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Abstract: Interrupting current in high-voltage direct current (HVDC) networks is one of the most challenging protection
issues in modern DC systems, due to the absence of a natural zero-crossing and the extremely rapid rise of fault current
(dizdt). Limiting the fault current magnitude, providing an appropriate commutation path, and safely absorbing fault
energy are among the most demanding requirements in the design of DC circuit breakers (DCCBs). One effective
approach to mitigate these stresses is the synergistic integration of flux-coupling superconducting fault current limiters
(FC-SFCLs) with passive mechanical circuit breakers (P-MCBs). This paper investigates a modified flux-coupling-type
SFCL (FC-SFCL) and evaluates its effectiveness in the successful operation of passive mechanical circuit breakers (P-
MCBs) in HVDC systems. The approach combines the advantages of resistive SFCLs (fault current magnitude reduction)
and inductive SFCLs (slowing the di/df) simultaneously. First, the operating principles of the FC-SFCL and P-MCB are
examined, and then the impact of the FC-SFCL is analyzed through simulations under two fault scenarios: close and
distant from the P-MCB. Simulation results show that an appropriately designed FC-SFCL can reduce the peak fault
current by about 37% under far-end faults and up to 80% under near-end faults, resulting in a significant reduction in
the required commutation capacitance and enhanced interruption performance. The integration of this SFCL with P-
MCBs can provide a promising pathway for developing fast, low-stress, and reliable protection solutions in future HVDC
networks.
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1. INTRODUCTION

In DC faults, the extremely rapid rise of fault current
subjects DC circuit breakers (DCCBs) to high current peaks
and significant energy dissipation during the interruption
process. A key concept to mitigate these stresses is the use of
superconducting fault current limiters (SFCLs), which reduce
both the fault current and its rate of rise (di/dt) before the
DCCB initiates interruption [1]. In other words, the SFCL
acts as a “fault conditioner,” enabling the breaker to operate
under lower stress and with a safer margin. Therefore,
selecting an appropriate SFCL capable of providing the
required conditions for interruption within a very short time
is critical.

Early studies on flux-coupling SFCLs (FC-SFCLs)
mainly focused on AC power systems, aiming to improve
transient stability and reduce network instability risks [2].
These configurations typically employed a hybrid flux-
coupling SFCL with a resistive superconducting element that
quenched during faults, thereby increasing the device
impedance. This approach demonstrated the potential of
SFCLs in reducing instability risks.

With the development of DC systems, the need for rapid
fault current limitation with di/dt rates reaching tens of kA/ms
emerged. In this context, hybrid flux-coupling SFCLs with
resistive YBCO elements have gained attention. Reference
[3] presents a conceptual electromagnetic design and
simulation of an FC-SFCL applied for protection against
multiple short-circuit fault scenarios in ships. The results
show effective fault current limitation on both AC and DC
sides, reducing DC peak currents from approximately 87 kA
to 10 kA. The current limiting ratios were about 95% for AC
faults and 87.5% for DC faults, confirming the practical
feasibility of FC-SFCLs in MVDC systems.

Reference [4] provides a fundamental comparison
between conventional inductive FC-SFCLs and resistive
types in HVDC systems, indicating that resistive SFCLs are
more advantageous from the HVDC perspective. In [5], a
modified flux-coupling design is proposed to mitigate DC
short-circuit faults in VSC-HVDC systems. A 100 kV VSC-
HVDC system equipped with SFCL was simulated in
MATLAB/Simulink, demonstrating that the addition of the
SFCL reduces DC fault currents and improves DC voltage
sag during faults.

References [6] and [7] further explore FC-SFCLs with
two parallel windings. The studies show that parallel winding
configurations influence operational indices such as fault
current, limiting impedance, and instantaneous power.
Moreover, the use of a dual-quench mechanism improves
temporary fault current limitation and post-fault recovery,
making current suppression more effective. In reference [8],
a flux-coupled SFCL-CB was proposed to effectively limit
DC fault currents and reduce the stress on the circuit breaker.
The proposed di/dt-based protection algorithm also improves
coordination with protective relays and prevents unnecessary
operation during load fluctuations. Reference [9], a modified
flux-coupling-type superconducting fault current limiter
(MFC-SFCL) was developed to improve fault current
limiting performance in VSC-HVDC networks. The proposed
design was validated through coupled electromagnetic—
thermal finite element simulations, providing a
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comprehensive evaluation of its current-limiting capability
and multiphysics behavior under fault conditions. References
[10] The FC-SFCL primarily improves the fault ride-through
(FRT) capability of renewable energy sources by limiting
AC-side fault currents, whereas the optimized Voltage-
Dependent Current Order Limiter (VDCOL) mitigates
commutation failures and prevents HVDC blocking. The
coordinated operation of these technologies effectively
suppresses cascading fault propagation while maintaining
power balance in AC/DC hybrid power systems.

