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A B S T R A C T

Superconducting fault current limiters (SFCLs) offer an efficient means of limiting fault currents and supporting
system reliability. However, they weaken the fault characteristics and reduce the sensitivity of traditional
relay protection. The seamless integration of SFCLs with protective relays remains a complex and under-
explored area, impeding their widespread industrial adoption. In parallel, current differential protective (CDP)
relays are almost the primary protection for all high-voltage electrical equipment and are the cornerstone of
global power system security. This paper fills a critical knowledge gap by researching the intricate interaction
between resistive superconducting fault current limiters (R-SFCLs) and current differential protective relays.
Our investigation commences with a comprehensive mathematical analysis, while researching the influence
of R-SFCLs on CDP operation. Subsequently, we conduct a series of comparative experiments using the
Matlab Simulink software platform. These tests evaluate the sensitivity, dependability, and security of CDPs
in scenarios with and without R-SFCLs. The simulation results not only confirm the accuracy of our analytical
framework but also shed light on the multifaceted relationship between R-SFCLs and CDPs. This research
contributes to a deeper understanding of how R-SFCLs can be effectively integrated into power systems, offering
a roadmap for enhancing grid protection.
1. Introduction

In modern power systems, managing escalating short-circuit cur-
rents is increasingly crucial. Superconducting fault current limiters
(SFCLs) offer a viable solution to mitigate these issues while maintain-
ing grid stability, efficiency, and responsiveness [1,2]. SFCLs operate
with minimal impedance under normal operating conditions, yet pro-
vide substantial impedance in the event of faults, thereby effectively
curtailing fault currents [3].

The development and deployment of SFCLs are being actively pur-
sued globally, with significant projects and initiatives in Europe, Korea,
China, and other regions, illustrating the widespread interest in this
technology [4–12]. However, the integration of SFCLs into existing
power systems, particularly their coordination with protective relays,
poses substantial challenges [13–16].

Protective relays, especially current differential protective relays
(CDPs), play a pivotal role in ensuring the safe operation of power
systems [17]. The introduction of SFCLs can significantly alter the
electrical parameters, such as current and voltage, potentially leading
to mal-operation or mis-operation of these relays. This paper focuses
on the coordination between resistive-type SFCLs (R-SFCLs) and CDPs.
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CDP relays are widely used protective relays known for their su-
perior security [18]. They respond only to faults within predefined
zones, thereby enhancing grid reliability. R-SFCLs are among the most
developed SFCL types, owing to their simplicity and commercial ma-
turity [19]. However, the coordination of line current differential pro-
tection with R-SFCLs remains under-explored. Therefore, researching
the coordination between R-SFCLs and CDP relays is crucial. This
exploration focuses on understanding the complex interactions between
these two systems. The objective is to optimize R-SFCLs for effective
short-circuit current limitation while ensuring CDP relays maintain
optimal sensitivity and accuracy. Achieving this integration could sig-
nificantly improve the electrical system’s performance. It also ensures
that the system can respond promptly and accurately in the event of
a fault, minimizing damage and guaranteeing reliable operation of the
power grid.

This paper aims to analyze the impact of R-SFCLs on line current
differential protection, specifically evaluating their dependability and
sensitivity in internal fault scenarios and their security in external fault
scenarios [20]. The study utilizes a combination of quantitative analysis
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Fig. 1. Block diagram of an R-SFCL.

and numerical simulations to provide insights into this crucial aspect
of power system protection.

The paper is structured as follows: Section 2 introduces the funda-
mentals and modeling of R-SFCLs. In Section 3, we explore the working
principles of CDPs, establishing a foundational understanding of their
interactions with R-SFCLs. Section 4 presents a comprehensive quanti-
tative analysis, examining the impact of R-SFCLs on CDPs and offering
detailed insights into their operational dynamics. This is followed by
a practical case study within a transmission system in Section 5. The
paper concludes with Section 6.

2. Modeling and working principle of R-SFCLs

2.1. Working principles of the R-SFCLs

R-SFCLs are straightforward yet promising devices, leveraging the
nonlinear resistivity and temperature-phase transition of superconduc-
tors. A block diagram of an R-SFCL device is illustrated in Fig. 1, where
it is placed in series with the system to be protected and immersed in
liquid nitrogen. During normal system operation, the current flowing
through the superconductor remains below its critical value. While
there may be some negligible ac loss [21], the equivalent resistance
seen by the power systems remains minimal. However, in the event
of a fault, when the grid current exceeds the critical current (𝐽𝑐) of
the superconductor, joule heating causes it to quench. Consequently, a
non-negligible resistance emerges, limiting the fault current.

