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Abstract— It is crucial to achieve a high safety and reliability standard in future Electric Propulsion Aircraft (EPA). Due to low short-

circuit impedance and high rate of fault current rise in EPA systems, the superconducting fault current limiter (SFCL) plays a promising 

role, with advantages of light weight, high efficiency and compact size, compared to conventional FCL. A novel helical bifilar coil is 

proposed which is composed of two windings wound in opposite directions on the same bobbin, these are connected in series to achieve 

equal current sharing and a non-inductive circuit. 12 mm-wide stainless steel reinforced superconducting tape from AMSC was used for 

the windings. To characterize the proposed helical bifilar coil connected in series (BCS), AC loss tests under three frequencies and quench 

tests under prospective fault current up to 2223 A were carried out. They were compared with the results measured from a conventional 

helical bifilar coil connected in parallel (BCP) which had an identical specification to the BCS. It was concluded that AC losses measured 

in the BCP is dependent on current and frequency. The fault current was suppressed effectively by the BCS at the first half peak from 

2223 A to 495 A, corresponding to 22.3% of the prospective fault current. Quench performance of BCP was also tested and discussed. 

 

Index Terms—Electric propulsion aircraft system, Superconducting fault current limiter, Helical bifilar coil, AC loss, Quench 

performance. 

I. INTRODUCTION 

LECTRIC aircraft (EA) is essential to satisfy the European Union’s Flightpath 2050 targets which aims at reductions in CO2, 

NOx, and noise emissions by 75%, 80% and 65%, respectively, compared to year 2000 baseline [1]-[4]. This target is of great 

significance to improve the global warming issues partially caused by conventional aircraft consuming fossil fuels and 
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producing emissions. High temperature superconductors (HTS) are promising and critical in developing and promoting electric 

aerospace, due to their superior advantages of light weight, high efficiency and compact size, as compared to conventional electrical 

devices [5]-[6].  

 

Fig. 1.  General schematic of electrical power system in EA 

 

A typical structure of power system in EA using superconducting devices is shown in Fig. 1. The power system is composed of 

three main units, including Electric Propulsion Aircraft System (EPAS), Main DC Bus, and Loads. EPAS consists of turbine, HTS 

generator, HTS cable and superconducting fault current limiter (SFCL) [7]. Here, the SFCL together with circuit breaker will 

protect the power system against any possible high short circuit fault current to maintain high safety standard in EA [8]-[10]. 

Therefore, it is important to design a SFCL with low AC loss and effective current limiting performance in EA.  

The resistive type SFCL operation is based on the intrinsic characteristic of superconducting material, i.e., the phase transition 

from superconducting state to normal state. SFCL stays in superconducting state at normal operation. Once the fault occurs, 

extremely high fault current exceeds the critical current of the SFCL, which immediately drives the SFCL out of the 

superconducting state and into the normal state, resulting automatically in a considerable increase of coil resistance [8]-[12]. The 

resistive SFCL has attracted much interest from researchers in the past due to its compactness, light weight, and high reliability. 

These factors also explain the necessity of the resistive SFCL in EA.  

Resistive SFCLs need to be configured as bifilar type to achieve non-inductive or low inductive structures. This is beneficial for 

power systems to avoid poor voltage regulation and degraded power quality [13]-[15]. In addition to low inductance, SFCL also 

require low AC loss in normal operation, effective fault current limiting performance, especially at the peak of the first half cycle 

of a fault, and fast recovery time after the fault been cleared [12]-[15]. 

Up to date, there are many publications and reports on resistive SFCL utilizing different structures and some of them have been 

fabricated, tested successfully and operated in live power grids [16]-[22]. The commonly used structures for the resistive SFCL 

are bifilar or multifilar pancake coil types [17]-[19], solenoidal bifilar coil types [16], [23]-[25] and bifilar straight-line types [26]. 

