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This article presents a review of the finite-element method (FEM) model based on the H
formulation of Maxwell’s equations used to calculate AC losses in high-temperature

superconductor (HTS) tapes, cables and windings for different applications. This model, which
uses the components of the magnetic field as state variables, has been gaining a great popularity
and has been in use in tens of research groups around the world. This contribution first reviews
the equations on which the model is based and their implementation in FEM programs for
different cases, such as 2D longitudinal and axis-symmetric geometries and 3D geometries.
Modeling strategies to tackle large number of HTS tapes, such as multi-scale and
homogenization methods, are also introduced. Then, the second part of the article reviews the
applications for which the H formulation has been used to calculate AC losses, ranging from
individual tapes to complex cables and large magnet windings. Afterwards, a section is dedicated
to the discussion of the H formulation in terms of computational efficiency and easiness of
implementation. Its pros and cons are listed. Finally, the last section draws the main conclusions.

Keywords: AC losses, finite-element method, H formulation

(Some figures may appear in colour only in the online journal)

1. Introduction

High-temperature superconductors (HTS) are recognized as
the solution for future superconducting applications, because
of their high current and power density, good in-field beha-
vior, and mechanical strength [1, 2]. In recent years, the
performance of HTS has been enhancing, while their price
has been gradually decreasing, and several types of con-
ductors have been proposed for different applications [3, 4].
All these advantages make HTS a technically viable solution
for future superconducting power applications, such as high-
field magnets [5], motors and generators [6, 7], transformers
[8, 9], power transmission cables [10], fault current limit-
ers [11].

AC losses, however, represent an important limiting
factor for the commercialization of HTS, especially when

0953-2048,/20,/033002+-13$33.00

solutions based on conventional materials are available. One
has to remember that superconductors operate at very low
temperatures, and that a power dissipation that would not
constitute a concern at room temperature can represent a very
serious burden when refrigeration costs are taken into
account. For example, the Carnot specific power for a
temperature of 77 K (boiling temperature of liquid nitrogen at
atmospheric pressure) is about 2.9, but realistic estimates
must take into account the efficiency of the cooling systems,
which is in the range of 10-20% [12]. Therefore, scientists
and engineers need to estimate the amount of AC losses and
take the corresponding actions. Different types of models can
be used for this purpose.

In the past decades, several analytical models have been
developed for calculating AC losses in superconductors by
means of simple mathematical formulas. Notable examples

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. Transport AC losses of an HTS double pancake coil

(2 x 18 turns). Experimental results are compared those calculated
with the H formulation and with analytical models for a single tape
[13] and an infinite stack of tapes [18, 19]. The shaded area
emphasizes the several orders of magnitude of difference for the
losses calculated with the two analytical models. Data taken

from [22].

are the expressions for the transport losses of superconducting
tapes with elliptical or infinitely thin cross section [13] and
the magnetization losses of superconducting tapes with infi-
nitely thin cross section [14—16]. In the case of infinitely thin
tapes, expressions for AC losses have been derived also for
infinite stacks or arrays with transport current or subjected to
an external magnetic field [17-20], and for individual tapes
with substrate of infinite magnetic permeability. A compre-
hensive review of these and other expressions is given in [21].
Typical limitations of these analytical models are the
restriction to simple geometries and the use of the critical state
model as constitutive law of the superconductors. Numerical
models, such as the finite-element model based on the H
formulation of Maxwell’s equations that is the topic of this
review, allow overcoming these limits and investigating the
electrodynamic response (and in particular the AC losses) of
realistic applications. As an example, figure 1 shows the
transport AC losses of an HTS double pancake coil. Analy-
tical models can calculate the losses of a single turn [13] or of
an infinite number of turns [18, 19]: these estimations can
only provide lower and upper limits for the AC losses and are
not accurate for a real coil made of a finite number of turns.
Numerical models such as the H formulation can simulate the
realistic geometry, thus providing an estimation of the AC
losses much closer to the measured data.

The idea of simulating the electromagnetic behavior of
superconductors in time-dependent problems by using finite
elements with the magnetic field as state variable was first
proposed in 2003 by Kajikawa et al [23] and Pecher er al
[24]. In both cases, the formulation was implemented in
home-made codes. A few years later, Hong et al [25] and
Brambilla et al [26] independently implemented the H for-
mulation in the commercial FEM software COMSOL Multi-
physics [27]. This model became quickly very popular and it

is now the de facto standard in the applied superconductivity
community. A search on the Web of Science based on the
citations of [25, 26] revealed that, at the time of writing, the H
formulation has been used by at least 45 research groups
worldwide.

This review article is organized as follows. First, in
section 2, the mathematical implementation of the H for-
mulation is discussed, first for its basic form, then for its
extension and adaption for solving problems of increasing
complexity. Then, in section 3, the application of the H for-
mulation to cases of practical interest is reviewed. Further,
section 4 is dedicated to discussing the reasons of the popu-
larity of this formulation, its implementation in different
programming environment, its advantages and drawbacks.
Finally, the main conclusions of this review article are sum-
marized in section 5.

This review is specifically dedicated to the use of the H
formulation for investigating the AC losses of HTS in a
variety of geometric arrangements and working conditions at
constant temperature. The coupling with thermal models is
therefore not considered here.

2. H formulation

2.1. Basic equations®

The model solves Faraday’s equation in a finite-element
environment, using the magnetic field components as state
variables
V xE= —8—B, (1)
ot

where B = pH, with u = 9. The lower critical field below
which type-II superconductors are in the Meissner state is
usually very low ( mT range), so for most practical cases of
power applications one can assume p, = 1 for the super-
conductor material.

Since E = pJ and J = V x H, one can rewrite (1) in
terms of the magnetic field as

V x (pV x 0y = — 2B )
ot
where the magnetic field needs also to obey Gauss’s law
V. (uH) = 0. (3)

The simultaneous solution of equations (2) and (3) pre-
sents a problem, as it involves an over-constrained system in
the general case. This issue was addressed by Bossavit and
Vérité [29], who wrote the equations in weak form and treated
the problem as one of functional analysis. An elegant
equivalent solution was presented by Kajikawa et al [23]:
taking the divergence of equation (2) yields

V-Wx@ﬂxHﬂ:V(—%?) )

3 The first part of this section is mostly taken from [28]
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Figure 2. Normalized current density distribution of a three-phase
cross-conductor (CroCo) cable [31] at a given instant during the AC
cycle. Three 120°-shifted sinusoidal currents are imposed in each
CroCo cable. Since such cables are made of non-transposed tapes,
the current is let free to distribute among the 32 tapes composing
each cable. If the tapes were fully transposed (such as in a Roebel
cable), further current constraints would be needed in order to have
all tapes carry identical currents. The arrows indicate the direction of
the generated magnetic field, their magnitude being proportional to
the field’s magnitude.

The left-hand side of equation (4) is identically zero and,
after exchanging the order of time and spatial derivatives, it is
easy to see that V - B = V - (uH) is constant in time. Con-
sequently, if V- B =0 at a given time fy, then V- B =0
will hold at any other instant. So, if initial conditions are
chosen such that

Ve ()=, =0 &)

then V - (uH) = 0 will hold at all times. It is important to
remark that the divergence-free characteristic of the magnetic
flux density B is enforced solely by analytical construction,
independently of the type of elements used in the FEM
implementation. However, this way to impose the divergence-
free characteristic on B can be sensitive to errors if the time
integration solver is not sufficiently robust, and makes some
type of elements preferable to others. In particular, for the
implementation of this model in the commercial software
package COMSOL Multiphysics [27], first-order edge ele-
ments are preferable. A study of the effect of different types
(Lagrange or edge) and order (first or second) of elements is
presented in [30].

A Dirichlet boundary condition allows modeling instan-
ces where magnetic field, transport current or a combination
of both are considered. In the case of a transport current
flowing in several conductors, a set of integral constraints
allows fixing the net current in each conductor. Therefore a
net current [;(f) can be imposed in the kth conductor by
enforcing

&a)ztﬁJ-dAb 6)

where Ay denotes any open surface that completely intersects
the kth conductor alone. Figure 2 shows an example of how
current constraints can be used to control the current dis-
tribution in a three-phase Cross-Conductor (CroCo) cable.

The superconductor is modeled as a material with non-
linear electrical resistivity, usually in the form of a power-law

n(B)—1
) , @)

where J is the magnitude of the current density, E, is usually
set equal to 1 x 107* Vm~!, J. is the superconductor’s cri-
tical current density, and n is the power-index describing the
flux creep. Such a nonlinear resistivity mirrors the nonlinear
voltage—current relationship observed in the characterization
of HTS tapes [32], where the critical current I is defined as
the current at which a threshold voltage is reached.

