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Study on Recovery Time
of a Superconducting Fault Current Limiter
with Adjustable Trigger Current Level

Yasuyuki Shirai , Kazuhiro Fujikawa, Tomoyuki Kitagawa, Masahiro Shiotsu,
Hiroyuki Hatta, Shiniti Muroya, and Tanzo Nitta

Abstract— The recovery time of a transformer type SC-
FCL (Superconducting Fault Current Limiter) with ad-
justable trigger current level, is studied experimentally. The
recovery time is defined as the required time of zero current
period of SCFCL for recovery from its current limiting mode
to its waiting mode. A trial SCFCL, which was designed and
made, is tested to measure the recovery time with various
fault time. The experimental results show that the recov-
ery time depends on the fault time. When the fault time is
longer than 200 ms, the recovery time becomes shorter and
approaches a certain value (a few ten ms) as the fault time
is longer.

Index Terms— Superconducting fault current limiters
(SCFCLs), trigger current level, recovery time, fault time

I. INTRODUCTION

UPERCONDUCTING fault current limiters (SCFCLs)

are expected to improve reliability of power systems.
Many studies have been done on the SCFCL of various
types [1]-[3]. We carried out fault analyses of power sys-
tem that include SCFCL’s. The results of the fault analyses
show that accuracy of the trigger current level, at which the
SCFEFCL starts to limit the fault current, should be within a
few ten percent in some system configurations [4]. In gen-
eral, the trigger current level of the SCFCL is determined
by the super-normal transition current of the supercon-
ducting coil. It is not so easy, however, to manufacture
superconducting coils with several percent accuracy of the
super-normal transition current.

Therefore, we proposed an SCFCL with adjustable trig-
ger current level. A model was designed and made [5]. The
proposed SCFCL consists of two superconducting coils cou-
pled coaxially without an iron core. The inner coil (primary
coil) is connected to power line. The outer coil (secondary
coil) is short-circuited. Basic tests on the SCFCL were
carried out. It was confirmed that the trigger current lev-
el can be calibrated by sliding the secondary coil and can
be changed by replacing only the secondary coil of another
specification [6].

Joule heat loss of the transformer type SCFCL while it
suppresses the fault current (the current limiting mode)
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was measured. It was expected that the recovery time of
the proposed type SCFCL is short {7].

In this paper, the recovery time of the trial SCFCL was
measured with various fault time.

II. SUPERCONDUCTING FAULT CURRENT LIMITER WITH
ADJUSTABLE TRIGGER CURRENT LEVEL

A. Principle

The proposed SCFCL [5]-[7], whose cross section is
shown in Fig. 1, consists of two superconducting coils cou-
pled coaxially. The inner (primary) coil will be connect-
ed to a power line. The outer (secondary) coil is short-
circuited. Fig. 1 shows that the secondary coil is slided
with small slide distance D in order to calibrate the trigger
current level without changing the super-normal transition
current of the secondary wire. In the waiting mode, both
superconducting coils are in the superconducting state.
When the fault current flowing through the SCFCL ex-
ceeds the trigger current level, the super-normal transition
occurs only at the secondary wire. The fault current is
limited mainly by the reactance of the primary coil,

B. Trial SCFCL

A trial SCFCL of the proposed type, whose specifica~
tions are listed in Table I, was designed and made [5]. The
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Fig. 1. Cross sectional view of the trial superconducting fault current
limiter with the secondary coil slided by a slide distance D.
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TABLE I

SPECIFICATIONS OF THE TRIAL SCFCL

Primary coil Height 150 mm
Inner diameter 80 mm
Turns 300
Secondary coil Height 150 mm
Inner diameter 90 mm
Turns 100
Inductance (design) Ly (primary) 2.90 mH
La(secondary)  0.44 mH
coupling coefficient k  (slide Omm) 0.89

TABLE II

SPECIFICATIONS OF SUPERCONDUCTING WIRE

Items Specification

Strand Structure Multi-filament
Diameter of strand 0.126 mm
Material of matrix Cu-30%Ni

Material of filament

(CuNi:NbTi=4.3:1)
NbTi

Diameter of filament  0.08 um
Number of filament 441,575
Twist pitch 0.7 mm
Twist direction Clockwise(S)
Insulation None

Twisted wire Structure 6 Strands+Core

Material of core Cu-30%Ni

Diameter of core ~ 0.16 mm

Twist pitch 2 mm

Twist direction Counterclockwise(Z)
Characteristics  Critical current ~ 150 A

(Ig) (at 4.2 K, 0T)
Normal resistance ~3.18 /m

SCFCL has no magnetic core. The specifications of the
superconducting wire is shown in Table IIL.

