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ABSTRACT 

 

Fault currents in power systems force valuable power system elements thermally, dynamically, 

and electromagnetically until the arc disappears. Installation elements that can withstand fault 

currents or damage existing components require a high cost. Installing components that 

withstand fault currents and the damage of fault currents to existing components are costly. 

Resistive Superconducting Fault Current Limiter (R-SFCL), one of the modern limiting 

methods, increases the safety and sustainability of the system by eliminating these risks. In this 

study, a dynamic model was created in MATLAB/Simulink for 1G and 2G HTS used in R-

SFCL, and their response to single phase-to-ground fault was observed. According to the 

simulation results, the most advantageous HTS type for R-SFCL was determined. The fault 

current level, limitation rate, resistance and temperature values, and response times were 

compared in terms of limiting performance. 
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INTRODUCTION 

 

The increasing world population and industrialization have increased energy demand in recent 

years. New electricity generation, transmission, and distribution systems are added to existing 

systems to meet the growing demand for electrical energy. While the increase in production 

capacity increases the levels of short-circuit currents, the spread of the interconnected system 

over large areas increases the probability of fault. Power system fault currents reach 5 to 20 

times the nominal current (Leung, 2009). High-level fault currents can cause irreversible 

damage to the system and its components. Therefore, power system breakers have to trip the 

fault current as soon as possible. This causes the breaker to face a larger fault current due to the 

effect of the DC factor of the fault current. Considering that the tripping capability of typical 

high voltage breakers is limited to 80 kA, rising levels of fault currents will soon exceed the 

capabilities of existing breakers (Seyedi & Tabei, 2012). The typical breakers’ capabilities were 

about 40 kA in the 1990s and 63 kA in the 2000s (Moyzykh et al., 2021). In 2013, an 80 kA 

gas-insulated breaker was installed in New Jersey, USA (Labos & Grossmann, 2014). Higher 

tripping capacity will increase both size and cost. Because of these situations, the fault current 

needs to be reduced quickly to non-hazardous levels.  

Many methods have been developed to limit the current (Saha et al., 2019). Although series 

reactors added to the circuit limit the current, they increase the voltage drop under normal 

operating conditions. While fuses called Is-limiters do not cause power loss in normal 

conditions, replacing the fuse after each short circuit is necessary. (Kempski et al., 2019). 

Superconducting Fault Current Limiters (SFCL), one of the modern fault current limiting 

methods, offer an attractive solution to fault currents (Blair et al., 2012) (Barzegar-Bafrooei et 

al., 2019).  Elimination of the mentioned disadvantages is possible by using SFCLs, which use 

the abrupt transition of superconducting material from superconducting to the resistive region 

at a specific critical current value (Nagarathna et al., 2015) (X. Chen et al., 2022) (Zampa et al., 

2022). SFCLs are the best alternative to replace conventional limiting methods thanks to the 

advantages of superconducting materials (J. Lee & Joo, 2013). They produce a low voltage drop 

and power loss at nominal current (J. Zhang et al., 2019). If the critical values such as critical 

temperature (Tc), critical current density (Jc), or critical magnetic field (Hc) are exceeded, the 

resistance of the superconductor will increase. (X. Zhang et al., 2015). Then the short circuit 

ends, and SFCL cools down and returns to the superconducting region. SFCL is usually 

disconnected from the network during cool down by a circuit breaker (Gorbunova et al., 2020). 

SFCL, whose applications have become widespread thanks to its protection, can be classified 
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into two types. These are Resistive SFCL and Inductive SFCL. Resistive SFCL (R-SFCL) is 

the most promising method due to its small size and decreasing superconductor prices (Jiahui 

Zhu et al., 2019). R-SFCL reduces the influence of the DC factor of the fault current by lowering 

the X/R ratio. It does not cause harmonic and magnetic field interference. 

