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Abstract – Insulation of valve-side windings in converter transformer withstands pulsating voltages, 
which will produce more serious insulation problems. In this paper, the electric breakdown 
experiments of oil-paper insulation specimens were executed at pulsating voltages and different 
temperatures. Experiment and analysis results showed that the breakdown voltage decreased with 
increasing temperature under pulsating voltage. The influence of temperature proves to be more 
significant once the temperature exceeds a limitation threshold. A fitting formula between breakdown 
voltage and the temperature was reported. Finally, in order to clearly understand the breakdown 
properties under pulsating voltage, the electric field distribution and space charge behavior under 
pulsating voltage at different temperature were discussed. 
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1. Introduction 
 
Converter transformer is a key point of hub device in 

high voltage direct current (HVDC) transmission system 
and operation of power system. Because oil-paper is the 
main insulation form in the converter transformer, its 
insulating properties directly affect the system’s safe 
operation [1-2]. In the HVDC transmission system, 
converter valve will produce pulse voltage which has high 
amplitude and steep wave. This situation will make the 
valve-side windings of HVDC converter transformers 
withstand pulsating voltage stresses consisting of AC, DC, 
and strong harmonic components [3-5]. 

At present, oil impregnated paper insulation is widely 
used in converter transformers. However, there are still 
many problems relating to the presence of DC component. 
The report of CIGRE working group showed that the 
failure rate of the converter transformers was twice as 
much as the general transformers' [6]. According to 
investigation on the operating conditions of converter 
transformers [7], the insulation breakdown was found to be 
a common fault. In the insulation systems of converter 
transformers, DC voltage distribution significantly differs 
from that of AC voltage [8]. For this reason, in order to 
improve the reliability of converter transformers, it is 
essential to research the breakdown characteristics of oil-
paper insulation under pulsating voltage. 

Until then, a large number of researches about insulating 

properties of oil-paper insulation under AC, DC, or impulse 
voltage have been carried out. However, limited studies 
have been performed on insulating properties of the oil-
paper insulation under pulsating voltage. Publications [9-
10] presented the breakdown characteristics of oil-paper 
insulation under pulsating voltage. The effect of moisture 
content on breakdown characteristics of oil-paper insulation 
was also studied in reference [9]. Publication [11] presented 
the breakdown characteristics of XPLE under AC, DC and 
pulsating voltage. Reference [12] represented a brief intro-
duction about the surface electric strength of processed 
pressboard under pulsating voltage. The electrical strength 
of oil-paper insulation under composite AC and lighting 
impulse voltages was researched in [13]. Publications 
[14-15] appointed out that the breakdown voltage of oil 
changes slightly as AC component increasing, but changes 
obviously under pulsating voltage. Also, temperature has 
a negative effect on oil-paper insulation life cycle by 
lowering electrical breakdown strength and thermal 
endurance [16]. Thus a better understanding of the influence 
of temperature on the breakdown properties of oil-paper 
insulation under pulsating voltage becomes especially 
important and practical. 

This paper focuses on various contributing factors of 
electrical breakdown properties of oil-paper insulation 
under pulsating voltage. The effects of temperatures on the 
oil-paper insulating properties under pulsating voltage with 
different ripple coefficients were studied systematically. 
The experimental results were discussed in this paper, 
relationships between ripple coefficients and breakdown 
voltage were established at different temperatures, and a 
fitting formula between breakdown voltage and the 
temperature was reported. 
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2. Experiments 
 

2.1 Experimental Setup 
 
Fig. 1 shows the setup of multiple factors test under 

pulsating voltage in the laboratory. The AC voltage was 
supplied by a corona free test transformer, and the DC 
voltage was created by half wave rectifier circuit. The 
pulsating voltages, combined with AC and DC voltages, 
were applied on the oil-paper insulation specimens. The 
breakdown voltages were measured by oscilloscope via 
high voltage probe. Aging chamber was used to adjust the 
testing temperature of the sample, so as to research 
temperature's influence on the breakdown properties of oil-
paper insulation. Fig. 2 shows the final voltage waveform 
added on the test sample. Ripple coefficient (r) is defined 
as the ratio of peak value of AC component to DC 
component level [9]: 

 
 r=VAC /VDC                (1) 

 
Test electrode system was designed in accordance with 

publication [17], as shown in Fig. 3. The electrode 
system and oil-paper samples were completely immersed 
in transformer oil during experiments. The Kraft pulp 
insulation paper and Karamay 25# transformer oil were 
used in this work. The diameter and thickness of oil-paper 
insulation specimens were 80 mm and 0.2 mm respectively. 
The transformer oil was used for oil impregnation of 
insulation paper. Before the test, the insulating paper was 

dried in a drying oven at 90 °C for 24 hours. The 
transformer oil was dried for 24 hours in the vacuum oil 
tank when the temperature in it is 45 °C and the degree is 
200 Pa. Afterwards, the dried insulation paper was 
impregnated in transformer oil in vacuum of 200 Pa at 
45 °C for 72 hours. 

