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Recovery Process of a Transformer Type
Superconducting Fault Current Limiter

Y. Shirai, K. Fujikawa, M. Shiotsu, H. Hatta, S. Muroya, and T. Nitta

Abstract—Recovery process of a transformer type super-
conducting fault current limiter (SCFCL) was investigated by
experiments using three-phase test SCFCL designed and made.
“Recovery Time” decreases, as “Fault Time” is longer. It is
pointed out that the FCL current at the limiting mode affects the
cooling process of the secondary wire during the current limiting
operation. A simple simulation of the SCFCL based on the heat
equation was performed. The simulation results of the “Recovery
Time” agree well with the experimental ones. The temperature
of the normal zone was estimated by use of the simulation. It
decreases even in the current limiting mode and its decreasing rate
depends on the limiting current. After a long limiting operation
(over 5 s), the temperature saturated about 22 K, the secondary
coil current is the minimum propagation current of the wire
and the “Recovery Time” is quite short and independent of the
limiting current.

Index Terms—Heat equation, recovery process, recovery time,
superconducting fault current limiter.

I. INTRODUCTION

SUPERCONDUCTING fault current limiters (SCFCLs) are
expected to make a power system flexible and reliable. Var-

ious types of SCFCL have been proposed and studied [1]–[3].
The important features of SCFCL in a power system are the
trigger current level, the current limiting impedance and the
recovery time. We have proposed an SCFCL with adjustable
trigger current level and a trial one (single phase), which is a
kind of transformer type, was designed and made [4]. Basic tests
on the SCFCL were carried out. The basic test results showed
that the recovery time, that is, the required zero-current period
for successful recovery, is quite short and becomes shorter as
the current limiting period is longer [5]. Under these studies, a
new three-phase SCFCL of the proposed type was designed and
made [6].

In this paper, using one of the three-phase SCFCL, the re-
covery process was investigated by experiments and computer
simulation. The recovery time was measured with various cur-
rent-limiting periods and the limiting currents. A simple simu-
lation of the SCFCL based on the heat equation was performed
to confirm these consideration and to investigate the recovery
process of the SCFCL.
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TABLE I
SPECIFICATION OFTEST SCFCL

TABLE II
SPECIFICATIONS OFSUPERCONDUCTINGWIRE FORSECONDARY WIRE

II. TEST SCFCL

The three-phase SCFCL unit contains three SCFCLs of trans-
former type in one cryostat [6]. The test SCFCL consists of two
superconducting coils coupled co-axially. The inner (primary)
coil will be connected to a power line. The outer (secondary)
coil is short-circuited. The primary coil can be slided with small
slide distance in order to calibrate the trigger current level. Both
superconducting coils are in the superconducting state in the
waiting mode. The reactance of SCFCL is small (leakage reac-
tance). When the fault current reaches the trigger current level,
the super-normal transition occurs only in the secondary coil.
The reactance of the SCFCL becomes large (almost equal to
that of the primary coil) and the fault current is limited. The
specifications are listed in Table I. The specifications of the su-
perconducting wire of the secondary coil are shown in Table II.
The superconducting wire of the primary coil is made of twisted
three CuNi/Cu/NbTi (3.3 : 0.3 : 1) strands. The designed trigger
current level without calibration is 85.7 Arms.
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Fig. 1. Experimental circuit for recovery test.

III. RECOVERY CHARACTERISTICS

The “Recovery Time” (the required zero current time of the
SCFCL for recovery from the current limiting mode to the
waiting mode) was measured for various “Fault Time” (the
time while the fault current flows through the SCFCL) using
the trial single-phase SCFCL [5]. It was confirmed that the
“Recovery Time” depends on the “Fault Time” (see Fig. 3:
for the old SCFCL). The “Recovery Time” increases with the
“Fault Time” of 0 s to 0.2 s and has peak value 0.37 s at around
0.2 s of the “Fault Time.” The “Recovery Time” decreases
gradually and approaches to a certain value (a few ten ms), as
the “Fault Time” is longer.

It is not clear the reason why the “Recovery Time” has the
peak value. It was expected that the temperature of the sec-
ondary wire at the beginning of recovery process depend on the
“Fault Time” and determine “Recovery Time,” but it was not
clear. The trigger current level of the old SCFCL was degraded
from its designed value. It was caused by the current concentra-
tion at the contact part between the short circuit copper bar and
the superconducting wire at the beginning of the current limita-
tion [7]. The fact may affect the recovery characteristics.