In general, the critical current density J. depends on the
magnetic field amplitude and orientation [33, 34], and this
dependence can assume fairly complicated forms [35]. The
power index n too depends on the magnetic field amplitude
and orientation, although in most simulations its field
dependence is disregarded, as it is expected to have a less
important influence on the results than that of J.. The
dependence of J. on the position inside the tape, for example
as a result of the manufacturing process of HTS tapes [36],
can also be easily included. The space around the conductors
is usually modeled as a material characterized by very high
resistivity (e.g. 1 2m), so that no current flows there. In most
cases, the tapes’ or device’s behavior is determined by the
superconducting parts only, and the other materials compos-
ing the superconducting tapes are ignored. However, they can
be easily included and assigned the proper values of electric
resistivity and magnetic permeability. In some cases, magn-
etic materials need to be modeled. This constitutes a challenge
because their magnetic permeability is usually not constant
and, in particular, it depends on the magnetic field. Since the
magnetic field varies with time, this means that in
equation (2) the term p cannot be simply taken out of the time
derivative. As a consequence, the expression of Faraday’s
equation to be implemented in the model needs to be properly
changed, as described in [37]. Details about the practical
implementation in COMSOL Multiphysics, including hints to
help convergence, are given in [38].

The model can also be modified to take into account the
presence of resistive components in series with the super-
conductors [39]. This is for example useful for simulating (in
2D) the current distribution in cables composed of several
tapes, each characterized by a different termination resistance.
In this case, an additional term R;I; must be added to the
electric field contribution of each superconductor, where R;
and [; are the termination resistance and current of the ith
superconducting tape. The final model therefore consists of
equation (2), initial conditions fulfilling equation (3) and a set
of appropriate boundary conditions and/or constraints. One
should note that the treatment above is invariant as it does not
rely on the choice of any specific coordinate system or
reduced dimensionality; therefore it holds for rectangular,
cylindrical, spherical or any other coordinate system in one,
two, or three dimensions.

The model can be used to compute AC losses of HTS
tapes and devices in a variety of configurations and operating
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conditions. Typically, situations with an AC transport current,
an AC magnetic field, or a combination of the two are
simulated. A sinusoidal current and/or field excitation is
imposed (with the appropriate set of current constraints and
boundary conditions) and the AC losses are calculated by
integrating the instantaneous local dissipation J - E over the
superconducting domain and averaging it over a cycle. For
such calculation , the first quarter of the sinusoidal cycle must
be avoided, because it is not representative of the AC regime
due to the occurring transient. The cyclic AC losses can
therefore be computed on the second half of the first cycle as

1/f
=2 - E dQ ds, 8
0 fl/(zf)fQJ ‘ ®)

where f is the frequency of the AC source and {2 the super-
conducting domain. This expression can be adapted to cal-
culate the losses for arbitrary time-dependent excitations.

2.2. Equations in 2D for longitudinal and axisymmetric
problems

A large number of applications can be modeled as a set of
long straight conductors or as windings with cylindrical
symmetry, for which a 2D description considering the trans-
versal cross section of the superconductors is sufficient. In
this case, the state variables are the two components of the
magnetic field in the considered cross section; the current can
only flow perpendicular to them. This 2D approximation
automatically implies that the materials’ properties are
assumed to be constant along the conductors’ length. There-
fore, for example, the variation of J. along a tape’s length—
which is observed experimentally [40]—cannot be taken
directly into account. In the case of infinitely long conductors
(like straight tapes or cables), it is sufficient to consider their
transversal cross section (xy plane). In this case, the magnetic
field has only two components H = [H,, H,, 0]. The current
density only one component J = [0, O, ]z], which, since
J =V x H, can be expressed in 2D as
jo= O Ot ©)
Ox Oy

In the case of conductors exhibiting cylindrical symmetry
(like solenoids, pancake coils) the same concept applies. The
only difference is that the equations need to be written in
cylindrical coordinates.

In cylindrical coordinates (r, 6, z), the three components
of equation (1) are

lc”)‘EZ _ % _ _8B,’ (10)
r 00 0z ot
% _ 8£ — ,%’ (1)
0z or ot
1] 0 OE OB
—| = (+E)) — = %, 12
r[@r(r ) 89] ot (12)

For axisymmetric problems, the equations above can be
simplified. In particular, the current flows along the 6 direc-
tion only and the magnetic field has the r and z components,

therefore By = 0; there is only one component (Ey) of the
electric field (which is parallel to the current density Jy) and
E, = E, = 0; finally, all the derivatives with respect to 6 can
be put equal to zero.

Using B = uH, one is left with the following two gov-
erning equations

_OEy _ a(“H’), (13)
0z ot
Ey = OEy O(uH,)
—_—t == -——" 14
r or ot (1
The current density is given by
OH, = OH,
Jp=——"2+ —. 15
’ or 0z (>

2.3. Extension to 3D

Certain applications cannot be accurately modeled in 2D and
require the use of a full 3D model. Implementing equation (1)
in 3D is quite straightforward [41]. One difference with
respect to the 2D model is that the current density and the
electric field do not necessarily need to be parallel, which
allows exploring the so-called force-free configuration [42].
3D modeling can be used to explore the end effects in finite
geometries, such as superconducting bulks [43] and stacks of
HTS tapes [44].

When cables are modeled in 3D, measures need to be
taken in order to keep the size of the problem manageable.
This typically involves avoiding the simulation of the whole
geometry and focusing on a representative periodic ‘cell’ of
the cable. In that case, periodicity conditions need to be
applied at the two ends of the simulated cell.

The 3D model also allows introducing spatial variation of
the physical properties along the conductor’s length. In
particular, the effect of localized defects can be studied [45].

2.4. Homogenized and multi-scale models

In certain applications, like large coils, the number of turns to
simulate can be very large, in the range of hundreds or even
thousands. Simulating all of them as individual objects can
rapidly become a daunting task. One solution to the problem
is to ‘homogenize’ the cross section of the coil as one bulk
conductor [46]. The superconductor’s critical current density
J. is ‘diluted’ to take into account the distance between the
layers of superconducting material in the actual stack. In the
case of HTS coated conductors, this distance includes all the
composing layers (superconducting layers, substrate, buffer
layers, stabilizer) as well as the separation between the tapes
(e.g. electrical insulation). In the case of a coil, each tape in
the simulated cross section represents a turn of the coil, and
all the simulated tapes must carry the same current. This
means that in the homogenized bulk the current cannot be let
free to distribute in the whole cross section, but must be
constrained to mirror the real situation, where each tape (turn)
carries the same current. In the numerical model, one must
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impose that the integral of the current density in the direction
of the tape’s width is always the same: this can be done by
using an appropriate current constraint, as explained in [46].

The advantage of the homogenization becomes evident
for the simulation of large systems or when the distance
between the turns becomes very small (so that it would
require a very fine mesh if all the turns had to be simulated
individually). For example, in [47] it was shown that, for the
case of five 100-turn pancake coils, the homogenized model is
50 times faster than the model simulating all the tapes, with
no appreciable difference (less than 1%) on the AC losses.

The homogenized problem is much simpler to solve
because one can use a relatively coarse mesh (resulting in a
much lower number of degrees of freedom) and less current
constraints (whose number influences the speed of the solving
process). The main drawback is that this method cannot take
into account magnetization currents caused by a magnetic
field parallel to the flat face of the tapes.

The homogenization method was extended to 3D in order
to simulate a racetrack coil made of HTS coated conductors in
[48]. The idea is the same as in the 2D version of the method.
However, the imposition of the constraint for having the same
current flowing in each turn is more challenging. The current
density has to follow the curvature of the tapes at the coils’
ends. In [48], three strategies were proposed: 2D integral
constraints, anisotropic resistivity, manual discretization of
the anisotropic bulk. The last one was used because of better
computational stability.

Another approach for modeling large numbers of inter-
acting tapes is the multi-scale method [49]: the idea is to
simulate one conductor at a time using a boundary condition
for the field it is subjected to as the result of the environment
(for example, the field created by the other conductors). This
magnetic field can be calculated in a relatively simple way,
with magnetostatic models. If one is for example interested in
calculating the AC losses of the whole device, the position of
the tape of interest can then be moved and a ‘map’ of the AC
loss distribution in the device created. The advantage is that
the simulations involving one tape are very fast and they can
be truly parallelized. In addition, it is not necessary to con-
sider all the positions of the tape in the device, but only some
key ones. In [47], it was shown that 25 equally distributed
positions are used to produce a sufficiently accurate AC loss
map of five 100-turn pancake coils. In the case considered in
[47], it was found that the current distribution used for the
magnetostatic calculation has an important influence on the
final AC loss value and hence on the accuracy of the results:
for example, starting with a uniform current distribution in the
superconductors is too rough an assumption and produces
errors in the losses as large as 20%.

3. Applications

This section reviews the works that use the different forms of
the H formulation discussed in section 2 for calculating AC
losses in various applications and scenarios.
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Figure 3. Transport losses in an HTS tape with magnetic substrate
calculated by H formulation, showing the good agreement with
measurement, and the separation of the losses into different
components which are not directly available from measurements.
Note that the magnetic substrate modifies the losses of the HTS
material, which are different from those of a tape without magnetic
substrate (indicated by the ‘thin strip” curve). Replotted from [37].

