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A B S T R A C T

To improve the understanding of the behaviour of High Temperature Superconducting (HTS) devices in electrical 
systems, it is relevant to couple Finite Element (FE) Models (FEM) and Electrical Circuits (EC). This coupling 
should include enough physics to look justly at the impact of the devices on the electrical system. Since some 
devices require the full or partial transition of the superconductor to its normal-resistive state, such as fault- 
current limiters, for instance, their modelling must address the dynamic change that the superconductor expe
riences moving both ways between its superconducting state and its normal-resistive state. To tackle this chal
lenge, a multiphysics FEM coupled to an EC has been built targeting overcurrent operations of 2G HTS coils, used 
in such devices. Here, the basis of the approach is the electromotive force to compute the magnetic induction in 
the coil. The FEM is composed of two coupled submodels, an Electromagnetic one (EFEM) implementing the T-A 
formulation and a Thermal one (TFEM). The resulting TEFEM is coupled to an Electrical Circuit Model (ECM) in 
the same FE solver yielding the TEFEM − ECM. To further improve the computation time, a reduction method is 
employed to skim the ECM, without sacrificing accuracy. The simulation results for the most reduced version of 
the model are compared with experimental data obtained in liquid nitrogen at 77 K for a current pulse discharge 
system connected to a 2G HTS coil, showing good agreement.

1. Introduction

There is a growing interest in building coupled Finite Element (FE) 
Method − Circuit models to simulate superconducting devices inter
acting with electrical systems [1–4]. On one hand, the advantage of 
using FE analysis is found in the physical and geometrical details that the 
tool provides in comparison to lumped-parameter models. It is partic
ularly relevant when looking at the performance of the superconductor 
within the device itself considering the non-linearity of the supercon
ductor under the presence of field and temperature change [5]. On the 
other hand, the circuit model is ideal to model complex electrical system 
made of several components such as generators, power converters, ca
bles, transformers and any power equipment found in modern power 
grids. If the circuit model is relatively simple (a few of equipment), the 
main tendency is to construct such coupled models in the same nu
merical tool [6–9]. The coupling is then direct and the circuit equations 
are solved alongside the FEM equations. Hence, the superconductor is 
often represented in the circuit as an electrical impedance, where the 
dependence of the electrical resistance on the transport current and 

temperature are taken into account [10–13]. The inductance is then 
derived from the integral of the derivative of the magnetic vector po
tential [7]. It is expected that such an approach would bring more ac
curacy in the modelling of superconductors as part of a more complex 
electrical network.

Recent works have been mainly dedicated to evaluate the FE −
Circuit coupling when the transport current is lower than the critical 
current. In this sub-critical condition, the models are useful for esti
mating the hysteresis losses of the superconductor [14,15]. However, for 
some HTS devices such as fault-current limiters, it is necessary to 
simulate the dynamic of the superconductor beyond its critical current 
[16,17]. For such application, the superconductor enters a transition 
where the superconductor fully or partially quenches. As the current 
goes beyond the critical current, a thermal runaway may result for 
prolonged transitions [18–22]. In this context, a model relying on a 
parallel electrical circuit composed of the superconductor and its sur
rounding metallic layers has been developed in [23] for a purely resis
tive HTS component considering a single REBCO tape. This work 
targeted the modelling of resistive fault-current limiters in which 
equipment see overshoot of the current in transients either in alternating 
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current or direct current applications [24]. A more general approach to 
simulate HTS tapes in an arbitrary current range has been proposed in 
[25] where the electrical equations coupled with the thermal equations 
are calculated and solved in the form of ordinary differential equations 
and differential algebraic equations in the case of a voltage source and a 
current source, respectively. In such works, modelling the transition of 
the superconductor from its superconducting state to its normal-resistive 
state as well as the recovery of its initial condition has been the main 
issue. Indeed, these are critical aspects of catching the actual behaviour 
of fault-current limiters in transients. The present paper intends to 
address such a challenge proposing the modelling and coupling of an 
electromagnetic-thermal Finite Element Model (TEFEM) with an Elec
trical Circuit Model (ECM) of 2G HTS coils used in such devices. In order 
to do so, the present work should address three issues. Firstly, the 
methodology should be extended to the modelling of inductive coils 
found in power components such as inductive fault-current limiters and 
transformers and to some extent cables (twisted tape on a former), 
thereby extending the range of applications. These coils are more 
complex to simulate than non-inductive (purely resistive) configura
tions. Here, the proposed approach deals with the notion of electro
motive force rather than inductance to maintain a high level of accuracy. 
The second issue is to simulate the behaviour of a superconducting coil 
under overcurrent conditions that imply the modelling of the current 
sharing across the different layers of the HTS. This is essential to better 
understand the thermoelectric operation of 2G HTS tapes in transients. 
The third issue is to simplify the model of the coil’s electrical circuit to 

reduce further the computational cost. It is done by identifying the ideal 
model that combines low computing resources and good accuracy. This 
objective is attained via a model reduction. Finally, having addressed all 
those previous issues with the proposed coupled TEFEM-ECM, the re
sults of simulation of an actual experiment involving a 2G HTS coil 
submitted to current pulses of various amplitudes at 77 K in liquid ni
trogen (LN2) are compared with experimental data, thereby validating 
our approach.

This paper is divided into five sections beside the introduction 
(section 1) and the conclusion (section 7). The section 2 presents the 
characteristics of the commercial REBCO tape used to wind the induc
tive coil. The salient parameters of the latter are provided. The tape and 
coil were characterized in LN2 at 77 K to infer their n index and critical 
current Ic. The section 3 details the experimental setup of the over
current facility providing the electrical schematic implemented in the 
circuit model. The section 4 presents the coupling between the EFEM, 
the TFEM and the ECM referred to as the TEFEM − ECM. The section 5
constitutes the core of this work introducing the reduction of the ECM. 
Different ECM are detailed from the most accurate model to the retained 
one which is expected to yield an accurate account of the circuit 
behaviour of the coil. The final TEFEM − ECM is validated against 
experimental measurements in section 6. The main results of the present 
work are summarized in the conclusion arguing that the simplifications 
introduced by the model reduction and the electromotive force allows to 
significantly decrease the complexity of simulating HTS inductive coils 
keeping a fair accuracy on their current and voltage response to 

Nomenclature

A Magnetic vector potential (Wb m− 1)
B Magnetic flux density (T)
C Capacitor (F)
E Electrical field (V m− 1)
Ec Critical electrical field equal to 10-4 (V m− 1)
ECM Electrical Circuit Model
H Magnetic fields (A m− 1)
H1 Magnetic field vectors in the upper region of the 

superconducting layer (A m− 1)
H2 Magnetic field vectors in the lower region of the 

superconducting layer (A m− 1)
I Current (A)
Ic Critical current defined at Ec (A)
J Current density (A m− 2)
l Length of the superconducting coil (m)
L Inductance (H)
Lload Inductance of the conventional coil (H)
n Index of E(J) power law
r Coordinate in the radial direction (in index, means 

component along r) (m)
Rload Resistance of the conventional coil and the electric cable 

