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Abstract—Resistive type fault current limiters (SFCLs) have attracted lots of attention from research interests and engineering applications, due to its self-triggering, fast and effective fault current
limitation ability. Fast recovery of SFCL after quench is highly attractive, yet still remains challenge when recover with load compared to recovering without load. We investigated the dependence
of recovery time of a helical SFCL coil on the ratio of prospective
current over critical current. A multilayer simulation model was
built in MATLAB®/Simulink to investigate the electro-thermal behavior of SFCL coil during a fault and recovery period, and the
model was validated by experimental results. Quench simulations
were carried out under different Ipros/ Ic, ranging from 15 to 119 and
in different recovery conditions including recovery with load condition and recovery without load condition, while keeping the fault duration of 100 ms. We observed that the SFCL coil reached 85 K and
195 K at the time when the fault was cleared, in the quench tests with
Ipros/ Ic = 15 and 119, respectively. SFCL coil recovered without load
in 0.5 s to 10 s, depending on the ratio of Ipros/ Ic.

Index Terms—Helical SFCL coil, flux flow, quench, recovery.

I.

INTRODUCTION

fault current limiters (SFCLs) are promising applications to suppress the amplitude of fault current
once a fault happens in a power system, and reduce the burden
of circuit breaker to clear the fault, and hence, protects electrical
devices from being damaged [1-3]. Resistive-type SFCLs (RSFCLs) have drawn great attention from researchers and industry applications, thanks to their effective and reliable current
limiting capability, compact size, light weight, compact structure [4-6] and low loss with bifilar coil structure [7-9]. These
merits are particularly highly required for future electric aircraft.
There are a lot of studies on the current limiting and recovery
characteristics of coated superconductors and resistive SFCLs,
by the means of experiment and numerical modelling [10-20].
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Noe et al studied the design and simulation of a 24 kV/1 kA RSFCL in ECCOFLOW project [10]. Tixador et al investigated
on improving the properties of REBCO tapes with enhanced
electric field limit up to 150 V/m in the European Union Project
FASTGRID [11]. Song et al conducted system simulation of a
160 kV/1 kA R-SFCL in Nan’ao transmission line in China [12].
Xiang et al demonstrated a 10 kV R-SFCL integrated with mechanical circuit breaker. The tests showed that the fault current
was limited from 10 kA to 1.42 kA, and that it required more
than 1 s for the R-SFCL to recover [14]. Yazdani-Asrami et al
investigated heat transfer and recovery characteristic enhancement methods for metal and superconducting tapes under high
current pulse, and improved the fault current limiting behavior.
The fault withstand time was extended up to 2 s under load,
achieved by coated conductor with solid polymer insulation
with designed thickness operated in sub-cooled 65 K cryogenic
environment [15, 16].
On the numerical modelling, Roy et al proposed a combined
component power law to study the resistivity of superconductor
in over-critical current regime [17]. Riva et al did a comprehensive calculation study in the resistivity of REBCO tapes in overcritical regime, by comparing power-law model and overcritical
resistivity model [18]. Liang et al proposed and validated a
modified E-J power law to simulate the quench behavior of RSFCL [19].
Many publications have investigate the quench and recovery
performance of superconducting tapes and R-SFCLs, however,
there is a gap in exploring the current limiting and recovery behavior of a helical R-SFCL under high ratio of prospective current (Ipros) over critical current (Ic,coil).
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TABLE I
SPECIFICATIONS OF HTS COATED CONDUCTOR

Parameter
Conductor type
Conductor width, mm
Thickness of superconducting layer, µm
Thickness of stainless-steel laminate, µm
Thickness of substrate, µm
Material of stainless steel
Material of substrate,
Minimum critical current Ic, min @ 77K, A
Quench resistance at 92 K, mΩ
Quench resistance at 300 K, mΩ

Value
AMSC-8602
12
1
75×2 layers
75
(SUS)316L
Ni-5at.%W
241
53
123

Fig. 2. Schematic diagram of the quench test circuit.

Fig. 3. Multilayer model for SFCL coil.

Fig. 1. Prototype of the helical SFCL coil.

In this paper, a helical bifilar coil where inner and outer windings are connected in series was designed and manufactured.
The fault limiting characteristics and recovery performance of
the SFCL was studied experimentally and simulation using an
electro-thermal model in MATLAB/SIMULINK [18, 21]. The
fault tests were conducted up to Ipros= 15Ic,coil = 3795 A, and simulated case study was carried out under a much higher ratio of
Ipros/ Ic, which is beyond the testing capability of experimental rig.

when S1 and S2 are both open; 3) Recovery period, and there
are two recovery mode used in this work:
a. Recover with load mode: S1 is closed and S2 is open (nominal current flows through SFCL in the recovery period);
b. Recover without load mode: S1 and S2 are both open (very
low current flows through SFCL in recovery period)
The quench test system can be set up with any time duration
for normal, fault, and recovery period. The fundamental frequency of the current is 50 Hz in all experiments [22].