3.1. Tapes and coils

A challenge of modeling HTS coated conductors is the very
large width-to-thickness ratio of the superconducting layer,
which typically results in a very dense mesh and a very large
number of degrees of freedom. In [50] it was found that
artificially expanding the thickness (and correspondingly
reducing J,.) results in much faster simulations without com-
promising the accuracy of the results. In [51], the authors
proposed the use of a structured mesh for the superconducting
layer, with elongated rectangular elements. This also allowed
significantly reducing the size of the problem and is now the
standard method for simulating coated conductors. A dis-
cretization of 50-100 elements along the tape’s width is
generally sufficient. Adding a discretization of a few elements
along the superconducting layer’s thickness does not usually
result in an excessive number of degrees of freedom. Since in
most cases a 1D description of the superconducting material
is sufficient, one element along the thickness is often used.
Shen et al [52] used the H formulation to calculate the
eddy current AC loss in commercial non-stabilized and cop-
per-stabilized HTS tapes, and they compared the results with
experiments. They found that the eddy current losses in the
copper have the expected dependence on frequency (power
loss proportional to the square of the frequency) and give a
substantial contribution from frequencies above 1 kHz.
Nguyen et al [37] calculated and measured the transport
AC losses of HTS tapes with magnetic substrate, showing that
at low current the ferromagnetic losses in the substrate give
the more important contribution to the total losses (figure 3).
As the current is increased, the ferromagnetic losses saturate
and the losses of the superconducting layer are dominant.
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In [53, 54] the H formulation was used to calculate the
AC losses of bifilar coils made of HTS tapes with and without
magnetic substrate to be used for fault current limiter appli-
cations. The simulated configuration, consisting of a coil
where the current of adjacent turns flows in opposite direc-
tions, is a typical example where the use of current constraints
(see equation (6)) is particularly handy.

In [55], Zhang et al used an axisymmetric H formulation
model to calculate the AC losses in HTS pancake coils made
of tape with magnetic substrate and compared the results with
experimental measurements, finding good agreement. They
also found that the presence of a magnetic substrate does not
influence the critical current of the coil; however, it affects the
loss profile of each turn inside the coil under DC conditions,
when the current approaches the critical current. This is due to
the changes of the magnetic field profile caused by the
magnetic substrate.

In [56, 57], Ainslie et al used the 2D H formulation to
investigate the possibility of reducing the transport AC loss of
HTS coils by means of flux diverters made with both weakly
and strongly magnetic materials. The results show that sig-
nificant loss reductions can be achieved and that the ideal
diverter material should have a high saturation field and a low
remnant field.

On the same topic, Liu ef al [58] used numerical simu-
lations to find the effects of the geometrical parameters of the
flux diverters on the transport AC losses of an HTS coil.

In [59], de Bruyn et al presented a simplified method for
calculating AC losses in stacks of superconducting tapes. The
method aggregates the superconducting, substrate, and copper
layers of several windings of the superconducting tape to
form bulk elements. The resulting model is able to evaluate
the AC losses in the superconducting layer faster than the full
model. The accuracy of the proposed method depends on the
current level at which the tapes operate.

Liang et al [60] studied the AC losses in two types of
low-inductance solenoidal HTS coils using 2D axisymmetric
H formulation and experiments, and proved that the braid
type coil could be a suitable choice for superconducting fault
current limiters as it has lower AC loss than the regular type
coils.

Shen et al [61] used the 2D axisymmetric H formulation
to investigate the power dissipation of circular HTS coils
under the action of different oscillating fields and currents,
and found that more AC losses were generated with the faster
variation in waveform gradient within a certain time interval.

Zhang et al [41] developed a 3D model of the H for-
mulation and used it for calculating the transport AC losses of
a cable composed of one layer of helically wound HTS tapes.
They found that the transport losses increase with the twist
angle, which they ascribed to the generation of an extra
shielding current (caused by the twisting) flowing in the
direction of transport current.

A full 3D FEM model of three twisted superconducting
wires operating with AC transport current was presented in
[45]: the results show the effect of the twisting on the current
density distribution and agree well with those obtained with a
2D model that uses a change of coordinates to take the twist

Figure 4. 3D simulations of two twisted superconducting filaments
carrying AC transport current. The current streamlines demonstrate
how part of the current can flow between the air and the
superconductors. This can be avoided by increasing the resistivity of
the air (which however tends to result in slower calculations) or by
using cohomology functions in the so-called H — ¢ — ¥ formula-
tion developed in [65]. Reproduced from [65] © IOP Publishing Ltd.
All rights reserved.

into account. In the same article, the potential of 3D simu-
lations is shown for different examples: (i) the coupling
currents between two thin superconducting filaments as a
function of the resistivity of the material between them; (ii)
the effect of a localized defect on the current flow in a two-
filament structure; (iii) the effect of a varying cross section on
the current distribution of a round wire.

Lyly et al [62] used the 3D H formulation to model the
losses of twisted NbTi wires with various wire geometries
under different magnetic fields, and studied the operation
conditions and coupling effects of filament bundles.

Lahtinen et al [63] compared three FEM methods,
A — V — J formulation, T — ¢ formulation and H formula-
tion, for the calculation of hysteresis loss of a round super-
conducting wire, and the results showed that the H
formulation has the advantage of reasonable computation
speed and boundary condition settings.

Lyly et al [64] introduced a time harmonic method to
calculate the eddy current losses in twisted superconducting
wires. The results were compared to those from the 3D H
formulation models, and good agreement was found in certain
conditions.

Stenvall et al [65] performed a similar comparison
between the 3D H formulation FEM model and a home-
brewed code using Gmsh with C++, for the loss analysis of
HTS twisted wire with varying applied magnetic field. They
found that the H formulation may underestimate the AC
losses in the 3D HTS twisted wire model because of a current
leakage to the air domain, if too low values of the air resis-
tivity are used. An example is shown in figure 4.
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In [48], the 3D homogenization technique was used to
model stacks and coils of HTS tapes. For validation, the 3D
homogenization method was successfully tested against a 2D
model considering all the individual conductors and enforcing
all the individual currents. Both methods provided a
remarkable good agreement over a large range of applied
currents and over more than two orders of magnitude for the
calculated AC losses. Then, the 3D model was used to
simulate the more complex case of a racetrack coil, and it was
found that the AC loss results agree with those of a planar 2D
model only for low current fractions of I.. For medium and
high current, the losses calculated with the planar 2D model
diverge and the use of the 3D homogenized model becomes
necessary.

Eddy current models such as the H formulation can in
principle be used to estimate the losses caused by AC ripples
on top of DC excitations in HTS. However, this kind of
modeling presents some challenges, which have been
described and discussed with examples in [66].

Firstly, a finite n exponent, even though as high as 40 (or,
in general, a smooth E —J constitutive law for the super-
conductor) causes the current penetration profile to ‘relax’
with time (going toward a homogeneous distribution), when
there are no longer any changes in the net current or external
field. This leads to very slowly descending loss curves and the
evaluation of the cyclic losses caused by the ripples depends
on where along those curves the evaluation is performed. This
was confirmed by simulations of a coated conductor carrying
DC current with AC ripples in [67], where the details of the
current density distribution along the tape’s width at different
instants were studied and put in relation to the instantaneous
power dissipation.

Secondly, in the case of a multi-filamentary wire mod-
eled in 2D, the requirement of filaments being uncoupled with
respect to the external field is contradictory with the
requirement of parallel connected filaments in the eddy cur-
rent models, although this obstacle could be surpassed by
using current constraints.

In [68], the authors investigated the effects of AC ripple
fields on an HTS racetrack coil subjected to DC background
field or DC transport current, two conditions that can be met
in the field windings of electrical machines. The results show
that both the DC background field and transport current
would significantly increase the values of AC losses, espe-
cially when the AC ripple field is small. Similar results were
found in [69], where different ratios of DC and AC currents
were simulated and measured. The authors also found that a
small value of DC offset in AC current would not affect the
AC losses.

In [70], the authors presented a comprehensive study of
the AC ripple losses of an HTS coated conductor for a variety
of combinations of AC and DC background fields and
transport current. They used two numerical models—the H
formulation with power-law and the minimum magnetic
energy variation (MMEV) method with the critical state—and
performed experimental measurements. For pure AC cases
and DC-AC cases with the AC field significant enough
compared to the DC field, the agreement between the models

(and with measurements) is good. For some of the studied
cases, CSM and ECM yield different predictions for the
behavior of DC biased superconductors, which are ascribed to
the different £ — J relations used in the models—see also
[66] discussed above. The experiments seem to suggest that,
for a given current density J, the electric field E is lower than
that predicted with the power-law E — J relation, and there-
fore indicate an E — J relation closer to the critical state
model for low E. However, the authors acknowledge that
further research on the topic—e.g. by means of higher reso-
lution field map measurements—is needed, because neither
the power-law nor the critical state model are able to predict
the observed behavior.

