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 Short circuit current limitation in distribution system utilities can be an 

operational approach to improve power quality, since the estimated voltage 

sag amplitude during faults may be intensely reduced. The application of 

superconducting fault current limiter (SFCL) is projected here to limit the 

fault current that occurs in power system. SFCL utilizes superconductors to 

instantaneously decrease the unanticipated electrical surges that happen on 

utility distribution and power transmission networks. SFCL considerably 

decrease the economic burden on the utilities by reducing the wear on circuit 

breakers and protecting other expensive equipment. The designed SFCL 

model is used for determining an impedance level of SFCL according to the 

fault current limitation necessities of different types of the smart grid system. 

The representation of this paper about to see the optimum resistive value of 

SFCL for enhancing the transient stability of a power system.  

The assessment of optimal resistive value of the SFCL connected in series in 

a transmission line with a conductor throughout a short circuit fault is 

consistently determined by applying the equal-area criterion supported by 

power-angle curves. A Simulink based primary model is developed  

and additionally the simulation results for the projected model are achieved 

by using MATLAB. 

Keyword: 

Fault protection  

Superconducting fault current 

limiter (SFCL) 

Transient stability 

Transmission systems  

Copyright © 2016 Institute of Advanced Engineering and Science.  

All rights reserved. 

Corresponding Author: 

Alok Kumar Shrivastav,  

Department of Electrical Engineering, 

Techno India Batanagar (A Unit of Techno India Group), 

B7-360 / New,Ward No. 30, Putkhali, Maheshtala, Kolkata-700141West Bengal, India. 

Email: alok5497@gmail.com 

 

 

1. INTRODUCTION 

The suitability of electric power to customer devices is suggested by the power quality. 

The synchronization of the voltage, frequency and phase permits electrical systems to perform in their 

proposed manner while not vital loss of performance or its life. Power quality is an important matter that is 

turning into gradually increasing with necessary to electricity consumers in any respect of all stages of usage. 

Suitable sensitive power electronic equipment and non-linear loads are extensively utilized in industrial, 

commercial and domestic applications resulting in distortion in voltage and current waveforms.  

Each electrical utilities and end users of electrical power have become gradually increasing and that are 

involved concerning the quality of electrical power. For the protection purpose of excessive fault current in 

power systems, conventional protection devices are installed, specifically at the high voltage substation area. 

The tripping of circuit breakers depends on overcurrent protection relay that has a response time delay that 

allows initial two or three fault current cycle to pass before getting activated [1]. The superconducting fault 

current limiter (SFCL) is innovative electric equipment, which has the capability to reduce fault current level 

within the first cycle of fault current [2]. The first-cycle suppression of fault current by a SFCL results in an 



        ISSN: 2088-8694 

IJPEDS Vol. 7, No. 3, September 2016 : 769-780 

770 

increased transient stability of the power system carrying higher power with greater stability [3]. As the scale 

of power systems is increasing day by day with distributed generation [6], [7] connected to a grid, high-level 

fault currents might be caused during a contingency. Recently, many devices such as split bus bars, 

transformers with higher impedance, and fuses have been used in industry to reduce the peak value of fault 

currents. However, the use of these devices has limits, in that they can damage the reliability of the power 

system or increase power loss [8]. A fault current limiter based on a high temperature superconductor can be 

an alternative to replace the aforementioned conventional devices. In other way we can say, the 

superconducting fault current limiter (SFCL) can improve the transient stability of the power system by 

suppressing the level of fault currents in a fast and effective manner. In the past two decades, many studies on 

the application of high-temperature SFCLs to electric power systems have been carried out [9]–[11],  

and various types of SFCLs have been designed until now. Moreover, the SFCL with good performance is 

currently being made in industry. The next step is to apply the developed SFCL to power systems for 

practical use. For this goal, the following three important factors must be considered: 

i. Optimal place to install the SFCL. 

ii. Optimal resistive value of the SFCL connected in series with a transmission line during a short-

circuit fault.  

iii. Potential protection-coordination problem with other existing protective devices such as a recloser 

and a circuit breaker. 

This paper focuses on factor (ii) for the resistive-type SFCL, which is useful to improve the 

reliability of the system [12], with the transient stability study based on the equal-area criterion [13].  

In addition, the performances of the proposed SFCL to reduce the level of fault currents are evaluated with 

simulation MATLAB software. Finally, this paper makes a new contribution by determining the optimal 

resistive value of the SFCL based on the systematic approach by the equal-area criterion when compared to 

the previous work [14] by introducing the simple concept of SFCL with its equivalent circuit. Finally,  

the simulation results to show the effectiveness of the proposed SFCL with the appropriate parameter. 

 

 

2. POWER SYSTEM MODEL 

A comprehensive model of power network including generation, transmission, and distribution 

system is implemented in it. 

