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Abstract
In this paper, the current limiting and bus-voltage sag
suppressing characteristics of a flux-lock type superconducting
fault current limiter (SFCL) with an isolated transformer were
analyzed through short-circuit tests for a simulated power
system with the SFCL. The isolated transformer, which was
connected to the superconducting (SC) element of the flux-lock
type SFCL, was designed to improve the current limiting and
the bus-voltage sag suppressing characteristics of the flux-lock
type SFCL by preventing the fault current from directly passing
through the SC element. An analysis of the experimental results
considering the winding ratio of the isolated transformer
confirmed that the flux-lock type SFCL, which was planned
with a lower winding ratio, performed the limiting operation
more effectively, while the flux-lock type SFCL with a higher
winding ratio of the isolated transformer, was more effective
from the point of view of the suppression of the bus-voltage sag.
Keywords: fault current, flux-lock type SFCL, bus-voltage sag,
isolated transformer
I.
INTRODUCTION
Due to year-to-year increasing power demands, the complexity
of power systems and the reduction of power impedance exceed
the volume of short circuits of existing breakers for a fault
current occurring from a short circuit and will seriously cause
stability problems such as thermal shock and mechanical shock
[1-3]. Many papers have proposed the replacement of large
breakers or power equipment of high impedance, installation of
serial reactors, and separation of linkage lines as an alternative
plan, but economic problems and technical stability of power
still remain to be solved [4-6].
The ideal alternative plan to more effectively control the fault
current is to use the superconducting current limiter (SFCL),
using superconducting properties [7-9]. It actively advances the
development of the SFCL and applications for practical use.
Various types of SFCL have now been developed [10-14]. The
flux-lock type SFCL has an advantage in reducing the burden
of limiter impedance and the SC element to control the winding
direction and inductance, while it has a disadvantage in
decreasing the fault current limiting effect that is due to
conduction of a partial fault current through a direct device, in
that after removing the fault current, saturation of the iron core
occurs causing a longer recovery time [15-17].
In this study, in the occurrence of a fault current, we configured
the system to connect an isolated transformer between
superconducting elements to configure the flux-lock type SFCL.
In this way we avoid conduction of a direct fault current
through a superconducting element. For our analysis, we
simulated the current limiting characteristics of the flux-lock
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type SFCL, which included an isolated transformer. When a
fault occurred, we measured the quench time according to
changes in the secondary coil winding ratio of the isolated
transformer and the characteristics of the bus-voltage sag
suppressing operation. After the fault was removed, we
analyzed the recovery characteristics and consumption power
with the existing magnetic flux SFCL.
II. EXPERIMENTAL METHODES
The composition of the flux-lock type SFCL is two coils
connected in parallel or serially via one ferromagnetic iron core,
and the superconducting element is connected to one of the two
coils. In this experiment, as shown in Figure 1, this test device
was constructed with the two coils connected in parallel and the
isolated transformer between the superconducting elements
was connected serially to one of the coils. This system
performed the simulated short circuit experiment for the
characterization of the fault current limiting of the flux-lock
type SFCL using an isolated transformer.
Figure 1 gives the structure of SFCL using a magnetic
conjunction of two coils connected parallel, and the winding
ratio of the two connected coils was 4:1. It was made to connect
parallel via an iron core, and the winding ratio of the isolated
transformer coils changed from 0.25 to 0.5. The element of the
SFCL used a high superconductor film of YBa2Cu3O7 (YBCO).
To simulate the short circuit, the power supply voltage [Es] was
applied as 120 [Vrms].

Figure 1. Structure of a flux-lock type SFCL using an isolated
transformer
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Figure 2 shows the experimental circuit with a flux-lock type
SFCL using an isolated transformer. E S and RS represent the
voltage and the resistance of the power source. L1, L2, R1 and
R2 represent the inductance and the resistance of lines 1 and 2,
respectively. RL1 and RL2 represent the resistance of the load
connected to each line. iS, i1 and i2 indicate the current of the
power source and each line, respectively. The current is
distributed according to the impedance of the lines because the
total current is connected in parallel with the i1 current and i2
current. If a fault occurs in line 1, then the i1 current increases
rapidly because the impedance decreases. The current i2 on line
2 decreases according to the impedance changes. We expected
that the current i1 would change the magnitude of the current
depending on the winding ratio and the impedance of the SFCL.
After turning on the switch SW1, the switch SW2 was turned on
for 5 cycles. With this experimental circuit, we analyzed the
current limiting characteristics of the flux-lock type SFCL and
the bus-voltage sag suppressing effect in the power system
applied by the SFCL. In addition, we described the dependence
of the current limiting and bus-voltage sag suppressing
characteristics on the winding ratio of an isolated transformer
and the winding direction of the two coils comprising the fluxlock type SFCL.