The new 3-phase SCFCL was designed to avoid the current
concentration at the contact. The superconducting wire has
the same specification of that for the old single-phase SCFCL
except the twist pitch of the strand, which is 0.7 mm for old
one, and the twist direction and pitch of the wire, which is
counter-clockwise and 2 mm for old one, respectively. It was
confirmed experimentally that the trigger current levels of three
SCFCLs are almost agree with the designed value.

Characteristics of “Recovery Time” versus the “Fault Time”
are measured using new 3-phase SCFCL. The temperature
change of the secondary wire in the recovery process is esti-
mated by the computer simulation.

IV. EXPERIMENT AND DISCUSSION

A. Experimental Circuit

An experimental circuit is shown in Fig. 1. A short-circuit
switch SW2 (MC: Magnetic Controlled Contact) is connected
in parallel to the reactor “” to simulate a fault. The reactor “”
simulates the transmission line. The inductanceand of the
reactors are 2.13 mH and 6.40 mH, respectively. The frequency

Fig. 2. Wave forms of voltages and currents. (Fault Time= 0.95 s, Open Time
= 0.36 s).

of AC power source is 50 Hz. is a reactor of 2.13 mH. The
reactance of SCFCL is 0.83 mH, which is leakage reactance of
the coils), in the waiting mode and is 3.82 mH, which is the
reactance of the primary coil, in the current limiting mode.

The current of the SCFCL, the circuit current , the
current of the bypass circuit, the voltage of the SCFCL,
the voltage of the output voltage of the slidac and the voltage

across the reactor “” were measured.

B. Experimental Result

At first, the switch SW1 is closed and the switch SW2 is open.
SW2 is closed to simulate a fault. The super-normal transition
occurs at only the secondary wire when reaches the trigger
current level. The SCFCL turns into the current limiting mode.
After a moment, SW1 is open to remove the fault circuit and
the SCFCL from the power source. “Fault Time” is defined as
the time while the fault current flows. Then SW2 is opened to
clear the fault. SW1 is re-closed to reconnect the reactors (load)
and the SCFCL. “Open Time” is defined as the time while the
SCFCL is disconnected from the power source, that is, the zero
current period.
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Fig. 3. Recovery Time versus Fault Time for new (3-phase) and old (trial
single-phase) SCFCL.

One of the experimental results is shown in Fig. 2. The initial
conditions are as follows: Vrms,
Arms. The SCFCL begins to limit the fault current immediately
after the fault occurred (0.09 s). The fault current is limited to be
49.5 Arms. It would be 93.6 Arms without the SCFCL. SW1 is
open at 1.04 s to remove the fault circuit. SW2 is open to clear
the fault at 1.07 s. SW1 is re-closed at 1.39 s and the SCFCL
recovers to the waiting mode successfully in this case.

C. Recovery Time

Experiments with various “Fault Time” and “Open Time”
were carried out. Required “Open Time” for successful recovery
is measured as a function of “Fault Time.” The experimental re-
sults are shown in Fig. 3, where the experimental data with old
SCFCL are also indicated [5].

Thin and thick solid lines indicate the boundary of two areas
of the successful recovery cases and the failure cases for the old
SCFCL (single-phase) and the new SCFCL (3-phase), respec-
tively. These lines are regarded as the “Recovery Time.” As can
be seen from Fig. 3, the “Recovery Time” for new SCFCL has
the value of about 440 ms against the “Fault Time” of about
40 ms, and decreases, as the “Fault Time” is longer. The new
SCFCL shows quick recovery characteristics.

Two lines are different while the “Fault Time” is in interval
from 0 s to about 0.2 s. The difference between the old SCFCL
and the new SCFCL is a part of the contact between the sec-
ondary wire and the short-circuit copper bar [7]. Because the
wire of secondary coil of the new SCFCL is the same as that of
the old SCFCL, the difference in the “Recovery Time” charac-
teristics in Fig. 3 is caused by the design of the contact. It is ex-
pected that heat spot at the contact is generated at the beginning
of the current limiting mode in the old SCFCL and the normal
zone spreads along the wire. The contact of the new SCFCL
was improved to avoid the heat spot. It is considered that the
temperature profile along the secondary wire at the beginning
of the current limiting is different from that for the old SCFCL.

The “Recovery Time”-characteristics is similar to each other
when “Fault Time” is longer than 0.2 s. The influence of the
heat spot on the temperature profile diminishes. It can be said

Fig. 4. Required “Open Time” for recovery with FCL current at the limiting
mode as a parameter.

that the “Recovery Time” characteristics is mainly determined
by the specification of the secondary wire.

D. Recovery Time and SCFCL Current at the Current Limiting
Operation

The influence of the limiting current on the recovery charac-
teristics is investigated in this section. In the experimental circuit
shown in Fig. 1, following cases were set.