 

 

 
 

Figure 1. Power system model designed in Simulink 
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Hence, three-phase source with the distribution network is designed for implementing the newly 

developed micro grid model. Figure 1 shows the power system model designed in Simulink. The power 

system is composed of two 25 KV (Phase-to-phase RMS voltage) 3-phase source connected with 200 km 

long 154 kV distributed-parameters transmission line through a step-up transformer TR1. Here the voltage is 

stepped down to 22.9 kV from 154 kV, at the substation (TR2). In this system the high power separate 

distribution branch networks are supplying industrial load (6 MW) and low power domestic loads (1 MW 

each). The three-phase voltage source is directly coupled with the branch network (B1) through transformer 

TR3 and is providing power to the domestic loads. The domestic load is being rated with 3 MVA, out of 

which 2.7 MVA is being provided by the three-phase source, during the time of fault. In the diagram of 

Figure, three kinds of fault points are marked as Fault 1, Fault 2 and Fault 3 are indicated as three phase  

line-line faults in distribution grid, customer grid and transmission line respectively. Four prospective 

locations for SFCL installation are marked as Location 1 (Substation/Three phase source), Location 2 

(Branch Network), Locations 3 (Integration point with the grid) and Location 4 (Three-phase source at the 

end). Usually, conventional fault current protection devices in the transmission system are located in 

Location 1 and Location 2. The output current of three phase source (the output of TR3 in Figure 1) for 

various SFCL locations have been measured and analysed for determining the optimum location of SFCL in a 

micro grid. 

 

 

3. RESISTIVE SFCL MODEL 

The three phase resistive type SFCL was modelled considering four fundamental parameters of a 

resistive type SFCL. The parameters and their selected values are: 1) transition or response time = 2 m sec, 2) 

minimum impedance = 0.01 ohms and maximum impedance = 20 ohms, 3) triggering current = 550A and 4) 

recovery time=10 msec. Its working voltage is 22.9 kV.  

 

 

 
 

Figure 2. SFCL impedance and reduction in fault current 

 

 

Figure 3 shows the result of verification test of SFCL model conducted on power network model 

depicted in Figure 1. SFCL has been located at substation (Location 1) and for a distribution grid fault  

(Fault 1), various SFCL impedance values versus its fault current reduction operation has been plotted. 

Maximum fault current (No SFCL case) is 7500 A at 22.9 kV for this arrangement. 

 

 

4. STABILITY ANALYSIS IN A POWER SYSTEM WITH SFCL 

The simple structure of a resistive (non-inductive winding) SFCL unit is shown in Figure 3. A unit 

consists of the stabilizer resistance of the n
th

 unit Rns (t), the superconductor resistance of the n
th

 unit Rnc (t), 

which is connected with Rns (t) in parallel and the coil inductance of the n
th

 unit Ln. The subscript n denotes 

the number of connected units.  

 

 
 

Figure 3. Simple structure of a resistive SFCL unit 
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The standard values of Rnc (t) and Rns (t) of the SFCL are generally zero during a usual steady-state 

situation. The importance of total resistance RSFCL of the SFCL throughout a fault is determined by the entire 

quantity of units in Figure 4, which are coupled in series. The value of Lnis estimated by the turns of coils. 

This value has to be as less as probable due to inductance causes ac power loss in usual state. Thus, the 

related equation for RSFCL is stated by (1) to explain its quenching and recovery features. 
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  (1) 

 

where Rmis the maximum resistance of the SFCL in the quenching state, TSC is the time constant of the SFCL 

during transition from the superconducting state to the normal state. Furthermore, t0 is the time to start the 

quenching. Finally, t1 and t2 are the first and second recovery times, respectively. A synchronous machine 

and a transmission system connected to an infinite bus represented as in Figure 4 as a simple power system. 

During a steady state, condition the value of RSFCL is zero as indicated before. When a three-phase short 

circuit or the other grounding faults is occurred and when an infinite bus is operated with a fault resistance of 

Rf, the SFCL linked in series to the transmission line functions instantly with an exact resistive value of 

RSFCL, as indicated in Figure 4. 

 

 

 
 

Figure 4. SMIB system with a resistive SFCL 

 

 
' '

2
1 1 d1 q1

' ' '

d1 d1 q1

-
P sin sin21 2

VE X X
V

X X X
         (2) 

 

In the above equation, E1 is the no-load generated electromotive force and V1 is the machine 

terminal voltage. Also, Xd1 and Xq1 are the direct and quadrature axis reactances of the synchronous 

generator, respectively. To analyze the effect of RSFCL on the power system during a fault, the phasor diagram 

with reference of V in Figure 5(a) is changed to the phasor diagram in Figure 5(b) with reference of the 

infinite-bus voltage. In addition, the associated equations are expressed as 

 

 

 
(a) 

 
(b) 

