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Abstract- Advantages of HTS cables are higher current carrying 

capability, very low thermal interaction with underground 
infrastructures, and very low external magnetic field designs.
These advantages make them interesting for implementation in 
dense urban areas. There are several experiences worldwide with 
HTS cables at various voltage levels, but the long-term 
experience is still limited. As a result, various aspects of HTS 
performance, such as long-term reliability, are unclear and
further study is required. This paper provides an overview of
insulation materials, background, and uncertainties of 
recommended electrical insulation testing. The application of 
power law and the length effect will be discussed. This discussion 
may help to give direction and assure the quality of HTS cable 
for ongoing studies. 

I. INTRODUCTION 

Higher demand for electrical power and access to 
renewables require higher power transfer capability of the 
power system. The power transfer capability of the power 
system in HVAC and HVDC transmission system mainly 
depends on surge impedance and resistive losses of the 
system, respectively. In urban areas, the transmission system 
is possible with HV and EHV cables, while about overhead 
lines (OHL) disputes arise due to the higher right of way, the 
visual impact and EMF [1] and [2]. On the other hand 
environmental issues of gas insulated and oil-filled lines 
restrict their application and a polymeric insulation system 
with lower thermal conductivity remains the main choice.
EHV cables require thicker polymeric insulation, and 
therefore the cables will have less ability to drain off the 
conductor’s heat. In order to reduce the generated Joule losses 
of the cable, limits apply to the conductor engineering current 
density. Also, the diameter of the conductor is limited because 
of transportation requirements.

The higher engineering current density of high-temperature 
superconducting tapes (HTS cable) overrides the values of 
conventional conductors (i.e. Cu and Al) by an order of 
magnitude. Moreover, the increasing quality of HTS tapes and 
almost the absence thermal interaction between the HTS cable 
and existing underground infrastructure enables the integration 
of the HTS cable in the power system [1]. Due to several 
successful demonstrating HTS cable project worldwide and 

the experience of the manufacturers, the HTS cable system is 
going to be commercialized [3]. The application of an HTS 
cable system requires specific HV testing and measurement 
techniques to test its components. However, the field 
experience with HTS cable is not sufficient yet to provide a 
statistical base for testing [1]. As for testing, Cigré released 
recommendations for testing HTS cable, technical brochure 
TB 538 [4]. More recently, IEC TC90 working group released 
the committee draft of IEC 63075 standard for testing HTS
cable based on TB 538, IEC Standard 60840, IEC standard 
60141, IEC standard 62067, and Cigré TB 538.

However, the foreseen applications of the HTS devices is 
not just the cables, but may also include superconducting fault 
current limiters, superconducting transformers, and rotating 
machines. At the moment, two active working groups of 
Cigré, WG D1. 64 and WG D1. 69 are studying the electrical 
insulation techniques and guidelines for testing techniques of 
HTS devices, respectively.  

This paper discusses the long-term property of the HTS 
cable insulation system, and how the present testing addresses 
the aging behavior of that insulation in cryogenic temperature.  

II.    INSULATION SYSTEM BEHAVIOR AT CRYOGENIC 
TEMPERATURE   

Aging in the polymeric electrical insulation is defined as the 
irreversible changes in the polymeric dielectric material 
structure due to chemical and physical degradation processes 
[5]. These changes increase the chance of failure with time. 
The major aging mechanisms in polymer insulated cable 
operated in dry condition are caused by the electrical, thermal 
and mechanical stresses applied to the insulation system.  

It is agreed that the chemical degradation rate in HTS cable 
is very slow and negligible because of the cryogenic 
temperature (77 K) [6]. However, electrical insulation in the 
terminations experiences a temperature between cryogenic 
temperature and room temperature, therefore, a chemical 
degradation mechanism still could deteriorate the insulation at 
that location; also the large temperature difference (~230 °K)
at cooling down and warming up could deteriorate the cable 
mechanically by means of cracking or tape migration [7].  
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Breakdown strength of liquid nitrogen (LN2) as the 
impregnant and coolant in HTS cable for various conditions is 
reported in the literature [8] and [9]. It is found out that the 
breakdown field strength of LN2 is comparable to the 
dielectric strength of insulation oil and can reach several tens 
of kV/mm [10]. However, the breakdown strength will vary, 
depending on temperature, pressure, area and volume effect, 
bubble formation, the geometry of the electrodes and partial 
discharge (PD) in LN2. Lower operating temperature and 
higher pressure could increase the breakdown strength of LN2
[11].  

