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ABSTRACT The Conductor on Round Core (CORC) and Twisted Stacked-Tape Conductor (TSTC)
are among the most promising architectures for high-temperature superconducting (HTS) cables due to
their high current-carrying capabilities, essential for future fusion and high voltage -high current- power
applications. While CORC designs offer mechanical robustness, their larger cross-sections can lead to
spatial inefficiencies, whereas TSTC cables are more compact but limited in transport current. To bridge
these trade-offs, a CORC-TSTC hybrid cable has been recently proposed by Korean researchers, though
its electromagnetic performance remains largely unverified. In this work, we present a comprehensive
three-dimensional electromagnetic study to validate the experimentally measured AC losses of such hybrid
cables, using SUNAM Co. Ltd. GdBCO HTS tapes. Our model captures the full current dynamics on the
surface and within the superconducting layers, overcoming the limitations of reduced-order gauge (2D)
methods. The hybrid cable configurations considered consist of a six-tape CORC outer layer enclosing a
TSTC core with one to four stacked tapes. The model incorporates magneto-angular anisotropy in the critical
current density, informed by experimental data, to ensure accurate benchmarking. To contextualize the hybrid
design’s performance, we also simulate two reference geometries: a single-layer and a double-layer CORC
cable, as well as a ten-tape TSTC conductor. Results show that the hybrid configuration offers a compelling
balance, combining low AC losses with compact geometry and structural flexibility.

INDEX TERMS Hybrid superconducting cables, CORC-TSTC configuration, AC loss modeling, 3D H-
formulation, magnetization currents, GdBCO coated conductors.

I. INTRODUCTION
In the race for developing superconducting cables for
applications at large scale, various configurations have been
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introduced with intricate structural methods and techniques
aiming to mitigate the AC losses stemming from the magnetic
hysteretic behaviour of type-II superconductors with strong
pinning [1]. These losses pose a significant challenge in the
development of AC superconducting devices [2], [3], [4],
directly impacting the operational efficiency of the cryogenic
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system for the High-Temperature Superconductor (HTS) in
power system applications. Unlike long-established power
cables [5], HTS cables represent a transformative approach
to energy transmission, combining high current-carrying
capabilities with minimal power losses and a significantly
smaller installation footprint [6]. Their compact form
factor makes them particularly advantageous in densely
populated or infrastructure-constrained environments, where
space limitations hinder the expansion of traditional grid
systems [7], [8]. Yet, while the capital investment associated
with the procurement of the HTS cables remain higher
than those of conventional cables, this is balanced by
reduced operational losses, fewer infrastructure upgrades,
and improved reliability over time. These factors, along
with the continuous progress on already mature cryocooling
technology [9], contribute to the growing perception of HTS
cables as a long-term, cost-effective solution aligned with
energy transition and decarbonisation objectives.

Significant global efforts over the past decade have been
directed towards the advancement of HTS cables capable of
carrying high currents ranging from tens to hundreds of kilo-
Amps. Examples of these cables include, Roebel Assembled
Coated Conductor Cables (RACCs) [10], [11], [12], Conduc-
tor On Round Core (CORC) cables [13], [14], [15], [16],
and the Twisted Stack-Tape Cable (TSTC) [17], [18], [19],
being the latter two the ones currently preferred for large scale
applications due to their easier manufacturing. CORC cables
characterized by a cylindrical core and multiple layers of
Rare-earth (Re) Barium cuprates (ReBCO) coated conductors
wound helically around it, have consistently demonstrated
high power density and mechanical flexibility [14]. Its
transposed configuration of superconducting tapes within
each layer is known to enhance the effectiveness of the
cable by minimizing the current coupling. This technique
has been successfully used not only in cables for high field
magnets but also for power system cables in single and three
phase configurations, whereby increasing the number of tapes
and layers, the capacity of transport current increases [17].
Several global efforts and research over the past decade have
been directed toward reducing the AC loss characteristics of
CORC cables [20], like studies on the effects of magnetic
shielding, winding direction and multi-layer layout, and also
strategies on the tapes themselves like the investigation of
reducing the magnetization loss at a high magnetic field by
using striated superconducting tapes [15], [21], [22], [23].

Simultaneously, the other cable design that currently
competes with the market for CORC cables is the TSTC
conductor, whose cabling technique was initially developed
in a single-slot design by Takayasu et al., at MIT in
2012 [18], [24]. Compared to a straightforward cable
constructed solely with a stack of untwisted tapes, a TSTC
conductor offers various mechanical and electrical bene-
fits [19], [25], including an effective manufacturing cost,
tightness, high current density, and partial electromagnetic
decoupling [26], where there is no change in the AC losses of
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the insulated and non-insulated TSTC stacks under applied
magnetic field [19]. The fabrication process of a TSTC
conductor differs significantly from that of a conventional
helically wound HTS power cable, like the CORC design.
Consequently, the overall size of the cable can be significantly
reduced, aligning the length of the cable closely with that
of the HTS tape utilized. This approach results in a notably
high efficiency of wire utilization [27] and holds significant
utility for both power transmission cables and conductors
used in high-field, high-current magnets, including those
constructed from cable-in-conduit conductor (CICC) [25],
and other forward designs inspired by the TSTC and CORC
topologies [28], opening the possibility for the fabrication of
hybrid composite conductors.