For this reason, recently, R-SFCL applications have been more preferred in power systems 

(Jiahui Zhu et al., 2020) (S. R. Lee et al., 2017). Many superconducting materials are used in 

the R-SFCL design. Superconductors are divided into two groups according to their 

temperature: High-Temperature Superconductors (HTS) and Low-Temperature 

Superconductors (LTS). The HTS is cooled with liquid Nitrogen (LN2) and has a critical 

temperature of over 30 °K. This is a massive advantage over LTS materials, which operate at 

4.2 °K, are very close to their critical temperature, and are very sensitive to temperature 

changes. SFCL based on LTS could not be commercialized because it required a costly cooling 

system using liquid Helium (LHe) (Okakwu et al., 2018). When using HTS for SFCL 

applications, cooling costs can be reduced ten times instead of LTS (Zenitani & Akimitsu, 

2002). HTS materials can also be classified as 1G and 2G. 2G HTS materials have higher 

current carrying capacity, critical current level, magnetic flux value, and mechanical strength 

(Yılmaz & Gençoğlu, 2022). In addition, 2G materials pass into the resistive region faster than 

1G materials (Kim & Kim, 2011). Likewise, after the fault is complete, the 1G HTS returns to 

the superconducting region later than the 2G HTS and 1G HTS has a lower normal operation 

resistance than 2G HTS (Kulkarni et al., 2012) (Jiamin Zhu et al., 2022). This paper describes 

the limitation analysis of 1G and 2G HTS materials used in the R-SFCL structure by creating a 

dynamic model in MATLAB/Simulink. The simulation results were evaluated for 1G and 2G 

HTS materials. 

 

MODELING AND SIMULATION OF RESISTIVE SFCL 

The current through the R-SFCL is less than the critical current value during normal operating 

conditions. Therefore, the resistance is close to zero, and the R-SFCL conducts electricity 

almost without loss. However, in the event of a fault, the current exceeds the critical current 

value, and the resistance of the superconducting material increases. Thus, the R-SFCL limits 

the fault current (Moyzykh et al., 2021). Briefly, R-SFCL, which produces a negligible voltage 

drop and power loss in normal operation, limits the fault current level with a nonlinear increase 

in resistance within the first half-period when the fault occurs. The discovery of HTS has 

enabled the production of various superconducting materials in the laboratory environment. 

Some superconducting materials used in the R-SFCL structure are given below: 
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 YBa2Cu3O7 (Yttrium Barium Copper Oxide-YBCO, Tc=92 °K, 2G HTS) 

 GdBa2Cu3O7 (Gadolinium Barium Copper Oxide-GdBCO, Tc=91 °K, 2G HTS) 

 Bi2Sr2CaCu2O8 (Bismuth Strontium Calcium Copper-BSCCO 2212 or Bi2212, Tc=95 

°K, 1G HTS) 

 Bi2Sr2Ca2Cu3O10 (BSCCO 2223 or Bi2223, Tc=107 °K, 1G HTS) 

 MgB2 (Magnesium Diboride, Tc=39 °K, 2G HTS) (List of Superconductors, n.d.). 

The R-SFCL model is based on the E-J characteristic curve shown in Figure 1. The 

instantaneous variation of the R-SFCL resistance is also based on the relationship between the 

electric field (E) and the current density (J) (Hatata et al., 2018) (De Sousa et al., 2014) (Y. 

Chen et al., 2013). This curve has three possible superconducting material regions: 

superconducting, flux-flow, and resistive (normal) region.  
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Figure 1. E-J characteristic curve 

 

The resistance and current density of the R-SFCL for all regions are calculated by the following 

equations (Blair et al., 2012) (X. Zhang et al., 2015) (Hatata et al., 2018) (Nemdili & Belkhiat, 

2012) (Aly & Mohamed, 2012) (Xue et al., 2015). 

 

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). 

Superconducting Region 

The R-SFCL current is below the critical value, and the R-SFCL resistance is approximately 
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zero. E is calculated by the formula below (Blair et al., 2012) (Nemdili & Belkhiat, 2012) (Dutta 

& Babu, 2014). 

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 (Dutta & Babu, 2014) (Qian et al., 2017) (Manohar & Ahmed, 

2012). 