 
2.2 Experimental Method 

 
Based on relevant standards [17], short-term boost method 

was adopted to carry out the breakdown experiments of oil-
paper insulation under pulsating voltage. To make sure 
most of the breakdowns occurring in 10 s~20s, the rising 
rate of peak values of AC voltage was chose to be 1 kV/s 
and the DC voltage to be 2 kV/s.  

Five oil-paper insulation specimens were prepared for 
tests and the median one was considered to be the 
breakdown voltage of these specimens. If the maximum 
difference between the median and each breakdown 
voltage was greater than 15 percent of the median, five 
more oil-paper samples were used to measure their 
breakdown voltages. The median breakdown voltage of 
the total of specimens was considered as the breakdown 
voltage. 

 
 

3. Tests at Different Pulse Coefficients 
 
For the inverter, the rated voltage Udr= 1.175 UAC, in 

which, UAC is the phase-to-phase voltage. The DC voltage 
in valve-side winding is (p-0.5) Udr, and p is the number of 
bridges. The AC voltage in valve-side winding is UAC/ 3  
[18]. Taking the converter transformer used in ±800 kV 
HVDC power transmission project as an example, the 
values of p equal to 1, 2, 3 and 4. The turn-to-ground 
insulation of valve-side windings is subjected to a 
pulsating voltage with a ripple coefficient (r) equaling to 1, 
1/3, 1/5 and 1/7, respectively. At pulsating voltages with 
different ripple coefficients, the insulation properties show 
corresponding distinctions to each other, and this should 
not be ignored in the insulation examination for different 
parts of converter transformer. 

In this work, the breakdown voltages of oil-paper 

Fig. 1. Setup of multiple coefficients test under pulsating
voltages 

 

 
Fig. 2. The waveform of pulsating voltage 

 
Fig. 3. Test electrode system 
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samples were first tested to investigate the influence of 
ripple coefficient at room temperature. Two methods were 
adopted during the experiments. First, the AC component 
was raised to a preset value, and then the DC component 
was raised at a constant rate until the insulation breakdown 
happened. In the same way, the DC component was to a 
preset value, and then the AC component was raised. The 
breakdown values were recorded after the breakdown 
occurred. During experiments, the value of ripple coefficient 
was controlled to be from 0.05 to 10. 

Fig. 4 shows the 95% confidence interval of breakdown 
voltages, AC and DC components with increasing of ripple 
coefficient at pre-applied AC voltage. The tests data have a 
certain degree of dispersion as shown in the figure. The 
experimental results show that breakdown voltage of oil-
paper insulation reaches highest under individual DC 
voltages. As increase of ripple coefficient, the breakdown 
voltage decreases in a nonlinear curve. The least breakdown 
voltage value was obtained under individual AC voltage. 

Fig. 5 shows the 95% confidence interval of breakdown 
voltages, AC and DC components as ripple coefficients 
increasing at the pre-stressed DC voltage condition. The 
same law as the pre-stressed AC voltage test was obtained. 
However, the scatter in the pre-stressed DC voltage tests 
was smaller than that of the pre-applied AC voltage. 

There is a relationship among the breakdown voltage 
under pulsating voltage VB, AC component VAC, DC 
component VDC and ripple coefficient r, as follows [9, 11]: 

 

 
2 cot( )

2 arctan( )

B dc ac

DC

AC

V V V

V A arc r

V B r

α
π

β
π

⎧
⎪ = +
⎪
⎪ = ⋅ ⋅⎨
⎪
⎪ = ⋅ ⋅⎪⎩

 (2) 

 
where, VB is breakdown voltage, VDC is DC component, 
and VAC is AC component. A is breakdown voltage under 
individual DC voltage, B is breakdown voltage under 
individual AC voltage, and α is the value of r when the DC 
component is 0.5A, β is the value of r when the AC 
component is 0.5B. The parameters α and β can be 
calculated out by Newton’s method, therefore only values 
of A and B are required. 