2.2. R-SFCL modeling using the thermal-electric analogy method

This section presents the modeling of R-SFCLs using second-
generation high-temperature coated conductor YBCO tapes (Fig. 2(a)).
We simplify heat transfer equations and address the electrical–thermal
coupling using the thermal–electrical analogy method, which is ideal
for large-scale grid simulations [22,23]. We calculate layer resistances
theoretically based on material properties and dimensions, then use
Ohm’s law to find current distribution. Accurate transient behavior
simulation requires calculating temperature rises during faults. Our
model accounts for HTS material heating, heat exchange with the
LN2 cooling bath, and interlayer heat transfers. These heat transfer
equations are equivalent to an RC electric circuit (Fig. 2(b)), simplifying
implementation with electromagnetic transient simulation software.
The practical R-SFCL includes coils with superconducting YBCO tapes
and parallel stainless-steel shunt resistors. To reduce inductance, we
arrange HTS tapes in each module in an anti-parallel configuration.
The device maintains superconductivity in LN2 at 77 K, with quench
times typically under 1 ms. In our simulation, we vary the number of
coils to adjust R-SFCL resistance from 5 Ω to 100 Ω to evaluate its
impact on the CDP.
2

3. Working principle of current differential protective relay

Line current differential protection is a commonly used method
for safeguarding transmission lines, rooted in Kirchhoff’s Current Law
(KCL).

In a differential relay setup, currents at each end of the protected
component are closely monitored. Under normal conditions, KCL indi-
cates that the sum of these currents should equal zero. An abnormality
within the protected component or zone disrupts this equilibrium. This
results in the sum of the currents deviating from zero. The relay detects
this current differential. It then uses this differential as an indicator of
a fault. This process is illustrated in Fig. 3.

Eq. (1) describes an internal fault (𝐹1), while (2) represents an
external fault (𝐹2), or normal operation. Note that 𝑖𝑚, 𝑖𝑛, 𝑖𝑓1 are
instantaneous currents.

𝑖𝑚 + 𝑖𝑛 = 𝑖𝑓1 (1)

𝑖𝑚 + 𝑖𝑛 = 0 (2)

The fundamental frequency component in the current is the power
frequency component. This component is used to create a power fre-
quency current differential, known for its stability and noise resistance.
Note that 𝐼𝐷, 𝐼𝑚, 𝐼𝑛 are phasors.

𝐼𝐷 =∣ �̇�𝑚 + �̇�𝑛 ∣ (3)

To enhance the reliability of the current differential relay and
mitigate the impact of factors like distributed capacitance current,
shunt reactor current, and the aperiodic component of short-circuit
current in transmission lines, relay operation criteria often employ both
differential and restraint currents:

∣ �̇�𝑚 + �̇�𝑛 ∣> 𝐼𝑠𝑒𝑡 (4a)
∣ �̇�𝑚 + �̇�𝑛 ∣
∣ �̇�𝑚 − �̇�𝑛 ∣

> 𝐾 (4b)

Here, K represents the restraint coefficient, with a range of 0 < 𝐾 < 1,
and 𝐼𝑠𝑒𝑡 is the setting current [18].

4. Quantitative analysis of R-SFCL impact on CDPs

4.1. Mathematical analysis of the correlation between SFCL resistance, fault
resistance, and CDP operation criteria

In this section, mathematical formulas relating fault resistance, SFCL
resistance, and the CDP’s operation criteria are developed using Fortes-
cue’s Theorem [24]. Given the non-linear nature of these formulas,
which renders direct solutions infeasible, a graphical method in MAT-
LAB is employed to visualize the correlation between these variables.
The fault resistance acts as an indicator of the CDP’s sensitivity, setting
the foundation for subsequent analysis.

