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1. INTRODUCTION  
 

Recently, continuous society and industrial 

development have enlarged our power consumption and 

this increase of power consumption makes the fault current 

to be large. Due to increase of fault current, capacities of 

the installed protective equipment like circuit breaker can 

be exceeded and it is suggested that there are possibilities 

that the protective equipment can not interrupt correctly 

against the fault current. The interruption failures may 

cause the electrical devices to be out of order and the huge 

scale black out by cascading. So many solutions are 

studied to reduce fault current. But there are no certain 

solution for various reasons, like a financial problem, 

power losses, improvement of sag and etc. As a one of the 

effective solutions for reducing the fault current, 

superconducting fault current limiters (SFCLs) is paid 

attention [1-3].  

As the SFCLs use a high temperature superconductor 

(HTSC), the SFCLs have zero impedance and no power 

loss in normal state [4, 5]. When fault current occurred, the 

SFCLs immediately turn to resistive material and play a 

role as a fault current limiter. This fault current limiting 

operation completes within one quarter period and this 

operating time is very fast comparing to other protective 

devices [5, 6]. 

There are various types SFCLs that has above 

characteristics like Hybrid type SFCL, transformer type 

SFCL, flux-lock type SFCL and so on. Each type SFCL 

has different configurations and characteristics. One of the 

various types SFCLs is the trigger type SFCL. The trigger 

type SFCL is researched to install in real power system 

because it has advantages, such as simple configuration 

mechanically and effective operation [6-8]. 
 In this paper, the operation characteristics and power 

burden of the trigger type SFCL was analyzed through the 
short circuit experiment when the SFCLs is applied to 
power systems. In addition, the double quench trigger type 
SFCL that uses two HTSCs unlike existing trigger type 
SFCL is proposed and analyzed. 

 
 

2. PREPARATION FOR SHORT CIRCUIT TEST 
 

2.1. Single / Double quench trigger type superconducting 
fault current limiter (SFCL) 

Fig. 1 shows the superconducting fault current limiters 
(SFCLs) configurations that are used in this paper. Fig. 1(a) 
is a basic trigger type SFCL which is commonly used to 
prove in ability field test of the SFCLs. The trigger type 
SFCL is composed of switch (SW), a high temperature 
superconductor (𝐻𝑇𝑆𝐶1 ) module and resistance (CLR). 
The normal current flows through the 𝐻𝑇𝑆𝐶1 (𝑖𝑆𝐶1) before 
a fault occurred. But when the current through the 𝐻𝑇𝑆𝐶1 
is exceeded over the critical current the fault occurrence, 
the 𝐻𝑇𝑆𝐶1 is changed from superconductive state to 
non-superconductive state (quench operation). According 
for 𝐻𝑇𝑆𝐶1  to take voltage over the 5 [V] (because the 
voltage caused by quench is generally greater than 5[V] in 
this paper), the switch (SW) that is sensing the voltage of 
𝐻𝑇𝑆𝐶1 (𝑣𝑆𝐶1) from the PT is opened and the fault current 
flow through the CLR (𝑖𝐶𝐿𝑅 ). Described operation of 
single quench SFCL is shown in Fig. 3(a).  

In this paper, the first SFCL in Fig. 1(a) will be called as 
‘the single quench trigger type SFCL’ to compare with a 
second SFCL called ‘the double quench trigger type SFCL’ 
in Fig. 1(b) . 
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Abstract    

 

To protect the power systems from fault current, the rated protective equipment should be installed. However growth of power 

system scale and concentration of loads caused the large fault current in power transmission system and distribution system. The 

capacities of installed protective equipment have been exceeded the due to increase of fault current. This increase is not temporary 
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trigger type SFCL is studied. The trigger type SFCL has been used for real system research in many countries. Another trigger type 

SFCL (double quench trigger type SFCL) is also studied. For this paper, short circuit test is performed. 
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Fig.  1.  Superconducting Fault Current Limiter (SFCL) 

configurations used in short circuit test. 