3.2. High-current cables

The H formulation has been used to calculate the AC losses in
different types of cables, composed of HTS tapes.

3.2.1. Roebel cables. Roebel cables are made of intertwined
meander-shaped strands obtained from HTS coated
conductors [71]. For most AC loss calculation purposes, it
is sufficient to consider their transversal cross section, so that
the cables can be simulated as two stacks of tapes [72].

In [73], the authors used this 2D approximation to
calculate the transport and magnetization losses. The results
of the H formulation were successfully compared with those
obtained with the MMEYV model. Two different scenarios of
strand coupling were considered, which provided two limits
for the AC losses of the actual cable. In [74], the same authors
extended their models to take into account the angular
dependence of the critical current density on the magnetic
field. Situations where the anisotropy of such dependence can
play a role were identified.

The AC losses of a Roebel cable under the simultaneous
action of AC transport current and AC magnetic field were
calculated in [75]. Two cables made of tapes from different
manufacturers, characterized by different angular dependence
of J., were analyzed and the AC loss results compared with
experimental data obtained with a calorimetric method
measuring the evaporation of liquid nitrogen.

In [76], the authors studied the frequency dependence of
the transport losses of an 8-strand Roebel cable by
simulations and experiments. The frequency was varied
between 50 Hz and 10 kHz. They found that for low and
medium current amplitudes the AC losses per cycle decrease
as f~2/" with n = 26, whereas for high current amplitudes
they are proportional to 1/f.

In [35, 77], the authors studied the transport losses of
different pancake coils assembled from the same 5 m-long
Roebel cable. The coils differ in terms of number of turns and
turn-to-turn separation. The experiments revealed that at low
and medium current amplitudes the losses are dominated by
the dissipation occurring in the copper current lead used to
inject the current in the cable. Once this contribution was
taken into account by means of a dedicated 3D simulation and
added to the results obtained for the coils with the H
formulation, it was possible to match the experimental data.
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In [28], Zermeno et al developed a full 3D H formulation
FEM model of a Roebel cable with 14 strands. The 3D model
simulates a periodic cell representing the various positions
that a given strand occupies along the length of the cable. The
calculated AC losses were similar to those obtained with 2D
simulations. The 3D model revealed the presence of high
dissipation near the corners of the strands. Although this
localized dissipation does not contribute significantly to the
cyclic losses of the whole cable, it can represent a potential
stability issue for this type of cable. To this date, this is the
only full 3D model of a Roebel cable, where also the
thickness of the superconductor layer is simulated.

3.2.2. CORC® cables. CORC® cables are assembled by
winding multiple layers of HTS coated conductor on a narrow
former [78].

In [79], Majoros et al investigated the magnetization AC
losses and heat generation in HTS CORC® cables by
experiments and 2D H formulation FEM models. In the
simulations they observed the screening effects that make the
AC losses decrease with higher frequency.

Sheng et al [80] developed a 3D H formulation model for
computing the magnetization AC losses in a CORC® cable,
which can account for fully coupled or fully uncoupled
strands. The latter situation provided a better match with
experimental results. The simulations also suggested that a
stronger shielding effect can be achieved by increasing the
coverage ratio of the HTS tapes and that the end effects
cannot be omitted in the study of magnetization loss of short
CORC?® cable. In particular, a correction coefficient should be
used when experimental results of short CORC® samples are
used to predict the magnetization loss of very long cables.

Terzioglu et al [81] studied experimentally the AC losses
of a CORC® cable with copper former caused by transport
AC current, external AC field and their combination. They
found that the magnetization AC losses increase due to losses
in the metallic former, but that, at low field amplitudes, the
magnetization AC loss of the complete cable is lower than the
loss in the bare former. They ascribed this result to the
shielding of the magnetic field by the superconductor, and
they used numerical simulations based on the 3D H
formulation to support this explanation. The authors also
suggest that the losses can be reduced by using a material
with low electrical conductivity and high thermal conductiv-
ity for the former.

3.2.3. Stacked-tape cables. In [82], Ainslie ef al studied the
transport AC loss of stacks of HTS coated conductors, with
and without magnetic substrate. When investigating the effect
of a magnetic substrate, it was found that the transport AC
loss is significantly increased, especially in the central region
of the stack, due to an increased localized magnetic flux
density. The ferromagnetic loss of the substrate itself is found

to be negligible in most cases, except for small magnitudes of
current where the substrate is not yet saturated.

In [83, 84], the authors showed by simulations that in the
case of a twisted HTS stacked-tape cable subjected to a
transversal AC field, the magnetization losses are determined
by the field component perpendicular to the tape. As a
consequence, they can be calculated on a straight HTS
stacked-tape cable (which can be simulated in 2D) and scaled
by a factor 2/7. Termination resistances can be accounted for
by simulating two non-connected domains [39], one for the
resistances and one for the HTS tapes. The current is imposed
on one side of the resistances (in parallel). On the other side,
the current exiting a particular resistance is made flow into the
corresponding tape by means of appropriate constraints. The
model for the termination resistances requires only a minimal
geometrical layout with a small mesh in the discretization and
a consequently low number of degrees of freedom. In the
specific case of a single HTS stacked-tape, the 3D model is
not necessary because the contribution of contact resistances
can be directly inserted in a 2D model [39]. However, this
approach can be of interest for more complex situations for
which the 2D approximation is not valid.

In [85], Kan et al carried out an AC loss study of quasi-
isotropic strands cable manufactured by HTS. The idea is to
build a stacked-tape cable with tapes oriented in two different
ways, in order to reduce the effects of the strongly anisotropic
angular dependence of J, typical of HTS coated conductors.
They calculated the magnetization AC loss at 4.2 and 77 K.

In [31], Shen ef al used 2D simulations to investigate the
applicability of the cross-conductor concept to cables for AC
power transmission. They simulated single-phase and three-
phase cables and found out that, in order to operate with an
acceptable level of AC losses, these cables can only operate at
a low fraction of their critical current.

3.2.4. 3D modeling of cables with twisted structures. In [86],
Makong et al developed a simplified version of the 3D H
formulation FEM model (implemented in GetDP) to simulate
the performance and calculate the AC loss of twisted multi-
filamentary HTS wires subjected to transverse magnetic
fields. The adopted geometric transformation allows studying
the wires in the Frenet frame moving along the helical
trajectory resulting from twisting filaments and saves
considerable computation time. The accuracy of the method
showed some dependence on the twist pitch and on the
magnitude of the external field.

In [87], Escamez et al used the 3D H formulation
implemented in Daryl Maxwell to analyze the AC losses of
the MgB, wires with 6, 18 and 36 filaments. The authors
demonstrated—by means of comparison with 2D models—
the necessity of a 3D model in order to compute correctly the
coupling losses, which contribute significantly to the losses,
especially for high applied field values. They also considered
the impact of the nonlinear permeability of the nickel matrix,
which generates substantial additional losses. The authors
underlined the necessity of speeding up the solving process
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for simulations of such complexity, especially for the 36-
filament case.

3.3. High field magnets and power applications

3.3.1. High-field magnets. Xia et al [88] used the
homogenized H  formulation to investigate the
electromagnetic behavior of the HTS prototype coils of the
National High Magnetic Field Laboratory 32 T all-
superconducting magnet. Beside AC loss calculation, that
approach can be used to study the central magnetic field drift,
magnetic field deviation, and to optimize the design of high
field coils.

Quéval et al [47] used the H formulation to calculate the
losses of a large coil composed of ten 200-turn pancakes
(reduced to five 100-turn pancakes thanks to symmetries).
They used both the homogenized and multi-scale approaches
and compared the results with the reference case obtained by
simulating all the tapes. The homogenized and multi-scale
approaches allow saving a great amount of time, with no
significant loss of accuracy. In the considered case, the
homogenization resulted to be the faster (50-60 times faster
than the reference case), although the full potential of the
multi-scale approach obtainable with full parallelization was
not tested. An example is shown in figure 5.

3.3.2. Electrical machines. Ainslie et al [89] used an
improved H formulation FEM model with structured mesh
to calculate the transport AC loss in the HTS coils for large
electric machines, including the loss contribution of the
ferromagnetic tape substrate.

Zhang et al [90] calculated the AC losses in HTS
racetrack coils to be used as armature windings in electrical
machines. The 2D H formulation model, which considers the
tapes’ anisotropic angular dependence of J. on the magnetic
field, was successfully validated against experimental mea-
surements of AC losses performed with both the electric and
the calorimetric methods. The authors calculated the transport
loss of the HTS armature winding in terms of electrical
loading of the machine, and pointed out that a distributed
winding would be a feasible way to reduce transport loss.

Zhang et al [91] performed a calorimetric measurement
of the total AC loss of a 2G HTS racetrack coil subjected to
both an applied current and an external magnetic field. They
found that when the external magnetic field is perpendicular
to the tape surface, the total AC loss shows a modulation in
regard to the phase shift between the applied current and
external magnetic field. The authors then used the H
formulation to support the experimental data and to study in
detail the influence of the phase shift between the current and
the field on the total AC loss.