Using the breakdown voltage under individual AC and 
individual DC voltages, 16.6 kV and 36.2 kV respectively, 
α=0.6509 and β=0.3230 can be obtained by Newton’s 
method. The data of breakdown voltages of oil-paper 
insulation was fitted by Equations (2). Table 1 contains the 
fitting parameters and calculated values of parameters in 
equations (2) from different pre-stressed voltage type 
experiments. 

The fitting curves and calculated curve of breakdown 
voltages were shown in Fig. 6. The results indicated that 
Eq. (2) fitted well to test data. There was a certain 
deviation between the experimental results and the 
theoretical calculation. The breakdown voltage of pre-

 
Fig. 4. Plot of 95% confidence interval of breakdown

voltage (pre-AC voltage) 
 

 
Fig. 5. Plot of 95% confidence interval of breakdown

voltage (pre-DC voltage) 

Table 1. Fitting parameters and calculated value of 
parameters 

Experiments A B α β 
Calculated value 36.20 16.60 0.6509 0.3230 

Pre-AC 35.33 15.97 0.5819 0.2886 
Pre-DC 35.71 16.12 0.6531 0.3120 

 

 
Fig. 6. The fitting curves and calculated curve of break-

down voltage 
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stressed DC component was slightly higher than that of 
the pre-stressed AC component. The biggest difference 
between pre-stressed DC and pre-stressed AC appears in 
r=0.8. It is believed that the space charge accumulation 
plays an important role in this phenomenon. However, it is 
practicable to estimate the oil-paper insulation properties 
under pulsating voltage with different ripple coefficient by 
equations (2) in engineering application. 

 
 

4. Tests at Different Temperatures 
 
Previous research results demonstrated that temperature 

has an obvious effect on the insulating property of oil-
paper insulation [14-15, 19]. The oil-paper insulation 
breakdown tests at different temperatures were carried out 
in laboratory conditions. The temperatures were designed 
to be 70 °C, 90 °C, 110 °C, and 130°C separately. 

 
4.1 Test Results 

 
During the different temperatures tests, Eq. (2) was used 

to fit the test data. Fitting curves were shown in Figs. 7-9. 
Table 2 and 3 showed the fitting parameters and calculated 
value of parameters in equations (2) at different 
temperatures. The result revealed that the parameters α and 
β have some regularity as the temperature raised. Further 
study is necessary to clarify the relationship between the 
parameters α, β and temperatures. 

Through comparison between the data in Table 2 and 3, 
the experiment data are similar to the calculated values by 
equations (2). Furthermore, Table 4 shows the goodness of 
fit of parameters A, α and B, β in equations (2), which 
means that the equations (2) have a high forecasting 

accuracy at different temperatures. 
Fig. 7 shows the breakdown voltage varies with ripple 

coefficient at different temperatures. The test results show 
that the smaller the ripple coefficient is, the more obvious 
the temperature's effect on the breakdown voltage of the 
oil-paper becomes, meaning that DC voltage component is 
especially sensitive to temperature. On the contrary, the 
temperature's effect on the breakdown voltage of oil-paper 
insulation under pulsating voltage (r>1) is not obvious 

 

 
Fig. 7. The relation of breakdown voltage to r at different

temperature. 
 

 
Fig. 8. The relationship of AC voltage component to r at 

different temperatures. 
 

 
Fig. 9. The relationship of DC voltage component to r at 

different temperatures. 

Table 2. Fitting parameters of formula (2) 

Temperature A B α β 
70°C 27.3 13.8 0.7816 0.3161 
90°C 26.7 14.2 0.8046 0.3292 
110°C 20.8 14.4 1.0690 0.4314 
130°C 9.4 10.1 1.5500 0.7520 

 
Table 3. Calculated value of parameters of formula (2) 

Temperature A B α β 
70°C 28.2 13.0 0.6542 0.3248 
90°C 23.8 14.0 0.8267 0.4185 
110°C 18.8 14.2 1.0397 0.5334 
130°C 9.4 9.0 1.3330 0.6879 

 
Table 4. The goodness of fit of parameters 

Temperature Parameters A,α Parameters B,β 
70°C 0.9965 0.9530 
90°C 0.9815 0.8691 
110°C 0.9878 0.9405 
130°C 0.9889 0.9970 
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when temperature is below 110°C. At 130°C, the insulating 
properties of the oil-paper insulation decrease severely, 
which will lead to the breakdown voltage under pulsating 
voltage decreases obviously, especially under the pulsating 
voltage (r<0.3). 

