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1. INTRODUCTION 
 

 
High temperature superconducting (HTS) transformers 

are being developed in many countries because of their 
lighter weight, smaller volume, and higher efficiency than 
that of the conventional transformers as well as the ability 
to be overloaded without loss of insulation life, decreased 
environmental impact, and ease of siting [1, 2]. Recently, 
research for development and application of HTS 
transformers has been motivated and supported by the 
Applied Superconductivity Technology of 21st Century 
Frontier R&D Program in Korea [3].  

 HTS transformers designs consider various insulation 
factors, such as turn-to-turn, layer-to-layer, 
section-to-section, coil-to-tank and so on. Many 
researchers have investigated the dielectric characteristics 
of the insulation factors that are driven under high voltage 
and cryogenic temperature conditions[4, 5]. However, 
although the basis of winding insulation design is 
turn-to-turn insulation, sufficient useful data for practical 
insulation design has not been obtained. The turn-to-turn 
voltage is very low in the normal conducting state, but it is 
very high in the superconducting state. Thus, to achieve the 
most suitable insulation design for the HTS transformer 
operating at cryogenic temperature, it is important to 
evaluate the dielectric strength for insulation factors such 
as turn-to-turn. Also, for designing electrical insulation of 
HTS power apparatus, it is very important to know the 
voltage-time characteristics and breakdown characteristics 
of insulation materials as well as the degradation after 
breakdown [6-8]. Moreover, the voltage-time characteristic 
is one of the most important factors; being used, to establish 

the testing level and estimate the lifetime of electrical 
insulation materials in electrical power devices. 
Unfortunately, most research focuses on construction 
design, benefits, and testing of HTS transformer [9-11] and 
breakdown mechanism in gaseous and liquid nitrogen [12, 
13]. There is a lack of research on breakdown 
characteristics and voltage-time characteristics of solid 
insulation in liquid nitrogen (LN2) as well as the 
degradation of these composite insulations after 
breakdown. 

Therefore, we investigated breakdown and voltage-time 
characteristics of point and surface contact geometry under 
AC and impulse high voltage in LN2 for turn-to-turn 
insulation design for HTS transformers immersed in LN2. 
We also analyzed the electric field of the point contact 
geometry with the Maxwell program. The breakdown 
voltage is dependent on the number of layers as well as 
voltage configuration. Furthermore, we discussed lifetime 
indices n of the number of layers and different applied 
voltages. Moreover, the breakdown holes of the point 
contact geometry were not at the contact point at which the 
electric field is maximum value between turns.  

 
TABLE I 

 PARAMETERS OF ELECTRODE. 
 

Electrode Virgin 
Cu tape 

Insulated Cu tape 

Parameter 1 layer 2 layers 3 layers 

t (mm) 0.3 0.36 0.42 0.49 

w (mm) 4 4.23 4.29 4.39 
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Abstract   
 

We have clearly investigated with respect to the survival of the insulator at cryogenic temperature under the electrical stress. The 
breakdown and voltage-time characteristics of turn-to-turn models for point contact geometry and surface contact geometry using 
copper multi wrapped with polyimide film for an HTS transformer were investigated under AC and impulse voltage at 77 K. 
Polyimide film (Kapton) 0.025 mm thick is used for multi wrapping of the electrode. As expected, the breakdown voltages for the 
surface contact geometry are lower than that of the point contact geometry, because the contact area of the surface contact geometry 
is lager than that of the point contact geometry. The time to breakdown t50 decreases as the applied voltage is increased, and the 
lifetime indices increase slightly as the number of layers is increased. The electric field amplitude at the position where breakdown 
occurs is about 80 % of the maximum electric field value. The relationship between survival probability and the electrical stress at 
cryogenic temperature was evident. 
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Fig. 1. The winding insulation models. (a) Point contact 
model and surface contact model (all unit: mm). 