III. NUMERICAL METHOD
II.

EXPERIMENTAL METHOD

Table I lists the specifications of HTS coated conductor for
winding the helical bifilar SFCL coil. The coil is composed of
one inner winding and one outer winding, and these windings
are wound on the same G10 bobbin but in opposite direction.
Each winding has one layer, and the pitch length keeps 15.5 mm.
Fig. 1 shows the prototype of the SFCL coil. The Ic, coil was
measured at 77 K and self-field, and it is 251 A. The length of
inner and outer windings is 3.5 and 3.7 m, respectively. The
overall length of the SFCL coil is 7.2 m, when two winding is
connected in series. A detailed specification of the SFCL coil
can be found in our previous work [22].
All the fault tests were carried out in liquid nitrogen bath at
77 K. Fig. 2 shows the schematic of the quench test circuit. Rload
is a power resistor. R1 is line impedance of the circuit. R2 is a
power resistor which is used to control the current amplitude
below 3 A during recovery, to simulate the recover mode without load. S1 is to control the main circuit and switching the two
recovery modes. S2 is to emulate the fault by short circuit the
load resistor. The current is measured using a current transducer.
Trigger circuit produces the trigger signal for S1 and S2 at specific time. There are three stages in each quench test: 1) Normal
operation when S1 is closed and S2 is open; 2) Fault period

Previous studies have reported simulation methods for SFCL
using Matlab/Simulink [23, 24] and finite element method in
COMSOL [18, 21, 25, 26]. In this paper, a multilayer electrothermal coupled simulation model was built in
MATLAB®/Simulink to study the electrical and thermal behavior of the SFCL coil during quench [17, 18, 27, 28]. Two stainless steel (SS) layers, silver layer, superconducting layer, and
substrate NiW layer were considered in the model. Fig. 3 shows
the multilayer model for the SFCL. The resistance of each layer
varied with the temperature of SFCL coil, and the current was
shared in these layers following the Ohm’s law. We assumed
the temperature of all layers of SFCL coil remains the same.
The resistivity of superconducting layer is derived from the
E-J Power law [29], as described in (1),
𝜌SC =

|𝐽| (𝑛−1)
𝐸c
(
)
𝐽c (𝑇) 𝐽c (𝑇)

𝑇 < 𝑇c 𝑎𝑛𝑑 𝐽 > 𝐽c

(1)

where 𝐸c = 1 μV/cm.
When the SFCL coil operates in normal operation, nearly
zero resistivity exists in superconducting layer and all the curent
passes through this layer. When a fault happens, fault current is
higher than the critical current of the SFCL coil, leading to increase of the resistivity of superconducting layer [30, 31].
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The critical current density Jc of superconducting coil is dependent on external magnetic field and temperature [32, 33].
Here, the dependency of Jc on temperature was considered only
due to the strong electro-thermal behavior of the quench process,
and it is shown by Eq. (2).
𝐽c (𝑇) = 𝐽c0 (

(𝑇c − 𝑇(𝑡))𝑎
) 𝑇0 < 𝑇 < 𝑇c
(𝑇c − 𝑇0 )𝑎

(2)

where 𝐽c0 = 2.09×109 A/m2 is the critical current density at the
initial temperature 𝑇0 = 77 K, the boiling point of LN2. 𝑇c = 92
K is the critical temperature, and 𝛼 is the density exponent, 1.5
was used here [34]. When the resistivity of superconducting
layer increases, the current starts to flow through other layers
depends on their resistances.
The resistivity of the silver, NiW and stainless-steel layers in
terms to temperature are sourced from [35-37], respectively.
Each layer’s resistance is calculated based on Eq. (3):
𝑅𝑘 = 𝜌𝑘 𝑙/𝑆𝑘

(3)

where k represents different layer of silver, NiW, stainless steel
and superconducting layer; 𝑙 and 𝑆 are the length and cross-section area of each layer; and 𝜌 is each layer’s resistivity as
sourced from [35-37]. The temperature of the superconductor is
obtained by Eq. (4):
𝑇(𝑡) = 𝑇0 +

1 𝑡
∫ 𝑄 (𝑡)𝑑𝑡
𝐶p 0 sc

(4)

where Cp is the equivalent heat capacity of the coil considering
the superconductor layer, stainless steel layer, silver layer and
substrate NiW layer [38]; 𝑄sc corresponds to the net power in
the SFCL coil and it can be calculated by Eq. (5)-(7),
𝑄sc (𝑡) = 𝑃diss (𝑡) − 𝑃cooling (𝑡)
4

