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Abstract

Within the framework of magnetic confinement fusion, several projects worldwide are
demonstrating the possibility of integrating high-temperature superconductors (HTS) in the coil
systems. HTS-based technologies are highly attractive for practical applications because they
can extend the operating margins of fusion coils in terms of higher temperatures, transport
currents and magnetic fields. Based on the results achieved with the twisted-stacked tape cable,
we have designed a novel low-loss HTS sector cable-in-conduit conductor, with a target of
60kA at 4.5k, 18 T, which is presently of interest for the DEMO Central Solenoid coil. In HTS
cables, the AC losses can represent a significant limiting factor, therefore they must be taken
into consideration both in the design phase and in the assessment of the overall magnet thermal
budget. In this work, to assess the loss behavior and to optimize the cable design, we have
explored different aspect ratios and arrangements of the stacked tapes within the cable layout.
The magnetization losses are calculated with a 2D finite-element model based on the T-A
formulation and analytical approximations based on the Brandt-Halse critical state model.
Specifically, we have developed an analytical formulation that allows for the calculation of the
instantaneous power losses in HTS stacked cables with a limited number of tapes per stack,
achieving sufficient accuracy at high fields. The analytical model enables a sufficiently accurate
assessment of the heat deposited on the conductor during those particular instants of a plasma
scenario where the variation of the field is very high, such as during the critical initial discharge
period of the plasma initiation.
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1. Introduction

Nowadays, the rapid development and rising market of high-
temperature superconductors (HTS) have spurred the mag-
net designers to explore their suitability and advantages in
the context of fusion research. HTS tokamaks hold significant
promise due to their ability to achieve higher magnetic fields,
potentially enabling the realization of much smaller machines
with shorter construction time [1]. However, the mechanical
stresses and heat loads in these compact devices pose formid-
able challenges.

The EUROfusion Consortium is also contemplating the
utilization of HT'S-based technology in EU-DEMO, the future
European nuclear fusion reactor. Although the implementa-
tion of HTS is presently considered economically unfeasible
for large-size toroidal field (TF) fusion coils [2], within the
EU-DEMO a feasibility study for a TF winding pack option
based solely on HTS has been carried out [3]. Conversely,
in the case of the central solenoid a hybrid solution has
been proposed. This hybrid approach employs HTS, Nb;Sn,
and NbTi conductors for the high, medium and low field
sections, respectively [4]. A hybrid design offers a promising
advantage for either a reduction in the solenoid’s outer
radius—which could decrease the overall tokamak size and
cost—or an enhancement in the generated magnetic flux,
potentially extending the plasma burn duration time [4-6].

Regarding the technologies for the HTS coils, a specific tar-
get has been defined with the development of an HTS cable-
in-conduit conductor, which should demonstrate effective and
stable operation under conditions involving 60kA current,
18 T magnetic field strength, and a temperature of 4.5 K; the
conductor should also be capable of operating in pulsed con-
ditions [7]. In recent research developments at ENEA [7], we
have designed a novel concept for HTS sector cables, denoted
as the SECtor-ASsembled cable (SECAS) based on BRAided
Stacks of Tapes (BRAST). Each BRAST sub-unit comprises
a stack of an arbitrary number of tapes assembled within a
braid of thin, tin coated Cu wires. This BRAST architecture
serves a dual purpose: it facilitates the handling of the tape
stack while ensuring its protection throughout the entire cable
manufacturing process. Given the current performance capab-
ilities of commercial coated conductors, the target specifica-
tions (60kA, 18 T) can be obtained with six BRASTS, each
containing ten 12 mm wide tapes.

Several trials have been carried out, to verify the manu-
facturing approach, using either Al- or Cu-based stabilizers;
figure 1 shows an optical image of the cross-section of a jack-
eted Cu-stabilized SECAS cable. The copper wires forming
the braid are clearly visible around the 10-tape stack. The stack
is held in place by a copper filler.

Different configurations for the cross-section in each cable
sector have been considered so far [7]: (A) one BRAST made
of ten 12 mm-wide tapes; (B) two BRASTSs, each made of five
12 mm-wide tapes; (C) six BRASTS, each made of five 4 mm
wide tapes. These diverse configurations, shown schematically
in figure 2, can impact the AC losses, and need to be studied
in detail.

Figure 1. Optical image showing the cross-section of a
Cu-stabilized SECAS cable. The stack is housed in a slot, and the
braid is clearly visible around the stack. The braided stack is held in
place by a copper filler plus the external jacket.

