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Development of a HTS Magnet System for Long-Run
Operation Test in Sub-Cooled Nitrogen
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Abstract—This paper deals with the development of a 6.6 kV/
200 A HTS magnet for inductive superconducting fault current
limiter (SFCL) that uses a sub-cooled nitrogen cooling system
which is expected to be very useful to the applied HTS machines.
The several characteristics of the HTS magnet such as critical
current, electrical insulation and heat transfer can be enhanced in
the sub-cooled nitrogen cooling system rather than in saturated
liquid nitrogen (LN2) cooling system. To obtain sub-cooled
nitrogen, LN2 was cooled down to 64 K with GM-cryocooler
and its pressure was kept at 101 kPa with gaseous helium. In
this investigation, the HTS magnet for a 6.6 kV/200 A SFCL was
developed and its long-run operation characteristics were mea-
sured and analyzed. The characteristics of the sub-cooled nitrogen
system like temperature, level of LN2 and pressure of cryogenic
system were not degraded in spite of the several over current tests,
electrical insulation tests, and even long-run operation tests with
rated transport current.

Index Terms—Cryogenic system, HTS magnet, SFCL,
sub-cooled nitrogen.

I. INTRODUCTION

THE SUB-COOLED nitrogen cooling method is very useful
in many superconducting applications. The HTS magnet

usually has been cooled by conduction cooling method using
cryocooler or by immersing the magnet in saturated . How-
ever, it is difficult to develop the large scale HTS magnet for
SFCL with these methods. In saturated system, the bub-
bles which weaken the electrical insulation characteristics of

are easily generated when high power is applied to the
HTS magnet. In case of conduction cooling method, the heat
caused by unexpected fault in HTS magnet can not be diffused
out immediately. Therefore, the HTS machine like SFCL, HTS
motor, and HTS cable can be driven in unstable operation state
by sudden heat generation. On the contrary, these serious prob-
lems can be solved by using sub-cooled nitrogen, because the
electrical insulation characteristics, the critical current, and the
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heat transfer are drastically enhanced in sub-cooled nitrogen
[1]–[3].

Recently, the researches on the application of the sub-cooled
nitrogen cooling system to SFCL and HTS transformer have
been actively performed. However, many studies on the sub-
cooled nitrogen cooling system for HTS machine were mainly
focused on design and fabrication [1]–[3]. In this paper, the re-
sults of long-run operation test with rated current, over current
test, AC dielectric test, and impulse test were described as well
as the development of the sub-cooled nitrogen cooling system
for a 6.6 kV/200 A SFCL. Through this investigation, the fea-
sibility of the sub-cooled nitrogen cooling system for the large
scale HTS electric machine was verified.

II. DESIGN OF HTS MAGNET SYSTEM

The HTS magnet system for SFCL is composed of the HTS
magnet and the cooling system.

A. Design of HTS Magnet

Generally, the pancake type magnet could be critical for high
voltage applied between the terminals and could be very un-
stable because its stacked structure with several hundreds of
turns can create the heat generation. Therefore, the winding type
for HTS magnet was chosen as solenoid type [1], [3]. The sole-
noid type magnet gives several advantages of easy maintenance
and repair, excellent electrical insulation characteristics, me-
chanical stability, and outstanding thermal stability. These char-
acteristics are important design factors in designing the large
scale HTS electric machine such as SFCL. The appropriate in-
ductance of HTS magnet for a 6.6 kV/200 A inductive SFCL
was estimated as 100 mH which is calculated by using a finite
element method. The magnet consists of five coils connected in
series to have the inductance of 100 mH. The maximum mag-
netic flux density perpendicular to the surface of the Bi-2223
tape with the rated transport current was calculated as 0.12 T.
Generally, the critical current of HTS tape is seriously lowered
by this magnetic flux density. Therefore, each coil was wound
with four stacked Bi-2223 tapes to increase the current capacity.
The characteristics for the designed HTS magnet are shown in
Table I.

B. Design of Cooling System

The schematic drawing of the sub-cooled nitrogen cooling
system is shown in Fig. 1. Two current lead columns and one
access port column are connected with gas passage to control the
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TABLE I
CHARACTERISTICS OF THE DESIGNED HTS MAGNET

Fig. 1. Schematic drawing of HTS magnet system.

TABLE II
CHARACTERISTICS OF THE FABRICATED HTS MAGNET

level of sub-cooled nitrogen. The three columns are jutted from
the top plate of vacuum vessel and this part is called stand-off.

The current leads for HTS magnet were made of copper be-
cause of its small Lorentz number compared with other metal
alloy. Therefore, the conduction loss of copper current leads and
brass current leads is calculated as 25 W and 36 W, respectively.
To minimize the heat generation, the circulating and GHe
are used to cool down the current leads [3]. The dummy foam
was inserted into the cryostat to reduce the amount of by
150 liters and the initial cooling time.

III. FABRICATION OF HTS MAGNET SYSTEM

A. Fabrication of HTS Magnet System

The total length of 3.6 km of a superconducting tape was used
to make the HTS magnet. The measured inductance of the HTS
magnet was about 84 mH and Table II shows the characteris-
tics of the HTS magnet. The cooling system in this study for

Fig. 2. Assembly procedure of HTS magnet system. (a) Connecting the top
flange of LN vessel and vacuum vessel; (b) Attaching the thermal anchor be-
tween GM-cryocooler and thermal conduction plate; (c) Connecting the HTS
magnet to the top of LN vessel; (d), (e) Jointing the HTS magnet to the current
leads; (f) Inserting the HTS magnet into the cryostat.