(5)

𝑖(𝑡)2𝑘 × 𝑅𝑘 (𝑡)

(6)

𝑃cooling (𝑡) = ℎ𝐴(𝑇(𝑡) − 𝑇0 )

(7)

𝑃diss (𝑡) = ∑

𝑘=1

where Pdiss and Pcooling are the power absorbed in SFCL coil
from the fault and the power which was taken away from SFCL
coil by the coolant. 𝐴 is the surface area of the SFCL covered
by the LN2 coolant (50% of SFCL coil’s surface area was considered here); h is the heat transfer coefficient, which is primarily based on the temperature difference 𝛥𝑇 between the outer
surface of the tape and the coolant LN2. In this study, the transfer coefficient, h , is adopted from the literatures in [23, 24].

IV. RESULTS AND ANALYSIS
A.

Validation of the Simulation Model

Fig. 4 compares the simulated and the measured current in
the quench test with Ipros = 15Ic, coil.. In Fig. 4(a), the simulated
and calculated Ipros. show a good agreement with each other. In
the test, the Ipros was limited to 537.4 A in the first half cycle,
which corresponds to 14.2% of Ipros. It is observed that the simulated limited fault current agrees with the measured ones in the
fault period. Fig. 4(b) reports the circuit current in three stages
of the same quench test, particularly, by a smaller current scale.

Fig. 4. Comparison of simulated and measured current results when Ipros = 3795
A. (a) in the stages of normal and fault period (b) in three stages, especially in
recovery period.

The measured recovery current is 3.2 A, and the simulated recovery current aligns with the measured one. The agreement
between measured and simulated results validates the accuracy
of simulation model.
B.

Measured Voltages under Two Recovery Modes

Fig. 5(a) and (b) report and compare the measured voltage of
inner winding and outer winding in the same quench tests when
Ipros = 15Ic, coil, but under different recovery conditions, one for
recovery with load, and another for recovery without load.
As seen in the fault period from both Fig. 5(a) and 5(b),
nearly the same voltage drop, 12.5 V, appears on both inner and
outer windings of SFCL coil in the first half cycle after fault
occurs. It is worthy to note that equal current flows in both
windings. With the fault continues, the inner winding gradually
occurs larger voltage drop, as compared to outer winding. This
is mainly due to the different heat transfer environment of these
two windings, and the inner winding has less cooling area
which contacts with the LN2 coolant [16].
In terms of the recovery behavior of SFCL coil in the two
conditions, Fig. 5(a) and (b) show obviously different trend. In
Fig. 5(a), the recovery current is close to the nominal current,
around 175 A, and it is observed that around 7 V and 6 V voltage drop remains in the inner windings and outer winding after
the fault clearance. With the recovery time continues, the voltage in the inner winding keeps increasing, whilst the voltage in
outer winding starts to decrease. This is due to the different heat
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Fig. 6. Simulated temperature of SFCL coil during the quench test when Ipros =
3795 A, where the SFCL was recovered without load.

Fig. 5. Measured voltages of SFCL coil during three stages under two recovery
modes, when Ipros = 3795 A. (a) Recover with load (b) Recover without load.

transfer environment, where the outer winding has half of its
surface been exposed to LN2. At 0.5 s, the voltage difference
between two windings reach to 3 V. To protect the SFCL coil
from burn out, the recovery with load only continues for 300
ms. It is revealed from the results that it is quite challenging to
get this helical SFCL coil recovered with load, particularly, for
the inner winding. It also highlights the necessity of ensuring
proper heat transfer for the inner winding.
In Fig. 5(b), the peak value of recovery current is only 3.5 A.
The voltage in both windings immediately decreases to around
0.2 V, after the fault has been cleared, and the winding voltage
quickly reaches to near zero within 0.8 s, as seen from the enlarged figure inside Fig. 5(b).
C.

Temperature of SFCL and Current Distribution

Simulated temperature of the helical SFCL coil during the
quench test with Ipros = 3795 A under recovery without load
mode is shown in Fig. 6. Items (1), (2), and (3) represent three
stages of the quench test. Once the quench happens, the temperature of SFCL coil quickly rises from 77 K to 85 K at the end
of fault period, which is lower than the critical temperature of
SFCL coil, 92 K. It is found that the temperature of SFCL does
not increase linearly but shows a wave shape. It is found that
the SFCL coil returned to 78 K within 0.8 s after the fault clearance. This aligns with the measured results in Fig. 5(b).
Fig. 7 shows the simulated current distribution in different
layers of SFCL coil during the quench test with Ipros = 3795 A
and recovery without load mode. During normal operation, all
current flow through superconducting layer due to the smallest
resistance. During fault period, the majority of the current flows
through superconducting layer and some current flows in silver

