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Abstract: In this paper, a superconducting fault current limiting breaker (SFCLB) using flux coupling
with a tap changer is suggested and its effective fault current limiting and breaking characteristics due
to the winding method using its tap changer are analyzed. The suggested SFCLB using flux coupling,
which consists of the SFCLB using flux coupling with a tap changer, mechanical switch and driving
coil, can perform the circuit-breaking function without external driving power after the fault current
limiting operation. To examine the suggested SFCLB’s operation, the small scale SFCLB using flux
coupling was fabricated and alternative current (AC) short-circuit experiments due to the winding
method using the tap changer of the SFCLB were executed. From the experimental results, a lower
fault current limiting rate and faster breaking time in the case of a SFCLB with a series connection
could be obtained compared to one with a parallel connection.

Keywords: superconducting fault current limiting breaker (SFCLB); flux coupling; tap changer;
mechanical switch; winding method; breaking time

1. Introduction

In overcoming the technical limitation of previous protective devices, such as the circuit breaker,
series reactor and power fuse, superconducting fault current limiters (SFCLs) have received attention
as promising devices [1–4]. Moreover, the increased fault current due to increased power generation
facilities with a larger capacity and the meshed system construction have accelerated the development
of various types of SFCLs for application in the real field system [5–11]. Among the developed SFCLs,
the trigger or hybrid type SFCL has been reported to be more effective in highly reducing the volume
or amount of the superconducting (HTSC) elements comprising the SFCL, which has given the SFCL
a lower cost by using a mechanical switch (MS) [10–17]. Of the other types of SFCL, an SFCL using
flux-coupling between the windings wound on one iron core has been studied. With a tap changer or
adjustment of the turn ratio comprising the SFCL, the operating current of the SFCL can be easily set
higher or lower than the critical current of the HTSC element and this reduces the power burden of the
HTSC elements, thus decreasing the number of HTSC elements comprising the SFCL as well [17–25].

Continuously, a flux-lock type SFCL using a mechanical switch, which utilizes the features of the
trigger type and flux-coupling type SFCLs, has been reported upon and its advantageous characteristics
described compared to other types of SFCL. Recently, the operational characteristics of the SFCL with
an interrupting operation have been presented [26,27]. The interrupting operation of the SFCL is
expected to be more necessary for the reliable operation of the meshed or looped power system with
multiple bus lines and the protection of linked power systems from the short circuit [28–30].
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Generally, for the interrupting operation or the breaking operation of the circuit breaker (CB)
and the power switch (PS), installed for separation from the abnormal state of the power system,
an additional driving circuit and power source for the opening of the CB are commonly required
together with either a current or voltage transformer [31,32].

In this paper, a superconducting fault current limiting breaker (SFCLB) using flux coupling with
a tap changer, which is not required for additional driving power, was suggested, and its parallel
and series constructions through the tap changer were designed. Through short-circuit tests for a
small-scale fabricated SFCLB, its fault current limiting and breaking characteristics dependent on the
winding method of the coils were analyzed.

2. Structure and Operational Principle

2.1. Structure

The proposed SFCLB using flux coupling with a tap changer mainly consists of the SFCL with a
tap changer to switch the winding method and a self-driving circuit for the breaking operation (driving
coil and MS), as shown in Figure 1. The SFCL with a tap changer is composed of three magnetically
coupled coils (N1, N2, N3) wound on the same iron core. A and B taps can be moved from a and b into
a’ and b’ within each coil (N1, N2). In the case that A and B taps are connected into a and b as seen in
Figure 1, the two coils of the SFCL are constructed as a series connection. In the case that the A and B
taps move into a’ and b’, the two coils of the SFCL are designed as a parallel connection.

Figure 1. Schematic configuration of proposed superconducting fault current limiting breaker (SFCLB)
using flux coupling with a tap changer.

The superconducting module (SCM), which is located within cryostat filled with liquid nitrogen,
is connected to two taps. The N3 coil, apart from the N1 and N2 coils, is connected to the driving coil
(ND).

The self-driving circuit consists of the driving coil, wound on the cylindrical bobbin, and the MS.
The MS includes the moving plate (MP) and two fixed plates (FP1, FP2) with a constant distance by
four guide bars.
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2.2. Operational Principle

When the SCM is in the superconducting state as seen in Figure 1, the current in the driving coil
does not generate if the coil’s resistance and the leakage flux between coils can be ignored, because two
fluxes (ϕ1, ϕ2) from two coils cancel each other out. Therefore, in a normal time, when the magnetic
flux for the magnetic repulsive force on the MP does not generate, the MP keeps the contact with
the FP1.