In the case of hybrid cables, approximate simulation
techniques have been employed to estimate AC losses relying
on simplified cable geometries, as proposed in [29]. These
numerical models are typically based on various formulations
of Maxwell’s equations, such as the T-A formulation, where
gauge conditions are applied to reduce computational com-
plexity at the potential expense of losing physical context.
In fact, although mathematically elegant and computationally
efficient, from a physical standpoint, gauge-based formula-
tions that reduce either a material-space dimension or the
degrees of freedom in the fundamental physical variables are
not truly three-dimensional from a physical perspective. As a
result, models such as the T-A approach, which approximate
the three-dimensional nature of HTS tapes as infinitely thin
two-dimensional films, effectively collapsing a 3D physical
system into a 2D numerical framework, lack the ability to
accurately capture the fundamental physical phenomena of
diamagnetism within the HTS tapes [16]. Here, it is worthy
to mention that efforts have been made for extending the
T-A formulation to 3D scenarios, though as recognized by
the authors [30], at the expense of computational burden as
compared to other extended methods. In contrast, using the
H-formulation with no reduction in the dimension of the
system enables the representation of current density profiles
across the tape thickness and, thus, allows for a more accurate
examination of current distribution. Yet, such models offer
an alternative mathematical solution in which the screening
of magnetic fields mimics diamagnetic behaviour by gen-
erating an artificial array of surface “eddy” currents [31],
[32], [33], [34]. Nonetheless, this does not reflect the
actual physical mechanisms at play. In fact, since the
early development of the electromagnetic theory for type-II
superconductors by the London brothers [35], and supported
by the seminal Meissner—Ochsenfeld experiment [36], it has
been well established that superconductors do not expel
magnetic fields through persistent eddy currents that oppose
field penetration. Instead, while screening currents indeed
persist at boundaries or around vortices to enforce the
Meissner or mixed-state condition, they are generated within
the interior of the superconductor, not merely along its
surface [37].
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FIGURE 1. Pictorial representation of the CORC-TSTC Hybrid cable showing its (a) composed structure with a CORC
outer layer and a TSTC Inner conductor, and (b) the scaled-up ReBCO tape mesh manually tailored within COMSOL.

Cable specifications are shown at Table 1.

Thus, considering the world-first experimental measure-
ments of AC losses in the novel CORC-TSTC hybrid cables
reported by Yoon et al. [27], in this paper, we present a
fully three-dimensional numerical model overcoming the
conceptual physical limitations of gauge-reduced formula-
tions, elucidating the actual profiles and local dynamics
of current density inside the HTS tapes that give rise
to the observed AC losses. This builds on our previous
success in the electromagnetic modeling of CORC [38] and
TSTC [39] cables considered as individual systems, although
its implementation is not as simple as the straightforward
merging of existing models. This is due to the symmetry
breaking between the TSTC and CORC topologies that, when
compared under the same physical workplace, particular
attention must be paid to the use of adequate meshing
techniques with similar elements sizing relative to both wires’
dimensioning (see Figure 1).

In particular, we present a detailed study on the impact
of increasing the number of stacked layers in the TSTC
former, validating our numerical results against the recent
experimental observations [27]. Specifically, we investigate
the following configurations of HTS tapes within the hybrid
CORC-TSTC cables (Figure 1):

1) Six HTS tapes in the CORC layer, and a single HTS
tape in the TSTC conductor placed within the CORC
former.

2) Six HTS tapes in the CORC layer, and two stacked HTS
tapes in the TSTC conductor.

3) Six HTS tapes in the CORC layer, and four stacked
HTS tapes in the TSTC conductor.

Additionally, once our computational models are suc-

cessfully validated against available experimental results
for CORC-TSTC hybrid cables, we perform a thorough
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comparison of their AC losses against equivalent cables with
similar HTS tape usage. This includes the electromagnetic
performance of single-layer and bilayer CORC cables, as well
as TSTC conductors with up to 10 stacked HTS tapes. In all
cases, our models retain the full three-dimensional thickness
of individual HTS tapes—an important distinction that sets
our rigorous approach apart from other studies.

It is worth noting that the CORC-TSTC hybrid cable
exhibits a significantly more complex structure compared
to its counterparts. For this reason, section II is dedi-
cated not only to summarizing well-known aspects of the
H-formulation (Sec. II-A), but more importantly, to dis-
cussing the specific considerations required for the successful
numerical modeling of hybrid cables. This includes account-
ing for the strong magneto-angular dependence of the critical
current density in HTS tapes (Sec. II-B), the methodology
for computing AC losses, and relevant meshing strate-
gies to prevent numerical convergence issues (Sec. II-C).
Subsequently, in Sec. III, we present a detailed analysis
of the magnetization characteristics of the CORC-TSTC
hybrid cable, demonstrating excellent agreement between
our simulations and experimental data. This allows us
to identify which among the three cable configurations—
Hybrid, CORC, or TSTC—yields the lowest hysteretic
magnetization losses.

