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Abstract—Large-scale electric aircraft is a disruptive technology
to address the environmental impact of air travel. Fault current
limitation is crucial to realise the safety and reliability of the electric
aircraft, in particular for large-scale electric aircraft using DC
distribution network. This paper investigates the behavior of the
resistive SFCL under different cryogenic cooling systems including
liquid nitrogen and helium gas circulation cooling systems for the
electric aircraft DC distribution network. Electromagnetic and
thermoelectric models were used to predict the characteristics
of resistive SFCL. The simulation results demonstrate that it is
promising to design resistive SFCL using liquid nitrogen cooling as
well as helium gas circulation cooling systems, which offer flexibility
for SFCL cryogenic cooling system for electric aircraft applications.

Index Terms—ASCEND, electric aircraft, high-temperature
superconductors, resistive superconducting fault current limiters.

I. INTRODUCTION

LARGE-SCALE electric aircraft is a disruptive technology
to address the environmental impact of air travel. Air-

bus UpNext has launched an advanced superconducting and
cryogenic experimental powertrain demonstrator (ASCEND)
project in 2021 to develop a superconducting electric aircraft
propulsion system [1]. Fault current limitation is crucial to
realise the safety and reliability of the electric aircraft under
different fault conditions, in particular for large-scale electric
aircraft using DC distribution network [2], [3], [4], [5]. The
prospective fault current can be as high as tens of kA with a few
milliseconds due to the closely coupled onboard electric network
in the electric aircraft. The use of resistive superconducting fault
current limiter (r-SFCL) has advantages over other types of

SFCL, in particular its compact structure. Restive SFCLs are
widely studied and there are a number of projects in operation
and in development of SFCL using liquid nitrogen as cryogenic
coolant [6].

The design of r-SFCL has to consider current limitation, se-
lection of the superconducting tape, and SFCL coil temperature
rise in addition to the recovery time after faults [7]. The use
of computational models to predict the electromagnetic and
thermal behavior of the SFCL has become a fundamental and key
step in designing SFCL. There are different possible approaches
to build the model in 1D, 2D and 3D [8], [9], [10]. Models
can be built and evaluated by nodal methods that consider the
conductance at each point in the circuit [11]. From there, the
matrices are built with the corresponding parameters and the
equations are solved. Another approach is the use of the finite
element method to solve the equations at each intersection point
between the geometric elements generated in the geometry of the
evaluated device. For the electromagnetic analysis, the element
has to be as small as possible whilst for thermoelectric analysis,
it is sufficient to use regular shapes [12].

This paper presents the analysis of two different models where
the 2D axisymmetric model to carry out the electromagnetic
analysis of r-SFCL and the 2D model in xy-plane to analyse the
thermoelectric behavior. The key contribution of the paper lies
in that the behavior of SFCL under different cryogenic cooling
system including liquid nitrogen (LN2) at 65K, helium gas
(GHe) circulation at 40K, 50K and 65K are investigated and
compared.

II. MODELLING

The computational model considers a superconducting tape
ST-12-L manufactured by Shanghai Superconductor whose key
parameters are presented in Table I. The model is highly flexible
allowing investigation different topologies and boundary condi-
tions using finite element software. The SFCL evaluated through
this computational model is designed based on that the nominal
DC voltage of 300V for the electric aircraft.

This model considers a cylindrical cryostat where the heat
transfer characteristics (q0 = h(T )(Text − T )) for the coolant
have the following co-relation (h = Nu · kcoolant/D). The Nus-
selt number is influenced by the geometric characteristics of the
environment (Nu = 0.916Re0.5Pr1/3). The Reynolds (Re =
ρuL/μ) and Prandtl (Pr = Cpμ/k) numbers are considered
initially.



