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Abstract
In power systems, there are short-circuit faults due to various causes. One way to reduce this fault current is the supercon-
ducting fault current limiter (SFCL). Since the current limiter model using a winding includes an iron core, the magnetizing 
current generated in the iron core when the fault current is limited should not be as large as possible. That is, when saturation 
of the iron core occurs, sufficient magnetic flux is not generated and the fault current limiting characteristics are degraded. 
Therefore, in this paper, a flux-coupling type SFCL using an E–I iron core was fabricated to effectively reduce the saturation 
of the iron core and limit the fault current to twice. The two major windings N

1
 and N

2
 were connected in parallel, and the 

peak current limiting characteristics and voltage waveforms were compared based on the winding directions of the two coils. 
The two main coils were also connected in parallel to analyze the flux linkage and instantaneous power characteristics. The 
magnetization power area and operating range of the flux linkage based on the magnetic flux energy accumulated in the E–I 
iron core were compared and analyzed in relation to the increase or decrease of the magnetizing current.

Keywords  Flux-coupling type · Superconducting fault current limiter (SFCL) · Magnetizing current · Magnetizing power 
area · Flux linkage and instantaneous power characteristics

1  Introduction

Short circuit accidents in power systems occur frequently 
from various causes. A representative system with the func-
tionality to prevent such accidents is the superconducting 
fault current limiter (SFCL) [1]. The SFCL is considered the 
most ideal device for limiting the short circuit level caused 
by an impedance close to zero in a normal state and a fast 

transition to a steady-state. To date, various types of SFCL 
have been developed including resistive, saturated iron-core, 
magnetic shielding, bridge, active and high speed switch-
ing, inductive and hybrid, transformer, flux-coupling and 
flux-lock [2–7].

Recently, research on the structure and application of 
the flux-coupling type SFCL has been carried out all over 
the world. The flux-coupling type SFCL easily controls the 
current limiting impedance ratio and has a low steady-state 
impedance that aids the system reclosing [8–11]. Develop-
ment of various types of SFCLs has been accelerated in 
attempts to reduce the powder burden of the high tempera-
ture superconducting (HTSC) element in the SFCL [12–14].

In previous studies, the research team of this paper pro-
posed an SFCL structure where the two main windings 
were connected in series or in parallel using two iron cores 
[15–17]. The HTSC element was added to the structure by 
including a tertiary winding to another iron core. Additional 
research results were reported on the double peak current 
limiting operation and recovery characteristics, and mag-
netization characteristics according to the fault angle dur-
ing fault occurrence [18]. Since the current limiting model 
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includes an iron core, the magnetizing current generated 
from the iron core should not be as large as possible when 
limiting the fault current. If saturation occurs, sufficient 
magnetic flux does not occur and the fault current limiting 
characteristics are reduced.

Therefore, in this paper, we tried to analyze the magneti-
zation characteristics, which are the saturation characteris-
tics of the iron core in the test of the fault current limiting 
operation. A flux-coupling type SFCL with two magnetic 
flux paths was fabricated to effectively reduce the saturation 
of the iron core and limit the fault current to twice. The mag-
netizing current ( Im ) and limit impedance ( ZSFCL ) equations 
for the flux-coupling type SFCL connected in parallel were 
derived from the electrical magnetic field equivalent cir-
cuit. Short circuit experiments were carried out to compare 
the double peak current limiting operation and the voltage 
waveforms of each element before and after the fault occur-
rence. The waveforms of these experimental results were 
used with the ORIGIN PRO 8 program. Moreover, the flux 
linkages and instantaneous power characteristics were ana-
lyzed depending on the winding direction of the main coils. 
The magnetizing power area and variation of flux linkage’s 
operating range were comparatively analyzed according to 
the increase or decrease of the magnetizing current during 
the fault occurrence period.

2 � Structure and Operation Principle

2.1 � Structure and Principle

As shown in Fig. 1, the flux-coupling type SFCL is com-
posed of an E–I iron core, three windings, and two HTSC 
elements. The two main coils N

1
 and N

2
 are connected in 

parallel, and the secondary winding ( N
2
 ) and HTSC element 

1 ( RSC1 ) are connected in series. Also, a tertiary coil ( N
3
 ) 

was added to the third leg of the E–I iron core to connect in 
series HTSC element 2 ( RSC1).