Fig. 8 and 9 show the variation law of how AC and DC 
components change as the ripple coefficient changes at 
different temperatures. Fitting curves in figures explain that 
AC voltage component changes slightly when the 
temperature is between 70~110°C. However, it decreases 
sharply when the temperature is above 110°C. On the other 
hand, the DC voltage component changes slightly between 
70~90°C and decreases obviously when the temperature is 
above 90°C. It can be concluded that the reduction in 
ability of oil-paper insulation to withstand DC voltage 
resulted in the decrease of the breakdown voltage at 
90~110 °C. Therefore, it will help to improve transformer 
operational reliability by keeping the temperature of 
transformer oil below 90°C. 

 
4.2 Analysis of Test Results 

 
The relationship between the breakdown voltage of oil-

paper insulation and temperature under pulsating voltage 
was studied. Pulsating voltages with ripple coefficients 
equal to 0 (individual DC voltage), 0.1, 0.2, 0.5, 1, 2, 5 and 
∞ (individual AC voltage) were selected. 

By analyzing the relationship of breakdown voltage to 
temperature for selected ripple coefficients, Eq. (3) was 
used to fit the data, as shown in Fig. 10. 

 U (T) = a·Tb+U0               (3) 
 
where, T is the temperature, U0 is the breakdown voltage at 
70°C, and a, b are parameters related to ripple coefficients. 

Observing the curves changing rule in Fig. 10, the 
smaller ripple coefficient is, the faster the breakdown 
voltage of the oil-paper insulation decreases. Table 5 is the 
fitting parameters of the fitting curves. According to the 
data in Table 5, the following information may be gained: 
when the pulse coefficient is small, parameter a turns to 
vary greatly; when r > 0.5, it maintains in the same order of 
magnitude. Parameters b has a similar rule to a, the value 
of b is stable at 7.194, when r > 0.5. The result shows that 
the parameters a, b have a greater correlation with ripple 
coefficients. 

The curves and data show that the Eq. (3) is suitable 
for describing the relationship between temperature and 
breakdown voltage of oil-paper insulation under pulsating 
voltages. 

 
 

5. Discussion 
 

5.1 Electric Field Distribution at Pulsating voltage 
 
The insulation paper contians a large number of bubbles, 

after the progress of oil paper impregnation, these bubbles 
in insulation paper will be filled with insulation oil. The 
model of oil-paper insulation is represented in in Fig. 11 (a), 
which can be simplified as a double composite dielectric 
model, as shown in Fig. 11 (b). The ε1, γ1, d1 and ε2, γ2, d2 
are the permittivity, conductivity and thichness of oil layer 
and paper layer, respectively. 

At AC voltage, the electric field distribution in oil-
paper insulation is mainly determined by permittivity, 
while under pulsating voltage, it depends on not only the 
permittivity but also conductivity. Using the superposition 
principle of electric field, the electric field strength in the 
insulating paper and oil gap EPaper and EOil can be 
expressed as follows: 

 

 2 2

2 1 1 2 2 1 1 2
Paper AC DCE U U

d d d d
ε γ

ε ε γ γ
= ⋅ + ⋅

+ +
   (4) 

 
Table 5. The fitting parameters of the fitting curve 

p a b R-square 
0 -3.7e-6 3.202 0.9974 

0.1 -1.3e-12 6.223 0.9970 
0.2 -1.4e-13 6.673 0.9977 
0.5 -9.6e-15 7.194 0.9955 
1 -7.0e-15 7.194 0.9706 
2 -4.8e-15 7.194 0.9287 
5 -3.4e-15 7.194 0.8911 
∞ -2.9e-15 7.194 0.7955 

 

 
Fig. 10. The fitting curves of the breakdown voltage

variation with temperature 

       (a)                     (b) 
Fig. 11. Equivalent circuit of oil-paper insulation and the 

double composite dielectric model 
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 1 1

1 2 2 1 2 1 1 2
Oil AC DCE U U

d d d d
ε γ

ε ε γ γ
= ⋅ + ⋅

+ +
     (5) 

 
The electric field distributions of the double composite 

dielectric model were calculated under different conditions. 
The peak value of applied voltages has been set to 30kV. 
Fig. 12 shows the electric field distributions under different 
voltage types at 30°C. As shown in Fig. 12, the voltage 
applied on the oil-paper insulation was mainly withstanded 
by the insulation oil under AC voltage. As the DC 
component of pulsating voltage increased, the electric field 
in the insulation oil decreased while it increased in the 
insulation paper. Under DC voltage the applied voltage was 
mainly withstanded by insulation paper. 

