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Abstract: In this paper, through AC and DC overcurrent tests on second generation high temperature
superconducting tape (2G HTS tape), we respectively summarize the typical types of quenching
resistance and corresponding quenching degree, in which there are three types under AC overcurrent
and two types under DC overcurrent. According to experimental results, a rule was found that, when
2G HTS tape quenches to normal state, the relationship between quenching resistance and joule
heat generated from 2G HTS tape presents a fixed trend line, and the influence of liquid nitrogen
can be ignored. Then, the characteristics and rules of quenching resistance found in experiments
are well explained and confirmed by a detailed 3D finite element model of 2G HTS tape including
electromagnetic field and thermal field. Finally, based on above works, our group proposes a new
equivalent method to estimate the quenching resistance, where the results of AC and DC overcurrent
experiments can be equivalent to each other within a certain range. Compared with FEM, the method
has the following advantages: (i) The method is simple and easy to implement. (ii) This method
combines precision and computational efficiency. (iii) With superconducting tape quenching to
normal state, this method presents a good consistency with experimental results.

Keywords: superconducting tape; quench; R-SFCL; AC and DC overcurrent; experiment; finite
element method (FEM); numerical modeling

1. Introduction

With the discovery of the cuprate-based high temperature superconductors, first generation high
temperature superconducting (1G HTS) tapes represented by BSCCO (Bismuth Strontium Calcium
Copper Oxide) Ag-sheathed conductors and second-generation high temperature superconducting
(2G HTS) tapes represented by YBCO (Yttrium Barium Copper Oxide) coated conductors have appeared
successively [1,2]. Compared with 1G HTS tape, through the improvement of manufacturing process,
YBCO HTS tapes have the advantages of higher current density, lower alternating current (AC) loss
and lower theoretical cost [3–7], which provide an opportunity for the high power application of
superconducting devices applied in the field of electric power.

When current exceeds critical current, superconducting tape will automatically quench and switch
to resistance state, which can limit short circuit fault current in power system. Based on the quenching
characteristics of YBCO material, resistance type superconducting fault current limiter (R-SFCL) has
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advantages of simple structure, automatic trigger and fast response. Therefore, R-SFCL can be widely
applied to limit short circuit fault current in multiple application scenarios, such as ship power grid [8],
railway direct current (DC) traction systems [9], microgrid system [10,11], DC power grid [12–14]
and so on.

However, HTS tape is very sensitive to magnetic field, temperature field and stress field. The complex
working environment formed by multiple physical fields has a great influence on the homogeneity and
stability of superconducting tape. Therefore, the applications of R-SFCL in power system requires the
manufacture of superconducting tape with excellent performance and obvious quenching characteristics.
It is necessary to focus on studying the quenching characteristic of YBCO material to realize the
engineering application of R-SFCL. At present, many scholars have conducted extensive and in-depth
research on the different characteristics of YBCO superconducting tape including quenching behavior
under AC or DC overcurrent [15–22], quench propagation [23–26], quenching recovery [27–30], thermal
and mechanical properties [31,32], minimum quench energy [33,34], maximum operating condition [35],
and the effect of different materials on quenching behavior [36–38], which provide a solid foundation for
the use of superconducting tape in design and fabrication of R-SFCL. However, there are few studies
on common characteristics of quenching resistance of 2G HTS tape under AC and DC overcurrent,
which is necessary and basic for R-SFCL design and research.

In addition, it is very difficult to carry out quenching test on a large-scale DC R-SFCL prototype in
practical engineering applications before installed in large capacity voltage source converter (VSC) or
modular multilevel converter (MMC) high voltage direct current (HVDC) projects. The transmission
power of the HVDC projects usually reach hundreds of megawatts. It is very risky to carry out short
circuit fault for testing R-SFCL in the existing DC system projects. Meanwhile, the economic and
technical cost of manufacturing large-capacity DC test platform for R-SFCL is very high. On the
contrary, the technology of large-scale AC experiment platform is mature and its cost is lower. At
present, with the support of national key research and development plan, a large-scale DC R-SFCL is
being developed in China, which is planned to be installed in Nanao’s ±160 kV MMC three-terminal
HVDC system. If the common characteristics and internal relations of 2G HTS tape under different
type overcurrent is found, the AC overcurrent experimental results of the R-SFCL can be used to
evaluate quenching resistance of R-SFCL under DC overcurrent.

In this study, a kind of YBCO tape produced by Shanghai Superconductor Company for R-SFCL
was tested under AC and DC overcurrent. By comparing the experimental results of AC and DC
overcurrent test, the common characteristics and laws of quenching resistance variation were found
under different overcurrent in 77 K liquid nitrogen immersion environment. The same conclusions
were obtained through the simulation of YBCO three-dimensional (3D) finite element model. Based
on the findings, a new estimation method is proposed, which can accurately reflect and estimate
the quenching resistance within a certain range, whose feasibility and availability was verified by
comparing with experimental results. Furthermore, it provides theoretical basis and experimental
support for AC equivalent test method before a large-scale DC R-SFCL connected to DC power grid.

2. 2G HTS Tape

The YBCO superconducting tapes used in the experiment are produced by Shanghai
Superconductor Company (Shanghai, China) [39], which are mainly adopted in R-SFCL. In general, the
typical structure of YBCO tape consists of copper stabilizer, silver stabilizer, YBCO layer and Hastelloy
substrate. In addition, a buffer layer exists between YBCO layer and Hastelloy substrate.

The 2G HTS tape is 12 mm wide with a two-core configuration, including two typical structures
of YBCO tape with copper stabilizer on both side, which are stacked back-to-back and encapsulated
with stainless steel layer, as shown in Figure 1a,b (buffer layer is omitted). This structure can increase
self-field critical current, which is suitable for power systems with high current. The corresponding
basic parameters of the 2G HTS are listed in Table 1. As shown in Figure 1c, the middle 10 cm area of
tape samples are selected for voltage measurement in AC and DC overcurrent tests.
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Figure 1. A 2G HTS tape produced by Shanghai Superconductor Company: (a) 3D structural diagram; 
(b) sectional view; and (c) the sample prepared for experiment. 

Table 1. Material parameters of 2G HTS tape used in experiment. 
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Effective measurement length of Sample  10 cm 

3. AC and DC Overcurrent Experiment 

In a strict sense, a current whose magnitude and direction change periodically with time is 
defined as AC current, while a current whose magnitude and direction remain constant is defined as 
a DC current. However, in the actual system short circuit fault, the overcurrent will present irregular, 
even drastic changes. Therefore, in this paper, we define AC and DC overcurrent in a broad sense. 
The overcurrent in constant direction is DC overcurrent, and the overcurrent in direction varying 
with time is AC overcurrent. The two kinds of overcurrent analyzed in the experiments are shown in 
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characteristics of YBCO tape, as shown in Figures 3 and 4, and their basic corresponding parameters 
are listed in Table 2. The parameters setting of AC and DC overcurrent experiments are listed in Table 
3. The YBCO tape to be tested was immersed in liquid nitrogen and cooled to a superconducting state 
at 77 K. 

Figure 1. A 2G HTS tape produced by Shanghai Superconductor Company: (a) 3D structural diagram;
(b) sectional view; and (c) the sample prepared for experiment.

Table 1. Material parameters of 2G HTS tape used in experiment.

