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Abstract: Resistive-type superconducting fault current limiters (r-SFCLs) have generated great
interest for research and technical applications. This is attributed to their superior features, which
include self-action, fast response, and simple operation. In low line impedance systems, r-SFCLs
are seen as a viable protective mechanism for limiting high-magnitude fault currents. However,
overcurrent caused by faults results in an increased temperature of the r-SFCL, possibly damaging the
coils. Thus, the r-SFCL must be appropriately engineered to protect it while still allowing for effective
fault current limitation. To achieve this goal, an appropriately sized shunt resistor must be used.
Adding a shunt resistor benefits the r-SFCL in several ways, from lowering its maximum temperature
to speeding up its recovery. Additionally, the shunt resistor protects the r-SFCL from excessive surges
in temperature by giving the current an alternative path to flow down, thus saving it from further
damage. A multilayer thermoelectric model was developed to examine the thermoelectrical behavior
of the r-SFCL coil throughout a fault occurrence and the subsequent recovery period using three
shunt resistors ranging from 4 to 16 Ω. MATLAB®/Simulink was used as the simulation platform in
this study. The dependence of the current limitation capability and the voltage profile on the shunt
resistor value was studied compared to the basic case without an r-SFCL. Increasing the shunt resistor
value led to an enhanced ability to limit fault currents, although at the cost of higher temperatures
and a longer recovery time. This study also presents guidance for optimizing the design parameters
of r-SFCLs.

Keywords: resistive superconducting fault current limiters (r-SFCL); shunt resistor; multilayer model;
protection device

1. Introduction
1.1. Background and Motivation

In a highly dense electrical network, when a fault occurs near the power source where
the line impedance is low, the fault magnitude will be high, which in some cases will
exceed the circuit breaker (CB) rating [1]. The resistive superconducting fault current
limiter (r-SFCL) is an ideal solution to deal with any high-magnitude fault currents in the
presence of low line impedance in a highly dense electrical network [2]. If a fault occurs, the
resistance of the r-SFCL will increase sharply due to the overcurrent and subsequent high
temperature, resulting in a reduction in the fault current peak and thus enabling the CB
to work safely [3]. Due to their self-acting mechanisms, fast and effective current limiting
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capability, and small size, r-SFCLs have garnered significant interest for academic and
industrial applications. However, r-SFCLs must be properly designed to limit the fault
current without excess overheating and possible damage to the coils. Using a shunt resistor
is crucial to achieving this goal, as it provides an alternative path for the current, thereby
reducing both the maximum developed temperature and the recovery time of the r-SFCL.
The shunt resistor continues carrying the fault current until the r-SFCL fully recovers to its
superconducting state. To adequately protect the r-SFCL while maintaining effective fault
current limiting capability, the shunt resistor value must be carefully chosen.

The main motivation of this study was to illustrate the effect of the shunt resistor value
on the r-SFCL’s performance. The r-SFCL device should reduce the fault current to below
the CB rating to ensure safe operation of the CB. However, there are several constraints on
the fault current limiting capability. The fault current should not be reduced to be below
the pickup point of the CB; this will cause a fault detection problem, where the protective
relays cannot detect the fault current. The second constraint is the thermal constraint; the
temperature of the r-SFCL should not exceed the permanent damage temperature (>400 K).
Testing the r-SFCL with different shunt resistors can lead to the ideal combination to deal
with the constraints. The trade-off between protecting the r-SFCL and promoting its fault
current limiting capability is demonstrated.

1.2. Literature Review

The “superconductivity” phenomenon was first observed in 1911 [4], and was ex-
hibited by mercury at a critical temperature of 4.2 K. Currently, superconductivity has
demonstrated success in multiple applications in power systems. Superconducting devices
used in power systems include superconducting generators, motors, and cables, supercon-
ducting magnetic energy storage (SMES) systems, and SFCLs. Superconducting generators
are considered to be a promising solution for two power system applications: direct-drive
wind turbine generators and electric aircraft [5,6]. In ref. [7], a 3.6 MW superconducting gen-
erator was commissioned and tested as the first real-life demonstration of such generators.
Meanwhile, superconducting motors are used in electrified vehicles such as electric aircraft
and ships [8,9]. Superconducting cables have great potential for various applications in
DC power systems despite their cost [10]. SMES systems are among the most widely used
superconducting devices, with several applications in power systems including dynamic
voltage restoration [11], power smoothing [12], and frequency control [13]. Finally, SF-
CLs have proven their effectiveness in numerous applications in power systems, such
as limiting fault current contributions from distributed generating units [14], providing
virtual inertia [15], and enhancing fault ride-through capability [16]. SFCLs can improve
the durability of circuit breakers [17] when they are operated at lower fault current levels.