A 10 kV/10 MVA resistive type SFCL was built using MCP-BSCCO 2212 in the German project “CURL 10” in 2004 [16], with 
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solenoidal bifilar coil structure, where two wires are wound on the same bobbin in the same direction, while two terminals at one 

end were connected to achieve magnetic field cancellation. A bifilar straight-line type 220 V/3 MVA resistive SFCL was developed 

using stainless steel reinforced YBCO in 2011 [26]. A solenoidal bifilar coil was fabricated with BSCCO 2223 for a potential 13.2 

kV/8.5 MVA project, where the solenoidal bifilar coil was composed of inner winding and outer winding wound around the same 

bobbin but in the opposite directions with parallel connection at two terminals [23], as shown in Fig. 2(a). For simplicity, this 

parallel connected helical bifilar coil is referred to as BCP in this paper. Similarly, a BCP wound by MgB2 wires has been fabricated 

and successfully tested in the University of Manchester [24]-[25]. A 24 kV/24 MVA resistive SFCL was designed, fabricated and 

tested successfully in a European project “ECCOFLOW” using YBCO tape in 2013. This was composed of 12 stacked multifilar 

pancake coils, connected in series [18]. A 12 kV/28 MVA resistive SFCL was developed using YBCO tape in a multifilar pancake 

configuration in the project “Ampacity” in 2014 [19].  

 

Fig. 2. (a) Schematic of helical bifilar coil connected in parallel (BCP) (b) Schematic of helical bifilar coil connected in series (BCS) 

 

Among these, the helical bifilar coil is favorable for the high voltage applications due to the fact that the voltage gradient between 

turns near the terminals are relatively lower than the bifilar pancake and straight-line types [13], [23]. In addition, a helical bifilar 

coil exhibits better heat transfer performance compared with a concentrated pancake type coil when sudden excessive energy is 

dissipated in the coil during a fault. However, till date, all reports on the helical bifilar coil structure have been based on the BCP 

configuration, where the inner and outer windings are connected in parallel, as shown in Fig. 2(a). Under this arrangement, current 

sharing will be uneven and imbalanced due to the different positions of the inner and outer windings. This will result in high AC 

losses and more heat load for the cryogenic cooling system [27]. Thus, we propose a novel helical bifilar coil where inner and 

outer windings are connected in series so that they carry equal currents. In this paper we refer to the series connected helical bifilar 

coil as depicted in Fig. 2(b) as BCS. This structure will reduce the voltage difference between turns near the terminals compared 

with bifilar pancake and straight-line types, and also guarantee the same current in the windings.  

In this paper, a helical bifilar coil where inner and outer windings are connected in series (BCS) was designed and manufactured, 

the AC losses in a BCS were measured, and compared with those in a BCP. Quench tests were conducted under the prospective 
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fault current up to 2223 A. The sections in this paper have been organized as follows, Section 1 introduces the background and 

motivation for the novel structure for the SFCL. Section 2 shows the specifications of the novel SFCL and its development. Section 

3 reports an experimental test rig for AC loss measurement as well as quench test rig. Section 4 reports the AC loss results measured 

in BCS and compared with BCP. Section 5 reports the quench test results for BCS and BCP with prospective fault current up to 

2223 A. 

II. DEVELOPMENT OF PROPOSED SFCL 

The superconducting tape used to fabricate the helical bifilar coil is identical to that used for previous research. [28]. This YBCO 

coated conductor (CC) is 12 mm-wide AMSC-8602 tape, with a 75 µm-thick stainless-steel layer laminated on both sides. The 

material of the stainless steel is (SUS)316L. The substrate layer of the CC is 75 µm thick and composed of the magnetic material 

Ni-5at%W. The thickness of the superconducting layer is 1 µm. Table I lists the specifications of this tape. Table II lists the 

specifications of HTS helical bifilar coil wound from this tape. The helical bifilar coil comprises one inner winding and one outer 

winding, wound in opposite directions on the same G10 cylindrical bobbin, in order to achieve magnetic field cancellation and low 

inductance. The pitch length of the inner winding and outer winding are both 15.5 mm, based on previous experience that a smaller 

pitch length will not allow the superconducting coil to be cooled down efficiently during a fault, whilst a larger pitch length will 

result in higher inductance and higher AC losses. The outer diameter of the G10 bobbin is 89 mm. The inner winding was directly 

wound on the bobbin surface without grooves. A circular strand of nylon 3.5 mm diameter is fixed on the bobbin surface following 

the pitch length to locate the winding path.  