The aim of the present work is to develop an analytical
model for the calculation of the instantaneous power losses
in a twisted stacked-tape cable (TSTC) with a limited number
of tapes in the stacks, in an operational environment typical
of a fusion reactor. The main novelty of this work lies in the
development of an analytical formulation for calculating the
instantaneous power losses in HTS stacked cables with a lim-
ited number of tapes per stack, achieving sufficient accuracy
at high magnetic fields. This model is valid for any periodic
waveform and enables a precise assessment of the heat depos-
ited on the conductor during specific moments of plasma scen-
arios, such as the critical initial discharge period of plasma
initiation, where the field variation is particularly rapid. This
method provides a faster alternative to computationally intens-
ive finite-elements (FE) models, offering a robust framework
for ballpark AC loss estimations.

Through this work, this analytical methodology will be
applied to the three layout configurations defined above, but
with the aim of developing a framework of general validity that
can be applied to any stacked-tape or conductor-on-round core
cable layouts. The knowledge of the time evolution of the hys-
teretic power loss would also be helpful for detailed studies,
e.g. thermal-hydraulic analysis [8], or to determine the power
deposited in those time instants of the plasma scenario where
the variation of the field is very high, i.e. at the breakdown
phase of the plasma start-up [9].

This paper is structured as follows: section 2 outlines the
theoretical background for assessing the power dissipation
in superconductors. Section 3 details the numerical meth-
ods employed for simulating HTS tape stacks with perpen-
dicular or parallel field configurations. Section 4 explores
different analytical approaches for calculating AC losses.
A modified Brandt solution is proposed for the stack in a
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Figure 2. Schematic representation of the three cross-sections of the SECAS HTS Sector Shaped high-current Conductor considered in this
work. Each sector contains: (a) one BRAST made of ten 12 mm-wide tapes; (b) two BRASTSs, each made of five 12 mm-wide tapes; and (c)
six BRASTSs, each made of five 4 mm wide tapes. Bottom: perspective representation of the assembled SECAS conductor with BRASTSs,

sector-shaped core, fillers, outer steel wrap, and central spiral.

perpendicular field. Tilted and twisted configurations are also
discussed. Section 5 provides an analysis of the AC losses
in sector-shaped high-current conductors, integrating both
numerical and analytical approaches. Finally, section 6 wraps
up with the conclusions, highlighting the main findings and
their practical implications.

2. Local dissipation and AC losses

A quantity of practical relevance in the design of large-scale
applications is the power dissipation under varying transport
currents and magnetic fields [10].

The power dissipation per unit volume, p, in both super-
conducting and normal materials, induced by any cur-
rent density J in a given electric field E, is described as
follows:

p=E-J ¢))

where E(J) is the constitutive relation of the material. For a
superconductor, E(J) is a nonlinear function of J:

EJ)=pJ)J @)
where the resistivity
- EC |J| n—1
p(J) = 7 3)

is a scalar function of J, n being an index defining the steepness
of the transition from the superconducting to the normal state,
and J. the critical current density determined by an electric
field criterion E..

This expression, valid for most hard superconductors for
|J] close to J, is the most commonly used relation for super-
conductor modelling. In the limit of n — oo, the power law
relation in (3) corresponds to the critical state model (CSM),
also known as Bean’s model [11] in which [10]:

3] = {’°

any |J |with |J] < J.

|E| >0,

IE| =0. X
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From (1), the total instantaneous power loss, P, in the sample

18
P:/d3rp:/d3rE~J (5)

where v denotes the volume of the superconducting fraction
of the sample within which the power loss is being calculated,
whereas the loss per cycle for periodic excitation (applied
magnetic field or current) is given by:

T
Q:/ dt/d3rE-J (6)
0 v

where T is the period of the periodic excitation.

Both J; and the transition index n depend on |B| and the
orientation of the magnetic field relative to the superconductor
crystallographic axes.

For the description of the magneto-angular dependence
of the in-field critical current of commercial 2G-HTS tapes,
J.(/B|,0), we consider an extended version of the conven-
tional Kim model [12], which has been developed by Zhang
et al [13] by taking into account Blatter’s angular anisotropy
parameter [14], €(0), as follows:

I
O ()T v

with

€(0) = \/y~2sin? (8) + cos? (6). @®)

In (7), Io, By, @ and 3 are empirical parameters dependent
on the specific coated conductor tape; in (8), v =2 = myy,/m. is
the anisotropy ratio [14], with m,, and m, being the effect-
ive masses along the ab-plane and the c-axis, respectively,
whereas 6 is the angle between the applied field and the
c-axis.

Experimental data of 12 mm-wide /. of commercial tapes
at low temperatures (< 5K) and high fields (> 10T) are
scarcely available in the literature, particularly when the field
is parallel to the flat surface of the tapes. In this study, we
have reconstructed the field-dependence of /. in both paral-
lel and perpendicular field configurations by appropriate scal-
ing of the available experimental data under slightly differ-
ent B-T conditions, see figure 3 [15]. The best fits of (7) to
the curves of figure 3 have been obtained with a non-linear
least-squares minimization method. With the anisotropy ratio
fixed at 7 =15, as expected in tapes with weak correlated pin-
ning [16, 17], the obtained fitting parameters are as follows:
Io = 12.2kA,a = 0.54,5 =2.18, and By = 5.72T.