Parameters Value

Width of tape 12 mm
Thickness of stainless steel layer 80 µm

Thickness of Cu layer 3 µm
Thickness of Ag layer 1.5 µm

Thickness of YBCO layer 1 µm
Thickness of Hastelloy substrate layer 50 µm

Insulation No
Unit resistance at room temperature 58.42 mΩ/m
Self-field critical current Ic at 77 K 500 A

Effective measurement length of Sample 10 cm

3. AC and DC Overcurrent Experiment

In a strict sense, a current whose magnitude and direction change periodically with time is defined
as AC current, while a current whose magnitude and direction remain constant is defined as a DC
current. However, in the actual system short circuit fault, the overcurrent will present irregular, even
drastic changes. Therefore, in this paper, we define AC and DC overcurrent in a broad sense. The
overcurrent in constant direction is DC overcurrent, and the overcurrent in direction varying with time
is AC overcurrent. The two kinds of overcurrent analyzed in the experiments are shown in Figure 2.
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3.1. AC and DC Overcurrent Experiment Platforms

The AC and DC overcurrent test platforms were, respectively, built for studying quenching
characteristics of YBCO tape, as shown in Figures 3 and 4, and their basic corresponding parameters
are listed in Table 2. The parameters setting of AC and DC overcurrent experiments are listed in Table 3.
The YBCO tape to be tested was immersed in liquid nitrogen and cooled to a superconducting state at
77 K.
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Figure 3. AC overcurrent test platform: (a) circuit diagram of test platform; and (b) physical map of 
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Figure 4. DC overcurrent test platform: (a) circuit diagram of test platform; and (b) physical map of 
test platform. 

Table 2. Basic parameters of AC overcurrent test platform. 

AC Test Platform DC Test Platform 
Parameters Value Parameters Value 

Input voltage 220 V Output voltage UC 1000–2200 V 
Frequency 50 Hz Capacitance C0 8 mF 

Output voltage 4–6 V Inductance L0 5 mH 
Output current 0–3 kA Resistance R0 0.2 Ω/0.5 Ω 

Duration 50–80 ms Duration 20–23 ms 

Table 3. The parameters setting of AC and DC overcurrent tests. 

Number IPmax (A) IPmax/IC Duration (ms) 
AC/DC AC DC AC DC AC DC 
No. 1 860 910 1.72 1.82 50 22 
No. 2 1060 1260 2.12 2.52 60 23 
No. 3 1200 1400 2.4 2.8 60 20 
No. 4 1420 1580 2.84 3.16 70 20 
No. 5 1580 1620 3.16 3.24 80 22 
No. 6 1620 1860 3.24 3.72 60 22 
No. 7 1780 1980 3.56 3.96 60 22 
No. 8 1920 2020 3.84 4.04 75 22 

The AC overcurrent test platform was equipped with a 20 kVA strong current generator, which 
can turn the 220 V power supply into a 6 V high-power current source with a maximum output of 3 
kA. Output capacity was adjusted by strong current generator. The on–off state of thyristor decides 
duration of AC overcurrent, which was controlled by the signal generator and controller. 

Figure 3. AC overcurrent test platform: (a) circuit diagram of test platform; and (b) physical map of
test platform.

Materials 2019, 12, 2374 4 of 27 

 

Thyristor

Strong Current Generator

Thyristor

YBCO Tape
(Liquid nitrogen immersion)

0.15 Ω

Oscilloscope

Controller

Signal Generator

(b)(a)

~
220V

~
0-6V 0.15Ω

Strong Current Generator

YBCO Tape

V

AROgowski
 Coil

Oscilloscope

Liquid
 Nitrogen 

Dewar

U

I

Signal Generator 

 
Figure 3. AC overcurrent test platform: (a) circuit diagram of test platform; and (b) physical map of 
test platform. 

(a) (b)

Charging 
circuit C0

S1

S2

YBCO Tape

V

Liquid 
Nitrogen 

Dewar
R0 L0

U

A

Oscilloscope
I

+

-
Uc L0

C0

R0
Console

 
Figure 4. DC overcurrent test platform: (a) circuit diagram of test platform; and (b) physical map of 
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Figure 4. DC overcurrent test platform: (a) circuit diagram of test platform; and (b) physical map of
test platform.

Table 2. Basic parameters of AC overcurrent test platform.

AC Test Platform DC Test Platform

Parameters Value Parameters Value

Input voltage 220 V Output voltage UC 1000–2200 V
Frequency 50 Hz Capacitance C0 8 mF

Output voltage 4–6 V Inductance L0 5 mH
Output current 0–3 kA Resistance R0 0.2 Ω/0.5 Ω

Duration 50–80 ms Duration 20–23 ms

Table 3. The parameters setting of AC and DC overcurrent tests.

Number IPmax (A) IPmax/IC Duration (ms)

AC/DC AC DC AC DC AC DC

No. 1 860 910 1.72 1.82 50 22
No. 2 1060 1260 2.12 2.52 60 23
No. 3 1200 1400 2.4 2.8 60 20
No. 4 1420 1580 2.84 3.16 70 20
No. 5 1580 1620 3.16 3.24 80 22
No. 6 1620 1860 3.24 3.72 60 22
No. 7 1780 1980 3.56 3.96 60 22
No. 8 1920 2020 3.84 4.04 75 22

The AC overcurrent test platform was equipped with a 20 kVA strong current generator, which
can turn the 220 V power supply into a 6 V high-power current source with a maximum output of
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3 kA. Output capacity was adjusted by strong current generator. The on–off state of thyristor decides
duration of AC overcurrent, which was controlled by the signal generator and controller.

The DC overcurrent test platform was the series circuit of resistance R, inductance L and capacitance
C (RLC). The RLC series circuit was used to approximately equivalent and simulate the capacitor
discharging process of VSC and MMC systems in the DC side short-circuit fault [40,41]. When S1 is in
the closed state and S2 is in the disconnected state, charging circuit begins to charge the capacitor until
the voltage UC reaches a set value. When S1 is disconnected and S2 is closed, R0, L0 and C0 form a
closed loop and generate a DC overcurrent for the test of YBCO tape. Peak value, rising slope and
duration of DC overcurrent waveform vary with adjusting UC, L0 and R0.

3.2. The results and Analysis of AC Overcurrent Experiment

Eight groups of AC overcurrent tests on YBCO tape were carried out by adjusting the amplitude
and duration of overcurrent. The amplitude of overcurrent gradually increased from 860 A to 1920 A.
The range of overcurrent duration was 50–80 ms. The eight-group experimental results are shown in
Figure 5. The AC experimental analysis is summarized in Table 4.
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Figure 5. The corresponding experimental results of AC overcurrent test with different amplitude of 
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As shown in Figure 5a, continuous half-wave type quenching resistance suggests that the 
quenching state of superconducting tape cannot be maintained, which is unstable and discontinuous. 
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and quenching resistance tends to 0 Ω. Therefore, this quenching state is inadequate. At this time, the 
state of superconducting tape is defined as partial resistive state. 
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Figure 5. The corresponding experimental results of AC overcurrent test with different amplitude of 
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As shown in Figure 5a, continuous half-wave type quenching resistance suggests that the
quenching state of superconducting tape cannot be maintained, which is unstable and discontinuous.
With AC overcurrent decreasing, the superconducting tape returns back to superconducting state and
quenching resistance tends to 0 Ω. Therefore, this quenching state is inadequate. At this time, the state
of superconducting tape is defined as partial resistive state.