 

TABLE I 

SPECIFICATIONS OF HTS COATED CONDUCTOR 

Parameter Value 

Conductor type AMSC-8602 

Conductor width, mm 12 

Thickness of superconducting layer, µm 1 

Thickness of stainless steel laminate, µm 75×2 layers 

Thickness of substrate, µm 75 

Material of stainless steel (SUS)316L 

Material of substrate, Ni-5at%W 

Minimum critical current @ 77K, A 241 
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TABLE II 

SPECIFICATIONS OF COIL IN SFCL 

Parameter Inner winding Outer winding 

Coil structure helical helical 

Winding direction clockwise anti-clockwise 

Inner diameter, mm 89 90 

Layer number  1 1 

Turn number 12.5 13 

Pitch length, mm 15.5 15.5 

Approximate self-inductance, μH 6.9 7.9 

Conductor length, m 3.5 3.7 

 

 

Fig. 3. Demonstrator of helical bifilar coil composed of inner winding and outer winding 

 

Fig. 3 shows an image of the helical bifilar coil. The inner winding and outer winding are insulated by Kapton tapes with a 

thickness of 0.2 mm. There are four terminals, two from each coil. Two different helical bifilar coil arrangements can be formed 

by alternate connections of the terminals, one is BCP, as shown in Fig. 2(a) and the other is BCS, as shown in Fig. 2(b). It is a 

prime objective of this paper to demonstrate and compare the AC loss characteristics and quench behaviors when connected in the 

alternate configurations. 

III. EXPERIMENTAL TEST SETUP  

Fig. 4 shows a schematic diagram of the AC loss measurement setup. The Rogowski coil is used to register the phase of transport 

current. The lock in amplifier is used to measure the voltage component which is in-phase with the transport current [29]. All the 

experimental tests were carried out in a liquid nitrogen bath at 77 K. The AC loss of a single tape was measured from “8 shaped” 

voltage taps. The transport AC loss of a single tape per unit length per cycle, Qt, can be given as: 

𝑄𝑡 =
𝑉𝑟𝑚𝑠 𝐼𝑟𝑚𝑠

𝑑𝑓
                                                                                               (1) 
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where d is the distance between the voltage taps, 𝐼𝑟𝑚𝑠  is the root mean square value of the transport current flowing in the tape, f 

is the frequency of the transport current, and Vrms is the root mean square value of the in-phase voltage measured at the voltage 

taps.  

The transport AC loss in the BCS and BCP per unit length per cycle, Qt1, is given in [30]-[31] as: 

𝑄𝑡1 =
1

2
∑

𝑉𝑖 𝐼𝑖

𝑑𝑖𝑓

2

𝑖=1

                                                                                        (2)  

where i = 1 and 2, represents the inner and outer windings, respectively. Vi is the root mean square value of in-phase voltage 

component measured from each winding; Ii is the root mean square value of transport current flowing through each winding; di is 

the distance between the voltage taps in each winding; f is the frequency of the transport current.  

 

Fig. 4. Schematic diagram of AC loss test set up 

 

Fig. 5 presents the schematic diagram of the quench test circuit. The SFCL is connected in series with the circuit immersed in a 

liquid nitrogen bath at 77K. A power resistor of 0.09 Ω is used as a load. S1 is composed of two thyristors to switch on/off the 

main circuit. S2 is composed of two thyristors and is used to short circuit the load resistor in order to mimic a short circuit fault. 

The current is measured using a current transducer. The control panel can set the trigger voltage for S1 and S2 at specific times. 

During normal operation, S1 is closed and S2 is open; S1 and S2 are both open during the fault period; and S1 is closed and S2 is 

open during the recovery period.  

All the data was acquired using a National Instrument (NI) card. The quench test system can be set up with any time interval for 

normal operation, fault period, and recovery period. For all the quench experiments demonstrated in this paper, normal operation 

lasted 40 ms, then the fault was triggered and lasted for 100 ms, after which S2 was opened to remove the fault and change to the 

recovery period for 80 ms. The fundamental frequency of current was 50 Hz in all tests.   

 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

7 

 

Fig. 5. Schematic diagram of quench test circuit 

IV. CHARACTERIZATION OF SFCL AT NORMAL OPERATION  

Fig. 6 plots the E-I curves from the critical current tests for the inner and outer windings in the BCS coil regime. The results 

show that the critical current Ic of the inner and outer windings are 251.7 A and 251.0 A, respectively. These are slightly lower 

than the single straight tape value, 256.3 A, due to the magnetic field cancellation effect of the helical bifilar coil. 

 

Fig. 6. Critical current measured from inner and outer windings in BCS, together with single straight tape result. 