Quéval et al [49] used the H formulation FEM model to
estimate the AC losses of a superconducting wind turbine
generator (employing Bi-2223 tapes) connected to the grid.
For this study, the authors performed single-tape simulations
on a fraction of the tapes of the coils’ cross section. They
calculated the magnetic field impinging on the tape by means
of an unidirectional coupling between the machine model and

the HTS tape model. With this approximation, they found that
the steady-state AC loss of a 10 MW-class wind turbine
generator could be under 60 W.

Li et al [92] did a study of HTS armature windings in a
15 kW-class fully HTS synchronous generator. They used the
2D H formulation on a simplified geometry and, by applying
the minimum and maximum homogenous leakage magnetic
fields to the boundary of the simulated domain, they estimated
the lower and upper limits for the AC losses.

In [93], de Bruyn et al used the homogenized H
formulation to predict AC losses resulting from non-
sinusoidal transport currents as are present in highly dynamic
motors with AC armature coils, finding good agreement with
experimental data.

3.3.3. Fault current limiters. Although modeling the current
limiting behavior of superconducting fault current limiters
requires thermal models, electromagnetic calculations at
constant temperature can be used to evaluate the AC losses
of these devices during normal operation.

Hong et al [94] investigated the AC loss in a 10kV
resistive-type superconducting fault current limiter, using
both experiments and H formulation calculations. The
numerical model was used to calculate the AC loss during
normal operation, for different values of the transport current.
Good agreement was found between measurements and
simulations for currents above 50% of the critical current.

Jia et al [95] performed a numerical analysis of a
saturated core type superconducting fault current limiter and
partly with loss analysis using H formulation. They found that
in the DC biasing coil the outermost HTS layers have much
higher losses than the central layers, and therefore the quench
is more likely to occur in the outermost layers. In addition, the
total loss can be estimated by interpolating the loss in several
key layers in the outermost, middle, and innermost layers.

Shen et al [31] used the H formulation to investigate the
details of the power dissipation of a three-phase
35kV/90 MVA saturated iron core superconducting fault
current limiter. The estimated losses are up to the kW level
and can be even higher, depending on the amplitude of the
used DC bias current, which should therefore be taken into
high consideration during the design of these devices.

3.3.4. Transformers and SMES. Song et al [96] used the H
formulation with homogenization to calculate the AC losses
of a 1 MVA HTS transformer with approximately one
thousand turns in the HV winding and with solenoid LV
windings, each phase with 20 turns of 15/5 Roebel cable.
They also modeled a standalone solenoid coil with the same
geometry as the LV winding. The authors successfully
reproduced the main features of AC losses as well as the
current and the magnetic flux distributions that were
previously calculated with the MMEV method in [97]. The
disagreement, at rated current, between the AC loss
estimation with the H formulation and the experimental
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Figure 5. Simulation of a matrix of 10 x 200 tapes, representative of the turns in the cross section of a high-field magnet. Due to the
symmetry of the problem, only 5 x 100 tapes are simulated. The top figures represent the current density and magnetic flux density
distributions obtained by simulating all tapes with the time-dependent H formulation of Maxwell’s equations [26]. The bottom figures
represent the same quantities obtained with a homogeneous bulk approximation: the results are very similar, but the computation is 50-60
times faster. Reproduced from [47]. © IOP Publishing Ltd. All rights reserved.
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results as well as the predictions of the MMEV method is less magnetic energy storage (SMES) by using the H formulation
than 20% without optimizing the mesh. with homogenization method, which was first validated by

In [98], Wang et al did an AC loss study of a hybrid HTS  comparing its results with those of the full model for both
magnet of approximately 7000 turns for superconducting YBCO coils and BSCCO coils of smaller size. The AC losses
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of the SMES were studied and analyzed during various power
exchange conditions. The results show that AC loss is
concentrated at the top and bottom ends of the magnet and
that the higher the steady-state current, dynamic current, and
current ramp rate, the higher the AC loss power. The authors
also found that, for the SMES under study, a steady-state
current of less than 100 A could be an appropriate choice for
reducing AC loss.

In [99], Morandi et al used 2D simulations of a Roebel
cable to estimate the dissipation occurring during the charging
and discharging of a 1 MW /5s SMES with solenoidal and
toroidal geometry. The simulation showed that the losses are
dominated by the applied field. As a figure of merit for
comparing the loss performance of the two topologies, the
authors combined the loss per unit length corresponding to
each of the levels of perpendicular field with the length of
conductor exposed to that field, thus obtaining a quantitative
‘loss indicator’, which resulted to be higher for the toroidal
geometry.

4. Discussion

As demonstrated in the previous sections, the H formulation
FEM model has shown its powerful capability to estimate the
AC losses for a wide range of HTS topologies and in a large
variety of operating scenarios. The overwhelming majority of
results published in the literature uses the implementation in
the FEM software package COMSOL Multiphysics. In truth,
other implementations of the H formulation FEM model have
been proposed. These include commercial software packages,
like FlexPDE [100] and Matlab [63], open-source environ-
ments like GetDP [101], and home-made FEM codes like
Daryl Maxwell [87]. However, they represent a minority. It
would be naive not to recognize that one of the reasons (if not
the main one) of the popularity of the use of COMSOL
Multiphysics is the easiness of implementation of the model.
In recent years, things have been made even easier thanks to
the built-in ‘MFH module’, where equation (1) is already
implemented, and one does not need to write it in the ‘General
PDE module’ for partial differential equations anymore.

The easiness of implementation is particularly attractive
because it allows new users to get up to speed in a relatively
short time. In research groups, it also allows a rapid and
efficient transfer of knowledge when personnel come and
leave.

Another reason of the popularity is that it is quite easy to
exchange models between users, and that the files for
numerous topologies and application scenarios are publicly
available [102]. These include not only the basic imple-
mentation of the model, but quite advanced models for cables
and windings.

In terms of accuracy when compared against exper-
imental data, the H formulation has a performance that is
consistent with that of similar numerical models. In general,
the calculated AC losses are in good agreement with the
experiments, and the accuracy can be quantified as varying
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between 10% and 50%. This can be considered satisfactory,
for several reasons:

eIt is not always possible to have a direct precise
characterization of the properties of the superconductor
tape under analysis, for example the angular dependence
of J. on the magnetic field.

The tapes’ properties are almost always assumed to be
uniform along the tape’s length, but variations in the
order of 5%—10% are very common.

In the case of tape assemblies like cables and coils, the
tapes present some degree of misalignment with respect
to their theoretical position.

The AC loss measurements are prone to significant
disturbances of different type, for example: spurious
electromagnetic signals, difficulty in isolating a (very
often small) voltage component in phase with a reference
signal, extremely low levels of evaporated cryogenic
liquid, etc.

The H formulation has also important drawbacks. In terms of
use, the implementation in COMSOL Multiphysics, has some
of the typical problems related to using a commercial
software. The code is not accessible, and for certain aspects
the code remains a sort of ‘black box’ to the user. In addition,
the license price could be not affordable for everyone. On the
other hand, the implementation in open-source codes is not
trivial, and in general it is very time consuming, especially for
first-time users. In terms of computational efficiency, the H
formulation FEM model is not the best choice. This has
primarily to do with the fact that the air domains need to be
simulated as well, which may waste a lot of degrees of
freedom. For example, in [73] the computation times of the H
formulation were reported to be one order of magnitude
longer than those obtained with a homemade code based on a
variational method. On the other hand, in [103] the H
formulation was reported to be faster than another FEM
method based on T — €2 formulation implemented in FLUX.
Another pitfall is that the H formulation FEM model
implemented in COMSOL Multiphysics does not take
advantage of computing parallelization. So, having access
to large computer clusters does not necessarily help. For the
simulation of complex systems with coated conductors, the
recently developed T — A formulation seems to be a better
alternative [104], as long as the superconductor layer can be
approximated as an infinitely thin object.

5. Conclusion

This article reviewed the calculation of the AC losses for
various HTS topologies based on the H formulation FEM
model. A massive number of studies demonstrate that the H
formulation is one of the most widespread models used to
calculate AC losses in HTS and has become the de facto
standard numerical tool for that purpose. Among the reasons
of this success is the easiness of implementation in com-
mercial software, although the formulation has also been
successfully implemented in home-made codes. The early
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models for individual conductors have been improved and
extended to be able to simulate scenarios of increasing
complexity: from applications with nonlinear magnetic
materials, to cables, medium-size coils and large super-
conducting magnet systems. For large superconducting
magnet systems, the models have been adapted to avoid the
simulation of all the individual tapes, by means of techniques
such as the multi-scale and the homogenization methods. For
the simulation of thin superconductors, like HTS coated
conductor, the H formulation is now facing some serious
competition from the recently developed 7 — A formulation.
However, given its flexibility of application to different sce-
narios (including some that cannot be handled by the 7 — A
formulation), it is likely that the H formulation will retain the
leading role among the simulation tools for AC loss calcul-
ation in HTS in the years to come.