Figure 3. The waveform of the current and voltage of the fluxlock type SFCL according to the change of the winding ratio of
an isolated transformer; (a) The additive polarity winding (b)
The subtractive polarity winding
Figure 3(a) presents the additive polarity winding and shows
the waveform of the voltage and current of the superconducting
element when a fault occurs. The response time is the measured
time of the voltage of the superconducting element when the
critical current of this element exceeds 19A. The response
times from the start of the fault to the occurring element voltage
when there is no isolated transformer and the winding ratio
being n=0.5 are similar, 2.1 [ms], and in the case of the winding
ratio being n=0.25, 1.5 [ms]. When a fault occurs, the
secondary coil winding ratio becomes smaller, and the
superconducting element voltage becomes larger, and in the
case of no isolated transformer, the element voltage is high.

Figure 2. Experimental circuit with a flux-lock type SFCL
using an isolated transformer

Figure 3(b) gives the subtractive polarity winding and shows
the waveform of the voltage and the current of the
superconducting element when a fault occurs. When an isolated
transformer is connected, the current of the superconducting
element is similar to the additive polarity winding. When there
is no isolated transformer, the peak current is late. The response
time that is from the fault start timing (216.9 ms) to the
occurring voltage of the superconducting element shows a
similar reaction in comparison to the additive polarity winding.
This element voltage shows the same trend as the additive
polarity winding. The response time when there is no isolated
transformer is 3.1 [ms]. The element voltage is higher in the
case of the winding of the subtractive polarity winding than
with the additive polarity winding because of the increase and
decrease of the flux linkage occurring in an iron core as the
winding of primary coil and secondary coil. This occurs when
voltage is applied to the two coils. When a fault current occurs

III. RESULTS AND DISCUSSION
Figure 3 shows the installation existence or absence of the
isolated transformer and presents the characteristic waveform
of the current and voltage when the winding ratio of the
secondary coil (n=N2T/N1T) was changed from n=0.25 to n=0.5.
In Figure 3, isc0.25 and isc0.5 are the currents of the
superconducting element when the winding ratio of the isolated
transformer is 0.25 and 0.5, respectively. iscw/o is the current of
the superconducting element when the isolated transformer is
not installed. vsc0.25 and vsc0.5 are the voltages of the
superconducting element, which correspond to the case in
which the winding ratio of the isolated transformer is 0.25 and
0.5, respectively. vscw/o is the voltage across the
superconducting element in the flux-lock type SFCL without
the isolated transformer.
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when an isolated transformer is used because the voltage is
small, this system reduces the burden of the superconducting
element.

Figure 5 presents the bus-voltage sag characteristics of the fluxlock type SFCL. Figure 5(a) shows the peak characteristics of
the voltage compensation of a normal line with the additive
polarity winding. With no isolated transformer, the initial
voltage of the fault occurrence largely increased. Before the
fault, at 81 [V], the voltage significantly increased in the
beginning, and after two cycles the voltage decreased at 76 [V].
During the fault cycle, the voltage was constant, compensating
for 94 [%] of the voltage before the fault. The bus-voltage sag
characteristics according to the secondary winding of the
isolated transformer change from 0.25 to 0.5 were similar to
74V, compensating for 90 [%] of the voltage before the fault.
Figure 5(b) shows the peak characteristics of the voltage
compensation of a normal line with subtractive polarity
winding. With no isolated transformer, the initial voltage of the
fault occurrence largely increased at 81 [V], and after two
cycles the voltage decreased at 74 [V], compensating for 93 [%]
of the voltage before the fault. The bus-voltage sag
characteristics according to the secondary winding change from
0.25 to 0.5 were similar to 69 V, compensating for 85 [%] of
the initial voltage. The bus-voltage sag suppressing
characteristics of the additive polarity winding were better than
with the subtractive polarity winding. When there was no
isolated transformer, the bus-voltage sag suppressing operation
showed excellent characteristics.

Figure 4. The existence and absence of an isolated transformer
and recovery characteristics of the flux-lock type SFCL
according to secondary winding change; (a) The additive
polarity winding and (b) The subtractive polarity winding
Figure 4 shows the recovery waveforms of the flux-lock type
SFCL. The recovery time is the time after finishing the fault
until the recovery when the resistance of the element is zero.
The recovery time is closely related to the heat energy of the
superconducting element, H=0.24I2RT [cal]. In the voltage
waveforms and the resistance curves of Figure 4, ‘w/o’
expresses the flux-lock type SFCL without the isolated
transformer and n=0.25 and n=0.5 represent the cases in which
the winding ratios of the isolated transformer comprising the
flux-lock type SFCL are 0.25 and 0.5, respectively.
Figure 4(a) shows the case of the additive polarity winding.
With no isolated transformer, the recovery time is 47.93 [ms].
When the winding ratio is n=0.5, it is 11.48 [ms], and when the
winding ratio is n=0.25, it is 10.69 [ms]. Figure 4(b) shows the
case of the subtractive polarity winding. With no isolated
transformer, the recovery time is 98.32 [ms]. When the winding
ratio is n=0.5, it is 19.63 [ms], and when the winding ratio is
n=0.25, it is 6.99 [ms]. The reason for different recovery times
is that the winding direction differs from heat energy generated
by the phase transformation of an element. The recovery time
of the subtractive polarity winding is longer than that of the
additive polarity winding.