Overall, while flux-coupling or flux-lock-based SFCLs show
promise in power systems, structural modifications—
particularly the addition of resistive elements—can
significantly enhance performance in MVDC and HVDC
networks. This study not only compares the modified FC-
SFCL with the baseline model but also evaluates its
integration with passive resonant DC circuit breakers (P-
MCBs) to address one of the critical challenges of
MVDC/HVDC networks: ultra-fast DC fault current
mitigation. The results demonstrate that the FC-SFCL, by
“conditioning the fault” and simultaneously reducing current
peaks and di/dt, can substantially lower transient stresses and
energy dissipation in the interruption path, effectively
improving the DCCB’s reliability and interrupting capability
under both near and distant fault conditions. A comparison of
the present study with previous works is summarized in Table
1. As shown in Table 1, most existing studies have focused
on the standalone analysis of SFCLs or on evaluating their
current-limiting capabilities, while realistic modeling of DC
circuit breakers, particularly considering arc dynamics, has
rarely been addressed. In this study, a multi-level validation
framework is presented, which includes: the fundamental
operating principles of the FC-SFCL, detailed physical
modeling in COMSOL, and system-level implementation in
PSCAD. This approach enables a realistic qualitative
assessment of FC-SFCL performance in DC systems. Key
Contributions and Novelty:

e Development of an arc-based model for passive
mechanical DC circuit breakers (P-MCBs), enabling
realistic simulation of the interruption process and
arc extinction dynamics.

e Investigation of the role of superconducting fault
current limiters (SFCLs) in enhancing HVDC system
protection and improving breaker interruption
performance.

e Quantitative evaluation of FC-SFCL fault-current
conditioning capability, showing fault current
reductions of up to 80% for near-end faults and 37%
for remote faults, together with a significant decrease
in the current rise rate (di/dt) and interruption
stresses imposed on the P-MCB.

e Comparative analysis of HVDC system performance
with and without SFCL integration under different
fault conditions.

e Integration and coordinated operation of a flux-
coupling superconducting fault current limiter (FC-
SFCL) with a passive mechanical DC circuit breaker
(P-MCB) for improved fault interruption capability.
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e Development of a multi-level COMSOL-PSCAD

of the FC-SFCL and transient analysis of HVDC fault

simulation framework for electromagnetic modeling scenarios.
Table. 1. Comparison of the present study with previous works.
System DCCB Fault Analysis - Limitations /
Ref. Type SFCL Type Modelling Scenario Metrics Study Type Key Findings Gaps
MVDC
. AC/DC . . L o DCCB not
[3] (Shlg;boar FC-SFCL X fault Tpeax Simulation Effective limitation (~87%) considered
R-SFCL vs - Comparativ . No breaker
[4] HVDC FC-SFCL X DC fault Stability . R-SFCL superior in HVDC analysis
VSC- Modified FC- ) . . Improved voltage and No interaction
51 HVDC SFCL X DCfault  Tou, Voo Simulation reduced current with CB
6] DC FC-SFCL X DC fault Impedance,  Experimenta Effect of wn}dmg/ﬂux Lacks protection
(parallel SC) Power 1 coupling analysis
Flux-Lock eat, Experimenta Tempora
[7] DC (Twice X DC fault Limiting P Improved limiting duration | emporary
. 1 limitation only
Quench) time
Flux-Coupled Simplified Reduced CB stress and limited
[8] DC SFCL-CB CB DC fault Ipeak, di/dt Simulation improved protection 1nterrupt.10n
analysis
Ifault s .
. ¢ Improved limiting, No circuit breaker
[9] VSC- Modified FC- X DC fault thermal FEM validated through interaction or
HVDC SFCL electromagn multiphysics modellin interruption stud
etic behavior wilphysics modeling erruption study
AC/DC FC-SFCL + Ifault, FRT, System- Reducczd fault currents Focused on AC-
Hybrid . N-1 and HVDC (~50%), prevented . oo
[10] o Optimized X level . . side stability; no
Grid with VDCOL N-2 faults power simulation cascading faults, improved DCCB modollin
HVDC transfer FRT and HVDC operation &
qut FC-, Modified 5% iy Single Primarily Slmulgtlon / ot 6 SIRELL ez v Reahst;c DCCB
Summary existing FC-, or Flux- imlified fault fault current ~ Experimenta rrent-limitin bilit behaviour, arc
studies Lock SFCL simpiifie scenario reduction 1 curre & capabiity dynamics
Demonstrates fault
FC-SFCL + Near-end I.peak, dl(dt, . conditioning, reductlonoof
. . Arc-based interruption Multi-level fault current (up to 80%
This HVDC Modified FC- & Far-
P-MCB stress, arc (COMSOL  near faults and 37% remote
Work (100 kV) SFCL end DC .
- model dynamics, + PSCAD) faults), reduced stress and
(Comparison) faults . . - .
LC design improved interruption

