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1. INTRODUCTION  
 

With the development of industry, the scaling-up and 

extension of power grids to satisfy the increased need for 

power have drawn attention to methods for the efficient 

operation and safety of electric power systems, and the 

scaling-up of facilities to protect the power grid from 

accidents has been necessary [1-3].  

A superconducting fault current limiter (SFCL), which 

is an application based on the quench of superconductors, 

is drawing attention as an ideal protective device for 

limiting the fault current of electric power systems. SFCLs 

have been installed and operated in several test-bed 

substations in South Korea and other countries [4-5], and 

SFCLs with various structures have been reported as 

potential models for improving working characteristics by 

increasing capacity and limiting the fault current for real 

power system applications. There have also been SFCL 

models reported that can control actions for limiting the 

fault current through two instances of quench depending 

on the magnitude of the fault current at the initial fault 

stage [6-10]. However, these transformer-based SFCL 

models may be affected by iron core saturation depending 

on the magnitude of the fault current at the initial fault 

stage due to the SFCL structure, and the fault current 

limiting action is affected by the winding direction of the 

two windings and their winding ratio. 

This paper proposed a transformer type SFCL model 

that includes the secondary coupled windings as a 

transformer type SFCL based on twice quench. The 

winding direction of the additional secondary winding was 

considered as the key design parameter that may affect the 

current limiting characteristics of the proposed SFCL. To 

analyze the effect of the winding direction of the additional 

secondary winding on the current limiting characteristics, 

the simulated system was constructed and the short-circuit 

tests were performed. From the analysis on the tests, the 

quench occurrence for two superconducting elements 

directly after the fault occurrence was confirmed to be 

affected by the winding direction of the additional 

secondary winding comprising the SFCL. 

 

 

2. STRUCTURE AND OPERATIONAL PRINCIPLE 

 

2.1. Structure and Mechanism 

Fig. 1 shows the structure of the transformer type SFCL 

with the coupled secondary windings, as proposed in this 

paper. As shown in Fig. 1, the transformer type SFCL was 

prepared by adding an additional secondary winding (N3) 

with a superconducting element into the conventional 

transformer type SFCL with primary winding (N1) and 

secondary winding (N2). The additional secondary 

winding may be added either in an additive polarity 

direction (●) or in a subtractive polarity direction (○), 

depending on the winding direction. 

The working mechanism of the transformer type SFCL 

with the additional secondary winding is equal to that of 

the conventional transformer type SFCL. The time interval 

of quench occurrence between two superconducting 

elements may be adjusted by the winding direction of the 

additional secondary winding, expressed as the additive 

polarity direction or a subtractive polarity direction. 
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Fig.  1. Structure of the transformer type SFCL with two 

coupled secondary windings. 

 

 
 

Fig. 2. Experimental circuit for short-circuit test of 

transformer type SFCL with two coupled secondary 

windings. 

 

2.2. Experimental Apparatus 

Fig. 2 is a schematic diagram of the configuration of the 

experimental circuit to analyze the fault current limiting 

characteristics of the transformer type SFCL with an 

additional secondary winding. The circuit was composed 

of the transformer type SFCL with a circuit including a line 

impedance (Zline = Rline + jXline = 0.42 + j0.066 [Ω]), a load 

resistance (Rload = 5 [Ω]), and an AC voltage of (Ein) 120 

[V]. The numbers of turn for the windings (N1, N2, N3) 

were 45, 15, and 45. The two superconducting elements 

were fabricated into thin film forms with a critical current 

(IC) of 27 [A]. The current and resistance of the first 

superconducting element are iSC1 and RSC1, and the 

current and the resistance of the second 

superconducting element are iSC2 and RSC2, respectively. 
The short-circuit was simulated for four cycles by 

closing a short-circuit switch (SW2) at a fault angle of 0° 

after closing an input power source switch (SW1). 

 

 

3. RESULT AND ANALYSIS 

 

Fig. 3 shows the winding current (iN1, iN2), the currents 

of superconducting element (iSC1, iSC2), and the voltages of 

 

 
 

Fig. 3. Transient fault current limiting characteristics of the 

transformer type SFCL with two coupled secondary 

windings. 

(a) In case of the additive polarity winding.  

(b) In case of the subtractive polarity winding. 

 

superconducting element (vSC1, vSC2) immediately after a 

fault, depending on the winding direction of the additional 

secondary winding. In the case of the additive polarity 

direction as shown in Fig. 3(a), the current flown from the 

additional secondary winding to the second 

superconducting element (iSC2) drastically increased earlier 

than the current flowing into the first superconducting 

element (iSC1). As a result, a quench firstly occurred at the 

second superconducting element due to the induction of 

the voltage (vSC2), and then voltage was induced at the first 

superconducting element (vSC1). In contrast, in the case of 

the subtractive polarity direction as shown in Fig. 3(b), the 

quench occurred simultaneously at both the first and the 

second superconducting elements directly after fault 

occurrence. 

Fig. 4 shows the fault current limiting characteristics in 

the case of the additive polarity direction of the additional 

secondary winding. As compared with Fig. 4(b), the 

voltage of the additional secondary winding (vN3) was 

about three times higher than the voltage of the existing 

secondary winding (vN2). In addition, the resistance of the 

second superconducting element (RSC2) connected with the 

additional secondary winding was much greater than that 

of the first superconducting element (RSC1). 
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Fig. 4. Fault current limiting characteristics of the 

transformer type SFCL with two coupled secondary 

windings in case that its winding direction is the additive 

polarity winding.  

(a) Current waveforms in each winding, two HTSC 

elements and magnetizing branch.  

(b) Voltage waveforms in two secondary windings and 

resistances of two HTSC elements. 

 

Fig. 5 shows the fault current limiting characteristics in 

the case of the subtractive polarity direction of the 

additional secondary winding. The magnetizing current 

as shown in Fig. 5(a) was higher compared to the case of 

the additive polarity direction of the additional secondary 

winding (Fig. 4(a)). The magnetizing current, which 

initially increased directly after the fault occurrence, 

gradually decreased as the fault cycles increased. In 

addition, the distortion in the voltage of the two 

secondary windings due to the magnetizing current in the 

early stage of the fault could be observed from Fig. 5(b). 

Fig. 5(b) also shows that the difference of the resistance 

between the two superconducting elements was smaller 

than the case of the additive polarity direction as shown in 

Fig. 4(b), which resulted from the simultaneous quench 

occurrence between two superconducting elements 

immediately after the fault in the case of the subtractive 

polarity direction. 

 

 
 

Fig. 5. Fault current limiting characteristics of the 

transformer type SFCL with two coupled secondary 

windings in the case that its winding direction is the 

subtractive polarity winding.  

(a) Current waveforms in each winding, two HTSC 

elements and magnetizing branch. 

(b) Voltage waveforms in two secondary windings and 

resistances of two HTSC elements. 
 

 

4. CONCLUSION 

 

This paper proposed a transformer type SFCL with the 

additional secondary winding and analyzed its fault current 

limiting characteristics through the short-circuit tests. The 

time interval of the quench occurrence in two 

superconducting elements comprising the SFCL was affected 

by the winding direction of the additional secondary winding. 

The time interval of the quench occurrence in two 

superconducting elements in case of the subtractive polarity 

winding of the additional secondary winding was shorter than 

the case of the additive polarity winding.  

Together with the effective design parameters for the 

variation of the quench occurrence in two superconducting 

elements in the proposed SFCL, the linkage flux and the 

magnetizing current, related with the saturation of the iron 

core, will be performed in the next study.  
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