(a) Single quench trigger type SFCL 

(b) Double quench trigger type SFCL 

 

Fig. 1(b) is a double quench trigger type SFCL which is 

modification of the single quench trigger type SFCL. The 

double quench trigger type SFCL is composed of a switch 

(SW), two HTSCs ( 𝐻𝑇𝑆𝐶1 ,  𝐻𝑇𝑆𝐶2 ) and resistances 

(CLRs). A difference with the single quench trigger type 

SFCL is that the double quench trigger type SFCL has one 

more HTSC (𝐻𝑇𝑆𝐶2). Operation of the SFCL is similar to 

single quench trigger type SFCL. The normal current flows 

through the 𝐻𝑇𝑆𝐶1  ( 𝑖𝑆𝐶1 ) before a fault occurred. But 

when current through the 𝐻𝑇𝑆𝐶1  is exceeded over the 

critical current by the fault occurrence, the 𝐻𝑇𝑆𝐶1changes 

to resistance material and limits the fault current firstly and 

the switch is opened because of 𝐻𝑇𝑆𝐶1’s voltage. Then, 

the fault current flows through the 𝐻𝑇𝑆𝐶2 (𝑖𝑆𝐶2) and 𝐶𝐿𝑅2 

(𝑖𝐶𝐿𝑅2
). If the 𝑖𝑆𝐶2 is still so large that the 𝐻𝑇𝑆𝐶2 quenches, 

the 𝐻𝑇𝑆𝐶2 changes to resistance material and limits the 

fault current secondly. Then, the fault current flows 

through the two paths, the 𝐶𝐿𝑅2 (𝑖𝐶𝐿𝑅2
) and 𝐻𝑇𝑆𝐶2 (𝑖𝑆𝐶2 ). 

The characteristics of the double quench trigger type SFCL 

is that it has twice fault current limiting operation 

according to scale of fault current. Described operation of 

double quench trigger type SFCL is shown in Fig. 3(b).  

In operation, the 𝐻𝑇𝑆𝐶1 plays two roles. The first role is 

that the 𝐻𝑇𝑆𝐶1  reduces the initial fault current within a 

quarter period and the second role is that it detects the fault 

by turning to non-superconductive material. Although 

power electronics can be used for both two roles, HTSCs is 

more effective on the side of operation speed, install space 

and environmental machines [6, 7]. 

Specifications of the SFCLs used in short circuit test are 

filled in Table 1 [9]. 

 

2.2. Experimental short circuit 

Fig. 2 is configuration for the short circuit test. The 

experimental circuit was consists of AC power supply 

(𝐸𝑖𝑛), circuit breaker (CB), line impedance (𝑅1, 𝑋1), load 

impedance ( 𝑅𝐿 ) two switches ( 𝑆𝑊1, 𝑆𝑊2 ) and 

superconducting fault current limiter (SFCL). The AC 

power supply supplied 360 [V] by closing the 𝑆𝑊1. The 

circuit breaker that is operated by overcurrent relay was 

installed at the front of SFCL and had two reclose 

operations. Single line ground fault occurred permanently 

at 0.6 [s] and the short circuit test was performed at fault 

angle 0ᵒ which generates the most significant transient 

fault current. The fault occurred by closing the 𝑆𝑊2. The 

specifications of experimental circuit are filled in Table 1. 

 
 

Fig.  2. Configuration of experimental circuit. 

 

TABLE 1 
COMPONENTS VALUE OF EXPERIMENTAL CIRCUIT AND SFCL. 

 Components Value Unit 

Experimental 

circuit 

𝑅1 0.192 Ω 

𝑋1 j1.32 Ω 

𝑅𝐿 40 Ω 

𝐸𝑖𝑛  360 V 

Fault angle 0 ᵒ 

SFCL 

𝐶𝐿𝑅1 2.3 Ω 

𝐶𝐿𝑅2 1.15 Ω 

HTSC 

Material YBCO - 

Type Thin Film - 

Critical 

Current 
33 A 

SW trip 

signal (𝑣𝑆𝐶1) 
5 V 

 

 

3. RESULT AND ANALYSIS 

 

Fig. 3 shows the current and voltage of 𝐻𝑇𝑆𝐶1  and 

𝐻𝑇𝑆𝐶2 . The lower suffixes SC1, SC2, 𝐶𝐿𝑅1  and 𝐶𝐿𝑅2 

indicate 𝐻𝑇𝑆𝐶1, 𝐻𝑇𝑆𝐶2, 𝐶𝐿𝑅1 and 𝐶𝐿𝑅2, respectively. 

Before the fault occurred, all currents flew through the 

𝐻𝑇𝑆𝐶1  ( 𝑖𝑆𝐶1 ) because the 𝐻𝑇𝑆𝐶1 .had zero resistance. 

After fault occurred, the fault current made the 𝐻𝑇𝑆𝐶1 

resistance material. The switch was opened by the 𝑣𝑆𝐶1 

and all current flew through the 𝐶𝐿𝑅1 and 𝐶𝐿𝑅2 (𝑖𝐶𝐿𝑅1
=

𝑖𝐶𝐿𝑅2
) in Fig. 3(a) with the single quench trigger type 

SFCL.  

