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Abstract—The Gargantua test station is capable of delivering
a direct current of 4800 A at a voltage of 10 V. It is designed
for acquiring the DC voltage-current characteristic of high-
temperature superconducting power cables operating at 77.3 K
in liquid nitrogen. The goal is to estimate their critical current.
The standardization of this DC characterization is a prerequisite
for the adoption of this promising technology by power grid
operators. This document reports on the experimental setup and
the subsequent measurements carried out on a high-temperature
superconducting power cable manufactured by Sumitomo and
tested as part of the international round robin test for the IEC
Technical Committee 90 Superconductivity.

Index Terms—high current, superconducting power cable,
voltage-current characteristic, standardization.

I. INTRODUCTION

D espite various successful demonstration projects, includ-
ing continuous in-grid operation [1], high-temperature
superconducting (HTS) power cable systems are still consid-
ered as “lacking of maturity”. One of the reasons slowing
down the adoption process is the absence of standard for HTS
power cable and their accessories. Indeed, without standard,
the large scale adoption of a technology is unlikely.

The community is strongly involved in this standardization
work. In 2013, the CIGRE Working Group B1.31 published
recommendations for the testing of AC HTS cables, including
the measurement of their critical current [2]. In 2019, the
International Electrotechnical Commission (IEC) published an
international standard on the test methods and requirements for
AC HTS power cables [3]. Recently, as part of a three-year
national project (2018-2020), Japan has initiated a national
round robin test campaign [4]. The aim of this campaign is to
enable different industrial and academic groups to characterize
the same HTS cable, to compare their methods and results, and
to converge towards a standard for the measurement of the crit-
ical current [5]. The tests were carried out for short single-core
Bi-2223 cables, >1 m in length, operated in liquid nitrogen
at 77.3 K with a critical current below 10 kA. Coordinated
by Japan, this round robin test campaign has recently been
extended internationally through the IEC Technical Committee
90 (TC90) Superconductivity, and now involves several groups
around the world. It is still a work in progress despite [6]. With
the support of the French Organization for Standardization
(AFNOR/UF TC90), we joined this round robin test campaign

in 2021. Since then, Gargantua, a test station for HTS power
cables has been developed and is now fully operational.

The aim of this article is twofold. Firstly, the test station is
described. Secondly, the tests carried out for the international
round robin test are reported.

Fig. 1. Overview of the 4800 A Gargantua test station for acquiring the V-1
characteristic of HTS power cables at 77.3 K in liquid nitrogen.

II. OVERVIEW OF THE TEST STATION

In this section, the test station for HTS cables, named
Gargantua, is detailed. It has been developed by the supercon-
ductivity group of the laboratory GeePs (Group of Electricity
and Electronics of Paris), at CentraleSupélec, University of
Paris-Saclay, France. It consists of several elements: DC
power supply, busbars, cables/braids, cryostat, profile struc-
tures, nanovoltmeter, thermometer, and computer. An overview
of the platform is shown in Fig. 1.

The DC power supply consists of 4 identical Sorensen
SGX1200 DC power supplies connected in parallel. The
master power supply drives 3 slaves to provide the required
current (current control mode with voltage sensing at each
power supply output). Each power supply delivers 1200 A max
at a maximum of 10 V. So the system is capable of delivering
4800 A max at a maximum of 10 V (see Fig. 2a). Two L-
shaped aluminum busbars are used for parallel connection
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Fig. 2. Details of the 4800 A Gargantua test station.

of the power supplies (see Fig. 2b). They are designed to
withstand 4800 A in steady state. To connect the busbars to
the HTS cables, a combination of 1.5 m-long 240 mm? copper
cables and 3 m-long 600 mm? copper braids are used. The
cryostat was carved in an high-density (30 kg/m?®) expanded
polystyrene (EPS) block. Its external volume is 2500 x 300 x
300 mm. Its internal volume is 2000 x 200 x 150 mm. It can

contain ~40 L of liquid nitrogen (LN2) at ~77.3 K under
atmospheric pressure. An aluminum profile support structure
surrounds the cryostat on both extremities. This is to hold the
copper braids in place to reduce the mechanical forces exerted
on the HTS cable connectors, thus avoiding damage to the
cable during installation and thermal cycling (see Fig. 2c).
To measure low voltages, a Keithley 2182 nanovoltmeter is
used. The LN2 bath temperature is measured with a platinum
thermocouple via a Graphtec GL 840-WV. A computer is
used to control the power supply master via LAN and the
nanovoltmeter via RS232. It records the following data: power
supply voltage, power supply current, and nanovoltmeter volt-
age. Data acquisition and processing are managed by a Matlab
script. During the test, measurements are displayed in real time
on a graphical interface. At the end of the run, all the raw data
are automatically saved in a *.mat file.

