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Abstract—A trial three-phase SCFCL with adjustable trigger
current level was proposed and fabricated. Current limiting char-
acteristics of the SCFCL with parallel and series connection using
two of the three-Phase SCFCLs was investigated experimentally
in a model power system consisting a small synchronous gener-
ator and an artificial parallel transmission lines. The pair of the
SCFCL was installed in one of three phases of the fault line. The
fault current limiting characteristics of the pair of SCFCL at one
line grounded (1 LG) fault was studied with various fault phases. In
every test case, the SCFCL limited the fault current below a certain
level. In the series-connection cases, which one or both of the pair
of SCFCLs turn into the current limiting mode can be controlled
by calibrating the trigger current level of each SCFCL. It was ob-
served that it depends on the fault phase. In the parallel connection
cases, both of the pair of SCFCLs turn into current limiting mode
nearly simultaneously in every fault phase.

Index Terms—Power system characteristics, series/parallel con-
nection, superconducting fault current limiter.

I. INTRODUCTION

SUPERCONDUCTING fault current limiters (SCFCLs) of
various types have been proposed and tested [1]–[3]. How-

ever, there are few investigations from the viewpoint that the
SCFCL is one of the power system apparatus. It is important to
study the power system characteristics of the SCFCLs. The most
significant features of the SCFCLs requested from the power
system operating conditions are a limiting impedance, a trigger
current level and a recovery time. In order to meet these de-
manded features, it is expected to design SCFCL unit with se-
ries-connection for larger limiting impedances or parallel-con-
nection for larger rated current and reliability. However, it is not
so easy to fabricate number of SCFCLs of exactly same speci-
fications for series/parallel connection.
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Fig. 1. One of the test 3-phase SCFCL with adjustable trigger current.

In this paper, current limiting characteristics of the SCFCL
with parallel or series connection using two SCFCLs is investi-
gated experimentally in a model power system consisting of a
small synchronous generator and an artificial parallel transmis-
sion lines (that is, a simulated fault line and a nonfault line).
A 3-phase SCFCL of transformer type, which can calibrate
the trigger current level, independently for each phase, was
designed, made and have been tested in an artificial transmis-
sion line system [4], [5]. Excellent recovery characteristics
was confirmed and discussed [6], [7]. Two of the three-phase
SCFCLs were used in the experimental studies. The pair of
SCFCL was installed in one of three phases of the fault line.
The fault current limiting characteristics of the pair of SCFCL
at one line grounded (1 LG) fault was studied with various fault
phases.

II. EXPERIMENTAL SYSTEM

A. Test 3-Phase SCFCL

The three-phase SCFCL unit contains three SCFCLs of trans-
former type in one cryostat [4]. As shown in Fig. 1, one of the
SCFCL consists of two superconducting coils magnetically cou-
pled co-axially. The inner (primary) coil will be connected to
a power line. The outer (secondary) coil is superconductively
short-circuited. The primary coil can be slided with small slide
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Fig. 2. Trigger current level of test 3-phase SCFCLs and calibration
characteristics by sliding the outer (secondary) coil.

distance in order to calibrate the trigger current level. When both
superconducting coils are in the superconducting state, the mag-
netic flux is cancelled and the reactance of the SCFCL seen from
the system is small (leakage reactance). When the fault current
reaches the trigger current level, the super-normal transition oc-
curs 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 superconducting wire of the primary coil is made of
twisted three CuNi/Cu/NbTi (3.3:0.3:1) strands. The secondary
coil wire is made of CuNi/NbTi (4.3:1) strands.

B. Trigger Current Level and Its Calibration

The designed trigger current level without calibration is
85.7 . The trigger current level of each SCFCL can be
calibrated by sliding the outer (secondary) coil. Fig. 2 shows the
trigger current level of each SCFCL measured by increasing the
current slowly, that is, quasisteadily. Measured trigger current
of each SCFCL without slide was 89.7 for SCFCL of no.
1 (FCL1), 86.62 for that of no. 2 (FCL2) and 81.65
for that of no. 3 (FCL3), respectively. Although three SCFCL
was designed and made with same parameters and materials,
the trigger current level of each SCFCL was different each
other around 10%.