4.1.1. System overview
Consider a simplified power system as depicted in Fig. 4, which

consists of two sources, labeled 𝑆𝑚 and 𝑆𝑛. In this system, a short-
circuit fault, designated as 𝐹 , is introduced to model fault conditions.
The fault has resistance 𝑅𝑓 . The transmission line has a length of 𝑙,
and the line impedance from 𝑀 to the fault point is 𝑍𝑙𝑚, and from 𝑁
to the fault point is 𝑍𝑙𝑛. Additionally, 𝑍𝑠𝑚 and 𝑍𝑠𝑛 correspond to the
Thevenin equivalent impedance of sources 𝑀 and 𝑁 , respectively. �̇�𝑀
and �̇�𝑀 are current and voltage measured at point M. �̇�𝑁 and �̇�𝑁 are
current and voltage measured at point N. The SFCL is characterized by
a resistance of 𝑅 .
𝑠𝑓𝑐𝑙



International Journal of Electrical Power and Energy Systems 156 (2024) 109711Q. Dong et al.
Fig. 2. (a) Hierarchical structure of commercial 2G YBCO tapes for SFCL (courtesy of Shanghai Superconductor Technology Co. Ltd.). (b) Thermal-electric circuit of each tape.
Fig. 3. Current differential protective relay.

4.1.2. System decomposition
Assuming an unbalanced fault, specifically a single-phase-to-ground

fault (AG), the system can be represented as a superposition of a non-
fault state and a fault additional state. The symmetrical components are
illustrated in Fig. 5. Here, �̇�𝑚 and �̇�𝑛 represent the currents at terminals
M and N, respectively. The subscripts 𝛾 = 0, 1, 2 represent zero, positive,
and negative sequences.

For an AG fault, the boundary conditions are as follows:

�̇�𝐴𝑓 = �̇�𝑓 (5)

�̇�𝐵𝑓 = 0 (6)

�̇�𝐶𝑓 = 0 (7)

The symmetrical components for fault branches are calculated as
follows for AG fault conditions:

�̇�𝐴𝑓 =
�̇�1𝑓 + �̇�2𝑓 + �̇�0𝑓

3
(8)

�̇�𝐵𝑓 =
𝑎2�̇�1𝑓 + 𝑎�̇�2𝑓 + �̇�0𝑓

3
(9)

�̇�𝐶𝑓 =
𝑎�̇�1𝑓 + 𝑎2�̇�2𝑓 + �̇�0𝑓

3
(10)

Note that 𝑎 = 𝑒𝑗2𝜋∕3.
For an AG fault, the boundary conditions are in symmetrical com-

ponents:

�̇� = �̇� = �̇� = �̇� (11)
3

1𝑓 2𝑓 0𝑓 𝑓
4.1.3. Fault current calculation
By combining the three sequence networks in Fig. 5, the fault

current at fault point in sequence network �̇�𝑓 can be derived as follows,
assuming 𝑍𝑠𝑚1 + 𝑍𝑙𝑚1 = 𝑍𝑚1, 𝑍𝑠𝑛1 + 𝑍𝑙𝑛1 = 𝑍𝑛1, 𝑍𝑠𝑚0 + 𝑍𝑙𝑚0 = 𝑍𝑚0,
𝑍𝑠𝑛0 +𝑍𝑙𝑛0 = 𝑍𝑛0.

�̇�𝑓 =
�̇�1𝑓 + �̇�2𝑓 + �̇�0𝑓

3𝑅𝑓 + 2(𝑍𝑚1 + 𝑅𝑠𝑓𝑐𝑙)∕∕𝑍𝑛1 + (𝑍𝑚0 + 𝑅𝑠𝑓𝑐𝑙)∕∕𝑍𝑛0
(12)

4.1.4. Relay operation
The relay operation involves calculating �̇�𝑚 and �̇�𝑛 as follows. �̇�𝐿

refers to the current under non-fault state in Fig. 4.

�̇�𝑚 = �̇�𝑚1 + �̇�𝑚2 + �̇�𝑚0 + �̇�𝐿
= �̇�𝑓 ⋅ 𝐶1 + �̇�𝑓 ⋅ 𝐶1 + �̇�𝑓 ⋅ 𝐶0 + �̇�𝐿

= �̇�𝑓 (2𝐶1 + 𝐶0) + �̇�𝐿 (13)

in which �̇�𝑚1, �̇�𝑚2, �̇�𝑚0 are positive, negative and zero sequence currents
at terminal M in sequence network of fault additional state. And 𝐶1,
𝐶0 denote the current diversions in positive network and zero network
respectively.