Breakdown strength of polymeric insulation materials at 
cryogenic environment are reported in several publications 
[6], [7] and [12]-[14]. It is reported that increasing the 
frequency will decrease the breakdown strength of material 
[7]. Also, the effect of tensile strength on the breakdown 
strength of the material for AC and impulse breakdown is 
quite small [13]. AC breakdown voltage of material 
impregnated with LN2 depends on the pressure of LN2. For 
pressures higher than 7 bar the breakdown voltage of the 
materials will be saturated [6]. The PD inception voltage of 
the composite insulation (solid material and LN2) will increase 
with increasing LN2 pressure [6]. Finally, the number of layers 
of the insulation sheets will decrease the breakdown strength 
of the insulation [14].

Electrical and mechanical (e.g. tensile and contraction of the 
material) stresses in the HTS cable are the main aging 
mechanisms and the chemical reaction has a negligible effect; 
but, all electrical, mechanical and chemical stresses should be 
considered for the termination. Careful design of the insulation 
system could reduce the aging of the insulation material and 
increase the lifetime.  

III.    LIFETIME MODELLING OF HTS CABLE 

Accelerated aging tests are carried out on the power cable to 
predict its life expectancy under in-service operating
conditions on the basis of a reasonably short test time. The 
stress level is elevated, but not to the extent that the aging 
mechanism of the cable under actual service condition is 
altered [16]. 

Testing usually consists of a program of accelerated testing 
at enhanced stress levels being voltage amplitude at various 
voltage shapes, temperature etcetera. In the case of the 
conventional cable, subjecting the cable to enhanced electric 
field stresses is the most effective way [16].

In such accelerated aging tests, the control parameter E (e.g. 
electrical stress) is used to determine the variable parameter t
(time to failure). The assumed relationship between E and t is
the well-known power law (also called inverse power law, in 
short IPL). Through a power law, the testing time at such 
stress levels is usually translated into a lifetime at the rated 
stress level. The ruling equation is: 

.00 consttEtE p
test

p
test          (1) 

With E a specified stress, Etest the stress level at testing, ttest
the testing duration, E0 the rated stress level, t0 the 
corresponding time at rated stress level, and p the power or 

exponent of the power law. Granted the power law applies and 
given Etest, ttest, E0, and p are known the equivalent t0 follows 
as: 

test
p

test tEEt )( 00                                    (2) 

Each type of acceleration can accelerate one or more aging 
mechanisms and will feature a characteristic exponent for that 
type of acceleration. One should be very careful with choosing 
the p-value in the IPL, where it strongly depends on the type 
of the insulation system and manufacturing process. Also, it 
should be based on experimental ground data and 
understanding of the aging processes that are active at the 
various stress levels [17].  

If the IPL with electrical stress as the control parameter is 
deemed applicable, the exponent p is estimated as follows.
The test results are plotted in log(V)-log(t) coordinates, to 
which a straight line is fitted with slope -1/p.

IPL is extensively used in the conventional cable system and 
the values of p for different degradation processes (using 
electrical stress as a control parameter) are obtained [5] and
[16]:

1. for water trees 2 ≤ p ≤ 4
2. for partial-discharge induced degradation p is ~4 
3. for contaminant effect in the polymer under dry 

condition 8 ≤ p ≤ 10
4. for deterioration mechanisms in high-purity polymer 

cables with smooth extruded semiconducting 
shields p ≥ 15

Exponent values are known for the electrical aging of 
conventional insulating materials and various cryogenic 
materials [18], but what exponent values should be adopted 
for systems is still a matter of study.

In the case of HTS cable, the p-value is very sensitive to the 
presence of PD [19]. The p-value equal to 50 in PD free PPLP 
insulated HTS model cable is reported in [20]. Besides, the 
enlargement law for scaling model cable to longer lengths of 
the cable is not well established [7].

New power system equipment design starts with model 
design. Model insulations are tested prior to the final design of 
the insulation. Then, several quality tests should be done to 
demonstrate and verify the quality of the design and 
production. And finally, the installed (assembled) system 
should be tested to check defects of the insulation system due 
to transportation and assembly. The stresses during the test 
programs should represent the characteristic stresses in 
service. The levels of stresses and testing duration are based 
on the lifetime modeling of the cable. These tests could be 
categorized as follows  

prequalification 
routine test 
sample test 
type test  
after installation test  

There is no standardized test for HTS cable. Cigré TB 538 
recommended different tests based on IEC Standard 60840 for 
cables with extruded insulation. IEC develops a standard for 

195

Authorized licensed use limited to: TU Delft Library. Downloaded on August 27,2020 at 08:08:32 UTC from IEEE Xplore.  Restrictions apply. 



HTS cable systems bases IEC standard 60840, IEC standard 
60141, IEC standard 62067, and Cigré TB 538. 

A prequalification test is part of standard tests, which 
demonstrates the reliability of the component for long-term 
use under normal operating condition. Such a test is absent in 
Cigré TB 538. The prequalification test is used in IEC 
Standard 62067 to compensate the lack of experience with 
extra high voltage XLPE cable. 

