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Abstract: Air filled cavity may appear inside solid insulation either due to bad 
manufacturing or as a result of insulation ageing. A cavity is a weak point in insulation 
and if the electric stress is high enough; partial discharge can be initiated inside the 
cavity. In this paper changing of PD parameters (number of PD, maximum magnitude of 
PD and average magnitude of PD) was investigated over time on oil impregnated paper 
with an artificial cavity in between the sheets of paper.  PD parameters were recorded 
from the inception of PD until final puncture breakdown occurs in the sample. Experiment 
was performed on sample with different thickness. Specific pattern on changing of PD 
number and maximum magnitude of PD was observed for most of the experiments. The 
pattern includes three stages, big discharges appear at inception of PD and over a very 
short time they disappear. At stage two, the number and magnitude of PD increase 
rapidly from small values until they reach to a maximum value. At stage three, the number 
and magnitude of PD decreases and reach to a constant value. The PD parameter keep 
constant until the time that final breakdown occurs. The dielectric spectroscopy performed 
on the sample before and after exposure to PD shows that PD activity causes a 
permanent shift on  which can be explained by PD by-products.  

 
1 INTRODUCTION 

Power equipment’s such as transformers and 
generators are very expensive and critical for the 
network. In the case of severe failure usually it 
takes long time (in some cases up to few months) 
to replace them. The unavailability of power for 
such a long period is not acceptable therefore the 
number of failure in such equipment has to be 
minimized. Previous studies show that the leading 
cause for transformer failure is insulation failure [1]. 
Most of transformers in use are oil filled 
transformer. Oil impregnated paper is the main 
insulation in OIP bushings and in transformers. 

There are several available methods based on 
chemical composition which can be used to 
evaluate aging condition of oil-impregnated paper 
such as dissolved gas analysis (DGA), furan 
analysis, degree of polymerization (DP) etc. 
However these methods have their own limitations, 
for example if the transformer oil is refilled with 
new oil the result of DGA and furan analysis would 
not indicate the problem [4].  

PD measurement is a non-destructive test which 
can be used as a diagnostic tool for high voltage 
equipment. PD measurement is conducted on a 
transformer before delivery from manufactory. The 
recommended acceptance PD level according to 
IEC standard is 300 pC and 500 pC at 130% and 
150% rated voltage, respectively [5]. 

In design of transformer the allowed voltage per 
millimetre between turns of winding is usually 
between 2400 V/mm to 4000 V/mm which has to 
be sustained by the oil-impregnated paper and oil 
[2]. This amount of stress is high enough to initiate 

PD in an air filled cavity between layers of paper. A 
gas filled cavity between the layers of paper if 
exposed to high enough electric field can initiate 
PD activity. PD causes deterioration due to mainly 
two mechanisms: Chemical reactions between the 
ionized gas (such as nitric acids and ozone) and 
the insulation, and direct physical attack by ion and 
electron bombardment causing bond-scissions [3]. 
Paper that is exposed to PD activity degraded over 
time and finally it may experience puncture 
breakdown. PD in a cavity is also common 
phenomena in stator bar of a generator which at 
the end can lead to short circuit between the stator 
coil and the core. Hence investigation of variation 
of PD parameter in a setup consist of a cavity 
inside insulation is of interest.  

Continues PD measurement makes it possible to 
evaluate the trend of PD parameters which can be 
correlated to the remaining time to breakdown of 
the sample. In this paper a common source (cavity) 
of PD activity was investigated. A study was 
performed on a model of oil-impregnated paper 
with an artificial disk shape cavity in between 
sheets of paper. Accelerated aging due to PD 
activity up to complete breakdown was 
investigated for different sample thickness and the 
change of PD parameters from inception of PD 
until final puncture breakdown occurs is presented. 
Dielectric spectroscopy performed on the samples 
before and after exposure to PD activity.  

2 EXPERIMENTAL 

Paper impregnation, test setup and measurement 
system are described in this part. 



2.1 Paper impregnation 

Oil and paper used for the study were NYTRO 
10 XN and Munksjö Thermo 70. Each sheet of 
paper has a thickness of 0.1 mm.  

The following procedure was used for impregnation 
of the transformer paper: 

 Sheets of paper were vacuum-dried at about 
5 mbar pressure at a temperature of 120 °C 
for 24 hours.  

 The temperature was lowered to 60 °C, and 
the transformer oil that had been heated to 
60 °C was inserted inside the vacuum 
chamber.  

 The transformer oil and paper were 
degassed for 24 hours under vacuum at 60 
°C. 

  Sheets of paper were immersed in 
transformer oil for impregnation for 24 hours.  

