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Development of a 13.2 kV/630 A (8.3 MVA) High
Temperature Superconducting Fault Current Limiter

Hyoungku Kang, Chanjoo Lee, Kwanwoo Nam, Yong Soo Yoon, Ho-Myung Chang, Tae Kuk Ko, and
Bok-Yeol Seok

Abstract—This paper deals with fabrication and development of
a high temperature superconducting (HTS) fault current limiter
(FCL) based on YBCO coated conductor (CC) wire for distribu-
tion systems. The capacity of the developed HTS FCL is 8.3 MVA
and its rated voltage is 13.2 kV which corresponds to a three-phase
power equipment voltage class of 22.9 kV. Tests of the developed
prototype HTS FCL were conducted at Korea Electrotechnology
Research Institute (KERI) accredited as a testing laboratory by the
Korea Laboratory Accreditation Scheme (KOLAS). A short-cir-
cuit test and an AC dielectric withstand voltage test for the HTS
FCL were conducted under sub-cooled liquid nitrogen ����� con-
ditions of 3 bar and 65 K. The magnitude of an asymmetric short-
circuit current without FCL reached 30 ������ in a short-circuit
test. The superconducting coil quenched instantaneously after the
fault, and the magnitude of the fault current was limited to 3.6
������ within quarter cycle by the developed resistance of the
superconducting coil. An AC dielectric withstand voltage test was
performed, and the HTS FCL successfully withstood 143 kV for 1
minute. Also, it was found that there was no electrical or mechan-
ical damage on the superconducting coil after the tests.

Index Terms—AC dielectric withstand voltage test, CC wire,
FCL, short-circuit test, sub-cooled liquid nitrogen, YBCO.

I. INTRODUCTION

RECENTLY, the load of power systems is increasing by
geometric progression due to the rapid expansion of

industrial society. The increased loads frequently bring about
a fault current which exceeds the capacity of a conventional
circuit breaker. Moreover, sometimes the excessive fault current
may cause a full-scale blackout which causes not only serious
economic losses but also heavy casualties. Therefore, several
countermeasures such as insertion of series reactor, splitting of
buses, adoption of power fuse, and upgrade of circuit breaker’s
capacity have been introduced to cope with a fault current.
However, these methods are not regarded as effective measures
to a fault. So, more efficient measures to stabilize the power
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systems against the unexpected fault are being needed. The
development of a HTS FCL is regarded as one of the most
prominent method to protect the power systems safely [1], [2].
HTS FCLs are very useful electric devices to protect the power
systems effectively from the fault since HTS FCLs are able to
detect and limit the fault currents without any additional sensor
[3]. For this reason, research and development on HTS FCLs
is being performed actively in the world to enhance stability
and reliability of power systems and protect electric devices
[4]. Recently, there has been considerable advancement in the
development of YBCO CC wire with excellent electrical and
mechanical characteristics and with great improvement in price
competitiveness. Hyundai Heavy Industries Co., Ltd. (HHI)
began developing a HTS FCL for distribution systems by using
YBCO CC wire in late 2004 in partnership with Yonsei Univer-
sity as a part of the 21st century frontier R&D program [5]. As
a result, HHI successfully developed a non-inductive winding
type 13.2 kV/630 A HTS FCL using superconducting coil fabri-
cated with AMSC’s 344S YBCO CC wire. The prototype FCL
has great significance from the viewpoint of using YBCO CC
wire for the first time to develop a distribution level HTS FCL.
Moreover, results from the research on the development of a
13.2 kV/630 A FCL are applicable to develop a transmission
level FCL which is regarded even more valuable from commer-
cial point of view. The characteristics of a 13.2 kV/630 A FCL
were confirmed by a short-circuit test and an AC dielectric with-
stand voltage test in Dec. 2006.

II. FABRICATION OF A 13.2 KV/630 A PROTOTYPE HTS FCL

In this research, design and fabrication on superconducting
coil, sub-cooled cooling system, and cryo-dielectric
system were mainly performed.

A. Fabrication of a Superconducting Coil

Several characteristic tests were performed to determine de-
sign parameters for an optimal FCL operated in rated condition
of 13.2 kV/630 A. First, the superconducting coil design based
on a voltage per meter (V/m) test was performed to decide a
series length of a superconducting coil for FCL. A proper ap-
plying voltage to superconducting coil was decided through the
test as 40 V/m. The V/m should be determined by considering
the temperature rising of superconducting wires up to 300 K
within 100 ms [6]. 100 ms means that the duty of short-circuit
test and 300 K means a limit temperature which can cause the
degradation of YBCO CC wire. Considering the rated voltage of
FCL was 13.2 kV, a series length of a superconducting coil for
FCL was calculated as 330 m. Second, the number of parallel
wire was decided by measuring the critical current of 344S wire.
The minimum critical current of 344S wire was measured as
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Fig. 1. Fabricated superconducting coil.