TABLE I
SPECIFICATIONS OF THE SUPERCONDUCTOR

A. Electromagnetic Model

The electromagnetic model used the TA-formulation (1)–(3)
with the high-temperature superconductor (HTS) tapes being
modelled in 2D axisymmetric. In this approach the state equa-
tions T and A can be defined by (3) and (4), respectively. Using
Faraday’s law (2) and (1) give the equation that governs the
T -formulation [13], [14].

J = ∇× T (1)

∇× ρJ = − ∂B

∂t
(2)

∇× ρ∇× T = − ∂B

∂t
(3)

Equation (4) expressesA-formulation and governs the behav-
ior in the region external to the superconducting layer. This one
originates from of Ampere’s Law (5) and the magnetic potential
vector (6).

∇×∇×A = μJ (4)

∇×B = μJ (5)

B = ∇×A (6)

B. Thermoelectric Model

The thermoelectric model used the H-formulation with HTS
tapes being modelled in the 2D xy-plane. The current density
and electric filed in type-II superconductors can be described by
E − J power law (7)–(8). The conductivity of the HTS layer
is given by (9), considering flux creep in the H-formulation
(10)–(11).

E = E0

( |J |
Jc

)n
J

Jc
(7)

Jc(T ) =

⎧⎨
⎩
Jc0

(
Tc − T

Tc − T0

)
if T < Tc

0, if Tc ≤ T
(8)

Fig. 1. Convective heat flux boundary.

σHTS =
Jc(T )

E0

(‖ E ‖
E0

) 1−n(T )
n(T )

(9)

∇×E = − μ0μr
∂H

∂t
(10)

∇×H = J (11)

The 2D thermoelectric model considers an isothermal domain
with a homogeneous temperature in space and which varies
in time. The convective heat flux condition is assumed since
the model represents the coolant adjacent to the device under
analysis. The interface between the SFCL and the coolant is
described by (12), with a heat transfer coefficient (h) given by
the coolant. As the temperature variation is small in z-direction
along the HTS tape in the model, the heat transfer in a 2D model
is calculated using (13) [15], [16], [17]. Where n is the normal
vector toward exterior (–), dz is thickness of domain in the
out-of-plane direction (m), k is thermal conductivity (W/mK),
ρm is density (kg/m3), Cp is specific heat capacity at constant
pressure (J/kg K), q is conductive heat flux (W/m2), h is heat
transfer coefficient (W/m2K) and Q is the heat source (W/m3).

− nd · (−dzk∇T ) = −h(Text − T ) (12)

− dzρmCp
∂T

∂t
−∇ · q = dzQ+ q0 (13)

The cryogenic coolant in which the SFCL is immersed is
represented by a boundary condition between the tape and the
coolant (blue line in Fig. 1). For LN2 the heat transfer rate (h) is
described by (14) [18] and for helium gas by (15) [19]–[20]. The
characteristic of LN2 considers the operation with a pressure of
1.5 bar and mass flow rate between 50–100 g/s. For helium gas
circulation system, the pressure at 20 bar and mass flow rate
between 5–10 g/s is considered. The electrical part is modelled
by a nodal circuit with a voltage source of 300V.

hLN2
(ΔT ) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

2170, if ΔT < 2,
(a0 + a1ΔT + a2ΔT 2

+a3ΔT 3 + a4ΔT 4

+a5ΔT 5)/ΔT, if 2<ΔT <26.5,
100, if ΔT > 26.5.

(14)

hHe(ΔT ) =

⎧⎨
⎩
16000, if ΔT < 0.1,
15100, if 0.1 < ΔT < 0.5
1400, if ΔT > 0.5.

(15)



Fig. 2. Magnetic flux density [T] (for I/Ic = 0.77).

Fig. 3. Components of the magnetic flux density.

Where a0 = 38147, a1 = −28209, a2 = 7232.8, a3 =
−494.38, a4 = 13.25, a5 = −0.12773.