(Ω)
S Cross section (m2)
T Current vector potential (A m− 1)
th Thickness (mm)
U Voltage (V)
Uc Capacitor voltage (V)
Uc0 Capacitor voltage at t = 0 (V)
Ucoil Voltage of the superconducting coil (V)
V Volume (m3)
z Coordinate in the axial direction (in index, means 

component along z) (m)
γ Density (kg m− 3)
θ Temperature (K)

θc Critical temperature (K)
CuB Index representing the bottom copper layer
CuT Index representing the top copper layer
Sub Index representing the substrate
sc Index representing the superconducting layer
nc Index representing the superconducting layer when the 

superconductor temperature is higher than its critical 
temperature θc

ρ Electrical resistivity (Ω m)
TEFEM − ECM Fully coupled EFEM − ECM − TFEM
TFEM Thermal FE model
EFEM Electromagnetic FE model
B// Magnetic flux density parallel to the (a, b) plane of the HTS 

tape (T)
B⊥ Magnetic flux density perpendicular to the (a, b) plane of 

the HTS tape (T)
m Index representing each conductive layers of the tape
kf Anisotropy factor
β Constants that characterize the variation of Ic vs B
φ Magnetic flux (Wb)
B0 Constants that characterize the variation of Ic vs B (T)
i Index representing each layer of the tape
j Index representing each turn of the coil
n Normal unit vector
Jc Critical current density (A m− 2)
Jc0 Critical current density at zero applied magnetic field (A 

m− 2)
t Time (s)
q Losses per volume unit (W m− 3)
q0 Surface heat flux (W m− 2)
UR Resistive voltage of the superconducting coil (V)
UL Inductive voltage of the superconducting coil (V)
Cp Specific heat (J kg− 1 K− 1)
µ0 Magnetic permeability (H m− 1)
k Thermal conductivity (W m− 1 K− 1)
w Tape width (m)
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transients. It opens a path to accurately simulate inductive components 
in power systems such as inductive fault-current limiters and trans
formers, for instance.

2. REBCO tape and coil

In this section, the characteristics of the commercial REBCO tape 
supplied by Shanghai Superconductor Technology Co., Ltd and the coil 
wound with it are presented. Fig. 1 shows a micrograph of the tape 
having a width of 4 mm, a total thickness of about 93.7 µm: 21.9 µm of 
copper at the top, 1.3 µm of silver, 3.5 µm of YBaCuO, 49.3 µm of sub
strate, and 17.7 µm of copper at the bottom.

The coil is made of 6 turns of REBCO tape co-wound with a paper 
insulator (100 µm thick). The coil was wound on a 3D printed plastic 
former which was screwed on a G-11 support. The winding tension is 
loose allowing a relatively good wetted surface of the tape despite the 
presence of the turn-to-turn insulation. The inner diameter of the coil is 
120 mm. Fig. 2 shows the coil configuration.

To avoid the movement of the tape during the current discharge, the 
coil was partially glued on its support. The tape was soldered over 6.5 
cm of its length to Cu sheets for a contact area of about 65 mm × 4 mm. 
As shown in Fig. 2, these Cu sheets are extended by Cu braided cables 
that are themselves connected via power cables to the power source for 
DC tests or to the current pulse discharge circuit for the overcurrent 
tests. A pair of voltage taps, 2.26 m apart, were soldered on the tape to 
monitor the coil voltage.

A short sample and the coil were characterized in LN2 at 77 K. The 
short sample is from the same batch as the one used to wind the coil. For 
the short sample test, pressed Cu contacts allowed to feed the tape with 
current. For the coil tests, the Cu braided terminals of the coil were 
connected directly to the DC power supply. This power supply, 
controlled by a function generator, provided automatic discrete steps of 
increasing current. The step setting is 5 A up to a current of 100 A fol
lowed by steps of 0.5 A from 100 A to the current corresponding to the 
maximum voltage set by the user. At the maximum voltage measured 
across the tape, the current is ramped down. An average value over 100 
measured voltages was recorded by a nano-voltmeter for each current 
increment. The results are gathered in Fig. 3. It shows the E-I curves for 
both the short sample and the coil. The coil voltage Ucoil is rescaled to 
the electrical field E assuming that Ucoil = E × l with l the distance be
tween the voltage taps along the coil. The short sample has a critical 
current Ic equal to 138.5 A and an index of transition n equal to 22, 
whereas the coil has a lower critical current of 114.5 A and an n index 
equal to 21.5, about the same as the short sample. This discrepancy 
results from the strong sensitivity of the critical current on the magnetic 
field at low field leading to a reduction of 17 %. The n value is miscel
laneously impacted with a loss of 2 % in its value. Table 1 summarizes 
the data obtained for the short sample and the coil.

The measured critical current Ic and index of transition n of the coil 

are subsequently used in the power law model which is employed to 
infer the resistivity of the superconductor in the EFEM (see section 4.2). 
In terms of the electric field E, the power law reads [26], Fig. 1. Microscopic view and geometrical dimensions of the REBCO tape sup

plied by Shanghai Superconductor Technology Co., Ltd.

Fig. 2. (a) Picture of the superconducting coil, (b) drawing showing the 
different geometric parameters of the coil.

Fig. 3. E-I characteristics: blue dots for the inductive coil in LN2 at 77 K and 
red dots for a short sample (same batch as the coil). The coil voltage Ucoil is 
replaced by the electrical field E to fit the results on the same graph. It is 
assumed that Ucoil = E × l, with l the distance between the voltage taps. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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E = Ec

(
I
Ic

)n

(1) 

with Ec = 1 µV/cm and I the current.

3. Experimental setup for overcurrent tests

The experimental setup for the overcurrent tests, shown in Fig. 4, is 
composed of the capacitor bank “CB” (1), a Cu inductive coil of 2.5 mH 
and 0.4 Ohm (2), the REBCO coil in its cryostat (3), a current clamp to 
measure the current (4), and an oscilloscope with a differential probe to 
record the voltage Ucoil across the REBCO coil (5). This experimental 
setup is modelled as an electrical circuit in the TEFEM − ECM (see 
Fig. 5).

The specific discharge setup is made of a capacitor bank CB (Impulse 
Magnetizer K-Series) that can supply up to 10 kJ (2 kV − 25 kA). Its 
equivalent capacitance is 5 mF. The CB is connected to the network 
converting the AC voltage from the network to a DC voltage. Since the 
current shape is defined by the load, a Cu inductive coil is added in series 
with the HTS coil to add an extra impedance in the circuit. The 
magnitude of the total inductance defines the value of peak current and 
the discharge time. In the present case, the peak current ranges from Ic to 

5.6 × Ic, Ic being the measured critical current of the coil given in 
Table 1. By controlling the peak current via the inductance of the sys
tem, the HTS coil can be protected. Thus, the setup guarantees that the 
HTS coil does not experience any extreme values of current (up to 25 kA) 
supplied by the CB. The diode is used to block the negative voltage on 
the CB and allows the current to flow freely. Not shown in Fig. 5, a 
30 kA-class thyristor controls the discharge of the equivalent capaci
tance C whereas the charge is performed via another switch.