Il. METHODOLOGY AND STUDY CONDITIONS

This section outlines the methodology and modeling
conditions employed in the numerical analysis of hybrid
CORC-TSTC cables. The electromagnetic behaviour of
these complex superconducting assemblies is investi-
gated using a fully three-dimensional implementation of
the H-formulation, solved through the Finite Element
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TABLE 1. General Cable/Tape specifications.

Specification Value
HTS Tape Manufacturer SuNAM
HTS Tape Substrate Hastelloy
Superconductive (SC) Material GdBCO
SC Film Thickness 0.001 mm
HTS Tape Width 4 mm
HTS Tape Thickness 0.07 mm
HTS Single Tape I. @ 77 K (*) 190 A
n-Value (*) 42

Hybrid Cable Former Diameter 10 mm
Hybrid Cable Length 90 mm
CORC layer pitch length 90 mm
TSTC layer 0.5pitch length 180 mm
Magneto-Angular Parameters [, o, 8] (T), [7.53, 0.02, 0.25]
B parameter () 0.0018 T

* Measured at self-field conditions at [40].

T Determined by using the general method for extracting the magneto angular anisotropy of the critical current density of the

HTS tapes in [39], [43].

Method (FEM) in COMSOL Multiphysics. Key aspects of
the modeling approach, including the governing equations,
anisotropic material laws, loss evaluation procedures, and
meshing strategies, are discussed in detail across the
following subsections.

A. THEORETICAL STATEMENT AND MATERIAL LAW

The numerical model includes six 4 mm-wide HTS tapes
forming a single-layer CORC, with an inner TSTC composed
of 4 mm SuNAM tapes, each carrying 190 A at 77 K
in self-field. All parameters and tape specifications follow
the data presented in [27] and [40], which feature experi-
mental measurements of AC losses under a perpendicular
60 Hz sinusoidal magnetic field, with magnitudes ranging
from 15 to 100 mT [27]. The initial outer diameter is 10 mm.
The prototype CORC (with one twist pitch) and TSTC (with
half a pitch) are each 90 mm in length, designed to match
the linked pick-up coil (LPC) system for magnetization
loss measurement, as described in [27]. The design of the
prototyped hybrid cable is illustrated in Figure 1(a), with HTS
tape specifications summarized in Table 1.

We have used the widely adopted H-formulation
method [41] to simulate the electromagnetic performance
of these HTS CORC-TSTC hybrid cables under certain
conditions. Firstly, the solution is implemented using the
Finite Element Method (FEM) in COMSOL Multiphysics.
In this framework, Maxwell’s equations in 3D Cartesian
coordinates can be formulated as shown in [42], enabling
their implementation in the default COMSOL environment
without requiring specialized modules. This is achieved via
the general PDE interface in COMSOL, represented by:

82H+d aH+V r=f 1)
er—5 — -r'=f,

“orr ot

where e, and d, are the so-called mass and damping
coefficients, respectively, and I is the conservative vectorial
flux as defined in COMSOL. The magnetic field H is
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expressed as the state variables of the problem in Cartesian
coordinates as H = [H,, Hy, H;]. The source term V - I'
in Equation 1 must be manipulated to match the left-hand side
of Faraday’s law:

oH
VXE=—popr—, 2

ot
using the same vector notation. To establish a connection
between this formulation and the general PDE form, we start
by evaluating the divergence of the conservative flux vector

I' = [I'\, Iy, I';], which may account for non-isotropic
spatial dependencies. By assuming a zero mass coefficient,
e, = 0, only the damping term d,d0,H remains, which

is analogous to the right-hand side of Faraday’s law,
i.e., om0 H.

The corresponding system of differential equations
becomes:

OE, OE, 9H,
3y 3z HoMr o
OE, OE, oH,
9z ox | MM
O, OE, 3H,
N e P i 3
I dy HoMr ar 3)

Here, the relative magnetic permeability of the supercon-
ductor is assumed to be u, = 1. In fact, throughout
this article, and consistent with typical experimental con-
ditions, we assume that equilibrium magnetization effects
in the superconductor are negligible and that no magnetic
materials are present. As such, we adopt the approximation
B =~ uoH. The conductive properties of the material are yet
to be defined, so an E(J) law must be introduced. For type-II
superconductors, a power-law relation is commonly used [1]:

E =Ep (Jl) ; “
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which resembles Ohm’s law in normal conductors,
p = |E|/|J|, if one defines an effective resistivity:

_Eo|J
Je e
where E( is the critical electric field, typically taken as
0.1 «Vem™! in self-field conditions for 2G-HTS tapes [40],
n is the power-law exponent, and J. is the critical current
density [1].

The current density J is obtained from Ampére’s law:

n—1

p : &)

VxH=], (6)
which in Cartesian coordinates becomes:
_ 0H; 0H,
T ay az '
_ 0Hy 0H;
Y ox
0H, 0H
Jo= —2 - =, @)
ox ay

With these definitions, our physical problem is fully adapted
to the general form in Equation 1 and can be readily imple-
mented using FEM in COMSOL Multiphysics. Specifically,
the model solves the nonlinear diffusion equation:

JH
Vx[p(VxH)]= Mo~ ®)
Moreover, to ensure numerical convergence and physical
validity, additional considerations regarding the dimension-
ality of the material properties and geometrical configuration

of state variables are discussed in the following subsections.