 

Fig. 7 reports the AC loss results in a single tape measured under three frequencies, 27 Hz, 54 Hz and 81 Hz, and compares them 

with the Norris ellipse (N-e) model and Norris strip (N-s) model. In the low current region, the AC losses in a single tape are 

greater than both the N-e and N-s model due to the addition of hysteresis loss in the magnetic stainless-steel layers, which dominates 

the measured loss [32]. In the high current region, when the transport current is higher than 100 A, the AC loss in a single tape 

agrees with the Norris model. This is mainly because the magnetic stainless-steel layers have been saturated and the AC loss in 

superconducting layer dominates the measured loss. This phenomenon is similar to the AC loss measurement in a single tape with 
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a magnetic substrate [33]-[34]. The AC loss data measured under three different frequencies agree well with each other, which 

indicates the hysteresis nature of measured loss [35]-[37]. 

 

Fig. 7. AC losses measured in a single straight tape under three different frequencies, compared with Norris-ellipse model and Norris-strip model 

 

Fig. 8. Comparison of current distribution in each winding of BCP and BCS at different frequencies 

 

Fig. 8 compares the current distribution in the inner and outer windings of BCP and BCS, measured at three different frequencies. 

In the coil regime of BCS, the current flowing in the inner winding must always be identical to that in the outer winding whatever 

the frequency because of the series connection. However, in the coil regime of BCP, current in the inner winding (indicated by 

solid scatters) is higher than that in the outer winding (indicated by open scatters) at the three frequencies, due to the differences 

in impedance in the inner winding and the outer winding [27]. As seen from the figure, as the frequency increases, the current 

discrepancy between the inner winding and the outer winding reduces. This can be explained by equation (3), where “1” represents 

the inner winding and “2” represents the outer winding:  
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𝐼1

𝐼2

=
𝑅2 + 𝑗2𝜋𝑓(𝐿2 − 𝑀12)

𝑅1 + 𝑗2𝜋𝑓(𝐿1 − 𝑀21)
                                                                            (3) 

With the increase of frequency, the inductance dominates the impedance of each winding and equation (3) becomes:  

𝐼1

𝐼2

≈
𝐿2 − 𝑀12

𝐿1 − 𝑀12

                                                                                         (4) 

 

Fig. 9. Ratio of the current amplitude in each winding respect to the averaged current. In BCS, current in inner winding and outer winding are the same and equal 

to the averaged current, Ieach branch/ Iaverage = 1; In BCP, Iaverage is equal to ( Iinner, BCP + Iouter, BCP)/2. 

 

Fig. 9 shows the ratio of the current amplitude in each winding respect to the average current Iaverage in the two windings, Iaverage 

= (Iinner + Iouter) / 2. It is clear that in coil regime BCS, the current in each winding is equal to the average current. However, in the 

coil regime of BCP, when the transport current amplitude is fixed, the ratio of Iinner, BCP/Iaverage decreases with an increase of 

frequency; and conversely the ratio of Iouter, BCP/Iaverage increases. At a certain frequency, Iinner, BCP/Iaverage becomes smaller with an 

increase of the total current and Iouter, BCP/Iaverage becomes larger.  
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Fig. 10. AC loss result in bifilar coil with different coil configuration under three frequencies (a) AC loss in BCS plotted against transport current (b) AC loss in 

BCP plotted against total transport current (c) Comparison of AC losses in BCS and BCP, in the viewpoint of current equal sharing level 

 

Fig. 10(a) reports the AC loss results measured in the BCS condition under three frequencies. The x-axis values are the transport 

currents flowing in the circuit, i.e., the current in each winding. It can be observed that the AC loss values (with the unit of J/m/cycle) 

measured under three different frequencies show a good agreement. With the increase of transport current, the AC loss increases 

proportionately. 

   Fig. 10(b) shows the measured AC losses in the BCP regime for three frequencies. The x-axis gives the total transport current in 

the circuit, i.e., the sum of the current in the inner and outer windings. With the increase of total current, AC loss in BCS get 

increased at three frequencies. At a fixed total current, AC loss in BCP regime increased with the increase of frequency ranging 

from 27 Hz to 81 Hz, and the AC loss in the BCP regime reaches a maximum at 81 Hz and a minimum at 27 Hz. This is in contrast 

with BCS connection, and is due to the current sharing discrepancy between the inner and outer windings which gets smaller with 
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an increase of frequency and leads, as shown in Fig. 9, to a better magnetic field cancellation. Fig. 10(c) shows and compares the 

AC loss results in BCS and BCP, plotted against the total current of the inner and outer windings. It is worthwhile to note that in 

order to have a fair comparison between BCS and BCP, the total current in BCS means twice the input current flowing in the inner 

winding (or outer winding).  By using this comparison, it is mainly demonstrated how the current sharing performance affects AC 

loss behavior of the bifilar coil [27].  