4. Modelling and coupling between the electromagnetic-thermal 
finite element models and the electrical circuit model

4.1. Overview of the TEFEM − ECM

In this section, we aim to describe the complementarity between the 
different physics used, as well as the complete coupling between the FE 
model and the ECM. Fig. 6 shows the complete TEFEM − ECM with 
exchanged variables. It is made up of three submodels corresponding to 
EFEM, TFEM and ECM. The first one is the Electromagnetic FE submodel 
(EFEM) which makes use of the full T-A formulation. The T-A formu
lation was chosen over other classical formulations, such as the H 
formulation, to build an EFEM that is accurate and fast in terms of 
computation time [15]. However, it should be noted that recent studies 
have shown the J-A-Φ formulation can be considerably faster for HTS 
coils in 2D [27].The magnetic flux density B is computed in the whole 
domain from the magnetic vector potential A as B = ▽ × A and the 

Table 1 
Characteristics of the REBCO tape and the coil.

Short sample

Length between voltage taps, l 20 cm
Ic at 77 K, in self-field 138.5 A
Index of transition n 22

Coil

Length between voltage taps, l 2.26 m
lc at 77 K 114.5 A
Index of transition n 21.5
Numbers of turns N 6
Inner / Outer diameter 120 mm / 124.5 mm

Fig. 4. Picture of the discharge setup for over-current tests.

Fig. 5. Schematic drawing of the electrical circuit simulating the experimental 
setup. The parameters of the discharge system are provided by the manufac
turer and the parameters of the coil were experimentally measured.

Fig. 6. Full model (TEFEM − ECM) for overcurrent simulations of inductive 
HTS coils. It is composed of three interacting submodels: 1) the electromagnetic 
FE model or EFEM (T-A formation), 2) the thermal FE model or TFEM, and 3) 
the electrical circuit model or ECM.
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current density Jsc. The latter is derived from the current vector po
tential T as Jsc = ▽ × T. The non-linearity of the resistivity of the su
perconductor to compute the actual distribution of the current density 
within the HTS layer.

The current vector potential T is solved in the Partial Differential 
Equation (PDE) module of COMSOL assuming that the superconductor is 
a 1D line [28]. Local variables, such as the nonlinear resistivity of the 
superconductor and the metallic layers are defined in the electromag
netic FE model and subsequently use to compute global variables, e.g. 
the resistances of the different layers to be used in the Electrical Circuit 
Model (ECM). Those variables are described in details in the Table 2 of 
Section 5. Besides the superconductor, the electromagnetic contribu
tions of the Cu stabilizer (“Cu”), through its top (“CuT”) and bottom 
(“CuB”) layers, and the substrate (“Sub”) are taken into account during 
the transition of the superconductor to its normal resistive state. These 
conductive layers are given as current density sources JCuT, JCuB and JSub 
in the A formulation. These current densities are derived from the ECM. 
Indeed, with the circuit model and the knowledge of the cross-section of 
each metallic layer, the current density flowing through a layer is 
computed from its current assuming a uniform distribution of the cur
rent density across the layer. The second submodel (TFEM) solves the 
heat balance equation using the heat transfer module of COMSOL. The 
heat sources are computed from the respective Joule losses in the su
perconductor, in the top and bottom Cu layers and in the substrate. The 
third and last submodel is the Electrical Circuit Model (ECM) which is 
worked out via the ordinary differential equation (ODE) module of 
COMSOL. This model provides the resistances of the different layers 
which are used to estimate the redistribution of current. For all the 
submodels, the domains are the superconductor, the top and bottom Cu 
layers and the substrate. The contribution of the silver layer is neglected 
compared to the contribution of the Cu layers. Indeed, its thickness is 
very small in comparison to the Cu thickness, thCu ≫ thAg. Fig. 7 shows a 
schematic drawing of one turn of the coil (not to scale) with its turn-to- 
turn insulation and the wound HTS tape as well as the simplified ge
ometry used in the TEFEM − ECM. The submodels are detailed in the 
subsequent subsections.

4.2. Electromagnetic finite element model (EFEM)

The problem is axisymmetric as shown in Fig. 8. The full T-A 
formulation of the Maxwell equations is used here. It is practical as the 
coil is only made of 6 turns. For such a formulation, the superconducting 
layers are considered as 1D lines [14]. The radial component of the 
current vector potential T is solved over each line knowing the temporal 
variation of the magnetic flux density perpendicular to the line in the 
cylindrical coordinate system defined by (r, z). The equation for T reads, 

d
dz

(

ρHTS
dTr

dt

)

= −
dBr

dt
(2) 

with ρHTS the resistivity of the superconductor. The radial component of 
the magnetic flux density Br is given by Br = − dAφ/dr. The azimuthal 

Table 2 
Expression of the electrical parameters such as resistance and inductive voltage for the three models: LBM, TBM and CBM presented in Fig. 12.

Parameters Model

LBM TBM CBM

Resistance HTS Rsc,j =
2πrsc,j

w⋅thsc
〈ρsc

(
Jj,Bj, θj

)
〉w Rsc =

∑N
j=1

2πrsc,j

w⋅thsc
〈ρsc

(
Jj ,Bj, θj

)
〉w

Metallic layer “i”
Ri,j =

2π〈ri,j〉

w⋅thi
ρj
(
Tj
)* Ri =

∑N
j=1

2π〈ri,j〉

w⋅thi
ρj
(
Tj
)*

Inductive voltage HTS
UL,sc,j = 2πrsc,j

d〈Aj〉w
dt UL,j = 2π

d〈riAj〉th,w

dt
UL =

∑N
j=1

2π
d〈riAj〉th,w

dt
Metallic layer “i”

UL,i,j = 2π
d〈ri,jAi,j〉th,w

dt
* uniform resistivity, it only varies with temperature j index of the coil turn
i index of the metallic conductor (“CuT”, “CuB” and “Sub”) N number of turns of the coil

Fig. 7. (a) drawing (not to scale) showing one turn of the coil with its turn-to- 
turn insulation and the wound HTS tape; (b) shows the geometric model used in 
the TEFEM − ECM.

Fig. 8. Diagram showing the coupling between the two formulations T and A.
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component of the magnetic vector potential Aφ is obtained by solving, 

d2Aφ

dr2 +
1
r

dAφ

dr
−

Aφ

r
+

d2Aφ

dz2 = − μ0J (3) 

where J is equal to JCuT = ICuT /SCuT and JCuB = ICuB /SCuB in the Cu 
domains ΩCuT and ΩCuB and is equal to JSub = ISub /SSub in the substrate 
domain ΩSub. S is the cross section of each domain. The currents ICuT, 
ICuB, and ISub are obtained from the ECM whose coupling is introduced in 
subsection 4.4. The corresponding equations are further detailed in 
section 5. The current Isc in the REBCO is imposed as a boundary 
Dirichlet condition on the radial component Tr of the current vector 
potential T [14].

The resistivity ρHTS in (2) includes the two regimes for which there is 
still current in the superconductor, i.e., when the superconductor is in its 
superconducting state (Isc < Ic and θ < θc), and when the superconductor 
is in its current sharing regime (Isc ≥ Ic and θ < θc). To smoothen the 
transition between the two regimes, the resistivity of the superconductor 
is combined with its normal-state resistivity such that, 

ρHTS(θ,B, Jsc) =
ρsc(θ,B, Jsc)⋅ρnsc(θ)

ρsc(θ,B, Jsc) + ρnsc(θ)
(4) 

where ρsc is the resistivity of the superconductor in its superconducting 
state and ρnsc is the resistivity of the superconductor in its normal- 
resistive state. θ is the temperature of the superconductor.

