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Abstract—The distributed propulsion aircraft with HTS electrical 

system is a novel concept for future airliners, which can reduce by 

more than 70% fuel burn and NOx emissions. The circuit breakers 
ensure the security of this novel aircraft by isolating electrical faults 
timely. Solid-state circuit breakers (SSCBs) are preferred due to 

their fast response and high performance in the cryogenic circum-
stance. However,  the high conduction loss of SSCBs impedes their 
further application. A mechanical switch using liquid nitrogen (LN2) 

as an arc extinguishing medium shows excellent DC current inter-
ruption performance. The LN2 switch is characterized with ex-
tremely low contact resistance, and  the proper use may reduce the 

conduction loss of power switches significantly. Nevertheless, the ef-
fect of metal type arc chutes on the arcing process in the LN2 is still 
not clear. Thus the objective of this paper is to understand the effect 

of metal type arc chutes on the current interruption performance of 
LN2. Silicon iron arc chutes are employed. Neodymium (NdFeB) 
magnets are used to stretch the arc into the arc chutes. The maxi-

mum interrupting current is 1 kV/ 2 kA when only magnets are ap-
plied. Further applying the arc chutes leads to a significant drop in 
the arc voltage and interruption performance. Since the high rela-

tive permeability of silicon iron weakens the magnetic field acting 
on the arc, metal type arc chutes are not recommended. 1 kV / 10 
kA fault current is successfully cleared by the combination of re-

sistance type superconducting fault current limiter (R-SFCL) and 
LN2 switch with magnets, during which the R-SFCL responds to 
the fault within 420 μs, compensating the long clear time of the 

LN2 switch. 
 

Index Terms—Distributed Propulsion Aircraft; Superconduct-

ing Fault Current Limiters; Liquid Nitrogen Switch; Arc Chute; 
Cryogenic Power Electronics 

I. INTRODUCTION 

urboelectric distributed propulsion aircraft is believed to be 

a vital solution against the increasing aviation industry en-

vironmental damage. The electrical system is required to de-

liver power ranging from 5 MW to 50 MW, weight and effi-

ciency of the electrical system are key factors in its realization. 

A high-temperature superconducting electrical system for the 
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distributed propulsion system is firstly proposed by Luongo et 

al. [1]. Soon after this, a well-known platform for HTS electri-

cal system is established by NASA’s N3-X hybrid wing body 

aircraft project [2]. It has been proven by Felder et. al that such 

novel aircraft can reduce by more than 70% fuel burn and NOx 

emissions [3]. Fig.1 shows the proposed HTS electrical system. 

DC power transmission is preferred due to the advantages of 

flexible control and high reliability [4]. To reduce temperature 

transfer areas, the whole electrical system is designed to work 

in the cryogenic system, including power switches [5]. For cur-

rent investigation the solid-state circuit breakers (SSCBs) are 

chosen due to their possibility of working in the extremely low 

temperature and fast fault clear time. Nonetheless, the high on-

state loss and relatively low power density lead to 34% of  mass 

and 38% of losses in the HTS system [6].The feasible protection 

of the HTS system requests cryogenic power switches with low 

on-state loss and fast interruption performance, but none of the 

current power switches could meet the strict requirements. In 

[8], a cryogenic mechanical switch using LN2 as arc extinguish-

ing medium shows excellent DC current interruption perfor-

mance. It is reported that the current interruption ability of the 

LN2 is 20 times better than air . The on-state resistance of the 

mechanical switch is in the range of several micro ohms, which 

is hundreds of times smaller than that of the cryogenic SSCBs. 
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Fig. 1. The proposed HTS electrical system in NASA’s N3-X project. 
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The proposed LN2 switch could be potentially used as a cryo-

genic power switch in the HTS electrical system, thus tremen-

dous conduction loss can be reduced.  