Generally, fault current limiters can be classified into two main types, superconducting
and non-superconducting. During normal operation, non-superconducting FCLs have
power losses, which is not desirable for the efficiency of power systems [18]. The two main
types of SFCLs are resistive SFCLs (r-SFCLs) and inductive SFCLs (i-SFCLs) [18]. I-SFCLs
are more complicated and heavier than r-SFCLs, and have power losses during normal
operation [18,19]. For r-SFCLs, the yttrium barium copper oxide (YBCO) compound is
most commonly used in the superconducting layer. During normal operation, this layer
provides negligible impedance, enabling the current to flow through. When a fault occurs,
the impedance of the superconducting layer increases, thus forcing part of the current to be
redirected to the stabilizer layer. More details regarding power losses in FCLs can be found
in [20,21].

R-SFCLs have been modeled and used in several applications to assess their perfor-
mance, such as in an electric aircraft simulation environment to support the CB, where the
fault magnitude is extremely high [22]. Laboratory experiments and MATLAB/Simulink
simulations have been performed to understand the quench and recovery time behavior
of r-SFCLs in AC systems [23]. The design of a 220 kV/150 kA r-SFCL was presented
in [24]. It consisted of eight modules connected in series, each with 16 parallel bifilar coils.
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It was tested at its rated current in steady-state conditions and limited resistance under
fault conditions, in addition to high-voltage testing. The impact of the stabilizer layer was
investigated in refs. [25,26]; it was found to mainly affect the quench and recovery charac-
teristics. In addition the impacts of stabilizer thickness, superconducting tape material, and
coil geometry on the r-SFCL’s performance were investigated in ref. [27].

One of the important design considerations for r-SFCLs is determining the shunt
resistor value. Adding a shunt resistor can benefit the r-SFCL in several ways, such
as facilitating faster recovery and reducing the maximum temperature caused by faults.
Furthermore, the shunt resistor prevents hot spot formation by redirecting the current to an
alternative path, saving the r-SFCL from further damage. However, the shunt resistor will
reduce the overall developed resistance of the r-SFCL, thereby reducing its fault current
limiting capability. Therefore, it is important to select the appropriate value of the shunt
resistor as a compromise between the fault current limiting capability and safe operation of
the r-SFCL. At present, few studies have discussed the impact of the shunt resistor on the
r-SFCL [2,28]. Figure 1 shows an equivalent electrical representation of an r-SFCL using
AMSC-8602 superconductor tape and a shunt resistor. The AMSC-8602 stainless steel (SS)
laminated tape consists of one superconducting layer (SC), a substrate (NiW), and silver
(Ag) placed between two layers of stainless steel laminate, completing the tape [29].
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Figure 1. Electrical representation of r-SFCL device using AMSC-8602 superconductor tape and a
shunt resistor.

1.3. Contribution

Based on the multilayer thermoelectric r-SFCL model in the MATLAB/Simulink
environment, we investigated the impact of the shunt resistor on the performance of the
r-SFCL. Few papers have investigated the effect of shunt resistors on the performance of
r-SFCLs with copper stabilizers [2,26]. The modeled superconductor tape in this paper
is AMSC-8602 with a stainless-steel stabilizer to ensure the highest fault current limiting
capability during fault scenarios. Different shunt resistors were added to protect the
r-SFCL from overheating and reduce its recovery time. The evaluated parameters were the
current limiting behavior, voltage profile, and temperature profile. From the temperature
profile, the maximum temperature and recovery time can be determined. Three shunt
resistors were considered—low (4 Ω), medium (8 Ω), and high (16 Ω)—and the evaluated
parameters were compared with those obtained without a shunt resistor. In this paper, the
current was observed before, during, and after the fault clearance, and after the r-SFCL
returned to its superconducting state.
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1.4. Organization

After Section 1, the paper is organized as follows: The system description is discussed
in Section 2. Section 3 describes the r-SFCL model in detail, including electrical and thermal
modeling. Section 4 presents the simulation results obtained with various shunt resistor
values. Finally, the conclusions of this study are presented in Section 5.

2. System Description

Figure 2 illustrates the structure of the power system under consideration for the
integration of r-SFCL units in each phase. It comprises a synchronous generator, a step-up
transformer, transmission lines, a distribution transformer, and loads. The r-SFCLs are
installed at the beginning of the transmission lines. A solidly grounded line-to-ground fault
was applied in one phase to investigate the impact of the shunt resistor on the performance
of the r-SFCLs. The voltage level of the considered network was 33 kV. The line resistance
of a single phase (Rcu) can be determined using (1):

Rcu = ρcu
L
A

(1)

where ρcu is copper resistivity, L is the conductor length, and A is the conductor cross-sectional
area. All simulations were performed using MATLAB®/Simulink software (MATLAB
R2022b). The current flowing into the r-SFCLs and the voltage across them were then
acquired. The detailed parameters of the system are shown in Table 1.
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Table 1. Design parameters of AC system.