On the other hand, in the normal-state regime, the resistivity of the 
superconductor takes the simpler expression (5). 

ρHTS(θ) = ρnsc(θ) (5) 

here, the resistivity ρnsc is given by, 

ρnsc(θ) = ρnsc,θ⋅θ+ ρnsc,c (6) 

where the following choices were made: ρnsc,θ = 12.5 × 10− 8 Ω m K− 1 

and ρnsc,c = 2.22 × 10− 11 Ω m [29].
The resistivity ρsc is inferred from the power law (1) such that, 

ρsc(Jsc) =
Ec

Jn
c
Jn− 1

sc (7) 

It is assumed that Jsc = Isc /Ssc, where Ssc is the cross section of the 
superconducting layer and Isc is its current. The critical current density 
Jc is given by the Kim relation [30], 

Jc(θ,B) =
Jc,θ(θ)

⎛

⎝1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
kf

2B2
//
+B2

⊥

√

B0

⎞

⎠

β (8) 

where B// and B⊥ are the parallel and perpendicular components of the 
magnetic field compared to the tape surface. kf, β, and B0 are the shape 
parameters representing the anisotropy characteristics of textured thin 
REBCO strips. For this study, these parameters are: kf = 0.1115, β =
1.7825, and B0 = 253.5 mT [31]. The temperature dependency of Jc is 
given by [32], 

Jc,θ(θ) =
(

θc − θ
θc − θ0

)

⋅Jc,0 (9) 

θc is the critical temperature of the superconductor, and θ0 is the tem
perature of the liquid nitrogen equal to 77 K. This value is taken as the 
reference temperature for determining Jc0. The latter is the self-field 
critical current density given by Jc0 = Ic0 /Asc, and equal to 8.9286 ×
109 A m− 2.

4.3. Thermal finite element model (TFEM)

The TFEM is also axisymmetric. Hence, each turn “j” of the coil 

exchanges heat radially and vertically with their surroundings. More
over, it is assumed that there is no heat diffusion along the tape length 
and that its properties are homogeneous and isotropic. The distribution 
of temperatures θ in the superconductor, the top Cu layer, the bottom Cu 
layer and the substrate is solved via the Heat Transfer module of 
COMSOL under given boundary and initial conditions. In the present 
work, there is little incentive to use a lumped-parameter model to 
interact with the FEM as the accuracy would decrease for a gain in 
computation time that would not justify the loss, especially in the 
inductive case as discussed in [33]. It is shown in the next section 5 that 
the substantial gain is mostly determined here by reducing the model of 
the electric circuit. Nevertheless, this is undoubtedly an improvement 
that can be done to the present TEFEM-ECM down the road; particularly 
to address the simulation of large systems more demanding in terms of 
computational resources.

The governing heat balance equation is recalled below, 

γCp
dθ
dt

+∇⋅( − k∇θ) = q (10) 

where γ is the mass density (kg m− 3), Cp is the specific heat capacity (J 
kg− 1 K− 1), k is the thermal conductivity (W m− 1 K− 1) and q the Joule 
dissipation (W m− 3). The initial condition assumes that all the system is 
at the temperature of LN2 (77 K). Geometric details of the thermal model 
and the corresponding boundary conditions are shown in Fig. 9. On the 
surfaces in contact with the coil support, the heat flux is set to zero 
(dashed red lines). On the surfaces in contact with liquid nitrogen, the 
heat flux (W m− 2) is given by the convective heat flux q0 (dashed blue 
lines). The specific heat capacities and thermal conductivities are 
temperature-dependent as for the electrical resistivities [34].

The volumetric dissipation q takes place in the conductive layers of 
the tape, i.e., the superconductor and the metallic layers (top and bot
tom Cu layers and substrate) so that qj = qsc,j +

∑
iqi,j, with “i” the index 

corresponding to “CuT”, “CuB” and “Sub”. It is recalled that the thermal 
and electrical impact of the silver layer is neglected in the present model. 
In addition, since the superconducting layer is modelled as a 1D line, its 
Joule loss in W m− 3 given by qsc,j = ρsc,j × Jsc,j

2 over the turn “j” is 
transformed into a surface heat loss in W m− 2 as qsc,j × thsc, with thsc the 
thickness of REBCO. It is therefore treated independently of the volu
metric losses in the metallic layers. So, instead of being imposed as a 
volumetric heat source, it is given as a boundary source over the 1D line 
in the TFEM. The remaining metallic layers dissipate qi,j = Ri,j × Ii,j2 / Vi, 

j, with Vi,j = 2π ri,j × Ai the volume of the conductor layer “i” over the 

Fig. 9. Boundary conditions in the thermal model. Dashed red lines: zero heat 
flux, dashed blue lines: convective heat flux q0. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version 
of this article.)
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turn “j” of the coil at radius ri,j.
The convective heat flux q0 is difficult to assess. It is typically ob

tained in near ideal cases where the shape of the sample, the state of the 
surface, and the positioning of the sample in the bath (vertical, hori
zontal or in between) are defined. It is not clear how to translate this 
bulk of knowledge into the specificities of the present case study 
involving a coil. Hence, in the present case, various existing heat transfer 
curves obtained from literature have been utilized to cover the possible 
thermal conditions experienced by the coil. Making an educated guess, it 
is expected that the proper heat exchange for the present experimental 
conditions is found amongst the combined curves. These heat transfer 
curves, compiled in Fig. 10, were obtained from the literature for a ni
trogen bath at 77 K in steady state assuming that the temperature of the 
liquid was constant [35–39]. Besides 77 K, measurements of convection 
heat flux in subcooled liquid nitrogen can be found at operating tem
peratures of 65 K and 70 K [40,41]. These measurements can then be 
used for modeling superconducting coils at other conditions than a 
liquid nitrogen bath at 77 K with natural convection.

From the data collected in [35–39], a surface encompassing any 
possible heat transfer curves, referred to as the operating envelope, has 
been built and shown. Its lower and upper limits, q0min and q0max, are 
considered the weakest and the strongest convective heat fluxes avail
able at the interface of the coil in contact with the LN2. This hypothesis 
is checked in section 6 where a comparison between simulation results 
and measurements is presented for the two curves q0min and q0max.

4.4. TEFEM − ECM coupling

For overcurrent applications, the purpose of coupling the ECM and 
the TEFEM is to determine the current distribution between the parallel- 
connected layers of the tape during the different stages of the transition 
between the superconducting and the normal-resistive states, i.e. from 
the onset of the current sharing regime to the quench of the supercon
ductor, as presented in subsection 4.1. As mentioned previously, the 
presence of the silver is neglected. The current distribution computed in 
the ECM is then defined by the ratio of the respective resistances of the 
superconductor, the Cu layers and the substrate. It should be noted that, 
in the case of a quench, the superconductor, having a large resistance, is 
no longer considered and the current flows solely in the metallic layers.