As shown in Figure 5b,c, there are two types resistance waveform under this AC overcurrent level,
continuous half-wave type and incremental curve type. In initial stage, superconducting tape recovers
rapidly after quenching. Then, superconducting tape begins to quench continuously and transits from
fluctuation to continuous increment. It indicates that the quenching degree of superconducting tape
gradually deepens and further transits to normal state. This quenching stage of superconducting tape
is defined as transition stage, where the state of superconducting tape starts to transit from partial
resistive state to normal state.

As shown in Figure 5d–h, incremental curve type quenching resistance reflects that
superconducting tape responds to quench continuously without fast recovering under this AC
overcurrent level. The quenching state in superconducting tape is adequate and stable, which is
considered as complete quenching. It indicates that the superconducting tape is in normal state.

3.3. The Results and Analysis of DC Overcurrent Experiment

The eight-group DC experimental results are presented in Figure 6. The amplitude of overcurrent
gradually increases from 910 A to 2020 A. The range of overcurrent duration is 20–23 ms. The DC
experimental analysis is summarized in Table 5.

As shown in Figure 6a, half-wave type quenching resistance suggests that the quenching state
of superconducting tape cannot always be maintained under this DC overcurrent level. When DC
overcurrent decreases, superconducting tape returns to superconducting state rapidly and quenching
resistance tends to 0 Ω. Therefore, this quenching state is inadequate, which is considered as incomplete
quenching. Similar to the result of AC experiment in Figure 5a, the superconducting tape is in partial
resistive state.

As shown in Figure 6b–h, the quenching degree of superconducting tape is strengthened with the
peak value IPmax of DC overcurrent increasing. Because DC overcurrent has no zero crossing before
current declines to 0, quenching resistance is incremental curve type. They reflects that superconducting
tape quenches continuously without fast recovering under this DC overcurrent level. During this stage,
the superconducting tape completely quenches to normal state and presents normal resistance.
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Figure 6. The corresponding experimental results DC overcurrent test with different amplitude of DC 
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Table 5. The summary of DC overcurrent experiments.

Resistance Type Waveform Results Characteristics State

Half-wave type
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Figure 6. The corresponding experimental results DC overcurrent test with different amplitude of DC 
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As shown in Figure 6a, half-wave type quenching resistance suggests that the quenching state 
of superconducting tape cannot always be maintained under this DC overcurrent level. When DC 
overcurrent decreases, superconducting tape returns to superconducting state rapidly and quenching 
resistance tends to 0 Ω. Therefore, this quenching state is inadequate, which is considered as 
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DC No. 4
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to normal state Normal

3.4. Comparative Analysis of Quenching Resistance under AC and DC Overcurrent

According to the above results of AC and DC overcurrent experiment shown in Figures 5 and 6,
the corresponding R-t curves of superconducting tape are obtained, respectively, shown in Figure 7a,b.
The R-t curves reflect resistance varying with time under different overcurrent. With the increase of
overcurrent amplitude, the quenching degree of superconducting tape is enhanced. However, the
rising slope and steady-state value of R-t curves vary with waveform type, amplitude and duration
of impact current. Therefore, R-t relationship cannot be used to describe the variation of quenching
resistance in superconducting tape.
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Figure 7. The R-t curves of superconducting tape under different overcurrent: (a) the R-t curves under 
AC overcurrent; and (b) the R-t curves under DC overcurrent. 

Temperature plays a key role in quenching resistance and quenching degree in superconducting 
tape. In a certain cryogenic medium, joule heat accumulation is the fundamental cause of temperature 
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Temperature plays a key role in quenching resistance and quenching degree in superconducting
tape. In a certain cryogenic medium, joule heat accumulation is the fundamental cause of temperature
rise. Without considering the variation of cryogenic medium, the main factor affecting the temperature
of superconducting tape should be the joule heat generated during the quenching process, which is
the result of comprehensive effect from quenching resistance, current and quenching duration. The
generated joule heat Q of the superconducting tape varying with time can be calculated by Equation
(1), whose unit is joule (J).

Q(t2) =

∫ t2

t1

I2R(t) dt (1)

where t1 is the initial time of quenching, R(t) is quenching resistance corresponding to time, and the
range of time t is [t1, t2]. According to sixteen-group data of experimental results, R-Q curves of per
meter superconducting tape are obtained, where dependent variable R is the quenching resistance of
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per meter superconducting tape and independent variable Q is the generated joule heat of per meter
superconducting tape, as shown in Figure 8.
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diagram of R-Q; and (b) partial enlarged drawing of the R-Q curves.

Figure 8a is the comparison diagram of R-Q curves with different overcurrent, and Figure 8b is
the partial enlarged drawing of Figure 8a. It is quite clear that twelve R-Q curves obtained are basically
overlapping and their trend line are consistent under AC and DC overcurrent except the results of DC
No. 1, AC No. 1, AC No. 2 and AC No. 3. According to the classification in Sections 3.2 and 3.3, DC
No. 1 and AC No. 1 belong to partial resistive stage of superconducting tape, while AC No. 2 and
No. 3 belong to transition stage of superconducting tape.

Therefore, the experimental results present a common trait. When YBCO superconducting tape
completely quenches in a cryogenic medium, though superconducting tape is subjected to different
overcurrent, the quenching resistance R has an intrinsic fixed relationship with the generated joule
heat Q in superconducting tape. In other words, Q is the deciding factor of quenching resistance, while
overcurrent is the only inducing factor of quenching resistance. The preliminary finding suggests that,
during the complete quenching stage of superconducting tape, quenching resistance can be described
by a fixed R-Q curve, which can be obtained from experiments in comprehensive consideration of
current, resistance and duration. Therefore, R should satisfy an incremental relationship with Q when
superconducting tape tends to complete quenching, described by Equation (2), which also can be
reflected by an R-Q curve.

R ∝ Q(I, R, t) (2)

Based on experimental phenomena of superconducting tapes, the quenching resistance
characteristics and laws of superconducting tapes are summarized. However, experimental data alone
are insufficient to provide adequate physical explanations for the phenomena and laws. Therefore,
as presented in Section 4, commercial finite element software COMSOL Multiphysics was adopted
to establish 3D simulation model of 2G HTS tape for exploring the criteria of quenching resistance
classification, validating the R-Q curve and providing corresponding physical explanations.

4. Simulation Study on 2G HTS Tape Quenching under AC and DC Overcurrent

4.1. 3D Finite Element Model of 2G HTS Tape

In software COMSOL Multiphysics, according to the basic parameters of the superconducting tape
listed in Table 1, the 3D multilayer structure of the 2G HTS tape was established as superconducting
tape domain, whose surface is covered with liquid nitrogen domain. A combination of custom
partial differential equation module (PDE module) and heat transfer module were adopted to perform
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transient coupling calculation of electric field, magnetic field and thermal field. PDE module was
used to carry out electromagnetic calculation. Heat transfer module was used to carry out thermal
calculation. The two modules were coupled by joule heat and temperature. The basic structure of the
simulation model is shown in Figure 9.
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4.2. 3D Electromagnetic Model

The 3D electromagnetic calculation was based on Maxwell equations and H equation [42] with
good convergence. The Faraday’s law and the ampere-law equation, respectively, are described as
Equations (3) and (4).