�̇�𝑛 = �̇�𝑛1 + �̇�𝑛2 + �̇�𝑛0 + �̇�𝐿
= �̇�𝑓 (1 − 𝐶1) + �̇�𝑓 (1 − 𝐶1) + �̇�𝑓 (1 − 𝐶0) − �̇�𝐿

= (3 − 2𝐶1 − 𝐶0)�̇�𝑓 − �̇�𝐿 (14)

in which �̇�𝑛1, �̇�𝑛2, �̇�𝑛0 are positive, negative, and zero sequence currents
at terminal N in sequence network of fault additional state.

𝐶1 =
𝑍𝑙𝑛1 +𝑍𝑠𝑛1

𝑍𝑠𝑚1 +𝑍𝑙𝑚1 + 𝑅𝑠𝑓𝑐𝑙 +𝑍𝑙𝑛1 +𝑍𝑠𝑛1
(15)

𝐶0 =
𝑍𝑙𝑛0 +𝑍𝑠𝑛0

𝑍𝑠𝑚0 +𝑍𝑙𝑚0 + 𝑅𝑠𝑓𝑐𝑙 +𝑍𝑙𝑛0 +𝑍𝑠𝑛0
(16)

�̇�𝐿 =
�̇�𝑀 − �̇�𝑁 (17)
𝑍𝑠𝑚1 + 𝑅𝑠𝑓𝑐𝑙 +𝑍𝑙𝑚1 +𝑍𝑙𝑛1 +𝑍𝑠𝑛1



International Journal of Electrical Power and Energy Systems 156 (2024) 109711Q. Dong et al.
Fig. 4. Diagram of fault decomposition with R-SFCLs.
4.1.5. Differential and restraint currents
The differential current (𝐼𝑑) and restraint current (𝐼𝑟) are deter-

mined as follows:

𝐼𝑑 =∣ �̇�𝑚 + �̇�𝑛 ∣= 3 ∣ �̇�𝑓 ∣ (18)

𝐼𝑟 =∣ �̇�𝑚 − �̇�𝑛 ∣=∣ �̇�𝑓 (4𝐶1 + 2𝐶0 − 3) + 2�̇�𝐿 ∣ (19)

The section concludes by solving Eq. (20) to analyze the impact of
R-SFCL on the CDP:

𝑓 (𝑅𝑓 , 𝑅𝑠𝑓𝑐𝑙) =
∣ �̇�𝑚 + �̇�𝑛 ∣
∣ �̇�𝑚 − �̇�𝑛 ∣

= 𝑘 (20)

Here, we designate the ratio 𝑘 as the ‘Practical Restraint Coefficient’
(PRC). The solutions are graphically represented in Fig. 6, generated
using Matlab, to showcase the interplay between fault resistance (𝑅𝑓 ),
SFCL resistance (𝑅𝑠𝑓𝑐𝑙), and the PRC.

4.2. Impact of SFCL on the sensitivity of the CDP relay

This subsection evaluates the sensitivity of the CDP relay in var-
ious fault scenarios, including high impedance fault (HIF) and low
impedance fault (LIF). Additionally, the analysis explores the sensitivity
enhancement with R-SFCLs and identifies a threshold beyond which
this enhancement stabilizes.

The sensitivity of the CDP is determined by the highest permissible
fault resistance (𝑅𝑓 ) at which the relay operates correctly, as described
in [25,26]. This analysis involves varying both 𝑅𝑓 and 𝑅𝑠𝑓𝑐𝑙 within a
range from 0 Ω to 100 Ω. Notably, the relationship between these
4

parameters and the CDP’s sensitivity, as shown in the graphs, does not
follow a monotonic trend.

4.2.1. Low Impedance Fault (LIF)
In the presence of a low impedance fault (LIF) characterized by

a fault resistance of 10 Ω, the integration of R-SFCLs with varying
resistance values provokes interesting responses in the power system.

The differential current, representing the current difference between
both terminals of the protected component, experiences a notable
reduction of 35%. This reduction occurs due to the introduction of
R-SFCLs, which increase their resistance values as fault conditions
unfold.

The restraint current, which serves as a protective measure in
the CDP, witnesses a substantial 133% increase. This increase can be
attributed to the interaction between R-SFCLs and the fault conditions,
causing restraint mechanisms to respond more firmly.