Flux-Flow Region 

Exceeding the critical current increases the R-SFCL resistance as the electric field increases and 

the current is limited. The temperature rises, and the rising temperature lowers Jc(T), so the 

electric field increases continuously. E is calculated by the formula given below (X. Zhang et 

al., 2015) (Nemdili & Belkhiat, 2012) (Xue et al., 2015). 

𝐸(𝐽, 𝑇) =  𝐸0. (
𝐸𝐶

𝐸0
⁄ )

𝛽
𝛼⁄

 
𝐽𝐶

𝐽𝐶(𝑇)
 (

𝐽
𝐽𝐶

⁄ )
𝛽

                                        (7)                                                      

 

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 ranging from 2-4 (Dutta & Babu, 2014) (Qian et al., 2017) 

(Manohar & Ahmed, 2012). 

 

 

 

Resistive (Normal) Region 
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As soon as the temperature exceeds the critical temperature, R-SFCL is no longer 

superconducting. R-SFCL resistance and E vary with J and T. E is calculated by the formula 

given below (X. Zhang et al., 2015) (Nemdili & Belkhiat, 2012) (Xue et al., 2015). 

𝐸(𝐽, 𝑇) =  𝜌(𝑇𝑐) 𝐽 
𝑇

𝑇𝑐
                                                           (8)                                 

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

During this process, the superconducting material heats up. After recovery, the cryogenic system 

cools the superconducting material and returns to the R-SFCL superconducting region.  

Thermal Calculations 

The heat transfers between LN2 and superconducting material and R-SFCL temperature 

variations are calculated with the formulas given below (Blair et al., 2012) (X. Zhang et al., 

2015) (Nemdili & Belkhiat, 2012)(Xue et al., 2015) (Elmitwally, 2009) (Langston et al., 2005) 

(Liang et al., 2022). The R-SFCL resistance will increase when the fault current exceeds the 

critical current level. This increase will cause its temperature to increase with the I2R formula. 

The superconducting material will need to be well cooled to avoid a Hot-Spot. The heat energy 

that the liquid nitrogen removes from the heated superconductor is calculated according to 

Equation 11, and the new temperature is calculated for each iteration according to the heat 

capacity of the superconductor. The heat capacity of the superconductor depends on its length, 

cross-sectional area, and volumetric specific heat. R-SFCL temperature has been calculated at 

the end of the simulation period with the interaction between the generated and received heat. 

 

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 
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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). 

All formulas have been modeled as M-function in MATLAB/Simulink according to parameters 

in Table 1. The simulation system is shown in Figure 2, the dynamic modeling algorithm given 

in Figure 3, and Figure 4 (a) shows the MATLAB/Simulink model of the power system with R-

SFCL, Figure 4 (b) shows the subsystem of R-SFCL. R-SFCLs typically contain an impedance 

parallel to the R-SFCL (Blair et al., 2011). To simplify the analysis in this article, shunt 

impedance is assumed to be absent. The shunt impedance affects the recovery time of the R-

SFCL and does not affect the following section's analysis (Blair et al., 2012). Various faults 

occur in power systems (Nejra et al., 2019). This study investigated single phase-to-ground fault, 

the most common fault type at medium voltage levels (Ahmadi et al., 2021). 

 

Table 1. Parameters of simulation 

Parameters Value Parameters Value 

Source Voltage 11 kV cvol 1 x 106 J/K.m3 

Short Circuit 

Level 
50 MVA α for 1G HTS 10 

X/R 7 α for 2G HTS 35 

Load 
10 MW, 8 

MVAr 
β 4 

R-SFCL Critical 

Current (Ic77°K) 
560.46 Arms ds 0.004 m 

ρ(Tc) for 1G HTS 1 x 10-6 Ω.m T0 77 °K 

ρ(Tc) for 2G HTS 5 x 10-6 Ω.m Tc for 1G HTS 105 °K 

Ec 1µ V/cm Tc for 2G HTS 95 °K 

E0 0.1 V/m Ts (Step Time) 1 x 10-5 s 

k 
1.5 x 103 

W/K.m2 

Superconductor 

Length 
150 m 

 