∇×
→

E = −
∂
→

B
∂t

= −µ0µr
∂
→

H
∂t

(3)

∇×
→

H =
→

J +
∂
→

D
∂t

(4)

where
→

E is electric field intensity,
→

B and
→

H, respectively, are magnetic induction intensity and magnetic

field intensity, and
→

J and
→

D are conduction current density and displacement current density. Since the
conduction current density is much higher than displacement current density in the superconducting
tape, the differential term of displacement current with respect to time in Equation (4) can be ignored,

thus ∇×
→

H =
→

J .
Because B = µ0µrH and E = rJ, the partial differential Equation (5) can be obtained according to

Equations (3) and (4), where µ0 is permeability of vacuum, 4π × 10−7 H/m, µr is relative permeability,
and r is electric resistivity.

∇×

(
r · ∇ ×

→

H
)
= −µ0µr

∂
→

H
∂t

(5)

where ∇ ×
→

H = Jx
→
ex + Jy

→
ey + Jz

→
ez. Jx, Jy and Jz are the components of J in the x, y, and z directions,

which can be expressed by Equations (6).
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Jx =
∂Hz

∂y
−
∂Hy

∂z
, Jy =

∂Hx

∂z
−
∂Hz

∂x
, Jz =

∂Hy

∂x
−
∂Hx

∂y
(6)

Combining with Equations (5) and (6), the governing equation of electromagnetic calculation are
obtained as follows.

∇ ·


0 −Ez Ey

Ez 0 −Ex

−Ey Ex 0



→
ex
→
ey
→
ez

+ ∂
∂t

[
→
ex

→
ey

→
ez

]
µ0µr 0 0

0 µ0µr 0
0 0 µ0µr




Hx

Hy

Hz

 = 0 (7)

where ∇ = [ ∂∂x , ∂
∂y , ∂

∂z ].
→
ex,
→
ey, and

→
ez are, respectively, the unit direction vector of x, y, and z directions.

Ex, Ey, and Ez are the components of E in the x, y, and z directions. Hx, Hy, and Hz are the components
of H in the x, y, and z directions, which are set as dependent variables in PDE module.

Overcurrent was used as model excitation in simulation. As a composite conductor, each layer
of the superconducting tape was assumed to be parallel structure. Therefore, the current constraint
condition of the model should meet Equation (8), which is load on the cross section of superconducting
tape by pointwise constraint.

Iinput = ISC + ICu + IAg + ISub + ISt (8)

where Iinput is total current excitation, ISC is the current in YBCO layer, ICu is the current in copper
layer, IAg is the current in silver layer, ISub is the current in Hastelloy substrate, and ISt is the current in
stainless steel layer.

In the quenching model of superconducting tape, the calculation of YBCO resistivity is crucial; a
piecewise formula for YBCO resistivity was adopted, which is expressed as Equations (9). Critical
temperature Tc is used as criterion for state transition. When T ≤ Tc, the superconducting tape is
considered as incomplete quenching, whose YBCO resistivity adopts the classical method of parallel
equivalent electrical circuit [43]. When T > Tc, the superconducting tape is considered as complete
quenching, whose YBCO resistivity adopts constant resistivity rnorm.

rYBCO =

 (r1+r2+r0)rnorm
r0+r1+r2+rnorm

T ≤ Tc

rnorm T > Tc
(9)

where r0 is residual resistivity [44], r1 is expressed as Equation (10), r2 is expressed as Equation (11).
According to the authors of [42], n1, n2 and E0 are fitting parameters of two power-law relations, and k
can be calculated based on r1(3Jc) = r2(3Jc).

r1 =

 0 |J| < Jc
E0
|J|

(
|J|
Jc
− k

)n1
|J| ≥ Jc

(10)

r2 =

 0 |J| < kJc
E0
|J|

(
|J|
Jc
− k

)n2
|J| ≥ kJc

(11)

According to the authors of [45], when the temperature T of YBCO layer is below critical
temperature Tc, the critical current density Jc of YBCO material is affected by temperature T. When T
is above Tc, Jc is considered as 0 A/m2. The relationship can be expressed by the improved typical
Equation (12) in [43].

Jc(T) =

Jc0

(
Tc−T

Tc−Tre f

)α (
Tre f < T < Tc

)
0 (Tc ≤ T)

(12)
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where Tref is initial ambient temperature or cryogenic medium temperature of the superconducting
tape. Jc0 is critical current density corresponding to Tref. In this simulation, superconducting tapes
were cooled by liquid nitrogen immersion. Therefore, Tref was set to 77 K. The relevant simulation
parameters of YBCO resistivity are listed in the Table 6.

Table 6. Simulation parameters of YBCO resistivity.

Parameters Value Parameters Value

r0 1 × 10−14 Ω·cm n1 2.8
rnorm 2.5 µΩ·cm n2 22

E0 0.5 V/cm k 1.92
Tc 90 K α 1.5
Jc0 1.9 × 1010 A/m2 Tref 77 K

4.2.1. Heat transfer Model

In heat transfer calculation, because superconducting tape was immersed in liquid nitrogen, which
is without obvious flowing, a heat balance Equations (13) in the module of Heat Transfer in Solids in
COMSOL Multiphysics was used to calculate the thermal characteristics of the entire superconducting
tape region including YBCO layer, Cu layer, Ag layer, stainless steel and Hastelloy substrate.

qs = ρc∂T
∂t +∇ · q

qs = Ex Jx + Ey Jy + Ez Jz

q = −k∇T
(13)

where qs is volume power density, with unit W/m3; ρ is mass density, with unit kg/m3; c is specific heat
capacity, with unit J/(kg·K); q is conduction heat flux, with unit W/m2; and k is heat transfer coefficient,
with unit W/(m2

·K).
In the simulation, the initial temperature of thermal solution domain was set to 77 K, and the

boundary condition of the superconducting tape surface was set to Heat Flux. To simulate the heat
exchange process between superconducting tape surface and liquid nitrogen, a heat transfer coefficient
curve in Heat Flux was set on the interface between equivalent superconducting tape and liquid
nitrogen [43,46,47], which is a common method to simulate heat exchange process between liquid
nitrogen and superconducting tape surface at different temperatures. As shown in Figure 10, this is a
heat transfer coefficient curve of liquid nitrogen including free convection, nuclear boiling, transition
boiling and film boiling [48].
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the model can correctly describe the different types of quenching resistance under different 
overcurrent. Therefore, the 3D finite element model can correctly reflect the quenching state of the 
superconducting tape, and contributes to research the internal evolution process of superconducting 
tape under AC and DC overcurrent. 
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4.3. Verification of the 3D Finite Element Model

As shown in Figure 11a–d, four-group quenching data of superconducting tape under different
AC overcurrent were selected for comparison between experiment and simulation, covering three
types quenching resistance waveforms of superconducting tapes under AC overcurrent. Figure 11e–h
compares the results of experiment and simulation, covering two types quenching resistance waveforms
of superconducting tape under DC overcurrent.
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superconducting tape, and contributes to research the internal evolution process of superconducting 
tape under AC and DC overcurrent. 
  

Figure 11. Comparison of experimental and simulation results.

