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Abstract— This paper proposes the concept of “fault current 

limitation coordination” in a future electric power grid with 

multiple superconducting fault current limiters (SFCL). Not only 

the fault current limitation of each SFCL on a transmission line, 

but also the transient stability of the grid with SFCLs should be 

taken into account, because the disturbance is brought about in 

the grid by the sudden appearance and disappearance of a large 

impedance of SFCL at the fault current limitation and recovery 

after the fault clearance, respectively. In this paper, both of the 

fault current limitation of SFCLs and the internal phase angle 

oscillation of generators were calculated by PSCAD/EMTDC to 

evaluate the operational feasibility or coordination of SFCLs in a 

275/77 kV transmission system model. 

Index Terms— superconducting fault current limiter, electric 

power grid, fault current limitation, transient stability, 

coordination 

 

I. INTRODUCTION 

UPERCONDUCTING fault current limiters (SFCL) are 

expected to keep zero impedance in the steady state of a 

power system and generate high impedance at the fault 

occurrence in the power system, irrespective of the SFCL 

types (resistive, shielded iron core, saturated iron core, etc.) 

[1]-[3]. The generated impedance of SFCL limits the fault 

current larger than the critical current of SFCL and is expected 

to return to zero after the fault clearance. Thus, the fault 

current limitation and recovery operation of SFCL brings 

about a sudden appearance and disappearance of impedance in 

the power system, both of which may cause a disturbance in 

the operation of total power system with SFCL, even if the 

fault current could be effectively limited. Especially, in an 

electric power grid of European countries, etc., multiple 

SFCLs will be introduced and their operational feasibility or 

coordination between SFCLs should be taken into account. 

From the above background, this paper proposes the 

concept of “fault current limitation coordination” in a future 

electric power grid with multiple SFCLs. Fig. 1 shows the 

conceptual diagram of “fault current limitation coordination”, 

which can be an analogy of “insulation coordination” of 

arresters in high voltage issues. Fault current limitation 

coordination means the mutual relationship between 

prospective fault current (Ipro) of a transmission line in a grid, 

quench current (Iquench) of protected equipment such as HTS 

cables, limited current (I1st) after fault and limitation, critical 

current (Ic) of SFCL, and operating current (Iop) before fault. 

In this paper, focusing on the ratios of Ic/Ipro and Iop/Ic, we 

calculated the fault current limitation and the transient stability 

of a 275/77 kV transmission system model with resistive-type 

SFCLs and discussed the operational coordination of SFCLs. 

II. MODELS AND SIMULATION METHODS 

A. Model of HTS tape 

In order to quantitatively investigate the “fault current 

limitation coordination”, we used an analytical approach with 

the modeling of resistive-type SFCL and an electric power 

grid. SFCL was modelled by a variable resistance as a 

function of both current I and temperature T. Fig. 2 shows the 

E-I-T characteristics of the HTS tape in Table 1 as our 

experimental database [4], where E is the electric field 

strength along the HTS tape length. In the E-I-T characteristics 

in Fig.2, there exist 2 lines with different slopes at each 

temperature, which corresponds to the flux flow regions EA 

and EB, respectively, as shown in Fig. 3 [5]. Each region in 

Fig. 3 can be expressed as follows: 
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Fig. 1. Conceptual diagram of fault current limitation coordination 
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E0 is the reference field (= 0.3 V/cm) and n is the n value (= 

36.5) for the HTS tape in Table 1. The temperature-dependent 

coefficients A(T), B(T), C(T), N1(T), N2(T) are obtained by 

fitting the experimental database in Fig. 2. 

 Fig. 4 shows Ic(T) of the HTS tape in Table 1 [6]. The 

vertical value is normalized by the critical current at 77 K and 

Ic at 95 K is 0 A. The temperature rise of the HTS tape was 

calculated by solving the following heat conduction equation:  

 

 scscv PTqtItR
dt

dT
TC )()()()( 2   

 

Cv(T) and Rsc(t) are the thermal capacity and resistance of HTS 

tape, q(T) is the heat flux to LN2 and Psc is the cooling area．

Fig. 5 shows Cv(T) per unit length and Fig. 6 shows q(T) for 

different temperatures. 

B. Model of power system 

Fig. 7 shows the model of power system in this paper. The 

model system simulates an electric power grid of 275/77 kV 

transmission system with 2 generators, 6 transformers, 7 lines 

and the total load of 185 MW [7]. Table 2 shows the 

parameters of generators, transmission lines and transformers 

in Fig. 7, where SFCL1 on Line5 and SFCL2 on Line6 are 

introduced, respectively, and three-phase ground fault is 

assumed to occur at the bus of sub-station SS5 for 5 cycles. 

Each SFCL is designed to have the length depending on the 

rated voltage and current of the transmission line at the 

introduction point. 

Supposing the introduction of multiple SFCLs and the fault 

points in different lines in Fig. 7, we calculated the fault 

current limitation by SFCLs and the internal phase angle 

oscillation of generators as the transient stability for different 

combinations of Ic/Ipro between 0.1 and 0.6 for each SFCL by 

changing Ic, i.e. the number of paralleled HTS tapes. 

