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Abstract In this paper, a 220-V resistive superconducting

fault current limiter (SFCL) prototype is built and tested

under different prospective fault currents, which vary from

0.8 to 7.4 kA. A 2D superconductor model is integrated

into an experimental circuit model in COMSOL to simulate

the performance of the SFCL prototype in the experimental

system in fault tests. In the simulation, a new E-J relation-

ship is proposed to enhance the convergence of calculation.

Comparison between simulation results and experimental

results shows that the proposed model performs well in

simulating current limiting performance of SFCL in experi-

mental system in case of fault.
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1 Introduction

With the increase of interconnection of transmission lines

and new generation sources, the problem of excessive fault

currents in power grids is becoming more and more severe

today [1]. Resistive type SFCLs, which are based on the

transition of superconductor from superconducting state to

normal state, is one of the most promising superconducting

fault current limiters (SFCLs) that can solve the problems.

In normal operation, the resistance of SFCL is almost

zero. However, when short circuit occurs, SFCL acts like

a resistor and cooperates with circuit breakers to clear the

fault. The current limiting performance of SFCL determines

whether the fault current can be limited to a value that circuit

breaker can cut off. Therefore, the simulation of the current

limiting performance of SFCL is very important.

So far, many finite element models have been proposed to

study the quench process of high-temperature superconduc-

tors. F. Roy [2, 3] proposed a 2D electro-magneto-thermal

model, which was calculated with H formulation, to simu-

late the quench performance of SC tape. The increase of the

thickness of each layer of superconductor, aiming to speed

up calculation, might result in inaccuracy of calculation

result. Similarly, a 2D axisymmetric model using H formu-

lation was proposed to calculate the quench propagation of

superconducting coils in the case of heat pulses [4, 5]. In

the model, a simplified superconductor model was used by

deleting the Ag and buffer layers to enable fast calculation.

Meanwhile, several 3D models have also been presented to

investigate the quench process. J Duron [6]. proposed a 3D

FEM model to study the quench behavior of the supercon-

ductor with a method based on fast-forward scheme, where

the electromagnetic model and thermal model are calculated

alternately. In the simulation, the geometric aspect ratio

was decreased by increasing the thickness of YBCO and

mailto:W.Yuan@bath.ac.uk
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Ag. Wan Kan Chan [7–9] proposed a 3D micrometer-scale

model, which coupled 2D model and 3D model to simulat-

ing the quench propagation in both SC tapes and coils under

DC conditions. Besides, a hybrid model, which combines

the finite element method and a current repartition Matlab

function, has also been used to simulate the quench propa-

gation of superconductor [10]. However, the model did not

take into account the influence of magnetic field to current

redistribution during simulation.

As shown above, most finite element models concern-

ing quench mainly focus on microscopic characteristics

of superconductor, such as the quench performance and

quench propagation of superconductor. However, neither of

them has been used to simulate the current limiting per-

formance of SFCL as a device in power system, which

can be realized by coupling a SFCL model and a power

system model. Simulating the performance of SFCL in its

operating environment enables researchers and engineers to

better understand the requirement of its operation environ-

ment to SFCL. What is more, it can also be used to evaluate

the effect of SFCL on power grids in case of fault, which

is more important and useful to power network operators

[11]. Therefore, a finite element model is integrated into

an experimental circuit model in COMSOL to simulate the

current limiting performance of a resistive SFCL prototype

in experimental system under different fault currents in this

paper. The goal of this paper is to demonstrate the possibil-

ity of the model proposed in simulating the current limiting

performance of large scale of SFCL in power system.

The 220-V SFCL prototype is consisted of 16 elements

connected in series, each element containing four YBCO

tapes and a shunt in parallel [12]. To ensure the accuracy of

calculation results, the real dimensions of superconducting

tapes are used in the simulation. To enhance the conver-

gence of calculation, a new E-J relationship is proposed to

describe the electrical characteristic of YBCO in the simulation.