In low voltage DC current interruption, the circuit is inter-

rupted when the arc voltage reaches the system voltage. As a 

commonly used method to increase the arc voltage, the metal 

arc chute is widely used for air DC circuit breakers. Both ex-

perimental and numerical investigations have been carried out 

for the complex effect of an arc chute in the air [7]–[12]. How-

ever, in the new power switch which uses LN2 as an arc extin-

guishing medium, the arc chute has not been tested yet. The 

current interruption performance of metal type arc chutes in the 

LN2 is not clear. The objective of this paper is to understand the 

current interruption performance of LN2 when metal type arc 

chutes are applied. Firstly, the potential application of combin-

ing resistance type superconducting fault current limiter (R-

SFCL) with LN2 switch is analyzed. Then current interruption 

tests with arc chutes are conducted. Finally, the cooperation of 

R-SFCL and LN2 switch is carried out to validate the possibility 

of the application in HTS system. 

II. FEASIBILITY OF COMBINING R-SFCL WITH LN2 SWITCH IN 

THE HTS SYSTEM  

Although the HTS technology significantly reduces the elec-

trical system volume, mass, and power losses, it causes unprec-

edented challenges in the protection of the novel system. At first, 

power switches must insulate the fault section as soon as possi-

ble since the low impendence of the HTS system may contrib-

ute to the infinite fault current in several milliseconds. The fault 

current may increase from 2.8 kA to 99 kA within 500 μs when 

the system voltage ranges from 270 V to 10 kV [13]. Secondly, 

the conduction loss can be amplified several times once the 

power switch is immersed in the cryogenic environment. That 

is attributed to the refrigeration efficiency of cryocoolers. To 

remove 580 W cooling power at 77 K, a stirling-type pulse tube 

cryocooler needs to input 12 kW power [14]. 

Even though the mechanical switch takes significant longer 

time to interrupt the fault current, as compared with the power 

electronics, the SFCL could respond to the fault current within 

hundreds of microseconds automatically. With the aid of R-

SFCL, the long clear time of mechanical switches can be com-

pensated and the performance of their cooperation has been 

proven to be promising [15][16]. With the proper design of 

SFCL, the fault current can be limited to several kA, and it can 

be well handled by the LN2 switch. Furthermore, the contact 

resistance of a LN2 switch is hundreds of times smaller than that 

of the cryogenic power electronics, a huge amount of heat dis-

sipation can be reduced. Although a certain amount of heat 

could be generated by the quench of R-SFCL, the duration of 

such heat source is only several milliseconds, which is rather 

small compared with conduction losses. In summary, the com-

bination of the R-SFCL and LN2 switch can meet the protection 

requirements of the HTS electrical system, and a huge amount 

of heat dissipation can be eliminated. 

III. EXPERIMENTAL INVESTIGATION ON METAL ARC CHUTE IN 

LN2 

A. Experimental setup 

A R-L-C circuit is employed to provide the DC current. Fig.2 

(a) shows the experiment circuit and the designed LN2 switch 

with metallic arc chutes. The whole LN2 switch and the electro-

magnetic mechanism are both immersed in the LN2. NdFeB 

permanent magnets are placed beside the switch to provide 50 

mT magnetic field, which provides upward Lorentz force to 

stretch the arc into the arc chutes. The average separating speed 

of the contacts is around 0.8 m/s.  

Fig. 2 (b) gives the cross-section view of the LN2 switch. 19 

pieces of silicon steel arc chutes are fixed vertically in the upper 

part of a G10 frame. The thickness of the arc chute is 1 mm and 

the interval between two arc chutes is 5 mm. The contact gap is 

10 mm. DC currents with the amplitude of 100 A to 2400 A are 

generated in the circuit. Arc voltage is measured by Tektronix 

P6015A high voltage probe and arc current is measured by Hall 

Effect sensors MIK-DZI-2000 A. 

