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Abstract - The space charge dynamic behavior and 

accumulation are important contributions to electrical tree 

aging, as recognized for crosslinked polyethylene (XLPE) 

cable insulation under alternating current (ac) electric 

stress. In this paper, in order to investigate the reason for 

the charge accumulation phenomenon revealed by 

experiments under ac stress, a bipolar space charge 

transport model with symmetrical or asymmetrical 

parameters is resolved under ac stress. The charge 

accumulation mechanism is analyzed based on position and 

amount of charge function of voltage application time and 

voltage phase. The effects of each major physical parameter 

are simulated and analyzed separately. It is found that there 

is no obvious accumulation of space charges with 

symmetrical parameters. Asymmetrical parameters result 

in a difference of motion process between positive and 

negative charges, which greatly enhances charge 

accumulation. Each main parameter has an influence on 

charge accumulation from different angles and levels. The 

applicability of the simulation model with asymmetrical 

parameters is assessed by comparing experiments and 

simulation results on space charge. This study contributes 

to the understanding of space charge generation mechanism 

under ac conditions and helps improving the stability and 

operation properties of XLPE cables in power system.    

   Index Terms — ac electric field, crosslinked polyethylene, 

space charge, accumulation characteristics, phase 

characteristics, physical parameters 

1 INTRODUCTION 

CROSS-LINKED polyethylene-insulated cables are widely used in 

underground power transmission systems of urban power grids 

because of their high electrical strength, low dielectric loss, good 

heat resistance, aging resistance and easy installation. Studies have 

shown that even when the electric field intensity applied for 

polymer insulation is much lower than the breakdown field of the 

insulation, cables operating for a long time are still subjected to 

electrical tree, which results in insulation breakdown. The 

formation and action of space charges are important factors to 

initiate electrical tree [1].  n the long-time running process of the 

cable, space charges accumulate gradually near the electrodes, 

resulting in serious local electric field distortion which is an 

important reason for electrical tree [2,3]. Therefore, it is significant 

to explore accumulation characteristics and influencing factors of 

space charges in XLPE cable insulation.  

The motion mechanism and accumulation characteristics of 

space charges in direct current (dc) electric field have been studied 

deeply and elaborately [4,5]. However, due to the limitations of 

time-matched measurement technology, space charge 

researches are scarcely treated under ac field. The existence of 

space charges in ac field has already been confirmed by the 

experimental measurements in some researches [6,7]. In these 

papers, space charge accumulation and its specific behavior 

with phase were investigated [8,9]. The experimental results 

show that there are two superimposed charge behaviors in the 

insulating materials under the ac electric field: charges having 

a periodic dynamic and charges having a non-periodic dynamic 

[8-10]. Periodic charges are generated by polarization, and the 

charge density varies with the amplitude and phase of the 

voltage. By definition, periodic charges do not accumulate. 

Non-periodic charges are generated by electrode injection and 

ionization and accumulate with the operation and aging of the 

cable. Compared with periodic charges, non-periodic charges 

have more far-reaching influence on cable performance. 

Therefore, this paper is focused on exploring the characteristics 

of non-periodic space charges.  

The dynamic behavior of ac space charges is very difficult to 

measure experimentally, as a large amount of data need to be 

stored as a function of the period of stress. In order to explore 

the space charges dynamic, researchers have built numerical 

simulation models. Alison and Hill proposed a bipolar space 

charge transport model and described the space charges 

behavior under dc electric field [11]. G. Chen et al applied it to 

ac electric field, focusing on exploring the phase characteristics 

of space charges in a single voltage cycle [12]. Baudoin et al 

compared the variation law of space charges with phase 

obtained by simulation with the electroluminescence 

phenomenon measured by experiment. They verified that 

electroluminescence is closely related to the dynamic behaviors 

such as injection and recombination [13]. In order to reflect the 



 

actual situation of the cable, Le Roy et al proposed a model 

taking into account the cylindrical geometry and researched the 

effect of the cylindrical geometry on the space charge profiles 

[14]. The above research analyzed the influence of space 

charges on insulation performance from different aspects. 