60 A at 77 K and 150 A at 65 K, respectively. The critical cur-
rent of 344S wire in of 65 K increases approximately 2.5
times than that in of 77 K [6]. In this research, the number
of parallel wires was decided as 8. Therefore, the critical cur-
rent was assumed as about 1,200 A in sub-cooled of 65 K.
It was assumed that the degradation of critical current caused
by the self-field effect can be neglected because the supercon-
ducting coil was wound with non-inductive method. The HTS
FCL was operated in the region of 74% of a critical current
considering the rated current. The current capacity of a super-
conducting coil, 1,200 A was determined to reduce the AC loss
due to the flux flow resistance considering a total length. Con-
sequently, the total length of superconducting wires wound for
the 13.2 kV/630 A FCL was 2.64 km and seven GFRP formers
were connected in series to fabricate the superconducting coil.
It was found that the inductance of a fabricated superconducting
coil connected in series with 7 formers in concentric structure
was measured as 21 . The solenoid typed superconducting
coil was shown in Fig. 1.

B. Fabrication of a Sub-Cooled Cooling System

It is known that a sub-cooled cooling system of 65 K
is most suitable for superconducting machines such as FCL
[7]–[9]. The representative advantages of adopting a sub-cooled

cooling system of 65 K are the improvement of critical cur-
rent, thermal conductivity, and dielectric characteristics. In this
research, a sub-cooled cooling system of 3 bar and 65 K
was developed for 13.2 kV/630 A FCL. The volume of poured

into a cryostat was estimated as 1,300 liter and the tem-
perature of saturated of 77 K was cooled down to 65 K by
using a rotary pump. After 7 hours, we obtained saturated
of 65 K and 0.12 bar. And then, the cryogenic cooling system
of 0.12 bar was pressurized with gaseous helium (GHe) up to
3 bar and the condition of cooling system was stabilized for a
long-run operation by using a GM-cryocooler (AL 300, Cry-
omech). The amount of heat loss due to conduction and radia-
tion was calculated as about 105 W and that of AC loss due to
operating current of 630 A was calculated as 92 W [10]. There-
fore, the total loss of the fabricated HTS FCL was estimated as
197 W in normal operation as shown in Table I. The AL 300 of
which the cooling capacity at 65 K is 270 W was selected as a
cryocooler for HTS FCL considering a safety factor. The con-
vection flow of was promoted by installing a thermal plate

TABLE I
TOTAL LOSS OF 13.2 kV/630 A HTS FCL

Fig. 2. Cross section view of cooling system.

attached at the cold head of GM-cryocooler. The cross section
view of a cooling system with superconducting coil is shown
in Fig. 2. The cooling system was designed not to be exploded
caused by an unexpected fault by installing a rupture disc which
is designed to be blown up at the pressure over 8 bar.

C. Fabrication of a Cryo-Dielectric System

The developed HTS FCL is largely composed of liquid part
which contains a superconducting coil and gaseous part which
contains current leads. Therefore, the research for dielectric
characteristics should be performed according to the various
kinds of insulation materials. In liquid part, test results for geo-
metric structure of superconducting coil are very important to
design the cryo-dielectric system. Whereas idea for enhancing
the dielectric characteristics of current leads is a key point in
gaseous part because dielectric characteristics of gas is very
weak compared with that of liquid [9]. The insulation design
parameters for development of a 13.2 kV/630 A FCL can be
deduced by previous study and shown in Table II [9]. The
superconducting wire has weak structure from the viewpoint of
dielectric problems because it has keen edge. However, there is
little possibility of electrical breakdown at a superconducting
coil because the magnitude of applied voltage across turn-turn
and layer-layer can be negligible considering the dielectric
characteristics of . For this reason, electrical breakdown
will be frequently occurred at gaseous part rather than at liquid
part in a superconducting machine. GHe is injected into the
cooling system as non-condensable gas to make a sub-cooled

cooling system. Unfortunately, the magnitude of electrical
breakdown voltage of GHe is about a tenth of gaseous nitrogen

[9]. It means that current leads should not be exposed to
GHe to develop a large scaled superconducting machine using
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TABLE II
PARAMETERS OF INSULATION DESIGN

Fig. 3. Fabrication procedures of a sub-cooled �� cooling system: (a)
winding of superconducting coil, (b) installation of cryocooler to top flange, (c)
connection of superconducting coil and top flange, (d) installation of bushings,
(e) welding of �� vessel, (f) winding of multi layered insulator, (g) welding
of vacuum vessel, (h) transfer to testing laboratory, (i) sub-cooled �� cooling
system.