The ECM makes use of global variables (currents and voltages) 
combined with lumped parameters (resistances), whereas the TEFEM 

computes local variables such as the magnetic vector potential and the 
temperature. These local variables are necessary to calculate the global 
variables and the lumped parameters. Thus, the magnetic vector po
tential A is integrated to yield the voltage; the temperature θ is used to 
estimate the resistivities in each domain which are then used to estimate 
the electrical resistances. These resistances determine the distribution of 
current in the tape, effectively coupling both submodels. Fig. 11 shows 
the flux of exchanged variables, global and local, between the TEFEM 
and the ECM.

For the circuit model, the governing equations follow Kirchhoff’s 
laws of voltage and current. For a single turn “j” of the coil, the voltage 
reads, 

Uj = UR,j +UL,j (11) 

where Uj is the turn voltage summing the resistive voltage UR,j = Rj × Ij 
and the inductive voltage UL,j. Here, the equivalent resistance Rj is 
derived from the resistances of the different layers knowing their 
temperature-dependent resistivities as Rj = Ri,j // Rsc,j with Ri,j the 
parallel resistances of the metallic layers “i” in the turn “j” and Rsc,j the 
resistance of the superconductor in the turn “j”. The inductive voltage is 
computed from the local time variation of the magnetic vector potential. 
The inductive voltage is naturally represented by the opposite electro
motive force + dφ/dt assuming that each turn is an independent loop of 
current carrying the same current I supplied by the discharge system. 
The relation between the turn voltage Uj and the voltage along the 
different layers is given according to the parallel circuit model as, 

Uj = UCuT,j = Usc,j = U,j = UCuB,j (12) 

The coil voltage Ucoil of the entire coil is then inferred from the sum of 
the turn voltages, and, 

Ucoil =
∑N

j=1
Uj (13) 

with N the number of turns in the coil.
In the same parallel circuit model, the Kirchhoff’s law of current 

yields the following relation, 

I = ICuT,j + Isc,j + I,j + ICuB,j (14) 

where I is the pulsed current generated during the discharge of the 
capacitor C into the circuit (see Fig. 5). For consistency with the TEFEM, 
only the superconducting layer, the top and bottom Cu layers and the 
substrate were considered in the ECM resulting in four parallel- 
connected resistances in series with an electromotive force. However, 
in the reduced ECM, instead of being defined on a turn-by-turn basis, the 
parallel resistances and the electromotive force are averaged over the 
whole coil. This reduction of the ECM is introduced and validated in the 
next section 5. In the same section, the equations relating the local 
variables obtained from the TEFEM and the global variables and the 
lumped parameter passed to the ECM are detailed.

5. Reduction of the electrical circuit model

In this section, a reduction of the ECM is introduced. Specifically, a 
simplification of the ECM is proposed by replacing the use of self and 
mutual inductions with a more concise representation based on induc
tive voltage (electromotive force). To validate this reduced electrical 
circuit model, a step-by-step methodology is taken below. It considers 
three different ECM of decreasing complexity. These ECM are presented 
in Fig. 12. Each ECM corresponds to a step in the model reduction. The 
corresponding global variables and lumped parameters are presented in 
Table 2. It provides the equations relating the local variables such as the 
magnetic vector potential A, the current density J, and the temperature 
θ, computed in the TEFEM to the resistances (lumped parameter) and 
the coil voltage Ucoil (global variable) in the ECM.

The first ECM is given in Fig. 12(a). It is the most accurate 

Fig. 10. Review of heat fluxes measured between solid and liquid nitrogen at 
77 K: O. Mäder, 1 [34], O. Mäder, 2 [34], H. Merte [35], A.D. Berger [36], T. 
Jin [37], W. de Sousa [38].
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representation of the actual electrical behavior of the coil. It is referred 
to as the layer-based model or LBM as each layer holds a layer resistance 
in series with a layer electromotive force. This model is subsequently 
simplified by moving out the electromotive forces of each layer to build 
a single turn-based electromotive force, see Fig. 12(b). This electro
motive force on a turn basis represents the induction of one turn of the 
coil. The parallel resistances are computed on a turn basis as well but 
distinguishing each individual layer in the turn. This model is referred to 
as turn-based model or TBM. Finally, the turn-based electromotive 
forces and the turn-based parallel resistances are lumped into a single set 
of equivalent parallel resistances in series with one electromotive force 
as illustrated in Fig. 12(c). This ultimate reduction is done by averaging 
the magnetic vector potential and the temperature over the coil. This last 
model is subsequently referred to as coil-based model or CBM. It is worth 
noting that moving from the layer-based electromotive force of Fig. 12
(a) to a single turn-based electromotive force of Fig. 12(b) is already a 
significant simplification of the ECM. Indeed, as the current redistributes 
between layers, each layer ought to be included. So, in addition to its 
resistance, its own electromotive force combining the time variation of 
the self and mutual magnetic fluxes should be added to provide a 
seemingly impedance per layer. This difficulty has been lifted here by 
reducing the electrical model where the lumped resistance of each layer 
in the turn “j” is the driver of the Joule dissipation for the heat balance 
equation, whereas the turn induction associated with the magnetic flux 
produced by the turn itself and its mutual magnetic flux shared with the 
other turns is lumped into a single electromotive force for the entire coil.

As a complimentary note on the inductance model, if the current 
density is uniform in the tape, the inductive voltage depends solely on 
the geometry of the coil and can be represented in first approximation by 
an inductance times the rate of change of the current, or UL = L dI /dt. 
This inductance can be determined by magnetostatics calculations from 
the magnetic energy [42]. In the case of a HTS tape, the distribution and 
the path of the current density changes according to the magnetic 
shielding of the superconductor subjected to varying magnetic flux as 
well as during the redistribution of current between the layers of the 
tape in the current sharing regime. In both cases, the current density is 
non-uniform and the inductance representation would become 
improper.

To check at once all those various assumptions, a direct validation is 
carried out via simulation using a unique TEFEM coupled to the three 
different ECM. Thus, the coil is simulated under overcurrent conditions 
as described in section 3. Table 3 provides the relation between the peak 
capacitor voltage Uc0 and the ratio Imax/Ic. For all the three ECM, the 
maximum thermal heat flux curve q0max given in Fig. 10 has been uti
lized. For those runs, the same mesh was used consisting of 12,881 nodes 
and 25,710 simplexes. The number of degrees of freedom (DOF) of the 
full TEFEM − ECM was 71,243 considering the LBM, 57,536 for the TBM 
and 57,516 for the CBM. The computer is equipped with an Intel® 
Xeon® E5-2630 v4 processor, using 2 sockets of 10 cores each.

Fig. 13 shows a comparison of the coil current Icoil between the three 

ECM coupled to the same TEFEM. The coil current is the pulsed current 
flowing through the coil. The corresponding coefficient of determination 
R2 or Pearson correlation coefficient, see [43] for a general expression, 
taken the LBM as reference, is shown in Table 4. A value above 0.99 was 
found for all cases indicating a very good likeness between the results. 
Fig. 14 shows the coil voltage for different discharges with its corre
sponding R2 given in Table 4. Here too, a good agreement is achieved 
with a R2 larger than 0.99.

