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Analysis of 3-Phase Superconducting Fault
Current Limiters in Power Systems With
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Abstract—The limitation behavior of a 3-phase superconducting
fault current limiter (SFCL) in power systems is greatly affected
by inhomogeneous quenching among phases, where it can lead
to increasing current limitation burden upon some phase units.
Accordingly, this paper aims to analyze the behavior of SFCL with
inhomogeneous quenching among phases. A model is developed
for the resistive type SFCL using PSCAD/EMTDC software con-
sidering the transition from superconducting state to normal con-
ducting state through flux flow state. Inhomogeneous quenching
is represented in two different ways, either as an inhomogeneity
in Ic value or an inhomogeneity in n value. Different types of
faults including symmetrical and unsymmetrical faults are stud-
ied. For each case, the influence of inhomogeneous quenching on
current limitation and corresponding voltage drop across units is
evaluated. From the obtained results, it is found that the most
severe case appears for line-to-line fault. Therefore, the effect of
inhomogeneity degree is discussed for this fault type.

Index Terms—Current limitation burden, inhomogeneous
quenching, superconducting fault current limiter (SFCL),
symmetrical, unsymmetrical faults.

I. INTRODUCTION

W ITH THE increased capacity of electrical power grids,
fault current level exceeds the permissible limit of

existing switchgear. As a promising solution, superconducting
fault current limiter (SFCL) was developed with a fast progress
over the last few years [1]. Among the different types of SFCLs,
resistive type SFCL was widely used [2]–[4], due to its compact
size and simple principle of operation. Resistive type SFCL is
based on quenching process, which means the transition from
superconducting to normal state (S-N transition). With YBCO
coated conductors, the visibility of using resistive type SFCL
has been increased due to the benefits of high current density
and fast S-N transition.

During the fabrication of YBCO coated conductors, there
are some defects such as holes or cracks on the surface of
YBCO [5], [6]. These defects lead to inhomogeneous supercon-
ducting properties and consequently affect current limitation
process [7]. The problem becomes more distinct with long
length coated conductors [8]. The most affected parameters
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by inhomogeneous superconducting properties are the critical
current density Jc and the n value of E–J power law relation
[9]. The inhomogeneity affects the current sharing when YBCO
coated conductors are connected in parallel and affects the
voltage sharing when they are connected in series.

When SFCL is used for 3-phase power system, the inho-
mogeneous superconducting properties will lead to inhomoge-
neous quenching. Then, current limitation burden upon some
units may be increased depending on the fault type [10]. If the
voltage across any unit reaches the voltage tolerance of YBCO
coated conductors [11], this unit will be damaged.

From this point of view, this paper analyzes the current
limitation behavior of 3-phase SFCL when it is encountered
by inhomogeneous quenching. Simulations are conducted
using PSCAD/EMTDC software. A model is developed for
SFCL to take into account inhomogeneous quenching among
the three phases. The system performance is studied under
both symmetrical and unsymmetrical faults. The impact of
inhomogeneous quenching on line currents and voltages across
SFCL units is investigated for each fault type. The most severe
case is determined, and then, is investigated at different degrees
of inhomogeneity.

II. MODELING OF SFCL AND SYSTEM DESCRIPTION

A. Modeling of SFCL

The current limitation behavior of resistive type SFCL is
achieved based on the transition from superconducting state
to normal conducting state through flux flow state [12], [13].
The superconducting state is represented by zero resistance
at current density J and temperature T below their critical
values Jc and Tc. When the current density exceeds Jc, the
superconductor enters flux flow state where it is heated up
significantly. After the superconductor is heated up above Tc,
it becomes at normal conducting state and its resistance grows
as a function of temperature.

In this study, a model for resistive type SFCL was developed
on PSCAD/EMTDC software considering all the above men-
tioned states. Fig. 1 illustrates the system under study in this
paper integrated with SFCL model. The model consists of three
parallel branches as shown in Fig. 1. The first branch represents
the superconducting state with zero resistance. A current-based
controlled switch S, with normally closed status, is incorporated
into this branch. When the current density exceeds Jc, the
switch is opened and the current redirects to other branches.
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Fig. 1. System under study integrated with SFCL model.