ORCID iDs

Boyang Shen
Francesco Grilli
Tim Coombs

https: //orcid.org /0000-0001-8169-6588
https: //orcid.org /0000-0003-0108-7235
https: //orcid.org,/0000-0003-0308-1347

References

(1]
(2]
(3]
(4]
(5]
(6]
(7]
(8]
(9]
(10]

Larbalestier D, Gurevich A, Feldmann D M and Polyanskii A
2001 Nature 414 368-77

Hassenzahl W V, Hazelton D W, Johnson B K, Komarek P,
Noe M and Reis C T 2004 Proc. IEEE 92 1655-74

Parizh M, Lvovsky Y and Sumption M 2017 Supercond. Sci.
Technol. 30 014007

Uglietti D 2019 Supercond. Sci. Technol. 32 053001

Hahn S et al 2019 Nature 570 496-9

Snitchler G, Gamble B, King C and Winn P 2011 /EEE
Trans. Appl. Supercond. 21 1089-92

Huang Z, Ruiz H S, Zhai Y, Geng J, Shen B and Coombs T A
2016 IEEE Trans. Appl. Supercond. 26 5202105

Schwenerly S W et al 1999 IEEE Trans. Appl. Supercond. 9
6804

Iwakuma M et al 2001 IEEE Trans. Appl. Supercond. 11
1482-5

Maguire J F, Schmidt F, Bratt S, Welsh T E, Yuan J,
Allais A and Hamber F 2007 IEEE Trans. Appl. Supercond.
17 2034-7

Noe M and Steurer M 2007 Supercond. Sci. Technol. 20
R15-29

Wang X, Dai W, Hu J, Luo E and Zhou Y 2008 Performance
of a stirling-type pulse tube cooler for high efficiency
operation at 100 Hz Proc. 16th Int. Cryocooler Conf.
(Atlanta, Georgia, 17-20 May, 2008) URL http://hdl.
handle.net/1853 /38769

Norris W 1970 J. Phys. D: Appl. Phys. 3 489-507

Halse M R 1970 J. Phys. D: Appl. Phys. 3 717-20

Brandt E H and Indenbom M 1993 Phys. Rev. B 48
12893-906

Zeldov E, Clem J, McElfresh M and Darwin M 1994 Phys.
Rev. B 49 9802-22

Mawatari Y 1996 Phys. Rev. B 54 13215-21

Miiller K-H 1997 Physica C 289 123-30

Miiller K-H 1999 Physica C 312 149-67

Mawatari Y 2008 Phys. Rev. B 77 104505

(11]

[12]

[13]
[14]
[15]

(16]

[17]
(18]
(19]
[20]

12

(21]

(22]

(23]
(24]
(25]
(26]
(27]
(28]
(29]

(30]

(31]
(32]
(33]
(34]

(35]

(36]
(37]

(38]

(39]
(40]
(41]

(42]
(43]

(44]
[45]

[46]

(47]
(48]
[49]
[50]

[51]

Mikitik G P, Mawatari Y, Wan A T S and Sirois F 2013 IEEE
Trans. Appl. Supercond. 23 8001920

Shen B, Li C, Geng J, Zhang X, Gawith J, Ma J, Liu Y,
Grilli F and Coombs T A 2018 Superconductor Science and
Technology 31 075005

Kajikawa K, Hayashi T, Yoshida R, Iwakuma M and
Funaki K 2003 IEEE Trans. Appl. Supercond. 13 3630-3

Pecher R, McCulloch M, chman S J, Prigozhin L and
Elliott C M 2003 Inst. Phys. Conf. Ser. 181

Hong Z, Campbell A M and Coombs T A 2006 Supercond.
Sci. Technol. 19 1246-52

Brambilla R, Grilli F and Martini L 2007 Supercond. Sci.
Technol. 20 16-24

Finite-element software package Comsol Multiphysics.
(http:/ /comsol.com)

Zermeno V, Grilli F and Sirois F 2013 Supercond. Sci.
Technol. 26 052001

Bossavit A and Vérité J C 1983 [EEE Trans. Magn. 19
2465-70

Ainslie M D, Flack T J, Hong Z and Coombs T A 2011
COMPEL: Int. J. Comput. Math. Electr. Electron. Eng. 30
762-74

Shen B, Coombs T A and Grilli F 2019 IEEE Trans. Appl.
Supercond. 29 5900205

Rhyner J 1993 Physica C 212 292-300

Grilli F, Sirois F, Brault S, Brambilla R, Martini L,

Nguyen D N and Goldacker W 2010 Supercond. Sci.
Technol. 23 034017

Robert B C, Fareed M U and Ruiz H S 2019 Materials 12
URL (https://doi.org/10.3390/mal2172679)

Grilli F, Zermeno V M R, Pardo E, Vojenciak M, Brand J,
Kario A and Goldacker W 2014 IEEE Trans. Appl.
Supercond. 24 4801005

Grilli F, Brambilla R and Martini L 2007 IEEE Trans. Appl.
Supercond. 17 3155-8

Nguyen D N, Ashworth S P, Willis J O, Sirois F and Grilli F
2010 Supercond. Sci. Technol. 23 025001

Kriiger P A C 2014 Optimisation of hysteretic losses in high-
temperature superconducting wires PhD Thesis Karlsruhe
Institute of Technology (https://doi.org/10.5445/KSP/
1000039387)

Zermefio V M R, Kriiger P, Takayasu M and Grilli F 2014
Supercond. Sci. Technol. 27 124013

Gomory F, Souc J, Addmek M, Ghabeli A, Solovyov M and
Vojenciak M 2019 Supercond. Sci. Technol. 32 124001

Zhang M and Coombs T A 2012 Supercond. Sci. Technol. 25
015009

Clem J R 1982 Phys. Rev. B 26 2463

Ainslie M D and Fujishiro H 2015 Supercond. Sci. Technol.
28 053002

Zou S, Zermefio V M R and Grilli F 2016 IEEE Trans. Appl.
Supercond. 26 8200705

Grilli F, Brambilla R, Sirois F, Stenvall A and Memiaghe S
2013 Cryogenics 53 142-7

Zermeno V M R, Abrahamsen A B, Mijatovic N,

Jensen B B and Soerensen M P 2013 J. Appl. Phys. 114
173901

Quéval L, Zermefio V M R and Grilli F 2016 Supercond. Sci.
Technol. 29 024007

Zermefio V M R and Grilli F 2014 Supercond. Sci. Technol.
27 044025

Queval L and Ohsaki H 2013 IEEE Trans. Appl. Supercond.
23 5201905

Hong Z and Coombs T A 2010 J. Supercond. Novel Magn. 23
1551-62

Rodriguez-Zermeno V M, Mijatovic N, Traeholt C,

Zirngibl T, Seiler E, Abrahamsen A B, Pedersen N F and
Sgrensen M P 2011 IEEE Trans. Appl. Supercond. 21
3273-6