From above disscusion, a conclusion can be reached, 
that the breakdown strength of oil-paper insulation mainly 
depends on the breakdown strength of insulation oil at AC 
voltages. Instead, the breakdown strength mainly depend 
on the breakdown strength of insulation paper at pulsating 
DC and individual DC votages. Because the electrical 
breakdown field stress in insulation paper is much larger 
than that in insulation oil, the breakdown strength of oil-
paper insulation at pulsating DC and individual DC 
voltages are much larger than at individual AC voltages. 

The temperature has a significant effect on the 
conductivity, as shown in Fig. 13. It can be concluded that, 
the conductivity variations of paper is an important reason 
which reduces the breakdown voltage under pulsating 
voltage at greater temperature. 

Fig. 14 and 15 show the calculated reasults of electric 
distribution in the double composite dielectric model at 
different temperatures. It is noticed that with increase in 
temperature, the electric distribution at AC voltage 
basically kept unchanged. However, the change of electric 
distribution at pulsating voltage is evident as the 
temperature rising gradually from low to high. The electric 
field strength increased in insulation oil and decreased in 
insulation paper with rising temperature. When the 
temperature reaches 90°C, the electric field distribution in 
oil-paper insulation under pulsating voltage is similar with 
that under individual AC voltage, which explains the 
significant drop in breakdown voltages under pulasting DC 
voltage at higher temperature. 

 
5.2 Space Charge Behavior in Oil-Paper Insulation 

 
The oil-paper insulation is a typical composite structure. 

The space charge will accumulation in the oil-paper 

 
Fig. 12. Electric distribution in the double composite 

dielectric model at different voltage types 

 

 
Fig.13. Conductivity variations of the oil and the paper at

different temperatures 

 
Fig. 14. Electric distribution in the double composite 

dielectric model under AC voltage 
 

 
Fig. 15. Electric distribution in the double composite 

dielectric model at pulsating voltage with r equal 
to 1
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insulation structure under DC voltage. The space charge in 
oil-paper insulation would induce an opposing electric field 
and it weakened the electric stress applied on the insulation. 
This mainly incarnates that the breakdown voltage under 
DC voltages and pulsating voltages is higher, and it also 
caused the breakdown voltage under pre-DC voltage higher 
than that under pre-AC voltage. 

Space charges injected into the oil-paper insulation 
samples will result in the electric field distortion, influence 
the charge decay. When the test temperature increases, the 
injected charges have more energy and the charge moves 
faster [20]. At the same voltage, the max electrical field 
after volts-off increases with the increase of temperature. 
This also leads to the drop of breakdown voltage at higher 
test temperature. 

Fig. 16 shows the aging temperature influence on charge 
density in oil-paper insulation. Those insulation samples 
were aged for 6 hours at 70°C, 90°C and 110°C. Charge 
density and the amount of space charge increase with 

increasing temperature. Moreover, temperature also has a 
significant influence on space charge distribution, which 
may result in an electric field distortion. 

 
 

6. Conclusions 
 
This paper presents research on the breakdown 

properties of oil-paper insulation at pulsating voltage with 
different ripple coefficients. The influence of temperature 
on the breakdown properties of oil-paper insulation was 
studied. The changing rules of breakdown voltages, AC 
component and DC component at different temperatures 
and pulsating voltages were obtained. The results of above 
work and analysis are concluded as follows. 

1) The different types of pre-stressed voltages have 
certain effect on the breakdown voltage of the oil-paper 
insulation. The breakdown voltage of pre-stressed DC 
voltage turns out to be larger and with smaller scatter than 
that of the pre-stressed AC-voltage. 

2)  The effect of temperature becomes greater at the 
pulsating voltage with small ripple coefficients. The test 
result shows that, the effect of temperature on the DC 
component is especially obvious, but slight on AC voltage 
component. 

3)  The relationship between the breakdown voltage of 
oil-paper insulation at pulsating voltage and different 
temperatures could be described by this formula: U (T )= 
a·Tb +U. 

4)  Temperature has a significant influence on space 
charge distribution, which may result in the electric field 
distortion and the drop of breakdown voltage. 
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