 
 

2. ERIMENTAL SETUP AND PROCEDURE 
 

Many models for turn-to-turn insulation tests for 
traditional transformers have been suggested. Among many 
methods, two methods have been selected. One is the 
surface contact method, and the other is the point contact 
method. Fig. 1 (a) and (b) show the turn-to-turn models. 
The turn-to-turn insulation models use impregnated film 
insulation. In this experiment, the turn-to-turn insulation 
models were made by a square-section copper tape (0.3 
mm×4 mm) which is wrapped with Kapton tape (0.025 
mm×10 mm). In order to study the relation between the 
insulation strength of liquid-film and the film thickness, the 
number of tapes wrapping the copper tape is varied (1, 2 or 
3). One end of each sample had the conductor insulation 
removed to make the electrical connection to the test 
voltage or to ground.  The copper was wrapped by the 
Kapton film for a 30 % over-wrapping method. A range of 
total insulation thickness was chosen in the winding test to 
develop design information across the spectrum of 
thicknesses used in LN2-filled HTS transformers. As shown 
Table I, the three thicknesses of insulated Cu tape used in 
this series were 0.36 mm, 0.42 mm and 0.49 mm. 

The model was set in a FRP cryostat of LN2 in the 
innermost layer of the cryostat with a high voltage bushing. 
The outer layer is extracted by about 10-6 torr to prevent the 
temperature ride of the LN2. In this experiment, an ac 
power source (KYONAN ELECTRIC CO., LTD, 
MODEL: YPAS-01100, 0-100 kV) was used and impulse 
voltage tester system, which made of Dae Yang Electric 
CO., LTD (1.2×1.5 ㎲, 400 kV, 15 kJ). The high voltage 
lead was connected to the one copper electrode, and the 
other copper electrode was connected to ground. The AC 
voltage is raised at 1 kVrms/sec until breakdown occurred. 
In case of impulse breakdown test, we used the step-up 

method for insulation test. A voltage that is estimated to be 
70 % of the breakdown value was applied to the test object. 
The impulse voltage was then increased in steps of 4 kV 
until a breakdown occurred. The AC and impulse 
breakdown voltage (BDV) plotted in the figures is 
determined as the mean value of at least ten breakdown 
voltages and the range of measured maximum and 
minimum breakdown voltages is denoted by a vertical solid 
lines.   

 
 

3. RESULTS AND DISCUSSION 
 

3.1. Breakdown and voltage-time characteristics 
Fig. 2. (a) and (b) present the breakdown voltage and 

strength under AC and impulse voltage at 77 K. The lines 
were obtained by averaging the data for each wrapping 
number and then applying those averages to a linear 
progression equation to get an average failure line.  

As shown in Fig. 2, the breakdown voltage increases 
nonlinearly versus the wrapping number and the standard 
deviation of the breakdown voltage is nearly the same as 
the number of layer increases. However, the breakdown 
strength was decreased versus the wrapping number. Fig. 2 
and 3 also show that the breakdown voltage of the point 
contact model is higher than that of the surface contact 
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Fig. 2. (a) AC and impulse breakdown voltage and (b) 
strength of the point contact model at 77 K. 
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Fig. 3. (a) AC and impulse breakdown voltage and (b) 
strength of the surface contact model. 

 
model under impulse as well as AC voltage. These results 
can be explained as follows. If the contact area in the model 
is increased, the number of weak spots also increases. Thus, 
in the surface contact model it is considered that the 
breakdown voltages are lower than these of the point 
contact model because the contact area of the surface 
contact model is larger than that of point contact model.  

Fig. 4 and Fig. 5 show voltage-time characteristics of the 
models for 2 and 3 wrapping layers under AC voltage. It is 
seen that the time to breakdown t50 decreases as the applied 
voltage increases, and the lifetime indices slightly increase 
as the number of layers increase. Thus, the slope of the 
voltage-time characteristics is slightly dependent on 
applied voltage as well as the number of layers.  

In Fig. 4, n=27.54 and n=30.58 were obtained in LN2 on 
2 and 3 layers, respectively. Also in Fig. 5, n=14.47 and 
n=27.10 were obtained in LN2 on 2 and 3 layers, 
respectively. In the case of the point contact model, the n 
value is similar. However, in the case of the surface contact 
model, the n value is different. As referred to above, this 
result is considered that an electrode effect of the 
breakdown voltage increased according to the increase of 
the contact area. The relation between the breakdown 
voltage and the time to breakdown t50 of the point contact 
model for 2 layers and 3 layers is shown by equations (1) 
and (2), respectively. 
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5037.16 −= tBDV                (1) 
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Fig. 4. Relationship of time to breakdown and breakdown 
voltage of the point contact model. 
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Fig. 5. Relationship of time to breakdown and breakdown 
voltage of the surface contact model. 