 

Figure 5. Phasor diagram of the SMIB system  
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a a1 e1 SFCL f1R R R R R            (3) 

 
'' ' '

d d1 q1X X X   

" ' '

q q1 e1X X X           (4) 

 

where Re the armature resistance of the synchronous machine is, the transmission-line resistance, and Xe is 

the transmission-line reactance. Then, the power-angle equation for the analysis of RSFCL can be derived as 

follows. First, the real power P is given by 

 

 a1 q1 d1b1 b1
P cos cos sinV VI I I          (5) 

 

where |Ia| cosѳ is the distance between points [a] and [c] in Figure 5 (b), which can be represented as The 

distance between intermediate points [a] and [c] and may be represented as 

 
- - - - -

a1 q1 d1
cos ac ab bc ab de cos sinI I I              (6) 

 

The currents obtained  and  from d-q axis, are expressed as 

 

 " "

1 d d1 a a1b1
cos - - cosV E X I R I   

 " "

q q1 a a1b1
sin - sinV X I R I         (7) 

 

 "

1 a a1b1

"d1

d

- cos - cosVE R I
I

X

 
  

 a1
sinI 

 
 "

a a1b1

"q1

q

sin sinV R I
I

X

 


  a1
cosI           (8) 

 

Finally, the currents  and  are expressed as 
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The new power angle equation can be established as follows, expressed in equation no (11) by 

putting the values of currents  and from equations (9) and (10) in the equation no (5). 
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The modified new power-angle equation can be stated as in equation no (12), if it is assumed that   
   is equal 

to   
 . 

 

I d1 Iq1

I d1 Iq1

I d1 Iq1
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5. TRANSIENT STABILITY STUDY BASED ON THE EQUAL-AREA CRITERION 
During a steady state condition in the given system, neither RSFCL nor Rf exists. In this case, the 

value of Ra in (3) is small when compared to that of X’d in (4). If it is assumed that R’a is negligible, then the 

power-angle equation in (12) is subject to (13). In case that a fault occurs, the SFCL starts to operate with 

RSFCL, and Rf becomes a nonzero value. Therefore, the value of R’a cannot be neglected under this condition. 

Therefore, the power-angle equation in (11) or (12) is now used. The factors E and δ in (11) or (12) can be 

calculated with the given conditions. Then, the fault current Ifault flowing to the ground is approximately 

computed by (14) during the fault applied to the infinite bus in Figure 4. Neither RSFCL nor Rf1 exists at the 

time of steady-state situation for the specified system. The value of Rd in (3) is less than that of Xd in (4), by 

comparing in this matter. The power angle equation becomes converting equation no (12) to (13) if we 

consider, that Ra is negligible. The equivalent power-angle curve is presented in Figure 7, wherever the 

subscript “ss1” indicates a steady-state condition, and therefore the dashed line specifies the initial 

mechanical power of 1.0379 p.u. The SFCL starts to work with RSFCL, and the value of Rf1 becomes nonzero, 

at the time of fault creates. So, in this condition the value of Ra cannot be neglected. As a result, the power-

angle equation in (11) or (12) is currently used. The associated factors E1 and   in (11) or (12) will be 

calculated with the given conditions. So as per the Figure 5, as indicated the fault current Ifault is flowing to 

the ground is almost calculated by (14) at the time of fault applied to the infinite bus 
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During a fault, |Vb1| sin and |Vb1| cos are so small that they are also assumed to be negligible. 

Then, from the inspection of the phasor diagram of Figure 5(b), the voltage E1 and its angle     are 

approximated by (15) and (16)), respectively, 
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The extreme values of Pmax within the power angle curves are similar to all RSFCL values. However, 

the value of RSFCL is decreased when the corresponding power angle   with respect to Pmaxwill increase. 

 

   
C max

0 C

1 m1 SFCL ss1 m1C 0 max C

β β
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β β
β β β βf P P P P   

C max

0 C
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β β

= dβ+ dβ- -

β β
β βP P P    (17) 

 

Applying the equal-area criterion to the power-angle curve gives the critical clearing angle δc, 

which is the boundary point to make the system remain stable. In other words, the equal-area criterion use the 

function f in (17) to find the value of δc, which makes the value of f become zero To inspecting the system 

stability, thequal-area criterion use to operate the function f in (17) to find the value of  c, that makes the 

value of f1 become zero Figure 6 shows the variation of δc corresponding to various RSFCLvalues (from 0 to 5 

p.u.) of the SFCL. 
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        (18) 

 

 

 
 

Figure 6. Variation of the critical clearing angle corresponding to RSFCL 
 

 

The maximum value of  c in Figure 6 is 1.4384 rad, and the corresponding value of RSFCL is 1.28 

p.u. This means that RSFCLof 1.28 p.u. at maximum can be optimally selected, when the SFCL is connected to 

this power system for protection against a fault. When power transfer during a fault is zero, (18) can also 

calculate the critical clearing time tc1. As shown in Figure 4, the generator operates with  0 of 0.6973 rad 

initially. 