Type Test in Cigré TB 538 is based on IEC Standard 60840 
with an additional pressure test and vacuum leak tests. Cigré
TB 538 specified maximum 10 pC as an acceptable level of 
PD measurement sensitivity in Type Test. The better
sensitivity of PD measurement should assure the PD free 
operation of the cable during its lifetime. However, as 
discussed in [21], in IEC Standard 62067 the approach to 
calculating the stress levels in the prequalification test and 
type test is not consistent. In other words, type test does not 
qualify the electrical insulation system at an aging level 
equivalent to the designed lifetime of the cable.   

IV.    RELIABILITY COnsiderations OF HTS CABLE INSULATION 

The rate of failure of many components follows a well-
characterized pattern: an early high failure rate (child/infant 
mortality), a long period with a low constant rate of failure 
(useful life) and finally a high failure rate near the end of the 
life (wear out) [12]. This pattern is well-known as bathtub 
model (Fig. 1).  

For estimating the cable insulation reliability the results of 
accelerated aging tests on small samples should fit on the 
bathtub curve. Most often Weibull distribution is used for this 
fitting [15].  

The cumulative distribution F describes the failed portion of 
the population and reliability R describes the surviving portion 
[15].  

)(1])(exp[1)( tRttF                     (3) 

where α and β are the scale and shape parameter of Weibull 
distribution, respectively. The mean time to failure (MTTF) θ
is:  

)11(                                             (4) 

with x  the Gamma-function. If β=1 then the Weibull 
reduces to the Exponential distribution [15]: 

)](exp[1)(
2)11(1

ttF
(5) 

The Weibull density distribution f(t) describes how many 
failures occur per unit time. It is the derivative of the 
cumulative Weibull distribution. It is noteworthy that F(t) and 
f(t) may describe the complete asset population, but not 
necessarily the failure probability of an individual asset [15].

The hazard rate h(t) describes the failure rate of the 
surviving portion. If the assets cannot be distinguished, then 
h(t) is a measure that a randomly selected (yet operational) 
item fails per unit time [15]:

Fig. 1. Hazard rate plot of an example batch where 98% has a Weibull 
distribution of =4000 a.u. and =4.5 and 2% has =1.75 a.u. and =4. Both 

also feature random failure with =1000 a.u. and =1 (i.e. exponential 
distribution). The 2% form the child mortality subpopulation here. This 

bathtub is an often occurring alternative to the bathtub with <1, =1 and >1 
[15]. It typically features a finite hazard rate at t=0 and an early peak. 

1

)(
)()( t

tR
tf

th                             (6) 

It is often pointed out that h(t) increases with time when 
>1 indicating a wear out process;  =1 indicates a random 
failure process (Exponential distribution) featuring a constant 
hazard rate; and that  <1 indicates a child mortality process. 
However, child mortality processes do not need to have  <1 
in the Weibull distribution [15]. Many child mortality cases 
concern a subpopulation with lower strength than specified 
due to manufacturing defects (see Fig 1). This weaker fraction 
will fail early and dies out. This subpopulation may very well 
appear to have >1 and a very low  compared to the rest of 
the population [15].

To prevent as much as possible the child mortality installed 
in the power system precise quality testing plays an important 
role.  

V. DISCUSSION  

Published results of tests of model designs, demonstration 
projects worldwide, and continued operation of already 
installed projects could not make an experimental ground to 
model the lifetime and understand the in-service stresses of the 
HTS cables. In this situation, using available data of the 
conventional cables which could resemble the HTS cable is 
the most practical way to assess the quality of the HTS cable 
and build up the required actions and Standards. However, -
questions were raised about the validity of assumptions even 
for present testing of conventional cables.  

There are several issues related to the testing of the electrical 
insulation system in the complicated cryogenic environment. 
Most of the available publications address the test and 
successful operation of the electrical insulation samples in the 
laboratory testing facilities. Testing of complete cable systems 
needs more attention for the future work.  

The following is recommended for further study: 
Exploring the dominant aging phenomena which 
need further attention in testing, such as intrinsic 
insulation strength, interfaces between LN2 and 
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insulation tape, the effect of possible discharging in 
gaseous N2 bubbles, etc.  
Thermal contraction and expansion effects on the 
insulation (e.g. cracking of tape) due to the cooling 
down and heating up procedure, respectively.  
Determination of p-values for power law and 
enhanced stress levels in type testing. 
The relation between the length of the cable and 
stress levels of the insulation system.  
Testing of the cryostat and cooling system and 
lifetime estimation of it. 
Analyzing failure modes and repair strategy for 
different failures. 

Generally, standardized tests are the most practical way to 
assess cable quality. In the case of HTS cable, besides the IEC 
draft, to gain confidence in long-term performance, access to 
more test data and further R&D is necessary. Additional 
material or aging test results of the insulation system will most 
likely be required in the future projects. 
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