a sub-cooled cooling system [8], [9]. In this study, current
leads are surrounded with solid insulation material, GFRP to
develop a 13.2 kV/630 A HTS FCL because GFRP is known as
a good cryogenic insulation material. And then, the solid insu-
lation material was lapped by a metal thin film to eliminate the
distribution of electric field at gaseous part [11]. Therefore, the
dielectric characteristics of current leads are deeply dependent
on the condition of GFRP. Actually, the electrical breakdown
characteristics of current leads can be seriously degraded by
the void generated in manufacturing process of GFRP. This
cryo-dielectric method for current leads is very effective to
develop various high voltage superconducting machines. The
fabrication procedures of a 13.2 kV/630 A winding type non-in-
ductive FCL are shown in Fig. 3. Each former was wound with
a peculiar winding method to have non-inductive characteristics
by using the specially designed winding machine. A top flange

Fig. 4. Circuit diagram of short-circuit test.

Fig. 5. Experimental results of short-circuit test.

was connected to the superconducting coil with thermal anchor
and thermal plate [7]. And then, vessel was wound with
multilayered insulator and vacuum vessel was vacuumized with
a turbo pump down to in order to minimize radiation
and convection loss.

III. TEST RESULTS OF A 13.2 kV/630 A FCL

A. Short-Circuit Test

A short-circuit test was performed at KERI to confirm the
current limitation characteristics of the developed HTS FCL. A
shunt resistor of 2 was connected in parallel with the FCL
considering the coordination with conventional fault detecting
systems in Korea as shown in Fig. 4. After normal operation
of 13.2 kV/630 A conditions for 1 cycle, an asymmetric fault
current of 10 kA was simulated and applied to the FCL. Fig. 5
shows the short-circuit test results. The fault current reached
about 30 without FCL in power lines. It is due to an in-
rush current induced by a generator which simulates a fault cur-
rent. On the contrary, the fault current was limited to 9.6
with FCL within quarter cycle after fault. The superconducting
coil was quenched by fault current and coil resistance was gen-
erated instantaneously. The coil resistance was calculated by
detecting the induced voltage between secondary terminals of
transformers as shown in Fig. 6 [10]. The magnitude of coil re-
sistance was about 4.4 at quarter cycle after the fault initiation
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Fig. 6. Variation of temperature and resistance w.r.t. time.

Fig. 7. Photos of (a) short-circuit test and (b) dielectric test.

and rose up to 11.8 at 100 ms after the fault. And then the tem-
perature of a superconducting coil was calculated from the resis-
tance as shown in Fig. 6 [10]. As shown in Fig. 6, the calculated
values of coil resistance and temperature go up steeply at zero
crossing points of AC current. In Fig. 6, calculated values and
approximated representative values of coil temperature and re-
sistance are shown. The final temperature of a superconducting
coil calculated from resistance was about 250 K. Therefore, it is
estimated that there will be no damage on the superconducting
coil because a superconducting wire is not degraded by temper-
ature of 250 K.

The variation of temperature and pressure of a cooling system
for FCL was monitored for 5 hours after a short-circuit test. It
was found that FCL showed outstanding stability and reliability
against a short-circuit test. The more detailed analysis on the
results of a short-circuit test is described in [10].

B. Dielectric Test

An AC dielectric breakdown test is regarded as the most im-
portant test to evaluate characteristics of high voltage power
machines. In this study, an AC dielectric breakdown test was
performed according to the protocol of IEC 60694. A standard
voltage for an AC 25 kV circuit breaker of AC 50 kV was ap-
plied to evaluate dielectric characteristics of the developed FCL.
The AC dielectric breakdown test was successfully performed

with the voltage of 143 kV which is same with the standard
voltage for a conventional AC 72.5 kV circuit breaker. Photos of
the short-circuit test and the dielectric test are shown in Fig. 7.

IV. CONCLUSIONS

In this paper, fabrication and test results of a 13.2 kV/630 A
HTS FCL are described. The developed FCL is the first proto-
type to employ YBCO CC wire in the world. Inductance and AC
loss of the superconducting coil is small for its peculiar non-in-
ductive winding method. The short-circuit test for the developed
FCL was done at KERI to confirm a current limitation character-
istics. An asymmetric fault current of 30 was limited to
9.6 by the FCL and the AC dielectric withstand voltage
test was successfully performed by applying AC 143 kV to the
FCL for 1 minute. It was found that the cooling system for FCL
was stable and the superconducting coil was not damaged during
the short-circuit test.

Consequently, the feasibility of a non-inductive FCL based
on YBCO CC wire for distribution level power systems is con-
firmed through this research. Moreover, results acquired from
this study will be helpful to develop a transmission level FCL.
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