  In summary the BCS represents a condition where the current is the same in both windings whilst the BCP represents a condition 

where the current distributes unevenly between two branches and it has been observed that the AC loss in BCP is higher than that 

in the BCS for any frequency. When Itotal = 60 A, the AC loss in the BCS is 19.0% and 36.6% of that in BCP at 27 Hz and 81 Hz, 

respectively. When Itotal = 202 A, the AC loss in the BCS is only 8.4% and 14.1% of that in BCP at 27 Hz and 81 Hz, respectively. 

This shows that the BCS regime gives a considerable advantage. 

V. CHARACTERIZATION OF SFCL DURING FAULT CONDITIONS 

 

Fig. 11. Quench performance test results for BCS with prospective fault current up to 1217 A and 2223 A, in the time range of normal state of 40 ms, fault period 

of 100 ms and recovery period of 80 ms. It is worthwhile to note that (a) (b), and (c) located at the left are the quench test result for BCS under prospective current 

up to 1217 A; (d), (e) and (f) located at the right are quench test results for BCS under prospective current up to 2223 A. (a) and (d) show current limited by BCS 
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plotted against prospective fault current. (b) and (e) show voltage fall across inner winding and outer winding. (c) and (f) show winding resistance of inner winding 

and outer windings. 

 

Quench experiments were carried out in a liquid nitrogen bath under prospective fault currents ranging from 700 Apeak to 2223 

Apeak for BCS, and 745 Apeak to 2425.5 Apeak for BCP, using the quench test rig as shown in Fig. 4. In this paper, Fig. 11 presents 

the quench test results for BCS under prospective fault currents of 1217 Apeak and 2223 Apeak, and Fig. 12  shows corresponding 

quench tests  results for BCP under similar prospective fault currents of 1249.6 Apeak and 2279.5 Apeak . 

Fig. 11 shows the measured quench performance for BCS with prospective fault current of 1217 A and 2223 A, respectively, 

plotted in the time scale of 40 ms normal operation before the fault, fault period 100 ms and recovery period 80 ms after the fault 

has been cleared. Indicated by two black dashed lines, the fault occurred at 40 ms and it was cleared at 140 ms. (a) (b), and (c) 

located at the left are the quench test result for BCS under prospective current up to 1217 A; (d), (e) and (f) located at the right are 

quench test results for BCS under prospective current up to 2223 A. The two groups of data are plotted together for better 

illustration and comparison. 

Fig. 11(a) plots the limited current together with the prospective fault current from normal operation to recovery state. During 

normal operation, the current is 129 A. Due to the installation of the BCS, the fault current has been suppressed from 1217 A to 

435.5 A in the first half cycle after the fault occurred, corresponding to 35.8% of the prospective fault current. It can be observed 

that the peak value of limited fault current, Ilimited, peak, is reduced with the increase of time duration of the fault. Ilimited, peak in each 

first half cycle after the fault is 435.5 A, 421 A, 409.6 A, 398.8 A, and 387.1 A, respectively, due to the increase of quench 

resistance during the fault period. In the first half cycle after the fault is cleared, the current is 126.6 A, it then quickly returns to129 

A again, which indicates that superconducting fault current limiter could be recovered under load in this scenario.  

Fig. 11(b) shows the voltage drop across the inner and outer windings, during normal operation, fault period and recovery period. 

As can be seen from this figure, there is little voltage drop on the inner and outer windings in the normal state. Around 2.5 Vmax 

voltage drop immediately appears on both windings in the first half cycle after the fault. With the increase of the fault period, the 

maximum value of voltage across the inner and outer windings gradually increases to 3 V. After the fault is cleared, the voltage 

across both windings reduced to values very close to zero again. 

Fig. 11(c) plots the winding resistance of inner and outer windings during normal operation, fault period, and recovery period. 