However, parameter selection is still unclear and the same 

parameters can have different values in the cited researches, 

therefore leading to uncertainties in the space charge generation 

and accumulation mechanisms.  

Some researches have reported differences in the motion 

mechanism of positive and negative charges [14,15]. Under dc 

electric field, the difference between positive and negative charges 

only affects charge density in the moment when positive and 

negative charges meet in the process of moving towards opposite 

electrode. However, under ac electric field, positive and negative 

charges interact during each half voltage period. Therefore, the 

difference in the motion mechanism of positive and negative 

charges has a great impact. Hence compared with the dc stress, it 

is more necessary to explore the influence of asymmetrical 

physical parameters of the charge transport model on the charges 

under ac electric field. This can be performed through the 

comparison with the measured ac space charge measurements.  

In this paper, charge accumulation under ac electric field is 

studied through experiment. Space charge experimental results are 

then compared to results issued from a bipolar space charge 

transport model, with symmetrical and asymmetrical 

parameters. The influence of four physical parameters on the 

charge accumulation characteristics is analyzed finally. The 

research will help improve the stability and operation properties of 

XLPE cables. 

2 EXPERIMENTAL MEASUREMENT 

2.1 PRINCIPLES AND CONDITIONS OF THE 
EXPERIMENT 

Space charge measurement method under ac electric field 

have already been reported and only brief outline is given here 

[10]. A space charge measurement system based on the pulsed 

electro-acoustic method (PEA) was established. An ac phase 

matching circuit was designed to solve the problem in matching 

measurement time with phase of the 50 Hz sine voltage. Using 

this circuit, the ac sine signal is converted into 32 synchronized 

short square wave signals and the trigger time of high-

frequency pulse voltage source is controlled. Space charge 

waveforms were produced by averaging more than 500 sinusoidal 

periods in one time, and the averaged space charge profiles in 32 

phase angles were achieved with an interval of 11.25° [16]. 

The material under study is an XLPE cut and peeled from a 

cable having endured an accelerated aging under ac electric 

field for 200 days at the temperature of 114℃ and the voltage 

of 26.1 kV. The XLPE peelings have a thickness of 230 μm 

with an area of 45×45 mm2. Prior to any further measurement, 

the material is put in short-circuit for a long time to make 

charges dissipate. An ac electric field of 50Hz and 35kV/mm 

(root mean square value) was then applied to the slices for 6 

hours, at 25℃. 

2.2 MEASUREMENT RESULTS 

The charges measured directly in the experiment include 

periodic charges and non-periodic charges [17]. The amplitude 

and polarity of periodic charges change with the voltage sign in 

a period. The density is the largest at 90 ° and 270 ° and the 

lowest at 0° and 180° respectively. We then choose to present 

the changes in charge density at 90° and 270° in the process 

of voltage application. Figure 1 presents the space charge 

profiles at these two phases, for different times under voltage. 

Generally, there is a formation of hetero-charges at the left 

electrode. The sign of the charges in the bulk and at the left 

electrode is positive when the electrode is negative, and the bulk 

becomes negative when the electrode becomes positive. As the 

piezoelectric sensor is located at the left electrode, the 

sensitivity is lowered at the right electrode, preventing any 

refined analysis. At a depth of about 25 μm away from the left 

electrode, the positive charge density at 90° (electrode being 

cathode) decreases gradually, and the negative charge density 

at 270° (electrode being anode) increases gradually. This is also 

reflected on the electrode image charges. These results show 

that there is gradual accumulation of negative charges near the 

electrode. In order to observe more accurately space charge 

accumulation, the method called all-phases average is used. It 

consists in averaging all the space charge profiles in the 32 

phase angles measured in one run [16]. 
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Figure 1. Measured charge density profiles at 90° and 270° in the process of 

applying an ac electric for 6 hours.  