performance

Furthermore, the dynamic interaction between the FC-SFCL
and the DCCBs is analyzed in detail. The results show that
fault conditioning can directly reduce commutation path
requirements and breaker energy stress. This methodology
not only demonstrates the effectiveness of FC-SFCLs under
various fault scenarios but also provides an engineering
approach to lower the demands for ultra-fast DC breaker
operation and mitigate high di/dt challenges in DC systems.
Consequently, a more economical and reliable HVDC
protection design is achieved, offering significant scientific
and industrial value. In this study an equivalent HVDC
network models and fixed arc parameters are used to focus on
the fundamental interaction between the FC-SFCL and the
DC circuit breaker.

2. Operating Principles and Relations

This section presents the operating principles of the main
components of the studied protection system, including the
flux-coupling superconducting fault current limiter (FC-
SFCL) and the passive mechanical circuit breaker (P-MCB).
The aim is to provide a physical understanding and

fundamental modeling of their behavior under DC fault
conditions, as well as to clarify their roles in current limiting
and interruption processes. First, the operating mechanism of
the FC-SFCL is discussed as a pre-fault current limiting
device, which operates based on magnetic coupling and the
dynamic behavior of superconductors. Next, the operation of
the passive mechanical circuit breaker is analyzed, focusing
on its role in extinguishing the arc and achieving current zero.
This separation allows a clear distinction between the fault-
conditioning role of the FC-SFCL and the final interruption
process by the P-MCB, enabling a more detailed analysis of
the interaction between these two components in DC
networks.

2.1. Flux-Coupling SFCL (FC-SFCL)

Two magnetically coupled inductors can be configured
in either additive (aiding) polarity or subtractive (opposing)
polarity, depending on the winding direction of the primary
and secondary coils on the iron core. This configuration
affects the transient behavior. It also changes the effective
fault impedance. Consequently, it influences the current-
limiting performance. As illustrated in Fig. 1, two coupled
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inductors with self-inductances L; and L, and mutual
inductance M are connected in parallel. In the case of additive
polarity (Fig.1a), the fluxes generated in the core are in the
same direction, reinforcing the coupling. As a result, the
equivalent inductance increases, and the impedance seen by
the circuit is higher Conversely, in the subtractive polarity
case (Fig.1b). The fluxes oppose each other. This leads to
partial cancellation. This leads to a lower equivalent
inductance and reduced effective impedance. These two
arrangements form the basis of flux-lock/flux-coupling
behavior in FC-SFCLs. They enable significant impedance
variation between normal and fault conditions [11]. As shown
in Fig. 2, the equivalent representation of two magnetically
coupled inductors with opposing polarity is presented. In this
configuration, the coupling effect appears in a subtractive
form. The effective inductances of the branches are
represented as L; + M and L, + M. A central branch with
value —M represents mutual interaction. The negative sign of
—M indicates that the induced voltage opposes the self-
induced voltage. This results in partial flux cancellation.

L1 Lz LI LZ

(a) (b)
Fig. 1. Parallel-connected mutually coupled inductors with self-
inductances L;and L,and mutual inductance M: (a) additive
polarity, (b) subtractive polarity.

As a result, the equivalent inductance is reduced. The
circuit impedance also decreases. Consequently, the system
responds faster to rapid current changes.

Li+M

L,+M

o o)
Fig. 2. Equivalent representation of mutually coupled inductors
with opposing polarity, where the coupling effect is modeled by
branch inductances L; + Mand L, + Mand a mutual component
—-M.

This equivalent model forms the basis for the
mathematical analysis of the coupling effect. It uses M =
kL{L,. It is also used to study FC-SFCL impedance
variation across operating states. The + sign depends on
winding direction and polarity.

V,=L,(di,/dt)=M (di,/dr) (D)
V,=L,(di,/dt)tM (di,/ dt) )
M =k./(LxL2) (3)
_jo(Lil2 -M?)
T (Li+L2+2M) “)
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This fundamental behavior forms the basis of the flux-
coupling type SFCL as a fault current limiter.When the
coupling coefficient is close to unity (K = 1), the SFCL
remains nearly transparent to the system during normal
operation. Under fault conditions, it presents a higher
impedance that limits the fault current.