PSCAD/EMTDC as one of the electromagnetic transient 

simulation tools was used for such a coupled analysis of short-

term and long-term simulation. 

Table 1. Specifications of HTS tape 
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Fig. 2. E-I-T characteristics of HTS tape (experimental database) [4] 

Fig.3. E-I-T characteristics of HTS tape (schematic illustration) [5] 

Fig. 4. Temperature dependence of critical current 
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III. SIMULATION RESULTS AND DISCUSSION 

A. Current limitation and transient stability 

Fig. 8 shows (a) current waveform of Line5 and (b) internal 

phase angle waveform of G1, respectively, for different 

combinations of Ic/Ipro of SFCL1 and SFCL2 in Fig. 7. In the 

case of Ic/Ipro =0.1 for both SFCLs, the fault current of Line5 

at the first cycle after fault was effectively limited to 27 % of 

that without both SFCLs. On the other hand, in the case of 

(Ic/Ipro)Line5=0.6 and (Ic/Ipro)Line6=0.1, the fault current of Line5 

was larger than that without both SFCLs. This is attributed to 

the detour of fault current from Line6 to Line5, where SFCL2 

with (Ic/Ipro)Line6=0.1 could effectively limit the fault current in 

Line6, but SFCL1 with (Ic/Ipro)Line5=0.6 could not limit the 

fault current in Line5. Such an imbalance operation of SFCL 

can be understood by the resistance and temperature rise 

waveforms of SFCL2 on Line6, as shown in Figs. 9(a) and (b) , 

respectively. 

As for the transient stability of power system in Fig. 8(b), 

the amplitude  of internal phase angle oscillation of G1 in 

the case of Ic/Ipro =0.1 for both SFCLs was smallest and 

suppressed to 20 % of that without both SFCLs. The similar 

waveforms have been obtained for the current of Line6, the 

resistance and temperature rise of SFCL1 and the phase angle 

of G2, respectively. 

B. Fault current limitation coordination 

The coupled analyses in the previous sub-section can give 

us a strategy for the optimization of operation parameters of 

SFCLs, i.e. Ic/Ipro and Iop/Ic on each line, in terms of fault 

current limitation coordination, which is expected to be 

reflected to the design and operation of SFCLs. 

Here, we assumed the operational criteria of SFCLs as 

follows: 

 

Fault current limitation: I1st/Ipro <  0.6 

Suppression of internal phase angle oscillation:  

w/SFCL/w/o SFCL <  0.6 

Load factor in steady state: Iop/Ic <  0.5 

 

Fig. 10(a) shows the result in the case of Fig. 7, i.e. fault at 

SS5, SFCL1 on Line 5 and SFCL2 on Line6. The horizontal 

and vertical axes designate Ic/Ipro on Line5 and Line6, 

respectively, with the corresponding values of Iop/Ic. Each 

criterion is expressed by the dotted line with arrow. In Fig. 

10(a), there exists a hatched region to satisfy all criteria, which 

can be regarded as the optimized parameters of SFCL1 on 

Line 5 and SFCL2 on Line 6 in the case of fault at SS5. 

 

Fig. 9. Resistance and temperature rise waveforms 

(a) Current of Line5 (b) Internal phase angle of G1 

Fig. 8. Current and internal phase angle waveforms 
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Table  2. Parameters of generators, transmission lines and transformers 
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 Fig. 10(b) shows another result in the case of fault at SS3, 

SFCL1 on Line1 and SFCL2 on Line3, i.e. in the 275 kV 

transmission system. There also exists the hatched region, but 

the area was reduced. Also, Fig. 10(c) shows the result in the 

case of fault at SS5, SFCL1 on Line1 and SFCL2 on Line3, 

where the hatched region does not exist. However, in this case, 

the hatched region can be created by introducing SFCLs not 

only on Line1 and Line3, but also on Line5 and Line6, i.e. all 

lines coming to the demand area. Such case studies of coupled 

analyses are possible for different power systems and fault 

points for the optimized parameters and introduction points of 

SFCLs in terms of fault current limitation coordination. 

IV. CONCLUSION 

This paper described the fault current limitation coordination 

in an electric power grid with multiple SFCLs. Coupled analyses 

of both fault current limitation and transient stability were carried 

out with PSCAD/EMTDC in a 275/77 kV transmission system 

model. Simulation results suggested that the operation 

parameters of SFCLs, such as Ic/Ipro and Iop/Ic on each line, can 

be coordinated and optimized in the model system, which is 

expected to be reflected to the design and operation of SFCLs 

in order to make their most use, e.g. maximize Iop/Ic, in terms 

of the fault current limitation coordination. 
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Fig. 10. Operation parameters of SFCL based on fault current limitation 
coordination 

(a) Fault at SS5 with SFCLs on Line5 and Line6 of 77 kV system 

(b) Fault at SS3 with SFCLs on Line1 and Line3 of 275 kV system 

(c) Fault at SS5 with SFCLs on Line1 and Line3 of 275 kV system 