In the averaging process, the periodic charges at the interface 

whose polarity and amplitude change with time along the period 

are cancelled out, and non-periodic space charges that do not 

change with the phase are obtained. The curves of the all-

phases averaged charge distribution of XLPE cable slices under 

ac electric field for 6 hours are shown in Figure 2. 
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Figure 2. All-phases average space charge profiles recorded for 6 h under ac 

stress.  



 

It can be seen from Figure 2 that the density of negative 

charges gradually increases at around 25 μm away from the left 

electrode. At the left electrode interface, the positive image 

charge increases monotonically. The image charge at the right 

electrode, being negative, also increases. This behavior is more 

difficult to explain. One reason is the charges attenuation at the 

upper electrode in Figure 1. Besides, the upper semiconducting 

electrode may not behave as a pure conducting electrode under 

ac stress, which affects charges distribution into the 

semiconductor electrode and makes the electroacoustic signal 

response attenuate. 

It is found that mainly negative charges accumulate in the 

material. According to the researches performed under dc 

electric field, the transport of positive negative charges is 

clearly different. Under ac, if charges injected during the 

positive voltage half cycle and those of opposite polarity 

injected during the negative half cycle cannot be completely 

recombined, there will be residual charges at the end of an ac 

period. Therefore, the space charges accumulation is speculated 

to be a consequence of the difference between positive and 

negative charges dynamics. 

In order to verify this conjecture, a bipolar space charge 

transport model with symmetrical or asymmetrical parameters 

under ac electric field has been developed. The influence of 

physical parameters for charge accumulation are also studied. 

3 BIPOLAR SPACE CHARGE TRANSPORT 
MODEL  

The bipolar space charge model describes the dynamic of 

space charges in the insulating materials under electric field, as 

shown in Figure 3 [12]. The model assumes that there are four 

kinds of charges in the insulating material, which are free 

electrons, free holes, trapped electrons, and trapped holes. Free 

electrons and free holes are injected from cathode and anode 

respectively. They migrate inside the material under the action 

of electric field and can get trapped. If trapped charges have 

gained enough energy, they will de-trap and become free 

charges again. Recombination occurs between charges with 

opposite polarity.  
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Figure 3. Schematic diagram of bipolar charge behavior. 

3.1 CHARGE TRANSPORT PROCESS 

The traps are divided into shallow traps and deep traps, 

accounting respectively for conduction and long-lasting charge 

trapping. The trapping time of charges in shallow traps is relatively 

short. Therefore, they migrate through jump in shallow traps. If 

captured by deep traps, it is difficult for charges to escape, leading 

to a long trapping time. This process plays a leading role in the 

recombination and accumulation of charges. In this model, a 

single-level of traps is used to simulate deep trapping level. Charge 

mobilities are set so as to take into account the jump of charges 

between shallow traps, to realize the charge conduction. The 

trapping coefficients and de-trapping barrier heights define the 

processes of capture and de-trapping of charges. The above 

processes can be described by three equations: transport equation, 

Poisson's equation and current continuity equation, as follows [18]. 

Transport equation:  

 𝐽 = 𝜇𝑒,ℎ𝑛𝑒,ℎ𝐸 (1) 

Poisson's equation:   

 𝛻2𝑉 =
𝜕2𝑉

𝜕𝑥2 = −
𝜌

𝜀0𝜀𝑟
  (2) 

 𝐸 = −𝛻𝑉 (3) 

Current continuity equation:  

 
𝜕𝑛𝑎

𝜕𝑡
+

𝜕𝑗𝑎

𝜕𝑥
= 𝑠𝑎 (4) 

where 𝜌 is the net charge density of four charges; 𝑛𝑎 is the 

charge density of each type of charge; 𝑗𝑎 is the current density 

of free electrons and free holes. 𝜀0  is the vacuum dielectric 

constant, 𝜀𝑟 is the relative permittivity. The 𝑠𝑎 on the right side of 

the current continuity equation is the source term. They indicate 

the changes of the respective densities caused by the interaction 

between four kinds of charges, excluding those caused by 

migration [18]. The specific content is as follows： 

𝑠𝑒 = −𝑅𝑒ℎ𝑛𝑒𝑛ℎ − 𝑅𝑒ℎ𝑡𝑛𝑒𝑛ℎ𝑡 − 𝑇𝑒𝑛𝑒(1 −
𝑛𝑒𝑡

𝑛0𝑒𝑡
) + 𝑣 𝑒𝑥𝑝(

−𝜓𝑒𝑡

𝑘𝑇
)𝑛𝑒𝑡

𝑛𝑒𝑡

𝑛0𝑒𝑡
  (5) 

