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Abstract—Numerical models based on the finite-element
method (FEM) are popular tools for investigating the macro-
scopic electromagnetic behavior of high-temperature supercon-
ductor (HTS) applications. This article explains how to use the
T-A formulation for modeling HTS coils in 2D with different
coupling scenarios between the turns. First we consider a
racetrack coil wound from one piece of superconducting tape.
Then we consider a coil obtained by winding a cable composed
of different HTS tapes. In the latter case, the tape turns are
either electrically connected along their entire length or just at
the two ends of the coil: in the model, these two different types
of electrical connection are implemented with the help of the
electrical circuit module. The current density distributions and
the AC losses of the coils in the different coupling scenarios
are compared and discussed. The limits of applicability of the
presented approach are pointed out. The model is developed for
the straight section of racetrack coils, but can be easily adapted
to axisymmetric geometries.

Index Terms—HTS coils, AC losses, T-A formulation, COM-
SOL Multiphysics

I. INTRODUCTION

OILS made of HTS coated conductor tapes are being

employed in several applications, including magnets and
electrical machines. For the design of these applications,
the estimation of the electromagnetic behavior of the HTS
coils (for example, their power dissipation when they carry
time-varying currents) is very important and usually requires
dedicated numerical models. Those models are often based on
finite-element analysis.

The T-A formulation, originally proposed in [1], has
emerged as a popular approach to efficiently and accurately
simulate the electromagnetic behavior of devices made of HTS
coated conductors [2]. The main appeal of this formulation
is that, by assuming that the superconducting layer can be
considered as an infinitely thin sheet [3], [4], it leads to short
computation times, especially for 2D problems where only the
transverse cross section of superconductors is encountered.
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When simulating coils made of HTS coated conductors,
different scenarios for the electrical connection between the
turns can be considered:

1) The coil is wound from one piece of tape. We refer
to this situation as uncoupled tape turns, because when
one considers a 2D cross section of the coil, the tape
turns behave as independent conductors positioned side
by side, each carrying the same current — Fig. 1(a).

2) The coil is wound from a ‘cable’ made by stacking
several HTS tapes on top of each other — Fig. 1(b).
Within each cable turn, the tapes can be electrically
connected along the entire length of the coil or just at its
ends. We refer to these cases as coupled and coupled-
at-ends tape turns, respectively.

From the point of view of modeling, case 1) can be
simulated with the T-A formulation as in its original im-
plementation [1], [5], because the current flowing in each
simulated tape is known (in particular, it is the same). On the
other hand, in case 2) the current flowing in each cable turn
is known, but the current flowing in each tape of the cable is
not. In this contribution, we couple the T-A formulation to an
electric circuit model in order to determine the current flowing
in each tape of the cable for case 2), both in the coupled and
coupled-at-ends situations.

All these cases have been analyzed in [6] with the minimum
electro-magnetic entropy production (MEMEP) method. Here,
we describe how this can be done with the T-A formula-
tion of Maxwell’s equations, implemented in the commercial
FEM software package COMSOL Multiphysics. One of the
advantages of the T-A formulation is that it provides a
practical way of modeling superconducting electrical machines
in 2D: the electromagnetic modeling of the whole machine
and the calculation of the current and field distributions inside
superconducting tapes can be done simultaneously, within the
same simulation environment [7].

II. CURRENT CONSTRAINTS FOR DIFFERENT COUPLING
SCENARIOS

This section presents the settings of the current constraints
for 2D problems in the various coupling scenarios. In all cases,
the tape turns are modeled as infinitely thin shells (i.e. lines
in the 2D problems considered here).

In general, the current flowing in a given conductor ¢ can
be imposed by constraining the current vector potential T as



Fig. 1. (a) Racetrack coil wound from one piece of tape. (b) Racetrack coil
wound from a cable made of two stacked tapes. In the situation represented
in (b), the stacked tapes can be electrically connected along their entire length
(coupled case) or only at the coil’s ends (coupled-at-ends case).

follows:
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where €2 is the 2D cross section of the tape, 0fQ is its contour
and T; is the tangential component of T along 0f2. The
contour integral above, expressed in terms of T, is strictly
equivalent to the classical Ampere’s law expressed in terms of
the magnetic field H.

In the uncoupled case, each tape turn carries the same cur-
rent I; = I, where I is equal to source current. The infinitely
thin shell approximation leads to a further simplification of (1),
because only the component of T perpendicular to the tape
exists, which nullifies the contour integral everywhere except
at the two edges of the conductor. As explained in [1], [5], the
desired current I; flowing in each tape is obtained by imposing
the normal components of T on the two edges of the tape,
i.e. T/ and Tf’ght, as Dirichlet boundary conditions for the
local T' problem in tape 7. The contour integral in (1) then
becomes:

I; = (T — T}°%) x d, 2)
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where d is the thickness of the superconductor. Since 7' is
not unique, we can further simplify by setting 7, = 0
and Tirlght = T, thus T; = I;/d, i.e. in the thin sheet
approximation, the Dirichlet condition 7; imposes directly
the desired current as a sheet current density. The geometric

thickness of the tape can thus be ignored in the finite element
mesh, making simulations much faster.

In the two coupled cases, the current flowing in the cable
turns is known, but the current flowing in each tape turn
is not. In order to find the value of I; in (2) for each
tape turn, we use an auxiliary electrical circuit, which is
available in the AC/DC module of COMSOL Multiphysics [8].
Therefore, for the two coupled cases, three COMSOL modules
are simultaneously used: the magnetic field module for the
magnetic field calculation in the whole simulated geometry
(including the space outside the superconductors); the partial
differential equations (PDE) module for the calculation of the
current vector potential 7" in the tapes; the electrical circuit
module for the calculation of the current in each tape turn.