C. Impedance of SCFCL

The resistive and the inductive components Rrcr, XroL
of the impedance Zpgr of the trial SCFCL are given as
a function of the resistance Ry of the secondary coil as
shown in Fig. 2 [7]. The inductive component Xpcy, in-
creases rapidly as Ry increases. The resistive component
RrcL has a peak value RpoLo = swk?Ly at the resistance
Ry = wlq and decreases as Ry increases, where Ly, Lo is
inductance of the primary coil and the secondary coil, re-
spectively, k is the coupling coefficient and w is the angular
frequency of the power source. It is one of the important
advantages of the SCFCL that the fault current is limited
by the inductive component Xpcop, which is almost con-
stant for a wide range of the resistance Rp. Measured re-
sistance Ry proved that only a part of the secondary wire
is in the normal state. It was confirmed that the normal
zone length, which is proportional to the resistance Rq, and
the secondary coil current are determined to keep the heat
balance between joule heat generated in the wire and heat
flow to liquid helium at the surface of the wire in a ther-
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Fig. 2. Resistive and inductive component of impedance ZrcL.

mal equilibrium state [7]. Therefore, the joule heat loss in
the current limiting mode is small and the recovery time is
expected to be short.

III. EXPERIMENT

A. Ezperimental Circuit

An experimental circuit of the trial SCFCL is shown in
Fig. 3. Two reactors “a” and “b” and the SCFCL are con-
nected in series to the AC power source (50 Hz) through
a variable voltage transformer (slidac). A short-circuit
switch SW2 (MC:Magnetic Controlled Contact) is connect-
ed in parallel to the reactor “b” to simulate a fault. The
inductance L, and L; of the reactors are 2.13 mH and 6.40
mH, respectively. A switch SW1(MC) is used to remove or
reconnect the reactors and the SCFCL from or to the AC
power source.

The current ircr of the SCFCL (the circuit current), the
voltage vy of the SCFCL, the voltage vgy, of the output
voltage of the slidac and the voltage vsw across the reactor
“h” were measured.

B. Test procedure

The switching sequence of the switches SW1 and SW2 is
shown in Fig. 4. The test procedure is described as follows.
1. The switch SW2 is open, the switch SW1 is closed.
The slide distance D is set to be Omm. The SCFCL is

in the waiting mode (low impedance).
2. The switch SW2 is closed to simulate a fault. When
the current ipcy, at the fault reaches the trigger cur-

sw2
(MC)
VA
(MC)
AC Power Source —~

Reactor a | Reactor b
-~
Uy, Usw Uper
Shunt Resistor
AAA

VWA
Superconducting

Slidac
e, Fault Current Limiter

Fig. 3. Circuit for the tests on the trial SCFCL
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Fig. 4. Switching sequence of SW1, SW2 and “Fault Time” and
“Open Time".

rent level, the super-normal transition occurs in the
secondary wire. The SCFCL changes from the waiting
mode to the current limiting mode (high impedance).

3. The switch SW1 is opened to remove the fault circuit
and the SCFCL from the AC power source. “Fault
Time” is defined as the time while the fault current
flows through the circuit.

4. The switch SW2 is opened to clear the fault while the
switch SW1 is opened.

5. The switch SW1 is reclosed to reconnect the SCFCL
and the reactors to the power source. “Open Time” is
defined as the time while the SCFCL is disconnected
from the power source, that is, the zero current period
of the SCFCL.

The switches SW1 and SW2 were controlled by a se-
quence controller which can changes the time intervals of
the switching sequence. The tests were carried out taking
“Fault Time” and “Open Time” as parameters.

C. Experimental Results

One of the experimental results is shown in Fig. 5. The
figure shows the wave forms of the current ipqr, of the SC-
FCL, the voltage vpor across the SCFCL, the voltage vsws
across the SW2 and the output voltage vsy, of the slidac
from top to bottom. For the initial conditions, the voltage
vgr, was set to be 58.1 Vrms and the initial current of the
circuit was 20 Arms.

The switch SW2 was closed (fault) at time=0 s, and
the fault current began to flow through the SCFCL. After
about 3 ms, the fault current reached 42 A (the trigger
current level of the SCFCL) and the SCFCL began to limit
the fault current to be 36.8 Arms (current limiting mode).
The fault current would be 63.4 Arms if the SCFCL would
not limit the current. The SCFCL was removed from the
circuit at 167 ms (Fault Time) after the fault occurrence.
The current through the SCFCL became zero. SW2 was
opened (fault clear) about 20 ms after the removal, but this
event did not appear in the wave forms. The reactors and
SCFCL were reconnected to the power source at time=613
ms (“Open Time” is 446 ms). The voltages and current
returned to be in the same condition before the fault in
this test case. The secondary wire returned to be in the
superconducting state, and the SCFCL recovered to the
waiting mode successfully.

