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Abstract—In this work, breakdown strength and lifetime 
curve of oil-impregnated paper (OIP) are compared at 50Hz and 
1500 Hz. For the ramp breakdown tests, sinusoidal voltage ramp 
of 𝟏𝟏 𝒌𝒌𝒌𝒌𝒑𝒑/𝒔𝒔  is used. The ramp breakdown experiments is 
conducted on OIP samples made of  single and double sheets of 
OIP. Weibull plots and interpretation of the results are 
presented.  In order to obtain lifetime curves, a step sinusoidal 
voltage waveform whose peak value is close to the minimum OIP 
ramp breakdown voltage is applied on single sheet of OIP 
samples. Time to breakdown is measured, and each experiment 
is repeated between 20-30 times to obtain good statistical results. 
The experiments were focused on four different voltage levels 
and the lifetime curves are plotted for those two target 
frequencies. Parameters of the lifetime curves are extracted and 
the interpretation is given. 

Keywords—Oil-impregnated paper, lifetime curve, aging, 
breakdown voltage, high frequency electric stress 

I. INTRODUCTION 
Flexible voltage and power flow control are two of the 

important features of the future smart grid, which cannot be 
fully achieved through conventional transformer and 
mechanical tap changers. During the past two decades, highly 
controllable solid state transformer (SST) has been under 
development to fill this gap. A critical component inside SST 
is the medium frequency transformer (MFT) by which 
galvanic isolation is provided between the primary and 
secondary sides of SST. High voltage (>10kV) SiC 
semiconductor switches with reasonable current capabilities 
will be introduced to the market in the coming years. By 
means of such switches, the construction of SST using 
cascaded H-bridge (CHB) or modular multilevel converters 
(MMC) topology, will be simplified since lower number of 
sub-modules are necessary to handle the medium voltage. 
However, due to the presence of very high dv/dt, different 
challenges need to be addressed, one of which is the 
degradation of insulation material under such electric stress. 

To have a reliable SST with long lifetime, the insulation 
system of MFT must withstand high frequency high voltage 
stress over its life period. To design a reliable insulation 
system for MFT, lifetime curves of insulation material under 
different frequencies must be obtained first. From lifetime 
curves, the desired converter lifetime, and operating condition 
of the converter (voltage waveform on transformer winding 
may differ depending on the converter topology), permissible 
electric field can be identified and also, proper thickness of 
insulation material as well as sufficient electric field grading 
needed for the design of MFT, can be selected. While the 
breakdown and lifetime curve of different insulation material 
have been widely investigated for 50 Hz AC, the impact of 
frequency and voltage waveform on insulation degradation 

are not conclusive.  Significant amount of work has been done 
on machine winding insulation [1-6]. 

In general, it is concluded that when partial discharge 
exists, the lifetime decreases with the increase of switching 
frequency (lifetime ∝ 𝑓𝑓−𝑘𝑘 ). Factor k is obtained to be 1 
according to [1] and less than 1 (typically between 0.6-0.8) 
according to [2]. Faster rise time of the voltage pulses, in case 
PD is present, results in lower lifetime and higher amplitude 
of PD [3, 4]. In general when PD exists, the lifetime increases 
if the duty cycle of the applied voltage decreases [5, 6]. When 
PD does not exist, there are number of factors that impact the 
lifetime, such as peak and rms value of the voltage waveform, 
frequency, temperature, harmonics content, etc. Cavallani, et. 
al. [7] proposed (1) that relates the lifetime to the voltage peak, 
voltage rms and harmonics content. According to 
experimental results, peak voltage has the most significant 
impact on insulation lifetime.  

𝐿𝐿 = 𝐿𝐿0𝐾𝐾𝑝𝑝−𝑛𝑛𝑝𝑝𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟−𝑛𝑛𝑟𝑟𝑟𝑟𝑟𝑟𝐾𝐾𝑟𝑟−𝑛𝑛𝑟𝑟  (1) 

Higher frequencies or harmonics content, result in extra 
dielectric loss which may lead to overheating [3, 8, 9]. 
Comparison of impact of over temperature and peak-to-peak 
value of voltage are presented in [7]. The results show that 
temperature has less impact compared to the impact of  peak-
to-peak of applied voltage. The lifetime decreases with the 
increase of frequency [10] and slew rate. Reference [11] 
proposed (2) which relates lifetime and frequency. 