𝑠ℎ = −𝑅𝑒ℎ𝑛𝑒𝑛ℎ − 𝑅𝑒ℎ𝑡𝑛𝑒𝑛ℎ − 𝑇ℎ𝑛ℎ(1 −
𝑛ℎ𝑡

𝑛0ℎ𝑡
) + 𝑣 𝑒𝑥𝑝(

−𝜓ℎ𝑡

𝑘𝑇
)𝑛ℎ𝑡

𝑛ℎ𝑡

𝑛0ℎ𝑡
  (6) 

𝑠𝑒𝑡 = −𝑅𝑒ℎ𝑡𝑛𝑒𝑡𝑛ℎ − 𝑅𝑒𝑡ℎ𝑡𝑛𝑒𝑡𝑛ℎ𝑡 + 𝑇𝑒𝑛𝑒(1 −
𝑛𝑒𝑡

𝑛0𝑒𝑡
) − 𝑣 𝑒𝑥𝑝(

−𝜓𝑒𝑡

𝑘𝑇
)𝑛𝑒𝑡

𝑛𝑒𝑡

𝑛0𝑒𝑡
 

 (7) 

𝑠ℎ𝑡 = −𝑅𝑒ℎ𝑡𝑛𝑒𝑛ℎ𝑡 − 𝑅𝑒𝑡ℎ𝑡𝑛𝑒𝑡𝑛ℎ𝑡 + 𝑇ℎ𝑛ℎ(1 −
𝑛ℎ𝑡

𝑛0ℎ𝑡
) − 𝑣 𝑒𝑥𝑝(

−𝜓ℎ𝑡

𝑘𝑇
)𝑛ℎ𝑡

𝑛ℎ𝑡

𝑛0ℎ𝑡
 

 (8) 

Where 𝑠𝑒 , 𝑠ℎ, 𝑠𝑒𝑡 , 𝑠ℎ𝑡 respectively indicate the rate of change 

in the density of free electrons, free holes, trapped electrons, 

and trapped holes, 𝑛𝑒 , 𝑛ℎ , 𝑛𝑒𝑡 , 𝑛ℎ𝑡  respectively represent the 

density of free electrons, free holes, trapped electrons, and 

trapped holes. 𝑅  represent the recombination coefficients 

between charges of opposite polarity, 𝑛0𝑒𝑡  and  𝑛0ℎ𝑡  are the 

deep trap densities of electrons and holes. 𝑇𝑒 and 𝑇ℎ represent 

the trapping coefficient of electrons and holes, 𝑣  is the de-

trapping rate, 𝜓𝑒𝑡  and 𝜓ℎ𝑡  are respectively the de-trapping 

barrier heights for trapped electrons and trapped holes.  

3.2 INJECTION AND EXTRACTION OF CHARGES 

The charges generated by ionization under high electric field are 

not considered, and charges in the insulating material all arise from 

injection at each electrode. The considered electric field intensity 

is much lower than 100 kV/mm, so the Schottky injection law is 

adopted [11]: 



 

 𝐽 = 𝐴𝑇2 𝑒𝑥𝑝( −
𝜓𝑒,ℎ

𝑘𝑇
) 𝑒𝑥𝑝(

𝑒

𝑘𝑇
√

𝑒𝐸

4𝜋𝜀0𝜀𝑟
) (9)

 

Where 𝐴 is the Richardson constant, 𝑇 is the temperature, 𝜓𝑒and 

𝜓ℎ are the injection barrier heights for electrons and holes, 𝑘 is the 

Boltzmann's constant, e is the elementary electronic charge, 𝐸 is 

the electric field intensity at the electrode.  