Similarly in Fig. 3(b) with the double quench trigger 

type SFCL, after fault occurred, the fault current made the 

𝐻𝑇𝑆𝐶1 resistance material. The switch was opened by the 

𝑣𝑆𝐶1 and all current flew through the 𝐻𝑇𝑆𝐶2(𝑖𝑆𝐶2) until the 

𝐻𝑇𝑆𝐶2’s quench operation. The 𝑖𝑆𝐶2  induced the second 

fault current limit operation by the 𝐻𝑇𝑆𝐶2 ’s quench 

operation. The current (𝑖𝐶𝐿𝑅1) was divided and flew as 𝑖𝑆𝐶2 

and 𝑖𝐶𝐿𝑅2
. If the 𝑖𝑆𝐶2 (before the second quench operation) 

were less than critical current, the second fault current 

limit operation is not performed. 

The time to open the switch was 26.6 [ms] after fault 

occurred in Fig. 3(a) and the time to open the switch was 

39.7 [ms] after fault occurred in Fig. 3(b). The time to open 

the switch in case double quench type SFCL took more 

time (13.1 [ms]) than the time to open the switch in case 

single quench type SFCL. The reason is described below.  

There was a short time between the 𝐻𝑇𝑆𝐶1’s quench 

time and switch opening time. At that time, the currents  
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Fig.  3. Initial fault current and voltage of SFCL right after 

fault occurred. 

(a) Single quench trigger type SFCL 

(b) Double quench trigger type SFCL 

 

flew through the 𝐻𝑇𝑆𝐶1 side (𝑖𝑆𝐶1) and 𝐶𝐿𝑅1 side (𝑖𝐶𝐿𝑅1) 

at the same time exist not just one side. The case with 

double quench trigger type SFCL had smaller impedance 

than the case with single quench trigger type SFCL 

because the 𝐶𝐿𝑅1  was neglected due to the 𝐻𝑇𝑆𝐶2 . 

Accordingly, the 𝑖𝑆𝐶1  and 𝑣𝑆𝐶1 were reduced and it took 

more time to open the switch. 

Fig. 4 shows currents through the SFCL (𝑖𝑆𝐹𝐶𝐿) and the 

effect of the fault current reduction can be confirmed. 

Upper suffixes W/O, 1SC and 2SC indicate the 

experimental measurement without SFCL and single or 

double quench trigger type SFCL, respectively.  

In Fig. 4, it is shown that the initial fault current was 

45.2 [A] in case without SFCL. The short circuit test 

performed with the single quench trigger type SFCL was 

shown in Fig. 4(a). Here, it is shown that the initial fault 

current was 42.8 [A]. Although the initial fault current was 

reduced slightly, other fault current periods were reduced 

more definitely.  

The short circuit test performed with the double quench 

trigger type SFCL was shown in Fig. 4(b). Here, it is 

shown that the initial fault current was 43.4 [A]. Also the 

initial fault current was reduced slightly, but other fault 

current periods were reduced more definitely. The effect of 

the fault current limiting was less than the effect in case 

that the single quench trigger type SFCL was used. It was  

 
 

Fig.  4. Effect of fault current limit. 

(a) Single quench trigger type SFCL 

(b) Double quench trigger type SFCL 

 

because an impedance of the fault current limiting part, 

except switch and 𝐻𝑇𝑆𝐶1 , was reduced by adding the 

𝐻𝑇𝑆𝐶2. The impedance of the fault current limiting part 

can be controlled by adjusting the 𝐶𝐿𝑅1  to improve the 

effect of the initial fault current reduction in case with the 

double quench trigger type SFCL. 

The different configurations of SFCLs have different the 

effects of the fault current limiting. These different effects 

of the fault current limiting have influence on the 

protective equipment using overcurrent characteristic. This 

fact can be checked in Fig. 4. The circuit breaker (CB) 

using overcurrent relay characteristic was operated at 0.72 

[s] with the double quench trigger type SFCL. However, 

the CB was operated at 0.82 [s], even if it is not shown, 

with the single quench trigger type SFCL. It is because the 

SFCL reduces the fault current and the reduced fault 

current has an effect on the time-current-curve (TCC) of 

the overcurrent relay. 

 

Fig. 5 shows the power burden and accumulation of 

energy consumption about each HTSC.  