It is expected that it is not so easy to make a number of
SCFCLs of exactly same characteristics. Therefore, we pro-
posed the SCFCL whose trigger current level can be calibrated
after fabrication.

As seen from Fig. 2, the trigger current level of three SCFCLs
can be set the same value of 89.7 (the instantaneous value
of 126.8 A) by sliding outer coil of FCL2 by 18 mm, and that
of FCL3 by 32 mm, respectively. It should be more important
in the series-connecting operation of SCFCLs. FCL1 and FCL2
were used in all the experiments of series- or parallel-connecting
operations.

C. Model Power System Including SCFCLs

Fig. 3 shows an experimental system. A 3-phase synchronous
generator was connected to an infinite bus (210 V commercial

Fig. 3. One machine infinite bus transmission system with series-connected
SCFCL and the switching sequence for the simulated fault conditions.

power line) through parallel artificial transmission lines. The
lower line (fault line) has Sw3 in parallel for simulated fault and
has circuit breakers (Sw1 and Sw2) in series. The series- or par-
allel-connected SCFCL (no. 1 and no. 2) was installed between
the fault point and the Sw3 only in u-phase line and small com-
pensation reactors (0.84 mH) were inserted in the other phase
lines. In the parallel-connection cases, a small reactor of 0.26
mH was set in series with FCL2 to compensate the leakage re-
actance. The ratings of the generator is 18.26 kVA of capacity,
200 V of voltage, 52.5 A of current, 19.2 A of field current,
1500 rpm of rotating speed, 4-poles, 50 Hz. The field current is
supplied by a constant voltage source. Base ratings of per unit
(p.u.) value are 18.26 kVA, 200 V. The generator was connected
to the transmission line through a reactor of 1.82 mH for the se-
ries-connection case and of 1.3 mH for the parallel-connection
case.

All switches are magnetically controlled. The switching se-
quence is shown in Fig. 3. Sw1 and Sw2 are normally closed so
that the generator output power flows through the double trans-
mission lines. At a certain time, the Sw3 is closed to simulate
the 1-line (u-phase) grounded fault, then the large fault current
flows through the SCFCLs. The SCFCLs start to reduce the fault
current immediately. At 100 ms after the fault, Sw1 and Sw2 are
open to reject the fault line. After the fault was removed, Sw1
and Sw2 are re-closed to be back to the initial condition. During
the fault line rejection time (577 ms), the SCFCLs should re-
cover to the waiting mode. The fault phase, which means that the
phase of the FCL current at the fault occurrence, was changed
from 0 to 180 degrees by use of sequence controller.

The each SCFCL was equipped with ZnO device (varistor
voltage is 400 V) in parallel to suppress the over-voltage [8].

The generator output was set about 6 kW and the terminal
voltage was 200 V. The voltage across and the currents

through each SCFCLs of series-connected or parallel-con-
nected were measured at the fault for various fault phases.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Current Limiting by Series-Connected SCFCL

The fault current limiting tests were carried out with two se-
ries-connected SCFCLs at 1 LG fault of different fault phases.
The slide distance of FCL2 was changed between 0 mm and
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Fig. 4. Current and voltages of each FCLs (series-connected) at the fault. (a)
Only FCL1 works with 30 mm, (b) only FCL2 works with 18 mm, (c) both of
them work with 24.4 mm of the slide distance, respectively. Fault phase is 142
degree.

Fig. 5. Experimental results classified as four cases with the slide distance of
FCL2 and the fault phases.

30 mm. Throughout the experiments, the FCLs recovered from
the current limiting mode to the waiting mode successfully with
isolation time of 577 ms. The experimental results were clas-
sified as four cases, that is, 1) only FCL1 works, 2) only FCL2
works, 3) both FCLs work simultaneously and 4) neither works.
Fig. 4 shows one of the experimental results of current and volt-
ages of each SCFCL with slide distance of FCL2 of 30 mm
(FCL1 works), with that of 18 mm (FCL2 works) and with that
of 24.4 mm (both work). The fault phase is 142 degree. As soon
as the fault current reached about 125 A, both of FCLs or only
FCL1 started to reduce the current successfully as shown in
Figs. 4(a) and (c). The trigger current was slightly smaller in
case with the slide distance was 18 mm in Fig. 4(b). The lim-
ited fault current when the both FCLs worked was reduced more
than that in case that one of the FCLs worked.