The parameter 𝑘, denoting the ratio of differential to restraint
current as defined in Eq. (20), shows a distinctive pattern. Initially, it
decreases from its initial value of 4.8 to approximately 1.3 as 𝑅𝑠𝑓𝑐𝑙,
the resistance of R-SFCL, increases to 100 Ω. However, 𝑘 takes an
unexpected turn, reaching a peak of 5.7 when 𝑅𝑠𝑓𝑐𝑙 is set at a lower
value of 10 Ω. This peculiar behavior reflects the intricate interplay
between R-SFCLs and fault scenarios.

The CDP is known to favor conditions with larger values of 𝑘, as this
parameter reflects the system’s ability to differentiate between normal
and fault states. The introduction of R-SFCLs brings both positive and
negative impacts within this parameter. While 𝑘 tends to increase
with R-SFCLs for low impedance faults, the operational impact on the
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Fig. 5. Diagram of symmetrical components with R-SFCLs.
Fig. 6. The relationship between 𝑅𝑠𝑓𝑐𝑙 , 𝑅𝑓 and 𝑘.

CDP is minimal. This is attributed to the significant margin between
differential and restraint currents, leading to a substantial 𝑘 value even
with R-SFCLs.

4.2.2. High Impedance Fault (HIF)
In the case of a high impedance fault (HIF) scenario, defined by

a fault resistance of 100 Ω, the integration of R-SFCLs with variable
resistance values brings forth a distinct set of outcomes:
5

The differential current experiences a modest 1% increase. This
increase is a result of R-SFCLs altering the fault conditions, leading to
a slight augmentation in differential current.

Restraint current, which acts as a protective measure, undergoes a
notable 28% reduction. The presence of R-SFCLs modifies the system’s
response, leading to a more relaxed restraint mechanism.

The parameter 𝑘 demonstrates a significant increase, rising from 0.7
to approximately 0.97. This shift in 𝑘 signifies a substantial alteration
in the system’s ability to distinguish between normal and fault states.
The operational criteria of the CDP, typically governed by a customary
restraint coefficient (𝐾) set at 0.75, are profoundly influenced by the
presence of R-SFCL, resulting in increased sensitivity.

This enhanced sensitivity directly correlates with the resistance
value of R-SFCL. As the resistance of R-SFCL increases, the system
becomes more responsive to high impedance faults, improving the
reliability of the CDP.

4.2.3. Threshold sensitivity enhancement with R-SFCL
Interesting observation can be made when analyzing the sensitiv-

ity of the CDP in the context of internal faults and the integration
of R-SFCLs. This phenomenon reveals a threshold beyond which the
sensitivity of the CDP remains stable, regardless of the magnitude of
the R-SFCL’s resistance.

As depicted in Fig. 4, when the resistance value (𝑅𝑠𝑓𝑐𝑙) of the
R-SFCL becomes larger, the current (𝐼𝑚) flowing through the system
decreases. At a certain point, the following conditions are met:

�̇� + �̇� ≈ �̇� (21)
𝑛 𝑚 𝑛
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̇𝑛 − �̇�𝑚 ≈ �̇�𝑛 (22)

In accordance with the parameter 𝑘 introduced earlier, when these
onditions hold true, 𝑘 approaches the value of 1, surpassing the
estraint coefficient (𝐾). This key moment signifies that the criteria
utlined in (4b) can be satisfied consistently.

Consequently, at this juncture, the sensitivity of the CDP becomes
olely reliant on the condition stipulated in (4a), which dictates:

̇𝑛 ≥ 𝐼𝑠𝑒𝑡 (23)

Given that both �̇�𝑛 and 𝐼𝑠𝑒𝑡 are constants with fixed values, it is
vident that there exists an upper limit to the sensitivity that the CDP
6

s

an achieve in the presence of R-SFCLs. Beyond this threshold, further
ncreases in R-SFCLs’ resistance no longer impact the sensitivity of the
DP, as it becomes constrained by the fixed values of �̇�𝑛 and 𝐼𝑠𝑒𝑡. This
henomenon underscores the need for careful consideration of the R-
FCLs parameters to optimize the performance of protective relays in
ower systems.

.3. Impact of SFCL on the security of the CDP relay

When external faults occur, KCL remains valid regardless of whether
n additional resistor is introduced. Consequently, the CDP will not
alfunction. The introduction of R-SFCLs does not compromise the

ecurity of the CDP.
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Table 1
Parameters of the power system.