In order to illustrate the implementation of the circuital
method, we consider the minimum working example of a
racetrack coil composed of two cable turns, where the cable
is made of two stacked tapes, as displayed in Fig. 1(b). We
consider only the cross section of the straight part of the coils,
i.e. the zy plane in Fig. 1. In addition, due to symmetry, we
consider only one of the two straight parts of the coil: in the
figure, the one where the tape turns are numbered from 1 to
4.

In the circuit, a current source is used to supply the total
current / flowing in the cable. Then, the coupled-at-end and
coupled cases differ by the way the tape turns (7'1) are
connected:

« In the coupled-at-ends case, 77 and 113 are physically
part of the same tape, so they carry the same (unknown)
current, that is [; = I3. Therefore, in the circuit they are
connected in series. The same thing applies to 775 and
TTy, with Is = I (see Fig. 2).

« In the coupled case, the tape turns inside each cable are
in electrical contact. This means that 177} and 1715 are
in parallel, U; = U,. The same applies to 773 and 1T},
i.e. U3 = Uy. In the circuit, this condition is obtained by
short-circuiting nodes A and B, as shown by the dashed
line in Fig. 2.

In the electrical circuit of COMSOL Multiphysics, each tape
turn is defined as an External I vs U element, with an electric
potential at its ends. For each tape turn, the electric potential is
defined as the average of E + 0A/Jt (multiplied by a length,
here chosen equal to 1m), where E and A are the electric
field and magnetic vector potential variables.

In the PDE module for 7', the boundary condition for the
vector potential that defines the current flowing in each tape
turn (according to (2)) is expressed by means of the current
variable calculated in the electrical circuit.

III. RESULTS

In order to compare the three coupling scenarios, we chose
the coil configuration presented in [9]. Analyzed is the 2D
cross section of the straight part of a racetrack coil, composed
of four cable turns, each made of 16 stacked tapes.1

'In the text of [9], it is erroneously indicated that the stacked tapes are 13
instead of 16.
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Fig. 2. Electrical circuit for simulating the cross section of the straight part
of an HTS racetrack coil with two cable turns, each composed of two stacked
tapes. The full lines represent the connections for coupled-at-ends tape turns.
The dashed line represents the additional connection for coupled tape turns.

The superconductor is modeled as a material with a power-
law resistivity
n—1

J

Je
where E. is the critical electric field, J. is the critical current
density, and n the power-law exponent defining the steepness
of the E-J curve. The peak transport current of each cable
is [=2248.6 A at a frequency of 500 Hz. Different current
ratios are obtained by changing the critical current .. In
this work, J. is considered constant in order to simplify the
comparison between the different coupling scenarios, but the
field dependence can be easily inserted [7].

Fig. 3 shows the normalized current density (.J/J.) distri-
butions for the three coupling scenarios: (a) uncoupled, (b)
coupled-at-ends, and (c) coupled tape turns. The transport
current is 80 % of the critical current of the cable turns. In
the uncoupled case, this means that each tape is also carrying
80 % of its critical current.

In the uncoupled case (a), the current density distribution in
all tapes is similar. None of the tapes is saturated with current,
which is beneficial for the AC losses. In the coupled case
(c), the situation is very different, with large portions of the
cable (i.e. several tape turns) that are completely saturated with
current. As shown later, this is a negative situation from the
point of view of the power dissipation. Certain regions of the
cable turns are also characterized by magnetization currents, as
demonstrated by the presence of current densities of opposite
sign. In the coupled-at-ends case (b), the situation is somehow
between the previous two, with only some tapes that are fully
saturated with current.

The differences in the current density distribution are mir-
rored by the level of power dissipation, which is reported
in Fig. 4 as a function of the current ratio. The uncoupled
case is the one with the lowest losses, due to the lack of
current saturation of the tapes. The coupled-at-ends case has
slightly higher losses due to the saturation of some tapes. The
coupled case is the one with the highest losses (exceeding a
factor of two with respect to the uncoupled case), due to the
very non-uniform current distribution between the tape turns
of each cable and the large areas saturated with current. The
figure also shows the results obtained with the widely used
H formulation, which has been thoroughly validated against

; 3)

experimental results and other numerical models by several
groups [10], [11] and is used here for validation purposes.
With the H formulation, the use of current constraints makes
the implementation of the coupling scenarios quite straightfor-
ward [12]. These results confirm the findings presented in [6],
with the coupled-at-ends case having similar losses as the
uncoupled case.
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Fig. 3. Normalized current density (.J/.J.) distributions for the three coupling
scenarios: (a) uncoupled, (b) coupled-at-ends, and (c) coupled tape turns. The
transport current is 80 % of the critical current of the cable turns. Due to
symmetry, only one half of the coil is shown.
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Fig. 4. AC losses as a function of the current ratio for the three coupling
scenarios: comparison between T-A and H formulations.

IV. CONCLUSION

This article describes how to use the T-A formulation for
modeling HTS coils in 2D, pointing out the conditions to
simulate different coupling scenarios between the tape turns.
In particular, the use of an additional electrical circuit module
is introduced to simulate cable turns made of tapes that
are electrically either along their entire length or just at the
ends. The same numerical models, presented here for stand-
alone HTS coils, can be implemented in models for whole



electrical machines, and provide a convenient numerical tool
for estimating the power dissipation of electrical machines
employing HTS materials.
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