Through waveform comparison between experiment and simulation, it can be found that the
simulation phenomena are basically consistent with the classification of experimental results, where
the model can correctly describe the different types of quenching resistance under different overcurrent.
Therefore, the 3D finite element model can correctly reflect the quenching state of the superconducting
tape, and contributes to research the internal evolution process of superconducting tape under AC and
DC overcurrent.

4.4. Thermal Characteristics and Current Distribution Characteristics of 2G HTS Tape Quenching

4.4.1. Resistance, Thermal and Current Distribution Characteristics under AC Overcurrent

To analyze the transient characteristics of superconducting tape under AC overcurrent and obtain
corresponding common laws, it was necessary to select and analyze the three typical quenching
resistance waveforms of superconducting tape found in Section 3.2 under AC overcurrent, including
half-wave type, half-wave and half-incremental curve type and incremental curve type. Therefore, the
simulation results with AC 860 A, AC 1200 A and AC 1780 A were selected.

Figure 12 is the simulation results of the superconducting tape quenching under AC 860 A, which
represent the characteristics of continuous half-wave type quenching resistance in partial resistive
state. According to Figure 12a, when 0 ≤ t < t1, the superconducting tape is in superconducting state
with 0 Ω, and current only flows through YBCO layer. When t1 ≤ t, current begins to exceed the critical
current IC which results in YBCO layer quenching. However, the ratio of real-time resistivity to normal
resistivity of YBCO is very low, no more than 0.07. It indicates that the superconducting tape is in
partial resistive state. As shown in Figure 12b, during t1 to 60 ms, the temperature of YBCO layer rises
continuously in fluctuation, but the maximum value of temperature is only 88.7 K, which deso not
exceed the critical temperature TC of YBCO layer. Therefore, during the whole quenching process, the
quenching resistivity of YBCO layer is in the first stage in Equation (9), which causes the current to be
diverted to other layers. The resistivity of YBCO layer fluctuates with the rise and fall of AC overcurrent,
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which results in the superconducting tape producing the corresponding continuous half-wave type
quenching resistance. During initial quenching, the current distribution among material layers is:
IYBCO > ICu > IAg > ISt > ISub. With the temperature of YBCO layer rising, the quenching resistivity of
YBCO layer increases, and the ordering of current in proportion is: ICu > IYBCO > IAg > ISt > ISub.
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Figure 12. The simulation analysis with AC 860 A overcurrent: (a) the quenching resistance 
characteristics; and (b) the thermal characteristics and current distribution characteristics. 

Figure 13 is the simulation results of the superconducting tape quenching under AC 1200 A, 
which represents the characteristics of continuous half-wave and half-incremental curve type 
quenching resistance in transition state. According to Figure 13a, when 0 ≤ t < t1, the superconducting 
tape is in superconducting state with 0 Ω, current only flow through YBCO layer. When t1 ≤ t < t2, the 
ratio of real-time resistivity to normal resistivity of YBCO is very low, not reaching 1. Therefore, the 
quenching characteristics and current distribution characteristics of this condition are the same as 
those in partial resistive state. According to Figure 13b, when t2 ≤ t, the temperature of YBCO layer 
exceeds the critical temperature TC. Its maximum temperature is 92.3 K, which results in the 
quenching resistivity of YBCO transformed into constant resistivity in Equation (9). At this time, the 

Figure 12. The simulation analysis with AC 860 A overcurrent: (a) the quenching resistance
characteristics; and (b) the thermal characteristics and current distribution characteristics.

Figure 13 is the simulation results of the superconducting tape quenching under AC 1200 A, which
represents the characteristics of continuous half-wave and half-incremental curve type quenching
resistance in transition state. According to Figure 13a, when 0 ≤ t < t1, the superconducting tape
is in superconducting state with 0 Ω, current only flow through YBCO layer. When t1 ≤ t < t2, the
ratio of real-time resistivity to normal resistivity of YBCO is very low, not reaching 1. Therefore, the
quenching characteristics and current distribution characteristics of this condition are the same as
those in partial resistive state. According to Figure 13b, when t2 ≤ t, the temperature of YBCO layer
exceeds the critical temperature TC. Its maximum temperature is 92.3 K, which results in the quenching
resistivity of YBCO transformed into constant resistivity in Equation (9). At this time, the ratio of
real-time resistivity to normal resistivity of YBCO is 1, which indicates that YBCO layer transitions
from partial resistive state to normal state. Therefore, current mainly flows through other layers except
YBCO layer. During this period, the characteristics of current distribution is: ICu > IAg > ISt > ISub > IYBCO.
The superconducting tape further presents a composite conventional metal resistivity. However, with
the decline of AC overcurrent, the superconducting tape gradually reaches thermal equilibrium. The
temperature fluctuation near 90 K causes the quenching degree of YBCO layer to be in a critical state,
fluctuating between partial resistive state and normal state.

Figure 14 is the simulation results of the superconducting tape quenching under AC 1780 A, which
represent the characteristics of continuous incremental curve type quenching resistance in normal state.
In this condition, the duration of partial resistance state is very short. Current rapidly exceeds the
critical current of YBCO layer. Temperature correspondingly exceeds critical temperature 90 K within
first current half wave, thereby resulting in YBCO layer transformed into normal state within about
5 ms, as shown in Figure 14. With temperature continuously rising, the superconducting tape presents
corresponding incremental curve type quenching resistance. The maximum temperature of YBCO
layer is 174 K. During most of quenching process, the current distribution in superconducting tape is
mainly: ICu > IAg > ISt > ISub > IYBCO.
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Figure 13. The simulation analysis with AC 1200 A overcurrent: (a) the quenching resistance 
characteristics; and (b) the thermal characteristics and current distribution characteristics. 
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Figure 14. The simulation analysis with AC 1780 A overcurrent: (a) the quenching resistance 
characteristics; and (b) the thermal characteristics and current distribution characteristics. 
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Figure 14. The simulation analysis with AC 1780 A overcurrent: (a) the quenching resistance 
characteristics; and (b) the thermal characteristics and current distribution characteristics. 

Figure 14. The simulation analysis with AC 1780 A overcurrent: (a) the quenching resistance
characteristics; and (b) the thermal characteristics and current distribution characteristics.

4.4.2. Resistance, Thermal and Current Distribution Characteristics under DC Overcurrent.

The two typical quenching resistance waveforms of superconducting are found under DC
overcurrent in Section 3.3 including half-wave type and incremental curve type. Therefore, the
simulation results with DC 910 A and DC 2020 A were selected to analyze the transient characteristics
of superconducting tape under DC overcurrent to obtain the corresponding common laws.

Figure 15 is the simulation results of the superconducting tape quenching under DC 910 A,
which represent the characteristics of half-wave type quenching resistance in DC partial resistive state,
whose quenching characteristics are same as those of AC partial resistive state. When 0 ≤ t < t1, the
superconducting tape is in superconducting state with 0 Ω. Therefore, DC overcurrent only flows
through YBCO layer. When t1 ≤ t, DC overcurrent exceeds the critical current of YBCO layer, but
the temperature is still below the critical temperature 90 K. During the whole quenching process, the
maximum temperature of YBCO layer is 82.9 K. Therefore, the quenching resistivity of YBCO layers is
far below normal resistivity, as shown in Figure 16a, resulting in the superconducting tape recovering
quickly with DC overcurrent attenuation, thereby forming half-wave type quenching resistance. The
current distribution characteristic of superconducting tape is: IYBCO > ICu > IAg > ISt > ISub in Figure 15b).