In normal operation, BCS stays in superconducting state and poses nearly no resistance from the windings. Once the fault occurs, 

the current flowing through the BCS drastically exceeds its critical current. Thus, the BCS immediately changes from the 

superconducting state to normal state (S-N), and behaves like a resistor. Here, in the first half cycle after the fault, the quench 

resistance of the inner and outer windings increases to 1.71 mΩ/m and 1.57 mΩ/m, respectively. In the last half cycle before the 

fault been cleared, the quench resistance of the inner and outer windings increases to 2.29 mΩ/m and 2.17 mΩ/m, respectively. 
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This clearly indicates that with the increase in the fault period, the quench resistance of BCS increases gradually. It also explains 

why Ilimited, peak decreases during the course of the fault in Fig. 6(a) and why the voltage drop on both windings get bigger during 

the fault period in Fig. 11(b).  

As observed in Fig. 11(c), the quench resistance changes in every cycle of current during the fault period. When the limited fault 

current reaches its maximum, the quench resistance also reaches its maximum; when the limited current decreases from the peak 

to zero, the quench resistance also reduces to close to zero. In the fifth fault cycle, the maximum quench resistance is higher than 

in the previous four cycles, due to the heat accumulation and temperature rise in the superconducting winding. In the recovery 

period, the quench resistance drops gradually until it is close to zero, which means BCS could be recovered to superconducting 

state with load in this scenario [38]-[39].  

Fig. 11(d) plots the limited current together with the prospective fault current in three stages. In normal state, the current is 208.4 

A, slightly lower than the critical current of BCS at 250 A. Due to the BCS, the fault current was suppressed from 2223 A to 495.3 

A in the first half cycle after the fault occurred, corresponding to 22.3% of the prospective fault current. Similarly, Ilimited, peak 

reduces with the increase of the fault time.  Ilimited, peak in every first half cycle after the fault is 495.3 A, 438.2 A, 393.4 A, 339.6 A, 

and 289.5 A, respectively, due to the increase of the quench resistance during the fault period. In the first and the eighth half cycle 

after the fault been cleared, the current is 133.6 A and 129.2 A, which is 64.1% and 62.0% of the current in normal operation. This 

phenomenon indicates that superconducting fault current limiter still behaves as a high resistance after the fault been cleared, and 

it is challenging for the BCS to recover under load in this scenario.  

Fig. 11(e) shows the voltage drop on the inner winding and outer winding, in normal operation, fault period and recovery period. 

As seen in Fig. 11(e), there is nearly no voltage drop on the inner and outer winding during normal operation. 6.4 Vpeak and 6.2 

Vpeak voltage drops immediately appear on the inner and outer windings in the first half cycle after the fault, these are much higher 

than the 2.5 Vpeak shown in Fig. 11(b). With the increase of the fault period, the maximum value of voltage drop on the inner 

winding and outer winding gradually increases to 7.2 V and 8.5 V. Here, it is of note that the voltage in the outer winding increases 

more drastically than inner winding. After the fault is cleared, the voltage drop on the inner winding and outer winding remain at 

3.5 Vpeak and 4.2 Vpeak respectively, compared to the nearly zero voltage shown in Fig. 11(b). There is no obvious voltage decrease 

across the two windings during the recovery time, which means that in this scenario, it is impossible for BCS to recover under load. 

Fig. 11(f) plots the winding resistance of the inner and outer winding during three stages. In normal operation, similar to Fig. 

11(c), there is nearly no resistance in both windings. Once the fault occurred, BCS immediately shifts from the superconducting 

to the normal state (S-N), and behaves like a resistor. Quench resistance of the inner and outer windings reaches 3.8 mΩ/m and 3.6 

mΩ/m in the first half cycle after the fault, and 7.9 mΩ/m and 9.0 mΩ/m in the ninth half cycle after the fault, respectively.  

It is interesting to observe that the quench resistance pattern greatly differs from that shown in Fig. 11(c). Quench resistance 
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increases rapidly and drastically without reducing close to zero then rise up again. This indicates that a huge amount of heat was 

produced and accumulated in the superconducting windings, leading to a high temperature rise and also an increase in the quench 

resistance. As observed also in Fig. 11(f), the quench resistance drops slightly after the fault been cleared, and then keeps increasing 

slowly. The quench resistance in the outer winding is always higher than that in the inner winding [40]-[42]. 

