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ABSTRACT 

 

Fault current levels occurring in power systems force the breaking capacities of the breakers. In 

the power system elements, the generator, transformer, cables, etc., are exposed to the dangerous 

effects of fault current until the breaker clears the fault. Various limiting methods have been 

developed to eliminate this adverse situation in recent years. One of these methods is 

Superconducting Fault Current Limiters (SFCL). With the discovery of High-Temperature 

Superconductors (HTS), SFCL's Resistive type has become more popular. Resistive SFCL (R-

SFCL), based on the non-linear resistance property of superconducting materials, limits the fault 

within the first half period. However, it cannot provide such a fast response after the fault. The 

time required to regain the superconducting state after the fault is the recovery time. For R-SFCL 

manufacturers, recovery time is a design parameter that must be kept short. This study examines 

limiting performance, recovery time, and voltage stability with the dynamic model created using 

MATLAB/Simulink. With the shunt breaker method proposed in the study, the recovery time 

was shortened, and the voltage stability improved. 

 

Keywords: Dynamic model; Fault current limitation; MATLAB/Simulink; Recovery time; 

Resistive SFCL; Voltage stability.     

 

INTRODUCTION 

 

The increase in the world population and the development of the industry increase the electricity 

production day by day. The establishment of new power systems to meet the electricity demand 

causes the fault current levels to rise. With the breaking capacity of the breakers to be exceeded 

in the near future, fault-current limiting methods have become indispensable in recent years. 

One of the modern methods, SFCL, limits the fault current effectively and quickly by using the 

transition property between the superconducting and resistive regions of the superconducting 

material (Method, 2019) (Zampa et al., 2022). SFCL limits the fault current level and protects 

both breakers and other power system components (Ju et al., 2022)(Xiang, Gao, et al., 

2020)(Xiang et al., 2018)(Jiahui Zhu et al., 2019). SFCL applied in power systems can be 
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divided into Resistive and Inductive Types. Among these two types, Resistive SFCL (R-SFCL) 

has advantages such as low cost, small size, simplicity, and less maintenance compared to 

Inductive SFCL (I-SFCL) (Noe & Steurer, 2007)(Morandi, 2013)(Xiang, Luo, et al., 2020). 

Another problem in power systems is that the currents encountered by the breakers 

increase as their breaking speed increases. This is due to the DC component of the 

current. R-SFCL reduces the X/R ratio, reducing the influence of the DC component 

and the burden on the breakers. In addition, R-SFCL can react very quickly to faults 

without the need for any sensors or power electronic switches, thanks to the inherent 

ability of the superconducting material. These mentioned advantages make R-SFCL an 

important point compared to I-SFCL in power system applications. In recent years R-

SFCL has become more and more popular in many countries (Siyuan et al., 

2019)(Pascal et al., 2017)(Yang et al., 2018)(Yadav et al., 2019) (Jiamin Zhu et al., 

2022). Since the resistance of R-SFCL increases rapidly during the fault, it cannot 

decrease to a negligible level immediately after the fault, thus creating disadvantages 

such as recovery time. During this time, the nominal current is limited by the R-SFCL, 

causing unwelcome power loss. In some cases, it takes a few seconds for the R-SFCL 

to transition into the superconducting region after the fault is cleared (Noe & Steurer, 

2007), while in other cases, it takes more than 300 seconds (Zhang et al., 2015). 

Various methods have been tried to keep the recovery time short. Some of these studies 

examined the change of recovery time according to the stabilizer thickness (Sheng et 

al., 2016)(Kwon et al., 2010), others according to the insulation layer (Shirai et al., 

2016)(Tamashima et al., 2017)(Du, 2013)(Kempski et al., 2019)(Gorbunova et al., 

2020). Changing the superconductor tape architecture is one of these methods. 

However, this affects the entire production process, and the lamination process 

becomes more critical. Improvements to the cryogenic system are both costly and 

complex. This will significantly increase the R-SFCL investment cost and increase 

possible power losses from the cryogenic system. In another study, superconducting 

cable and R-SFCL features were combined to shorten recovery time (H. Liang et al., 

2022), however, preparing the cable line for this system and installing the liquid 

nitrogen-filled cable structure without damage is laborious and expensive. 