 
53.27/1

5034.15 −= tBDV               (2)  
Similarly, the breakdown voltage of the surface contact 

model can be expressed by equations (3) and (4), 
respectively. 

1.27/1
5059.16 −= tBDV                   (3) 

47.14/1
5067.13 −= tBDV                  (4) 

In the case of the 15 kV applied voltage the micro cracks 
are longer and deeper compare to 13 kV applied voltage. 
However for 13 kV applied voltage, the micro cracks are 
denser than those of the 15 kV applied voltage. This can be 
explained that when the applied voltage is higher, the 
electric stress is larger and the time to breakdown is smaller 
and vice versa. With the higher electric stress and smaller 
breakdown’s time, the micro cracks will be deeper and 
longer but less dense. 

 
3.2. Survival and hazard analysis  

Probability distributions are a fundamental concept in 
statistics. They are used both on a theoretical level and a 
practical level. Probability distributions are typically 
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defined in terms of the probability density function. 
However, there is a number of probability functions used in 
applications. Especially, survival probability and hazard 
rate have been used an index of reliability.  

For a continuous function, the probability density 
function is the probability that the variate has the value x. 
Since for continuous distributions the probability at a single 
point is zero, this is often expressed by equation (5) in 
terms of an integral between two points.  

                 ][)( bXaPdxxf T
b

a
≤≤=∫                         (5) 

 Survival functions are most often used in reliability and 
related fields. The survival function is the probability that 
the variate takes a value greater than x.  

)(1][)( xFxXPxS T −==                  (6) 
The hazard function is the ratio of the probability density 

function to the survival function, S(x).  
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Fig. 6. (a) and (b) show survival probability under 3 
layers of point contact and surface contact model. For  
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Fig. 6. The survival probability of (a) point contact model 
and (b) surface contact model for 3 layers. 

example in Fig. 6. (a), survival probabilities are 51.8 % at 
1000 seconds and 22.6 % at 2000 seconds under 13 kV, 
respectively. As the applied voltage is increased, the 
survival probability is decreased and as the applied voltage 
is increased, the hazard rate is increased at all times.  

The overall survival estimates for the point contact and 
the surface contact model within the total observation are 
shown in Fig. 7 and Fig. 8, respectively. As the wrapping 
number is increased, the survival probability is increased. 
For example, in Fig. 7. (a), the survival probability (84 %) 
under 11 kV at 1000 seconds is higher than the survival 
probability (17 %) under 12 kV at 1000 seconds. In Fig. 8. 
(a) and (b), the survival probability (2 %) for 2 layers under 
13 kV is lower than the survival probability (48 %) for 3 
layers under 13 kV at 1000 seconds. Therefore, both 
electrical stress and wrapping number have a significant 
effect on the survival provability. It is also clear that the 
increasing electrical stress leads to the reduced breakdown 
initiation time.  

 

 
(a) 
 

 
(b) 

 
Fig. 7. Overall survival analysis for the point contact 
model under (a) AC and (b) impulse voltage. 
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4. CONCLUSION 
 
Electrical breakdown, voltage-time and survival 

characteristics were investigated with the simulated 
electrode system for winding insulation. The main results 
are summarized as follow: 

As the number of layer is increased, the breakdown 
voltage of the models is increased proportionally. Lifetime 
indices n of the point and surface contact model decreased 
from 30.58 for the 3 layers to 27.58 for 2 layers and from 
27.1 for 3 layers to 14.47 for 2 layers, respectively. Thus, 
the slope of the V-t characteristics increases slightly as the 
number of layers is increased.  

The breakdown holes and erosion areas of the point 
contact model do not occur at the contact line or contact 
point, which have the maximum value of electric field. 
They occurred inside the erosion area or around the 
boundary between the erosion areas because of the partial 
discharge and the degradation of the erosion areas depend 
on the applied voltage.  

The survival probability is increased as the increasing 
wrapping number and/or decreasing applied voltage. The 

increasing electrical stress and decreasing number of layers 
lead to reduced breakdown initiation time. Therefore, both 
electrical stress and wrapping number have a significant 
effect on the survival probability. 
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Fig. 8. Overall survival analysis for the surface contact 
model under (a) AC and (b) impulse voltage. 