 

 

Fig. 12. Quench performance test results for BCP with prospective fault current up to 1249.6 A and 2279.5 A, in the time range of normal state of 40 ms, fault 

period of 100 ms and recovery period of 80 ms. Figs. 12(a) (b), (c), and (d) located at the left are the quench test result for BCP under prospective current up to 

1249.6 A; Figs. 12(e), (f), (g), and (h) located at the right are the quench test results for BCS under prospective current up to 2279.5 A. (a) and (e) Current limited 

by BCP plotted against prospective fault current. (b) and (f) Current distribution in two windings (c) and (g) Voltage fall across the inner and outer windings. (d) 

and (h) Winding resistance of inner and outer windings. 
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Fig. 12 reports and compares the measured quench performance results for BCP with prospective fault current up to 1249.6 A 

and 2279.5 A, plotted in the time scale of 40 ms normal operation, fault period 100 ms and recovery period 80 ms after the fault is 

cleared. It is noted that Figs. 12(a) (b), (c), and (d) located at the left are the quench test result for BCP under prospective current 

up to 1249.6 A; Figs. 12(e), (f), (g), and (h) located at the right are quench test results for BCS under prospective current up to 

2279.5 A. 

Fig. 12(a) plots the limited current together with the prospective fault current in three stages. In normal state, the current is 129.4 

A. Due to the BCP, the fault current is suppressed from 1249.6 A to 625.8 A in the first half cycle after the fault occurred, 

corresponding to 50.1% of the prospective fault current. After the fault is cleared, the current in the circuit returns to 127.3 A, 

similar to that in normal operation.  

Fig. 12(b) reports the current distribution in two windings. In the first half cycle after the fault, the inner winding carries 320.1 

A, slightly higher than that in outer winding, 305.7 A, due to the shorter winding length. They are quite similar to each other in 

normal operation, fault period and recovery period.  

Fig. 12(c) shows the voltage drop on the inner winding and outer winding, in three stages. It can be observed that even during 

the fault period, the voltage drops on the two windings are smaller than 0.2 V, indicating that clear quench behavior did not happen. 

This is mainly because in the regime of BCP, the total current has been shared between two windings, and the current in each 

winding is not over the critical current by a large margin.  

Fig. 12(d) plots the winding resistance of the inner winding and outer winding during three stages. There is no clear quench 

resistance found in Fig. 12(d). The winding resistance of BCP keeps below 0.4 mΩ/m during fault period and recovery period. 

This phenomenon also explains the tiny voltage drop across the inner winding and outer winding during the fault. The 

superconducting windings are in the flux flow region.  

Fig. 12(e) plots the limited current together with the prospective fault current again in three stages. In the normal state, the 

current is 211.9 A. Due to the BCP, the fault current is suppressed from 2279.5 A to 907.8 A in the first half cycle after the fault 

occurs, corresponding to 39.8% of the prospective fault current. After the fault is cleared, the current in the circuit becomes 193.0 

A, rather than that in normal operation of 211.9 A.  

Fig. 12(f) reports the current distribution in the two windings. In normal operation, the inner and outer windings carry 109.8 

Apeak and 101.6 Apeak, respectively, due to smaller impedance of the inner winding. In the first half cycle after the fault, the inner 

winding carries 449.8 A, lower than that in outer winding, 457.6 A, indicating that quench resistance in inner winding is bigger 

than that in outer winding, which causes current redistribution.  

Fig. 12(g) reports the voltage drop on the inner winding and outer winding, during three stages. After the fault occurs, the 

voltages on the two windings immediately rise to 2.6 Vpeak and 2.3 Vpeak. During the time to the ninth half cycle of fault, the voltages 
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in inner and outer winding rise to 8.0 Vpeak and 7.6 Vpeak. After the fault has been cleared, there is still 1.8 Vpeak and 1.7 Vpeak across 

the inner and outer windings.  

Fig. 12(h) plots the winding resistance of inner winding and outer winding during three stages. In normal operation, there is 

nearly no resistance. Once the fault happens, the inner and outer winding immediately becomes two resistors, with values of 1.7 

mΩ/m and 1.5 mΩ/m in the first half fault cycle. By the ninth half fault cycle, 6.6 mΩ/m and 5.6 mΩ/m quench resistance has 

appeared in the inner and outer windings. After the fault is cleared, the quench resistance in the two windings shows a decreasing 

trend as the recovery period continues. This phenomenon indicates that the SFCL could be recovered under this load scenario [38]-

[39].  

Fig. 13 reports and compares the energy absorbed in helical bifilar coils during the 100 ms fault period under different scenarios. 