Parameter Value Unit

Rated frequency 50 Hz
Source resistance 0.8929 Ω
Source inductance 32.58 × 10−3 H
Rated voltage of 𝑆𝑀 and 𝑆𝑁 230 kV
Phase angle of 𝑆𝑀 and 𝑆𝑁 0◦ and 20◦ –
Protected line length 100 km
Positive-Sequence resistance 0.01273 Ω/km
Zero-Sequence resistance 0.3864 Ω/km
Positive-Sequence inductance 0.9337 × 10−3 H/km
Zero-Sequence inductance 4.1264 × 10−3 H/km
Positive-Sequence capacitances 12.74 × 10−9 F/km
Zero-Sequence capacitances 7.751 × 10−9 F/km

Table 2
Simulation results for single-phase-to-ground fault (AG).

R-SFCL resistance value [Ω] Fault resistance [Ω]/Sensitivity of the CDP

Without SFCL With SFCL

5 68 72
10 68 75
20 68 81
30 68 83
40 68 83
50 68 83
100 68 83

4.4. Summary

The integration of R-SFCLs beneficially influences the performance
of CDP relays. Specifically, R-SFCLs enhance the CDP’s sensitivity to-
wards internal faults. As the resistance of the SFCL increases, the
operational criteria of the CDP are more readily met, increasing the
likelihood of accurate relay activation. In the case of external faults, R-
SFCLs demonstrate a neutral impact, maintaining the security integrity
of the line current differential relay.

5. Case study

5.1. Modeling for the studied grid

The double-source three-phase power system, as depicted in Fig. 4,
was simulated using MATLAB Simulink software for this study. A R-
SFCL was strategically placed at bus 𝑀 to reduce short-circuit currents.
The current differential relay device installed on the 𝑆𝑚 side was
considered for analysis. Table 1 provides an overview of the parameters
characterizing the power system.

5.2. Simulation results

5.2.1. R-SFCL’s effect on CDP relays performance
In this section, we conducted a series of simulations to assess

the sensitivity, dependability, and security of line current differential
protection relays. These simulations were performed with and without
R-SFCLs integrated into the grid. The R-SFCL was varied with resistance
values ranging from 0 Ω to 100 Ω, with fault resistance varying
rom 1 Ω to 100 Ω. Various fault types were considered, including
hree-phase faults (ABC), single-phase-to-ground faults (AG), two-phase
aults (BC), and two-phase-to-ground faults (BCG). We evaluated the
ensitivity by analyzing the fault resistance and the presence of R-
FCLs. The simulation results on the sensitivity of CDP are summarized
n Tables 2 to 5.

When a single-phase-to-ground fault occurs, as presented in Table 2,
e observe that the maximum fault resistance at which the CDP can

eliably operate is 68 Ω. However, this scenario changes significantly
ith the introduction of a 5 Ω R-SFCL into the system, leading to a
7

Table 3
Simulation results for two-phase fault (BC).

R-SFCL resistance value [Ω] Fault resistance [Ω]/Sensitivity of the CDP

Without SFCL With SFCL

5 64 68
10 64 72
20 64 74
30 64 74
40 64 74
50 64 74
100 64 74

Table 4
Simulation results for two-phase-to-ground fault (BCG).

R-SFCL resistance value [Ω] Fault resistance [Ω]/Sensitivity of the CDP

Without SFCL With SFCL

5 76 80
10 76 83
20 76 90
30 76 91
40 76 91
50 76 91
100 76 91

Table 5
Simulation results for three-phase fault (ABC).

R-SFCL resistance value [Ω] Fault resistance [Ω]/Sensitivity of the CDP

Without SFCL With SFCL

5 76 79
10 76 82
20 76 89
30 76 90
40 76 90
50 76 90
100 76 90

notable increase in the maximum fault resistance to 72 Ω. Notably, this
trend of improved sensitivity continues as the resistance of the R-SFCL
is further increased to 10 Ω, 20 Ω, and 30 Ω, respectively.

Remarkably, the sensitivity enhancement reaches its peak when the
-SFCL’s resistance is set to 30 Ω, allowing the CDP to operate reliably
ith a maximum fault resistance of 83 Ω. Beyond this point, increasing

he R-SFCL’s resistance to 100 Ω does not yield further improvements
n sensitivity. This pattern is consistent across various fault scenarios, as
bserved in Table 2 and the corresponding tables for other fault types.