 

 

6. SIMULATION RESULTS 
Initially, a MATLAB simulation for the system shown in Figure 7 evaluates the damping 

performance of the resistive SFCL. This system consists of a voltage source, Vs1 (t) of 220 V, a joint 

resistance Rjs, a resistive SFCL, a fault controller with Rf1(t) and a resistive load with RL1of 0.733 Ω. The 

resistive SFCL is made by a combination of three units in Figure 8 for its simulation can model this system. 

 

 

 
 

Figure 7. A 220-V/300 scale simulation test scheme circuit diagram 

 

 

Then, by the finite-difference method (FDM) [18] in (19), the Rt is defined in expression (23), 

where it is useful to simulate the currents flowing through the circuit 

 

' ' '

-1

'

'1 1

'

-1'tt t t'

L L vi n R i n
tt

 
            

 
 
 

      (19) 

 



        ISSN: 2088-8694 

IJPEDS Vol. 7, No. 3, September 2016 : 769-780 

776 

' ' '

1 2 3

'

0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

L L L

L

  
 
 
 
 
 
 
 

       (20) 

 

         
'

'

T
' ' ' ' '

s 1 2 3 ft t t t t ti i i i i i  
 

     (21) 

 

 
'

'

T
'

s1t
0 0 0 0v V t  

 
       (22) 

 
         

     
     
     

   

j 1c 2c 3c L 1c 2c 3c L

1c 1c 1s

t 2c 2c 2s

3c 3c 3s

L L f

t t t - (t) - t - t -

- t t t 0 0 0

- t 0 t t 0 0

- t 0 0 t t 0

- 0 0 0 t t

R R R R R R R R R
R R R

R R R R
R R R
R R R

  
 

 
   
 
 

  

 

 

(23) 

 

where n is the number of step and Δ tis the time length of the FDM step. The associated inductor matrix (L), 

current vector tI


, voltage vector tV


, and resistor matrix tR


 are given in (20)-(23), respectively. In 

comparisonto the case while not the SFCL, the SFCL improves the damping performance to decrease the 

level of Is vey successfully throughout a fault. 

 

 

 
 

Figure 8. Equivalent circuit of the test system 

 

 

7. SMIB SYSTEM 
The MATLAB based simulation model on the SMIB system as represented in Figure 4, is the 

estimation of the damping performance of the SFCL with an optimal value of RSFCL. Therefore, here the 

corresponding critical clearing angle δc to the optimal value of RSFCL is 1.4384 rad, as primarily it is 

mentioned that the RSFCL value of 1.28 p.u. is optimally selected by the transient stability analysis based on 

the equal-area criterion. Here the respective Power (P) vs. angle (δ) curve and swing curves for that system 

are shown in Figure 9-11 respectively. 
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  Figure 9. Power (P) vs angle (δ) curve                     Figure 10. Swing curve for sustained fault 

 

 

 
 

Figure 11. Swing curve when fault is cleared in 0.10 sec 

 

 

In addition, here the respective time vs. voltage and current waveforms are shown in Figure 12- 19 

based on to run the Simulink circuit indicated as Figure 1 for different mode of operation for applying the 

gate signal in SFCL circuit. 

 

 

  
 

Figure 12. Phase a to ground voltage vs. time 

response for three Series RLC load 

 

Figure 13. Source phase voltage vs. time response for 

distributed parameters 
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Figure 14. Phase a to ground voltage vs. time 

response for Three-phase Transformer 

 

Figure 15. Phase b to ground voltage VS time 

response for Three-phase Transformer 

 

 

  

 

Figure 16. Phase C to ground voltage vs. time 

response for Three-phase Transformer 

 

Figure 17. Phase a to ground current vs. time response 

for three phase series RLC load 

 

 

  
 

Figure 18. Phase B to ground current vs. time 

response for three phase series RLC load 

 

Figure 19. Phase C to ground current vs. time 

response for three-phase Transformer 

 
 

8. CONCLUSION 
This paper planned the study to determine the optimal resistive value (RSFCL) of a resistive SFCL by 

analyzing the transient stability based on the equal-area criterion. The damping performances of the SFCL 

during a fault were evaluated by case studies on simulation results. It was shown from the results that the 

resistive SFCL with the optimally selected RSFCL is very effective to reduce the level of short-circuit current 

dramatically. Therefore, the reliability and stability of the power system can be improved by the application 

of the SFCL. On the other way, existing protecting devices, like as a recloser, might not be operated 

properlyonce the fault current level is extremely low by damping that the SFCL willgive. With many case 

studies, these issues are being investigated. 
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