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Abstract—Electric aircraft has already become a reality, with 

demonstration flights at power ratings of less than 1 MVA. Con-

ventional machines and distribution technologies suffer from poor 
power densities when scaling to large power demands, leading to 
significant challenges in applying this technology from small (<10-

seater) to large (>100-seater) planes. Superconducting devices 
could be an enabler for electric aviation due to their great potential 
for high efficiency and low weight. However, while the develop-

ment of the superconducting components presents a significant 
challenge, the safe and effective combination of such components 
into a propulsion system also requires a significant area of re-

search. For this purpose, a signal-based Matlab-Simscape model 
for a DC network architecture in a turbo-electric aircraft has been 
established and the highly nonlinear models for the superconduct-

ing devices have been developed and integrated. This network 
model has been used to understand the fault current magnitude 
and rise time, as well as the stability behavior of the system utiliz-

ing the realistic electro-thermal models of superconducting devices 
in it. The derived network was investigated for a bus bar short cir-
cuit fault using both superconducting fault current limiter (SFCL) 

and fault current limiting high temperature superconducting (FCL 
HTS) cable. Based on the network characteristics, a fault tolerant 
DC network design was achieved by utilizing the FCL HTS cables. 

Similarly, the operation limits of the protection devices have been 
reduced greatly using superconducting components.  
 

Index Terms— Aircraft Propulsion, Fault tolerance, HTS ca-
bles, Power system faults, Short circuit currents, System engi-
neering. 

I.  INTRODUCTION 

URBO-ELECTRIC aircraft propulsion system is a novel idea 

[1], capable of realizing the emission standards set by the 

Flightpath 2050 [2]. Replacement of the conventional engines 

with electric propulsion motors was speculated to be the prom-
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ising idea [3] to compete with the reduction in emission tar-

gets of 75% CO2, 90% NOX and 65% perceived noise emis-

sion compared to those in 2000.  

Several crucial components of aircraft have already been 

electrified, adding more control and efficiency [4,5]. But, re-

placement of the conventional engines with electric motors for 

large aircraft is still a major challenge towards realizing elec-

tric aircraft. NASA has been a pioneer and published an initial 

investigative study on the applicability and limitations of the 

existing technology for making this idea a reality [6]. One of 

the major challenges is the use of superconducting machines, 

which requires continuous flow of cryogen at a set tempera-

ture and the need for power electronics to operate at cryogenic 

temperature [7]. Superconducting machines were a necessity, 

as the existing machines can only be scaled up to certain limit 

with the high efficiency characteristics [8].  

Based on the weight, size and efficiency, various architec-

tures have been evaluated for the aircraft propulsion system, 

namely: AC, DC and Hybrid [9]. Of them, the overall effi-

ciency of the AC architecture was evaluated to be the best, but 

this architecture is complicated in its control strategy [10]. On 

the other hand, DC and hybrid systems are straight forward, 

and their control strategy has already been established in these 

systems [11, 12]. Hybrid system can be a good option, but suf-

fers from AC losses, as AC superconducting cables are being 

used for the power transmission. DC architecture on the other 

hand uses the DC power transmission eliminating the AC loss 

problem and has been considered in the present paper. 

The assumed turbo-electric DC architecture comprises of 

the Generator (G), Rectifier, Cables, Inverter and Propulsion 

Motors (M) with the appropriate protection system as shown 

in Fig. 1. The DC system comprises of 2 poles with the nega-

tive pole being grounded as shown in Fig. 1. In this paper, a 

T 

 
Fig. 1: Single line diagram of the proposed architecture of Turbo-Electric DC 

electric aircraft, where G stands for generator, M for motor. 
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full-scale system model was built in the Matlab – Simscape 

environment and the conventional copper cables are replaced 

with high temperature superconducting (HTS) cables. Previ-

ously HTS cables for electric aircraft have been mod-

elled/characterized independently [13-15]. This paper for the 

first time presents the use of HTS cables in the full-scale sys-

tem model of the turbo-electric aircraft and studies its impact 

on the fault current characteristics.  

 Of various faults simulated, a DC rail-rail fault was ob-

served as critical, with the peak current magnitudes reaching 

up to 100 times the rated current, within a duration of 10-100 

microseconds [16]. The primary reason for these large current 

magnitudes is the DC capacitive discharge and the second one 

is the low resistance of the entire system being operating in the 

cryogenic temperatures. Using superconducting fault current 

limiter (SFCL) and fault current limiting (FCL) HTS cable 

with slight modifications within the system model, a novel 

fault current tolerant system model was presented in this pa-

per. Additionally, a lumped thermo-electric model of the HTS 

DC cable with the evaluated AC loss formulae have been pre-

sented. 