The extraction of charges at the opposite electrode is done 

without barrier, obeying the transport equation. 

3.3 MODEL CONFIGURATION  

The thin-sheet XLPE insulation sample with a thickness of 

230 μm is described using a one-dimensional simulation model. 

The ground at 0 μm is the lower electrode, and the sinusoidal 

ac voltage is applied at 230 μm which is the upper electrode as 

shown in Figure 4. The applied voltage used in the simulation 

is V(t) = 𝑉𝑝sin(2πft). The frequency f is 50 Hz and the peak 

value of voltage Vp is 8.05 kV. The resolution of the model has 

been achieved using Comsol software.  

Eight physical parameters (four for each free charge type) 

play major roles on the dynamic behavior of space charge [11]. 

They are injection barrier height, mobility, trapping coefficient 

and de-trapping barrier height for each type of charge. In order 

to explore how to set the parameters of the simulation model 

under ac electric field to meet the experimental reality, the 

bipolar charge transport model has been resolved with 

symmetric and asymmetric parameters.  

V=8.05sin(2*π*50*t)/kV  

230μm 

Lower electrode

Upper electrode

0μm 

 

Figure 4. Applied voltage protocol used in the simulations. The ground at 0 

μm is the lower electrode, and the sinusoidal ac voltage is applied at 230 μm 

which is the upper electrode. 

4 SIMULATION RESULTS WITH 
SYMMETRICAL PARAMETERS  

4.1 SETTING OF SYMMETRICAL PARAMETERS 

The physical parameters used in the simulations may have a 

great influence on the level of charge accumulation. These 

parameters are however not available in the literature, and are 

mostly obtained from experimental measurement or simulation 

and experimental fitting. In order to see the impact of these 

parameters on the net charge density under ac electric field, 

simulations have first been performed with symmetrical 

parameters. The parameters setting in this model is based on the 

values published in the literature [12-15 ,19, 20], and are 

presented in Table 1. Table 1 also presents the other fixed 

parameters used in the simulations.  

 

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

Parameter Value 

𝜓𝑒,ℎ (injection barrier heights) 1.2 eV 

𝜓𝑒𝑡,ℎ𝑡 (de-trapping barrier heights) 0.97 eV 

𝜇𝑒,ℎ (mobilities) 1×10-12  m²V-1s-1 

𝑇𝑒,ℎ(trapping coefficients) 0.1 s-1 

𝑅𝑒ℎ𝑡,𝑒𝑡ℎ,𝑒𝑡ℎ𝑡(recombination coefficients for other 

than between free electrons/free holes) 

4×10-3 m3C-1s-1 

    𝑅𝑒,ℎ  (recombination coefficients between free 

electrons and free holes) 

0 

𝑛0𝑒𝑡,0ℎ𝑡(trap densities) 5.9×1020 m-3 

υ (de-trapping rate) 6×1012 s-1 

𝜀𝑟 (relative permittivity) 2.3 

4.2 SPACE CHARGE ACCUMULATION 

CHARACTERISTICS WITH SYMMETRICAL 

PARAMETERS 

Figure 5 presents the simulated net space charge density 

profiles, at the phase of 90° for times varying from 0 to 60 

minutes. All parameters being symmetric, the net charge 

variation is small, as the charge density at each time almost 

overlap. Hence, the charge density curves at the electrode are 

amplified. The maximal space charge density at the electrode 

interface is around 0.0013 C/m3. The increase of charge density 

with time is not monotonic, but fluctuates in a very small range. 
The space charge evolution at the upper electrode and the lower 

electrode is basically symmetrical. Even if the net charge 

density is almost zero, the maximal penetration depth within the 

material for free charge is around 6 µm, with the chosen 

symmetrical parameters. This is not observable on the net 

charge density profiles, but is easily available with the 

simulation. From Figure 5, there is no obvious accumulation of 

space charges under ac electric field with symmetrical 

parameters. Charge accumulation in the simulation results with 

symmetric parameters is obviously inconsistent with the 

experimental results. 
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Figure 5. Space charge density profiles, at 90° within 60 minutes with 

symmetrical parameters. 