https://orcid.org/0000-0001-8169-6588
https://orcid.org/0000-0001-8169-6588
https://orcid.org/0000-0001-8169-6588
https://orcid.org/0000-0001-8169-6588
https://orcid.org/0000-0003-0108-7235
https://orcid.org/0000-0003-0108-7235
https://orcid.org/0000-0003-0108-7235
https://orcid.org/0000-0003-0108-7235
https://orcid.org/0000-0003-0308-1347
https://orcid.org/0000-0003-0308-1347
https://orcid.org/0000-0003-0308-1347
https://orcid.org/0000-0003-0308-1347
https://doi.org/10.1038/35104654
https://doi.org/10.1038/35104654
https://doi.org/10.1038/35104654
https://doi.org/10.1109/JPROC.2004.833674
https://doi.org/10.1109/JPROC.2004.833674
https://doi.org/10.1109/JPROC.2004.833674
https://doi.org/10.1088/0953-2048/30/1/014007
https://doi.org/10.1088/1361-6668/ab06a2
https://doi.org/10.1038/s41586-019-1293-1
https://doi.org/10.1038/s41586-019-1293-1
https://doi.org/10.1038/s41586-019-1293-1
https://doi.org/10.1109/TASC.2010.2100341
https://doi.org/10.1109/TASC.2010.2100341
https://doi.org/10.1109/TASC.2010.2100341
https://doi.org/10.1109/TASC.2016.2523059
https://doi.org/10.1109/77.783387
https://doi.org/10.1109/77.783387
https://doi.org/10.1109/77.783387
https://doi.org/10.1109/77.783387
https://doi.org/10.1109/77.920054
https://doi.org/10.1109/77.920054
https://doi.org/10.1109/77.920054
https://doi.org/10.1109/77.920054
https://doi.org/10.1109/TASC.2007.898359
https://doi.org/10.1109/TASC.2007.898359
https://doi.org/10.1109/TASC.2007.898359
https://doi.org/10.1088/0953-2048/20/3/R01
https://doi.org/10.1088/0953-2048/20/3/R01
https://doi.org/10.1088/0953-2048/20/3/R01
https://doi.org/10.1088/0953-2048/20/3/R01
http://hdl.handle.net/1853/38769
http://hdl.handle.net/1853/38769
https://doi.org/10.1088/0022-3727/3/4/308
https://doi.org/10.1088/0022-3727/3/4/308
https://doi.org/10.1088/0022-3727/3/4/308
https://doi.org/10.1088/0022-3727/3/5/310
https://doi.org/10.1088/0022-3727/3/5/310
https://doi.org/10.1088/0022-3727/3/5/310
https://doi.org/10.1103/PhysRevB.48.12893
https://doi.org/10.1103/PhysRevB.48.12893
https://doi.org/10.1103/PhysRevB.48.12893
https://doi.org/10.1103/PhysRevB.48.12893
https://doi.org/10.1103/PhysRevB.49.9802
https://doi.org/10.1103/PhysRevB.49.9802
https://doi.org/10.1103/PhysRevB.49.9802
https://doi.org/10.1103/PhysRevB.54.13215
https://doi.org/10.1103/PhysRevB.54.13215
https://doi.org/10.1103/PhysRevB.54.13215
https://doi.org/10.1016/S0921-4534(97)01583-9
https://doi.org/10.1016/S0921-4534(97)01583-9
https://doi.org/10.1016/S0921-4534(97)01583-9
https://doi.org/10.1016/S0921-4534(98)00638-8
https://doi.org/10.1016/S0921-4534(98)00638-8
https://doi.org/10.1016/S0921-4534(98)00638-8
https://doi.org/10.1103/PhysRevB.77.104505
https://doi.org/10.1109/TASC.2013.2245504
https://doi.org/10.1088/1361-6668/aac294
https://doi.org/10.1109/TASC.2003.812415
https://doi.org/10.1109/TASC.2003.812415
https://doi.org/10.1109/TASC.2003.812415
https://doi.org/10.1088/0953-2048/19/12/004
https://doi.org/10.1088/0953-2048/19/12/004
https://doi.org/10.1088/0953-2048/19/12/004
https://doi.org/10.1088/0953-2048/20/1/004
https://doi.org/10.1088/0953-2048/20/1/004
https://doi.org/10.1088/0953-2048/20/1/004
http://www.comsol.com
https://doi.org/10.1088/0953-2048/26/5/052001
https://doi.org/10.1109/TMAG.1983.1062817
https://doi.org/10.1109/TMAG.1983.1062817
https://doi.org/10.1109/TMAG.1983.1062817
https://doi.org/10.1109/TMAG.1983.1062817
https://doi.org/10.1108/03321641111101195
https://doi.org/10.1108/03321641111101195
https://doi.org/10.1108/03321641111101195
https://doi.org/10.1108/03321641111101195
https://doi.org/10.1109/TASC.2018.2881491
https://doi.org/10.1016/0921-4534(93)90592-E
https://doi.org/10.1016/0921-4534(93)90592-E
https://doi.org/10.1016/0921-4534(93)90592-E
https://doi.org/10.1088/0953-2048/23/3/034017
https://doi.org/10.3390/ma12172679
https://doi.org/10.3390/ma12172679
https://doi.org/10.1109/TASC.2013.2282182
https://doi.org/10.1109/TASC.2007.902144
https://doi.org/10.1109/TASC.2007.902144
https://doi.org/10.1109/TASC.2007.902144
https://doi.org/10.1088/0953-2048/23/2/025001
https://doi.org/10.5445/KSP/1000039387
https://doi.org/10.5445/KSP/1000039387
https://doi.org/10.1088/0953-2048/27/12/124013
https://doi.org/10.1088/1361-6668/ab4638
https://doi.org/10.1088/0953-2048/25/1/015009
https://doi.org/10.1088/0953-2048/25/1/015009
https://doi.org/10.1103/PhysRevB.26.2463
https://doi.org/10.1088/0953-2048/28/5/053002
https://doi.org/10.1109/TASC.2016.2520210
https://doi.org/10.1016/j.cryogenics.2012.03.007
https://doi.org/10.1016/j.cryogenics.2012.03.007
https://doi.org/10.1016/j.cryogenics.2012.03.007
https://doi.org/10.1063/1.4827375
https://doi.org/10.1063/1.4827375
https://doi.org/10.1088/0953-2048/29/2/024007
https://doi.org/10.1088/0953-2048/27/4/044025
https://doi.org/10.1109/TASC.2013.2251252
https://doi.org/10.1007/s10948-010-0812-y
https://doi.org/10.1007/s10948-010-0812-y
https://doi.org/10.1007/s10948-010-0812-y
https://doi.org/10.1007/s10948-010-0812-y
https://doi.org/10.1109/TASC.2010.2091388
https://doi.org/10.1109/TASC.2010.2091388
https://doi.org/10.1109/TASC.2010.2091388
https://doi.org/10.1109/TASC.2010.2091388

Supercond. Sci. Technol. 33 (2020) 033002

Topical Review

[52]
[53]

[54]

[55]
[56]
[57]
(58]
[59]
(60]
[61]
[62]
[63]
[64]
[65]
[66]

[67]
[68]

[69]
[70]
[71]

[72]

(73]
[74]
[75]
[76]

(771

(78]

Shen B, LiJ, Geng J, Fu L, Zhang X, Li C, Zhang H, Dong Q,
Ma J and Coombs T 2017 Physica C 541 40-4

Nguyen D N, Grilli F, Ashworth S P and Willis J O 2009
Supercond. Sci. Technol. 22 055014

Nguyen D N, Coulter J Y, Willis J O, Ashworth S P,
Kraemer H P, Schmidt W, Carter B and Otto A 2011
Supercond. Sci. Technol. 24 035017

Zhang M, Kvitkovic J, Pamidi S V and Coombs T A 2012
Supercond. Sci. Technol. 25 125020

Ainslie M D, Yuan W and Flack T J 2013 [EEE Trans. Appl.
Supercond. 23 4700104

Ainslie M D, Di H, Jin Z and Cardwell D A 2015 IEEE
Trans. Appl. Supercond. 25 4602305

Liu G, Zhang G, Jing L and Yu H 2017 Supercond. Sci.
Technol. 30 125014

de Bruyn B J H, Jansen J W and Lomonova E A 2016 /[EEE
Trans. Magn. 52 9000104

Liang F, Yuan W, Zhang M, Zhang Z, Li J,
Venuturumilli S and Patel J 2016 Supercond. Sci. Technol.
29 115006

Shen B et al 2019 IEEE Trans. Appl. Supercond. 29 8201105

Lyly M, Zermeno V, Stenvall A, Lahtinen V and Mikkonen R
2013 IEEE Trans. Appl. Supercond. 23 6000105

Lahtinen V, Lyly M, Stenvall A and Tarhasaari T 2012
Supercond. Sci. Technol. 25 115001

Lyly M, Lahtinen V, Stenvall A, Rostila L. and Mikkonen R
2014 IEEE Trans. Appl. Supercond. 24 121-9

Stenvall A, Lahtinen V and Lyly M 2014 Supercond. Sci.
Technol. 27 104004

Lahtinen V and Stenvall A 2013 [EEE Trans. Appl.
Supercond. 23 4900505

Xu Z and Grilli F 2015 Supercond. Sci. Technol. 28 104002

Hong Z, Yuan W, Ainslie M, Yan Y, Pei R and Coombs T
2011 IEEE Trans. Appl. Supercond. 21 2466-9

Ying L, Xu J, Sheng J, Lin B, Jin Z, Hong Z and Li Z 2013
IEEE Trans. Appl. Supercond. 23 5900704

Lahtinen V, Pardo E, Souc J, Solovyov M and Stenvall A
2014 J. Appl. Phys. 115 113907

Goldacker W, Grilli F, Pardo E, Kario A, Schlachter S and
Vojenciak M 2014 Supercond. Sci. Technol. 27 093001

Terzieva S, Vojenciak M, Pardo E, Grilli F, Drechsler A,
Kling A, Kudymow A, Gémory F and Goldacker W 2010
Supercond. Sci. Technol. 23 014023

Grilli F and Pardo E 2010 Supercond. Sci. Technol. 23
115018

Pardo E and Grilli F 2012 Supercond. Sci. Technol. 25
014008

Grilli F, Vojenciak M, Kario A and Zermefio V 2016 IEEE
Trans. Appl. Supercond. 26 4803005

Thakur K, Raj A, Brandt E and Saastry S 2011 Supercond.
Sci. Technol. 24 065024

Grilli F, Zermefio V, Vojenciak M, Pardo E, Kario A and
Goldacker W 2013 IEEE Trans. Appl. Supercond. 23
5900205

van der Laan D C, Weiss J D and McRae D M 2019
Supercond. Sci. Technol. 32 033001

