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Abstract: In this paper, space charge in oil-paper 
insulation system has been investigated using the 
pulsed electroacoustic (PEA) technique. A series of 
measurements were carried out when the insulation 
system was subjected to different applied voltages. 
Charge dynamics in the insulation system during the 
volts-on, volts-off and decay have been analyzed. It has 
been found that homocharge injection occurred both at 
the anode and the cathode. Positive charges are 
observed to accumulate in the layers, which indicate 
that the oil-paper layer interfaces act as a barrier for 
positive charges. The decay tests showed that after 
30min, about a quarter of space charges remained in 
the sample, about 90% charges disappeared after 2 
hours. Finally, total charge variation in these tests were 
analyzed. 
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1 INTRODUCTION 
 
The oil-paper insulation has been used in power 
transformers, power cables and HVDC equipments for 
quite a long time because of its low cost and desirable 
physical and electrical properties. But they degrade 
under a combined stress of thermal, electrical, 
mechanical, and chemical stresses during routine 
operations, which will effect the lifetime of power 
equipments significantly. A lot of research works about 
the physical and electrical characteristics of oil-paper 
insulation have been conducted over the years. 
However, only a few studies about space charge in 
oil-paper insulation are reported. 
Therefore, a better understanding of charge dynamics, 
in accordance with the specific variation of the charge 
distribution in multi layer insulation system becomes 
increasingly important and need a careful investigation. 
Thus, in this paper, based on the PEA technique, a 
series of measurements were carried out when the 
paper insulation system was subjected to different 
applied voltages. Charge dynamics in the insulation 
system during the volts-on and volts-off have been 
analyzed and the influence of temperature on charge 
dynamics discussed. 
 
2 EXPERIMENTS 
 
In this study, the measurements were carried out upon 

oil immersed insulation paper. The insulation paper 
which is made by Croylek Ltd, has a thickness of ～
60μm for single layer. The parameters of the paper 
meet the international standard IEC 554.2. The 
insulation oil used in this experiment was Nytro 10X 
transformer oil, which was provided by Nynas Oil 
Company.  
Before PEA test, several pretreatment steps were 
carried out upon samples. Firstly, these new insulation 
paper were cut into  round shape with a diameter of 
～2cm. Then the paper samples were kept in a vacuum 
oven at 393K (120°C) for 20min, in order to make the 
moisture content less than 0.2%. After that, the paper 
samples were impregnated by fresh degassed insulation 
oil in sealed oven. As thin paper was used, the sample 
can be fully impregnated after 1 day. 
In practical application, oil-paper is usually used as 
multilayer insulation. Therefore, in this experiment, the 
PEA tests are performs on three layers oil-paper 
samples (～ 120μm after oil immersed and being 
pressed by electrodes, in Figure 1). The samples were 
stressed at three different DC voltage levels (4kV, 6kV, 
8kV) at the same temperature of 20°C. Each time, an 
electric stressing time of 1 hour was tested. In addition, 
space charge evolution after the removal of the applied 
electric field was also measured.  
 

 
Figure 2. Voltage profile for space charge measurements 

 
The space charge measurements were taken at various 
times during the periods of both volts-on and volts-off 
(short-circuit condition) using the PEA technique. In 
the PEA technique, acoustic pressure waves are 
generated due to the interaction of pulsed electric field 
and charge layer. Detection of acoustic pressure waves 
allows one to determine charge distribution across the 
sample. The principle of the PEA can be seen in many 
literatures [1, 2]. The voltage profile in the present 
study is shown in Figure 2. 
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3 RESULTS AND DISCUSSION 
 

3.1 Charge distribution with volts-on 
 
Obviously from the space charge distributions showed 
in Figure 4, the cathode peak is sharp and evident; in 
contrast, the anode peak is wide and flat, this is 
because of attenuation and scattering of acoustic wave 
caused by the oil-paper sample. Together with volts off 
figures, the positions of electrodes were confirmed and 
marked with black lines. 
 

 
(a) 4kV 

 
(b) 6kV 

 
(c) 8kV 

Figure 4.  Space charge dynamics at different dc electric fields 
(volts on) 

As shown in Fig. 4 (a), (b) and (c), the peak value at 
electrodes increases with the applied voltage from 4kV 
to 8kV. Under each applied voltage, because of 
homocharges injection at both electrodes, quantities of 
electric charges on both electrodes decreases as the 
stressing time increases. The positive charges 
accumulate in the vicinity of the anode, while the 
negative charges adjacent to the cathode. Charge 
injected quickly after voltage was switched on, an 
approximate equilibrium between positive and negative 
charge injection was observed after 30min. No big 
difference noticed after that time. However, it may take 
a relatively long period (e.g. up to l0, 000s), to reach 
the stable regime, i.e. the equilibrium between charge 
injection, extraction and transport [3]. 

The charge injection deepens into the bulk with the 
increase of the applied voltage. Under 4kV, 
homocharges of each polarity enter no more than one 
layer. Under 6kV, homocharges of each polarity enter 
more than one layer, it is possible that a small quantity 
neutralized in the middle layer. Under 8kV, some 
homocharges reach the layer near to the opposite 
electrode.  
Along with charge injection, electrode peaks offset 
towards the inner sample direction, especially the 
anode peak. There is less negative charge observed in 
the region adjacent to the cathode. There may be two 
reasons for this phenomenon. Firstly, compared to 
positive charge, the amount of negative charge 
injection didn’t increase with the applied voltage, 
which indicates that negative charge may travel faster 
and with less blocked, and it reaches the anode quickly 
or is neutralized on the way. Secondly, the PEA 
technique only shows the net charge, the injected 
charge may be present together with the positive 
charge which is blocked at the interfaces. 
Theoretically, in a PEA figure, the integral area of 
positive peaks is basically the same as that of negative 
peaks. However, because of the signal scattering in 
oil-paper sample and the contribution of pulse, the test 
results are some differences from that derived from 
theory. 
 