R-SFCL

Load

Fault

Source

 

Figure 2. Simulation system 
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Figure 3. Dynamic modeling algorithm of R-SFCL 
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(a) 

 

 

(b) 

Figure 4. (a) MATLAB/Simulink model of the power system with R-SFCL (b) R-SFCL subsystem 

 

In the R-SFCL design, the superconducting material can be coil differently. Examples of these 

connections are zigzag, inductive, and non-inductive bifilar coil connections. Each HTS module 

is wrapped according to one of these winding types. In this study, modeling has been done for 

non-inductive bifilar coil winding. Depending on where the R-SFCL is installed, the HTS 

modules are connected in series as the voltage level increases. Conversely, they are connected 

in parallel as the current level increases. Sometimes kilometers of superconductors are required, 

depending on the voltage and current level. For example, in the 220 kV 1200 A SFCL 

application, a 25 km long superconductor is used for three phases (Moyzykh et al., 2021). 

Another essential point in R-SFCL design is the cryogenic system. Generally, closed-loop 

cooling systems that provide liquid nitrogen circulation at high pressure are preferred. Since 

almost all of the energy consumed by R-SFCL under normal operating conditions is sourced 

from the cryogenic system, the elements of this system such as tank, valves, pipelines, and pump 

should be carefully selected. 
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Besides its advantages, R-SFCL has some disadvantages, including the investment cost. Today, 

the expensiveness of superconducting materials and the cryogenic system makes it difficult for 

R-SFCL applications to be applied outside certain developed countries. Another negative aspect 

is the need for constant cryogenic fluid maintenance. As a result, the R-SFCL with its cryogenic 

system will occupy the same volume as an average power transformer. Some manufacturers also 

produce R-SFCL, which covers an area of a few square meters according to the voltage and 

current level. 

RESULT AND DISCUSSION 

This section examined the limitation performance of 1G and 2G HTS materials used in the R-

SFCL structure and their response to the fault. First, simulations were made for 1G HTS material 

and 2G HTS material with the parameters in Table 1. It lasts as long as the average opening time 

of typical breakers (60 milliseconds). The critical current is close to the nominal current but 

slightly higher. Figure 5 shows the fault current occurring in the system without R-SFCL.  

 

 

Figure 5. Fault current without R-SFCL 

The fault current of the system with R-SFCL designed with 1G HTS is in Figure 6. 

 

Figure 6. Fault current with 1G HTS R-SFCL 

Figure 7 and Figure 8 show the resistance and temperature variation of this R-SFCL during the 

fault, respectively. 
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Figure 7. Resistance variation of 1G HTS R-SFCL 

 

 

Figure 8. Temperature variation of 1G HTS R-SFCL 

 

After 1G HTS, simulations were carried out for 2G HTS with the same length. Figure 9 shows 

the fault current of the system with R-SFCL designed with 2G HTS. 

 

Figure 9. Fault current with 2G HTS R-SFCL 

The resistance and temperature variations of R-SFCL using 2G HTS are given in Figure 10 and 

Figure 11, respectively. 
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Figure 10. Resistance variation of 2G HTS R-SFCL 

 

Figure 11. Temperature variation of 2G HTS R-SFCL 

 

The simulation results show that R-SFCL has considerably limited the fault current regardless 

of 1G or 2G HTS. This limitation process was carried out within the first half-period after the 

fault occurred and continued until the end of the fault. Response times to fault are 6.09 

milliseconds for 1G HTS R-SFCL and 3.76 milliseconds for 2G HTS R-SFCL, respectively. As 

stated in the literature, 2G HTS transitioned to the resistive region faster than 1G HTS. At the 

same time, the 2G HTS has a higher resistance value than the 1G HTS for the same length and 

has better limited the first peak of the fault. Therefore, a more extended 1G HTS is required to 

achieve the same limiting performance. 