In Section 2, the SFCL prototype and the corresponding

2D superconductor model are introduced. In Section 3, the

experimental circuit and the simulation model are presented.

In Section 4, the comparison of simulation results and exper-

imental results is provided. In Section 5, some problems

in calculation are discussed. Conclusions are presented in

Section 6.

2 SFCL Prototype and Superconductor Model

2.1 Introduction of SFCL Prototype

The SFCL prototype, which is shown in Fig. 1, consisted of

16 elements connected in series. Each element contains four

superconducting tapes and an external 180-m� shunt resis-

tor, which are connected in parallel, as illustrated in Fig. 2

Fig. 1 SFCL prototype

[12]. The tape used in the SFCL prototype is American

Superconductor’s 344S tape, with critical current 72 ± 2A,

width 4.4 mm, and thickness 0.15 mm. The parameters of

the tape is shown in Table 1 [13]. The effective length of

each tape is 0.4 m; therefore, the total length of tape used in

the SFCL prototype is 25.6 m.

To simulate the SFCL prototype, a 2D finite element

model is built in COMSOL, where the cross-section of the

four superconducting tapes is used to express the super-

conducting tapes of each element of SFCL prototype, as

shown in Fig. 3. Considering that the shunt in each element

of the SFCL prototype is difficult to simulate in the 2D

superconductor model, it is simulated in the experimental

circuit model, which will be introduced in Section 3.2. For

the simulation of 344S tape, the real SC tape structure and

geometry are used, as shown in Fig. 4. Each tape consisted

of seven layers: two SUS 316L layers, two solder layers, a

Ni-5at %W layer, a YBCO layer, and a silver layer, with the

geometry of each tape shown in Table 1.

The electrical and thermal parameters of substrate, HTS,

protective, solder, and stabilizer used in the simulation

are listed in Table 2 [13], and some detailed temperature-

dependent variables are provided in the Appendix.

2.2 Superconductor Model

Considering that the quench process is not only an

electromagnetic process, but also a thermal one, the

Shunt  

Tape  

Bus bar

Fig. 2 Schematic diagram of each element of SFCL prototype
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Table 1 Parameter of AMSC 344S tape [13]

Substrate Ni-5at%W (75 µm)

HTS YBCO (1 µm)

Protective Ag (4 µm)

Solder Mixture (Sn, Pb, Ag) (3 + 3 µm)

Stabilizer Stainless steel 316L (SUS 316L) (25 + 25 µm)

superconducting tapes are simulated by coupling an elec-

tromagnetic model and a thermal model. For the electro-

magnetic model, the four parallel tapes are calculated with

only one partial differential equations (PDE) in COMSOL.

For the thermal model, each tape is calculated with a sepa-

rate PDE, considering that there is no direct thermal contact

between the four parallel tapes.

2.2.1 Equations of Electromagnetic Model

H formulation is used to solve the electromagnetic property

of the 2D model shown in Section 2.1 [26]. In the model

shown in Fig. 3, the superconductor length is assumed to

be infinite in the Z direction. Current flows only in the Z

direction and magnetic field exists in the XY plane only.

Equation (1) is used to express the E-J relationship of

superconductor, where ρ is a variable.

E = ρ ∗ J (1)

E and J mean the electric field and the current density of

superconductor, respectively. For different layers of super-

conducting tape, ρ means the resistivity of corresponding

layer.

By combining Faraday’s law, Ampere’s law, and (1), a

PDE can be obtained [26]

μ0
∂μr

∂t
H + μ0μr

∂H

∂t
+ ∇ × (ρ∇ × H) = 0 (2)

where μ0 is the vacuum permeability, μr means the relative

permeability, and H means the magnetic field.