5 SIMULATION RESULTS WITH 
ASYMMETRICAL PARAMETERS 

5.1 SETTING OF ASYMMETRICAL PARAMETERS 

Most of the researches published on the bipolar charge 

transport model propose asymmetrical parameters for electrons 

and holes. The injection barrier is obtained by measuring the 

threshold electric field of the charge injection or the current 

density [19]. According to the references, the injection barrier 

of free electrons is lower than that of free holes [20, 21]. The 



 

mobility of free charges can be deduced from experiment [22]. 

Some researchers consider that the mobility of negative charges 

is larger than that of positive charges [22, 23, 24]. The trapping 

coefficients of free charges mostly come from the comparison 

of simulation and experiment. At present, the trapping 

coefficient of free holes is chosen generally larger than that of 

free electrons [20,21,23]. The de-trapping barrier height can be 

calculated according to the first principles [25] or can be 

obtained by experimental evaluation of the depolarization 

characteristics of space charges [20]. It is assumed that the de-

trapping barrier height of the trapped holes is higher than that 

of the trapped electrons [20,21,24]. The settings of the 

asymmetrical parameters chosen for our simulations are shown 

in Table 2 and the other fixed parameters are given in Table 1. 

Table 2. Setting of asymmetrical parameters. 

Parameter Value 

𝜓𝑒,ℎ/𝑒𝑉 (injection barrier heights) 1.19, 1.21 

𝜓𝑒𝑡,ℎ𝑡/𝑒𝑉  (de-trapping barrier heights) 0.95, 0.97 

𝜇𝑒,ℎ/(𝑚2𝑉−1𝑠−1) (mobilities) 3×10-12, 1×10-12 

𝑇𝑒,ℎ/(𝑠−1) (trapping coefficients) 0.05, 0.1 

5.2 SIMULATION OF SPACE CHARGE 
ACCUMULATION WITH ASYMMETRICAL 

PARAMETERS 

The simulation protocol is the same as that with symmetrical 

parameters in Figure 4. Figure 6 shows the net charge density 

profiles, at the phase of 90°, for different times under ac 

voltage, ranging from 0 to 60 minutes. Positive charges 

accumulate near the interface of the two electrodes, while the 

negative charges accumulate at about 15 μm away from the 

electrodes. The density of the two kinds of charges increases 

monotonously with the time. The simulated negative charge 

accumulation is consistent with experiment result at the lower 

electrode. The positive charge stays close to the electrode and 

cannot be resolved experimentally given the current resolution. 
Due to signal attenuation in experimental results of Figure 1, 

the simulation and the experimental results cannot be compared 

at the upper electrode. However, it must be noted that in 

principle, phenomena are symmetrical under ac stress. 

Therefore, focus can be put on features at one electrode.  
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Figure 6. Net charge density profiles, at 90° within 60 minutes with 

asymmetrical parameters. 

The simulation time is shorter and the level of charge 

accumulation is lower than the experimental one. However, the 

trends at the lower electrode are the same, i.e. an accumulation 

of negative charges. The penetration depth for negative charge 

is not exactly the same, but one could think that after 6 hours in 

the simulation, negative charges should penetrate deeper inside 

the material. However, it is difficult to conclude for the positive 

charges observed in the simulation, as they are too close to the 

electrode to be detected experimentally, and would be included 

in the image charges at the electrode. The favorable comparison 

between experiment and simulation however validates the 

model and the chosen asymmetrical parameters.  