1) mH, Vrms, : open
2) mH, Vrms, : open
3) mH, Vrms, : 2.13 mH.

The FCL current at the fault before the current limiting mode is
95 Arms in every case, and that in the current limiting mode is
1) 55.0, 2) 49.5 and 3) 35.7 Arms, respectively.

Required “Open Time” for successful recovery was obtained
as a function of “Fault Time” with FCL current at the limiting
operation as a parameter. Fig. 4. shows the experimental re-
sult. Experimental data of case 2), which are already shown
in Fig. 3, are omitted for convenience. Only the characteristic
line is shown. The “Recovery Time” is longer as the FCL cur-
rent at the limiting mode is higher. This result means that the
FCL current at the limiting mode affects the cooling process of
the normal zone of the secondary wire during the current lim-
iting operation. However, there is small difference in “Recovery
Time” among three cases for shorter than 0.1 s and around 9.3 s
of “Fault Time.” This result is related to the temperature change
during the current limiting operation.

E. Recovery Process and Temperature Of Secondary Wire

In order to estimate the temperature of the normal zone of
the wire, computer simulation was carried out for the experi-
mental circuit (Fig. 1). The resistance of the secondary coil is
given from an analytical model based on a one-dimensional heat
equation of the wire. Temperature dependency of the thermal
conductivity, specific heat, resistivity of the materials of the su-
perconducting wire is taken into account [8]–[10].

Two examples of the simulation results for case 2) are shown
in Fig. 5. The voltage and current of the SCFCL, and
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Fig. 5. Simulation result of recovery test [case 2)].

Fig. 6. Temperature change with time of the normal zone of secondary wire
in case 1) and in case 2) while the current limiting operation continues.

the current of the secondary coil, the resistanceof the sec-
ondary coil and the maximum temperature of the wire
are shown. The current, temperature and resistance of the sec-
ondary coil cannot be measured directly in the experiment. The
recovery process is discussed by the experimental and also sim-
ulation results. The maximum temperature at the beginning of
the current limiting is evaluated to be about 77 K in case 2). The
temperature decreases even while the fault current flows through
the SCFCL. If all the secondary wire is in the normal state, the
resistance is about 125 . Therefore it can be said that only a
part of the superconducting wire has resistance (normal zone).
Because there is no heat generating power source during the pe-
riod of “Open Time” in the SCFCL, a normal zone of the super-
conducting wire is cooled down and disappears at once when

reaches the critical temperature, and the SCFCL recovers
to its waiting mode after a certain time (“Recovery Time”). The
“Recovery Time” depends on the temperature at the be-
ginning of the zero current period, which is a function of FCL
current in the current limiting mode. The simulation results of
“Recovery Time” for case 1) and 2) are plotted in Fig. 4. They
agree well with the experimental results.

Fig. 6 shows the calculated temperature changes in case 1)
and 2) when the current limiting operation continues and fault
current lasts. Temperature of the normal zone in case 1) is higher
than that in case 2), but it becomes close to that in case 2) with
time. This result can explain the dependency of the limiting cur-
rent on the “Recovery Time” shown in Fig. 4.

It was already reported [11] that, after a sufficient time from
the fault occurrence, the secondary coil current becomes al-
most equal to the minimum propagation current of the super-
conducting wire. The simulation result showed that the current

is about 1.1 Arms which is the minimum propagation cur-
rent of the wire. Then, it can be assumed that the temperature
distribution profile of the normal zone is almost uniform along
the superconducting wire. The joule heat loss per unit length at
the normal zone balances with the heat flux at the surface of the
normal zone of the wire (thermally equilibrium state). There-
fore, “Recovery Time” is independent of the limiting current
after a sufficient time from the fault occurrence.

V. CONCLUSION

The recovery process of transformer type SCFCL was inves-
tigated by experiments and computer simulation using three-
phase SCFCL. The results obtained are as follows. The “Re-
covery Time” decreases, as the “Fault Time” is longer. It is
pointed out that the FCL current at the limiting mode affects the
cooling process of the secondary wire during the current lim-
iting operation. The simulation results of the “Recovery Time”
agree well with the experimental ones. The temperature of the
normal zone was estimated by use of the simulation. It decreases
even in the current limiting mode and its decreasing rate depends
on the limiting current. After a long limiting operation (over 5 s),
the temperature saturated about 22 K and its distribution profile
for the longitudinal direction is almost uniform. The secondary
coil current is the minimum propagation current of the wire and
the “Recovery Time” is quite short and independent of the lim-
iting current.
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