Apart from these solutions mentioned, the recovery time can be shortened with some 

changes to the R-SFCL structure. Some studies have been carried out in the literature 

on this subject. In the simulations for the HVDC system, the SFCL with the circuit 

breaker, called hybrid SFCL, offers the most desired performance in terms of 

interruption time, recovery time, energy dissipation, and voltage transients (H. Lee et 

al., 2019). Again, in the small-scale study for the DC system, the power loss on the AC 

side is reduced, and the DC side is safely limited (S. Liang et al., 2018). 22.9 kV/630 

A hybrid SFCL implementation was installed in an  AC system to shorten recovery 

time and increase power stability in South Korea (B. W. Lee et al., 2008)(Hyun et al., 

2009)(S. Lee et al., 2010)(I. Y. Seo et al., 2013)(S. Seo et al., 2013)(C. H. Kim et al., 

2014). In a later study, it was shown with simulations that the transient stability was 

improved with the changes made in the structure of the method (S. Seo et al., 2013). 

An experimental study on an AC system noted that a hybrid SFCL with a double split 

reactor of a different design had a shorter recovery time than a typical SFCL (Jiahui 
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Zhu et al., 2020). Another study examining SFCL types stated that hybrid SFCL targets 

factors such as reducing the required superconductor length, shortening the recovery 

time, and minimizing the cost (Barzegar-Bafrooei et al., 2019). 

On the other hand, the voltage stability of the power system is deteriorated during the 

fault. The most significant factor in the formation of voltage instability in the system 

is the inability to meet the demanded reactive power. In the case of an increase in the 

reactive power demand of the loads, voltage drops occur in the busbars. With the rise 

in the demanded reactive power, voltage drops increase, and, in some cases, voltage 

collapses occur. More current is drawn from the source to compensate for these voltage 

drops. This situation causes the lines to consume more reactive power, leading to 

voltage drops and instability. To minimize these adverse situations, R-SFCL is an ideal 

solution and improves voltage stability (Banik & Ali, 2013). In another study 

examining this issue, simulations stated that hybrid SFCL improves voltage stability 

(Lim et al., 2011).  

In this study, unlike the systems in the literature, a resistor will be used instead of a 

current-limiting reactor (CLR). Thus, harmonics and magnetic field interference will 

be eliminated, and the DC component of the fault current will be suppressed by keeping 

the X/R ratio low. In the literature, the driving coil, which gives the on-off signal to the 

breakers, manages the system at one point depending on the CLR current. In this 

proposed method, the control system for auxiliary and shunt breakers will be separate. 

Thus, the possibility of a fault in the CLR forced by high fault currents to render the 

system inoperable will be eliminated. 

This study compares R-SFCL with shunt breaker to typical R-SFCL in terms of 

recovery time and voltage stability. This comparison was made by creating a dynamic 

model in MATLAB/Simulink. As a result of the simulations, it has been seen that R-

SFCL with the shunt breaker improves recovery time and voltage stability more. 

 

DYNAMIC MODEL 

 

R-SFCL has been modeled based on the relationship between electric field (E) and current 

density (J) (Aly & Mohamed, 2012)(Chen et al., 2013)(Sousa et al., 2012)(Blair et al., 

2013)(Mafra et al., 2017)(Schettino et al., 2018)(Dondapati et al., 2017). According to this 

model, the superconducting material can be in one of three regions: superconducting, flux-flow, 

and resistive. R-SFCL resistance and current density for any instant are calculated by Eq. 1 and 

2, respectively (De Sousa et al., 2014)(Hatata et al., 2018)(Jiahui Zhu et al., 2015)(Nemdili & 

Belkhiat, 2012). 