Parameter Quantity Value

AC source Three-phase 60 Hz, 25 kV, 0.892 Ω source resistance
Step-up transformer Three-phase 25/33 kV, 10 MVA
Transmission lines Three-phase 33 kV, 0.06 Ω/km

r-SFCL devices Three units AMSC-8602, 300 m
Load Three-phase 60 Hz, 5.7 MW

3. Superconducting Fault Current Limiter and Shunt Resistor Numerical Model

The r-SFCL devices considered in this study were used with AMSC-8602 supercon-
ducting tape, as shown in Figure 1. The tape was composed of several layers, each modeled
by a current-dependent resistor. The operation of the r-SFCLs in the superconducting state
was guaranteed if their current and temperature were less than the critical values for the
tape. In this case, the entirety of the current flowed in the superconducting layer, which
had zero resistivity. The geometry of the tape and the materials used in its construction
governed its critical current and temperature.
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Once a fault occurs, the current increases beyond the critical value, resulting in a
sudden increase in the resistivity of the superconducting layer. As a result, the current is
redistributed among the various layers of the superconducting tape and the shunt resistor.
The superconducting layer resistivity (ρSC) is obtained in terms of the current density (J)
as follows:

ρSC =
Ec

Jc(T)
(

J
Jc(T)

)N−1 J > JC, T < Tc (2)

where Ec is the critical electrical field, JC is the critical current density, TC is the critical
temperature, and N is a constant ranging between 21 and 30 [30]. The critical current
density is a function of the critical temperature as follows:

Jc(T) = Jco

((
Tc − T(t))a(
Tc − To)

a

)
To < T < Tc (3)

where Jco is the critical current density at the operating temperature (To), which equals 77 K
in this case, and the exponent α is the density exponent, equal to 1.5 [31].

The resistivity (ρx) of any other layer (x) is temperature-dependent and can be obtained
from [32–34]. Then, the resistance of the layer itself can be obtained using (4):

Rx = ρx
l

Ax
(4)

where l is the tape length and Ax is the layer’s cross-sectional area. The total resistance of
the r-SFCL and the shunt resistor can now be determined using (5):

1
RSFCL

=
1

RYBCO
+

1
RSS

+
1

RAg
+

1
RNiW

+
1

RShunt Resistor
(5)

The electrical representation of the r-SFCL, which contains YBCO, stainless steel, silver,
and NiW layers, in addition to the shunt resistor, is given in (5).

The dependence of the electrical resistivity of each layer on temperature differs based
on the temperature coefficient of the layer’s material. Consequently, it is important to
precisely calculate the temperature of the r-SFCL. The temperature of the superconductor
tape can be obtained as follows:

T(t) = To +
1

Cp

∫ t

0
Qsc(t)dt (6)

where Cp is the heat capacity of the superconducting material and Qsc is the net power of
the tape, which is given by the difference between the power dissipated in the tape (Pdiss)
and the cooling power (Pcooling) calculated as follows:

Qsc(t) = Pdiss(t)− Pcooling(t) (7)

Pdiss (t) and Pcooling (t) are calculated by (8) and (9), respectively:

Pdiss(t) = i(t)2Rsc(t) (8)

Pcooling(t) = hA(T(t)− To) (9)

where A is the area exposed to the LN2 coolant and h is the heat transfer coefficient. To
increase the exposure area, individual superconducting tapes and coils are separated
to allow the LN2 coolant to permeate between the tapes [35,36]. We used AMSC-8602
superconducting tape from the American Superconductor Company (Ayer, MA, USA) [29],
and the specifications are listed in Table 2. It has a width of 12 mm, a length of 300 m, and a
critical current of 241 A.
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Table 2. Specifications of AMSC-8602 superconducting tape.

Parameter Value

Conductor type AMSC-8602
Conductor width (mm) 12

Critical current (A) 241
SC layer thickness (µm) 1
Substrate thickness (µm) 75

Substrate material Ni-5at.%W
Stainless steel thickness (µm) 75 × 2 layers

Stainless steel material (SUS)316L
Tape length (m) 300

4. Simulation Results and Discussion

The architecture of the considered power system, illustrated in Figure 2, was mod-
eled in the MATLAB®/Simulink environment to explore the fault behavior of a single
line-to-ground fault with an r-SFCL using different shunt resistors. The fault was located at
a distance of 10 km from the substation, corresponding to a total transmission line resistance
of 0.6 Ω per phase.