Fig. 3 illustrates the equivalent model of a flux-coupling
SFCL based on two coupled coils with self-inductances L,
and L, and mutual inductance M. Fig. 3(a) shows the basic
FC-SFCL topology, including a control switch S;for
enabling/disabling the flux-lock path and a metal-oxide
varistor (MOV) for mitigating transient overvoltages. Fig.
3(b) presents the modified model, which incorporates a series
superconducting/limiting element in the main path to enhance
the damping component and improve current-limiting
performance under DC fault conditions [12], [13]. The flux-
coupling type SFCL (FC-SFCL) is designed based on a
differential polarity coil coupling mechanism. Under normal
operating conditions, the controlled switch is closed, and the
coils remain superconducting. The coils are wound in
opposing directions on a common iron core. A high coupling
coefficient (k = 1) maximizes the magnetic coupling. Under
normal operating conditions, the magnetic fluxes largely
cancel each other. This minimizes losses and impedances. As
a result, the coils exhibit non-inductive coupling behavior.

M
s YY) —°
L ®
MOV
(a)
SC
o I,
M
TS 2222 —°
L [ ]

MOV

(b)
Fig. 3. FC-SFCL equivalent circuits: (a) baseline flux-
coupled model with switch S;and MOV (b) modified model
with an added superconducting/limiting element for
improved DC fault current limitation.

As a result, the effective impedance is very small (near
zero), and the device has negligible impact on the main
circuit.

k—=1=2Zcr—0
VA

)
(6)

Upon fault detection, the switch S; is opened at a very
high speed. High-power semiconductor devices, such as
IGBTs or IGCTs, are typically used for this purpose. These
devices provide high current and voltage ratings together with
fast switching capability. When the switch operates, the non-
inductive coupling between the coils is disrupted. As a result,
a limiting impedance is introduced into the circuit. This
impedance can be approximately expressed as:

secr, ~0
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Zspe, = JOL, @)
This impedance reduces the fault current and helps control the
rate of rise (di/df). One of the challenges of non-quenched FC-
SFCLs is that they may not sufficiently limit the fault current
peak. To address this limitation, a quench-based design is
proposed. In this design, a resistive element is added to the
inductive path. The added resistance suppresses the fault
current peak. It also increases the overall impedance. As a
result, the interruption burden on the main circuit breaker is
reduced.

Zsrep ®Rge +joL, 3

Once the transient period ends, the DC current reaches

steady state (w = 0). Consequently, the circuit impedance
becomes purely resistive. This impedance helps maintain the
fault current amplitude at a controlled and manageable
level [2].

2-2) Passive Mechanical Circuit Breaker (P-MCB)

For simulating the operation of a passive mechanical
circuit breaker (P-MCB), it is necessary to use an arc model
instead of an ideal switch model [14]. Electrical arc models
are generally based on the dynamic behavior of arc
conductance or resistance. Depending on the modeling
requirements, different arc models can be employed. The
most widely used models are the Cassie, Mayr, and Cassie—
Mayr hybrid models.

These models can accurately simulate the dynamic
behavior of arcs in DC circuit breakers. The Mayr model is
particularly suitable for low-current regions and around the
current zero crossing [15]. Its main equation is expressed as:

==(%-1)

1 dg
7 (10)

g dt
where g is the arc conductance, u is the arc voltage, i is the
arc current, Py is the arc constant power loss, and 7 is the arc
time constant. Since u = i.g the arc conductance varies
dynamically. In the Mayr model, if the input power ui
exceeds the arc losses Py, the arc is reinforced, whereas if it
is lower than P,, The arc extinguishes. The Cassie model is
more suitable for high-current regions. Its governing equation
is expressed as:

1dg 1 (

gdt 7

1 ui

2
u
2
UC

-1) 11

Where g is the arc conductance, u is the arc voltage, U,
is the Cassie voltage constant, 7 is the arc time constant. This
formulation emphasizes the exponential growth or decay of
arc conductance depending on whether the instantaneous
power exceeds or falls below the reference power level. A key
feature of the Cassie model for high currents is that the arc
channel temperature is assumed to be nearly constant, and
variations in the plasma diameter are taken into account. In
the Cassie—Mayr hybrid model, which is widely used in
PSCAD simulations and HVDC studies, the Cassie model
governs the behavior at high currents, while the Mayr model
accurately reproduces the arc dynamics near current zero
[16], [17]. The general form of the hybrid model is expressed
as:
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8 = A& cusic +(]_a)gM@rr O<a<l (12)