In the subsequent sections of the paper, we will exclus-
ively focus on hysteresis losses, i.e. the power losses result-
ing from superconducting currents which form closed loops
solely within the superconducting domains. Furthermore, in
the following we will only consider an external field varying
sinusoidally over time, in the absence of transport current in
the conductor.

2
T T IIIIIII T T IIIIIII T IIIIIII| T I:?
16

4 T 9
10 +# &
— ]
< 7 P o
(%) 6| E
= 5 42 3
= T=42K =]
g a
3 " |1.(8) [de o
E C(D)[O 9] B - 105.
1] 2 e 7] =3
9 o 90 1, =
= B 0 d6 o=
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Figure 3. In-field dependence of the critical current, I, in parallel
and perpendicular field. The experimental data, represented by
markers, have been extracted from the data-bank provided by
Shanghai Superconductor Technology [15]). The curves have been
reconstructed through the scaling the experimental data obtained
from 4 mm-wide tapes at temperatures of 4.2 K (8 = Odeg) and 20K
(6 =90deg), where 6 represents the angle between the external
field, Be, and the c-axis, as illustrated in the inset. The critical
current density, J¢, has been estimated by assuming a thickness of
2 pm for the superconducting layer. Continuous lines represent the
best fits curves obtained using the parameters in (7):

Io = 12.2kA,a = 0.54, 8 = 2.18, and By = 5.72T.

3. Numerical methods

In this section, we detail the ground of the numerical methods
that we have applied to the modelling of stacks of HTS tapes,
by considering for simplicity only FE models implemented in
the commercial software COMSOL Multiphysics [18].

3.1. T-A formulation

The T-A formulation is an efficient approach to simulate infin-
itely thin superconductors [19, 20], which approximate the
superconducting layer of HTS coated conductors.

In this formulation, the Faraday’s equation is written as:

VxpVxT=-0,VxA ®

where A is the magnetic vector potential used to calculate the
magnetic field in all the simulated domains, whereas T is the
current vector potential:
VxT=]. 10)
While the surrounding non-conducting medium is modelled
as a material with high resistivity in accordance with linear
Ohm’s law, typically of the order of 1 {2m, the superconducting
layers are modelled using the nonlinear resistivity given by (3).
In this work, a 2D planar geometry is assumed, therefore
the thin superconducting layers can be modelled as 1D strips.
A schematic of the 2D T-A physical model, along with the
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T-formulation

T,=0

A-formulation

Boundary condition
for the applied field

Figure 4. Schematic representation of the 2D T-A model and the coordinate system used for modeling a superconducting stack subjected to
an external field oriented perpendicularly to the flat surface of the tapes. The current vector potential T is evaluated only in the
superconducting strips, whereas the vector potential A is computed everywhere. The screening currents are enforced by boundary

conditions at the edges 7' and T, of the tape (7' = T2 = 0).

stack geometry and the coordinate system, is shown in figure 4.
Since the strips are infinitely thin and infinitely long in the z-
direction, the current can only flow in the longitudinal direc-
tion, the current vector potential being always parallel to the
normal vector of the superconducting strip at each point [19].

Therefore, if for example the strips lie in the x-direction, (9)
and (10) can be simplified as follows:

O (0T - ny) = —0,0:A,
J.=0x(T-ny).

Y
12)

The external field can be applied by imposing a Dirichlet
boundary condition on the outer boundary of the air domain
of the type:

{Bx :ﬁc (t) (13)

By =£(1).

In (13), B, and B, represent the two components of the mag-
netic flux induction, while f,(¢) and f;(¢) describe the variation
of the applied external field over time.

In the present study, we assume that the external field varies
sinusoidally as B, = Bepsin(wt) along the y-direction, where
Ben is the maximum field and w the angular frequency.

As a concluding remark for this section, the T-A formula-
tion considers only the screening currents within the super-
conducting layers and does not account for coupling cur-
rents between the 1D strips. This approach assumes electrical
insulation between the strips and focuses on estimating AC

losses due to screening currents. It is important to acknow-
ledge that coupling currents, which could introduce additional
losses, are not included in this model. While this simplification
offers a useful approximation for the purposes of our study, it
is worth noting that it may not fully capture the complete AC
loss spectrum in practical applications.