III. DC CHARACTERIZATION OF THE TC90 HTS CABLE
A. Overview of the cable

The cable was manufactured by Sumitomo (Fig. 3). It is
subsequently denominated “TC90 HTS cable”. It has a length
of about 2 m, with two HTS layers wound around a former.
The inner layer is the conductor layer transmitting the power.
The outer layer is the shield. Very little information has been
given to us about the structure of the cable [4]. This is
deliberate, as the aim of the round robin test is to characterize
an unknown cable whose structure may well be confidential.

The cable is pre-equipped with soldered voltage taps. The
voltage taps for the conductor layer are denominated C1 and
are spaced 160 cm apart along the cable axis (measured at
169.2 cm). The voltage taps for the shield layer are denom-
inated S1 and are spaced 120 cm apart along the cable axis
(measured at 119 cm). We chose to rely on the provided values
instead of the measured ones.

2000
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o
o

Conductor layer
Shield layer

Fig. 3. Overview of the TC90 HTS cable.

B. Sequence
To measure the DC voltage-current V-1 characteristic, the

current is ramped up from 0 to I, in 80 steps. After each
step, a 10 s wait is respected to allow the current density
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to redistribute in the cable cross section. The nanovoltmeter
voltage is then recorded, as well as the power supply output
voltage and output current. The nanovoltmeter voltage is
averaged over 12 recordings per step to reduce the noise. If the
current reaches I, or if the tap-to-tap voltage reaches Viop,
the current is automatically ramped down to zero. I, is set
at 4700 A, an arbitrary value below Gargantua’s maximum
current. Vs, is set to a multiple of the critical voltage V.. By
experience, it is possible to measure the voltage up to 3 times
V. for a BSCCO cable, without risk of damage. V, is defined
by,

Vc = EcLsc (1)

where F. is an arbitrary voltage criterion usually set at 1
pV/cm and L, is the mean length of the current path between
the voltage taps. Since we have no information on the cable
structure, L. is set equal to the tap-to-tap distance along the
cable axis; the conductor twist pitch is hence neglected. For the
conductor layer, the length Ls.=160 cm is adopted leading to
V.=160 uV. For the shield layer, L;.=120 cm is taken leading
to V=120 pV.

C. List of measurements
The first set of tests consists of:
o Hot 1: Measure of the resistance at room temperature,
between the voltage taps C1 (I40,=100 A)
o Hot 2: Measure of the resistance at room temperature,
between the voltage taps S1 (I40,=100 A)
Then, the conductor is connected to the DC power supply
using copper cables/braids, while the shield is left open circuit
(Fig. 4). A first cooling is performed. To do this, we gradually
fill the cryostat in which the cable rests with LN2 and wait
60 minutes to ensure that the cable is fully cooled to 77.3 K.
The 2nd set of tests consists of:
e Cond 1: V-I characteristic @LN2, between voltage taps
C1 (Viop=2V, or I4;0p=4700 A)

e Cond 2: V-I characteristic @LN2, between voltage taps
Cl (Vsiop=3V, or Is;0p=4700 A)

e Cond 3: V-I characteristic @LN2, between voltage taps
C1 (Vitop=3V_ or Is:0p=4700 A)

The cable is left to warm up overnight, allowing the LN2 to
evaporate. The next morning, the shield is connected to the DC
power supply, while the conductor is left open circuit (Fig. 5).
A second cooling is performed. The 3rd set of tests consists
of:

« Shield 1: V-I characteristic @ LN2, between voltage taps

S1 (Vistop=3Ve or Is10p,=4700 A)
o Shield 2: V-I characteristic @LLN2, between voltage taps
S1 (Vstop=4Ve or I50p,=4700 A)
o Shield 3: V-I characteristic @LLN2, between voltage taps
S1 (Vstop=4Ve or Is10p=4700 A)
At the end of the tests, the cable is left to warm up.