Materials 2019, 12, 2374 15 of 27

Materials 2019, 12, 2374 15 of 27 

 

4.3.2. Resistance, Thermal and Current Distribution Characteristics under DC Overcurrent. 

The two typical quenching resistance waveforms of superconducting are found under DC 
overcurrent in Section 3.3 including half-wave type and incremental curve type. Therefore, the 
simulation results with DC 910 A and DC 2020 A were selected to analyze the transient characteristics 
of superconducting tape under DC overcurrent to obtain the corresponding common laws. 

Figure 15 is the simulation results of the superconducting tape quenching under DC 910 A, 
which represent the characteristics of half-wave type quenching resistance in DC partial resistive 
state, whose quenching characteristics are same as those of AC partial resistive state. When 0 ≤ t < t1, 
the superconducting tape is in superconducting state with 0 Ω. Therefore, DC overcurrent only flows 
through YBCO layer. When t1 ≤ t, DC overcurrent exceeds the critical current of YBCO layer, but the 
temperature is still below the critical temperature 90 K. During the whole quenching process, the 
maximum temperature of YBCO layer is 82.9 K. Therefore, the quenching resistivity of YBCO layers 
is far below normal resistivity, as shown in Figure 16a, resulting in the superconducting tape 
recovering quickly with DC overcurrent attenuation, thereby forming half-wave type quenching 
resistance. The current distribution characteristic of superconducting tape is: IYBCO > ICu > IAg > ISt > ISub 
in Fig 15b). 

(a) (b)

0.000 0.005 0.010 0.015 0.020 0.025
0

200

400

600

800

 IYBCO  ICu  IAg

 ISub  ISt  TYBCO

Time (s)

I (
A

)

77

78

79

80

81

82

83

84

 T
 (K

)

82.9 K

IC

t1

0.000 0.005 0.010 0.015 0.020 0.025
0.000

0.002

0.004

0.006

0.008

0.010

Partial 
resistive 
state

 R
  rYBCO / rnorm

Time (s)

R 
(Ω

/m
)

t1

0.000

0.005

0.010

0.015

0.020

 r YB
C

O
 / 

r no
rm

 
Figure 15. The simulation analysis with DC 910 A overcurrent: (a) the quenching resistance 
characteristics; and (b) the thermal characteristics and current distribution characteristics. 
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Figure 16. The simulation analysis with DC 2020 A overcurrent: (a) the quenching resistance 
characteristics; and (b) the thermal characteristics and current distribution characteristics. 

Figure 15. The simulation analysis with DC 910 A overcurrent: (a) the quenching resistance
characteristics; and (b) the thermal characteristics and current distribution characteristics.
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Figure 15. The simulation analysis with DC 910 A overcurrent: (a) the quenching resistance 
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Figure 16. The simulation analysis with DC 2020 A overcurrent: (a) the quenching resistance 
characteristics; and (b) the thermal characteristics and current distribution characteristics. 
Figure 16. The simulation analysis with DC 2020 A overcurrent: (a) the quenching resistance
characteristics; and (b) the thermal characteristics and current distribution characteristics.

Figure 16 is the simulation results of the superconducting tape quenching under DC 2020 A,
which represent the characteristics of incremental curve type quenching resistance in DC normal state.
The quenching characteristics are the same as those of AC normal state. Because the temperature
of YBCO layer exceeds the critical temperature and increases continuously, the resistivity of YBCO
layer quickly transits from partial resistive state to normal state, as shown in Figure 16a. Therefore,
current only flows through other layers except YBCO layer. The equivalent quenching resistance of
the superconducting tape is composite resistance of metal materials depending on the temperature,
which presents incremental curve type with temperature rising. Although DC overcurrent starts to
decay after the first crest, the temperature is maintained at 192 K. Therefore, the superconducting tape
remains at normal resistivity state, whose recovery is very slow. In this condition, current distribution
characteristics is: ICu > IAg > ISt > ISub > IYBCO (Figure 16b).
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4.5. Consistency Analysis of R-Q Curve

According to the simulation results shown in Figure 11, Equation (2) is adopted to plot the R-Q
curves shown in Figure 17, which present the same phenomenon as the experimental results. When
superconducting tape is in normal state in a cryogenic medium, the variation tendency of R-Q curves
under different AC and DC overcurrent is consistent, while the partial resistive state and transition
phenomena do not appear.
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Figure 17. The simulation results of R-Q curves. 

To explain the phenomena and analyze the consistency in R-Q curves in normal state, the heat 
transfer process of each simulation result is plotted in Figure 18, including heat power Pheat generated 
by superconducting tape, cooling power Pcool of liquid nitrogen on superconducting tape surface and 
temperature T of superconducting tape. In the consideration of the heat exchange process between 
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Figure 17. The simulation results of R-Q curves.

To explain the phenomena and analyze the consistency in R-Q curves in normal state, the heat
transfer process of each simulation result is plotted in Figure 18, including heat power Pheat generated
by superconducting tape, cooling power Pcool of liquid nitrogen on superconducting tape surface
and temperature T of superconducting tape. In the consideration of the heat exchange process
between superconducting tape and liquid nitrogen, accumulated joule heat Q1 can be calculated by
Equation (14).

Q1(t2) =

∫ t2

t1

(Pheat − Pcool)dt (14)

Q1 = cm∆T (15)

where c is specific heat capacity, m is mass, and ∆T is equal to T-Tref. According to Equation (15), accumulated
joule heat Q1 directly causes the temperature T to rise, which can further aggravate quenching.

When superconducting tape is in partial resistive state or transition, the temperature of
superconducting tape is below 100 K. At this time, liquid nitrogen is in free convection, nuclear
boiling or transition boiling. During this time, the cooling power of liquid nitrogen is relatively high,
which greatly weakens the quench of superconducting tape. Therefore, the effect of Pcool cannot be
ignored, as shown in Figure 18a,b,e. In addition, compared with the heating power of superconducting
tape, the cooling power of liquid nitrogen shows obvious hysteresis phenomenon. Therefore, heating
power increases and decreases rapidly with the change of overcurrent, resulting in temperature rising
first and then dropping. During partial resistive state and transition, R-Q curves without considering Pcool
cannot correctly reflect the changing rule of quenching resistance, which further validates and explains
that the R-Q curves are not consistent at these quenching stages in the experimental results in Figure 8b.

When superconducting tape is in normal state, the surface temperature of the superconducting
tape is very high, causing the surrounding liquid nitrogen to be in film boiling. Because the cooling
power of liquid nitrogen is much less than the heating power of superconducting tape (Pheat >> Pcool),
the thermal equilibrium is quickly broken by a huge thermal shock. Hence, superconducting tape is
approximately in an adiabatic environment, whose heat exchange with liquid nitrogen can be ignored,
as shown in Figure 18c,d,f–h. At this time, the superconducting tape is in thermal runaway; quenching
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resistance increases rapidly with temperature rising. Pcool can be omitted, thus the amount of joule heat
Q generated by superconducting tape can be approximately equivalent to accumulated joule heat Q1.Materials 2019, 12, 2374 17 of 27 
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Figure 18. The simulation analysis of heat transfer process of 1 m superconducting tape under AC and
DC overcurrent.