Fig. 15 provides the computation time of the TEFEM − ECM for the 
three ECM. There is a large gain moving from the LBM to the CBM. This 
order of magnitude difference is not explainable by the mere increase of 
20 % in the DOF between the TBM (or CBM) and the LBM. The more 
likely explanation can be found in the slow convergence originating 
from the strong non-linearity of the model in the current sharing regime. 
In this regime, a smaller time step is required to compute the current 
density distribution in the superconductor catching as well the redis
tribution of current in the different layers of the tape. This is stressed out 
in the LBM where all the turns of the coil are simulated with all the 
layers of each tape being considered. However, in the CBM, a single 
equivalent model is used to represent the entire coil reducing drastically 
the number of computation to be carried out (see Fig. 12). Passing the 
current sharing regime, the model is essentially linear as all the current 
flows in the metallic layers alleviating the number of iteration for the 
Newton-Rapshon and allowing the solver to increase the time step. 
Overall, the TBM and CBM present the same order of magnitude in terms 
of computation speed with the CBM having the speediest computation. 
Interestingly, around Imax/Ic = 4, all the models saw a bump in their 
computation time due to a slower convergence of the nonlinear system. 
There, the automatic time step lowers to catch the quench dynamic as 
the problem becomes stiffer. Finally, whereas the computation time for 
the LBM ranges from less than an hour to more than 20 h, the TBM and 
CBM do not go over 4 h (TBM) with the CBM remaining under 2 h for a 
complete simulation time equal to 35 ms.

Having demonstrated the relevance of the model reduction yielding a 
fair accuracy at a reduced computation time, the CBM was then used to 
validate the TEFEM − ECM in the next section 6.

6. Comparison of simulation results with experimental data

The results of the proposed TEFEM − ECM, using the reduced CBM as 
presented in Fig. 12(c), is compared to experimental data for over
current conditions. Here, the inductive HTS coil is subjected to different 
pulses of increasing current amplitudes given by the peak capacitor 
voltage Uc0. The relation between Uc0 and the ratio Imax/Ic is given in 
Table 3. It is recalled that the peak pulsed current Imax ranges from the 
critical current of the coil Ic to 5.6 × Ic. After each pulse, a period of 30 s 
is observed to allow the tape to recover its initial temperature equal to 
77 K.

Out of 12 runs of overcurrent tests, we present here only five of them 
to stress out the different regimes of the superconductor. These regimes 
are the current sharing and the full transition to the normal-resistive 
state. Most of the remaining runs were conducted in the full transition 
regime duplicating the latter results without bringing any relevant 
additional information. Nonetheless, all the simulation results were 
processed and analysed for all of the 12 experimental runs and 
compared to experimental data via the coefficient of determination (R2).

6.1. Global variables: Pulsed current and coil voltage

Fig. 16 shows a comparison between the experimental measurements 
and the simulated data of the coil current as a function of time for 
various magnitudes of the peak capacitor voltage Uc0 ranging from 250 
V to 700 V. A very good agreement is achieved on the evolution of the 
coil currents over the course of the tests. Indeed, as shown by Fig. 17, the 
coefficient of determination R2 varies between 0.9988 and 1 for each 
individual peak of coil current Imax independently of the choice of the 

Fig. 11. Exchange of variables between the ECM and the TEFEM. The latter is 
composed of the electromagnetic model (EFEM) coupled to the thermal 
model (TFEM).
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heat transfer curves indicating a very good likeness between results. For 
the calculation of R2, the reference values are given by the experimental 
measurements. It is recalled that the maximum and minimum heat 
transfer curves, q0min and q0max, are the maximum and minimum curves 
enveloping the different heat transfer curves found in the literature 
(operating envelope) and compiled in Fig. 10.

Fig. 18 shows the experimental coil voltages and the simulated ones 
corresponding to the coil currents given in Fig. 16. The grey coloured 
area represents the envelope corresponding to the simulations carried 
out with the minimum and maximum heat transfer curves, q0min and 
q0max. It can be observed that the TEFEM − ECM predicts fairly well the 
evolution of the coil voltage. Indeed, the envelope encompasses the 
actual experimental measurements. The largest incertitude (wider red 
area) is found for a peak capacitor voltage Uc0 equal to 350 V and 450 V 
for which the coil current is not large enough to lead to a thermal 
runaway but still showing a significant temperature rise (θ > 85 K, see 
Fig. 20). In this overcurrent test, the temperature reaches a maximum 
value before decreasing as the current supplying the Joule losses van
ishes within 30 ms. There is not enough time to lead to an uncontrollable 
temperature rise since the current decreases fast enough to cut off the 
thermal runaway in its path. For the extreme heat transfer curves, the 
R2, presented in Fig. 19, drops from more than 0.9, indicating a good 
overall likeness between simulated and experimental curves, to less than 
0.8, indicating a significant deviation from experimental data. However, 
this deviation is localised in time. It occurs during the recovery of the 
coil for a situation where the coil does not experience any thermal 
runaway throughout the test.

The temperature evolutions given in Figs. 20 and 21 are not 
measured but estimated from the coil voltages. Thus, knowing the 
theoretical inductance of the coil L and consequently the inductive 
voltage UL = L dI /dt, the resistive voltage UR of the coil can be extracted 
from the total coil voltage Ucoil according to (15). Here, the inductance 
representation is used as the current density is assumed uniform. The 
inductance is derived from the magnetic energy computed in magne
tostatics on the basis of the previous assumption. 

UR = Ucoil − L
dI
dt

(15) 

From the resistive voltage UR, the combined resistance of the metal 
layers in the tape, averaged over the coil, can be estimated using Ohm’s 
law as Rm = UR / I, where I represents the coil current (equivalent to the 
pulsed current). Furthermore, the average resistivity ρm of the tape used 
in the coil has been measured through conduction cooling within an 
operating range of 100 K to 300 K. It can be expressed as a function of 
temperature in the form of: 

ρm(θ) = 10− 9 × (0.1713⋅θ[K] − 6.8849 ) (16) 

With this information, it is possible to estimate the temperature of 

Fig. 12. (a) provides the most accurate ECM of the inductive coil in transient 
(layer-based model or LBM); (b) shows the intermediate model (turn-based 
model or TBM) leading to the reduction of the ECM given in (c) (coil-based 
model or CBM).

Table 3 
Values of Imax/Ic according to the peak capacitor voltage Uc0.

Uc0 (V) 250 350 450 600 700

Imax /Ic 1.87 2.64 3.42 4.89 5.62

Fig. 13. HTS pulsed current flowing through the HTS coil or coil current Icoil 
versus time for different values of the peak capacitor voltage Uc0 (Fig. 5).
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the coil at the time of quenching by knowing the value of its average 
resistivity. This post-processing allows calculating an average temper
ature over the coil which is subsequently compared to the simulated 
temperature for the different cases corresponding to Uc0 ≥ 450 V. It 
should be noted that when the tape remains fully or partially in its 
superconducting state (Uc0 ≤ 350 V), no average temperature can be 
estimated, and the Figs. 20 and 21 provide only the simulated temper
atures. In those specific cases, the temperature is expected to increase 

marginally and the simulated coil voltages fit the experimental results 
with the lowest dispersion arising from the choice of the heat transfer 
(thinner grey area). When the tape quenches (Uc0 > 450 V), the coil 
voltage is fairly well simulated throughout the overcurrent tests with a 
moderate dispersion at peak coil current. The simulated temperatures, 
shown in Fig. 20, are found to overestimate the temperature peak post- 
processed from measurements at ratios Imax/Ic larger than 4.5. The 
temperature evolutions for the simulations and experiments, given in 

Table 4 
Comparison of TEFEM − ECM coupling for three configurations: LBM, TBM, and CBM.