According to E-J power law, the electrical field in

superconductor increases exponentially with current den-

sity, which is inconsistent with the reality that the resistivity

of superconductor will reach the normal resistivity even-

tually. Therefore, the E-J power law cannot be used to

simulate the E-J relationship when the current of super-

conductor is much higher than its critical current. Up to

now, different equations have been proposed to describe the

E-J relationship of superconductor during quench. Joseph

Duron [6, 27] proposed a black-box model, which took

superconductor as the parallel connection of a nonlinear

resistor, representing the superconducting material, and a

normal resistor, meaning the metallic sheath. François Roy

[3] described the electrical property of superconductor with

a nonlinear resistivity, which varied with current density and

temperature. W. Paul [28] defined the E-J relationships of

three operating states of superconductor—superconducting

state, flux flow state, and normal conductor with E ∼ jα ,

E ∼ jβ , and E = ρj , respectively. The E-J power law

can be modified by setting an upper limit to the resistivity

of superconductor, as shown in (3), where the resistivity of

superconductor that is larger than ρnorm is regarded as ρnorm.

ρnorm is the normal resistivity of superconductor, which is

set to be a constant in the simulation. Jc is the critical cur-

rent density of superconductor, and E0 is the electric field in

superconductor when the current density equals Jc, which is

taken as 1 µV/cm.

ρsc1 = min

(

ρnorm,
E0

Jc

(

Jz

Jc

)n value−1
)

(3)

Although (3) can be used to simulate the E-J relationship

in the finite element simulation, there is a singularity on

the E-J curve, which easily leads to non-convergence in

calculation. In order to improve the convergence of com-

putation, a new E-J relationship with a smooth transition

from superconducting state to normal state is proposed in

Table 2 Electrical and thermal parameters

Layer Density Resistivity Heat capacity Thermal conductivity

kg/m3 � m J/(kg K) W/(m K)

SUS316L 8000 Figure 18 [14] Figure 19 [15] Figure 19 [16]

Solder 8410 [17] 1.40e−7 [17] 167 [18] 50 [17]

Ni-5at %W 10,400 [19] 2.68e−7 [20] 440 Figure 20 [21]

YBCO 5900 (5) Figure 21 [22] 17 [4]

Ag 10500 1.59e−8 × (1 + 0.0038 × (u3-293)) [23] 235 Figure 22 [24, 25]

Due to the fact that the heat capacity and thermal conductivity of SUS 316L are not found, the corresponding parameters of SUS 316 are used
instead
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this paper. The new relationship is based on an exponen-

tial function, which is shown in (4) and (5), and two fixed

points of the modified E-J power law (3): (Jc, E0/Jc) and

(α*Jc, ρnorm). α is a coefficient that determines the trend

of superconductor resistivity with current density. The first

is the point where the current density equals critical current

density, while the second one corresponds the point where

the resistivity of superconductor equals normal resistivity.

The equations of this new E-J relationship are shown in

(4–7).

Ez = ρsc2 ∗ Jz (4)

ρsc2 =

{

ρnorm ∗ e
−

(

|Jz|−β∗Jcx
γ

)2

, 0 ≤ Jz ≤ β ∗ Jcx

ρnorm , β ∗ Jcx ≤ Jz

(5)

By taking the two points into (5), the two coefficients β and

γ can be solved.

β = α (6)

γ =
(β − 1) × Jcx

√

− ln(
E0

Jcx×ρnorm
)

(7)

where ρsc is the resistivity of superconducting layer, and β

and γ are the coefficients that are used to define the new

E-J relationship of superconductor. Jcx is the critical cur-

rent density of superconductor, which is usually taken as a

function of temperature and magnetic field. For the defini-

tion of J cx, only the influence of temperatures on the critical

current is considered due to the fact that it is much greater

than the influence of magnetic field in the superconductor

as in the arrangement shown in this paper. Therefore, Jcx is

expressed by (8) [3].

Jcx = Jc0 ∗

(

Tc − T

Tc − T0

)1.5

(8)

where Jc0 means the critical current density of supercon-

ductor when the temperature of superconductor equals T0.

X 

Y

Fig. 3 2D model of four parallel 344S tape

SUS316L

SUS316L

Ni-5at%W

Ag 

YBCO

Solder

Solder

Fig. 4 Schematic diagram of each 344S tape (not to scale)

T0 means the temperature of liquid nitrogen, which is con-

sidered as 77 K here. Tc means the critical temperature of

superconductor, which is regarded as 90 K here.