𝐿𝐿𝑓𝑓 = 𝐿𝐿1 �
𝑓𝑓1
𝑓𝑓
�
𝛾𝛾

 
(2) 

Various types of insulation material such as paper 
insulation, epoxy resin, polyamide film, polypropylene and 
etc. [12] are the potential candidates for the insulation system 
of MFT. For high voltage MFT, the design of insulation 
system using dry type insulation material would be very 
difficult. An alternative solution is the liquid immersed MFT. 
Properties of oil-impregnated paper (OIP) insulation system 
have been investigated thoroughly at 50 Hz and DC in 
available literature [13]. In this paper, the breakdown strength 
and lifetime of OIP are studied and compared at 50 Hz and 
1500 Hz. The Lifetime curves of OIP are plotted and the 
obtained parameters of the curves (slope and y-intercept) are 
compared between two target frequencies. 

II. SAMPLE PREPARATION AND EXPERIMENTAL SETUP 

A. OIP sample preparation 
In this study, mineral oil, type Nynas Nytro Taurus is used 

as the impregnating medium. The paper used is Tervakovski 
cable paper with an average thickness of 0.15 mm. The paper 
samples were impregnated inside a BINDER VD 53 vacuum 
oven. A large paper sheet was first cut into small circular 



pieces suitable for the test set-up. The impregnation procedure 
is as follow: 

1- Paper samples were vacuum dried at 120 °C for 24 h 

2- Oven temperature was reduced gradually to 60 °C, the 
chamber was filled with dry nitrogen and oil container 
was placed into the chamber. Vacuum pump was 
turned on and the pressure of chamber was lowered to 
5 mbar and kept at that level. Both oil and paper 
samples were vacuum dried (5 mbar) at 60 °C for 
another 24 hours 

3- The chamber was filled with dry nitrogen and the 
paper samples were placed inside oil container. The 
paper samples were impregnated under vacuum at 60 
°C for 24 hours. 

4- The heater was turned off and oil paper samples were 
left inside vacuum chamber to cool down. 

After the impregnation processes, the OIP samples were 
always kept below the oil level inside a sealed desiccator to 
limit moisture ingress. Prior to each experiment, required 
number of samples together with sufficient amount of oil were 
transferred to another glass container from which the samples 
were taken and placed between the electrodes of the test setup. 
Fig. 1 shows the samples at different stages of sample 
preparation. 

 

Fig. 1. Sample preparation. Paper roll, small circular paper samples, OIP 
samples stored inside a closed desiccator, OIP samples transferred to another 
glass container to be used for the test. 

B. Experimental set-up 
A 30 kV Trek amplifier is used to generate high voltage at 

different frequencies. The Trek amplifier is equipped with an 
internal voltage divider which is used to measure its output 
voltage. The input signal is produced by a TENUMA 72-
14111 function generator. The electrodes are made of stainless 
steel with a diameter of 40 mm and rounded edges of 3 mm 
radius. The support structure is made of Teflon and is held 
together by Nylon screws and bolts. Fig. 2 shows the 
experimental set-up. 
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Fig. 2. Experimental setup used to perform breakdown and lifetime tests 

Even though the Trek amplifier has its in-built fault 
detection circuitry, due to the small thickness of the OIP 
samples, in many cases amplifier fault detection mechanism 
takes many cycles to operate especially at higher frequencies. 
This would cause the formation of carbonized spots on the 
surface of electrodes after each experiment which may change 
the electric field at those positions for the next experiments. 
These spots can be removed by polishing the electrodes. To 
minimize this effect, a control box is added between the 
function generator and the amplifier. The output voltage 
measured by the amplifier is fed back to this control box and 
as soon as voltage drops below a threshold over a pre-defined 
time period, this control box stops the input signal to the 
amplifier. The control box is made with an Arduino 
microcontroller and is capable of detection of breakdown 
within a few cycles at different frequencies, which is much 
faster than in-built fault detection system of the amplifier. 
Using this approach, discharge spots were almost eliminated. 
Therefore, the electrodes were polished only after each set of 
experiments rather than after each individual experiment.  

For the ramp sinusoidal breakdown tests, sine waveform 
was modulated with a ramp signal in the function generator. 
The function generator produced continuous ramp sinusoidal 
waveform. In order to force the ramp breakdown test to start 
exactly at the beginning of a ramp, the synchronization signal 
of the function generator is fed to the control box. When a user 
pushes the button on the control box, microcontroller detects 
the beginning of the next ramp by means of the 
synchronization signal, a relay inside the control box is 
activated and the output of function generator is connected to 
the amplifier. In this way, it was ensured that all ramp 
sinusoidal breakdown tests were started from the beginning of 
a ramp and increased with an exact 1 𝑘𝑘𝑘𝑘𝑝𝑝/𝑠𝑠 rate. 