In the complete quenching process of superconducting tape, due to T > Tc, the quenching resistivity
of YBCO layer is normal resistivity rnorm. The resistivity of other materials have fixed curves varying
with temperature T, as shown in the Appendix A. The equivalent resistivity of the superconducting
tape can be calculated by Equation (16).

req = 1/

 n∑
i=1

fi
ri

 (16)

Req =
req · l

S
(17)

where ri is the resistivity of each material layer. fi is the volume percentage of each material in
the superconducting tape. l is the length of superconducting tape and S is the cross-section area.
According to Equations (16) and (17), the equivalent resistance of 1 m superconducting tape varying
with temperature is a fixed curve, as shown in Figure 19a.
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Equations (14)–(18), the theoretical R-Q curve in normal state can be calculated by numerical 
calculation, which is compared with experiment results and FEM results in Figure 20. 
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The specific heat capacity c of each material has a fixed curve varying with temperature T, as
shown in the Appendix A. The equivalent specific heat capacity ceq of the superconducting tape can be
calculated by Equations (18), as shown in Figure 19b.

cv = 1/
(

n∑
i=1

fi/(γi · ci)

)
cp =

n∑
i=1

fi · γi · ci

ceq =
(
cv + cp

)
/2

(18)

where cv is the equivalent specific heat capacity in the vertical direction of the superconducting tape
surface, cp is the equivalent specific heat capacity in the parallel direction of the superconducting tape
surface, ci is the specific heat capacity of each material, and γi is the mass density ratio of each material
layer to the whole superconducting tape.

With the superconducting tape quenching to normal state, the temperature of superconducting
tape is mainly affected by the amount of joule heat generated with time. Therefore, during this condition,
the R-Q curves of superconducting tape under different AC and DC overcurrent are consistent, which
can be used to reflect the change law of quenching resistance. According to Equations (14)–(18), the
theoretical R-Q curve in normal state can be calculated by numerical calculation, which is compared
with experiment results and FEM results in Figure 20.
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Figure 20. The comparison diagram of R-Q curves from different results.

The comparison in Figure 20 obviously indicates that, when T > TC, the R-Q curves of
superconducting tape are basically consistent with the theoretical result. In normal state, critical
temperature TC is the turning point of quenching resistance variation. The accumulated joule heat
required is about 92.14 J. Furthermore, it also confirms the correctness of the theoretical analysis of
R-Q curves consistency mentioned above. When the superconducting tape enters normal state, it is
approximately in an adiabatic environment, and quenching resistance will vary with the accumulated
joule heat along a fixed R-Q curve, which is consistent under AC and DC overcurrent.

4.6. The Summary of Quenching Characteristics under AC and DC Overcurrent

Based on the above simulation and experimental analysis, the superconducting tape is divided
into three stages: superconducting state, partial resistive state and normal state. Their classified
method is shown in Figure 21 and corresponding characteristics are listed in Table 7. Critical current
IC(T) is the criterion of whether or not to quench. Critical temperature TC is the criterion of quenching
degree. The consistency of R-Q curves is satisfied in normal state.
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Table 7. The common quenching characteristics of the superconducting tape.

State Boundary Current Distribution
Characteristics

YBCO
Resistivity

R-Q
Consistency

Superconducting state I < IC (T) Only flow through
superconducting layer 0 /

Quenching
Partial resistive

state:
I > IC (T)
T < TC

Initial stage:
IYBCO > ICu > IAg > ISt > ISub

Late stage:
ICu > IYBCO > IAg > ISt > ISub

(r1+r2+r0)rnorm
r0+r1+r2+rnorm

No

Normal state TC < T ICu > IAg > ISt > ISub > IYBCO rnorm Yes

5. The Equivalent Estimation of Quenching Resistance under AC and DC Overcurrent

5.1. The Basic Principle of the New Method

Combined with experiment and FEM simulation, a general rule is further verified. When
superconducting tape quenches to normal state, immersed in liquid nitrogen environment, the
superconducting tape has a correspondence relationship between quenching resistance and the
accumulated joule heat. The R-Q curve is consistent under different AC and DC overcurrent. Therefore,
a new calculation method of quenching resistance is proposed to estimate and predict variation of
quenching resistance when superconducting tape is in normal state. The joule heat adopted in the
new method can effectively evaluate the quenching resistance of superconducting tape and ignore the
difference of current waveforms.

The method is defined as “R-Q curve method”, whose calculation process is shown in Figure 22.
In the calculation process, test current is used as input current. IC is quenching criterion. R0 is set as
initial quenching resistance for initial energy accumulation. ∆t is the time step of calculation. When
superconducting tape starts to quench, the accumulated joule heat Q in each time step is calculated by
discrete calculation, whose corresponding quenching resistance R can be obtained by interpolation
calculation based on R-Q curve. In addition, under overcurrent shock, the effect of liquid nitrogen
on superconducting tape can be approximately ignored. Therefore, the temperature variation of
superconducting tape can be calculated by Equation (19).

T =
Q
cm

+ Tre f (19)
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as shown in Figure 23, whose data are from AC 1920 A overcurrent test. The simulation parameters 
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5.2. The Validation of R-Q Curve Method

According to Sections 3 and 4, under AC and DC overcurrent, the R-Q curves of superconducting
tape obtained have the same trend. Therefore, the experimental data with the most extensive coverage
are adopted to be converted into the R-Q curve of per meter superconducting tape, as shown in
Figure 23, whose data are from AC 1920 A overcurrent test. The simulation parameters setting are
listed in Table 8.

Materials 2019, 12, 2374 21 of 27 

 

0 200 400 600 800 1000 1200 1400 1600 1800
0.00

0.01

0.02

0.03

0.04

0.05

0.06

R 
(Ω

/m
)

Q (J)

 AC 1920A

 
Figure 23. R-Q curve required in simulation calculation. 

Table 8. Simulation parameters setting of R-Q curve method. 

Parameters Value 
Critical current, IC 500 A 

Initial quenching resistance, R0 0.001 Ω 
Time step, Δt 5 × 10−5 s 

Length of superconducting tape 1 m 

Overcurrent AC 1780 A, AC 1920 A, 
DC 1860 A, DC 2020 A, 

Duration 60 ms, 80 ms, 25 ms, 25 ms 
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effectiveness of R-Q curve method is well verified, which can be used to simulate the variation 
process of quenching resistance of small-scale superconducting tape in normal state under AC and 
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but the model of R-Q curve method still has good simulation accuracy under DC overcurrent. It also 
indicates that the quenching resistance of AC and DC overcurrent test can be equivalent by R-Q curve 
in normal state. Meanwhile R-Q curve method can calculate temperature change in the quenching 
process, whose results are basically consistent with the results of FEM but computing speed is faster, 
as shown in Figure 25. 
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Table 8. Simulation parameters setting of R-Q curve method.