B. ANGLE FORMED WITH APPLIED FIELD

For hybrid cables incorporating helically wound and twisted
tapes, establishing the angle 6 formed by the magnetic field
and the tape’s surface is, by no means, as simple as for the
case of straight tapes. This is due to the curved layout of the
meshed components delineating the superconducting area in
a 3D model, and precludes a uniform angle definition across
all finite elements.

Thus, when assuming a proper J.(B, 6) function for the
HTS tapes at Figure 1, unlike for straight tapes, 6 varies along
the length of the CORC and TSTC conductors, depending on
the finite element dimensions composing each of the HTS
tapes [16], [43]. This issue can be addressed by introducing
a coordinate transformation (local rotation) for the magnetic
field components:

B/

y X
—B + By : )
NI Ayt

and,
B, =By + B,
= —B, , .
y AZ1y2 T xE 12
The spatial coordinate system centre lies in the xy plane

at the centre of the CORC cable former, where By and B,
represent the magnetic field components measured within

(10)
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the global space coordinate system, which determines the
orientation of the local magnetic field. Consequently, the
dependence in 6 can be addressed using trigonometric
identities, such as sin@ = B,/|B|, cosf = B} /|B|. Then,
the underlying magneto angular dependence for the coated
conductors into the numerical formulation for the CORC-
TSTC hybrid cables, J.(B, #) can be borrowed from the
experimentally derived function in [43]:

Jeo
(1 +€(IB|/B,)f)*”

Here B is the calculated local magnetic field vector (applied
plus self-field), and J.o is the self-field measured critical
current density. The coefficients «, 8 and B, parameterize
the thermally activated flux-creep, following the phenomeno-
logical work by Kim [44] (¢« = 1, B = 1 on the original
version), and can be established through experimental
measurements [39], [45]. Additionally, €y represents an
anisotropic flux-creep function. This anisotropy in the critical
current density J, arises mainly from the imperfect alignment
of the ab-plane of each YBCO grain, with only a small
portion of grains having their ab-planes precisely parallel
to the tape surface, contributing significantly to inter-grain
critical current when the magnetic field is parallel to the
tape’s surface. Furthermore, the anisotropy is believed to be
tailored by the electron mass anisotropy ratio y of the coated
conductor, at least if a macroscopical equation as the one
at Equation 11 can be directly derived from experimental
observations [43]. As a matter of fact, across the majority
of manufacturers of superconducting tapes, the anisotropy
function €y has been observed to adhere to the following
equation [46]:

J.(B,0) = (11)

€9 = \/y—l sin @ + cos2 6 . (12)

In our case, the parameters «, 8 and y have been obtained
by straight computational analysis of experimental data
available for the SUNAM tapes in question [39], [45].

C. AC LOSS EVALUATION, SETUP AND MESHING

In our model, a 60 Hz external magnetic field is applied, and
the magnetization losses are calculated on a per-cycle basis.
Specifically, the AC losses are computed by integrating the
local power dissipation density (E - J) over the volume of the
HTS tapes and across one full peak-to-peak hysteretic cycle
(denoted as f.c.):

Q:a)/ dt/E-JdQ. (13)
.. Q

Here, w is the angular frequency of the externally applied
magnetic field, and €2 denotes the volume of the SC sample.

To ensure accuracy, the AC loss calculation begins from the
second quarter-cycle of the applied magnetic field, in order
to exclude the effects of the initial magnetization transient in
the first half-cycle [34]. A full assessment of AC losses in
the CORC-TSTC hybrid cable, across the range of magnetic
field amplitudes from 15 mT to 100 mT, is presented
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FIGURE 2. Distribution of normalized current density, J; /Jc, in hybrid CORC-TSTC cables. (a) hybrid configuration
consisting of six HTS tapes in the CORC layer and four tapes in the inner TSTC conductor. A zoomed-in
cross-sectional view of a 2G-HTS tape reveals magnetization currents satisfying Ampére’s law, along with a clearly
defined flux-free core—an internal structure not visible through other 3D modeling techniques.(b) Corresponding
current density profiles in the inner TSTC conductor evaluated after 12.5 ms under an applied AC magnetic field

B = Bac sin(wt), with an amplitude of Bac = 90 mT oriented along the y-axis.(c) Configuration of a two-layer CORC

cable composed of 10 HTS tapes.(d) Configuration of a single-layer CORC cable composed of 6 HTS tapes.

in Sec. III-B. Furthermore, due to the complex structure of
the hybrid cable (Figure 1), developing a numerical model
that can efficiently and accurately capture its operational
performance, considering the high width/thickness ratio of
the SC film within each of the HTS tapes (see Table 1),
poses a significant challenge. In this work, to overcome
numerical difficulties arising from the large aspect ratio
of the second-generation high-temperature superconducting
(2G-HTS) tapes, the 1 um thickness of the 4 mm-wide
ReBCO layer in the 2G-HTS tapes used was scaled up
by a factor of 50 (see Figure 1(b)). Simultaneously, the
critical current density J. of the superconducting layers
was renormalized by the same factor. This scaling approach
addresses the computational difficulties caused by the
extreme aspect ratio of the tapes while maintaining the
model’s accuracy to a considerable extent, as shown by
numerous prior studies [47], [48], while maintaining a valid
physical picture for the distribution of current density on
the surface an the inside of the HTS tapes (see Figure 2 &
Figure 3).