Several case studies were investigated to assess the impact of the shunt resistors,
including 4, 8, and 16 Ω shunt resistors, and one case study without a shunt resistor. The
fault was applied at the time point of 2.0 s and cleared after 100 ms. In order to showcase
and study both the behavior of the faults in the system as well as the system’s response,
including the r-SFCL, the protection system was suppressed.

4.1. Case Studies
4.1.1. Case Study 1 (4 Ω Shunt Resistor)

In this case, the shunt resistor was set to 4 Ω. The fault current and corresponding
voltage profile of the single line-to-ground fault are depicted in Figure 3. Without using the
r-SFCL, the current exhibited first and second peak values of 6.25 and 4.64 kA, respectively.
However, the r-SFCL with a 4 Ω shunt resistor could limit these values to 3.9 and 3.44 kA,
respectively, representing a reduction of 37.6% for the first peak. The voltage dropped to
about 8.061 kVrms when using the 4 Ω shunt resistor, compared to zero without the r-SFCL.

The temperature of the r-SFCL is shown in Figure 3c. The temperature peaked at
195 K in this case study. The r-SFCL completely recovered 3.77 s after the fault occurred,
i.e., at T = 5.77 s, and returned to the coolant boiling temperature of 77 K. Before the fault
occurred, the current passed through the r-SFCL while the shunt resistor’s current was zero,
as shown in the current distribution in Figure 3d. After the fault occurred, the temperature
increased, and the r-SFCL’s resistance increased in turn, resulting in most of the current
passing through the shunt resistor, leaving a small fraction to still pass through the r-SFCL.
When the r-SFCL fully recovered at T = 5.77 s, its total current flow returned, with zero
current flowing through the shunt resistor.

4.1.2. Case Study 2 (8 Ω Shunt Resistor)

In this case, the shunt resistor was set to 8 Ω. The fault current and the corresponding
voltage profile of the single line-to-ground fault are depicted in Figure 4. The r-SFCL with
the 8 Ω shunt resistor limited the fault current to 3.1 and 2.87 kA for the first and second
peak, respectively, representing a reduction of 50.4% for the first peak compared to the case
without an r-SFCL. The voltage dropped to about 11.59 kVrms. Looking at the previous
case study, it is clear that increasing the shunt resistor increased the percentage limitation
of the fault current and decreased the associated voltage drop.
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The r-SFCL’s temperature is shown in Figure 4c; it reached 294 K at its peak in this
case study. The r-SFCL completely recovered at T = 7.78 s, 5.78 s after the fault occurred,
and returned to the coolant boiling temperature of 77 K. The r-SFCL needed more time
to fully recover in this case than in the previous case, taking 5.78 s compared to 3.77 s
with the 4 Ω shunt resistor. Before the fault occurred, the current only flowed through
the r-SFCL and no current flowed through the shunt resistor, as shown in the current
distribution in Figure 4d. After the fault occurred, both the temperature and the r-SFCL’s
resistance increased, causing most of the current to flow through the shunt resistor, while
the remaining current still flowed through the r-SFCL.

4.1.3. Case Study 3 (16 Ω Shunt Resistor)

In this case, the shunt resistor was set to 16 Ω. The fault current and corresponding
voltage profile of the single line-to-ground fault are depicted in Figure 5. The r-SFCL with
the 16 Ω shunt resistor was able to limit the fault current to 2.44 and 2.27 kA for the first and
second peaks, respectively, representing a reduction of 60.96% for the first peak compared
to the case without the r-SFCL. The voltage dropped to about 14.49 kVrms in this case.
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The temperature of the r-SFCL is shown in Figure 5c; it exhibited a peak temperature
of 384 K in this case study. The r-SFCL completely recovered about 9.88 s after the fault
occurred, meaning that it returned to the expected coolant boiling temperature of 77 K
at T = 11.88 s. Note that the recovery time in this case was significantly longer than in
the previous cases using the 4 and 8 Ω shunt resistors. Before the fault occurred, all
current passed through the r-SFCL while the shunt resistor’s current was zero. After the
fault occurred, the temperature increased, which in turn increased the r-SFCL’s resistance,
resulting in a significant portion of the current passing through the shunt resistor while
the remainder still passed through the r-SFCL. Both observations can be validated by
examining the current distribution shown in Figure 5d.