III. ELECTROMAGNETIC SIMULATION RESULTS

The electromagnetic model is 2D axisymmetric model along
the z-axis and represents a non-inductive bifilar SFCL coil
design. Only the superconducting layer (2μm thick and 12mm
wide, based on Table I) was considered. The SFCL coil has 14
turns with a total length of 10m, inner diameter of 138mm,
outer diameter of 242mm and inductance of 1.9μH.

Fig. 2 presents the magnetic flux density for the SFCL under
normal operation. This consists of two coils in parallel with a
critical current of1100A at65K. For I/Ic=0.77, the flux density
has a maximum value of 0.11T and the flux density between
turns is 0.08T. In the upper and lower limit region of the coil
(≈ 2mm in z-axis) the density is 0.03T. During quench (I/Ic =
2.3) the maximum flux density value is 0.34T, 0.23T between
turns and 0.18T in the upper and lower limit region (z-axis).
Fig. 3 shows the radial and axial component of the magnetic
flux density under different currents. Fig. 4 shows the radial flux
component for I/Ic = 0.77 on HTS tape and the cancellation of
the flux due to the bifilar coil.

Fig. 4. Radial component of the magnetic flux density [T] for I/Ic = 0.77.

Fig. 5. Critical current of Shanghai Superconductor 2 G HTS tape at low field
and high temperature.

IV. THERMOELECTRIC SIMULATION RESULTS

Model developed and analysed in this section considered all
the layers of the HTS tape described in Table I. SFCL with one
coil and two coils connected in parallel are evaluated where
the length of in each coil are 10m. The critical current of the
ST-12-L tape at 40K, 50K and 65K were obtained from the
available database, as shown in Fig. 5 [21].

A. LN2 as Coolant

The total current and the distribution between the layers of
the SFCL tape, during 10ms fault, are shown in Fig. 6 where
the grid voltage is Vgrid = 300V and the coil has two parallel
tapes of 10m each. LN2 is used as a coolant at a pressure of
1.5 bar.

The total current in the system, resistance and temperature
during the quench process are shown in Fig. 7. The temperature
rise happens at a later time than the current due to the heat ca-
pacity. The temperature of the tape increases from 0.34mswhen
the current already has an amplitude of 2 kA. The resistance is
almost linear increase with the temperature from 5.4ms when
the resistance behavior is determined by the resistivity of the
all other layers apart from HTS layer. Figs. 8 and 9 show the
temperature distribution in each layer of SFCL HTS tape.



Fig. 6. Current in all layers where SFCL with 2 tapes in parallel of 10m each
in LN2.

Fig. 7. Total current, Resistance and Temperature on SFCL coil cooled by
LN2 at 65K where SFCL with 2 tapes in parallel of 10m length each.

Fig. 8. Temperature distribution in the HTS tape layers at t=10ms.

B. GHe as Coolant

The results presented in this section considers helium gas
(GHe) at 40K, 50K and 65K and the pressure of the system at
20 bar. Fig. 10 shows the total current in the system, resistance
and temperature behavior during the quench process in the SFCL

Fig. 9. Temperature distribution in each layer of SFCL HTS tape with 2 tapes
in parallel of 10m length each. LN2 at an initial temperature of 65K.

Fig. 10. Total current, Resistance and Temperature of SFCL coil cooled by He
gas, where: Solid line present the total current, dashed line the quench resistance
and dashed dotted line the temperature.

cooled by He gas. These three SFCL topologies with different
cooling conditions satisfy the requirements. However, due to
the resistance, current limitation time and temperature rise, each
case must be evaluated for specific applications.

V. DISCUSSION

This section presents the results, analysis and comparisons
between the four cases investigated, and the summarised char-
acteristics are described below:
� Case 1): SFCL with a 10m long single tape. He gas at an

initial temperature (T0) of 40K and Ic = 2100A.
� Case 2): SFCL with two parallel tapes of 10m long each.