As the superconductor length increases, an inhomogeneous Ic distribution on the surface also 

increases so that the Hot-Spot event may be inevitable. It is seen that 1G HTS heats more than 

2G HTS during fault. Based on this, it can be concluded that the recovery time required after a 

fault may be longer for 1G HTS. Prolonged recovery time leads to unnecessary power loss and 

voltage drop in normal operating conditions like conventional limitation methods (reactor, high 

impedance transformer, etc.). Therefore, shortening the recovery time is an important goal for 

R-SFCL manufacturers. The topic of shortening the recovery time will be examined in future 

studies. The comparison of simulation results is given in Table 2. 

Table 2. Limitation comparison 
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 w/o R-SFCL 
w/ 1G HTS 

R-SFCL 

w/ 2G HTS 

R-SFCL 

Limiting Rate at First 

Peak Current (%) 
- 18.03 42.64 

Fault Resistance (Ω) - 21.39 Ω 77.8 Ω 

Fault Temperature 

(°K) 
- 188.19 °K 123.85 °K 

 

The modeling and simulations performed in this study were compared in Table 3 with other 

published articles that did similar work. In this study, the model made for 1G HTS is Model 1, 

and the model made for 2G HTS is Model 2. The voltage and short-circuit power levels of the 

simulation systems in which these models are applied are different. At the same time, the 

superconductor length and resistivity (ρ) also vary according to the study. 

Table 3. Modeling comparison 

 
HTS 

Element 
Resistance (Ω) 

Temperature 

(°K) 

First Peak Limiting 

Ratio (%) 

Model 1 1G 21.39 188.19 18.03 

Model 2 2G 77.8 123.85 42.64 

(Aly & 

Mohamed, 

2012) 

1G 2.3 125 ≈55 

2G 15-20 200-250 ≈60 

(Nemdili & 

Belkhiat, 2012) 
1G - - 83.4 

(X. Zhang et al., 

2015) 
1G 5 275 35 

(De Sousa et al., 

2016) 
2G 5-6 90-95 84.25 

(Jiahui Zhu et 

al., 2015) 
2G - - 33.3 

(Blair et al., 

2012) 
1G ≈20 400-450 - 

(Hatata et al., 

2018) 
1G 10-15 - 52.5 

 

As seen in Table 3, there are different resistance, temperature, and limiting ratio results for 

different HTS types. The main reason for this difference is that many parameters can be taken 

approximately but still differently while modeling. As a result, the models in this study are 

consistent with the literature average. 

 

CONCLUSION 
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Fault current limitation has become inevitable as the growth of power systems increases fault 

current levels. Various superconductors are used in the R-SFCL structure, eliminating 

conventional methods with their advantages. This paper examines the response of R-SFCLs 

using 1G and 2G HTS to fault current. The dynamic model based on the E-J curve is created in 

MATLAB/Simulink for 1G and 2G HTS. As simulation results, fault currents, R-SFCL 

resistance, and temperature values are obtained. It has been observed that the 2G HTS R-SFCL 

reduces the initial peak value of the fault current by approximately half in the power system 

model. In addition, as seen in the resistance graphs, 2G HTS shows a faster response and higher 

resistance value, which is more advantageous than 1G HTS in terms of R-SFCL.  

On the other hand, the lower fault temperature value makes the 2G HTS less thermally stressed. 

In the light of the results, using 2G HTS in R-SFCL designs will provide a more efficient and 

reliable limitation process. Although R-SFCL's need for a cryogenic system and expensive 

superconductors is considered a disadvantage, it does not cause power loss/voltage drop in 

normal operating conditions. It has an effective limitation process, making its applications 

widespread in recent years. Since the increase in demand for superconductors will increase 

production, superconductor prices will decrease to affordable levels, making R-SFCL more 

popular. 

RECOMMENDED FUTURE WORKS 

In this study, only limitation analysis was performed for R-SFCL. The model aiming to shorten 

the recovery time after the fault will be examined in future studies. 
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