4.1.4. Case Study 4 (Without Shunt Resistor)

This case study investigated the system’s behavior without a shunt resistor. The fault
current and corresponding voltage profile of the single line-to-ground fault are depicted in
Figure 6. The r-SFCL without a shunt resistor could limit the fault current to 1.45 and 1.2 kA
for the first and second peak, respectively, representing a reduction of 76.8% for the first
peak compared to the case without the r-SFCL. The voltage dropped to about 14.43 kVrms.
The r-SFCL’s temperature is shown in Figure 6c; the maximum temperature reached in this
case study was 499 K. The r-SFCL did not recover, because the heat generated by the fault
was equal to the coolant energy of 190 K at 14 s.
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4.2. Discussion and Comparison

The fault current was effectively limited by the r-SFCL in all investigated case studies.
To understand the effect of shunt resistor values on the performance of r-SFCLs during fault
scenarios, Figure 7a shows the fault currents in all cases, Figure 7b shows the corresponding
voltage drops, and Figure 7c shows the temperatures of the investigated r-SFCLs. Table 3
summarizes the performance indices obtained from these studies.
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Table 3. Comparison of obtained performance indices of r-SFCL with different shunt resistors.

Shunt Resistor
(Ω)

First Peak
(kA)

Highest Temp.
(K)

Recovery Time
(s)

4 3.9 195 5.77
8 3.1 294 7.78
16 2.44 384 9.88

Without shunt 1.45 499 Not recovered

In terms of the fault current limiting capability, the r-SFCL without a shunt resistor
had the best performance, as shown by the green line in Figure 7a. However, this meant
that its temperature reached 499 K, as shown by the purple line in Figure 7c, which was
the highest temperature seen in all cases (>400 K) and put the r-SFCL at the highest risk
of damage.

Among the other three cases, the r-SFCL with the 16 Ω shunt resistor exhibited
the best current limiting capability, with a current peak of 2.44 kA, while it remained
within acceptable temperature limits and avoided permanent damage, reaching 384 K. The
associated voltage drop was also the lowest of the three at 14.49 kVrms. Meanwhile, the
worst current limiting capability was observed with the 4 Ω shunt resistor, leading to the
highest current peak of the three at 3.9 kA (62.4% of the prospective current) and the lowest
system voltage at only 8.061 kVrms, as shown in Figure 7a,b, respectively. However, this
also resulted in the lowest r-SFCL temperature of 195 K, as shown in Figure 7c.

Based on Figure 7a–c and Table 3, there was a clear trade-off between the value of the
shunt resistor, the fault current limiting ability, and the temperature of the r-SFCL. The
higher the shunt resistor value, the higher the fault current limiting capability, but the
higher the temperature, such as in case 3 (16 Ω shunt resistor).

5. Conclusions

In this study, the performance of an r-SFCL was investigated while considering the
effects of different shunt resistor values. Without the r-SFCL, the fault current reached
a peak of 6.25 kA. The r-SFCL with the 4 Ω shunt resistor could limit the fault current
to 3.9 kA, representing 62.4% of the prospective current. On the other hand, the 16 Ω
shunt resistor further reduced the fault current to 39% of the prospective current (only
2.44 kA). There was a clear trade-off between the shunt resistor value, the fault current
limiting capability, and the developed temperature. When the shunt resistor value was the
largest, the fault current limiting capability was the maximum, but the temperature was
the highest. The main goal of using an r-SFCL device is to reduce the fault current to below
the CB rating to ensure safe operation of the CB. However, there are several constraints
on the fault current limiting capability. The fault current should not be reduced to below
the pickup point of the CB; this will cause a fault detection problem where the protective
relays cannot detect the fault current. The second constraint is the thermal constraint; the
temperature of the r-SFCL should not exceed its permanent damage temperature (>400 K).
As a result, the r-SFCL should reduce the fault current to below the CB rating but above the
CB pickup point, and the r-SFCL temperature should be maintained below 400 K. Testing
the r-SFCL with different shunt resistors can lead to the ideal combination to deal with the
constraints. Based on the results, the shunt resistor value strongly affects the performance
of the r-SFCL. The proper shunt resistor value should be selected to effectively limit fault
currents while maintaining the safe operation of the r-SFCL. In this paper, the r-SFCL is
constructed using AMSC-8062 superconductor tape. The AMSC-8062 superconductor tape
has been modeled carefully with all parameters sourced from experimental works. The
temperature-dependent resistivities of all layers, dissipated power, cooling power, and heat
capacities (Cp) for all layers have been implemented in the model. The system has been
carefully modeled to provide accurate results and to build a strong base for future work,
which would be constructing an experimental prototype to practically investigate the effect
of shunt resistors on r-SFCLs based on AMSC-8062 superconductor tape.
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