As shown in (4–7), the only variable of the new E-J

relationship is α.

The physical basis of the new E-J relationship is that

the quench process is basically a process of heat dissipa-

tion. When the current is smaller than the critical current,

the electric field on the superconductor is very small, which

can be derived from the point of (Jc, E0/Jc) and (4) and (5);

therefore, the heat dissipation can be neglected. However,

when the current increases above the critical current, the

electric field will increase exponentially, which leads to heat

generation. Nevertheless, the electric field will not always

increase exponentially, because finally the normal resistiv-

ity of superconductor will be reached, when the electrical

field increases linearly with current density. In this paper, to

express the E-J relationship of superconductor more accu-

rately α of the new E-J relationship is chosen to make

the E-J relationship as close as the modified E-J power

law (3). The coefficient α of the new E-J relationship

is taken as

α = 1.15 ∗

(

ρnorm ∗ Jcx

E0

)
1

n value−1

(9)

where n value is taken as 31, which is also used in the

simulation.

Then, to better illustrate the new E-J relationship, ρ-J

curves of the new E-J relationship is compared with that of

the modified E-J power law and Duron’s equation, which

is shown in (10) and (11) [27].

ρsc =
E0

Jcx

(

Jz

Jcx

)n value−1

(10)
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Fig. 5 Comparison of different
EJ equations. a Jc(T ) = Jc0. b

Jc(T ) = Jc0/100. c

Jc(T ) = Jc0/104. d

Jc(T ) = Jc0/107
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As shown in Fig. 5, there is only little difference between

three curves when the current is lower and slightly higher

than the critical current Jcx. Then with the increase of

the current density, the slope of the new E-J relation-

ship curve and Duron’s equation curve become smaller

than that of the E-J power law curve. Considering the

fact that the superconducting layer is sandwiched between

non-superconducting layers, most current shunts to the

non-superconducting layer when the resistivity of super-

conductor increases to a high value, which leads to little

heat dissipation at the superconductor layer. Therefore,

the reduced slope of the new E-J curve has little influ-

ence to the quench simulation. What is more, the slope

reduction of the new E-J curve can enhance the con-

vergence of calculation, which is analyzed in detail in

Section 5.1.

2.2.2 Thermal Model

For calculation of the thermal property of superconducting

tapes during quench, a thermal equilibrium equation is built,

as shown in (12),

Q = ρmCp
∂T

∂t
− ∇(−k∇T ) = EzJz (12)

where Q means the power density in superconductor, ρm

means density, Cp means the heat capacity, k means the

thermal conductivity.

What is more, in order to simulate the physical process

of heat transfer from the superconducting tape to the liq-

uid nitrogen, where the SFCL is placed, a heat transfer

equation (13) is applied to the surface of superconductor in

calculation [3].

n̂ · (ki∇T ) = h(TS − T0) (13)
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Electro-

magnetic 

model 

T

Ez*Jz

Thermal 

model 

Fig. 6 Coupling between electromagnetic model and thermal model

where h means convective heat transfer coefficient, which

can be found in detail from [3]. Ts means the temperature of

superconductor surface.

2.2.3 Coupling of the Electromagnetic Model and Thermal

Model

In the simulation, the electromagnetic model and the ther-

mal model are coupled together to calculate the characteris-

tics of superconductors during quench. As shown in Fig. 6,

the calculation results of electromagnetic model Ez and Jz

are used as the input of thermal model. Also, the calculation

results of thermal model T is used as an input parameter of

the electromagnetic model. Due to the powerful ability of

COMSOL in solving the coupled problems, the two models

can be coupled and calculated simultaneously in COMSOL,

which can provide more precise results compared with the

method based on a fast-forward scheme [6].