In PSCAD/EMTDC, the Breaker Arc module employs
the Cassie—Mayr dynamic arc model. Unlike ideal switch
models, it considers the transient behavior of the arc during
current interruption. When the breaker contacts separate, an
electrical arc is formed. The arc remains until extinction
occurs. During this period, the arc conductance changes
continuously with the arc conditions. The governing
equations are solved in the EMTDC discrete-time framework.
Therefore, the arc conductance is updated at each simulation
time step, At, as follows:

g[n+]]=g[n]+At.i]—§ (13)

where g[n]is the arc conductance at time step n, and Atis the

A ~ R

©

. S . .. dg. .
simulation time step. The derivative d—f is determined based

SFCL

on the selected arc model (Mayr, Cassie, or Cassie—Mayr
hybrid model). Electrical arc models are generally based on
the dynamic behavior of arc conductance or resistance.
Common examples include the Cassie, Mayr, and Cassie—
Mayr hybrid models. At each step, the arc resistance is
updated as:

1
R, (t)=——

(1) 2(1) (14)
where g(t) is obtained from the dynamic arc equations [18].
In this study, the Mayr model is adopted for the operation of
the passive mechanical circuit breaker, since it provides a
more accurate representation of arc extinction near current
zero, which is a critical operating region for mechanical DC
circuit breakers. Fig. 4 illustrates the adopted formulation and
the corresponding modeling framework.

Fig. 5 illustrates the modeling structure of the passive
mechanical circuit breaker (P-MCB) together with the arc
model. As shown in Fig. 5(a), the breaker consists of the main
switch M, a parallel auxiliary branch controlled by switch K,
and a metal-oxide varistor (MOV) used as an energy
absorption element. The auxiliary branch provides an
alternate current path during interruption. This reduces the
current through the main switch and drives it toward zero.
Meanwhile, the MOV limits the overvoltage generated during
interruption. This protects the switching components and
other system equipment. Fig. 5(b) presents the dynamic
switch model. In this model, the circuit breaker is not
represented as an ideal switch. Instead, the processes of arc
formation and extinction are explicitly considered. The main
switch M is modeled using an arc model block characterized
by (7, Py). This block reproduces the transient arc behavior
during contact separation. The electric arc is represented by a
time-varying resistance, R,.. Its value depends on the arc
conductance and energy balance. This sub-model enables the
analysis of the arc voltage V... It also captures the evolution
of arc resistance and the current transfer process to the
auxiliary branch. As a result, the proposed model accurately
reproduces the current extinction process. It also reflects the
realistic behavior of the mechanical circuit breaker during DC
interruption [16].
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Arc Breaker Model

From EMTDC Network
(at step k)

Arc Voltage u,,.(k)

Arc Equation Solver (Conductance Dynamics Model)

Arc Current i, (k)

s L Arc Conductance Model g(t)
Arec Initiation & Extinction

(Provided by network solution at step k)

Open command Logic

Arc Initiation(when opening)

Mayr Model (low current)

P, : constant power

l

Output to EMTDC

Equvialent in Network

Network (at step k+1)

(di/dt, i > Tin)

v Lt
i Create arc and set initial

h Detect opening instant

dg/d=g / Tty (ui / Py-1) T Numerical Integrator
(Solve DG Equation)

L— .

Cassie Model (high current) dg/dizg /Ty (ui/Py-1)

de/dt =g/t (1 /U -1)

Uc : characteristic voltage

g* (k+1)=g(K) At dg/dt |, Tnject R (ict) 1™ o st
(Trapezoidal / Predictor- hetzecnltheliny -

i -B)i B
Corrector) terminals (A-B) into

conditions:

(selectable)

Cassie-Mayr Combined Model

At : EMTDC time step LOSLIIC Wl

2(0)=go dg/dt=g /(0 ui/ Pyt (1-a) o’/ T
R(0)=1/gy Ue -1) 1
t=0 (arc time reset) 0<a<l Limits / Protection Conductance to

(Saturation) Resistance

Zuin < & < Zmax

(Preventg — 0 or o)

Rure(k+1)=1/g(k+1)

Fig. 4. Simplified arc modeling in a DC circuit breaker and its EMTDC implementation, neglecting TRV and arc restrike

phenomena.

Cax Lax  Rax

f@

(a) Breaker arc model

Mayr Model

(b) P-MCB model

Fig. 5. Models used for the circuit breaker: (a) Breaker arc model; (b) P-MCB model

3) Modeling of FC-SFCL and Performance
Simulation

To better understand the operating mechanism of the FC-
SFCL under transient conditions, the analysis of magnetic
flux distribution and the switching sequence of the internal
switch is essential. In flux-coupled structures, the current-
limiting performance strongly depends on the flux
distribution within the core and the variation of magnetic
coupling conditions. Therefore, a combined analysis of the
time-domain behavior and magnetic flux patterns can
effectively describe the transition from normal operation to
the current-limiting state. Accordingly, the time sequence of
FC-SFCL operation and the corresponding flux distribution
in the core, illustrating the flux-locking mechanism, are
presented in Fig. 6. As shown in the timing diagram of Fig.