The basic operating principle of the flux-coupling type 
SFCL is as follows. Under normal operation, the magnetic 
fluxes coming out of the coils between N

1
 and N

2
 are canceled 

out so that no magnetic fluxes from the N
3
 coil are generated. 

If the coil resistance and magnetic flux leakage within the 
iron core are ignored, the voltage induced from all three coils 
almost remains at zero. However, during a fault occurrence, 
the quenching of the HTSC element 1 connected to the second 
coil leads to the generation of magnetic flux between the two 
coils due to the transient fault current. This induces a magnetic 
flux in the tertiary coil as well, resulting in limiting of the fault 
current by the flux-coupling type SFCL. Because a large fault 
current induces greater magnetic fluxes in the secondary and 
tertiary coils, the larger voltage across the secondary coil as 
well as the tertiary coil results in the quenching of the second 
HTSC element 2, which is connected to the tertiary coil. This 
contributes to the double peak limiting operation, which limits 
the second fault current.

2.2 � Equivalent Circuit

Figure 2 shows the electrical equivalent circuit of a flux-cou-
pling type SFCL with two magnetic flux paths using an E–I 
iron core. The electrical equivalent circuit can be derived from 
the magnetic equivalent circuit using the duality method [18]. 
The resistance and leakage inductance of each winding have 
been omitted for convenient analysis. L

1
 and LTh refer to the 

self-inductance of the winding about the center leg of the E–I 
iron core and the equivalent inductance of the two windings 
about the left and right legs of the iron core, respectively.

The magnetizing current ( Im ) and limit impedance ( ZSFCL ) 
of the flux-coupling type SFCL with the primary and second-
ary windings connected in parallel can be expressed as Eqs. (1) 
and (2), respectively.
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Fig. 1   Schematic configuration of flux-coupling type SFCL con-
nected in parallel with two flux paths using an E–I iron core

Fig. 2   Electrical equivalent circuit of flux-coupling type SFCL con-
nected in parallel with two flux paths using an E–I iron core
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Here, Im was calculated from the current actually flowing 
in the three coils. V

1
 , V

2
 , VSC1 and VSC2 expressed in phasor 

form refer to the induced voltages for the primary coil, sec-
ondary coil, HTSC elements 1 and 2, respectively. N

1
 , N

2
 , 

and N
3
 refer to the winding number for each winding, and 

Leq is equal to LTh∕∕L1 . RSC1 and RSC2 refer to the resistance 
of HTSC elements 1 and 2, respectively, and ω is the angu-
lar frequency. I

2
 and I

3
 of Eq. (1) showing the magnetizing 

current derived from the equivalent circuit in Fig. 2 refer 
to the current flowing in the secondary and tertiary coils, 
respectively.

3 � Experimental Results and Discussion

3.1 � Experimental Preparation

Experiments are performed to verify the fault current limit-
ing operation of the flux-coupling type SFCL. As shown 
in Fig. 3, the experimental setup consists of a 60 Hz AC 
power supply ( Ein ), 0.66 Ω line reactance ( Xline ), 0.096 Ω 
line resistance ( Rline ), 51.5 Ω load resistance ( Rload ), three 
windings, E–I core, HTSC elements, and fault generator. 
Key experimental parameters are listed in Table 1.

HTSC elements are immersed in 77 K liquid nitrogen. 
The Y1Ba2Cu3O7-x (YBCO) thin films used in HTSC ele-
ments were made from materials manufactured by THEVA, 
Germany. YBCO thin film of 0.3 μs was deposited on sap-
phire substrate with its diameter of 2 inch and a 0.2 μs thick 
gold layer was covered on it for bypass against hot spots. The 
HTSC element was fabricated by etching the YBCO thin 
film into 2 mm wide and 420 mm long meander line using 
photolithography technique which consisted of fourteen 
stripes with different length, respectively [14]. The critical 
temperature and critical current of the HTSC elements are 
87 K and 27 A, respectively.

SW1 and SW2 are thyristor switches controlled by a 
switch controller. It was designed so that after SW1 is closed, 
SW2 is closed at a fault angle of 0° of the AC power supply 

and then reopened after 5 cycles. The sampling precision 
was set to 50 μs to ensure the accuracy and completeness of 
the waveforms. The total time of the experiment data col-
lection is 1000 ms.