3 Introduction of Fault Experiment
and the Circuit Model

3.1 Introduction of Fault Experiment

To test the current limiting performance of the SFCL proto-

type mentioned in Section 2, fault current tests are carried

out using the experimental system shown in Fig. 7. The

experimental system is consisted of a 3 MVA/15 kV/380 V

transformer, a main switch, SFCL prototype, variable resis-

tors R1 and R2, and a switch for short circuits, as shown

in Fig. 7 [12]. The SFCL was tested under the voltage

between phase and ground of the transformer, which is

220 V/60 Hz. In the fault current test, R1 and R2 can be

adjusted to obtain suitable pre-fault currents and prospective

fault currents, which vary from 0 to 10 kA. In the experi-

ment, a steady current of 300 A flows in the circuit before

the occurrence of short circuit, and the fault lasts for five

cycles [12].

Table 3 Summary of applied fault currents

Prospective Limited SFCL Voltage per

fault current/kArms current/Arms voltage/Vrms element /Vrms

0.8 357.8 87 4.9

1.0 390.3 113 5.9

2.0 437.0 153 8.0

3.4 448.3 176 9.9

4.2 475.9 187 10.5

5.7 475.9 194 11.0

6.2 489.3 201 11.3

7.0 492.1 203 11.5

7.4 491.4 202 11.4

In the fault experiment, the current limiting performance

of the SFCL prototype is tested under different prospec-

tive fault currents from 0.8 to 7.4kA. The test results are

summarized in Table 3.

3.2 Circuit Model

To simulate the performance of SFCL in fault experi-

ments as well as the corresponding response of the exper-

imental circuit, an experimental circuit model is built and

combined with the superconductor model mentioned in

Section 2, as shown in Fig. 8 The experimental system

shown in Fig. 7 is simulated with an electrical circuit built

in electric circuit interface of AC/DC module of COM-

SOL, illustrated in Fig. 8a. Two variable resistors R1 and

R2 are used to simulate the line resistor and load resistor

separately.

As shown in Fig. 8b, the SFCL is expressed with a series

connection of 16 elements in the electrical circuit, each one

Fig. 7 Experimental system
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Fig. 8 Simulated electrical circuit: a is the schematic diagram of
electrical circuit; b is the schematic diagram of the SFCL

consisted of three resistors, which represent YBCO layers,

metal layers (metal layers mean a combination of the Ni-

5at%W layer, Ag layer, mixture layer and SUS 316L layer),

and shunt separately.

3.3 Coupling of the Experimental Circuit Model

and the Superconductor Model

In the simulation, the superconductor model and the exper-

imental circuit model are coupled together to simulate the

current limiting performance of the SFCL prototype, as

shown in Fig. 9. In each calculation step, the current flowing

through the superconducting tapes of the SFCL prototype

is transferred from the circuit model to the superconductor

model to calculate the electrical and thermal characteristics

of superconducting tapes. Also, the resistance of YBCO

layers and the resistance of metal layers are trans-

ferred from the superconductor model to the experimental

circuit model to continuously calculate the response of the

experimental circuit.

The extraction of the current of the superconducting

tapes from the experimental circuit model can be easily

realized by summing up the current of the two resis-

tors, which represent the YBCO layers and the metal

layers in an element shown in Fig. 8b. The extractions

of resistances of YBCO layers and the resistance of

metal layers from the superconductor model are introduced

below.

1. Extraction of the Resistance of Metal Layers The

resistance of metal layers of a superconducting

tape is regarded as the resistance of the six metal

layers connected in parallel, which can be calculated

with (14) and (15). As shown in (15), the resistivity of

each metal layer is defined as functions of its average

temperature.

Rmetal =
1

i=6
∑

i=1

1

Ri (T )

(14)

Ri(T ) = ρi(T ) ×
l

S
(15)

2. Extraction of Resistance of YBCO Layers

The resistance of YBCO layers is calculated based on

the assumption that the YBCO layers, and the metal layers

are connected in parallel, meaning that the voltage drop on

the two elements are the same. Therefore, the resistance of

YBCO can be calculated by (16).