Model DOF R2 of current R2 of voltage Average computation time Tq

LBM 71,243 Reference Model Reference Model 6.097 h
TBM 57,536 0.9999998 0.9997832 1.396 h
CBM 57,516 0.9999971 0.9990667 0.904 h

* are the average values derived from all the curves in Figs. 13, 14 and 15.
R2 is the Pearson correlation coefficient.

Fig. 14. HTS coil voltage as a function of time for different values of the 
capacitor voltage Uc0 shown in Fig. 6.

Fig. 15. Computation time for the different ECM. Overall, the fastest model 
(TEFEM − ECM) is the CBM.

Fig. 16. Coil current versus time for different values of the peak capacitor 
voltage Uc0.

Fig. 17. Coefficient of determination (R2) for all of the 12 runs comparing the 
current of the HTS coil calculated by the TEFEM − ECM to the corresponding 
experimental data as a function of Imax/Ic.
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Fig. 21, show a reasonable agreement with the best accord obtained at 
the beginning of the quench between 0.004 s and 0.01 s before slightly 
diverging. The largest dispersion (the largest grey area), with a pre
dominance in the recovery stage, is found in the current sharing regime 
touching barely the onset of a quench (350 V ≤ Uc0 ≤ 450 V). In this 
condition, the behaviour of the superconductor is still well approxi
mated by the power law with a full dependency on temperature and 
magnetic flux density. The recovery stage is more complex to simulate as 
hysteresis effects can take place at the interface of the solid and the 
liquid nitrogen leading to a rather different heat transfer cooling in the 
recovery than in the onset of the quench [44]. It should be noted that the 
temperature obtained from measurements seem to diverge even though 
the peak pulsed current passed. This artefact results from the vanishing 
of the coil current at which point the post-processing breaks down.

Out of this analysis, it is clear that the initial educated guess on the 
likeliness of the actual heat transfer being in the range of available heat 
transfer curves from literature has been checked. Over the course of the 
overcurrent test for a given ratio Imax/Ic, the heat transfer model shifts 

from the maximum heat transfer curve q0max to the minimum heat flux 
q0min as shown in Fig. 21, but it remains mostly in between as shown in 
Fig. 20, before a thermal runaway sets in and the temperature tends to 
diverge. This difficulty in defining clearly the heat transfer throughout 
the overcurrent test arises from the complexity to accurately simulate 
the detailed local thermal response of the coil to the presence of the 
liquid nitrogen. An empirical approach is then usually employed as no 
experimental data on different coil configurations and thermal condi
tions are available in the literature or easy to obtain experimentally.

6.2. Local variables: Magnetic flux density, normalized current density 
and temperature

Fig. 22 presents some local variables computed in the TEFEM at 
different times over the pulse duration for a peak capacitor discharge 
voltage equal to 450 V. At this voltage, the temperature is slightly above 
the critical temperature without leading to a thermal runaway at the 
interface between the current sharing regime and the full transition 

Fig. 18. Coil voltage as a function of time for different values of the capacitor 
voltage Uc0.

Fig. 19. Coefficient of determination (R2) for all of the 12 runs comparing the 
voltage of the HTS coil calculated by the TEFEM − ECM to the corresponding 
experimental data as a function of Imax/Ic.

Fig. 20. Average temperature of the superconducting coil as a function of 
Imax/Ic.

Fig. 21. Average temperature of the superconducting coil versus time for 
different discharge capacitor voltage values Uc0.
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Fig. 22. Top figure, time evolution of the coil current for Uc0 = 450 V corresponding to an intermediate case scenario between the current sharing regime and the full 
transition. Bottom figure, local variables of interest (B, J and θ) over the superconductor width at different times during the overcurrent test indicated in the top 
figure. Je, HTS and Je, Cu are the engineering current densities of the superconducting layer and copper, respectively.
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according to Fig. 21.
The top Fig. 22 shows the redistribution of current in the different 

layers. As the resistance of the substrate is larger than the remaining 
metallic layers, it carries less current. Most of the current goes through 
the Cu layers as the current subsides in the superconductor due to the 
increase in temperature. At the end of the pulse, the current flows anew 
in the superconductor as the current and temperature are below their 
respective critical values. The local variables are the norm of the mag
netic flux density over the coil cross section, the normalized current 
density in the superconducting layer, and its corresponding tempera
ture. Four distinct times are probed: t1, t2, t3 and t4. At t1 = 0.6 ms, the 
coil current Icoil is slightly below the critical current Ic of the coil, with a 
ratio of I(t1)/Ic(77 K) = 0.93. The coil temperature is 77 K, and the 
current density distribution across the superconductor is non-uniform. 
This distribution approximately matches the magnetic field distribu
tion. At t2 = 4.5 ms, the current, being 3.72 times higher than the critical 
current, begins to leave the superconducting layer and start redis
tributing into the metallic layers of the tape. During this phase of current 
sharing, the coil temperature remains below the critical temperature θc 
of 92 K, thanks to thermal inertia. On the magnetic side, the flux density 
is generated by both the superconducting layer and the metallic layers. 
This is confirmed by the engineering current density norms in the 
superconducting layer and the copper layer (||Je, HTS|| and ||Je, Cu||), 
which are 300 A mm− 2 and 800 A mm− 2, respectively. At t3 = 7.5 ms, 
the temperature of the superconducting layer exceeds the critical tem
perature of 92 K. As a result, the current completely leaves the super
conducting layer and flows exclusively through the metallic layers. This 
results in a uniform current density in the copper layer (||Je, Cu|| = 1000 
A mm− 2) and no current in the superconducting layer (||Je, HTS|| = 0 A 
mm− 2). Subsequently, the magnetic flux density and field lines adopt a 
more characteristic profile of a conventional coil. Finally, at t4 = 30 s, 
the temperature of the coil has returned to its initial value of 77 K. 
Besides the recovery of the operating temperature, there is no more 
current and magnetic field ensuring a clean start for resuming the tests.