To implement the external magnetic field condition, a large
cylindrical region was added to the geometry. The diameter of
this cylinder is five times larger than the length of the cable,
forming what is commonly referred to in electromagnetic
modeling as the “air”” domain—i.e., a non-magnetic, highly
resistive medium [16], [34]. A mapped mesh using an edge
selection technique was applied to the HTS regions in both
the CORC and TSTC tapes, while a free tetrahedral mesh was
used for the air domain. To satisfy convergence requirements,
minimize meshing errors, and optimize computation time,
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different edge selection parameters were tested for both the
outer layer and the inner former tapes as shown in Figure 1(b).
A mesh sensitivity analysis was performed to evaluate the
accuracy of AC loss calculations in both CORC and TSTC
superconducting tapes. To ensure mesh-independent results,
a configuration employing hexahedral elements was used,
with each element’s thickness set equal to be no greater
than that of the HTS layer. The tape cross-section was then
discretised into a control grid of 6x90 elements along the
width and length, respectively, incorporating an additional
diagonal edge for better capturing current redistribution.
The results obtained when discretizing the thickness of
the HTS tapes into two and three equally sized elements
(without diagonal edge) deviated, on average, by less than
9% and 4%, respectively, from those obtained with the
coarser mesh (for the 20 mT and 100 mT applied magnetic
fields). However, this came at the cost of a two- to four-fold
increase in computing time relative to the baseline control
grid. For instance, in the CORC-TSTC hybrid cable with
a single HTS tape at the TSTC core, simulating a full AC
excitation cycle at B, = 20 mT required of approximately
2 computing hours, and about just 15 minutes more for
B, = 100 mT, when the constant J. model is assumed.
However, if instead, the actual magneto-angular anisotropy
of the HTS tapes is accounted for via Equation 11, the
computing time may triple or more (see Table 2), as the
anisotropy factor €y must be evaluated within each element
and at every iteration so that J.(B, 6) is updated locally.
This naturally adds considerable computational overhead,
but returns results in much closer agreement with the
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FIGURE 3. (a) Snapshot of the half the pitch length of the hybrid CORC-TSTC cable (by symmetry), using the TSTC
pitch as a reference. The image shows complex magnetization current loops in both the CORC and TSTC layers
under an applied magnetic field of 90 mT at 12.5 ms.(b) Full view of the cable’s pitch length, providing context for
the current distribution.(c) Identification of thermodynamically “cooler” regions within the cable, where flux-free
core areas emerge due to opposing magnetization currents flowing in adjacent domains.

experimental evidence, as shown in Figure 4. Likewise,
no significant improvements in accuracy were observed by
further increasing the element density along the tape’s width
and length; however, numerical instabilities, particularly
noticeable in the instantaneous energy loss curves for the
CORC layers, were sometimes observed when using fewer
than 5 elements across the width, or fewer than 80 along the
length. Moreover, omitting the diagonal edge in the control
mesh often led to convergence failures at field amplitudes
as low as or beyond 20 mT, unless mesh-relative error mag-
nitudes were tightly controlled to avoid spurious directional
flips in field derivatives, essential for maintaining tangential
continuity and physical consistency of the solution. For this
reason, we recommended the control mesh configuration
where the physics-controlled error and tolerance settings in
COMSOL are left unaltered, as the lowest mesh quality
acceptable for accurate results. This configuration yielded
results within a 5% tolerance, for more than 90% of the
experimental cases, indicating satisfactory convergence and
affordable computing times. In contrast, applying a similar
mesh resolution and using tetrahedral elements leads to a
substantial increase in computation time (> 300%) and,
in some cases, non-convergent solutions. These issues were
found to depend strongly on the applied magnetic field
intensity and the degree of mesh homogeneity, highlighting
the practical limitations of tetrahedral meshing for such
high-gradient field problems. All computations were made
using a standard HP Z2 Tower G5 Workstation equipped
with 10 Intel Core i9-10900K processors at 3.6 GHz base
clock-speed and 128 GB DDR4 memory, and on COMSOL
Multiphysics 5.6.
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TABLE 2. Sample of computing times attained with the control mesh for
diverse CORC-TSTC hybrid cables referred at Figure 4.

TSTC* B, Computing Time Computing Time
with J. constant  with J.(B, 6)

20 mT 01:58:48 06:44:49
50 mT 01:41:40 20:40:02
100 mT 02:14:35 15:22:26

2 20 mT 01:48:36 04:20:11

2 50 mT 01:47:52 13:06:11

2 100 mT 01:57:30 23:52:21

4 20 mT 04:27:59 04:54:43

4 50 mT 04:44:35 15:41:33

4 100 mT 04:20:22 18:28:02

* Number of HTS layers at the TSTC core. For all cases, six HTS tapes
are considered for the outer CORC in the hybrid designs.