6(a), two fault intervals are considered. In the first interval,
from t = 2 ms to t = 4 ms, switch S; remains closed. Due to
the differential winding configuration, the magnetic fluxes in
the two coils largely cancel each other, resulting in a low
equivalent impedance, i.e., a flux-locking state. As illustrated
in Fig. 6(b), no significant net flux is established in the core,
and therefore, the effective inductance L is negligible,
rendering the FC-SFCL essentially inactive. In the second
interval, starting from t = 7 ms, a fault occurs, and the switch
S; is rapidly opened. The device transitions from a low-
impedance state to a current-limiting state, increasing
effective inductance and a consequent reduction in di/dt. The
effect of switch opening and the variation in flux density
within the core are illustrated in Fig. 6(c).

S;:open
S;: close S:open
Fault Fault
| | | | | | |
0 1 2 3 4 5 6 7 8 9 . 35 ms

(@
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(b)

__._‘\\‘g :

D

R T
P~

(©)

Fig. 6. FC-SFCL operating sequence and core flux distribution: (a) switching/fault timing of S;; (b) initial magnetic flux
density in the core (t < 7 ms); (c) magnetic flux density at the end of the simulation (¢t = 35 ms).

Although flux-coupled SFCL (FC-SFCL) structures can limit
the rate of rise of fault current (di/df) in the initial stage of a
fault through magnetic coupling mechanisms, their ability to
fully suppress fault current and maintain long-term current
limiting performance may be limited. In this context,
incorporating a resistive superconducting element into the
FC-SFCL  structure can significantly enhance its
performance. The resistive component, by entering the
superconducting quench state, rapidly increases the effective
impedance of the device. This not only further reduces the
peak fault current but also prevents sustained current growth.
This feature is particularly important in MVDC/HVDC
systems, where fault currents exhibit extremely high rising
rates. Moreover, the presence of the resistive branch improves
transient damping, reduces electrical stress on protection
equipment, and enhances the operating conditions of DC
circuit breakers. Consequently, the combination of magnetic
coupling and superconducting resistive behavior makes the
FC-SFCL an effective solution for fault conditioning and
improving the reliability of DC protection systems. Fig. 7
compares the dynamic behavior of the baseline and modified
FC-SFCL models under DC fault conditions. Column (a)
corresponds to the baseline FC-SFCL, while column (b)
represents the modified structure, which includes an
additional superconducting resistive element. Figures (a.l)
and (b.1) illustrate the line current and FC-SFCL coil current
before and after the opening of switch S;, following the
scenario described in Fig. 6. If switch S;remains closed, no
significant flux is established in the core and the FC-SFCL
has negligible effect on the system. When S;is opened, the
baseline model mainly exhibits inductive behavior: it reduces
di/dt, but has limited impact on the peak fault current. In
contrast, the modified model achieves both reduced di/dt
and a significant reduction in peak fault current due to the
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quenching of the superconducting element and its transition
to the normal resistive state. In Figs. (a.2) and (b.2), after the
opening of S;, the flux linkage A increases and remains
relatively high in the baseline model, indicating dominant
energy storage in the magnetic field (inductive behavior).
However, in the modified structure, A initially increases but
subsequently decays to a lower steady-state value.

In summary, the baseline FC-SFCL primarily conditions the
fault current through an inductive mechanism, increasing the
effective inductance and limiting the rate of current rise,
thereby providing sufficient time for the circuit breaker to
operate. In contrast, the modified FC-SFCL introduces an
additional resistive component that damps the transient
response and provides more suitable coordination with DC
circuit breakers. By also limiting the peak fault current, the
modified topology becomes a more effective and practical
solution for MVDC/HVDC applications.

4) Simulation of FC-SFCL Combined with Passive
Mechanical DC Circuit Breaker (P-MCB)

In this section, the qualitative impact of the superconducting
fault current limiter (FC-SFCL) on key performance indices
of the DC circuit breaker is evaluated, including peak fault
current, arc energy, transient overvoltage, and interruption
time. In addition, the effect of fault location is investigated
under both conditions: with and without FC-SFCL.

For this purpose, the coordinated operation of the FC-SFCL
and the passive mechanical circuit breaker (P-MCB) is
analyzed in a 100 kV DC system. Upon fault occurrence, the
FC-SFCL modifies the system

(b) FC-SFCL modified
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Fig. 7. Comparison of (a) baseline and (b) modified FC-SFCL models ,(al-b1) line and coil currents; (a2—b2) flux
linkage A; (a3-b3) effective inductance Ly, during the fault transient.

dynamics through the switching action of S; and the
magnetic coupling mechanism, thereby limiting both the rate
of rise of fault current (di/df) and the peak fault current. In
other words, the fault condition is effectively conditioned
prior to breaker operation. Subsequently, the P-MCB is