The peak fault current limiting operation and magnetiza-
tion characteristics occurring in the flux-coupling type SFCL 
due to the transient fault current were investigated using the 
induced voltages of the three coils and two HTSC elements. 
The magnetic flux linkage (λ) of the magnetization branch 
was obtained by integrating the voltage induced from the 
primary coil of the central leg of the E–I iron core.

3.2 � Results and Discussions

Figure 4 shows the peak fault current limiting characteristics 
and voltage waveforms of each winding and element before 
and after fault occurrence for the flux-coupling type SFCL, 
with the primary and secondary windings in subtractive 
polarity winding and connected in parallel.

As shown in Fig. 4a, as the transient fault current (iSFCL) 
increases, the current flowing in the secondary winding (i2) 
exceeds the first critical current and the current flowing in 
the tertiary winding (i3) also exceeds the second critical cur-
rent (iC). This result shows that the HTSC element 2 voltage 
(VSC2) is induced after the HTSC element 1 voltage (VSC1) is 
first occurred. HTSC elements 1 and 2 are being quenched 
consecutively.

Figure 4b shows that voltage is induced in the primary, 
secondary, and tertiary coils, since the magnetic fluxes 
occurred in the main windings of the primary and second-
ary coils did not cancel out simultaneously with the fault 
occurrence.

Figure 5 shows the peak fault current limiting character-
istics and voltage waveforms of each winding and element Fig. 3   The experimental test circuit

Table 1   Specifications of flux-coupling type SFCL connected in par-
allel with two flux paths using an E–I iron core

Value Unit

Iron core
 Left and right leg mean length (l2, l3) 580 mm
 Center leg mean length (l1) 310 mm
 Cross sectional area (Score) 2790 mm2

Two coils
 Turn number of primary winding (N1) 45 Turns
 Turn number of secondary winding (N2) 15 Turns
 Turn number of tertiary winding (N3) 30 Turns

HTSC element
 Material YBCO –
 Fabrication form Thin Film –
 Critical temperature 87 K
 Critical current 27 A
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before and after fault occurrence, for the flux-coupling type 
SFCL with the primary and secondary windings in additive 
polarity winding and connected in parallel.

As shown in Fig. 5a, when the fault occurs for a small 
transient fault current (iSFCL), the current flowing in the 
tertiary winding (i3) did not exceed the critical current 
(iC) after the current flowing in the secondary winding (i2) 
exceeded the first critical current. As a result, the quench 
only occurred in HTSC element 1, while quench did not 
occur in HTSC element 2.

Figure 5b shows that the magnetic fluxes produced in 
the primary and secondary windings did not cancel out, so 
that voltage was induced only in the primary and second-
ary coils, and no voltage was induced in the tertiary coil. 
Since the winding directions of the primary and secondary 
coils are additive polarity winding, a significantly large volt-
age is induced in the primary coil compared to the subtrac-
tive polarity winding case. Since the critical current is not 
exceeded in HTSC element 2, the voltage induced in the 
tertiary coil can be observed to be zero.

Figure 6 shows the flux linkage of each winding (λ) and 
the instantaneous power (P) burden characteristics of each 
element for the flux-coupling type SFCL, according to the 
winding directions of the two main windings or the primary 
and secondary coils. The flux linkage of the primary wind-
ing (λ1) was more than twice higher when connected in addi-
tive polarity winding, compared to the subtractive polar-
ity winding. On the other hand, the instantaneous power 
consumed by the SFCL and each element was observed to 
be significantly greater when the primary and secondary 
windings were connected with a subtractive polarity wind-
ing compared to the additive polarity winding.

As shown in Fig. 6a, the power consumption of the SFCL 
( pSFCL ) was highest, followed by the power consumption of 
HTSC element 1 ( pSC1 ), HTSC element 2 ( pSC2 ), and the 
magnetizing power ( pm ) for the instantaneous power burden 
of the subtractive polarity winding.

As shown in Fig. 6b, the power consumption of the SFCL 
( pSFCL ) was highest followed by the power consumption of 
HTSC element 1 ( pSC1 ), magnetizing power ( pm ), and HTSC 
element 2 ( pSC2 ) for the instantaneous power burden of the 
additive polarity winding.