13

[79]
(80]

(81]

(82]
(83]
[84]
(85]
[86]

(87]

[88]

[89]

(90]

(91]
[92]
(93]
(94]
[95]
[96]
[97]
(98]

[99]

[100]
[101]

[102]
[103]

[104]

Majoros M, Sumption M D, Collings E W and
van der Laan D C 2014 Supercond. Sci. Technol. 27 125008

Sheng J, Vojenciak M, Terzioglu R, Frolek L and Gémory F
2017 IEEE Trans. Appl. Supercond. 27 4800305

Terzioglu R, Vojenciak M, Sheng J, Gomory F,
Cavus T F and Belenli I 2017 Supercond. Sci. Technol. 30
085012

Ainslie M D, Flack T J and Campbell A M 2012 Physica C
472 50-6

Kriiger P A C, Zermefio V M R, Takayasu M and Grilli F
2015 IEEE Trans. Appl. Supercond. 25 4801505

Grilli F, Zermefio V M R and Takayasu M 2015 Physica C
518 122-5

Kan C, Wang Y, Yuan X, Li Y and Hou Y 2018 /EEE Trans.
Appl. Supercond. 28 8200206

Makong L, Kameni A, Bouillault F and Masson P 2018 /EEE
Trans. Magn. 54 7202904

Escamez G, Sirois F, Lahtinen V, Stenvall A, Badel A,
Tixador P, Ramdane B, Meunier G, Perrin-Bit R and
Bruzek C E 2016 IEEE Trans. Appl. Supercond. 26 4701907

Xia J, Bai H, Lu J, Gavrilin A V, Zhou Y and Weijers H W
2015 Supercond. Sci. Technol. 28 125004

Ainslie M D, Rodriguez-Zermeno V M, Hong Z, Yuan W,
Flack T J and Coombs T A 2011 Supercond. Sci. Technol.
24 045005

Zhang M, Chudy M, Wang W, Chen Y, Huang Z, Zhong Z,
Yuan W, Kvitkovic J, Pamidi S V and Coombs T A 2013
IEEE Trans. Appl. Supercond. 23 5900604

Zhang M, Yuan W, Kvitkovic J and Pamidi S 2015
Supercond. Sci. Technol. 28 115011

LiY, Feng F, Li Y, Song P, Zou S, Wu M, Gu C, Zeng P and
Qu T 2017 IEEE Trans. Appl. Supercond. 27 1-6

de Bruyn B J H, Jansen J] W and Lomonova E A 2017
Supercond. Sci. Technol. 30 095006

Hong Z, Sheng J, Zhang J, Lin B, Ying L, Li Y and Jin Z
2012 IEEE Trans. Appl. Supercond. 22 5600504

Jia 'Y, Ainslie M D, Hu D and Yuan J 2017 IEEE Trans. Appl.
Supercond. 27 5600805

Song W, Jiang Z, Zhang X, Staines M, Badcock R A, Fang J,
Sogabe Y and Amemiya N 2018 Cryogenics 94 14-21

Pardo E, Staines M, Jiang Z and Glasson N 2015 Supercond.
Sci. Technol. 28 114008

Wang Z, Tang Y, Ren L, Li J, Xu Y, Liao Y and Deng X
2017 IEEE Trans. Appl. Supercond. 27 4701005

Morandi A, Gholizad M B, Grilli F, Sirois F and
Zermefio V M R 2016 IEEE Trans. Appl. Supercond. 26
5700606

Lorin C, Netter D and Masson P J 2015 IEEE Trans. Appl.
Supercond. 25 8200212

Superconductors URL https://gitlab.onelab.info/doc/
models /wikis/Superconductors

HTS Modelling Workgroup URL hittp://htsmodelling.com/

Sirois F, Dione M, Roy F, Grilli F and Dutoit B 2008
J. Phys.: Conf. Ser. 97 012030

Zhang H, Zhang M and Yuan W 2017 Supercond. Sci.
Technol. 30 024005


https://doi.org/10.1016/j.physc.2017.07.013
https://doi.org/10.1016/j.physc.2017.07.013
https://doi.org/10.1016/j.physc.2017.07.013
https://doi.org/10.1088/0953-2048/22/5/055014
https://doi.org/10.1088/0953-2048/24/3/035017
https://doi.org/10.1088/0953-2048/25/12/125020
https://doi.org/10.1109/TASC.2012.2227639
https://doi.org/10.1109/TASC.2014.2373514
https://doi.org/10.1088/1361-6668/aa9362
https://doi.org/10.1109/TMAG.2016.2529006
https://doi.org/10.1088/0953-2048/29/11/115006
https://doi.org/10.1109/TASC.2019.2901650
https://doi.org/10.1109/TASC.2012.2228532
https://doi.org/10.1088/0953-2048/25/11/115001
https://doi.org/10.1109/TASC.2014.2308255
https://doi.org/10.1109/TASC.2014.2308255
https://doi.org/10.1109/TASC.2014.2308255
https://doi.org/10.1088/0953-2048/27/10/104004
https://doi.org/10.1109/TASC.2012.2233842
https://doi.org/10.1088/0953-2048/28/10/104002
https://doi.org/10.1109/TASC.2010.2084065
https://doi.org/10.1109/TASC.2010.2084065
https://doi.org/10.1109/TASC.2010.2084065
https://doi.org/10.1109/TASC.2013.2245373
https://doi.org/10.1063/1.4868898
https://doi.org/10.1088/0953-2048/27/9/093001
https://doi.org/10.1088/0953-2048/23/1/014023
https://doi.org/10.1088/0953-2048/23/11/115018
https://doi.org/10.1088/0953-2048/23/11/115018
https://doi.org/10.1088/0953-2048/25/1/014008
https://doi.org/10.1088/0953-2048/25/1/014008
https://doi.org/10.1109/TASC.2016.2536652
https://doi.org/10.1088/0953-2048/24/6/065024
https://doi.org/10.1109/TASC.2013.2238987
https://doi.org/10.1109/TASC.2013.2238987
https://doi.org/10.1088/1361-6668/aafc82
https://doi.org/10.1088/0953-2048/27/12/125008
https://doi.org/10.1109/TASC.2016.2632901
https://doi.org/10.1088/1361-6668/aa757d
https://doi.org/10.1088/1361-6668/aa757d
https://doi.org/10.1016/j.physc.2011.10.008
https://doi.org/10.1016/j.physc.2011.10.008
https://doi.org/10.1016/j.physc.2011.10.008
https://doi.org/10.1109/TASC.2014.2368715
https://doi.org/10.1016/j.physc.2015.03.007
https://doi.org/10.1016/j.physc.2015.03.007
https://doi.org/10.1016/j.physc.2015.03.007
https://doi.org/10.1109/TASC.2017.2786726
https://doi.org/10.1109/TMAG.2017.2771438
https://doi.org/10.1109/TASC.2016.2533024
https://doi.org/10.1088/0953-2048/28/12/125004
https://doi.org/10.1088/0953-2048/24/4/045005
https://doi.org/10.1109/TASC.2013.2239341
https://doi.org/10.1088/0953-2048/28/11/115011
https://doi.org/10.1109/TASC.2016.2641044
https://doi.org/10.1109/TASC.2016.2641044
https://doi.org/10.1109/TASC.2016.2641044
https://doi.org/10.1088/1361-6668/aa7c74
https://doi.org/10.1109/TASC.2011.2180278
https://doi.org/10.1109/TASC.2017.2656619
https://doi.org/10.1016/j.cryogenics.2018.07.003
https://doi.org/10.1016/j.cryogenics.2018.07.003
https://doi.org/10.1016/j.cryogenics.2018.07.003
https://doi.org/10.1088/0953-2048/28/11/114008
https://doi.org/10.1109/TASC.2016.2646480
https://doi.org/10.1109/TASC.2016.2535271
https://doi.org/10.1109/TASC.2016.2535271
https://doi.org/10.1109/TASC.2014.2341255
https://gitlab.onelab.info/doc/models/wikis/Superconductors
https://gitlab.onelab.info/doc/models/wikis/Superconductors
http://www.htsmodelling.com/
https://doi.org/10.1088/1742-6596/97/1/012030
https://doi.org/10.1088/1361-6668/30/2/024005

	1. Introduction
	2. H formulation
	2.1. Basic equations33The first part of this section is mostly taken from [28]
	2.2. Equations in 2D for longitudinal and axisymmetric problems
	2.3. Extension to 3D
	2.4. Homogenized and multi-scale models

	3. Applications
	3.1. Tapes and coils
	3.2. High-current cables
	3.2.1. Roebel cables
	3.2.2. CORC® cables
	3.2.3. Stacked-tape cables
	3.2.4.3D modeling of cables with twisted structures

	3.3. High field magnets and power applications
	3.3.1. High-field magnets
	3.3.2. Electrical machines
	3.3.3. Fault current limiters
	3.3.4. Transformers and SMES


	4. Discussion
	5. Conclusion
	References