He gas at T0 = 50K and Ic = 1600A for each tape.
� Case 3): SFCL with two tapes of 10m in length each. He

gas at T0 = 65K and Ic = 1100A for each tape.
� Case 4): SFCL with two tapes of 10m in length each. LN2

at an initial temperature of 65K and Ic = 1100A for each
tape.

Fig. 11 summarise the total limited current of the differ-
ent SFCL topologies and cryogenic coolants (LN2 and GHe).
SFCL operating at an initial temperature of 65K, considering
an adiabatic system, can reach maximum temperatures from



Fig. 11. Current limitation of the SFCL: 1) single tape, 10 m total length and
2), 3), 4) 2 tapes in parallel, 10 m each one.

Fig. 12. Temperature of adiabatic and cooled system. 1) single tape, 10 m total
length 2), 3) and 4) 2 tapes in parallel, 10 m each one.

137.49K (2 coils in parallel and 10m each). Under adiabatic
conditions, the highest temperature is in stainless steel layers
(top and bottom layers). All maximum temperature values in a
cryogenic coolant-cooled conditions occur in the hastelloy layer.
The temperature shown in Fig. 12 presents the temperature in
the middle point of the HTS layer. Cases 1), 2), 3) and 4) have
acceptable temperature responses and satisfy operating current
and current limitation requirements when cooled with liquid
nitrogen and helium gas.

For case 1) a single HTS tape is used due to the increase in the
critical current at lower temperature. At 40K the Ic is 2100A,
the current limitation would be too high if 2 taps in parallel is
used. Case 1) has the value of the quench resistance of Rq =
52.6mΩ, which is higher than the same coil using two parallel
tapes and therefore the final temperature after the fault period is
slightly higher (ΔT = 6.01K). As described, case 1) and case
2) were cooled with GHe at different temperatures and the fault
current in case 1) is 34.4% lower, despite the temperature being
3.57K higher.

A comparison of the cryogenic cooling system conditions
with GHe and LN2, case 3) and case 4), presents that ΔT
between them is very small and is shown in Fig. 12. And
for an over-voltage operation (Vgrid = 350V), the maximum
temperature would be 109.49K at case 3), where, ΔT = 7K.

Fig. 13. Recovery response of the SFCL: 1) single tape, 10 m in length and
2), 3), 4) 2 tapes in parallel, 10 m each one.

The maximum temperature of SFCL for Cases 1), 2) and 3)
can reach is 102.89K with T0 = 65K and the lowest maximum
temperature of 99.31K with T0 = 50K and Rq = 25.2mΩ. In
case 4) the results show that the maximum temperature would
reach 102.59K with quench resistance of Rq = 26.2mΩ.

The recovery time in Fig. 13 shows that the use of GHe (case
1) achives a faster recovery in the temperature of the SFCL when
compared to LN2 operating at 65K (case 4). When the coolant
is LN2, there is a sharp reduction in temperature when reaching
the nitrogen phase change. The recovery in the GHe circulation
system at 40K can be up to three times faster than using LN2 at
65K.

VI. CONCLUSION

Resistive SFCLs have been successfully demonstrated and
tested in LN2 at 77K and sub-cooled LN2 at 65K. However,
there is limited study if resistive SFCLs can operate using helium
gas circulation system. This paper investigates resistive SFCLs
under adiabatic condition, liquid nitrogen of 65K and helium
gas of 40K, 50K and 65K. The simulation results show that the
operation of the SFCL with LN2 at 65K and GHe at 40K, 50K
and 65K can provide an acceptable limited fault current and
satisfy the temperature requirements while keeping the losses of
the cryogenic system at reasonable levels. The temperature rise
of the HTS tape using LN2 and GHe cryogenic cooling system
are well below the maximum temperature allowed. All four
cooling cases using liquid nitrogen and helium gas are useful
and can be viable solutions for resistive SFCLs using HTS tapes
used, which offers flexibility in designing the cryogenic cooling
system for electric aircraft applications.
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