In Fig. 5(a), the single quench trigger type SFCL case, 

the power burden of the 𝐻𝑇𝑆𝐶1  ( 𝑃𝑆𝐶1 ) immediately 

increased to around 0.7 [kW] after fault occurred. Right 

after switch (SW) was opened, the power burden of the 

𝐻𝑇𝑆𝐶1 was disappeared until switch was closed. Similarly, 

the accumulation of energy consumption about the 𝐻𝑇𝑆𝐶1 

(𝐽𝑆𝐶1) raised until switch was opened. 

On the other hand, in Fig. 5(b), the double quench 

trigger type SFCL case, the power burden of the 𝐻𝑇𝑆𝐶1 

(𝑃𝑆𝐶1) immediately increased to around 0.3 [kW] after fault 

occurred. By using the 𝐻𝑇𝑆𝐶2, the power burden of the 

𝐻𝑇𝑆𝐶1 could be less than half. However reduced power 

burden of the 𝐻𝑇𝑆𝐶1 was transfer to power burden of the 

𝐻𝑇𝑆𝐶2 (𝑃𝑆𝐶2). The suggested SFCL do not have a switch 

to protect the 𝐻𝑇𝑆𝐶2. So it can be shown in Fig. 5(b) that 

accumulation of energy consumption of the 𝐻𝑇𝑆𝐶2 (𝐽𝑆𝐶2) 

increased rapidly until circuit breaker operated (until 

external protective device is operated). It is considered that 

another protective machine, like switch, or much more 

studied are needed to protect the 𝐻𝑇𝑆𝐶2. 
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Fig.  5.  Power and energy consumption of HTSCs. 

(a) Single quench trigger type SFCL 

(b) Double quench trigger type SFCL 

 

In Fig. 3 and Fig. 5, it can be considered that the power 

burden of the HTSCs in relation to the voltage and current. 

In case with the single quench trigger type SFCL in Fig. 

5(a), after the fault occurred the power burden of 𝐻𝑇𝑆𝐶1 

(𝑃𝑆𝐶1) went up to 0.72 [kW] at the first period. The first 

peak current (𝑖𝑆𝐶1) was 39.24 [A] and the first peak voltage 

(𝑣𝑆𝐶1) is 27.15 [V] in Fig. 3(a). 

In case with the double quench trigger type SFCL in Fig. 

5(b), after the fault occurred the power burden of the 

𝐻𝑇𝑆𝐶1 (𝑃𝑆𝐶1) went up to 0.25 [kW]. At that period, the 

peak current (𝑖𝑆𝐶1) was 27.15 [A] and the peak voltage 

(𝑣𝑆𝐶1) was 37.76 [V] about the 𝐻𝑇𝑆𝐶1 in Fig. 3(a). It is 

shown that the 𝐻𝑇𝑆𝐶1 had larger value of the current and 

voltage, when the double quench trigger type SFCL was 

used comparing to the value of the current and voltage 

when the single quench trigger type SFCL was used. 

It is shown that after the 𝐻𝑇𝑆𝐶2 operated (after quench) 

as a fault current limiter, the power burden of the 𝐻𝑇𝑆𝐶2 

(𝑃𝑆𝐶2 ) went up to 0.46 [kW]. At that period, the peak 

current (𝑖𝑆𝐶2) was 18.84 [A] and the peak voltage (𝑣𝑆𝐶2) 

was 24.19 [V] about the 𝐻𝑇𝑆𝐶2.  

It is shown that by using the double quench trigger type 

SFCL, the power burden of the 𝐻𝑇𝑆𝐶1  was reduced 

definitely comparing to the power burden when the single 

quench trigger type SFCL was used.  

Even if the power burden does not vary with the square 

of the current or voltage because the impedance of HTSC 

is not constant element, the variation of the current or 

voltage effects on power burden of HTSCs more than 

monotone variation. In the trend of increasing the fault 

current, the reducing the power burden is effective to 

prevent from damage of HTSCs.  

 

 

4. CONCLUSION 

 

In this paper, the operation characteristics and the power 

burden of the trigger type SFCLs have been clarified 

through the short circuit test. The suggested SFCL, the 

double quench trigger type SFCL, was compared with the 

existing SFCL (the single quench trigger type SFCL) about 

the above contents. The suggested SFCL, which is adding 

the one more HTSC, is considered to reduce the power 

burden of HTSCs and is verified to delay the switch 

opening time inside the SFCL. And one more switch or 

studies are needed to protect the 𝐻𝑇𝑆𝐶2 from the energy 

accumulation. 

This paper is concerned about just the configurations 

and operations of SFCL. However, the SFCLs are different 

from the existing protective equipment because the SFCLs 

have impedance only a fault situation. So the study on the 

cooperation between the existing protective equipment and 

SFCLs should proceed for applying of the SFCL in real 

power systems.  
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