II. HTS DC CABLE MODEL 

A lumped superconducting cable model was built to simu-

late the characteristics of the HTS DC cable that have a length 

of 100 m and ratings of 4000 V and 2 kA. The cable model 

was developed based on the cross-sectional layout of the HTS 

DC cable as presented in the Fig. 2. The core of the HTS cable 

was assumed as copper conductor to provide the required 

quench protection under fault current conditions. Both con-

duction and shield layer are assumed to be of superconducting 

with variable number of 4 mm width HTS tapes (i.e. conduc-

tion layer -20 and shield layer – 25) for reduced AC losses, but 

with same critical current, IC values. 

For simplification, the HTS tape was considered to have on-

ly the HTS layer and Copper layer, neglecting the other layers 

in both electrical and thermal models. The highly nonlinear 

property of HTS material has been modelled using the E-J 

power law, according to Equation (1). 

 (1) 

where, ρHTS was the “resistivity of HTS material (Ω.m)”, EC 

being the “critical electric field (V/m)”, TC being “critical 

temperature (K)”, JC being the “critical current density 

(A/m2)” and n was made equal to 20. The critical current den-

sity, JC of the HTS material varies with the operating tempera-

ture, T according to Equation (2). 

 (2) 

where, ‘α’ is set as 1.5 based on the ‘JC vs T’ values published 

by a superconductor manufacturer [18]. Similarly, the resistiv-

ity of the copper also changes with temperature and was mod-

elled according to Equation (3) [19]. 

 (3) 

where, ρCu was the “resistivity of copper stabilizer (Ω.m)”. ρCu 

plays the key part during the fault/quench operation. In this 

paper, the thickness of the copper stabilizer was assumed to be 

of 50 µm. The lumped electrical model of the cable was built 

using the Π configuration, with the inductance and capacitance 

values being 61.75 (µH/km) and 630.38 (nF/km) respectively 

using the equations (4) and (5). These values are observed to 

be in accordance with the values published by industry [20]. 

 (4) 

 (5) 

where, R and r being the shield and conduction layer radius, ϵ0 

and ϵ0 are the relative permittivity of air and dielectric, µ0 and 

µr are the relative permeability of air and dielectric. To simu-

late the thermal properties, the heat source was modelled using 

the current being propagated in both the copper stabilizer and 

HTS layer, according to Equation (6). 

 (6) 

The power dissipated from the conduction and shield layers 

was fed as a heat source to the thermal model, while the tem-

perature of the LN2 was set at 70 K, i.e. subcooled to improve 

HTS performance. The operating temperature of the LN2 was 

set as a dirichlet boundary condition, thus neglecting the ther-

mal invasion from ambient atmospheric conditions. A 2D HTS 

cable model was built using COMSOL (a FEM model), to 

achieve the AC loss results, to be used inside the analytical 

model as shown in Fig. 3.  

From the AC loss results as seen in Fig. 3, the time domain 

analytical AC loss equations for both conduction and shield 

 
Fig. 2: Schematic layout of the HTS DC cable cross-section [17]. 

 
Fig. 3: AC loss results of the HTS DC cable, derived using Comsol. 
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layer are derived as shown in Equation (7) and (8). The heat 

generated by the AC loss was provided as the heat input to the 

HTS thermal model in addition to the dissipated resistive 

power losses to evaluate the resultant temperature of the HTS 

layer for the immediate time step.  

 (7) 

 (8) 

where, q(Δt) was the “heat transferred (W)”, JC1 and JC2 being 

the “current densities” (A/m) of conduction and shield layer, p 

is the “full penetration depth value (m)”, k1 and k2 signifies the 

penetration depth factors (actual penetration/full penetration) 

for time steps t1 and t2 respectively, while Δt equals t2-t1, l be-

ing the length (m) of the HTS tapes and M.F. is a multiplica-

tion factor used to match the AC loss values derived from 

COMSOL as seen in Fig. 3.  

The heat model has been modelled for the first time using 

the Simscape thermal components, which will significantly 

improve the accuracy of the results. The parameters of the heat 

model were observed to vary dynamically under cryogenic 

operating conditions [21]. Thus, thermal conductivity and spe-

cific heat are defined as variables, depending on the operating 

temperature. Considering a uniform heat flow in the radial di-

rection through several layers of the HTS cable, the thermal 

conduction process along the solid layers was modelled by us-

ing the Equation (7). 