3.2. 1-D diffusion-like model for the Bean slab

Considering the right-handed Cartesian coordinate system
centered in the Bean slab (of infinite height z, depth y, and
width d; see figure 5), Faraday’s equation takes the form:

OvEy (x,1) = —0,B; (x,1) (14)
while the Ampére’s law can be written as:
OB (x,1) = —poly (x,1). (15)

The combination of (14), (15), and the power law (2) law
leads to the following scalar diffusion-like equation [21]:

9B, (x,1) — O, {pasz (x, t)} —0. (16)
Ho

The external field is applied through the following boundary
condition for B;:

B, <|x| _ ;’,t> — Bunsin (w1) (17)
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Bean slab approximation

A
v

Figure 5. Schematic representation of the 1D Bean’s slab model and the coordinate system used for modeling a superconducting stack
subjected to an external field parallel to the flat surface of the tapes. Each tape is represented by an infinite slab of thickness J oriented in the
¥, z-plane with an externally applied magnetic field Be directed along z direction. The induced shielding current density J), flowing in the y

direction inside the front and back faces is shown.

where ¢ is time; d is the thickness of the superconducting layer;
x the spatial coordinate (|x| < d); p the resistivity of the super-
conducting slab; and B, (x,?) is the field profile along the x dir-
ection at time #. Once the magnetic field distribution is determ-
ined, the current density distribution is obtained by means
of (15).

A schematic of the 1D Bean’s infinite slab model is shown
in figure 5.

4. Analytical methods

Several analytical models for calculating AC losses in super-
conductors are available in the literature. The reader can find a
comprehensive review of analytical models in [22]. Referring
only to magnetization losses, among the most used models we
recall the theoretical expressions by Halse and Brandt [23, 24]
and by London [25] for a tape subjected to a variable field per-
pendicular or parallel to the tape’s flat surface, respectively.

4.1. Formulas for instantaneous power dissipation

4.11. Bean’s slab.  The analytical expressions for the
instantaneous AC loss power per unit volume for an infin-
ite slab have been obtained by Kajikawa er al [26, 27]. The
Kajikawa’s equations are valid during the first ramp up, when
both the external magnetic field, B., and the transport cur-
rent, I; are monotonically increased. Macchiagodena et al [21]
extended the analytical formulation to the more general case

in which both B, and [; are periodic functions, in-phase with
each other. In the absence of transport current, the analytical
expressions for the AC loss power during the first energization
from the virgin state (no trapped field at the ramp start up) are
the following:

2 B2

e

% B
B

ESxd

B
p a[Be B
20

P

VoA

By (18)
B,

€ p

where 0,B. represents the time derivative of the external field

d
B., whereas B, = ioJ 2 is the full penetration field for a single

tape. After reaching the peak, the set of equations to be used
is:

2 Butsgn(05)B)" 5o (,Be) Be < 2B, — B
Pslab - T|8tBe| 1 P .
1o B sgn (0;Be) Be > 2By — By,
(19)

To obtain results universally applicable, irrespective of J,
physical dimensions, and frequency, it is advantageous to nor-
malize the AC loss by employing the following dimensionless
quantity:

2/1,0 1
=""___ P 20
Pslab BpO | at Be | v slab ( )



Supercond. Sci. Technol. 37 (2024) 125007

G De Marzi et al

1.8 — . Copo :
1.6
1.4
1.2
1.0 -4+
0.8

Normalized power loss, pg.p

0.6

time/period

0.4 0.8

Figure 6. The normalized power loss as a function of time for a
10-tape stack (continuous line), calculated using (20) with a
constant Joo and with |9;Be|ay = 4fBem for the sinusoidal field
waveform, Be(t) = Bem sin(27 ft). The empty markers represent FE
simulations carried out at different values of Bem /By ratios: 1
(circles); 1.5 (squares); 2 (up-pointing triangles); 5 (diamonds); and
10 (down-pointing triangles).

where By is the penetration field at t = 0, and |9,Bc |, is the
average of the modulus of 9,B. in a full cycle. For sinusoidal
fields, Be(t) = Bemsin(27ft), the average |0;Be| is |OBe|ay =
4fBem.

To validate the outcome of the analytical formulae, the
time-dependent AC loss has been assessed for a 10-tape stack
subjected to a sinusoidally varying field up to Bey, = 10B,0, by
considering either a constant Jg or a field-dependent J.(B).

In both scenarios, the normalized power loss exhibits a peak
at each half-cycle and vanishes at the peak of the applied field,
as can be seen in figures 6 and 7. In the case of a constant Jo,
the agreement between numerical and analytical modeling is
excellent, see figure 6. When the critical current J. depends
on the external field, the agreement is not optimal, yet remains
more than satisfactory (figure 7). In this latter case, strictly
speaking (19) loses its validity as the electric field profiles
assume more complex shapes. However, we have verified that

em

B
at sufficiently high fields (i.e. B

> 1), it is still safe to use
pO
the analytical Bean’s formulas.