5.3 PHASE CHARACTERISTICS OF SPACE CHARGE 
WITH ASYMMETRICAL PARAMETERS  

In order to explore the detailed process of charge 

accumulation, the space charge density profiles as a function of 

phase during one period is presented in Figure 7 at stressing 

time t=0min (Figure 7a), t=1min (Figure 7b), and t=60 min 

(Figure 7c). Figure 7a shows the evolution of space charge in 

the first voltage cycle (0-0.02 seconds). Negative charges are 

injected when the lower electrode is the cathode (phase 0°-

180°), while positive charges are injected when the lower 

electrode is the anode (180°-360°). However, negative charges 

remain inside the material, even for the second half of the 

voltage cycle. Even after 1 min (Figure 7b), positive charges 

accumulate at the interface, while negative charges are located 

deeper in the bulk. Because space charges are injected and 

extracted under the action of electric field, the amplitude of 

space charges at the electrode interface still varies with the 

phase. However, due to the increasing amount of space charge 

accumulated, injection, extraction and transport are not enough 

to change the polarity of space charges near the electrode, and 

they only slightly change the amplitude of charge density.  

0 50 100 150 200 250
-0.003

-0.002

-0.001

0.000

0.001

0.002

229.2 229.6 230.0

-0.001

0.000

0.001

0.002

0.0 0.2 0.4 0.6 0.8 1.0

-0.002

-0.001

0.000

0.001

C
h

a
rg

e 
d

en
si

ty
 (

C
/m

³)

Position (μm)

 0°

 54°

 90°

 144°

 180°

 234°

 270°

 324°

 360°

 

(a) 0 minutes 
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(c) 60 minutes 

Figure 7. The space charge density with symmetry parameters changes with 

the phases in a voltage cycle. 

Figure 7c shows the distribution of space charge density with 

phase at 60 minutes. Relative to the time of 1 minute, the 

maximum density of positive space charges at the electrode 

interface increases from 0.007 C/m³ to 0.38 C/m³, and the 

maximum density of negative space charges at the deeper part 

of the material increases from 0.003 C/m³ to 0.1 C/m³. There is 

an obvious accumulation of space charges. Moreover, due to 

the increase of charge accumulation level, the charge density 

curves of all phases are almost identical, and the change of 

charge density near the electrode interface caused by injection 

and extraction is less obvious than that at 1minute.  

According to the above analysis, the proposed model with 

asymmetric parameters enables having an increasing charge 

accumulation with simulation time. The gradual accumulation 

of space charges is mainly due to the chosen parameters, i.e. a 

relatively low mobility, a deep trapping level with a low 

probability to de-trapping for holes, which implies that positive 

charges are retained near the electrode interface while the 

negative charges penetrate inside the material during each 

voltage period. The variation of the net charge density is less 

visible when enough charges have been accumulated. Actually, 

the density of space charges is always fluctuating slightly with 

the polarity and amplitude of the voltage due to the space 

charges dynamic.  

6 DISCUSSION 

Asymmetrical parameters enhance charge accumulation as 

shown in Figure 6, which is the result of the impact of the 

injection barrier, mobility, trapping coefficient, and de-trapping 

barrier. These four parameters play a major role in the charge 

motion mechanism from different angles. Therefore, we need 

to discuss the influence of each parameter separately. In the 

following, only one of the parameters is set asymmetrically at 

the same time, the other parameters are kept symmetrical and 

are those of Table 1.  

Figure 8a shows the effect of injection barriers height on 

space charge accumulation, injection barriers for electrons and 

holes are set as 1.19 eV and 1.21 eV respectively. When the 

injection barrier for electrons is lower than that of holes, 

negative charges gradually accumulate at the two electrodes, 

and no positive charges are observed next to each electrode (as 

in Figure 6). The density of accumulated charge reaches 1.4 

C/m3 after 60 minutes under ac electric field. This is due to the 

fact that the number of injected electrons is larger than that of 

holes, which is one of the important reasons for the 

accumulation of negative charges in the material.  

Figure 8b shows the impact of the mobility value on charge 

distribution. In this case, the electron mobility is set to 3×10-12 

m2V-1s-1 while the one for holes is kept at 1×10-12 m2V-1s-1, the 

other parameters being symmetrical. It can be seen that positive 

charges gradually accumulate at the electrode interface while 

negative charges accumulate deeper in the bulk of the material. 
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(a) Impact of the injection barriers height value on the net charge density. 