 

𝑅𝑅𝑠𝑓𝑐𝑙(𝑡) =  
𝐸(𝐽,𝑇)  𝐿𝑠

𝐽(𝑡)  𝐴𝑠
                                                           (1)                                        

 𝐽(𝑡) =  
𝐼𝑅𝑠𝑓𝑐𝑙(𝑡)

𝐴𝑠
                                                                 (2) 

where, RRsfcl is the instant R-SFCL resistance (Ω), Ls is the superconductor length (m), As is the 

superconductor section (m2), E is the electric field as a function of J and T (V/m), T is the instant 

R-SFCL temperature (°K), IRsfcl is the instant R-SFCL current (A), and J is the instant current 

density (A/m2). 
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Superconducting Region 

The R-SFCL resistance is theoretically zero in this region, transmitting power without loss. E 

is calculated by Eq. 3 and used in Eq. 1 to calculate the instantaneous R-SFCL resistance. The 

conditions for this region are E<E0 and T<Tc. 

 

𝐸(𝐽, 𝑇) = 𝐸𝑐 (
𝐽

𝐽𝐶(𝑇)
)

𝛼

                                                         (3) 

𝐽𝑐(𝑇) =  𝐽𝑐 (
𝑇𝑐−𝑇

𝑇𝑐−𝑇0
)                                                            (4) 

𝛼𝑥 =  
log (

𝐸0
𝐸𝑐

⁄ )

𝑙𝑜𝑔((
𝐽𝑐

𝐽𝑐(𝑇)⁄ )
(1−

1
𝛽

)
  (

𝐸0
𝐸𝑐

⁄ )

1
𝛼

)

                                                  (5) 

𝛼 = max[𝛽, 𝛼𝑥]                                                              (6) 

                                                                           

where, Ec is the critical electric field (1 µV/cm), Jc (T) is the critical current density (A/m2) as a 

function of T, Jc is the critical current density at 77 °K, Tc is the critical temperature (°K), T0 is 

the first temperature value (77 °K), αx is the time-varying value of the exponential value, α is the 

superconducting region exponent value, the α value ranges from 5-15 for 1G HTS materials and 

15-40 for 2G HTS materials (Xue et al., 2015)(Dutta & Babu, 2014)(Qian et al., 2017). 

 

Flux-Flow Region 

In this region, the temperature rises, and the rising temperature lowers Jc(T), so the electric field 

increases continuously. The conditions for this region are E>E0 and T<Tc. 

 

𝐸(𝐽, 𝑇) =  𝐸0. (
𝐸𝐶

𝐸0
⁄ )

𝛽
𝛼⁄

 
𝐽𝐶

𝐽𝐶(𝑇)
 (

𝐽
𝐽𝐶

⁄ )
𝛽

                                        (7)                                                      

 

where, E0 is the electric field during the transition from the superconducting region to the flux-

flow region (V/m) and takes a value between 0.1 and 1 V/m, β is the exponent of the flux-flow 

region, for both 1G and 2G HTS materials range from 2-4 (Xue et al., 2015)(Dutta & Babu, 

2014)(Qian et al., 2017). 

 

Resistive Region 

In this region, the R-SFCL temperature exceeds the critical value, its resistance increases, and 

the fault current is limited. The condition for this region is T>Tc. 

 

𝐸(𝐽, 𝑇) =  𝜌(𝑇𝑐) 𝐽 
𝑇

𝑇𝑐
                                                           (8)  

                             

where, ρ(Tc) is the superconductor resistivity in the resistive region (Ω.m). 

During the limiting process, the superconducting material heats up. After the recovery time, the 

cryogenic system cools the superconducting material and returns to the R-SFCL superconducting 

region.  

The heat transfers between liquid nitrogen (LN2) and superconducting material and R-SFCL 

temperature variation have been calculated with the equations given below (Jiahui Zhu et al., 
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2015)(Nemdili & Belkhiat, 2012)(Manohar & Ahmed, 2012)(Elmitwally, 2009)(Langston et al., 

2005) (Song et al., 2021) (H. Liang et al., 2022). 