RYBCO =

{

min(
Rmetal×Imetal

IYBCO
, 29.544), TYBCO < Tc

29.544 , TYBCO > Tc
(16)

experimental 

circuit model 
SFCL model  

i 

R 

Fig. 9 Coupling of SFCL model and power system model
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where 29.544 is the normal resistance of the YBCO layers

in room temperature, with unit ohm� When the temperature

of YBCO is higher than the critical temperature, the super-

conductor completely loses its superconductivity, and thus

the resistivity of YBCO increases to the normal resistiv-

ity. Although the normal resistivity of YBCO is temperature

dependent, it is taken as 130e−8 � m here due to that

the resistance of YBCO of each element is far larger than

that of the metal layers and shunt after quench. When the

temperature of YBCO is lower than the critical temper-

ature, the resistance of YBCO depends on current den-

sity, temperature and magnetic field, with maximum value

29.544 �.

4 Comparison Between Experimental Data
and the Simulation Results

In this work, different prospective fault current tests were si-

mulated using the developed model. The details of the

fault experiment with prospective current 7.4 kA, which

contains the current limiting characteristics of SFCL pro-

totype, the temperature trend, and the current distribution,

are provided here. Then, to further validate the model,

simulation results of SFCL at different prospective fault cur-

rents are summarized and compared with the experimental

results.

4.1 Simulation of the Fault Current Test

With Prospective Fault Current 7.4 kA

As shown in Figs. 10 and 11, the simulated SFCL current

and SFCL voltage with prospective fault current 7.4 kA

are presented separately, which are compared with those

in experiments. What is more, the simulation with Duron’s

equation is also presented to make a comparison. As shown

in Fig. 10, the simulated SFCL currents with the new E-

J relationship are almost the same with that with Duron’s

equation. The two simulated currents are mostly consistent

with the experiment. However, in the first half cycle of

SFCL current, the simulated peak current is a bit smaller

than that in experiment, which also occurs in the simulation

of other fault current tests. This might be because the cool-

ing effect of copper bus bar and the intermediate copper bars

are not considered in the simulation. The cooling effect of

copper bars can limit the temperature increase of supercon-

ducting layers to some extent, which again limits the incre-

ase of SFCL resistance, thus resulting in higher current peak.

In Fig. 11, the comparison between the simulated SFCL

voltage and experimental SFCL voltage also indicated that
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Fig. 10 Comparison between experimental and simulated SFCL
current

the both the simulated SFCL voltages agree well with

experiment.

Besides, the resistances of SFCL both in simulation and

in experiment are also compared, as shown in Fig. 12. It

clearly shows that the trends of both SFCL resistances are

almost the same. Due to the fact that the temperature increa-

ses with fluctuation (see Fig. 13) and that the resistivity of

Ag, SUS 316L, and YBCO increase with the temperature,

the resistance of SFCL also increases with fluctuations after

quench.

As shown in Fig. 13, the average temperature of super-

conducting tapes increases with fluctuations in the test. This

is mainly because the power supply is AC, which means the
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heat dissipated in superconducting tape is proportional to

I 2 (if the resistance of SC tape is regarded as a constant).

Therefore, when current is crossing zero, the heat dissipated

is small, which leads to small temperature increase of the

superconductor. Moreover, when the current is at its peak

value, whether it is positive or negative, the heat generated

is very high, leading to a rapid temperature increase.

Also, the current distribution in different layers of tapes

is provided in Fig. 14. It is clearly shown that current mainly

flows through YBCO before quench and shunts to metal

layer and the 180-m� shunt after quench of superconductor.

What is more, due to the fact the metal layers resistance is

far smaller than that of shunt, the current in metal layers is

higher than that in the 180-m� shunt.
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4.2 Simulation Result

To further validate the simulation, the current limiting per-

formance of the SFCL in different fault tests were simu-

lated and compared with the experimental results shown in

Table 3.