Figure 5. The existence and absence of an isolated transformer
and the bus-voltage sag characteristics of the flux-lock type
SFCL according to a secondary winding change; (a) The
additive polarity winding and (b) The subtractive winding
polarity
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Figure 6 shows when a fault occurs, the existence and
nonexistence of an isolation transformer, and the relation of the
fault current of the flux-lock type SFCL according to the
secondary winding change. In Figure 6, iFCL0.25 and iFCL0.5 are
the fault currents when the winding ratios of the isolated
transformer are 0.25 and 0.5, respectively. iFCLw/o is the fault
current when the flux-lock type SFCL without the isolated
transformer is applied.

Figure 7 shows the consumption power of the flux-lock type
SFCL. After the fault, the consumption power-burdened
superconducting element is high from the first cycle.
The consumption power of this element is W=VSC·isc·t and is
closely related to heat energy H=0.24i2RT [cal]. In Figure 7,
Psc0.25 and Psc0.5 indicate the powers of the superconducting
element when the winding ratios of the isolated transformer are
0.25 and 0.5, respectively. Pscw/o is the power of the
superconducting element in the flux-lock type SFCL without
the isolated transformer.

Figure 6(a) shows the case of additive polarity winding. When
there is no isolation transformer, the fault occurs at the same
time as the fault current increases rapidly. It is limited to 1/2 a
cycle. When there was no isolation transformer, the first current
peak was highest at 31.7[A]. With an isolation transformer, as
the winding ratio (n= N2T/N1T) increases from n=0.25 to n=0.5,
the first current peak increases. In addition, after 2 fault cycles,
the fault current has similar current peak characteristics with or
without an isolation transformer. Figure 6(b) shows the case of
subtractive polarity winding. With no isolation transformer, the
first current peak is highest at 42.7[A]. After 1 cycle, when the
winding ratio is n=0.25, the current peak is highest, and at
n=0.5, it is low. In the analysis, in the case of using an isolation
transformer, the first current peak value decreases. As the
secondary coil winding ratio of the isolated transformer is
adjusted, the first current peak value can be designed to reduce
the burden of superconducting devices.

Figure 7. The existence and absence of an isolated transformer
and the waveform of consumption power of the flux-lock type
SFCL according to a secondary winding change; (a) The
additive polarity winding and (b) The subtractive polarity
winding
Figure 7(a) gives the case of additive polarity winding. In the
case of no isolated transformer, the consumption power is 9,126
[W]. When the secondary coil winding ratio is n=0.25, it is
2,551 [W], and when the winding ratio is n=0.5, it is 4,579 [W].
Figure 7(b) shows the case of subtractive polarity winding.
When there is no isolated transformer, the consumption power
is high at 14,828 [W]. When the secondary coil winding ratio
is n=0.25, it is 3,622 [W], and when the winding ratio is n=0.5,
it is 6,100 [W]. The consumption power of the superconducting
element is high when there is no isolated transformer. When the
secondary winding ratio of an isolated transformer increases,
the consumption power increases.

IV. CONCLUSION
In this paper, we examined the flux-lock type SFCL with an
isolated transformer, the change of the secondary coil winding
ratio of an isolated transformer, and the limiting current
according to the existence or absence an isolated transformer.
We measured the change in voltage and current to analyze
recovery and voltage compensation characteristics. The quench
time of the elements had better properties in additive polarity
winding than in subtractive. As the winding ratio of the isolated

Figure 6. The existence and absence of an isolated transformer
and the fault current characteristics of flux-lock type SFCL
according to a secondary winding change; (a) The additive
polarity winding and (b) The subtractive polarity winding
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transformer increased, the quench time increased. The busvoltage sag suppressing operation possessed excellent
properties when there was no isolated transformer. The
recovery characteristics are closely related to the consumption
energy of the superconducting element. The consumption
energy of the superconducting element is determined by the
ratio of the secondary winding. The quench and recovery
characteristics as a winding method of the isolated transformer
can be determined by the secondary coil’s winding ratio.
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