 (7) 

where, A being the “cross-sectional area of the layer (m2)”, Δt 

was the “difference in temperature across the layers (K)”, Δx 

was the “thickness of the layer (m)” and λ was the “thermal 

conductivity of the layer (W/(m.K))”. Similarly, whenever a 

certain heat was applied, the layer absorbs it to a certain extent 

before transferring it to the next adjacent layer. This was de-

fined as the thermal mass and was modelled as shown in the 

Equation (8). 

 (8) 

where, m was the “mass of the conduction layer (kg)”, Cp was 
the “specific heat (W/(kg.K))”. Similarly, the thermal conduc-
tion between the LN2 and the cryostat wall was modelled using 

a convective heat transfer equation, as shown in Equation (9).  

 (9) 

where, h was the “heat transfer coefficient of the LN2 medium 

(W/(m2.K))”. It has been found in the literature that the heat 

transfer coefficient of LN2 varies with operating temperature, 

which makes it very critical for quench modelling [20]. Thus, 

the heat transfer coefficient, ‘h’ of LN2 has been also modelled 

as a variable. 

The steady state characteristics of the HTS DC cable model 

are derived by applying a ramping current of 1000 A/sec to 

evaluate its dynamic resistive properties as seen in Fig. 4. The 

resistance of the HTS DC cable was observed to increase ex-

ponentially beyond the critical current until it matches the re-

sistance of the copper former, beyond which the resistance of 

copper former increases gradually in accordance with tem-

perature as shown in Equation (3). From Fig. 4, the change in 

temperature of the HTS layer was observed to be limited to 

only 0.1 K, making it a fault current tolerant design, with min-

imum interruption to the network propulsion system.  

III. FAULT CURRENT RESPONSE 

The generators (G1 and G2), and HTS cables are rated for 8 

MW, while each of the propulsion motors (M1, M2, M3 and 

M4) are rated for 2 MW each for the redundant operation of 

the network during the failure of either one of the generators 

or cables. Thus, under stable conditions, two generators are set 

to propel two propulsion motors each independently, with the 

interconnecting switchgear in the off state. Hence, only half 

the circuit was modelled and represented in this current study 

as shown in Fig. 5.  

Line to line fault in a DC network will result in a sudden 

capacitive discharge due to the fall in voltage, leading to a 

huge rise in fault current magnitude in a short time. The ca-

pacitance values used in the following study are as shown in 

Table I. Due to the high efficiency requirements of the electric 

aircraft, the capacitors need to have a very low internal re-

sistance, which also aids in the increased fault current magni-

tude. 

As shown in Fig. 5, a line to line short circuit fault was 

simulated with a short circuit resistance of 10 mΩ for 10 ms 
 

Fig. 4: Dynamic resistive properties of the HTS DC cable under ramping cur-

rent application.  

 
Fig. 5: Section of the DC architecture with fault location.  

TABLE I 
CAPACITANCE PARAMETERS 

Capacitor Value Series Internal Resistance 

C1 & C2 3 mF 0.1 mΩ 

CM1 & CM2 1 mF 0.1 mΩ 
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duration. The resultant fault current flowing through the short 

circuit path was as seen in Fig. 6, with the major components 

resulting in the large fault current magnitude. It was observed 

that, due to the location of the C2 next to the short circuit loca-

tion, it resulted in a sharp rise time of the fault current and the 

large discharge current magnitude. This will result in a great 

challenge to the switching components to operate in such a 

small duration (i.e. < 10 µs) [23,24]. 

Two different approaches to limit the fault current magni-

tude were employed in this current study using superconduct-

ing components. First method employs SFCL and the second 

one uses FCL HTS DC cable, which are elaborated in the fol-

lowing sections. 

A. Using SFCL 

SFCL offers negligible resistance under normal conditions 

and operates as a fault current limiter by introducing large re-

sistance instantaneously upon quenching [25]. The use of 

SFCL’s to limit the surge currents in DC systems was already 

proved by integrating them in series to the DC links and bat-

tery banks [26, 27]. From Fig. 6, it was observed that the dis-

charge currents from C1 and C2 are the major components of 

the fault current. Hence, to limit the large capacitive discharge 

and not to provide any loss during the normal operating condi-

tion, a resistive SFCL’s (i.e. S1 and S2) are placed in series to 

the capacitors as seen in Fig. 7. The design parameters of the 

SFCL are as shown in Table II.  