7. Conclusion

A novel coupled FEM − circuit model, referred to as TEFEM − ECM, 
for simulating the electromagnetic-thermal response of inductive HTS 
coils under overcurrent tests has been developed. Such inductive coils 
can be found in inductive fault-current limiters and transformers, for 
instance. For this model, the ECM makes use of the electromotive force 
to account for the induction that is not present in purely resistive as
sembly. It was then efficiently reduced to a simpler model (Coil-Based 
Model or CBM) which is still representative of the electrical behaviour of 
the entire inductive coil. Thus, the reduced CBM was validated against 
experimental data thereby defining its accuracy which is illustrated by a 
coefficient of determination (R2) greater than 0.997, while enabling a 
reduction in computation time of more than a factor of 6 compared with 
the full LBM (Layer-Based Model). Implementing the CBM, the full 
TEFEM – ECM was also experimentally validated on the same experi
mental data. These data were acquired in liquid nitrogen at 77 K. The 
voltage and the pulsed current experienced by the inductive 2G HTS coil 
were assessed for pulsed currents of different magnitudes covering 
different regimes of the superconductor, namely the current sharing 
regime and the full transition (quench). A very good agreement was 
observed for the current whereas a fair result was obtained for the coil 
voltage with a discrepancy resulting from the choice of the convective 
heat transfer model; the latter being difficult to assess in practice.

This modelling approach presents new opportunities for simulating 
superconducting devices within increasingly complex electrical net
works. Specifically, it enables the simulation of short-circuit scenarios in 
superconducting motors, transformers, and fault-current limiters inte
grated with their respective electrical grids.
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Bandleitern. KIT Scientific Publishing 2012. https://doi.org/10.5445/KSP/ 
1000028713.

[36] Merte H. Incipient and steady boiling of liquid nitrogen and liquid hydrogen under 
reduced gravity 1970.

[37] Berger AD. Stability of superconducting cables with twisted stacked YBCO coated 
conductors 2011.

[38] Jin T, Hong J, Zheng H, Tang K, Gan Z. Measurement of boiling heat transfer 
coefficient in liquid nitrogen bath by inverse heat conduction method. J Zhejiang 
Univ Sci A 2009;10:691–6. https://doi.org/10.1631/jzus.A0820540.

[39] de Sousa WTB, Polasek A, Dias R, Matt CFT, de Andrade R. Thermal–electrical 
analogy for simulations of superconducting fault current limiters. Cryogenics 2014; 
62:97–109. https://doi.org/10.1016/j.cryogenics.2014.04.015.

[40] Yazdani-Asrami M, Staines M, Sidorov G, Eicher A. Heat transfer and recovery 
performance enhancement of metal and superconducting tapes under high current 
pulses for improving fault current-limiting behavior of HTS transformers. 
Supercond Sci Technol 2020;33:095014. https://doi.org/10.1088/1361-6668/ 
aba542.

[41] Yazdani-Asrami M, Staines M, Sidorov G, Davies M, Bailey J, Allpress N, et al. Fault 
current limiting HTS transformer with extended fault withstand time. Supercond 
Sci Technol 2019;32:035006. https://doi.org/10.1088/1361-6668/aaf7a8.

[42] Grover FW. Inductance calculations: working formulas and tables. Mineola, N.Y: 
Dover Publications; 2004.

[43] dos Santos G, Trillaud F. A frequency-domain finite element model for simulating 
high temperature superconductors using the J-A and T-A formulations. Supercond 
Sci Technol 2024;37:115016. https://doi.org/10.1088/1361-6668/ad8141.

[44] Trillaud F, dos Santos G, Gonçalves SG. Essential material knowledge and recent 
model developments for REBCO-coated conductors in electric power systems. 
Materials 2021;14:1892. https://doi.org/10.3390/ma14081892.

G. Hajiri et al.                                                                                                                                                                                                                                   Cryogenics 148 (2025) 104068 

14 

https://doi.org/10.1088/1361-6463/ab1e2c
https://doi.org/10.1109/TASC.2017.2652861
https://doi.org/10.1109/TASC.2021.3060696
https://doi.org/10.1109/TASC.2012.2187189
https://doi.org/10.1109/TASC.2012.2236377
https://doi.org/10.1016/j.cryogenics.2022.103469
https://doi.org/10.1088/1361-6668/ac5163
https://doi.org/10.1088/1361-6668/ac5163
https://doi.org/10.1088/0953-2048/30/1/014005
https://doi.org/10.1088/0953-2048/30/1/014005
https://doi.org/10.1088/1361-6668/ab6244
https://doi.org/10.1088/1361-6668/ab6244
https://doi.org/10.1088/0953-2048/29/8/085012
https://doi.org/10.1088/0953-2048/29/8/085012
https://doi.org/10.1088/1361-6668/ac7c96
https://doi.org/10.1088/1361-6668/aca83c
https://doi.org/10.1088/1361-6668/aca83c
https://doi.org/10.1088/1361-6668/ac3f9d
https://doi.org/10.1088/0953-2048/23/3/034016
https://doi.org/10.1088/0953-2048/23/3/034016
https://doi.org/10.1088/1361-6668/aba34e
https://doi.org/10.1088/1361-6668/aba34e
https://doi.org/10.1109/ACCESS.2021.3115989
https://doi.org/10.1016/j.physc.2003.09.044
https://doi.org/10.1016/j.physc.2003.09.044
https://doi.org/10.1016/0921-4534(93)90592-E
https://doi.org/10.1016/0921-4534(93)90592-E
https://doi.org/10.1088/1361-6668/adbfc8
https://doi.org/10.1088/1361-6668/adbfc8
https://doi.org/10.1109/TASC.2022.3160512
https://doi.org/10.1109/TASC.2022.3160512
https://doi.org/10.1103/PhysRevB.42.6217
https://doi.org/10.1103/PhysRevB.42.6217
https://doi.org/10.1103/PhysRevLett.9.306
https://doi.org/10.1103/PhysRevLett.9.306
https://doi.org/10.1109/TASC.2016.2628700
https://doi.org/10.1016/S0921-4534(02)01113-9
https://doi.org/10.1109/TASC.2023.3332553
http://refhub.elsevier.com/S0011-2275(25)00046-3/h0165
http://refhub.elsevier.com/S0011-2275(25)00046-3/h0165
http://refhub.elsevier.com/S0011-2275(25)00046-3/h0165
https://doi.org/10.5445/KSP/1000028713
https://doi.org/10.5445/KSP/1000028713
https://doi.org/10.1631/jzus.A0820540
https://doi.org/10.1016/j.cryogenics.2014.04.015
https://doi.org/10.1088/1361-6668/aba542
https://doi.org/10.1088/1361-6668/aba542
https://doi.org/10.1088/1361-6668/aaf7a8
http://refhub.elsevier.com/S0011-2275(25)00046-3/h0205
http://refhub.elsevier.com/S0011-2275(25)00046-3/h0205
https://doi.org/10.1088/1361-6668/ad8141
https://doi.org/10.3390/ma14081892

	Electromagnetic-thermal finite element model coupled to reduced electrical circuit for simulating inductive HTS coils in ov ...
	1 Introduction
	2 REBCO tape and coil
	3 Experimental setup for overcurrent tests
	4 Modelling and coupling between the electromagnetic-thermal finite element models and the electrical circuit model
	4.1 Overview of the TEFEM − ECM
	4.2 Electromagnetic finite element model (EFEM)
	4.3 Thermalfinite element model (TFEM)
	4.4 TEFEM − ECM coupling

	5 Reduction of the electrical circuit model
	6 Comparison of simulation results with experimental data
	6.1 Global variables: Pulsed current and coil voltage
	6.2 Local variables: Magnetic flux density, normalized current density and temperature

	7 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