 

𝑄𝑅𝑠𝑓𝑐𝑙(𝑡) = ∫ 𝐼𝑅𝑠𝑓𝑐𝑙(𝑡)2  𝑅𝑅𝑠𝑓𝑐𝑙(𝑡) 𝑑𝑡                                          (9) 

 

𝑄𝑐𝑟𝑦𝑜𝑠𝑦𝑠(𝑡) = ∫ (
𝑇(𝑡)−𝑇0

𝜃𝑠
 ) 𝑑𝑡                                              (10) 

𝜃𝑠 =
1

𝑘  𝐿𝑠  𝜋  𝑑𝑠
                                                          (11) 

 

𝑇𝑅𝑠𝑓𝑐𝑙 = 𝑇𝑅𝑠𝑓𝑐𝑙 + (𝑄𝑅𝑠𝑓𝑐𝑙 − 𝑄𝑐𝑦𝑟𝑜𝑠𝑦𝑠)/𝑐𝑠                                 (12) 

 

𝑐𝑠 =  𝐿𝑠 𝐴𝑠 𝑐𝑣𝑜𝑙                                                        (13) 

 

where, QRsfcl is the heat energy emitted by the R-SFCL (J), Qcryosys is the heat energy received by 

the cryogenic system (J), θs is the thermal resistance between R-SFCL and cryogenic system 

(K/W), k is the heat transfer coefficient to the cryogenic system (W/Km2), ds is the 

superconductor diameter (m), cs is the superconductor heat capacity (J/K), cvol is the 

superconductor volumetric specific heat (J/Km3), TRsfcl is the R-SFCL instant temperature (°K). 

This study takes the k coefficient as a constant to simplify the model while performing thermal 

calculations (Jiahui Zhu et al., 2015)(Nemdili & Belkhiat, 2012)(Manohar & Ahmed, 

2012)(Elmitwally, 2009)(Langston et al., 2005)(Song et al., 2021). 

Today, superconducting materials are generally produced as tape. For this, instead of 

superconductor diameter, superconductor width and thickness parameters have been considered 

in the thermal resistance equation. Eq. 11 is arranged as  Eq. 14 (Langston et al., 2005). 

 

𝜃𝑠 =
1

2 𝑘  𝐿𝑠  𝑡𝑠 𝑤𝑠
                                                                (14) 

 

where, ws is the superconductor tape width, and ts is the superconductor tape thickness. 

All the equations have been modeled as M-functions in MATLAB/Simulink.  

The model of the power system using R-SFCL with the shunt breaker is shown in Figure 1. R-

SFCL is also used with a shunt resistor. This shunt resistor can protect the superconducting 

material from Hot-Spot formations during the fault and prevents overvoltages if the transition to 

the resistive region occurs too quickly. In some studies, this shunt resistor was ignored to 

simplify the model (Blair et al., 2012), but in this study, its effect has been considered as recovery 

time has been examined. Finally, the power system and R-SFCL model parameters are as in 

Table 1. 

 

R-SFCL

Load

Fault

Shunt 

Breaker

Generator

Rshunt

Auxiliary 

Breaker

Step-Up 

Transformer

Transmission 

Line

Step-Down 

Transformer

 
Figure 1. Power system 
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In the simulations, the single-phase to ground fault, which is the most likely to occur in power 

systems, was performed. The fault started at the 100th millisecond and lasted for 100 

milliseconds. The transmission line length is 25 km, and both transformers' primary and 

secondary resistance and inductance values are 0.002 and 0.08 in pu, respectively. Transformer 

powers are also 250 MVA, and simulation step time is 10-5 s. 

Various types of superconducting materials are used in R-SFCL applications. First-generation 

High-Temperature Superconductors (1G HTS) or second-generation High-Temperature 

Superconductors (2G HTS) can be used in R-SFCL applications. 2G HTS materials have a higher 

current capacity, critical current level, magnetic flux value, and mechanical strength. In addition, 

2G materials pass into the resistive region faster than 1G materials (S. Y. Kim & Kim, 2011). 

