationship with the electric fields. This can 
explain the reason why the calculated accumulated charge 
amount under the combined conditions with high DC offsets’ 
ratio is positive and larger than that under the purely DC 
conditions as shown in Fig.10. 
     Furthermore, a negative charge peak can be observed at 
charge distribution curves under combined conditions. The 
reason for this is that a larger amount of charges can remain 
and transport into the bulk of the insulator under the combined 
AC and DC condition. And the negative charges injected from 
the ground will move quickly to meet the front edge of the 
positive charge peak, due to the DC offset’ 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 the time. This becomes 
insignificant when the DC offset is high, as the holes’ peak 
moves faster due to the mobility’s field-dependant effects 
(Fig2). 
 

IV.   CONCLUSION 
 

Space charge within LDPE under the combined AC and DC 
stress has been simulated using the bipolar charge transport 
model. 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 
effect, and even promote the charge gathering when the DC 
component exceeds a certain value. Besides, DC offsets within 
the combined stresses can also distort the charge distribution 
further, assisting the charge near the surface region to 
transport through into the bulk of the insulation. 

All these above show that, unlike under AC conditions, the 
space charge under complex electric stresses should be paid 

more attention. Depending on the ratio of DC component, 
charge dynamics change significantly. The present work also 
indicates that experiments need to be done to validate the 
simulation. Further modifications on the model may be 
required to improve its accuracy through comparison with 
experimental data. 

Although the current simulation is based on the parameters 
taken from a well know insulation, polyethylene, the charge 
dynamics obtained from the simulations may have significant 
implication on the other insulation systems such as oil 
impregnated paper/pressboard used in HVDC converter 
transformers where the combined electric fields exist.  
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