4.12. Halse-Brandt formula.  The analytical expressions for
the instantaneous AC loss power per unit volume for an infin-
itely thin strip have been derived by Brandt [28]:

1 B B B
Pyip = chw|a,Be\ [tanh (B) — B—isechz (B)] (1)

where B, = ppJ.d/m and w is the width of the thin strip.
Equation (21) is valid for the first magnetization curve, when
the field, starting from the virgin state, reaches a maximum

Normalized power loss, pPg.p

0.4

time/period

0.6

Figure 7. The normalized power loss as a function of time for a
10-tape stack (continuous line), calculated using (20) with a
field-dependent J. and with |0;Be|ay = 4fBem for the sinusoidal field
waveform, Be(t) = Bem sin(27 f). The empty markers represent FE
simulations carried out at different values of Bem /By ratios: 1
(circles); 1.5 (squares); 2 (up-pointing triangles); 5 (diamonds); and
10 (down-pointing triangles).

value B.,. When the applied field B. oscillates between
the extreme values *B.;, the new penetration width b =
d/2cosh [(Bem + sgn (0:Be) Be) / (2B )] can be used to obtain
a generalized expression for the instantaneous loss:

Pyip = $Jw|0;Be| [tanh (&) — Esech® (€)]

Bem + sgn (0;Be) Be (22)

2B,

&=

It is important to emphasize that this last expression, as well
those for the slab, remains valid even if the waveform is not
sinusoidal. The integration of (22) over one period yields the
well-known Brandt—Halse formula [24]:

Bem )
B,

(23)

Oloss [Jm*3] = %M(H) dH = wJ_ B, {2lncosh (
_ Bem tanh <Bem ﬂ .
B. B.

Also in this case, it is convenient to use a normalized
expression for the instantaneous power loss:

4 1

o= — ——— 24
Pstrip Jow \@BeIav 24

strip -

As done in the previous sub-paragraph, to validate the ana-
Iytical formulae, we evaluated the time-dependent AC losses
for an infinitely thin strip subjected to a sinusoidally varying
field up to Bey,, = 50B,, by considering either a constant Jy or
a field-dependent J.(B). The results are depicted in figures 8
and 9.



Supercond. Sci. Technol. 37 (2024) 125007

G De Marzi et al
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Figure 8. The normalized power loss as a function of time for an
infinitely thin strip (continuous line), calculated using (24) with a
constant Joo and with |9;Be|ay = 4fBem for the sinusoidal field
waveform, Be(t) = Bem sin(27 ft). The empty markers represent FE
simulations carried out at different values of Bem /B ratios: 1
(circles); 2 (squares); 3 (up-pointing triangles); 10 (diamonds); and
50 (down-pointing triangles).

1.8 —— T
16
14
12
1.0
0.8
0.4

Normalized power 10sS, Pgyip

0.8

time/period

Figure 9. The normalized power loss as a function of time for an
infinitely thin strip (continuous line), calculated using (24) with a
field-dependent J. and with |0;Be|av = 4fBem for the sinusoidal field
waveform, Be(t) = Bem sin(27ft). The empty markers represent FE
simulations carried out at different values of Bem /B ratios: 2
(squares); 3 (up-pointing triangles); 10 (diamonds); and 50
(down-pointing triangles).

Equation (22) has been obtained integrating (1) using the
following expression for the electric field [28]:

=

(25)

E,=—0,B. (x* — xﬁ) sgn (x)

Normalized power 10sS, Pgyip

0.4

time/period

0.6

0.8

Figure 10. The normalized power loss as a function of time for a
N-tape stack, calculated using (24) with a constant J.o and with
|0/Be|ay = 4fBem for the sinusoidal field waveform,

Be(t) = Bem sin(27 ft), Bem = 18T. The empty markers represent FE
simulations (T-A formulation) carried out for stacks with different
number of tapes: N = 1 (circles); N = 2 (up-pointing triangles); N =
5 (squares); N = 10 (down-pointing triangles); N = 20 (diamonds);
N = 30 (right-pointing triangles); N = 50 (pentagons); and N = 100
(hourglasses). The continuous line represents the Brandt—Halse
solution for a single strip, whereas the dashed line represents an
infinite number of stacked tapes, calculated analytically using the
homogeneized Bean slab. Dotted lines are guides to the eye.

where x,, represents the point at which the electric field profile
within the strip becomes zero.

However, when a field-dependent J.(B) is considered, (22)
is no longer valid, since the electric field profiles cannot be
anymore descibed by (25). Then, we have verified that (22) can

em

B
be used at sufficiently high fields (i.e. 3

> 2), see figure 9.