III. RAMP SINUSOIDAL BREAKDOWN TEST 
The ramp breakdown experiments were performed on OIP 

samples made of one or two sheets of OIP. A ramp sinusoidal 
voltage with slope of 1 𝑘𝑘𝑘𝑘𝑝𝑝/𝑠𝑠  is applied to the electrodes, 
once at 50 Hz and once at 1500 Hz. To have a good statistics, 
at least 30 experiments were performed for each case study. 
After each experiment, the thickness of OIP sample was 
measured at the point of breakdown. The scatter of the 
thickness data is shown in Fig. 3. Breakdown strength is 
measured by dividing the applied voltage to the corresponding 
sample thickness at the point of breakdown. It is important to 
notice that since here we have a two phase system (oil and 
paper), and because oil has also high breakdown strength, in 
many cases the point of breakdown has even higher thickness 
compared with other parts of the sample under electrodes.  
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Fig. 3. Variation of sample thickness  



2-parameter Weibull distribution shown in (3) is used to 
analyse the data. 

𝐹𝐹(𝐸𝐸) = 1 − 𝑒𝑒−�
𝐸𝐸
𝜂𝜂�

𝛽𝛽

 (3) 

In (3), E is breakdown strength, F(E) is the cumulative 
probability of breakdown, 𝛽𝛽  is the shape parameter which 
reflects the slope of regression line in the probability plot, and 
𝜂𝜂  is the scale parameter. Probability of breakdown for the 
specimens is 63.2% at an electric field strength equal to 𝜂𝜂. 
Furthermore, in Weibull distribution plot there is another 
important parameter named correlation factor 𝜌𝜌, which is an 
indicator showing how well the linear regression line fits the 
data. Weibull plots of ramp sinusoidal breakdown for one and 
two layers of OIP at 50 Hz and 1500 Hz is shown in Fig. 4.  
Table I shows a summary of Weibull distribution parameters 
for the plots shown in Fig.4. A number of important 
observations can be made. 

First of all, the breakdown strength at 50 Hz is 
considerably higher than that at 1500 Hz (also visible in 
parameter 𝜂𝜂 shown in table I). The slope of Weibull plot is 
more at 50 Hz compared with that at 1500 Hz (also visible in 
parameter 𝛽𝛽 shown in table I). It can be seen that at 50 Hz the 
spread of breakdown strength is narrower, i.e. within a span of 
25 kV/mm (from 65kV/mm-90 kV/mm) all samples undergo 
breakdown. However, for 1500 Hz, the spread is wider and 
within a span of 40 kV/mm (from 35kV/mm-75 kV/mm). This 
means that weaker samples at higher frequencies behave very 
poorly. This has very important consequence since insulation 
system is designed such that even the weakest point of 
dielectric should handle the electric field stress. If the weakest 
samples has far lower breakdown strength, it means more 
insulation material is needed to achieve a reliable design. 

Secondly, compared with the plots of one-layer 
breakdown test, it can be seen that for both 50 Hz and 1500 
Hz, the slope of the regression lines for two layers become 
sharper (also visible in parameter 𝛽𝛽 shown in table I). This is 
because with more OIP layers it is less likely that two weak 
points on each OIP layer align. As a consequence, the 
breakdown strength of material becomes less dependent on 
each individual sample layer and its weak points. Hence the 
breakdown strength is less spread. 

Thirdly, for both 50 Hz and 1500 Hz, it can be seen that 
samples made of two layers of OIP have in general lower 
breakdown strength than those with one layer of OIP. This 
observation can be referred to the so called volume effect 
which is usually observed in insulation material. According to 
this effect, thinner and smaller sample of a piece of insulation 
material has higher breakdown strength than the thicker and 
larger ones. The effect is attributed to the number of defects in 
a given volume of insulation sample. The thicker the sample 
is, the more likely of the presence of defects inside the sample 
would be. Therefore, it is more likely that breakdown occurs. 
However, when considering the lower parts of the curves 
(probability of failure <20%) which belongs to those samples 
that have severe weak points (breakdown occurs at the lower 
range of electric field), there is no clear observation of volume 
effect and if regression lines are considered, actually the 
opposite effect is observed. This is because when severe weak 
points are present (which is true for this part of the curve), for 
one layer sample, the severe weak point directly lead to 
breakdown of one layer samples. However, for two layer OIP 
samples, two severe weak points on each layer is unlikely to 

be right on top of each other. Therefore, for this part of the 
curve, the breakdown strength of one layer sample is lower 
than sample with 2 layers (or multi layers in general). 
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Fig. 4. Comparison of Weibull plots for 1 layer and 2 layers of OIP at 50 
Hz and 1500 Hz 