The second branch is composed of a nonlinear resistance
Rsc representing the transition to normal conducting state. The
initial value of this resistance is set at zero. When the switch
S is opened and the fault current starts to flow through Rsc, the
resistance value increases according to two different regimes
depending on the conductor temperature. The first regime
represents the flux flow resistance which appears rapidly
after fault according to the following equation for flux flow
resistivity ρf [12]:

ρf =
Ec

Jc

(
J

Jc

)n

(1)

where Ec is the critical field and n is the exponent of
E–J power law. Usually the exponent n lies in the range
above 20 [9].

After very short time, about 1 ∼ 2 ms, the conductor is heated
up to the critical temperature. Then, the resistance value moves
to the second regime which represents the normal conducting
resistance. This resistance varies approximately in a linear
relationship with temperature. The temperature dependency of
the flux flow and normal conducting resistances is derived from
the thermal modeling of YBCO coated conductors as given
by the following equation:

∂T

∂t
=

1

Cp

(
I2scRsc

)
(2)

where Cp is the heat capacity and Isc is the superconductor
current. Here the cooling of coated conductor by liquid nitrogen
during fault duration is neglected [12].

The third branch of the developed model incorporates a shunt
resistance Rsh that is needed to protect the superconductor from
destructive hot spots during the quench and to avoid the higher
overvoltages across the limiter. The value of shunt resistance
was adjusted close to the value of normal conducting resistance.

B. System Under Study

The system used in the analysis of this paper consists of
a 66 kV sub-grid connected to a load of 50 MW through a
transmission line of 40 km length. The SFCL is installed just
after circuit breaker A and its three phase units are modeled
independently for each phase in order to simulate different
quenching behavior.

Fig. 2. Generated SFCL resistance for inhomogeneity in Ic and n values.
(a) Inhomogeneity in Ic value. (b) Inhomogeneity in n value.

C. Inhomogeneous Quenching Simulation

Inhomogeneous superconducting properties are mainly re-
flected either on the critical current Ic or on then value of E − J
power law relation. So, to simulate inhomogeneous quenching,
Ic and n are set at different values among the 3-phase units
resulting in a difference of quenching resistance. The difference
in resistance appears mainly in the flux flow resistance.

III. RESULTS AND DISCUSSION

The fault was simulated at the middle of the transmission line
in Fig. 1. The analysis was carried out considering the following
parameters: generated resistance, line currents and voltages
across SFCL units. Different fault types were investigated. The
fault instant was 0.2 s and its duration was 0.1 s before it was
cleared by protection devices. The normal RMS current was
509 A, and the prospective peak fault currents were 5238 A
on phase a, 5842 A on phase b and 6057 A on phase c. The
nominal values of n and Ic were 20 and 1000 A, respectively. To
investigate inhomogeneous quenching, a series of simulations
have been carried out with SFCL units among phases having
different Ic or n values. First, the values of Ic for phase b
and phase c were set less than Ic for phase a by 2% and 4%,
respectively. Then, Ic was kept the same for all SFCL units,
and the values of n for phase b and phase c were decreased by
2% and 4%, respectively, than that for phase a. The generated
SFCL resistance for the inhomogeneity in Ic and n values are
depicted in Fig. 2. For all cases, the resistance increases rapidly
after fault, within 1 ms, exhibiting the flux flow resistance,
and then, increases linearly representing the normal conducting
resistance. In Fig. 2(a), with inhomogeneity in Ic value, SFCL
unit of phase c exhibited larger flux flow resistance as a result
of smaller Ic value. In Fig. 2(b), with inhomogeneity in n value,
SFCL unit of phase c exhibited lower flux flow resistance as a
result of smaller n value. The shunt resistance Rsh was set to a
fixed value of 50 Ω in all phases.
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Fig. 3. Current limitation characteristics for symmetrical fault with inhomo-
geneity in Ic values.

Fig. 4. Current limitation characteristics for symmetrical fault with inhomo-
geneity in n values.

A. Symmetrical Three Phase Fault

For symmetrical fault, the current limitation characteristics
are shown in Fig. 3, with inhomogeneity in Ic values. The
difference in Ic values will be reflected on the opening instant
of the switch S in each phase as well as the value of gener-
ated SFCL resistance. As shown in Fig. 3, the difference in
generated SFCL resistance caused unbalanced line currents,
where the line current on phase c was a little bit lower than
other phases due to higher limiting resistance. For voltages
across SFCL units, they had approximately the same values of
phase voltages for the transmission line, except a slight transient
overshoot appeared directly after quenching.