These findings underscore the effectiveness of R-SFCLs in enhanc-
ng the sensitivity of the CDP. The optimal sensitivity enhancement
ccurs when the R-SFCL’s resistance is appropriately tuned, provid-
ng a valuable tool for enhancing the dependability of power system
rotection.

In summary, our simulations reveal that the deployment of R-
FCLs significantly enhances the sensitivity of CDP under different
ault conditions, which highlights the potential of R-SFCLs as valuable
omponents in modern power systems to ensure robust fault protection.

.2.2. R-SFCL’s effect on fault current suppression
In this section, we conducted simulations to evaluate the current-

imiting effects of an R-SFCL with a resistance set to 30 Ω, across
our types of faults in a power transmission line. The objective was
o compare the current waveforms with and without the SFCL during
ault events, as depicted in Fig. 8. The results underscore the SFCL’s
onsiderable impact in reducing fault current magnitudes in all tested
cenarios. For the commonly occurring single-phase-to-ground fault,
he SFCL effectively halved the fault current peak from approximately
000 A to around 3000 A. In more complex fault scenarios, such as two-
hase-to-ground and two-phase faults, the SFCL consistently capped the
eak currents at under 4000 A, a significant decrease from the potential
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Table 6
Scenario information for CDP performance evaluation.

Scenario Fault Res.a (Ω) SFCL Res.b (Ω) CDP operation

W/O SFCL W/ SFCL

I 20 30 Yes Yes
II 85 5 No No
III 85 30 No Yes

a Fault Res. refers to Fault Resistance.
b SFCL Res. refers to SFCL Resistance.

peaks of nearly 7000 A. The most dramatic reduction was evident in the
three-phase fault condition, the most severe of the fault types, where
the SFCL was crucial in reducing an uncontrolled fault current that
could reach up to 12 000 A, down to below 5000 A. These simulations
underscore the SFCL’s vital role in boosting system protection and
reliability by effectively managing fault currents in power transmission
lines.

5.3. Assessment of CDP sensitivity with R-SFCL integration under various
fault scenarios

In the following section, we present a comprehensive analysis of
three distinct scenarios to assess the impact of R-SFCLs on the CDP’s
operation. Scenario I represents a low impedance fault (LIF), while Sce-
narios II and III simulate high impedance faults (HIF). The waveforms
depicting the differential current, restraint current, and the parameter
k for Scenarios I and III are illustrated in Fig. 9. Due to their similarity,
the graphs for Scenario II are omitted but align with the patterns
observed in Scenario III.

Table 6 provides information about different scenarios used for
evaluating the performance of the CDP system. The scenarios include
variations in fault resistance and the presence of R-SFCLs. The table
highlights whether the CDP operates correctly during fault conditions
in each scenario.

5.3.1. Scenario I: Low Impedance Fault (LIF)
In Scenario I, a low impedance fault is considered. As shown in

Fig. 9, upon the fault occurring, the differential current surges instan-
taneously from 0 A to 5481 A. However, with the introduction of an
R-SFCL at 0.3 s, the differential current is promptly reduced to 4865
A. Once the faults are cleared, the differential current returns to its
nominal zero value.

Simultaneously, the restraint current, initially at 2046 A, rises to
2554 A due to the fault and climbs further to 2736 A as a result of the R-
SFCL’s operation. This leads to a transient increase in the ratio 𝑘 to 2.14
after 0.2 s, which subsequently stabilizes at 1.77 due to the presence of
the R-SFCL. Importantly, in LIF scenarios, the CDP operates effectively
as the conditions for its proper functioning are readily met. While the
introduction of the SFCL negatively impacts the 𝑘 ratio by reducing it,
this effect remains inconsequential and does not compromise the CDP’s
performance.