However, the quench generation in the SCM right after the fault occurs does not allow the
cancellation between two fluxes, which gives rise to a limit in the fault current and contributes to the
fault current limiting operation of the SFCLB [19–27]. Simultaneously, the induced voltage in the N3

due to the non-cancellation of two fluxes brings the current flow into the driving coil. The current
flow in the driving coil, wound on the cylindrical plastic bobbin, induces the magnetic flux of the axial
direction into the MP. If the electromagnetic repulsive force generated by the magnetic flux on the MP
exceeds the gravity force of the MP, the MP moves from the FT1 into the FP2, which contributes to the
fault current breaking operation of the SFCLB without the additional driving power supplier.

The larger induced current in the driving coil directly after the fault occurrence is expected to
cause the larger magnetic flux of the axial direction on the MP and the larger electromagnetic repulsive
force. In addition, the larger induced current in the driving coil is proportional to the axial direction
moving velocity of the MP due to a larger electromagnetic repulsive force, which is related to the
opening time of the MS.

Figure 2 shows the phases of total clearing time in the general circuit breaker (CB). The opening
time means the period until the CB opens after the trip coil is energized. The arching time represents the
period until the current of the CB is fully zero after the opening operation of the CB starts. The breaking
time is equal to the sum of the opening time and the arching time [33].

Figure 2. Phases of total clearing time in the circuit breaker.

The induced current in the driving coil, as well as the opening time of the MS comprising the
suggested SFCLB using flux coupling, is expected to be dependent on the winding method of two
coils among its main design parameters. To switch the winding method, the locations of two taps
(A, B) were changed with the tap changer. One case is that the two taps are located on a and b points
of two coils, which is called a series connection because it seems like a series connection of two coils.
The other case is that the two taps are located on a’ and b’ points of two coils, which is called a parallel
connection from the parallel connection of the two coils.

Figure 3 shows the electrical equivalent circuits of the SFCLB using flux coupling for the two
winding methods as described above. In each equivalent circuit, the magnetizing inductance (Lm) was
included with a consideration for the magnetizing characteristics during the fault period.
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Figure 3. Electrical equivalent circuit of proposed SFCLB using flux coupling with a tap changer.
(a) In the case that the two taps (A, B) move into a and b (series connection) (b) In the case that the two
taps (A, B) move into a’ and b’ (parallel connection).

3. Experimental Setup

The design specification of the SFCLB using the flux coupling with a tap changer was listed in
detail in Table A1, Appendix A. For the SCM with a larger critical current, three superconducting
elements with the same critical current were connected in parallel. As two winding methods using the
tap changer, the series connection (where the two taps are located on a’ and b’ points) and the parallel
connection (where the two taps are located on a and b points) were constructed as shown in Figure 1.
Figure 4 shows the schematic experimental test circuit with the SFCLB using flux coupling with a tap
changer. In the test circuit, the input voltage (EIn) of 200 Vrms was connected with the SFCLB through
an input impedance (ZIn) of 1 Ω and a load resistance (RL) of 41.2 Ω. The short-circuit fault tests were
executed by closing SW2, connected in parallel with the load resistance, after closing SW1, connected in
series with the input voltage, as shown in Figure 4. The currents and the voltages of the MS, SCM and
coils comprising the SFCLB for each winding method were recorded into the data acquisition system
after measuring through the current and the voltage probes.
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Figure 4. Schematic experimental test circuit with the proposed SFCLB using flux coupling with a
tap changer.

4. Results and Discussion

To investigate its breaking time, including the opening time due to its winding method, the fault
current limiting and breaking characteristics of the suggested SFCLB using flux coupling were analyzed.
Generally, a larger driving current is advantageous for the fast opening operation of the SFCLB.