Ill. RESULTS AND DISCUSSION

In what follows, we turn our attention to the outcomes
of the three-dimensional numerical approach introduced
earlier, focusing on two key aspects of hybrid CORC-TSTC
cable performance: the distribution of magnetization currents
and the associated AC losses under varying configura-
tions. The analysis begins with a detailed investigation of
current density profiles across different cable geometries,
followed by a comparative study of AC loss behaviour
validated against experimental data. These results shed
light on the electromagnetic response of these complex
architectures and help to explore the extent to which
hybrid designs can offer performance advantages over more
conventional layouts.
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FIGURE 4. Comparison between the experimentally measured AC Losses and those obtained with our 3D model for CORC-TSTC hybrid cables
comprised of: (a) Six tapes in the CORC layer + 1 tape for the TSTC inside the former; (b) Six tapes in the CORC layer + 2 tapes for the TSTC; (c) Six
tapes in the CORC layer + 4 tapes for the TSTC. (d) Shows the AC Losses reduction according to the number of tapes in the TSTC at the CORC-TSTC

hybrid cable.

A. MAGNETIZATION CURRENT DISTRIBUTION

We begin by examining the distribution of magnetization
currents within the superconducting tapes for three cable con-
figurations: the hybrid CORC-TSTC, a single-layer CORC,
and a two-layer CORC, as illustrated in Figure 2. Shown are
the normalized current density profiles, J;/J., in the HTS
tapes subjected to an externally applied sinusoidal magnetic
field of 60 Hz and 90 mT amplitude, coherently with the
experimental conditions at [27], and evaluated at 12.5 ms with
the field oriented along the y-axis.

In particular, Figure 2(a) presents the current density distri-
bution J;/J, for the hybrid CORC-TSTC cable, which com-
prises six HTS tapes in the CORC layer surrounding a TSTC
core made of four stacked HTS tapes—resulting in a total
of ten HTS tapes in the hybrid design. Figure 2(b) provides
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a zoomed-in view of the TSTC conductor, highlighting
regions of interest such as tape edges and the twist section
at half the pitch length. Similarly, Figure 2(c) depicts a
likewise configuration regarding the end use of HTS tapes: a
double-layer CORC cable composed of six HTS tapes in the
outer layer and four in the inner layer, matching the total tape
count of the hybrid prototype. Finally, Figure 2(d) presents
the reference case of a single-layer CORC cable with six HTS
tapes whose model has been previously validated against
available experimental results [16], [43].

Interestingly, the current density distribution in the outer
CORC layer of the hybrid CORC-TSTC cable closely
resembles that of conventional HTS CORC cables. Specif-
ically, it exhibits the classical left-right symmetry of
positive and negative current lobes, consistent with the
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Bean-like profiles observed in cylindrical wires subjected
to transverse magnetic fields under zero-transport current
conditions [49], [50]. A closer inspection of the 2G-HTS
tape cross-section (see Figure 2(a)) confirms that each tape
exhibits this characteristic distribution across its thickness,
including clearly defined flux-free regions—highlighting the
predictive power of our full 3D modeling approach.

It is worth emphasizing that such features cannot be
resolved using reduced-dimensionality models, which under-
scores the strength of our approach in revealing a more
detailed view of the system’s physical response. For instance,
in contrast to the behaviour observed in the CORC layer of the
hybrid cable, the TSTC tapes within the same configuration
exhibit markedly different current density patterns. While still
governed by the principles of Bean’s critical state model, their
profiles resemble those of thin films exposed to magnetic
fields aligned parallel (rather than perpendicular) to the tape
surface. This behaviour is illustrated in Figure 2(a) and (b),
where the normalized current density J,/J. in the TSTC core
is strongly influenced by the varying field orientation along
the twisted geometry.

Remarkably, the electromagnetic response of the CORC
layers as a whole aligns well with Brandt’s theoretical model
for type-II superconductors under perpendicular magnetic
fields [51]. Indeed, in Figure 2(b) we observe how the
orientation of the applied magnetic field evolves along the
twist pitch: at both ends of the pitch, the field is nearly
perpendicular to the HTS tape surface, while at a quarter of
the twist pitch length, it becomes nearly parallel—resulting
in a distinct current penetration profile. This differs from
the expected strip-like penetration under purely perpendicular
field conditions, as predicted by Brandt, which would
typically occur at half the twist pitch length. These results
illustrate the complexity of real 3D current paths, which
can only be captured through detailed numerical modeling
(see Figure 3). Depending on the tape’s geometry and the
field orientation, magnetization currents form loops that close
either across the tape’s width and thickness—as observed in
CORC cables—or along the tape’s length and thickness—
as observed in twisted TSTC tapes (see Figure 3(a)). The
latter behaviour is consistent with our recent results for
TSTC conductors [39]. It underscores the necessity of using
fully 3D modeling to accurately resolve the local current
density distributions in such hybrid superconducting cable
architectures.

B. AC-LOSS ANALYSIS

To validate the reliability of our model prior to further
analysis, we first compare the simulation results with
available experimental data. In this case, magnetization losses
serve as the key validation metric [27]. Thus, in Figure 4,
we compare the calculated AC losses against the experimen-
tal measurements for all hybrid cable configurations, ranging
from a hybrid cable with six HTS tapes in the CORC layer
and one TSTC tape in the former, as a default cable layout,
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up to a configuration with four TSTC tapes in the former (see
Figure 4(a—c)).