Parameters Value

Critical current, IC 500 A
Initial quenching resistance, R0 0.001 Ω

Time step, ∆t 5 × 10−5 s
Length of superconducting tape 1 m

Overcurrent AC 1780 A, AC 1920 A,
DC 1860 A, DC 2020 A,

Duration 60 ms, 80 ms, 25 ms, 25 ms

According to Figure 24, with comparison between simulations and experiments, the effectiveness
of R-Q curve method is well verified, which can be used to simulate the variation process of quenching
resistance of small-scale superconducting tape in normal state under AC and DC overcurrent. In
addition, the R-Q curve in the simulation comes from the AC experimental data, but the model of
R-Q curve method still has good simulation accuracy under DC overcurrent. It also indicates that the
quenching resistance of AC and DC overcurrent test can be equivalent by R-Q curve in normal state.
Meanwhile R-Q curve method can calculate temperature change in the quenching process, whose
results are basically consistent with the results of FEM but computing speed is faster, as shown in
Figure 25.
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Obviously, in terms of estimating quenching resistance of superconducting tape, R-Q curve 
method has a good calculation accuracy in normal state. However, compared with FEM, because of 
R-Q curve method using interpolation calculation while FEM adopting the coupling calculation of 
multiple physical fields, the model structure of R-Q curve method is simpler and faster, as shown in 
Table 9. However, it is undeniable that the application range of R-Q curve method is limited. 
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Having good simulation precision and calculation speed, the R-Q method can be applied to 
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R-SFCL based on the experimental data of small-scale superconducting tape. The prediction results 
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m. Because the superconducting coil adopts non-inductive design, the effect of magnetic field on 
superconducting tape can be neglected. According to Figure 28, the peak value of DC overcurrent is 
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Obviously, in terms of estimating quenching resistance of superconducting tape, R-Q curve
method has a good calculation accuracy in normal state. However, compared with FEM, because of
R-Q curve method using interpolation calculation while FEM adopting the coupling calculation of
multiple physical fields, the model structure of R-Q curve method is simpler and faster, as shown in
Table 9. However, it is undeniable that the application range of R-Q curve method is limited.

Having good simulation precision and calculation speed, the R-Q method can be applied to
evaluate and predict the quenching resistance of large-scale non-inductive superconducting coil in
R-SFCL based on the experimental data of small-scale superconducting tape. The prediction results of
the model is compared with the experimental results of the coil to verify this estimation method.
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Table 9. The computation time of R-Q curve method and FEM.

Overcurrent Software Method Computation Time

AC 1780A, 60 ms PSCAD R-Q <3 s
Comsol FEM 3.78 h

AC 1920A, 75 ms PSCAD R-Q < 3 s
Comsol FEM 3.85 h

DC 1860A, 22 ms PSCAD R-Q <3 s
Comsol FEM 1.57 h

DC 2020A, 22 ms PSCAD R-Q <3 s
Comsol FEM 1.58 h

To calculate the quenching resistance of superconducting tape with any length, the model of R-Q
curve method is improved in PSCAD, as shown in Figure 26, whose R-Q curve data comes from the
experimental results of 10 cm superconducting tape converted to the R-Q curve of 1 m superconducting
tape applied in the model. The coefficient K is the length of superconducting tape, which can be
set according to the length of experimental sample including the length of superconducting tape in
non-inductive superconducting coil.
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The non-inductive superconducting coil is shown in Figure 27, which adopts single 12 mm width 
superconducting tape winding. Its diameter is 1200 mm and its length of superconducting tape is 136 
m. Because the superconducting coil adopts non-inductive design, the effect of magnetic field on 
superconducting tape can be neglected. According to Figure 28, the peak value of DC overcurrent is 

Figure 26. The model of R-Q curve method improved in PSCAD.

The non-inductive superconducting coil is shown in Figure 27, which adopts single 12 mm
width superconducting tape winding. Its diameter is 1200 mm and its length of superconducting
tape is 136 m. Because the superconducting coil adopts non-inductive design, the effect of magnetic
field on superconducting tape can be neglected. According to Figure 28, the peak value of DC
overcurrent is 3.7 kA, which results in superconducting coil rapidly entering in complete quenching
stage. The inductance of superconducting non-inductive coil can be ignored, but its resistance needs
to be considered, where resistance and accumulated joule heat are proportional to the length of
superconducting tape. Without considering the influence of coil structure, the quenching resistance
of 136 m superconducting tape calculated by R-Q curve method is basically consistent with the
experimental results of actual superconducting coil. It indicates that the non-inductive coil structure
can effectively promote the uniform quench of the superconducting coil.
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In addition, Figure 28 clearly shows that R-Q curve method has good simulation accuracy and fast
solving speed compared with the experimental results in the time range of tens of milliseconds. The R-Q
method can rapidly calculate the quenching resistance and average temperature of large non-inductive
superconducting coils during complete quenching, only taking a few seconds. Therefore, the method
can be improved to predict the dynamic quenching resistance and temperature of superconducting
coil for R-SFCL design.

6. Conclusions

In this paper, through the combination of AC and DC overcurrent experiment and simulation
study, the quenching characteristics and common laws of YBCO superconducting tape applied in
R-SFCL are summarized as follows:

(1) Under AC overcurrent, the quenching resistance of the HTS tape can be divided into three
types: half-wave type, half-wave and half-incremental curve type and incremental curve type. Under
the DC overcurrent, there are two quenching resistance types of the HTS tape: half-wave type and
incremental curve type.

(2) The quench resistance type is closely related to the current and the temperature of the HTS tape.
When the current exceeds the critical current and the temperature is lower than the critical temperature
of the HTS tape, the HTS tape is in partial resistance state. When the temperature exceeds the critical
temperature, the HTS tape enters normal state.

(3) In the normal state, the relationship between quenching resistance R and joule heat Q of HTS
tape and coil is independent of current waveform. In essence, there is a fixed correspondence between
R and Q. Therefore, R-Q curves are consistent under AC and DC overcurrent.

Based on these, the R-Q curve method can be used to estimate and predict the quench resistance
and temperature change of HTS tapes in completely quenching stage. Compared with FEM, this
method can ensure simulation accuracy, greatly shorten calculation time and improve simulation
efficiency. It can be used for simulation modeling, prototype design and quench resistance estimation
of resistive type SFCL in complex power systems. Furthermore, this method can realize the equivalent
calculation of quenching resistance under AC and DC overcurrent, which can provide theoretical
support for large-scale DC current limiters to be tested by AC equivalent experiment.
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Nomenclature

BSCCO Bismuth Strontium Calcium Copper Oxide
YBCO Yttrium Barium Copper Oxide
1G First Generation
2G Second Generation
3D Three Dimensional
HTS High Temperature Superconducting
R-SFCL Resistance type Superconducting Fault Current Limiter
DC Direct Current
AC Alternating Current
VSC Voltage Source Converter
MMC Modular Multilevel Converter
HVDC High Voltage Direct Current
FEM Finite element method
PDE Partial Differential Equation
RLC Resistance (R), Inductance (L) and Capacitance (C)

Symbols

U Voltage (V) Q Joule heat (J)
I Current (A) P Power (W)
R Resistance (Ω) E Electric field intensity (V/m)
L Inductance (H) J Current density (A/m2)
C Capacitance (F) r Resistivity (Ω·m)
t Time (s) qs Volume power density (W/m)
m Mass (kg) k Heat transfer coefficient (W/(m2

·K))
ρ Mass density (kg/m3) µ Permeability (H/m)
c Specific heat capacity (J/(kg·K)) H Magnetic field intensity (A/m)
q Conduction heat flux (W/m2) B Magnetic induction intensity (T)
T Temperature (K)

Appendix A

The following are the material properties required in the simulation, which mainly come from [46,49,50].
After collection and collation, the properties of materials are shown in Figure A1 and Table A1.
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