Figure 5 shows the fault current limiting and breaking operational sequence of the SFCLB using
flux coupling with a tap changer due to the two winding method. The time to reach the critical current
(IC) of the SCM after the fault occurred was marked t1, which is equal to the time of the quench
occurrence of the SCM. In the case of Figure 5a with the winding method in the series connection,
the time to rise to the critical current of the SCM is faster than in the case of the parallel connection,
as compared with Figure 5b. After t1, the time it took for the SCM’s current (iSCM) to arrive at its first
peak value was indicated with t2. Despite the faster arrival at the critical current of the SCM in the case
of the series connection (Figure 5a), the first peak value of the current in the SCM can be observed
as being larger than in the case of the parallel connection (Figure 5b). The time that the breaking
operation of the SFCLB starts is indicated with t3 in Figure 5. The breaking operation starting time can
be checked by the voltage generation across the MS (vMS).

After the breaking operation starts, the current in the MS drops and then approaches almost a
zero value as marked with t4 in Figure 5. The time until the current in the MS drops to a zero value
after t3 is defined as the opening time of the circuit breaker as explained in Figure 2. Regardless of the
winding method, the opening time of the SFCLB using flux coupling had little difference as compared
with Figure 5a,b. On the other hand, before the breaking operation starts, the fault current limiting
operation period between t1 and t3 had more of a difference due to the winding method. In the SFCLB
using flux coupling constructed as a series connection, the fault current limiting operation period was
observed to be shorter than in the one constructed as the parallel connection. After the opening time
finished (t4), the time in which the current of the SCM approached zero value (iSCM) is displayed with
t5. As compared in Figure 5a,b for each winding, the time it took for the SCM’s current to approach a
zero value after t4 was observed to take a longer time in the case of the parallel connection than in the
case of the series connection.
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Figure 5. Fault current limiting and breaking operational sequence of the SFCLB using flux coupling
with a tap changer. Current waveforms of the mechanical switch (MS) (iSFCL = iMS) and coils (iN1, iN2,
iN3), voltage waveforms of superconducting fault current limiter (SFCL), MS, SCM (vSFCL, vMS, vSCM)
and coil N3 (vN3) (a) In the case of a series connection (b) In the case of a parallel connection.

To investigate the different opening starting times due to the winding method, the flux linkage,
the driving current and the resistance in the SCM were compared. Figure 6 shows the fault current
limiting and breaking operational waveforms of the SFCLB using flux coupling with a tap changer in
the case of the series connection. The voltage of the SFCL (vSFCL) in Figure 6a is seen to be the sum of
the voltages of the coil N1 and the SCM (vN1 + vSCM) in Figure 6b. The current of the SFCLB (iSFCL) in
Figure 6a, which is observed to be cut off after the opening time (t4) finishes, is also observed to be
divided into both the current of the coil N2 (iN2) and the current of the SCM (iSCM) as seen in Figure 6b.
The above relationship of the voltage and the current comprising the SFCLB is confirmed as agreeing
well with the analysis obtained from the electrical equivalent circuit as shown in Figure 3a, assuming
that the magnetizing current (im) is ignored.
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Figure 6. Fault current limiting and breaking operational waveforms of the SFCLB using flux coupling
with a tap changer in the case of a series connection. (a) Voltages of MS and SFCL (vMS, vSFCL), current
of MS (iMS = iSFCL). (b) Voltages of coil N1 and SCM (vN1, vSCM), currents of coil N2, SCM and
magnetizing branch (iN2, iSCM, im). (c) Voltage of coil N3 (vN3) and current of coil N3 (iN3). (d) Flux
linkage (λ) and resistance of SCM and MS (RSCM, RMS).