V=100 kV FC-SFCL P-MCB
MOV
SC =
o Li M Liine s Riine
L s, M 7
HCEINEY /
J 7/
MOV Cax Lax Rax < R
+ > 7 N ‘
<<‘I> . ya >

Fig.8. Test system. a) far fault (1) b) near fault (2)
responsible for current interruption. Since the FC-SFCL
reduces both the fault current magnitude and the stored
energy in the system, the electrical and thermal stresses
imposed on the breaker and the arc are significantly reduced.
In the arc modeling, the parameters tand P, are kept constant
for all scenarios to ensure a consistent comparison. In the P-
MCB, after the opening of the main contacts M, the voltage
across the breaker increases and the auxiliary branch
capacitor is automatically charged. This leads to the
formation of an oscillatory current in the loop consisting of
the switch M and the auxiliary branch. The resulting
oscillation interacts with the main current and creates a
current-zero condition, enabling arc extinction and successful
interruption. Fig. 8 illustrates the two fault scenarios
considered in this study, namely near-end and far-end faults,
which are used to evaluate the system performance. The
simulation results for these scenarios are presented in Fig. 8.

Fig. 9(a)

illustrates the performance of the passive

mechanical circuit breaker (P-MCB) under a far-end fault
condition, while Fig. 9(b) shows its operation under a near-
end fault condition. In addition, both fault locations are
evaluated for two cases: (i) the circuit breaker operating
alone, and (ii) the circuit breaker in combination with the
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SFCL. The breaker parameters used in the simulation are
Ty = 2 us and Py = 8.5 MW. The design specifications of the
auxiliary branch required to achieve successful interruption
are provided in Table 2.

Table 2. Comparison of L, and C,, parameters under different
fault scenarios.

Fault Scenario  Configuration (Lax) (Cax)
P-MCB
Far-end fault (without SFCL) 0.2 mH 50 uF
Far-end fault SFCL + P-MCB 0.2 mH 50 puF
P-MCB
Near-end fault (without SFCL) 0.002mH 4000 puF
Near-end fault SFCL + P-MCB 0.2 mH 50 puF

In the case without the SFCL, the currents exhibit higher
peaks and more severe transient oscillations, particularly at
the fault inception and during the interruption process.
Specifically, a large peak and significant oscillatory content
are observed in I,,, while I;shows a pronounced overshoot,
indicating increased electrodynamic stress and higher energy
transfer through the interruption path. In contrast, with the
inclusion of the SFCL, both the peak values and oscillation
amplitudes of I, Iy, and I ;,,, are significantly reduced, and
faster transient damping is achieved.
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Fig. 9. Interruption performance of the circuit breaker under different fault locations and operating conditions: (1)
circuit breaker only, and (2) circuit breaker with SFCL; (a) far-end fault condition and (b) near-end fault condition.

This behavior demonstrates that the SFCL increases the
effective impedance during the transient period, thereby
limiting di/dt and peak current magnitude, and effectively
conditioning the fault before breaker operation.
Consequently, the mechanical circuit breaker operates under
lower current stress with a smoother transient recovery,
reducing the risk of severe stress and post-interruption
instability. For the near-end fault scenario without the SFCL,
achieving successful interruption requires a significantly
larger auxiliary capacitance. In this case, the auxiliary
capacitor is increased to C,, = 4000 uF to ensure proper
current commutation and interruption capability. In practical
terms, the increase in commutation capacitance reflects the
requirement to provide sufficient injected current for
successful interruption. The very high current levels (tens of
kA in [jand I,,) in the case without SFCL highlight the
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severe challenge of interrupting near-end faults. In contrast,
in the proposed hybrid FC-SFCL + P-MCB configuration, the
required commutation capacitance under near-end fault
conditions is reduced from 4000 puF to 50 uF, leading to a
significant reduction in electrical and thermal stress on the
passive mechanical circuit breaker during the interruption
process. The initial current-limiting action of the SFCL
reduces the required ratings of L, and C,,, enabling a more
controllable interruption process with substantially smaller
component values. Consequently, the peak values of I, I,
and the oscillatory components of I} ;,,, are markedly reduced
and exhibit improved damping compared with the case
without SFCL. In passive resonant circuit breakers, the
commutation capacitor is not independently pre-charged;
therefore, expressing I;, maxin terms of an initial capacitor
voltage V, is not strictly applicable to this topology. Instead,
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I, is governed by the energy exchange between the DC
system and the L, C,, resonant network during
commutation. The commutation dynamics are characterized
by

1

T c (15)

while the impedance ratio Z, = /Ly, /C,, determines the
capability of the auxiliary branch to generate reverse
Table 3. The summary of the results.