 The temperature was turned off, and sheets 
of paper were left inside the oil container for 
24 hours to cool down to room temperature.  

 

2.2 Test setup 

Figure 1 shows the setup that was used for the PD 
ageing experiments. High voltage electrode was 
covered with an epoxy layer in order to prevent 
surface discharges. The paper sample contains 4 
(6 sheets of paper for the study of thickness) 
sheets of paper with a disc shape cavity punched 
in the centre of two of them. 

 

Figure 1. Test setup for investigation of partial discharge in a 
cavity between sheets of paper 

2.3 PD measurement system 

The schematic of PD measurement system is 
shown in figure 2. A high voltage transformer 
capable of producing up to 100 kV was used as 
power supply. ICM-system [6] which is a standard 
PD detection system was used to record PD 
parameters over time.  

 

Figure 2. Schematic of PD measurement system 

2.4 Dielectric spectroscopy 

Complex permittivity was measured by using 
IDAX-300 which is a dielectric spectroscopy 
analyser. The test cell used for dielectric 
spectroscopy measurement is shown in figure 3 
and the connection to IDAX-300 is shown in figure 
4. The test cell has equipped with guard electrode 
to eliminate error caused by surface currents. The 
low voltage electrode loaded by a spring so that 
pressure on the sample is equal for all 
measurements.  

 

Figure 3. Test cell for measuring dielectric spectroscopy 

 

Figure 4. Measurement circuit for measuring dielectric 
spectroscopy 

 

3 MEASUREMENT RESULTS 

In this part changing of PD parameters over time 
and change in dielectric spectroscopy before and 
after exposure to PD activity is presented. 

3.1 Change of PD parameters over time 

The experiment was performed on six samples. 
The first three samples (group 1) consist of 4 
sheets of paper and the rest samples (group 2) 
consist of 6 sheets of paper. In each sample two 
sheets of paper have a disc shape cavity with 8 
mm diameter. These two sheets placed together 
and they were covered with one sheet of paper on 
each side (in group 1) and with two sheets of 
paper on each side (in group 2). Table 1 shows the 
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voltage that is needed for instantaneous 
breakdown of the samples and the voltage that is 
used for on different experiments.  

Table 1.  Applied voltage used for experiment and 
instantaneous breakdown voltage for different samples 

 
Sample with 4 
sheets of paper 

Sample with 6  
sheets of paper 

Applied voltage 5.5 kV 13 kV 

Instantaneous 
breakdown voltage (kV) 

10 24.5 

 

 Change in PD number, maximum magnitude and 
average magnitude of PD are shown in figures 5 to 
8. Figure 5 and 6 are corresponded to the sample 
with 4 sheets of paper and figure 7 and 8 are 
corresponded to the sample with 6 sheets of 
paper.  

The variation of average PD charge over time is 
small for the whole period from inception of PD 
until final puncture breakdown. The number of PD 
and maximum magnitude of PD follow specific 
trend with can be divided into three stages. At 
stage 1, big discharge occurs for a very short time 
and they disappear soon (Since this stage only 
takes few second it is not shown in the figures).  At 
stage two, number and maximum magnitude of PD 
increases over time until they reach to a maximum 
value. At stage three both number and maximum 
magnitude of PD decreases over time (and reach 
to almost constant values) and finally puncture 
breakdown occurs at this stage.  

 
Figure 5. Number of PD from inception of PD until final 

puncture breakdown occurs (sample with 4 sheets of paper) 

 
Figure 6. Maximum average magnitude of PD from inception 
of PD until final puncture breakdown occurs (sample with 4 

sheets of paper) 

 

Figure 7. Number of PD from inception of PD until final 
puncture breakdown occurs (sample with 6 sheets of paper) 

 

Figure 8. Maximum average magnitude of PD from inception 
of PD until final puncture breakdown occurs (sample with 6 

sheets of paper) 
 

3.2 Dielectric spectroscopy 

Complex capacitance can be calculated using the 
following formula: 

̅
̅                                                                  (1) 

                                                               (2) 

                                                                     (3) 

                                         (4)        

In equation 1,  is the voltage applied to the 
sample and  ̅ is the current passing through the 
sample, ̅ is the impedance of the sample and  is 
the complex capacitance. In equation 2,  is the 
real part and is the imaginary part of the 
complex capacitance. In equation 3 and 4,  is the 
geometric capacitance which means the 
capacitance for the same geometry but with 
vacuum instead of dielectric. In equation 4,  is 
the conductivity of the sample.  