The flux linkage (λ) in Figure 6d, which was calculated from the induced voltage at the driving coil
Nd (i.e., the voltage of the N3 coil (vN3) in Figure 6c), increases and reaches the peak value shortly after
the opening operation of the SFCLB starts (t3). After the opening operation finishes (t4), the voltage
across the MS (vMS) comprising the SFCLB, which starts to be induced after t3, can be observed to keep
a sinusoidal waveform with constant amplitude as seen in Figure 6a. In addition, the resistance of the
MS (RMS), as displayed in Figure 6d, is also seen to have a sinusoidal waveform directly after the plus
and minus peaks generate near t4. However, after t4, its peak value has a smoothly increasing tendency.
Furthermore, when the decreased current in the SCM approaches a zero value near t5, the resistance of
the SCM (RSCM), which was displayed by dividing the voltage in SCM (vSCM) with the current in SCM
(iSCM), immediately increases into the plus value, then sharply decreases into the minus value. Shortly
after that, the resistance of the SCM can be seen to be zero, as shown in Figure 6d.
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Figure 7 shows the fault current limiting and breaking operational waveforms of the SFCLB using
flux coupling with a tap changer in the case of a parallel connection. The voltage of the SFCL (vSFCL) in
Figure 7a is the same as the voltage of the coil N1 (vN1) as analyzed from the electrical equivalent circuit
in Figure 3b. However, the amplitude of the SFCL’s voltage (vSFCL) in the parallel connection is lower
than that in the series connection. Due to the winding polarity of the parallel connection, the voltage of
the SCM (vSCM) is analyzed as being equal to the voltages’ sum in coil N1 and coil N2 (vN1 + vN2) in
Figure 7a,b. In the parallel connection, the current of the SFCLB (iSFCL) in Figure 7a, which has a larger
amplitude than the series connection, is analyzed as being identical to the sum of the two currents in
the coil N1 and the SCM (iN1 + iSCM) in Figure 7b if the magnetizing current (im) is not considered.

Figure 7. Fault current limiting and breaking operational waveforms of the SFCLB using flux coupling
with a tap changer in the case of a parallel connection. (a) Voltages of MS and SFCL (vMS, vSFCL),
current of MS (iMS = iSFCL). (b) Voltages of coil N2 and SCM (vN2, vSCM), currents of coil N1, SCM and
magnetizing branch (iN1, iSCM, im). (c) Voltage of coil N3 (vN3) and current of coil N3 (iN3). (d) Flux
linkage (λ) and resistance of SCM and MS (RSCM, RMS).
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The flux linkage (λ) in Figure 7d in the parallel winding slowly increases after the current of the
SCM (iSCM) reaches its first peak value (t2) and has a lower peak amplitude than in the case of the series
connection, as shown in Figure 6d. The lower amplitude of the flux linkage, which results from the
lower amplitude of the N3 coil’s voltage or the Nd driving coil (vN3), contributes to a longer starting
time for the opening operation in the SFCLB (t3), as seen in Figure 7.

After the opening operation finishes (t4), the voltage across the MS (vMS) and the resistance of the
MS (RMS) with sinusoidal waveforms are observed as displayed in Figure 7a,d. The resistance of the
SCM (RSCM), which repeats the sharply increased plus and decreased minus values near t5, is seen to
smoothly decrease to zero after t5, as shown in Figure 7d.

From the comparative analyzed results coming from its winding method, the operational sequential
time of the SFCLB using flux coupling is listed in Table A2.

To analyze the variation of the resistances (RSCM, RMS) in both the SCM and the MS after the fault
occurrence, the voltage and the current waveforms of the SCM (vSCM, iSCM) and MS (vMS, iMS) were
redisplayed with the enlargement of the current range in Figure 8 for the winding method. In the case
of the series connection as seen in Figure 8a, the current flowing into the MS (iMS

S), i.e., the SFCLB,
is seen to be sharply decreased at the point when the opening time is completed as indicated with t4

and slowly reduces after t4. On the other hand, the voltage of the MS (vMS
S) after t4 has a sinusoidal

waveform with amplitude of 160 V. In the case of the SCM, the induced voltage (vSCM
S) in the SCM

after the fault occurrence drops to zero at t4, the time that the opening operation of the MS finishes.
Together with the zero of the MS’s voltage after t4, the sharply decreased current (iSCM

S) of the SCM
approaches a zero value at t5. However, after t5, the noisy sinusoidal waveform in the SCM’s current
with slowly decreased amplitude can be observed as seen in Figure 8a. The non-zero currents in the MS
and the SCM directly after t4 are thought to be related to the magnetizing current (imS), which slowly
decreases with a sinusoidal waveform after it approaches the peak value due to the fault occurrence.

In the case of the parallel connection as displayed in Figure 8b, the current of the MS (iMS
P) slowly

decreases with a non-sinusoidal form after it approaches zero value at t4. The current of the SCM
(iSCM

P), except that it approaches zero value at t5, is the same as the current of the MS.

Figure 8. Cont.
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Figure 8. Voltage and current waveforms of the SCM, MS and magnetizing branch (vSCM, vMS, iSCM,
im) for the breaking time analysis of the SFCLB using flux coupling after the fault occurrence. (a) Series
connection. (b) Parallel connection.

