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In HTS Stacks and Coils Near Ferromagnetic Parts
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Abstract—This paper presents a fast modelling approach for
computing AC loss in high temperature superconducting (HTS)
stacks and coils. The Brandt’s model is extended for large scale
systems, taking into account the presence of ferromagnetic
parts. The obtained results are compared with finite element
analysis, both on local and global quantities.
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I. INTRODUCTION

The development of high temperature superconductor
(HTS) materials allows to achieve some practicable power
applications, such as: motors, fault current limiter and
superconducting magnetic energy storage systems. To ensure
safe operation of these devices, their design should consider
the evaluation of AC losses. Indeed, even if HTS materials do
not show significant losses at DC regimes, they present
important AC losses, both on self (transport current) and
applied time varying magnetic fields.

AC loss can be evaluated by analytical formulas based on
the critical state model, for very simple structures [1].
Numerical methods, such as the finite element method (FEM),
are generally used with the power law relating the electrical
field to the current density, taking into account the dependence
of the critical current density on the magnetic field [2].
However, they are generally time consuming. Semi-analytical
methods, such as the Brandt’s method [3], based on volume
integral equations, present a very good compromise between
accuracy and computation time. These methods limit the
discretization to the active parts of the modelled system, and
do not require boundary conditions. They are widely used to
evaluate induced currents and ac losses in thin strips,
rectangular wires, and cylindrical bulks [4]. However, for
large scale systems, they remain time consuming, due to the
full integral matrices resulting from the problem
discretization.

In this work, the Brandt’s method is extended to model
large scale stacks and pancake coils, taking into account the
presence of ferromagnetic parts. Different discretization
strategies are considered. The ferromagnetic parts are taken
into account by using the method of images. A comparison
with a FEM analysis, in terms of accuracy and computation
times, is performed.

Il. THE MODELLIG APPROACH

The modelling approach is illustrated on the HTS system
shown in fig.1-a. It consists on a vertical stack of 2G HTS
tapes, placed near a ferromagnetic part. The stack is treated
as a homogenized anisotropic bulk (Fig.2-b) [2]. The
discretization along the y direction is not constrained to the
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number of tapes, and it is optimized to discretize finely only
the parts where the field varies significantly. The
homogenized HTS bulk is discretized into nc layers (C;, i=1,2,
..., N¢) along the y direction, and into Ny elements along the x
direction numbered i (i=1, ..., Nx), carrying a uniform current
density Ji.

Firstly, only the HTS stack is treated (without iron part).
The magnetic vector potential (A) and the magnetic field (B)
can be calculated by the Biot and Savart formulas, leading to
the following expressions:
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where K, L and M are matrix of size (NxN), where N=Nyxn..
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From the Maxwell’s equations, and by using the power
law to express the electric field (E), the following equation is
derived, where ¢, Ec and J. are respectively the electric scalar
potential, the critical electric field and the critical current
density of the HTS.
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If a transport current is applied, the gradient of the scalar
potential can be calculated by using (3) [4], where y is a
feedback constant, Js: (t) is the desired current density, and S
is a matrix which contains square sub-matrices in its diagonal.
Each sub-matrix corresponds to the surface elements of each
layer.
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Fig. 1. The modelled system.



The Kim’s model is used to take into account the J¢(B)
dependence, givenin (4) [5], where furs is the volume fraction
of the superconducting material.
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We tested three strategies to evaluate the AC losses:
Case A: Homogenized stack.

Case B: Homogenized stack, reducing the integral
matrices by using the fast multipole method (FMM).

Case C: Homogenized stack, where the losses are
evaluated only on the half of the layers (Cak+1, k=0,...,
round((nc-1)/2)), skipping one layer between two layers
where the losses are evaluated. An interpolation method
is then used to predict the losses on the skipped layers.

Finally, the iron part is included in the modeling by using
the images method.
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I1l. RESULTS AND DISCUSSIONS

To check the validity and performance of the modeling
approaches, the results are compared to finite element
analysis using H-formulation [2]. The values of parameters
used in the simulation are given in table I. Stacks of 16, 32,
and 64 tapes were considered. The amplitudes of the applied
sinusoidal currents were 70 A, 60 A, and 50 A for the stacks
of 16, 32, and 64 tapes, respectively.

TABLE I. PARAMETER VALUES USED FOR SIMULATIONS
Parameter | Value Description
hHTS 1pm YBCO layer thickness
hTape 93 um Tape thickness
hCell 293 um Unit cell thickness (Tape+air)
a 4 mm Tape width
N 16 - 32 -64 | Number of tapes in the stack
Ec 1 uVicm Critical electric field
n 38 Power law exponent
Jeo 28 GA/m? Critical current density
ne 18 Number of layers
Ny 50 Number of elements along x
f 50 Hz Frequency of the applied current
y 100 feedback constant
k 0.29515 Constant used in (4)
Bo 42,65 mT Constant used in (4)
p 0.7 Constant used in (4)
d 1 mm Stack-Iron part separation distance

Figure 2 shows a comparison between the modeling
approach (case B) and the FEM analysis on the repartition of
the normalized electric current density (J/Jc), with and
without the iron part, for a stack composed of 32 tapes at
t=1/f. As it can be noticed, a similar repartition of the electric
current density is obtained.

Table 11 present the average AC losses calculated with the
three strategies, compared to the results given in [2]. A good
agreement is found between the results, for all the cases
considered. A good agreement was also obtained for the
instantaneous losses as shown in Fig.3.

Computing times are given in Table IIl. The speedup
factor is improved by using the proposed strategies,
compared to that obtained in [2].

More results considering the ferromagnetic part will be
presented in the extended paper.

(a1) (a2) (b1) (b2)
Fig. 2. Normalized current density J/J. at t=1/f. (al) Case B without iron,
(a2) FEM without iron, (b1) Case B with iron, (b2) FEM with iron
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TABLE II. AVERAGE AC LOSS IN WATTS PER METER / ERREUR(%)
Original | Homogenized
Nt Stack [2] Stack [2] Case A Case B Case C
16 6.74 686 | 1.72 | 681 | 1.04 | 6.83 | 1.33 | 6.85 | 1.63
32 11.33 11.40 | 0.61 | 11.30 | 0.27 | 11.38 | 0.7 | 11.41 | 0.97
64 15.44 1547 | 0.2 | 1528 | 14 | 1534 | 0.87 | 1536 | 0.7
TABLE IlI. COMPUTING TIME IN SECONDS / SPEEDUP FACTOR
Original | Homogenized
N | Stack[2] Stack [2] Case A Case B Case C
16 3251 639 | 509 | 215 | 148 | 69 | 47.16 | 36.4 89.3
32 8583 472 | 18.18 | 210 | 409 | 64 | 1384 | 32 268.2
64 31206 426 | 7325 | 196 | 159 | 545 | 5726 | 27 1155.8
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Fig. 3. Instantaneous losses for the stack of 32 tapes.
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