The analysis includes simulation results using both a
constant critical current density J. = J. (blue dotted
line), and a magneto-angular-dependent J.(B/0) (red dashed
line), while the experimental results are represented by
green solid lines. Clearly, neglecting the magneto-angular
anisotropy of the HT'S tapes can lead to a weak but noticeable
underestimation of the AC losses at low magnetic fields. This
discrepancy arises due to the expected invariance of the norm
of J. across the length of the element edges (when assumed
constant), reducing thereby the spatial resolution within the
finite element, an effect that is mitigated when the J.(B, 6)
function is used, albeit at the cost of a substantial increase
in computing time (see Table 2). Yet, as the magnetic field
penetrates more deeply into the HTS tapes, the area where
magnetization currents are induced becomes more uniformly
distributed with one or another approach. Then, as it is
precisely the local movement of the magnetization currents
that, in response to changes in the external magnetic field,
gives rise to hysteretic losses, the differences between the
models diminish at higher field amplitudes (see Figure 4),
except in terms of computational cost.

In more detail, for the first case, i.e., the hybrid cable
with a single TSTC tape (Figure 4(a)), our 3D model with
constant J. tends to underestimate the AC losses at the
lowest magnetic field amplitudes (10)-20 mT) relative to the
experimental data. However, as noted above, this discrepancy
becomes negligible as the magnetic field increases (30-
100 mT), where both modeling approaches align well with
the experimental measurements. The low-field deviation,
primarily observed in the case with a single HTS tape in
the TSTC core, persists even when the J.(B/0) function is
used, and could be therefore attributed to the relatively coarse
discretization across the tape thickness, in accordance with
our mesh sensitivity analysis. In this context, it is worth
reminding that while increasing mesh density would indeed
improve local accuracy, particularly when accounting for the
tape’s magneto angular anisotropy, it could also substantially
raise the computation time. As a result, a trade-off must
be observed, especially when other sources of uncertainty
may arise from extrinsic factors such as experimental instru-
mentation or the actual accuracy of the J.(B, 6) approach
for each of the HTS tapes in the real cable. In particular,
consider that, in practice, J. curves are typically obtained
from flat tape specimens before any winding or twisting,
which may alter their effective behaviour. On the other
hand, differences attributed to the imperfectly predicted field
penetration profiles decrease as the applied field increases
because field gradients within the sample are less relevant and
one may even evaluate losses via Bean’s model. Thus, given
the relatively minor deviation observed, the present model
with the established control mesh is considered sufficiently
accurate for the purposes of this study.

Similarly, Figure 4(b) presents results for a hybrid cable
with the same CORC layer but with two HTS tapes in the
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FIGURE 5. (a) lllustration of the reduction of instantaneous AC losses for
the inner layer (TSTC) in the hybrid cable as the number of stacked tapes
increases, under applied AC magnetic field of amplitude 90 mT.

(b) Demonstration of the negligible influence of the number of stacked
tapes in the TSTC within the cable former on the AC losses of the hybrid
cable outer layer (CORC layer).

TSTC region. The analysis is then extended to the case of
four TSTC tapes, shown in Figure 4(c). As summarized in
Figure 4(d), the magnetization losses in the hybrid cable
decrease as the number of TSTC tapes inside the former
increases, a trend confirmed by both experimental and
simulated data. This effect arises from the magnetic shielding
generated by the outer layers of the TSTC cable, which leads
to a twofold outcome. First, the magnetic field penetrating
each HTS layer in the TSTC is progressively attenuated,
resulting in a corresponding reduction in their magnetization
losses. Second, as the inner layers experience a weaker mag-
netic field, the degradation of their critical current density,
governed by the magneto-angular dependence J.(B, 0) is less
pronounced [39]. Specifically, for the CORC-TSTC hybrid
cables considered at Figure 4, the difference in AC losses
between the hybrid cable with one TSTC tape and that with
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four TSTC tapes at an applied field of 0.1 T, is of 36%
according to experimental measurements, and 38% in the
3D model. The average reduction across the entire field
range is 7.11% experimentally, and 8.7% in the simulation.
Furthermore, to evaluate whether increasing the number of
TSTC layers within the hybrid cable influences the AC losses
in the outer CORC layer, we calculated the losses for the
CORC layer alone using our 3D model (see Figure 5(b)).
As shown, increasing the number of TSTC tapes does not
affect the AC losses in the outer layer. This indicates that the
total AC losses in the hybrid cable are primarily dominated
by the CORC layers as illustrated in Figure 5(a), and that
the observed reduction in total losses (see Figure 4(d)) is
attributed to the lower field penetration on the TSTC core,
what is in agreement with our previous observations in single
TSTC configurations [39].

Finally, we consider three configurations, each containing
the same total number of HTS tapes (ten), but arranged
differently: (1) a bi-layer CORC cable with four tapes in the
inner layer and six in the outer layer, (2) a TSTC cable with
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ten stacked tapes, and (3) a hybrid cable with four tapes in
the TSTC core and six in the outer CORC layer. The AC
losses per unit volume for these configurations are shown in
Figure 6(a), and the distribution of losses between outer and
inner layers is presented in Figure 6(b). In all cases, an AC
magnetic field of amplitude 90 mT is applied.