On the other hand, Fig. 4 shows the current limitation char-
acteristics with inhomogeneity in n values. The inhomogeneity
caused unbalanced line currents as well as unbalanced voltages
across SFCL units. But, in inverse to the tendency obtained in
Fig. 3, the line current on phase c was higher than other phases
due to lower limiting resistance.

Fig. 5. Current limitation characteristics for double line-to-ground fault with
inhomogeneity in Ic values.

B. Unsymmetrical Faults to Ground

Unsymmetrical faults to ground include double line-to-
ground fault and single line-to-ground fault. These types of
faults are the most frequently types that occur into transmission
lines. For double line-to-ground fault with inhomogeneity in
Ic values, the line currents and voltages across SFCL units are
shown in Fig. 5. The fault was considered between phase a and
phase b to ground with a decrease of Ic by 2% on phase b.
It is clear that the results on the faulted phases are nearly
within the same range of that with symmetrical fault. This is
because the line currents and consequently, the generated SFCL
resistances of the faulted phases were contributed due to phase-
to-ground voltages. However, SFCL unit on the healthy phase,
phase c, was not quenched due to small line current. Also, for
inhomogeneity in n values, line currents and voltages across
SFCL units of phases a and b were similar to that in Fig. 4.

For single line-to-ground fault, similar observations have
been obtained for phase a, the faulted phase. It is important
to point out that, with single line-to-ground fault, the full line-
to-line voltage will appear on the other two phases. But, this
will not affect the voltages across SFCL units in these phases
since the current following through these units is small and not
sufficient to cause quenching.

C. Line-to-Line Fault

When a line-to-line fault occurs, only the SFCL units on the
faulted phases will be quenched. If quenching occurred simul-
taneously, this type of fault will exhibit the lowest line currents
and voltages across SFCL units. If inhomogeneous quenching
has been encountered as an inhomogeneity in Ic value by 2%,
the voltage across SFCL unit of phase b was slightly higher than
that of phase a as shown in Fig. 6, but both voltages were within
a safe range. However, if an inhomogeneity in n values has been
occurred by the same percentage, a lower resistance would be
built up for SFCL unit of phase b. This caused a severe current
limitation burden on SFCL unit of phase a, as shown in Fig. 7.
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Fig. 6. Current limitation characteristics for line-to-line fault with inhomo-
geneity in Ic values.

Fig. 7. Current limitation characteristics for line-to-line fault with inhomo-
geneity in n values.

In addition, the line currents were higher than that in Fig. 6, as
a result of reducing the total limiting resistance between phase
a and phase b.

D. Effect of Inhomogeneity Degree

It is clear that the most severe effect of inhomogeneous
quenching appeared for line-to-line fault. Therefore, extensive
investigations were performed to determine the effect of inho-
mogeneity degree for this fault type. Fig. 8 shows the effect of
inhomogeneity degree, either in Ic or n values, on the maximum
voltages across SFCL units. The voltage was captured after
two cycles of fault instant in order to bypass the transient
overshoot. With inhomogeneity in Ic values, the maximum
voltage appears on phase b, while, with inhomogeneity in n
values, the maximum voltage appears on phase a. For both
cases, the maximum voltage across SFCL units increases with
increasing the inhomogeneity degree. Above inhomogeneity

Fig. 8. Effect of inhomogeneity degree on the maximum SFCL voltage.

degree of about 6%, the maximum voltage goes beyond the
nominal phase voltage, resulting in a severe condition on the
corresponding SFCL unit. The effect of inhomogeneity in n
values is more pronounced than that of inhomogeneity in Ic
values. This can be attributed to the effect of shunt resistance,
where it alleviates the increase of limiting resistance at smaller
Ic values.

IV. CONCLUSION

The current limitation behavior of 3-phase SFCL has been
analyzed when inhomogeneous quenching among phases had
been occurred. A model for resistive type SFCL was developed
simulating inhomogeneity either in Ic or n values. SFCL unit
of smaller Ic value exhibited larger flux flow resistance, while,
SFCL unit of smaller n value exhibited lower flux flow resis-
tance. Different fault types have been investigated. For sym-
metrical three phase faults and unsymmetrical faults to ground,
the voltages across SFCL units have been within a safe range.
However, for line-to-line fault, the voltage across SFCL units
increased to a severe condition. The effect of inhomogeneity
degree has been studied. With increasing the inhomogeneity
degree, the maximum voltage across SFCL units increased
beyond the nominal phase voltage. The maximum possible
voltage that can appear across SFCL units should be considered
during the design stage in order to operate SFCL safely within
its voltage tolerance values.
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