The four cases of the experimental results were categorized
on the fault phase and the slide distance plane as shown in Fig. 5.

Fig. 6. Peak value of the fault current for fault phase without SCFCLs
(simulation result).

As seen from Fig. 2, the trigger current level of FCL2 is smaller
than that of FCL1 with the slide distance of less than 18 mm.
The experimental results (Fig. 5) show that only FCL2 turned
into the current limiting mode in almost all the test cases with
the slide distance of less than 22.5 mm. On the other hand, only
FCL1 worked with the slide distance of more than 25.3 mm. All
the four cases appeared with the slide distance of 24.4 mm, that
is, it was considered that the each trigger current level of series-
connected FCLs was calibrated to be almost the same. The slide
distance of 24.4 mm on the boundary was slightly different from
that of 18 mm obtained in the quasisteady state condition as
shown in Fig. 2. The possible cause is that the trigger current
level of SCFCL is affected by the differential of fault current,
which depends on the fault phases.

Fig. 6 shows the peak value of the fault current without
a SCFCL as a function of fault phase obtained by computer
simulation. Typical waveforms of the fault current for each
fault phase were also shown. DC component of the fault current
varies with fault phase. The broken line indicates the designed
trigger current level of FCL1. The peak value of the fault
current is less than the designed trigger current level with the
fault phase of around 90 degrees. Therefore, neither of FCLs
worked for fault phase of around 90 degrees as shown in Fig. 5.

The actual trigger currents measured from the experimental
results are shown in Fig. 7 for the fault phase with various slide
distances as a parameter. Each line indicates a polynomial in-
terpolation of the second order of the trigger currents with each
slide distance obtained by the least-square method. The trigger
current becomes larger with increasing the slide distance up to
24.4 mm. The upper three lines for the slide distance of more
than 24.4 mm are almost equal each other independent of the
slide distance of FCL2, because they are determined by trigger
current level of FCL1.

The trigger current level decreases as the fault phase ap-
proaches the zero-cross point (0 and 180 degree) for all cases
of slide distances. This is because the trigger current level
decreases for larger differential of the fault current.

It was confirmed that the trigger current level of series-con-
nected FCLs can be calibrated by the proposed SCFCL.
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Fig. 7. Experimental results of trigger current for fault phase with slide
distances between 0 mm and 30 mm as a parameter.

Fig. 8. Experimental result of fault current limiting operation by
parallel-connected FCLs at 1 LG fault.

B. Current Limiting by Parallel-Connected SCFCL

The series-connected SCFCL was changed to be parallel-con-
nected one and installed at the same place. Fig. 8 shows one
of the experimental results of the voltages and currents of each
FCLs and the total current of u-phase at 1 LG fault. The slide
distance of FCL2 was 16.6 mm and the fault phase was 28.8 de-
gree.

At first, FCL2 started to limit the fault current and the fault
current rushed to FCL1. FCL1 turned into the current limiting
mode immediately. As seen from the total current waveform, the
current limiting operation started at once and the trigger current
level was almost twice larger than that of each FCL. The trigger

current level was determined by lower one of each FCL (FCL2
for this test case). In all test cases, both of the parallel FCL
started to limit the fault current simultaneously.

IV. CONCLUSION

Fault current limiting characteristics of the SCFCL with se-
ries or parallel connection using two SCFCLs were investigated
experimentally in a model power system. A pair of SCFCL with
adjustable trigger current level was installed in one of three
phases of the fault line and was tested at one line grounded
(1 LG) fault with various fault phases. The following results
were obtained:

1) It was observed that, in the series connection case, which
one or both of the pair of SCFCLs turn into the current
limiting mode depends on the fault phase;

2) Trigger current (fault current at the initiation of current
limiting) can be calibrated to a certain extent by use of
the proposed SCFCL in series or parallel connecting op-
erations;

3) It was found that the trigger current depends on the fault
phase. It is expected that not only the fault current value
but also the differential of it affect the trigger current. That
is, the larger differential of the current makes the trigger
current lower;

4) In the parallel connection case, both of the pair of
SCFCLs turn into current limiting mode nearly simulta-
neously in every fault phases.
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