HTS magnet has some special features like a thermal conduc-
tion plate, a thermal anchor, a gas passage, and a stand-off. The
thermal conduction plate and the thermal anchor connect the
cold head of GM-cryocooler with . The thermal conduction
plate and the thermal anchor were made of oxygen-free copper
to cool down efficiently. The level of was controlled
by the gas passage and injection of noncondensable gas. In gen-
eral, is easily condensed to in steady state. Therefore,
to control the pressure of HTS magnet system at 101 kPa, non-
condensable GHe should be injected into the closed system.

The temperature of was measured by four silicon diode
sensors attached to the top and bottom of the magnet, the
thermal conduction plate, and the cold head of GM-cryocooler.
The location of the temperature sensors are shown in Fig. 1.
The stand-off structure was given by the jutted ports of current
leads and electrical leads from the top flange. Consequently,
the stand-off structure resulted in 15 % reduction of the total
volume of the cooling system. The assembly procedure of HTS
magnet system is shown in Fig. 2.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Characteristics of HTS Magnet

The V-I characteristics of the HTS magnet at 64 K was mea-
sured and shown in Fig. 3. Generally, the HTS magnet should be
operated less than 60 % of its critical current to avoid the heat
generation. Therefore, the proper critical current of this HTS
magnet should be about 400 480 A. The impulse test of 1,070
A for 10 ms and the AC dielectric test of 1,400 for 83 ms
was performed. Nevertheless, the V-I characteristics of the HTS
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Fig. 3. V-I characteristics of the HTS magnet at 64 K.

TABLE III
PARAMETERS FOR CALCULATING HEAT LOAD

magnet was not degraded. The electrical stability is important as
well as the thermal stability to develop a large scale supercon-
ducting machine. The breakdown voltage test between the HTS
magnet and cryostat was done to verify the electrical stability.
The measured breakdown voltage from the AC dielectric test
and the impulse test was 16 kV and 25 kV, respectively. The
standard regulations for non- superconducting electric devices
[4], [5] were applied to determine the test voltage of the HTS
magnet, because there are no regulations for superconducting
machine. The test voltage was determined as follows.

(1)

The test results were excellent compared with the test voltage.
The saturated of 77 K was cooled down to 64 K by using
only GM-cryocooler within 31.4 hours. The cooling power of
GM-cryocooler and the heat load of cryogenic system can be ob-
tained by the following equation with the parameters described
in Table III.

(2)

The rated cooling capacity of GM-cryocooler was 120 W at
80 K but the average temperature of cold head during the ini-
tial cooling operation was about 50 K. The cooling capacity of
GM-cryocooler at 50 K was about 105 W and the heat loss in
current leads with rated transport current was calculated as 25 W
[3]. From (2) and Table III, the cooling power without trans-
port current could be calculated as 64 W. The heat losses of
the cooling system are described in Table IV. It took up about

TABLE IV
HEAT LOSSES OF THE COOLING SYSTEM

Fig. 4. Temperature characteristics in long-run operation test without transport
current.

Fig. 5. Pressure and induced voltage characteristics in long-run operation test
with transport current.

1.7 hours to cool down the saturated to 64 K by using ro-
tary vacuum pump, which is 29.7 hours less than using GM-cry-
ocooler. The initial cooling method by using rotary vacuum
pump has some advantages like short initial cooling time, re-
moval of impurities in cryostat, prevention of frost, and im-
provement of electrical insulation characteristics. It is very im-
portant to maintain the uniform temperature and pressure not
only in operation state and but also in fault state. Therefore,
the long-run operation test of HTS magnet was performed with
and without transport current to clarify the thermal stability.
The temperature variation of the three representative parts of
the cooling system is displayed in Fig. 4. The temperature of

was uniform about 600 hours. The difference in temper-
ature between the cold head and the thermal conduction plate
was due to the conduction loss in the thermal anchor. When the
transport current was applied to the HTS magnet for 100 hours,
the temperature of increased by only 2 K and the pressure
of the system did not changed as shown in Fig. 5. The induced
voltage in Fig. 5 was due to the resistance in current leads and
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copper current linker [3]. The voltage induced from the non-
superconducting material was negligible and didn’t affect the
thermal stability in the long-run operation test.

V. CONCLUSION

The HTS magnet for a 6.6 kV/200 A inductive SFCL in sub-
cooled was developed in this study. The cooling test for
measuring the heat load and the cooling power, electrical insu-
lation test, over current test, and long-run operation test with
transport current were successfully performed. The investiga-
tion results can be summarized as follows:

1. The total volume of the cooling system falls by 15 percents
by adopting the stand-off structure.

2. There is no degradation of thermal and mechanical charac-
teristics in spite of the several over current tests, electrical
insulation tests, and the long-run operation test with trans-
port current.

3. The successful results of a 6.6 kV/200 A HTS magnet
system in sub-cooled nitrogen can be applied to devel-
opment of the large scale HTS machine such as SFCL,
superconducting transformer, superconducting motor, and
SMES.
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