The tests were carried out in the same manner as de-
scribed above with various “Open Time” for various “Fault
Time”. It was checked whether the SCFCL was still in the
current limiting mode or not, after the reclosure of the cir-
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Fig. 5. Wave forms of voltages and current during the test procedure.
(Experimental result)

cuit. The experimental results are shown in Fig. 6, where
the round sign indicates that the SCFCL recovered to the
waiting mode successfully, and the cross indicates that the
SCFCL failed to recover to the waiting mode.

IV. DISCUSSION

Fig. 6 shows that the “Recovery Time” which is defined
as the required “Open Time” for the SCFCL to recover
to its waiting mode, is depend on the “Fault Time”. The
plane of “Open Time” and “Fault Time” is roughly divided
to two areas of the successful recovery cases and the recov-
ery failure cases by the solid line in Fig. 6. Therefore, the
“Recovery Time” is approximately expressed by the solid
line.

The “Recovery Time” has a peak value of about 380
ms with “Fault Time” of about 200 ms. It was pointed
out that the SCFCL can recover to its waiting mode with
”Open Time” of more than 380 ms for any "Fault Time”.
The required ” Open Time” of 380 ms, which is shorter than
20 cycles of the AC power source, is shorter than a typical
reclosing time of a circuit breaker in Japan.

While the “Fault Time” is shorter than about 200 ms,
the “Recovery Time” becomes longer as the “Fault Time”
is longer. However, when the “Fault Time” is longer than
about 200 ms, the “Recovery Time” decreases gradually
and approaches to a certain value (a few ten ms) as the
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Fig. 6. Recovery Time against the Fault Time.

“Fault Time” is longer. The “Recovery Time” is about 50
ms when the “Fault Time” is almost 10 s.

Because there is no heat generating power source during
the period of “Open Time” in the SCFCL, the supercon-
ducting wire of the secondary coil, a part of which has resis-
tivity (that is, a normal zone of the superconducting wire),
is cooled down by the liquid helium and the temperature
of the normal zone decreases towards the temperature 4.2
K of liquid helium. The normal zone disappears and the
SCFCL recovers to its waiting mode after a certain time
(“Recovery Time”). It can be assumed that the “Recov-
ery Time” depends on the temperature distribution profile
along the superconducting wire at the removal of the SC-
FCL from the power source. The recovery time is longer, as
the temperature of the normal zone of the secondary wire
is higher and the normal zone length is longer. As a result,
the temperature change with time of the normal zone can
be discussed by the ”Recovery Time” for the ”Fault Time”
shown in Fig. 6.

At the beginning of the current limiting mode, the joule
heat is generated locally around the position of the wire
where the super-normal transition occurred at the first.
The temperature of the normal zone rises up. The normal
zone of the superconducting wire spreads along the wire,
and the resistance of the secondary coil increases immedi-
ately. The current of the secondary coil is reduced, and
the generated joule heat decreases immediately. Therefore,
when the “Fault Time” is more than 200 ms, the temper-
ature rise is stopped and the temperature begins to fall.

It was already reported [7] that, after a sufficient time
from the fault occurrence, the current of the secondary
winding becomes almost equal to the minimum propaga-
tion current of the superconducting 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). Therefore,
the "Recovery Time” is quite short.

It is an important advantage of this type of SCFCL that
the temperature rise of the superconducting wire is sup-
pressed to a certain value, even if the fault current contin-
ues to flow through the SCFCL due to an operation failure
of a circuit breaker. In other words, the SCFCL can be
applied without circuit breakers, if the SCFCL is designed
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to suppress the fault current to a sufficiently small value.

V. CONCLUSIONS

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 lows through the SCFCL)
using the trial SCFCL with adjustable trigger current level.
The results obtained are as follows.

o It was confirmed that the “Recovery Time” depends

on the “Fault Time”.

o The “Recovery Time” has a peak value of about 380 ms
with “Fault Time” of about 200 ms. It was pointed out
that the SCFCL can recover to its waiting mode with
the zero current time of longer than 380 ms for any
?Fault Time”, which is shorter than a typical reclosing
time of a circuit breaker in Japan.

e When the “Fault Time” is longer than about 200
ms, the “Recovery Time” decreases gradually and ap-
proaches to a certain value as the “Fault Time” is larg-
er.

o The temperature rise of the superconducting wire is
suppressed to a certain value, even if the fault current
continues to flow through the SCFCL due to an op-
eration failure of a circuit breaker. This is one of the
important advantages of this type of SCFCL.
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