Likewise, after the fault is complete, the 1G HTS returns to the superconducting region later than 

the 2G HTS (Jiamin Zhu et al., 2022) and 1G HTS has a lower normal operation resistance than 

2G HTS (Kulkarni et al., 2012). Therefore, in recent years, 1G HTS materials are generally used 

in cable applications, 2G HTS materials are used in SFCL applications. It has been accepted that 

2G HTS material, which is the most common in the market today, is used as the superconducting 

material, and the parameters are selected accordingly. 

 

Design Steps 

The shunt breaker and the auxiliary breaker, which are used to shorten the recovery time, work 

in coordination. First, the system current and the R-SFCL temperature are instantaneously 

controlled. The current transformers will measure the system current, while sensors will be used 

for the R-SFCL temperature. However, this process has been done with measurement and 

comparison blocks to simplify the simulation. When the desired conditions are met, the breaker 

positions are controlled with the signal sent to the external control port on the breaker blocks in 

MATLAB/Simulink. Then, the breakers are opened and closed according to the duty period 

given in Figure 2 and the maneuver algorithm given in Figure 3. In real applications, these 

processes are provided by relay-breaker coordination. Before the fault, the shunt breaker is open; 

the auxiliary breaker is closed. The same positions apply throughout the fault. If the R-SFCL 

remains active after the fault is complete, it will cause power loss as the temperature has not yet 

dropped below the critical temperature. At this point, the advantage of R-SFCL over 

conventional and inefficient limiting methods is lost. For this, the shunt breaker must transmit 

the nominal current after the fault is complete until the temperature drops below the critical 

temperature and approaches 77 °K. Otherwise, the unnecessary and unwelcome nominal current 

limitation will continue.  

 

Table 1. R-SFCL and power system model parameters 

Parameters Values Parameters Values 

Source Voltage 11 kV cvol 1.5 x 106 J/K.m3 

Short Circuit 

Level 
200 MVA k 1.5 x 103 W/K.m2 

Frequency 50 Hz T0 77 °K 

X/R 7 α 30 

Load 
10 MW,  

8 MVAr 
β 4 
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Step-Up Tr. 11/345 kV ρ(Tc) 1 x 10-8 Ω.m 

Step-Down Tr. 345/36 kV Ec 1 µV/cm 

Transmission 

Line 

1.3225 Ω, 

35.08 mH 
E0 0.1 V/m 

 Ic (77 °K) 

Jc (77 °K) 

1200 Arms 

5 x 108 Arms/m2 
ws 12 mm 

Tc  92 °K ts 0.2 mm 

RShunt 3 Ω 
Superconductor 

Tape Length 
300 m 

 

As a result, the shunt breaker is activated and deactivated according to the system current and R-

SFCL temperature values, which are instantaneously controlled. The shunt breaker will not close 

since the system current will be more than the critical current. Thus, the shunt breaker will not 

disadvantage repetitive or continuous fault conditions. At the same time, the positions of these 

two breakers will be protected by locking mechanisms like the examples in power systems. In 

other words, when one is in the open position, the other will be in the closed position during all 

operations. It would not be mechanically possible for the opposite to occur. However, during the 

operation of the R-SFCL with shunt breaker, some malfunctions may be experienced as in all 

other methods. One of these cases is that the auxiliary breaker remains closed after the limiting 

operation is performed. Since the shunt breaker will be closed, the nominal current will prefer 

the shunt breaker instead of the high resistance R-SFCL. Thus, power loss and voltage drop will 

not occur in normal operating conditions. Another case is that after a fault, the auxiliary breaker 

remains closed, and the shunt breaker remains open before the current and temperature 

conditions are met. In this case, the system will behave like a typical R-SFCL and limit the 

nominal current with power loss and voltage drop. The last case is when the shunt breaker is 

closed, and the auxiliary breaker is open during the fault. In this case, the protection relay will 

open the shunt breaker as soon as possible and completely cut off the fault current. However, 

nowadays these problems are very rare with the improvements in breaker-relay coordination. 