5.3.2. Scenario II: High Impedance Fault (HIF) with low R-SFCL resistance
In Scenario II, a high impedance fault with a fault resistance of 85

Ω is considered, along with a low R-SFCL resistance of 5 Ω. When the
ault occurs, the differential current reaches 2206 A. The subsequent
ntroduction of the SFCL at 0.3 s reduces this current to 2163 A.
onsequently, the 𝑘 ratio increases from 0.68 to 0.70. However, the
DP malfunctions under these conditions as it struggles to meet the
riteria defined by Eq. (4b). While the SFCL’s presence contributes
o a marginal improvement in 𝑘, the effect is limited due to the low
esistance of the SFCL.
8

Fig. 8. Current limiting effect of SFCL for different types of faults. Graph (a) illustrates
a single-phase to ground fault, (b) shows a two-phase to ground fault, (c) depicts a
two-phase fault, and (d) represents a three-phase fault.

5.3.3. Scenario III: High Impedance Fault (HIF) with moderate R-SFCL
resistance

In Scenario III, we examine a high impedance fault with a fault
resistance of 85 Ω and a moderate R-SFCL resistance of 30 Ω. As
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Fig. 9. The impact of integrating SFCL on the CDP’s operation criteria. Graphs (a)–(c) depict the response to Low-Impedance Faults (Scenario I): Graph (a) shows differential
current, Graph (b) restraint current, and Graph (c) the ratio 𝑘. Graphs (d)–(f) focus on High-Impedance Faults (Scenario III): Graph (d) illustrates differential current, Graph (e)
restraint current, and Graph (f) the ratio 𝑘.
depicted in Fig. 9, the differential current rises to 1512 A at the be-
ginning of the fault. With the R-SFCL activated at 0.3 s, the differential
current further increases to 1542 A. This increment is more substantial
compared to Scenario II, attributable to the higher resistance of the
SFCL. For the restraint current, it initially surges to 2206 A during the
inception of faults but subsequently decreases to 1896 A due to the
quench of the SFCLs. Consequently, the 𝑘 ratio undergoes a significant
transformation with and without the SFCL. In the absence of the SFCL,
between 0.2 s and 0.3 s of the fault duration, the value of 𝑘 stays at
.68, which is below the predefined criterion 𝐾. Conversely, when the
FCL is incorporated, 𝑘 increases to 0.81 during the same period, sur-
assing the 𝐾 threshold. This significant difference illustrates that the
9

CDP misoperates without the SFCL under HIF conditions but functions
correctly when R-SFCLs are employed. This underscores the favorable
influence of SFCLs on enhancing the sensitivity and reliability of the
CDP, aligning with the mathematical analysis.

The simulation results for these three scenarios align closely with
the mathematical analysis, as indicated in Fig. 7.

5.4. Assessment of CDP security with R-SFCL integration

In the next phase of our investigation, the security of the line
current differential protective relays were rigorously tested through
the generation of external faults. Simulations were conducted under
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various fault scenarios, encompassing both symmetrical and unsym-
metrical configurations, as well as high and low impedance conditions.
Remarkably, regardless of the fault configuration employed, the CDP
system exhibited faultless and accurate operation in the presence of
R-SFCLs. Notably, there were no observed instances of mal-operation.

These findings demonstrate that the introduction of R-SFCLs has no
noticeable impact on the security of the CDP in mitigating external
faults. This corroborates the analytical results presented in Section 3,
further affirming the compatibility and robustness of the CDP system
when integrated with R-SFCL technology.

These outcomes underscore the potential benefits of incorporating
R-SFCLs into power systems, offering enhanced fault current manage-
ment without compromising the fundamental security of protective
relays.

6. Conclusion

This research provides an in-depth analysis of resistive supercon-
ducting fault current limiters (R-SFCLs) and their significant impact on
line current differential relay operations, offering valuable insights for
enhancing power system protection. Key findings include:

(1) Fault Current Restraint
R-SFCLs effectively restrain fault currents, demonstrating an in-
verse relationship with fault current magnitude, thus maintaining
grid integrity.

(2) Enhanced Relay Performance
The integration of R-SFCLs substantially improves the sensitivity,
dependability, and security of current differential relays, marking
a significant advancement in grid protection.

(3) Universal Sensitivity Improvement
R-SFCLs consistently enhance relay sensitivity across various fault
types, highlighting their versatility and broad applicability in
diverse scenarios.

(4) Upper Limit Sensitivity
There is an upper limit to sensitivity enhancement with R-SFCLs,
indicating a threshold beyond which no additional improvements
are observed.

In summary, these findings overturns the common assumption that
FCLs impair protective relay functions. Instead, they demonstrate
hat R-SFCLs effectively coordinate with current differential protection,
ignificantly improve grid protection.
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