Fig. 4   Peak current limiting characteristics and voltage waveforms of 
a flux-coupling type SFCL connected in parallel with two flux paths 
when its two coils are designed with a subtractive polarity winding. 
a Current waveforms of SFCL and each winding including magneti-
zation current ( iSFCL , i1 , i2 , i3 , and im ). b Voltage waveforms of each 
winding and each HTSC element ( V

1
 , V

2
 , V

3
 , VSC1 , and VSC2)

Fig. 5   Peak current limiting characteristics and voltage waveforms of 
a flux-coupling type SFCL connected in parallel with two flux paths 
when its two coils are designed with an additive polarity winding. a 
Current waveforms of SFCL and each winding including magneti-
zation current ( iSFCL , i1 , i2 , i3 , and im ). b Voltage waveforms of each 
winding and each HTSC element ( V

1
 , V

2
 , V

3
 , VSC1 , and VSC2)
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Figure 7 shows a plot comparing the variation in mag-
netizing power area based on increasing magnetizing cur-
rent when the winding directions between the primary and 
secondary coils were a subtractive polarity winding, and an 
additive polarity winding, respectively.

Figure  7a shows the change in magnetizing power 
obtained by multiplying the magnetizing current and mag-
netization branch voltage for the subtractive polarity wind-
ing of the primary and secondary coils, and fault periods 
1–4. This allows analysis of the accumulated magnetic 
energy of the E–I iron core.

Figure 7b shows the change in magnetizing power for 
the case with additive polarity winding for the primary and 
secondary coils. Comparison of variation in the magnetiz-
ing power based on the winding direction revealed that the 
change in magnetizing power is significantly larger for the 
additive polarity winding case than the subtractive polarity 
winding case.

Figure 8 shows a comparison curve of the flux linkage 
(λ) operating range for the additive and subtractive polarity 
winding directions for the primary and secondary coils, for 
increasing magnetizing current. The flux linkage induced in 

the magnetization branch can be determined by integrating 
the voltage induced in the primary winding of the SFCL.

Progressing from fault period 1–4, it can be observed 
that the flux linkage operating range decreased along with 
the decreasing magnetizing current. In particular, com-
parison of the subtractive polarity winding and additive 
polarity winding cases for the two coils reveals there was 
a greater decrease in the flux linkage operating range with 
the decrease in magnetizing current for the additive polarity 
winding, versus the subtractive polarity winding. There is a 
larger increase in magnetizing current because of the large 
transient fault current, and because of this, it can be pre-
dicted that the larger magnetic field energy is accumulated 
in the E–I iron core.

4 � Conclusion

In this study, the magnetization characteristics of a flux-
coupling type SFCL with two magnetic flux paths were ana-
lyzed, considering peak fault current limiting performance 
for a large initial transient fault current, and saturation pre-
vention of the iron core. An electrical equivalent circuit with 

Fig. 6   Flux linkages (λ) and instantaneous power (P) characteristics 
of a flux-coupling SFCL with two flux paths, depending on the wind-
ing direction between two coils: a subtractive polarity winding, b 
additive polarity winding

Fig. 7   Variation in magnetizing power ( pm ) area dependent on the 
magnetization current ( im ) as the fault period passes, after a fault 
occurrence in the flux-coupling type SFCL with two flux paths: a 
subtractive polarity winding, b additive polarity winding
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a magnetization branch was created to analyze the magneti-
zation characteristics and double peak fault current limiting 
operation of the SFCL. The magnetizing current and limit 
impedance equations were derived. Compared to the sub-
tractive polarity winding case, when the winding directions 
of the main windings or primary and secondary coils were 
additive polarity winding, a significantly large voltage was 
induced in the primary coil, along with quenching of HTSC 
element 1. No quench occurred in HTSC element 2. Also, 
the flux linkage (λ1) of the primary winding was more than 
two times greater for the additive polarity winding compared 
to the subtractive polarity winding.

On the other hand, the instantaneous power consumed 
by the SFCL and each device were found to be considerably 
greater for the subtractive polarity winding case compared 
to the additive polarity winding case. Comparison of the 
variation in magnetizing power based on the winding direc-
tion using calculations of the measured voltage and current 
values revealed that the variation in magnetizing power was 
significantly greater for the additive polarity winding com-
pared to the subtractive polarity winding. Furthermore, it 
was observed that there was a greater decrease in the flux 

linkage operating range for the additive polarity winding 
than the subtractive polarity winding.
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