 

Aux. Breaker 

Close

Shunt Breaker

Open

Aux. Breaker 

Open

Normal

Operation
Fault Isys < Ic

TR-SFCL > Tc

Isys < Ic

TR-SFCL = 77 °K 

Post-Fault

Aux. Breaker 

Close

Aux. Breaker 

Close

Shunt Breaker

Open

Shunt Breaker

Close

Shunt Breaker

Open

 
Figure 2. Breaker duty periods 
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Instant System 

Current (Isys) and

 R-SFCL 

Temperature

Trip Signal for 

Auxiliary Breaker

Closing Signal for 

Shunt Breaker

Y

TR-SFCL > Tc

TR-SFCL = 77 °K

Trip Signal for 

Auxiliary Breaker

Closing Signal for 

Shunt Breaker

Y

Closing Signal for 

Auxiliary Breaker

Trip Signal for 

Shunt Breaker

N

Isys < Ic

N

Y N

Closing Signal for 

Auxiliary Breaker

Trip Signal for 

Shunt Breaker

 

Figure 3.  Breaker maneuver control algorithm  

This structure, which will be installed right after the generator and includes both the breaker and 

the R-SFCL, will be exposed to the fault current for a long time because of the selective 

protection. Auxiliary breaker may trip even before Hot-Spot occurs and reaches the maximum 

temperature that the superconducting material can withstand during fault. In addition, the 

protection relays can open the auxiliary breaker after a certain period in the selective protection 

plan. In this case, the fault current will be cleared in the system. However, these criteria can also 

be taken into account in future studies. In this study, only the improvement of the recovery time 

was examined after the fault and proposed method; the structure other than the shunt breaker can 

be accepted as a combination of protection and limitation elements. R-SFCL with shunt breaker 

has proven feasible and reliable with its advantage (Melhem, 2012). 

 

SIMULATION RESULTS 

 

In this section, the limiting analysis of the dynamic model and the R-SFCL are examined first. 

As a result of the fault, the R-SFCL showed an effective limiting performance and reacted within 

the first half-period and continued to limit the current until the fault was completed. Figure 4 

shows fault currents with and without R-SFCL in the power system. 

As shown in Figure 4, a high-level current affects the power system elements continuously until 

the fault is gone in the system without R-SFCL. The first peak value can cause irreversible 

damage. The blue line shows the variation in fault current with the addition of a single-phase R-

SFCL model to the power system. The resistance and temperature variations of the R-SFCL 

during the fault are shown in Figure 5. 



Journal of Engg. Research Online First Article 
 

9 
 

 
Figure 4. Fault currents 

 

 
Figure 5. R-SFCL resistance and temperature 

 

The limiting ratio and the first, second, and third peak values of the fault current are given in 

Table 2, respectively. 

Table 2. Limiting ratio and peak values 

 First Peak (kA) Second Peak (kA) Third Peak (kA) 

w/o R-SFCL 20.2 15.96      13.96      

w/ R-SFCL 8.383 6.123 5.535 

Limiting Ratio (%) 58.5 61.64 60.35 

 

It is an essential goal for manufacturers that the R-SFCL effectively reduces the first peak value 

of the fault current. Thus, the fault current's electromagnetic, thermal, and electrodynamic effects 

will be significantly reduced. As a result, larger power system elements will not be needed to 

provide isolation, and the economic gain will be achieved by reducing system costs.  

As seen in Figure 5, 5.7 milliseconds after the fault occurred, the R-SFCL resistance suddenly 

increased. For a 50 Hz power system, this means reacting within the first period (de Souza et al., 

2021). However, it should be noted that the R-SFCL resistance and temperature continue at a 

high value after the fault. Before demonstrating the advantage of the method proposed in this 

paper, it is necessary to focus on the post-fault situation. The system current is also shown in 

Figure 6 on the post-fault situation. 
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Figure 6. System current after the fault                        

 

Since the R-SFCL temperature does not drop below the critical temperature after the fault is 

cleared, its resistance limits the nominal current. As seen in Figure 6, while the peak value of the 

other phase currents is 1042.5 A after the fault, this value is 910.8 A in the faulted phase. 