We now discuss the case of a N-tapecstack subjected to a
perpendicular field. There exist two distinct limit cases within
the CSM where the magnetization of stacks subjected to a per-
pendicular magnetic field is analytically solved: the Brandt’s
solution for the single tape, and the Mawatari’s solution for a
stack with infinite number of tapes [29]. All other cases with
a finite number of tapes typically require numerical methods
for resolution. If the number of tapes is small nonetheless, it is
possible to apply approximations, as we will see at the end of
this subsection.

The time-dependent AC loss has been assessed using the
T-A formulation for N-tape stacks (1 < N < 100) exposed to a
sinusoidally varying field up to 18 T. The results of the simu-
lations for the various values of N are depicted in figure 10.
The curves clearly show a gradual decrease in the normal-
ized power loss with increasing N, indicative of the magnetic
shielding effect within the stack (see also [30, 31]). All curves
calculated for finite N values lie between the two analytically
solved limit cases, as expected.
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Figure 11. The normalized AC loss as a function of normalized
applied field for N-tape stacks. The FE results are represented by
empty markers; the continuous line represents the Brandt—Halse
limit, whereas the dashed line is the Mawatari limit. Dotted lines
represents the approximated solutions obtained analytically by
integration of (24) over a full cycle, using B = poJedN/ .

Figure 11 depicts the numerically evaluated total losses per
cycle as a function of the number of tapes in the stack. For the
sake of clarity, figure 11 also includes the analytically com-
puted losses in the Brandt—Halse limit (a single tape) and the
Mawatari limit (stack with an infinite number of tapes).

As previously noted, there is no analytical solution to the N-
tape stack problem. Nonetheless, for a small number of tapes
(N < 10), approximations can be made. We have employed
the following approach: treating the stack as a single tape,
while still employing (24), with adjusting B, = poJcoN/7. The
curves obtained in this manner are depicted as dashed lines in
figure 11. It can be observed that such an approach provides a
reasonably accurate data representation for stacks with fewer
than 10 tapes.

4.2. Tilted stacks

In the literature, a number of studies have investigated the hys-
teresis losses in tilted stacks [8, 21, 27, 32]. The commonly
accepted approach is to separately consider the contributions
to AC losses arising from the perpendicular and parallel com-
ponents of the field, and then simply sum these contributions
to obtain the total losses at an arbitrary angle.

In those models, the reference is solely the Bean slab, in
which the width D of the infinite slab, the critical current dens-
ity, Jc s1ab and the external field B, are set differently depending
on the component being calculated. For the estimation of the
parallel-field loss, calculated using (20) (P|| = Pgb), the slab
parameters are set to D =d, J; s1ap = Je, and B, = B|j; for the
estimation of the perpendicular-field loss, (P, = Pga,/ ), the
slab parameters are set to D=w, J¢ s1ab = A, and Be = B

[27]. Here, A =d/g, where d is thickness of the supercon-
ducting layer within the HTS tape, and g is thickness of the
tape). The total AC loss in the stack is then obtained by sum-
ming up P + P . However, it is important to consider that the
perpendicular-field losses are significantly larger than those
due to the parallel-field component. It can be easily verified
that, in the high-field limit, equations (19) and (22), assume
the following expressions:

1
lim Pga, = —dJ|sin (0) O,Be| (26)
0— I 4
1
elim Pgyip = —wJc|cos (0) O,Be|. 27
-z

4

Therefore, the two contributions have equal weight when 6 =
atan(%) = 89.99°. Beyond this value, the losses due to the par-
allel component dominate over the contribution from the per-
pendicular component.

Based on these considerations, we determine that employ-
ing the T-A formulation is a safe choice. In fact, this formula-
tion is based on the thin strip approximation, which constrains
the current to flow only in the plane parallel to the flat face
of the tape, thus enabling the reduction of the current vec-
tor potential to a scalar quantity. As a result, this formulation
of the Maxwell equations inherently neglects any contribution
from the parallel-field loss [20, 33]; however, unless the stack
is aligned at an angle of /2, the parallel component can be
safely neglected.

4.3. Twisted stacks

When the stacks are twisted inside the cable, they are subjected
to magnetic fields spanning 360° of orientation along one twist
pitch length. The instantaneous power loss density of a twis-
ted stack, Pisted, 1S determined as the average value over one
twist pitch, obtained by integrating the sum of the two com-
ponents (19) and (22) arising from perpendicular and parallel
fields [34]:

2 7T/2
Pryisted = ;/ [Pslab (BeH) +Pstrip (BCJ_)] do (28)
0

where B || and By are the parallel and perpendicular compon-
ent of the external field, respectively.