B. Results 

1) Current interruption with magnets only in the LN2 

Since NdFeB permanent magnets are placed beside the LN2 

switch to accelerate the arc getting into the arc chutes, to under-

stand the effect of the metallic arc chute, tests with only mag-

nets applied are firstly conducted. A fault current of 2 kA is 

successfully interrupted, beyond which the switch couldn’t in-

terrupt. In the successful interruptions, the arc voltage increases 

rapidly until it reaches the system voltage, then the circuit is 

interrupted. The maximum arc voltage can be up to 1000 V.  
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2) Current interruption with metal type arc chute in the LN2  

When both magnets and metal arc chutes are applied, the cur-

rent interruption performance becomes worse. The maximum 

interrupted current under this condition is 632 A. The maximum 

arc voltage is around 417 V. However, in a failed interruption, 

as shown in Fig. 3, the arc voltage drops to around 200 V after 

reaching its peak value, and the arc burns stably with nearly 

constant arc current and voltage until the R-L-C circuit can’t 

sustain.  

C. Discussion 

The arc voltage consists of anode falls, cathode falls, and 

voltage drop of the arc column. The metal type arc chute pro-

motes the arc voltage by splitting the arc into several partial arcs, 

which means more cathode falls are generated and connected in 

series. Thus, the sum of the partial arc voltage can be far higher 

than the voltage of a single arc at the same length [17], noting 

that the arc voltage of each short partial arc is around 15 ~ 20 V 

[18]. The comparison between the three testing conditions is 

shown in Table I. Although metal type arc chutes promote the 

arc voltage to three times higher than the free burning arc in 

LN2. it is quite surprising that when both magnets and arc chutes 

applied, the arc voltage drops greatly, which is much less than 

the arc voltage when magnets applied only.  

The trace of arc ablation on arc chutes after tests is examined, 

as shown in Fig.4. The red line in Fig.4 (a) is the upper bound-

ary of the arc ablation. Only 11 pieces of metal arc chutes are 

contacted with the arc actually, resulting in the voltage of the 

stably burning arc between arc chutes is only 200 V. That is 

consistent with the literature that each short partial arc is around 

15 ~ 20 V [18]. Meanwhile, the arc doesn’t enter the arc chute 

deeply, which can be seen from Fig.4 (b).  

Fig. 5 gives the comparison of the magnetic field distribution 

in the two cases. The magnetic field is distributed uniformly 

when only magnets are applied and the average magnetic field 

is 50 mT. However, when metal arc chutes are added, the mag-

netic flux is mainly concentrated in the silicon iron due to the 

huge relative permeability difference between the silicon iron 

and the LN2. The magnetic field in the silicon iron is up to 800 

mT while the magnetic field in the interval is below 10 mT. But 

the arc is mainly driven by the magnetic field in the intervals. 

That could explain why the current interruption performance 

gets worse when metal arc chutes applied. For this reason, in-

sulating arc chutes are needed to further improve the arc voltage 

since it will not affect the magnetic field acting on the arc.  

Generaly speaking, the voltage level of the HTS electrical 

system will not exceed 10 kV, and the optimized operating volt-

age is below 5 kV [5]. Experiment results have shown that the 

breakdown voltage of the cryogenic nitrogen between 5 mm can 

be up to 50 kV [19], and even in the hot air (100 μs after arcing) 

the recovery voltage between a 1 mm electrode gap is more than 

 
Fig. 3. Typical waveforms of a failed interruption when both permanent 

magnets and metal arc chute were applied. 
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Fig. 4 (a) Side view of the arc chutes after tests 

 
Fig. 4. (b) Front view of the arc chutes after tests. 

TABLE I 
ARC VOLTAGE IN THE LN2 WITH DIFFERENT ARC DISTINGUISHING METHOD 

 

Test style 
 

Arc Voltage (V) 
Maximum interrupted 

current (A) 

Free arc in the LN2 50 136 

Arc under magnets only 1000 2000 

Arc under magnets and 
metal arc chutes 

200 632 
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Fig. 5. (a) Magnetic field distribution with magnets applied only. 

Fig. 5. (b) Magnetic field distribution with metal arc chutes and magnets applied  
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2 kV [20]. For the LN2 switch, the contact gap is 10 mm. Alt-

hough the dielectric strength will reduce slightly due to phase 

change, it is still beyond the HTS system voltage level.  