Case #1 and #2 denote the scenario shown in Fig. 11 where the prospective fault current in BCS is 1217 A and 2223 A, respectively; 

Case #3 and #4 denote the scenario shown in Fig. 12 where the prospective fault currents in the BCS is 1249.6 A and 2279.5 A, 

respectively. We observed that the maximum energy 233.0 J was absorbed into BCS in Case #2, and accordingly, the maximum 

quench resistance also occurred there, around 9 mΩ/m. Only 3.4 J energy was absorbed in BCP when the fault happens in Case 

#3, and hence, there is no obvious quench in BCP. 

 

Fig. 13. Energy absorbed in helical bifilar coils during the 100 ms fault period. Case #1 and #2 denote the scenario where the prospective fault current in BCS is 

1217 A and 2223 A, respectively; Case #3 and #4 denote the scenario where the prospective fault current in BCS is 1249.6 A and 2279.5 A, respectively. 
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Fig. 14. Quench resistance of helical bifilar coils during fault period, plotted against total energy absorbed in coils. 

 

Fig. 14 compares the quench resistance of the helical bifilar coils, BCS and BCP, during fault period, plotted against total energy 

absorbed in the coils. As we observed in Fig. 14, the quench resistance versus the total energy of each helical coil shows a liner 

relation in a log-log scale, after the helical coils have been quenched. When the total energy fall in the BCP is less than 2 J, it is 

likely the quench could not be triggered. When the total energy absorbed by two helical coils is 24 J, the quench resistance in BCS 

is 7.2 mΩ, which is 4.2 times of the quench resistance produced from BCP. When the total energy absorbed by two helical coils is 

159.1 J, the quench resistance in BCS is 35.1 mΩ, which is 3.3 times of the quench resistance produced BCP. It has also been 

found that to produce a fault limiting resistance, BCS absorbs less energy than BCP, which means BCS is easier and faster to be 

triggered as a resistor.  

VI. CONCLUSIONS 

There are the highest safety and reliability standards for future Electric Aircraft, due to the low short-circuit impedance and rate 

of rise of the fault current. The superconducting fault current limier (SFCL) plays a promising role in Electric Propulsion Aircraft, 

with the advantages of light weight, high efficiency and compact size, in contrast to conventional FCL. Liquid hydrogen has been 

proposed to use as power source for future Electric Aircraft. It can also serve as coolant for superconducting devices. A lower 

operating temperature of 20 K would mean higher critical current and lower losses for SFCL coil.  

In this paper, we propose a novel helical bifilar coil, BCS, composed of two windings, inner and outer. These are wound in 

opposite directions on the same bobbin, and connected in series to achieve low flux density and very low total inductance. This 

novel arrangement has been compared with the conventional helical bifilar coil, BCP, where the windings are connected in parallel. 
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12 mm-wide AMSC-8602 type YBCO tape reinforced with stainless steel layers was chosen to wind the coils. After manufacturing 

the windings, a series of AC loss experiments and quench tests were performed to compare the performance of the two structures. 

The current rating of the SFCL can be increased by multiple tapes wound in parallel whilst the voltage rating can be increased by 

a longer superconducting tape and coil former. 

The AC losses measured in a single YBCO tape under three frequencies agree well with each other. In the low current region, 

the AC loss is much higher than that calculated by the Norris model, due to the hysteresis loss in the magnetic substrate layer of 

the tape dominating the loss in the superconductor. In the high current region, the magnetic substrate layer becomes saturated so 

that AC loss in the super conductor tape is now the principle loss and the AC losses agree with the Norris model.  

  The AC loss in BCS measured under three frequencies is identical. However, the AC loss measured in BCP is higher than that in 

BCS when the total current is the same, this is due to unequal current distribution between the two windings in the BPS regime. It 

is also observed that the AC loss in BCP is dependent on the frequency with the loss decreasing as the frequency increases, due to 

the current sharing more evenly in the two windings with increased frequency. 

Quench tests were conducted for BCS and BCP with prospective fault current up to 2223 A, nearly 9 times of the critical current 

of the windings. The fault current is suppressed effectively by BCS at the first half peak from 2223 A to 495.3 A, corresponding 

to 22.3% of the prospective fault current. On the other hand, the fault current is suppressed from 2279.5 A to 907.8 A in the first 

half cycle after the fault occurred, corresponding to 39.8% of the prospective fault current. The inner and outer windings quench 

almost at the same time. The recovery of two windings is dependent on recovery current, prospective fault current and also the 

voltage across the two windings during fault. Further research will be conducted to explore the factors which effect the recovery 

and also the relationship between the recovery time and these factors.  
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