 

From Fig. 8 it was observed that the fault current magnitude 

was reduced by nearly 3 times with significant improvement 

in the rise time due to the inductance offered by the propulsion 

motor cable links. The resultant fault current was due to the 

discharge current of the capacitors located next to the motor 

drive, which can even be regulated by adding the SFCLs in se-

ries. But addition of SFCL’s at each capacitor will not result in 

addition of weight, but also results in additional AC losses 

emanating from high frequency charge/discharge cycles of the 

capacitor. 

B. Using FCL HTS DC Cable 

In a conventional network i.e. using copper cables, C2 

serves the purpose of stabilizing the voltage drop occurring 

from the cable at the bus bar. However, HTS cables are known 

for their nearly zero resistance properties, resulting in no volt-

age drop across the cable length. Hence, C2 was removed and 

the value of C1 was doubled to compensate the loss of C2. Un-

der steady state analysis, no change in the voltage profile at 

the bus bar was noticed. The fault current magnitude was ob-

served to reduce by nearly 50 % due to the dynamic resistance 

offered by the HTS cable.  

As it was observed that the discharge path of the capacitor 

C1 includes HTS DC cable, the fault current component from 

C1 can be reduced by modifying the cable design with a fault 

current limiting HTS cable as shown in Fig. 9 (a). For this 

purpose, the copper former of the HTS cable was replaced by 

 
Fig. 6: Fault current decomposition of the DC line to line fault.  

 
Fig. 7: Section of the DC architecture with SFCl’s (S1 and S2) located in se-

ries to C1 and C2 respectively. 

 
Fig. 8: Reduced fault current rating achieved using SFCL and its components 

resulting from various capacitance discharges. 

 

 
(a) 

 
(b) 

Fig. 9: Modified DC architecture (C2 removed and C1 = 6 mF) employing 

FCL HTS cables.  

TABLE II 
SFCL DESIGN PARAMETERS 

Parameter Value 

Rated voltage and current 4 kV and 2 kA 

Length of HTS winding 26.67 m (@ 1.5 V/cm) 

Total length of HTS tape (Ic=100 A) used 533.4 m 

Thickness of copper stabilizer 50 µm 

 



 

 

5 

a hollow stainless-steel former with the LN2 flowing through 

it, thus offering cooling from either side of the HTS layer. Use 

of FCL HTS cables for limiting the fault currents in the power 

system was well reported in the literature [28,29]. 

Employing the FCL HTS cable, the resultant fault current 

was reduced to only 114 kA as shown in Fig. 10, which was 

primarily due to the discharge currents emanating from ca-

pacitors on the motor drive end. Thus, to remove the residual 

fault current component also, the short length cable links pro-

vided on the motor drive end are replaced by FCL HTS cables 

as shown in Fig. 9 (b). The resultant fault current was ob-

served to reduce to 11.4 kA, which was nearly just 4 % of the 

principle fault current rating i.e. 330 kA. This fault current rat-

ing can be further reduced by reducing the thickness of copper 

stabilizer, which results much quicker quench of the FCL HTS 

cable. With reduced fault current rating, the fault clearance 

time has now been significantly, but still poses a challenge to 

operate within ms duration, to avoid any permanent damage to 

the FCL HTS cable from resultant temperature rise. 

IV. CONCLUSIONS 

Line to line short circuit was the most critical fault in the 

DC network leading to the catastrophic failure of the entire 

system. With fault current magnitudes of more than 100 kA, it 

was very challenging to operate the switchgear and the result-

ant switchgear size will greatly impact the efficiency of the 

electric aircraft. In this paper, employing superconducting 

components, two different ways to limit the fault current mag-

nitude have been achieved. The resultant fault current magni-

tude was reduced significantly up to 11.4 kA, reducing the rat-

ing of the switchgear required.  

Similarly, a novel thermos-electric model of the HTS DC 

cable was presented with the simplified AC loss equations in 

time domain. This model was further modified to investigate 

the FCL HTS cable behavior, arriving at a significantly re-

duced fault current rating of the turbo-electric DC network. 

Upon fault occurrence, the FCL HTS cables needs to be taken 

off the power supply, for the cool down process, during which 

the redundant power supply from the other generator will be 

used. Further investigation is required to determine the operat-

ing characteristics of the switchgear for the reliable operation 

of the turbo-electric propulsion system of the electric aircraft. 
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