3.2 Charge distribution with volts-off 
 
Normally, Charges can be roughly classified as fast and 
slow charges [4, 5]. ‘Slow’ charges are those which are 
essentially trapped in deep traps while ‘fast’ charges 
are those which escape from the traps very shortly after 
the dc voltage is removed. Charges trapped in the 
insulating material are often stable, i.e. slow charge. 
The volts-on measurement includes contributions from 
both fast and slow charges while the volts-off’ 
measurement involves only slow charge. 
After volts-on tests, slow charge distributions for 
three-layer samples under volts-off condition have 
been taken as shown in Figure 5. The charge 
distributions in the bulk hardly changes, while the 
induced charges form on both electrodes which 
confirmed the homocharge injection happened there 
under volts-on condition. What’s more, the induced 
charge density increases gradually with the increase in 
the applied voltage (Fig. 5 a, b, c), from a maximum of 
21 C/m3 (4kV) to 26 C/m3 (6kV) and then 33 C/m3 
(8kV), which reflects the increase of charge injection.  
Fig. 5 also shows that positive charges are dominant in 
the bulk after the removal of the applied voltage. It is 
noteworthy that only positive charges appears at the 
sample layer interfaces, which means the oil-paper 
layer interfaces act as a barrier for positive charges 
only. 
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(a) 4kV 

 
(b) 6kV 

 
(c) 8kV 

Figure 5.  Space charge dynamics at different dc electric fields 
(volts off) 

 
3.3 Charge distribution with decay 
 
After 1 hour dc stressing, space charge distributions 
after the removal of the applied voltage are shown in 
Figure 6. Compared to volts-on tests, charges are more 
easily injected than they are transported away from the 
electrodes. The charge decay speed becomes much 
more slowly with the time increase. After 30min, about 
a quarter of space charges remains in the sample. 
Further tests indicate that about 90% charges 
disappeared after 2 hours decay. 

 
(a) 4kV 

 
(b) 6kV 

 
(c) 8kV 

Figure 6.  Space charge decay after dc electric stressing 

 
3.4 total charge 
 
The total absolute amount of charge accumulated in the 
samples can be calculated based on the charge-density 
distribution given in Fig. 4-6. 

SdxtxTQ
d

∫=
0

),()( ρ          (2) 

Where ),( txρ is the charge density, S  is the 
electrode area, and d  is the thickness of the sample. 
As we know, a trend of movement and combination 
exists between positive and negative charge. So the 
total charge is always changing during volts-on and 
volts-off tests. In this paper, the total charge at the time 
immediately after power on/off in the volts-on/volts-off 
test was calculated.  
The relationship between the total amount of charge 
accumulated and the time under different applied 
voltages is shown in Fig. 7. Total charge in volts-on 
condition is the total injection charges including both 
fast moving charge and slow moving charge. At first, 
the higher the applied voltage is, the more charges 
injected. Secondly, a tendency of decline, then increase, 
finally to stable can be observed in Figure 7 (a). This 
can be explained as follows. At the very beginning, 
observable homocharge injected from both electrodes, 
and then fast moving charge moved quickly into the 
center of samples and neutralized, which made the total 
absolute amount of charge show a little decrease. After 
30min electrical stressing, it reached an approximate 
equilibrium between positive and negative charge.  
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(a) Volts on 

 
(b) Volts off 

 
(c) Decay 

Figure 7.  Total charge under different applied voltages vs time. 

 
Roughly, traps in electrical materials can be divided 
into two types, deep traps and shallow traps. When the 
charges moved into the deep traps, more energy is 
required for them to get out, which slow down the 
velocity of charge movement and finally formed slow 
moving charge. After power off, the volts-off tests 
were taken at once. The fast moving charges moved 
out immediately, only slow moving charges remain in 
the sample. In Figure 7 (b), the amount of slow moving 
charges in sample is stable except a little fluctuant at 
8kV. In addition, under different applied voltages, total 
charge at volts-off stabled in different horizontal. That 
may be explained as that, when increasing the applied 
voltage, the amount of injected charges in the material 
increases as well. As a result, more and more charges 
are trapped, the distortion of electric field becomes 
more serious, and the electrical performance gets 
worse.  
It can be seen in Figure 7 (c), the higher the applied 
voltage is, the faster the charge decayed. As we know, 
at the early time when the power is off, more charges 
exist in higher voltage tested samples, which generated 
higher induction electrical field and made the charges 
moving faster and neutralized quickly.  

 
4 CONCLUSIONS 
 
In this paper, PEA measurements on multi-layer 
oil-impregnated insulation paper samples were 

presented. Space charge dynamics in volts-on, volts-off 
and decay are analyzed. The results are summarized as 
follows: 
（1）Homocharge injection is observed both at the 
anode and the cathode, and the injection speed is very 
fast. The higher the applied voltage, the more the 
amount of injection charge and the deeper the charge 
injected into the sample layers.  
（2）Positive charges are found to accumulate at the 
layer interfaces, which indicate that the oil-paper layer 
interfaces act as a barrier for positive charges. This will 
effect the distribution of electrical field and deteriorate 
the electrical behavior of oil-paper insulation. 
（3）The decay tests showed that after 30min, about a 
quarter of space charges remained in the sample, about 
90% charges disappeared after 2 hours. 
In our opinion, both the electric and thermal stresses 
have significant impact to space charge behavior, 
further studies of space charge in oil-paper with 
variable applied voltages and temperatures are under 
performing which will be published later. 
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