From the current and the voltage of the MS and the SCM as analyzed in Figure 8, the resistances of
the MS (RMS

S, RMS
P) and the SCM (RSCM

S, RSCM
P) for the winding methods are displayed in Figure 9.

The non-zero constant voltage in the MS (vMS
S, vMS

P) and the slowly decreased current in the MS (iMS
S,

iMS
P) after t4 are confirmed as causing the slowly increased resistance (RMS

S, RMS
P). On the other

hand, the SCM’s resistance (RSCM
S or RSCM

P) can be seen to drop to the zero value after it increases
into a higher peak value at t5, especially in the case of the parallel connection.

Figure 9. Resistance variations of the SCM and MS (RSCM, RMS) for the breaking time analysis of the
SFCLB using flux coupling after the fault occurrence due to the winding method.
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The residual current with the slowly decreased non-zero value in the MS after its opening operation
finishes, called arching time as described in the above Figure 2, needs to be removed as fast as possible
for its large scale application in the real field, because the residual current of the MS can cause its
unstable opening state as well as the arc loss. In addition, the arc loss due to the residual current
can cause corrosion on the plates comprising the MS, bringing about the performance degradation of
the MS.

Based on this analysis, a countermeasure to decrease the arching time of this SFCLB using flux
coupling can be explored in the future.

5. Conclusions

In this paper, an SFCLB using flux coupling, which performs both fault current limiting and
breaking operations without an additional driving power source, was suggested and analyzed in its
effective operation through short-circuit tests on a small-scale designed SFCLB owing to the winding
method using a tap changer. In addition, the breaking time and opening time of the SFCLB due to its
winding method were analyzed.

In the SFCLB using flux coupling designed as a series connection, the fault current limiting
operation period and the time that the opening operation of the MS comprising the SFCLB finished
were observed to be shorter and faster compared to the parallel connection. The shorter fault current
limiting operation and the faster opening operation performance in the series connection were analyzed
as resulting from the higher first peak amplitude of the flux linkage shortly after the fault occurrence.

Though the opening operation of the SFCLB using flux coupling finished after its fault current
operation, the residual current in the MS was observed to keep a slowly decreased non-zero value for a
long time.

For large-scale application in the real field, the countermeasure to drop fast to the zero value in
the current of the MS is expected to be required in the future.
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Appendix A

Table A1. Design specification of the superconducting fault current limiting breaker (SFCLB) using
flux coupling with a tap changer.

Component Parameter Value Unit

Driving Circuit

MS (FP1, FP2, MP)

Thickness 3 mm
Diameter of Each Plate 100 mm
Material Aluminum
Distance between Two Fixed Plates mm

Bobbin

Cylindrical Form
100 mm

Height
Outer Diameter 120 mm
Inter Diameter
Turn Number 120 Turns

Driving Coil (ND) Turn Number 300 Turns
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Table A1. Cont.

Component Parameter Value Unit

Coupled Coils with Tap Changer

Iron Core

Vertical Length of Outer Edge 235 mm
Height of Outer Edge 250 mm
Vertical Length of Inner Edge 137 mm
Height of Inner Edge 155 mm
Thickness 132 mm
Permeability Ratio(µr) 8000–10,000 H/m

Coupled Coils
Turn Number of Primary Coil (N1) 45 Turns
Turn Number of Secondary Coil (N2) 15 Turns
Turn Number of Tertiary Coil (N3) 120 Turns

Superconducting Module (SCM)

Material YBCO
Fabrication form Film Type
Total Line Length 420 mm
Line width 2 mm
Thickness of Whole Film 0.3 µm
Thickness of Gold Layer 0.2 µm
Critical Temperature (TC) 87 K
Critical Current (IC) 27 A
Three HTSC Modules (SC1, SC2, SC3) Connected in Parallel
Total Critical Current 81 A

Table A2. Operational sequential time due to the winding method of the SFCLB using flux coupling
with a tap changer.

Operational
Sequential Time t1 (s) t2 (s) t3 (s) t4 (s) t5 (s)

Description Quench
starting time

Approaching
time to first
peak value

Starting time of
breaking
operation

Opening time
of CB

Approaching time
into zero value of

SCM current

Series Connection 0.60090 0.60196 0.60557 0.61088 0.62452

Parallel Connection 0.60290 0.60480 0.63610 0.64072 0.66076
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