Recovery time lasted approximately 140 seconds, and the limitation continued, albeit at a 

reduced rate. 3-second graphs clearly show the difference between R-SFCL with and without 

shunt breaker. 

This decrease is due to both the R-SFCL resistance and the shunt resistor, and the power loss 

will continue during the recovery time. Lowering the shunt resistor value will reduce the 

recovery time but will negatively affect the limiting performance as it means a deliberate 

reduction of the equivalent resistance value. Therefore, a balanced selection must be made 

regarding recovery time and limiting performance. Because of lower shunt resistance, longer 

superconducting material is required to maintain existing limiting performance. This leads to an 

increase in the investment cost. 

The proposed method will make the selection of shunt resistor and superconductor length less 

critical. Because until the R-SFCL becomes superconducting, the nominal current will flow 

neither through the superconducting material nor through the shunt resistor; the current will flow 

through the shunt breaker. This method shortens the recovery time while the limiting 

performance is unaffected. At the same time, the nominal current is transmitted without loss. In 

this case, the system current is shown in Figure 7. 

 

 
Figure 7. System current with shunt breaker 

The shunt breaker removed the unwelcome limitation in the nominal current after the end of the 

fault. This time, because the nominal current passes through the shunt breaker, the nominal 

current of the phase with the fault is 1042.5 Apeak, just like the other phases. 
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The reason for this difference is the resistance and temperature variation of the R-SFCL. Figure 

8 shows the resistance and temperature variation for the case with and without the shunt breaker. 

The dashed lines show the change without the shunt breaker, while the solid lines show the 

change with the shunt breaker. 

 

 
 

Figure 8. R-SFCL resistance and temperature variations 

 

In the maneuver control algorithm of the breakers, the shunt breaker is set to open and the 

auxiliary breaker to close when the R-SFCL temperature is approximately 77 °K. This is because 

immediately after the R-SFCL temperature drops below 92 °K, there is a risk that it will again 

rise above the critical temperature relative to the level of the nominal current. In this case, the 

nominal current is similarly limited. This leads to instabilities in resistance and temperature 

graphs. Therefore, the breaker maneuvers were performed when the R-SFCL temperature was 

77 °K. Approximately 3.52 s after the fault was completed, R-SFCL took the nominal current 

back on with the opening of the shunt breaker and transmitted the current again without loss.  

The simulation results show that the shunt resistor can only prevent the Hot-Spot event and no 

longer affect the limiting performance. With this recommended method, recovery time, which 

would take 140 seconds with ordinary R-SFCL, takes 3.52 seconds. In normal operating 

conditions, the shunt breaker has eliminated the power loss and voltage drop. 

Firstly, to examine the voltage stability, the voltage variation of the busbar at the generator output 

and the reactive power variation of the generator in the absence of R-SFCL are shown in Figures 

9 and 10. 

 
Figure 9. Voltage stability comparison 
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Figure 10. Reactive power comparison 

 

As shown in Figure 9, the voltage drops to 0.2255 pu after the fault occurs without R-SFCL. 

With the addition of a typical R-SFCL to the system, this value was 0.8425 pu. Likewise, when 

there was an R-SFCL with the shunt breaker in the system, the voltage dropped to 0.8425 pu. 

The voltage dropped by 77.45% without R-SFCL in the system, but only 15.75% with R-SFCL. 

Both voltage values show that voltage stability is greatly improved with R-SFCL. On the other 

hand, more voltage needs to be generated by the source during the recovery period for the typical 

R-SFCL after the fault is complete. The blue line illustrates this situation in Figure 9. This 

voltage, which was over 1 pu, continued for about 140 seconds of recovery time. However, in 

the case of using R-SFCL with shunt breaker, the voltage quickly reached 1 pu level after the 

fault and did not cause an unnecessary voltage drop. The voltage drop is minimized by 

decreasing the reactive power value demanded with R-SFCL. Since R-SFCL with shunt breaker 

does not need recovery time, the reactive power immediately returned to its pre-fault state and 

did not cause fluctuations in the reactive power graph where it did not draw current from the 

source. The green line in Figure 10 shows this situation. 