At high fields, the power loss can be determined analytic-
ally using single-tape models. Specifically, it has been demon-
strated [34] that the hysteresis loss of a twisted tape is approx-
imately 2/7 times the hysteresis loss of a single tape in a per-
pendicular field, if the critical current does not depend on mag-
netic field.

As a final remark for this section, the analytical approach
presented in our study provides a simplified yet effective
method for estimating AC losses in superconducting conduct-
ors. Despite its assumptions of infinite dimensions and uni-
directional current distribution, it yields qualitatively accurate
results similar to those obtained from the FE model. Although
this manuscript does not include direct comparisons with
experimental data, prior validation of the FE model, as cited in
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[10], supports the reliability of our approach. Given the strong
agreement between the FE and analytical results, we conclude
that the analytical method offers a useful, albeit rough, estim-
ation of AC losses in complex conductor configurations. This
approach is particularly valuable when experimental data or
extensive numerical simulations are not available, providing
meaningful insights with minimal computational effort.

5. AC losses of sector-shaped high current
conductors

As detailed in the introduction, three configurations for the
SECAS cross-section in each cable sector are considered: (A)
one BRAST consisting of ten 12 mm-wide tapes; (B) two
BRASTS, each composed of five 12 mm-wide tapes; and (C)
six BRASTSs, each comprising five 4 mm wide tapes. Option-
A achieves the target current with the fewest number of tapes;
however, due to the wide tapes, AC losses may be higher com-
pared to other solutions. Option-B, although not effective for
reducing losses, especially at low fields, is considered because
the strain distribution on the tapes belonging to each stack
is expected to be narrower. Finally, Option-C is considered
because narrower tapes, in accordance with (23), should gen-
erate lower AC losses. In this paragraph, we will examine
the three options in detail from both numerical and analytical
perspectives.

In the 2D FE model, the losses, PLEM(6), can be calcu-
lated at a given angleG 6 between the stacks and the external
field. This FE model incorporates only the 2D T-A formula-
tion, as the losses due to the parallel component are negligible
if the angle between the external field and the normal to the
wide surface of the stacks is less than 89.99°, as shown in
section 4.2. In support of this assumption, we note that in the
SECAS cable considered in this section, there will always be
at least four stacks that are not aligned parallel to the external
field. To address the 3D twisted geometry [8], and considering
the 6-fold symmetry of the stacked cable, the simulation can
be performed at different orientations of the cable spanning a
A = 7 /3 range, with the results averaged as follows:

)

in which Nj is the number of sections. Considering the com-
putational burden of the calculations, it is necessary to keep
N; sufficiently small while still maintaining reasonable con-
vergence, which is already achieved for Ny = 11.

We now aim to estimate the instantaneous power losses
over one cycle for the three options, considering a sinusoidal
variation of the external magnetic field. Using the properties of
the tape shown in figure 3, B, is approximately equal to 0.4 T.
Large-scale applications operate at currents or magnetic fields
with characteristic frequencies ranging from mHz or below,
such as in fusion magnets. Therefore, we have chosen a mag-
netic field amplitude of & 50B, (slightly over 20 T), and a fre-
quency of 1 mHz.
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Figure 12. Magnetic field distribution in the Option-C cable,
calculated at T = 4.2 K at time instant #/7 = 0.29.

Figure 12 represents the magnetic field distributions at
4.2K for the Option-C cable at the time /T =0.29, a few
instants after the applied magnetic flux density has reached
its maximum. The self-field adds to the background field, thus
generating a local non-uniformity with a maximum field of
20.2 T and a minimum field of 19.1T. In figure 12, the sectors
are numbered from 1 to 6, starting at the top and proceeding
clockwise. The perpendicular component of the external field
varies across the sector pairs 1-4, 2-5, and 3-6, resulting in
different J. values for each case. This variation is reflected in
the local magnetic field configuration, as clearly illustrated in
the figure.

Figure 13 shows the instantaneous power loss, expressed
in W/m, as a function of time for all three cable options con-
sidered. The numerical simulations are calculated using (29)
and are represented by markers, while solid lines represent the
analytically calculated curves using (28).

The integration of the numerical curve for cable Option-
A yields 23.9kI m™! (per cycle), whereas the analytical for-
mula provides a value approximately 14% higher, namely
27.1kJ m™" (per cycle).

The comparison between the integrated AC losses obtained
throughout the numerical model and the analytical formula-
tion can be considered overall good. It is important to note
the following points: (1) the approximations adopted for the
stack, where B, in (22) is approximated as B, = poJcodN/;
(2) the T-A formulation does not account for the field com-
ponents parallel to the tapes; and (3) the analytical formulas
do not consider that the magnetic field at the stack edges can



Supercond. Sci. Technol. 37 (2024) 125007

G De Marzi et al

140

Power loss, Pyss [W/m]

0.4

0.8

time/period

Figure 13. The instantaneous power loss as a function of time for
the three options of the SECAS cable. The markers represent the
numerical results: Option-A (circles); Option-B (diamonds); and
Option-C (squares). The analytical calculations, obtained

using (28), are plotted as continuous lines.

differ from the background field. Based on these considera-
tions, it can be asserted that the agreement between the FEM
model and the analytical formulation is more than satisfactory.