D. Results

From the tests Hot 1 and Hot 2, one can deduce the layer
resistances at room temperature (Table I).

Fig. 4. Setup of the TC90 HTS cable for DC characterization of the conductor
layer (C1).

Fig. 5. Setup of the TC90 HTS cable for DC characterization of the shield
layer (S1).

TABLE I
RESULTS OF TESTS HOT 1 AND HOT 2.

Test
R[]

Hot 1
1478

Hot 2
1480

The results of the tests Cond 1, Cond 2 and Cond 3
are shown in Fig. 6. This demonstrates that an excellent
reproducibility of the measurement is obtained with the current
experimental setup.

The power law is used to fit the measured V-1 characteristic
yielding the layer critical current I, and power law index n

according to:
ISC "
Vee =Ve A ()

where V. is the layer tap-to-tap voltage, ;. is the layer
current, and V. is the critical voltage defined by (1). In this
case, Ly, = 160 cm is used. Table II summarizes the results.
Note that the voltage for Cond 1 is very slightly higher than
Cond 2, which is higher than Cond 3. This leads to a small
improvement of I. after each test. The cause of this effect
needs further investigation.

The results of the tests Shield 1, Shield 2 and Shield 3
are plotted together on Fig. 7. It shows again excellent
reproducibility of the measurement. Here too, to estimate the
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Fig. 6. Results of Cond 1 to Cond 3. The fit is given for Cond 3.

TABLE II
RESULTS COND 1, COND 2 AND COND 3

Test Cond1 Cond2 Cond3 Ave/Std
1. [A] 4380 4389 4393 4387177
n [-] 24.2 22.3 21.9 22.8/1.2

critical current and the power law index of the shield layer,
the power law is used to fit the measured V'-I characteristic.
However here L,. = 120 cm is used. Table III summarizes
the results. Here again, a slight improvement of . after each
test can be observed.

IV. DISCUSSION

During such measurement, the first difficulty that arises
is related to the definition of L,. or V.. One could have
calculated L, using tape length, accounting for the twist angle
of the tape around the former. However, we didn’t have this
information, as can happen in practice. Besides, a conductor
is likely to consist of several HTS layers with different twist
angles making unpractical to define a given tape length. Not
to mention that voltage taps are only connected to the outer
layer... The choice of Ly, is then not obvious. In this context,
we propose to adopt L. as the distance between the voltage
taps along the cable axis as a standard. We argue here that
this provides a simple solution and consistency across different
test facilities. Ultimately, it will always yield a conservative
estimation of the critical current.

A second difficulty is related to the choice of the power
law to identify the critical current I, and the power law index
n. The relevancy and goodness of the fit can be questioned
as demonstrated in the shield case for the TC90 HTS cable
(Fig. 7). Here a methodology should be worked out to provide
a consistent estimation of the basic electrical characteristic ..
and n index of cables across test facilities.

A third difficulty is to decide whether to include a thermal
cycling or not. Here, we have kept the cable in a cold state
for three successive measurements, but an alternative would
be to heat the cable between each measurement. This would
allow any degradation due to thermal cycling to be taken into
account, but it would make testing longer and more costly.
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X Shield 3 :
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Fig. 7. Results of Shield 1 to Shield 3. The fit is given for Shield 3.

TABLE III
RESULTS SHIELD 1, SHIELD 2 AND SHIELD 3

Test Shield 1 ~ Shield 2 Shield 3  Ave / Std
1. [A] 4088 4117 4118 4108 / 17
n [-] 11.0 12.7 12.7 12.1/1.0

V. CONCLUSION

Gargantua, a 4800 A test station for the V-1 characterization
of HTS power cables was designed, built and tested. A test
protocol has been proposed and successfully used to charac-
terize a HTS cable, as part of an IEC TC90 international round
robin test organized by Japan. The obtained V-1 characteristics
are clean and reproducible. We have discussed some of the
difficulties that need to be resolved in order to make progress
towards standardizing the measurement of the critical current
of a HTS power cable. The definition of such a standard could
be the key to the adoption of superconducting technology by
power grid operators and its widespread deployment.
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