In order to experiment effect of PD on real and 
imaginary part of permittivity a sample consist of 
12 sheets of paper was selected. A cavity was 
punched on 4 sheets of paper in this sample. The 
sample was exposed to PD for 15 hours in total 
and dielectric spectroscopy was performed four 
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times. First measurement was performed before 
the sample exposed to PD activity. The second 
measurement after 2 hours, third measurement 
after 4 hours and the fourth measurement was 
performed after 15 hours of PD activity. Figure 9 
and 10 show the  and  for these four 
measurements. It is clear that after short time of 
PD activity the real and imaginary part of 
permittivity change significantly. This change could 
be because of by-products produced by PD. PD 
activity can produce by-products such as water or 
carboxylic which are polar and can cause such a 
change.  Similar shift in real and imaginary part of 
permittivity has been found when the paper sample 
has moisture [7]. In order to be sure that the 
change that is shown in figure 9 and 10 is not 
because of moisture ingress to the samples from 
environment, another experiment was performed.  
Another sample with similar initial respond was 
selected and placed between electrodes but there 
was no voltage applied to the test sample. The 
change in  was quit small especially after 2 
hours and 4 hours. However after 1 day  had a 
shift even though that it was much smaller than 
what is shown in figure 10. This experiment 
ensures that the change shown in figure 9 and 10 
is because of PD activity and not absorbed 
moisture. 

 

Figure 9. Change in  because of PD activity 

 

Figure 10. Change in  because of PD activity 

The change in number of PD for this measurement 
is shown in figure 11. The variation of maximum 
magnitude and average magnitude of PD for this 

experiment is shown in figure 12. As it is clear from 
figures 11 and 12, whenever the voltage is 
connected again the parameters start from small 
values and rapidly increase until reach to values 
that had before voltage interruption and they 
continue pattern similar to what was explained in 
chapter 3.1.   

 
Figure 11. Number of PD from inception of PD until after 15 

hours (sample with 12 sheets of paper) 

 

Figure 12. Maximum average magnitude of PD from inception 
of PD until final puncture breakdown occurs (sample with 12 

sheets of paper) 

4 DISCUSSION  

From dielectric spectroscopy result it is obvious 
that PD cause a change in the sample. The PD 
activity is limited to the cavity area, which is much 
smaller than the area used for dielectric 
spectroscopy (~ 40 times smaller). This means that 
the change of the bulk of sample in series with the 
cavity must be too big so that it can affect the 
whole dielectric response. If PD produces 
byproducts such as moisture or acids, this means 
that resistivity of part of the sample in series with 
cavity decreases and the capacitance of that part 
increases. A simple circuit for the sample is shown 
in figure 13.  

 

 

 

 

 

 

 

 

 

 
Figure 13. A simple model of cavity and bulk of paper in series 

with the cavity 
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According to figure 13, the voltage on cavity can 
be calculated using the equation 5.  

                                                     (5) 

As it mentioned before, because of PD byproducts 
the capacitance C  increases and the resistance 
R  decreases. This means the impedance  is 
decreasing, so at beginning of the PD activity the 
voltage on the cavity is increasing and that is why 
the PD parameters are increasing at beginning of 
the PD activity. It is clear that the change in real 
and imaginary part of permittivity becoming less 
and less as time to PD exposure increases. This 
means that the bulk of sample in series with cavity 
already get enough byproducts that reaches to a 
stable situation. However the byproduct inside the 
cavity would cover the surface of the cavity and 
introduce a shielding effect on the cavity. Therefore 
because of the shielding effect of the byproducts, 
after long time the voltage on the cavity decreases. 
This can explain why the PD parameters tend to 
decrease over time before puncture breakdown 
occurs.   

5 CONCLUSION 

Variation of PD parameters over time for a setup 
consisting of sheets of oil impregnated paper with 
a cavity in between show a specific behaviour 
which can be divided into three stages. At stage 
one, big discharges occur at the beginning of the 
test immediately after applying voltage; however 
they last only for a few seconds and then 
disappear. At stage two, PD number and maximum 
magnitude of PD increase over time until they 
reach to a peak value. At stage three, both PD 
number and PD magnitude decreases and reach 
to a constant value. The PD parameters keep 
constant in this status and finally puncture 
breakdown occurs in the sample. Samples with 
different thickness showed similar behaviour as it 
explained in above. The result emphasize that the 
number of PD, maximum magnitude of PD and 
average magnitude of PD does not contain much 
information about time to failure because most of 
the time they are constant.  

Dielectric spectroscopy performed on the sample 
revealed a big change in  and  of the sample 
after exposure to PD activity. The change in is fast 
short time after exposure to PD and it becomes 
slower when the exposure time increases.   
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