The analytical calculation of losses in Option-B is more
complex due to the high local magnetic field and the reduced
distance between the 5-tape stacks within the same sector,
whose magnetic interaction cannot be ignored. Specifically,
separating the 10-tape stack into two subgroups reduces the
stacking effect previously discussed in figure 11, consequently
increasing the losses. The integration of the numerical curve
for cable Option-B yields 25.4 kJ m~! (per cycle), 6.5% higher
than Option-A. As expected, the analytical equations fail to
provide a consistent value for the Option-B cable: using N =5
tapes in (28) results in an integrated loss of 30.9kJ m~! (per
cycle), 21% higher than the FEM results.

The Option-C cable exploits the loss-reducing strategy
extensively documented in the literature [35, 36], namely, the
use of a thin conductor in the direction perpendicular to the
field. As evident from (22), the hysteretic loss is proportional
to the width of the conductor. Therefore, by modifying the
aspect ratio of the conductor, it is possible to control the loss.
The aspect ratio can be adjusted by substituting the 12 mm tape
stacks with stacks of narrower tapes. This strategy is highly
effective in reducing losses. For the Option-C cable, numer-
ical simulations show an integrated power per cycle of 8.8 kJ
m~! (per cycle), which represents 37% of the loss assessed for
the Option-A cable, a value close to the expected 1/3. The ana-
Iytical approach also aligns with the expected reduction due to
the aspect-ratio modification: the estimated losses are 9.0kJ
m~! (per cycle).

In summary, the analytical approach tends to overestim-
ate AC losses compared to the FEM model, particularly due

to the sharper peaks in the analytical results. This leads to a
more conservative estimation, which may be advantageous for
conductor design by providing a safety margin in the thermal
budget.

Another possible alternative for reducing losses is to stri-
ate the tape to create filaments. A recent study examined the
effects of tape striation in TSTC [37]. The competing effects
of stacking effect and striation combine in a complex manner
to contribute to the AC losses, and in the high magnetic field
limit, the losses in TSTC are efficiently reduced. Therefore,
the use of striated tapes can also be considered a valid solu-
tion for loss mitigation in fusion cables operating in high-field
conditions.

6. Conclusion

The magnetization losses of a new HTS sector-cable concept
for fusion magnets have been investigated. Three possible lay-
outs have been considered, differing in the number of tapes per
stack or in the tape width, while maintaining the same amount
of superconductor in the cable section. To evaluate instantan-
eous power losses during a high-field cycle, we developed a
new analytical model that extends and combines the two ori-
ginal models by Bean-London and Brandt—Halse.

The new analytical model, which includes the field depend-
ence of the critical current density, has been benchmarked
against FEs simulations based on the T-A formulation. In addi-
tion, the analytical approach used in this study, despite its
simplifications, provides a reliable and conservative estima-
tion of AC losses in superconducting conductors. Although it
assumes infinite dimensions and unidirectional current distri-
bution, it offers a useful first-order approximation. This con-
servative nature is advantageous for conductor design, as it
provides a safety margin in loss prediction when experimental
data or full numerical simulations are not available.

Moreover, we found that the FE typically requires over 10 h
of computation time on a machine equipped with a 3.70 GHz
Intel Xeon processor, with 4 cores and 64 GB of RAM), while
the analytical model provides results in just a few seconds.
This efficiency highlights the analytical model’s potential for
applications requiring fast results, such as rapid prototyping.
The analytical model could also be valuable in refining the
FEM model, with a combined approach that may help improve
both methods moving forward.

In conclusion, we have demonstrated that such analytical
model is capable of reproducing the losses of a cable com-
posed of stacks with a reduced number of tapes with sufficient
accuracy. As known, the use of narrower tapes has a signific-
ant effect in reducing losses, and this is well described by our
analytical formulation. Conversely, the division of stacks into
sub-stacks has been shown to have a negligible effect.

However, in selecting the optimal layout, practical aspects
such as industrial manufacturing must also be taken into con-
sideration. For instance, the option with narrower tapes, having
triple the number of stacks per sector, could potentially pose
practical challenges in certain manufacturing steps. Therefore,
a trade-off between design feasibility and loss optimization
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still needs to be considered. Furthermore, the findings of this
study also support the use of striated tapes once they are com-
mercially available on a large scale.
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