Fig. 7. Simulated current distribution among all layers of SFCL coil in the
quench test with recovery without load mode, when Ipros = 3795 A.

layer and NiW layer as well. It shows that SFCL coil enters the
flux flow mode and the resistance in the superconducting layer
of the SFCL coil increases to a level comparable to other layers.
The current distribution agrees with the fact that maximum temperature of SFCL coil during the fault is less than its critical
temperature, as shown in Fig. 6. Interestingly, it is observed that
the current flowing in superconducting layer did not behave as
a sinusoidal waveform, due to a dynamic heating up in flux flow
mode of superconducting layer, and this roughly agrees with the
temperature change of SFCL in fault cycles. Once the fault happens, R-SFCL immediately enters the flux flow mode. The current starts to transfer to other layers following the Ohm’s law.
When the current in superconducting layer reduces, the resistivity in HTS layer decreases. And then more current will flow
through HTS layer again. It should be pointed out that the voltage of the test system is low and a small resistance from RSFCL can quickly reduce the fault current while maintaining a
low temperature.
D.

Simulated Results at Higher Ipros / Ic, coil

Fig. 8(a) and (b) report the current in the main circuit and
current distribution in different layers of SFCL coil during the
quench test with a higher Ipros = 119Ic, coil, and under recovery
without load mode. In Fig. 8(a), the current in normal operation
is 175 A, the same as the quench test with Ipros = 15Ic, coil. The
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Fig. 9. Temperature change of SFCL coil during the quench test with recovery
without load mode, when Ipros = 119Ic, coil.

Fig. 8. Simulated current distribution among all layers of SFCL coil in the
quench test with recovery without load mode, when Ipros = 119Ic, coil.

prospective fault current was limited to 700 A in the first half
cycle after the fault occurs, which is only 3% of Ipros.
As seen from Fig. 8(b), all current flows in superconducting
layer during normal operation; when the fault happens, nearly
all current shifts out from superconducting layer, due to high
quench resistance caused by temperature rise. It is observed that
most current flows through silver layer, and small proportional
current goes through NiW layer and stainless-steel layer.
Fig. 9 plots the SFCL coil temperature in the quench test under recovery without load mode, at a higher Ipros = 119Ic, coil. As
shown in the enlarged figure, SFCL coil temperature quickly
rises and it reaches 195 K when the fault is cleared. It takes
almost 10 s for the SFCL coil to recover to 77 K. It also indicates that when the temperature of SFCL coil is close to 77 K,
the heat transfer gets quite slow.

Fig. 10. Recovery time for SFCL coil at different Ipros /Ic, coil value.

electro-thermal simulation model was built in MATLAB®/Simulink and validated by the agreement with experimental results.
When the ratio of prospective current to coil critical current,
Ipros/Ic coil, is smaller than 8, the SFCL coil can recover within
0.5 s without load. The recovery time could be further reduced
when the windings are fully exposed to liquid nitrogen.
When Ipros/Ic coil is 15, the SFCL coil reaches 85 K and it is
still in flux flow mode. The most of current flows in the HTS
layer but starts to transfer to other metallic layers.
When Ipros/Ic coil is 119, the SFCL coil reaches 195 K, indicating a fully quench occurs. Based on the simulation model, most
of the current is observed in the silver layer and almost no current flows in the HTS layer.
E. Recovery Time at Different Ipros / Ic, coil
The recovery time of the SFCL coil increases with the inFig. 10 plots the recovery time of the helical SFCL coil at crease of Ipros/Ic coil value. In order to reduce the recovery time,
different Ipros /Ic, coil value. With the increase of Ipros /Ic, coil value, two methods can be implemented to improve the cooling: firstly,
the recovery time for the SFCL coil also increases. When Ipros design the SFCL winding with lower Ipros/Ic coil value; Secondly,
/Ic, coil < 5，SFCL coil can recover immediately after the fault improve the heat transfer performance of SFCLs in all stages,
clearance. When 5 < Ipros /Ic, coil < 8, the recovery time of SFCL especially nucleate boiling regime, Thirdly, using the subcoil is quite sensitive to Ipros /Ic, coil value, and it has more than cooled liquid nitrogen between 65 K and 77 K.
two orders of magnitude change in this range. When Ipros /Ic, coil >
We plan to investigate and compare different resistivity mod8, the recovery time increases accordingly.
els for the superconductors in the flux flow mode in the future.
Furthermore, a study to explore the influence of the cooling
curve on the recovery of SFCL will be investigated.
V. CONCLUSIONS
Experimental tests were carried out to characterize the
quench and recovery behavior of a helical SFCL coil under two
recovery conditions, with load and without load. A multilayer
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