As seen in all simulation results, it is clear that R-SFCL with the shunt breaker shortens recovery 

time and improves voltage stability. All methods in the literature aiming at the same goal have 

both advantages and disadvantages. The table below compares the studies in the literature with 

the method proposed in this study.  

Table 3. Comparison of methods 

 Shunt Element 
Fuse 

Requirement 

Driving Coil 

Control 

External 

Limting Reactor 

The Proposed Method Resistor Not necessary Separately Not necessary 

(S. R. Lee et al., 2017) Reactor Not necessary At one point Necessary 

(Barzegar-Bafrooei et 

al., 2019) 
Resistor/Reactor Not necessary At one point Not necessary 

(S. Seo et al., 2013) Resistor/Reactor Not necessary Separately Not necessary 

(Hyun et al., 2009) Reactor Not necessary At one point Not necessary 

(B. W. Lee et al., 2008) Resistor Necessary At one point Not necessary 

(Romphochai & 

Hongesombut, 2017) 
Reactor Not necessary At one point Not necessary 

(C. H. Kim et al., 2014) Reactor Not necessary At one point Not necessary 

(S. Lee et al., 2010) Resistor Not necessary At one point Not necessary 

(Lim et al., 2011) Resistor Not necessary At one point Not necessary 

The method proposed in this study stands out because it does not contain a reactor and does not 

cause both harmonics and magnetic field interference. At the same time, it limits the fault current 



Journal of Engg. Research Online First Article 
 

13 
 

faster as it reduces the X/R ratio. Another advantage is that it does not use a fuse that will need 

constant maintenance and an external reactor that will cause power loss in normal operation. The 

fact that the driving coils are separate also increases the reliability of this method. Today, the 

cost of superconducting materials and the need for at least two breakers for hybrid structures are 

the most significant barriers to the widespread use of these methods. 

 

CONCLUSION 

 

R-SFCL has become popular in recent years due to its advantages: small size, relatively low cost, 

no harmonics, no electromagnetic field interference, and increasing the X/R ratio. The use of R-

SFCL increases steady-state stability and improves the power system's safety, reliability, and 

transient stability during fault. R-SFCL has advantages as well as disadvantages. Recovery time, 

which is one of these disadvantages, is a parameter that should be kept short in R-SFCL design. 

Otherwise, R-SFCL will not be efficient enough. There are different solutions to shorten the 

recovery time. Reducing the shunt resistance will reduce the limiting performance while 

improving the cryogenic system will increase the investment cost and maintenance. 

In this study, the recovery time was shortened with a shunt breaker, and the voltage drop and 

power loss problems were overcome during this time. In doing so, limiting performance is 

preserved. Also, the superconductor tape architecture and the cryogenic system did not need to 

be changed. With this proposed method, the current is limited, and if necessary, it is completely 

eliminated with the breaker inside. In short, the breaker and R-SFCL feature are combined in a 

single element. As a result, this method can shorten the recovery time, which often takes minutes. 

This method will increase efficiency, and R-SFCL will be more quickly ready for the next fault. 

The proposed method, which will increase safety and reliability in power systems where fault 

current levels are increasing, requires two breakers and a control system in addition to the typical 

R-SFCL. This will increase the cost however, as seen in the simulation results, it provides energy 

efficiency by significantly reducing the recovery time. The energy savings provided by 

shortening the recovery time will tolerate the excess investment cost in the medium or long term. 

The shunt breaker also makes R-SFCL more reliable by minimizing the possibility of Hot-Spots. 

When the proposed method is installed in a switchyard in Turkey, in future studies, points such 

as energy efficiency, recovery time, and voltage stability will be examined with real data and the 

simulation will be updated accordingly. Briefly, this method is a hybrid structure in which the 

limiting and protection systems are gathered under a single system. Therefore, the need for the 

main power breaker at the generator output is eliminated thanks to this method. 
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