The testing results show that the LN2 switch can interrupt 1 

kV / 2 kA within 20 ms. Assuming all the heat during the arcing 

process is absorbed by the LN2, the consumption of LN2 will 

not exceed 0.25 L for each interruption, which is rather small 

comparied with the total amount of LN2 provided. The LN2 

switch can be ready for next several interruptions immediately. 

Once the LN2 switch is required to interrupt the circuit again, it 

can respond in several milliseconds, which is mainly confined 

to the mechanical velocity and detection time. After the inter-

ruption, the nitrogen gas vaporized from LN2 will liquefied 

again by the cryocoolers. 

IV. CURRENT INTERRUPTION PERFORMANCE OF THE COMBI-

NATION OF SFCL AND THE LN2 SWITCH. 

The maximum interrupted current of the designed LN2 

switch is 2 kA, which is far less than the fault current. The LN2 

switch alone is not enough for the protection of the HTS elec-

trical system, and it is necessary to be associated with a SFCL. 

Thus the experiment of their combination is also conducted. 

A non-inductive winding is wound in a pancake plate by 18 

meter long superconducting tapes. The tapes are made of 

YBa2Cu3O7-δ (YBCO) coated conductor tape with stainless 

steel, type 8602, produced by American Superconductor Inc. 

Table II shows the specifications of the YBCO superconducting 

tape. 

A. Results 

1 kV/ 10 kA fault current was successfully interrupted by the 

combination of the LN2 switch and SFCL, and the waveforms 

are shown in Fig.6. The response time of the R-SFCL was quite 

fast. The superconducting coils started to quench 40 μs after the 

fault current happened, then the 10 kA prospective short circuit 

current was limited to 1.4 kA within 420 μs. The LN2 switch 

started to separate at 4 ms and interrupted the current at 16 ms. 

The operating mechanism employed in this R&D experiment is 

not industry level, and the low separating speed at the instance 

of contacts separation caused the arc voltage growing slowly in 

the first 4 ms, leading to a longer clear time. Such drawbacks 

can be significantly improved by employing a fast operating 

mechanism.  

Considering the current experiment results, a proper design 

of the LN2 switch and SFCL could meet the protection require-

ments of a l kV HTS system. The ultra-fast response of the 

SFCL compensates the longer clear time of the mechanical 

switch (compared with Solid-State Circuit Breakers). For higher 

voltage application, the arc voltage of the LN2 switch remains 

to be promoted. 

V. CONCLUSION 

Potential applications of the LN2 switch in HTS electrical 

system have been proposed and the feasibility has been ana-

lyzed in this paper. Main conclusions are listed as follows: 

1) Arc voltage of the free burning type arc in the LN2 is around 

50 V, and it is promoted to 1000 V with magnets applied only. 

But when both magnets and metal arc chutes are applied, the 

arc voltage is only 200 V. The metal type arc chute is not 

suitable for  the LN2 switch. 

2) Silicon iron weakens the effect of magnetic fields acting on 

the arc due to its high relative permeability, contributing to the 

lower arc voltage compared with magnets applied only. 

Insulating arc chutes may further improve the arc voltage (more 

than 1 kV).  

3) The combination of the R-SFCL with a LN2 switch can be 

a promising solution in the 1 kV HTS electrical system. 1 kV/ 

10 kV fault current is limited to 1.4 kA within 420 μs and then 

interrupted by the LN2 switch. The ultra-fast response of SFCL 

compensates for the long clear time of the LN2 switch. For 

higher voltage level, the arc voltage of the LN2 switch must be 

promoted.  

 

 
Fig. 6. Current interruption performance of combining the LN2 switch with 

SFCL. 
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TABLE II 
SPECIFICATIONS OF THE YBCO SUPERCONDUCTING TAPE. 

 

Specifications Value 

Width 12 mm 

Thickness 0.22-0.28 mm 

Critical current (Self-field,77 K) 225 A 
Resistance per length (293 K) 0.11 /m 
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