As seen in Figure 6(b), the outer CORC layer consistently
dominates the AC loss contribution in both the hybrid and
bi-layer CORC cables. However, the hybrid configuration
achieves a noticeably lower total loss compared to the bi-layer
CORC cable, despite using the same number of tapes. This
reduction arises from the significantly lower losses in the
TSTC core compared to the inner CORC layer in the bi-
layer cable. In contrast, the TSTC cable with ten stacked
tapes shows the lowest total AC losses among the three
configurations. However, the difference relative to the hybrid
cable becomes negligible at higher applied magnetic fields,
as the loss contribution is more evenly distributed owing to
the uniform tape stacking. These results indicate that hybrid
designs achieve a favourable balance, preserving structural
complexity and shielding advantages, while reducing total
AC losses more effectively than pure CORC cables, even
when compared with pure TSTC designs, except at very
low fields (< 30 mT), a region where the TSTC clearly
outperforms.

IV. CONCLUSION
In this study, a fully three-dimensional electromagnetic
modeling framework for hybrid CORC-TSTC super-
conducting cables has been presented, offering new
insights into their magnetization behaviour and AC loss
characteristics—validated comprehensively against recent
experimental observations. A distinguishing feature of
the proposed model is its foundation on overcoming the
limitations of prior approaches, particularly those relying
on reduced-dimensionality approximations such as the
T-A formulation. While such gauge-based methods are
computationally efficient, they fail to capture key local
electromagnetic phenomena, including flux-free cores and
internal shielding effects, which are essential for accurately
modeling twisted and helically wound composite geometries.
The modeling strategy was validated through close com-
parison with experimental measurements of magnetization
losses across various CORC-TSTC hybrid cable configura-
tions. A detailed analysis of magnetization current density
distributions revealed that the outer CORC layer dominates
the AC loss profile, while the internal TSTC tapes benefit
from the stronger pinning mechanism characteristic of thin
films in a parallel magnetic field [39], [51]. In the hybrid
cable, the CORC layer exhibited a ‘““Bean-like”’ current
pattern consistent with seminal models for cylindrical wires
under perpendicular magnetic fields [49], [52], [53], which,
when examined in greater detail, have revealed the 3D
structure of current loops that close across the tape’s width
and thickness. In contrast, the TSTC conductor forms
current loops along its length and thickness, resembling the
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current profiles characteristic of finite thin films subjected
to longitudinal magnetic field components. These results
not only offer valuable physical insight but also confirm
the capability of the 3D model to resolve intricate local
current behaviours that lie beyond the reach of reduced-
order formulations. As such, they should not be conflated
with simplified approaches such as the T-A formulation,
where the tape thickness is neglected and spatial variations
of electromagnetic quantities across the superconducting
cross-section are inherently omitted, effectively overlooking
the internal structure and depth-dependent physics of the
superconductor.

Notably, while the CORC layer contributes the majority
of the total AC losses, the inclusion of a TSTC core
substantially improves overall efficiency without affecting
the loss profile of the outer layer—underscoring the hybrid
design’s potential to reduce losses without increasing cable
complexity or footprint. Furthermore, when comparing three
functionally equivalent designs—(i) a two-layer CORC
cable, (ii) a ten-tape TSTC cable, and (iii) a hybrid
CORC-TSTC cable with the same total number of tapes—
the hybrid configuration emerges as a superior trade-off.
It demonstrates lower total AC losses than the two-layer
CORC cable and comparable loss levels to the TSTC cable,
while preserving the mechanical and electrical advantages
of the CORC geometry. These findings establish the hybrid
architecture as a compelling option for applications demand-
ing both electromagnetic performance and design flexibility.
The hybrid CORC-TSTC topology not only harnesses the
complementary features of its constituent components but
also presents a scalable platform for future innovation. The
modeling framework developed here can be readily extended
to support investigations involving dynamic load conditions,
transport currents, or integration into magnet coils and cable-
in-conduit systems, with applicability across fusion energy,
aerospace, and grid-scale superconducting technologies.
In the latter, although no experimental measurements of AC
losses under transport current conditions are yet available for
CORC-TSTC hybrid cables, the numerical model presented
in this study provides a robust foundation for baseline OPEX
estimations, particularly when the cable is not intended
for fault current limiting applications. In scenarios where
quench behaviour becomes relevant, a more comprehensive
numerical framework would be required, i.e., one that
concurrently solves Maxwell’s equations alongside Newton’s
heat transfer equation, thereby enabling analysis of key
parameters such as minimum quench energy and normal zone
propagation velocity. However, importantly, the practical
limitations surrounding the fabrication of large-scale HTS
cable prototypes, combined with the scarcity of experimental
facilities capable of measuring total (i.e., calorimetric) AC
losses over representative cable lengths, underscore the
timeliness and value of models like the one developed
here, and why magnetization experiments are first con-
sidered. Thus, now that our model has been validated
against the world’s first magnetization loss data for hybrid
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CORC-TSTC cables, our numerical framework is well-
positioned to support future studies involving transport
current AC losses, which will be addressed in a forthcoming
publication.
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