TABLE I.  WEIBULL DISTRIBUTION PARAMETERS OF PLOTS IN FIG. 4 

Parameter 𝛽𝛽 𝜂𝜂 (𝑘𝑘𝑘𝑘𝑝𝑝/𝑚𝑚𝑚𝑚) 𝜌𝜌 
One layer 50 Hz 16.85 77.0 0.9468 
Two layers 50 Hz 21.28 74.8 0.9750 
One layer 1500 Hz 7.29 59.9 0.9907 
Two layers 1500 Hz 9.51 56.01 0.9771 

IV. LIFETIME TEST  
Time to breakdown was measured for 50 Hz and 1500 Hz 

at different level of electric field stress. At each electric field 
level, the experiment was repeated at least 21 times (in some 
cases up to 31 times) to get good statistics. For each electric 
field strength, the median of the measurements (coloured blue 
in Fig. 5) was selected to represent the trend of data and to 
draw the lifetime curve.  By fitting the medians into the well-
known empirical inverse power low, (4), the lifetime curve 
can be obtained. Fig. 5. Shows time to breakdown 
measurement data and the fitted lifetime curves at 50 Hz and 
1500 Hz. 

𝑡𝑡 = 𝑘𝑘 �
𝐸𝐸
𝐸𝐸0
�
−𝑛𝑛

 (4) 

In equation 4, t represents for the time, k is a constant and 
has the unit of time, E is the electric field in 𝑘𝑘𝑘𝑘

𝑟𝑟𝑟𝑟
 and 𝐸𝐸0 is a 

constant with the unit of electric field, equal to 1 𝑘𝑘
𝑟𝑟𝑟𝑟

. 𝐸𝐸0   is 
chosen in this way to ensure both sides of (4) have the same 
dimension. It can be seen that the slope of lifetime curve 
increases considerably from 50 Hz to 1500 Hz. This indicates 
a lower lifetime for OIP samples that are exposed to higher 
frequency stress. Table II shows the parameters of lifetime 
curves for the two target frequencies. For 50 Hz parameters 
are very sensitive and even small change of the medians along 
each electric field stress could influence n and k considerably. 
In general, to have more reliable parameters we need to do 
experiments at lower electric field level and with time to 
breakdown much longer than what we have presented here.  

TABLE II.  PARAMETERS OF LIFETIME CURVE SHOWN IN FIG. 5 

Parameter 𝑛𝑛 𝑘𝑘 
One layer 50 Hz 25,64 5 × 1046 
One layer 1500 Hz 7.15 7 × 1012 



100 101 102 103 104

Time [s]

30

35

40

45

50

55

60

65

70
El

ec
tri

c 
Fi

el
d 

[k
Vp

/m
m

]

50 Hz
1500 Hz

 
Fig. 5. Lifetime curves for one layer of OIP at 50 Hz and 1500 Hz. Black 
dots represent the halted experiments. n is equal to 7.15 for 1500 Hz and 
25.64 for 50 Hz. 

It was also observed that through the whole experiments 
(for both ramp sinusoidal and step sinusoidal tests) breakdown 
could happen at both polarities, most of them take place close 
to the peak of voltage waveform (both polarities) and 
sometimes off the peak. Examples of such breakdown that 
happen off the peak are shown in Fig. 6. 

 

 

Fig. 6. Breakdown moment at different polarities and different phase of the 
sinusoidal waveform. Top: example of 1500 Hz, bottom: example of 50 Hz 

V. CONCLUSION 
In this study, breakdown strength and lifetime of OIP 

samples were investigated at 50 Hz and 1500 Hz. For the ramp 
sinusoidal test, it could be concluded that breakdown strength 
is lower and at the same time more spread at 1500 Hz 
compared with 50 Hz. To obtain lifetime curves, step 
sinusoidal voltage waveform was used. It was found that the 
slope of lifetime curve for 1500 Hz is much lower than that at 

50 Hz. This indicates that for a desired lifetime, the 
permissible electric field at 1500 Hz must be much lower than 
at 50 Hz, which means more insulation material for a given 
design is required at 1500 Hz. 

The future plan is to extend this work and perform similar 
experiments at higher frequency range (2kHz-30 kHz). This 
will help the readers to have better understanding of OIP aging 
exposed to high frequency high voltage stress, which can also 
provide indication for the selection of the suitable insulation 
material for MFT. 
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