As shown in Fig. 15, the limited SFCL currents in simu-

lation under different prospective fault currents were com-

pared with that of experiments. The maximum calculation

error is only 4.4 % of the experimental results, which is

very small when it is compared with the prospective cur-

rent. The current limiting ratio, which is defined as the

ratio of prospective current to limited current, was calcu-

lated and summarized in Fig. 16. It is clearly shown that

the simulated current limiting ratios are almost the same as

those in experiment. The SFCL voltages corresponding to

the limited SFCL current in experiment and in simulation

are also compared in Fig. 17, which suggests that the simu-

lated SFCL voltage is almost the same as that in experiment.

All these results show that the model performs well in

simulating the performance of the SFCL.

5 Discussion

5.1 Convergence Problem

In the simulation, it is found that non-convergence some-

times occurs, especially when the temperature of supercon-

ductor approaches 90 K (critical temperature of supercon-

ductor). The reason causing this might be explained in the

following way.
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Fig. 13 Trend of average temperature during quench
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According to (8), the critical current density becomes

very small as the temperature of superconductor approaches

90 K. A small temperature vibration in local area that

results from heat transfer in superconductor might lead

to a great change of local resistivity, which then leads to

the change of current density and magnetic field distribu-

tion in local area, making the calculation very difficult to

converge.

To solve the problem, it is necessary to decrease the

slope of the E-J curve of superconductor when the cur-

rent density of superconductor is higher than critical current
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simulation
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density while keep the basic characteristics of superconduc-

tor: negligible electrical field when the current is smaller

than the critical current density. The decrease of the slope

of E-J curve when J > Jc can effectively limit the

resistivity change of local superconductor resulting from

the temperature vibration, thus enhance the convergence.

Therefore, in this paper, a new E-J curve with smaller slope

is introduced.

Another method that can enhance the convergence of cal-

culation is that the temperature rise rate of each element
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J Supercond Nov Magn (2015) 28:2669–2681 2679

should be decreased during calculation. This can be realized

by increasing the mesh density of the superconducting tape,

especially in the thickness direction. It is because, according

to the simulations, the temperature gradient in the thickness

direction is far larger than that in the width direction.

5.2 Computation Time

The calculations in this paper are sometimes time-

consuming, mainly because that the real geometry of

superconducting tape is used and all the PDEs of the

superconductor model and the equations of the experimen-

tal circuit model are calculated simultaneously. Generally

speaking, it usually takes about 40–70 h to calculate five

cycles with computer with Intel Core i5 3.4-GHz processor

and 8-GB memory.

The computation time depends on many factors, such as

the prospective fault current, mesh number, and the time

steps. Sometimes, a small change in the mesh, aiming to

enhance the convergence in the calculation, might result in

a significant increase of computation time. Therefore, the

increase of the calculation speed is an important task in

future research.

6 Conclusion

In this paper, a 220-V resistive SFCL prototype is built

and tested under different fault currents. To simulate the

macroscopic characteristics of the SFCL prototype, a finite

element model coupling a superconductor model and an

experimental circuit model is proposed. In the simulation,

a new E-J relationship is provided to enhance the conver-

gence of calculation.

The simulation realizes the real-time data exchange

between the coupled models during calculations, thus lead-

ing to more precise calculation results. The simulated results

of different fault current tests are compared with those in

experiments, which show that the provided model performs

well in simulating the current limiting performance of the

SFCL prototype. What is more, the model proposed can also

be extended to simulating the performance of SFCL in real

power grids, considering that the simulated experimental

circuit can be regarded as a simple power grid.

However, the calculation is sometimes time-

consuming, which is mainly because the real geometry of

superconducting tapes are used and all the coupled models

are calculated simultaneously.

In the next step, the simulation of superconducting tape

will be extended from 2D to 3D, which makes it possible to

take into account more factors, such as the influence of cop-

per bars and to study the quench process of superconductor

in more details.

Appendix

Detailed Temperature-dependent Variables
are Provided Here

Fig. 18 Resistivity of SUS 316L [14]
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Fig. 19 Thermal conductivity and heat capacity of SUS 316 [15, 16]
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