𝜓𝑒=1.19 eV, 𝜓ℎ =1.21eV. Other parameters of Table 1. 
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(b) Impact of the mobility value on the net charge density. µ𝑒=3×10-12 m2V-1s-

1, µℎ =1×10-12 m2V-1s-1. Other parameters of Table 1. 
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(c) Impact of the trapping coefficient on the net charge density. 𝑇𝑒=0.05 s-1,  

𝑇ℎ=0.1 s-1. Other parameters of Table 1. 
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(d) Impact of the de-trapping coefficient on the net charge density. 

𝜓𝑒𝑡=0.95eV,  𝜓ℎ𝑡=0.97 eV. Other parameters of Table 1. 

Figure 8. Space charge density profiles at 90° within 60 minutes when the one 

of parameters is asymmetrical.  

The accumulation level of positive charges is greater than that 

of negative charges. This is because the mobility of the positive 

charges is lower than that of the negative charges, which makes 



 

it difficult for positive charges to completely recombine with 

negative charges deeper in the material. 

Figure 8c presents the impact of the trapping coefficient on 

the net charge density, the trapping coefficients being set to 

0.05s-1 for electrons and 0.1s-1 for holes, the other parameters 

being those of Table 1. The effect of trapping coefficient on 

charge accumulation is similar to that of mobility. It also leads 

to the accumulation of positive charges at the electrode 

interface and negative charges inside the material. But the 

density of accumulated charge is lower than that in Figure 8b. 

Both trapping coefficient and mobility limit the internal 

movement of positive charges. The difference is that mobility 

limits the velocity of charges motion while the trapping 

coefficient limits the quantity of charges. 

Figure 8d shows the impact of the de-trapping parameter on 

the net charge density. In this case, the de-trapping barriers of 

trapped electrons and trapped holes are 0.95 eV and 0.97 eV 

respectively. The asymmetry of the de-trapping barrier leads to 

the decrease of negative charges at the lower electrode and the 

increase of positive charges at the upper electrode at the phase 

of 90°. Some positive charges even accumulate at the lower 

electrode.  

In summary, due to the lower injection barrier and higher 

mobility of free electrons, more negative charges are injected 

and migrate deeper into the material under the action of electric 

field. Due to the larger trapping coefficient of free holes and 

the higher de-trapping barrier of trapped holes, free holes are 

more likely to be captured by the traps at the electrode interface. 

The charges with opposite polarities injected during the positive 

and negative half cycles are not easily neutralized or extracted. 

Therefore, the negative charges remain inside the insulation and 

the positive charges accumulate near the surface.  

7 CONCLUSION 

From the charge measurement experiment under ac electric 

field, it is found that negative charges accumulate inside the 

material. The cause of charge accumulation is speculated to be 

the difference of positive and negative charge movement 

mechanism. In order to verify this speculation, a bipolar space 

charge transport model with asymmetrical parameters has been 

tested, providing space charge characteristics as a function of 

depth, phase, and stressing time of XLPE under ac electric field. 

Through the results of long-time space charge accumulation 

and charge variation with phases of single-period, asymmetrical 

model is verified to be applicable for space charge simulation 

under ac stress.  

Positive charges accumulate near the electrode interface and 

negative charges accumulate in the deeper part of the materials. 
The significant reason for charge accumulation is residual 

charges in each ac period caused by the asymmetrical 

parameters of positive and negative charges. The space charge 

density in the vicinity of the electrodes increases with running 

time, which results in charge variation with phase caused by 

injection and extraction less obvious.   

As expected, there is not obvious space charge accumulation 

with symmetrical parameters. The asymmetry of the injected 

barriers, mobilities, trapping coefficients and de-trapping 

barriers affects the motion mechanism of positive and negative 

charges from different aspects and levels, acting either on the 

velocity or the number of charges. The study is helpful to 

research charge accumulation mechanism of insulation 

materials under ac stress.  
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