W, =

current. Accordingly, under near-end fault conditions
without SFCL, where I, and di/dt are significantly high,
the values of L., and C,, must be appropriately tuned to
enhance commutation performance. Improved commutation
strength is generally achieved by reducing L, and/or
increasing C,,. The summary of the results corresponding to
Fig. 8 is provided in Table 3.

Parameter Fault P-MCB without SFCL FC-SFCL + P-MCB Physical Interpretation
o Reduced oscillations with SFCL reduces the energy required for
Far- Strong resonant oscillations N a0 . s
. N peak = 5 kA (=37% commutation, resulting in smoother and
end with peak = 8 kA .
reduction) more stable current transfer.
Auxiliary branch o )
current (lax) Severe resonant oscillations Limited to = 8 kA with SFCL substantially reduces
Near- - ~ significantly reduced .
with peak =~ 40 kA and large o ono commutation energy and LC branch
end oscillations (=80%
reverse current . stress.
reduction)
High-frequency oscillations . .. S .
Far- e Faster damping and more Initial current limitation reduces di/dt
with significant stress on . .
end o stable response and transient stress in the LC network.
LC resonant auxiliary branch
behavior sohe
Near- Sev_ere I.th fr_equency Well-damped and Significant reduction in transient stress
oscillations with slow o o .
end . controllable oscillations due to current limiting action.
damping
Far- Current rises up to = 14 kA o . Thermal, electrodynamic, and arc-
. . . . Limited to = 8 kA energy stresses on the mechanical
Main switch end with strong oscillations o
current (Iy) breaker are significantly reduced.
Near-  Current rises up to = 65 kA Limited to = 13 kA (=80% Severe reduction in breaker stress and
end with severe oscillations reduction) interruption energy requirement.
Far- High-stress and unstable Smooth and stable current Arc extinction and interruption
Switching behavior end interruption process decay to zero conditions are improved.
g Near-  Highly stressed and unstable Smooth and stable SFCL improves breaker operating
end interruption interruption conditions prior to commutation.
Far- - Reduced peak with faster Increased effective impedance reduces
Peak ~ 8 kA . .
. end damping stored energy in the system.
Line current (ILine) .. . . ..
Near- N Limited to = 8 kA with fast Significant reduction in system energy
Peak ~ 40 kA . .
end damping due to SFCL action.
Far- Slow dampln_g W}th Fast damping Improved dyngmlc sta}blllty with SFCL
. . end prolonged oscillations integration.
Transient damping .
Near- Verv slow dampin Fast and stable dampin Enhanced system dynamic response
end Y ping ping under severe faults.
Far- Moderate to high Significantly reduced SFCL conditions the leiult prior to
end breaker operation.
Stress on breaker N P ditioni £ fault ¢
ear- . re-conditioning of fault curren
end Very high Strongly reduced improves breaker survivability.
Far- Noticeable oscillatory Smooth and controlled Initial current limiting facilitates
Commutation end commutation commutation commutation process.
erformance - . . i
P Near Severe commutation stress Stable commutation Improved curren.t shapmg enables
end controlled interruption.
Commutation l:;: Operates with (Cax=50 pF) Operates with (Cax=50 puF) No significant change in remote faults.
network
. Near- Requires large capacitor SFCL significantly reduces energy and
t x= .. .
fequiremen end (Cax=4000 pF) Reduced to (Ca=50 pF) sizing requirements of LC network.
Far- Moderate interruption o FC-SFCL enhances interruption
Improved reliability
Overall protection end performance . robustness.
performance Near-  Severe stress and demanding Fast, stable, and reliable Corpbmed F.C -SFCL and P-MCB
. . . . significantly improves HVDC fault
end interruption interruption .
protection.
5) Conclusion quenching, thereby improving the breaker operating

This paper proposes a hybrid protection scheme combining
an FC-SFCL with a passive mechanical DC circuit breaker
(P-MCB) for HVDC systems. The FC-SFCL effectively
limits both the fault current rise rate and peak value after
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conditions. Simulation results show that an appropriately
designed FC-SFCL can reduce the peak fault current by
approximately 37% under far-end faults and up to 80% under
near-end faults, while significantly reducing transient
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oscillations and interruption energy (I’t). Moreover, the
reduced fault current enables a substantial reduction in the
required commutation capacitance, leading to a more robust
interruption process with lower electrical, thermal, and
electrodynamic stresses. Overall, the proposed scheme
relaxes commutation circuit design constraints, reduces
sensitivity to fault location, and provides a practical and
reliable protection solution for future HVDC and MVDC
grids.

A limitation of this study is the use of equivalent HVDC
network models and fixed arc parameters to focus on the
fundamental interaction between the FC-SFCL and the DC
circuit breaker. Future work will consider more detailed
system models and multi-terminal HVDC configurations to
further validate the proposed approach.
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