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Abstract—With the recent progresses on the designing and
manufacturing of lightweight and high engineering current dens-
ity superconducting cables, the need for an established, fast, and
sufficiently accurate computational model for the forecasting of
AC-losses in cold-dielectric conductors, is pivotal for increasing
the investment confidence of power grid operators. However,
validating such models is not an easy task, this because on the
one hand, there is a low availability of experimental results for
large scale power cables and, on the other hand, there is a
large number of 2G-HTS tapes involved whose cross-sectional
aspect ratio hinders the numerical convergence of the models
within reasonable delivery times. Thus, aiming to overcome
this challenge, we present a detailed two-dimensional H-model
capable to reproduce the experimentally measured AC-losses
of multi-layer power cables made of tens of 2G-HTS tapes.
Two cable designs with very high critical currents have been
considered, the first rated at 1.7 kA critical current, consisting
of fifty 4 mm width 2G-HTS tapes, these split in 5 concentric
layers wound over a cylindrical former, with the three inner
layers forming an arrangement of 24 tapes shielded by two
further layers with 13 tapes each. This cable is contrasted with
a size wise equivalent cable with67 superconducting tapes rated
at 3.2 kA critical current, whose design implies the use of 40
tapes of 3 mm width split within four core layers, and 27 tapes
of 4 mm width distributed in two shielding layers. In both
situations a remarkable resemblance between the simulations and
experiments has been found, rendering to acceptable estimates of
the AC-losses for cold dielectric conductors, and offering a unique
view of the local electrodynamics of the wound tapes where the
mechanisms of shielding, magnetization, and transport currents
can coexist within the hysteretic process.

Index Terms—Power Cables, COMSOL, Electromagnetic Pro-
files, H-formulation, AC losses.

I. INTRODUCTION

AFTER the advent of the so-called second generation
of high temperature superconducting tapes (2G-HTS),

a greater interest on the development of power cables under
direct (DC) and alternating (AC) current conditions has been
seen [1]–[4]. Although DC systems offer a further reduction
in electrical losses, depending on the amount of current being
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transmitted [5]–[10], most existing power grids are predom-
inantly AC. Meaning any DC cable would require additional
expenses in the conversion, which is not justifiable unless the
cable is in excess of 100 miles [11]. Likewise, compact HTS
cables can be used within aircraft and ship propulsion systems
but, both the mass and the dimensions of the cable need to be
considered for their production [12]. One way that this can be
achieved is by cable designs with multilayer structures of 2G-
HTS tapes, which can simultaneously increase the transport
current carrying capabilities alongside reducing the cross-
sectional area of the cable. In turn, resulting in the lightening
of the cryogenic load [11]–[13] and any associated costs
through the materials [14].

Table I
PARAMETERS† OF THE TRILAYER PLUS BILAYER ‘SHIELDED’

SINGLE-PHASE CABLE IN ACCORDANCE WITH THE PROTOTYPE AT [15].

Nl Wl Rl [mm] Γl [mm] NT 〈Ic〉 [A]

Cable Core

1st 4 11.3 +200 8 72.8
2nd 4 12.2 +109 8 72.8
3rd 4 13 +61 8 72.8

Cable ‘Shield’

1st 4 18.4 -330 13 91.8
2nd 4 19.6 +110 13 91.8
† Nl stands for the number of layers, Rl for its inner diameter, and NT

is the number of tapes (per layer). 〈Ic〉 corresponds to the averaged Ic
per tape per layer, where Wl refers to the width of the tape, and Γl is
the twist pitch length with positive or negative winding direction.

With numerous HTS cables installed within research facil-
ities and operational power grids [2]–[4], our recent work has
taken a particular focus in the cables developed by SuperOx
and the VNIIKP Cable institute, where a range of multilayer
cable prototypes have been manufactured for both DC and
single to three-phase AC systems [15]–[21]. For the case of
AC cables, relevant research has been pursued within the
context of cold dielectric designs, i.e., in cables where the
outer layers of superconductors are ultimately aimed to serve
as AC magnetic shields, looking to maintain the high current
capacity of the cables, whilst making the prototypes to be
more compact. Then, for benchmarking our numerical results
we have chosen to reproduce and validate the experimental
observations made in two of their most recent designs for
single-phase power cables (see Figure 1), namely:
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Figure 1. Two-dimensional representation of the prototype cables, (i) at the
left pane and (ii) at the right, with the corresponding magnetic profiles at
t = 0.025 s, i.e., when an applied alternating current Itr = 0.5Ic sin (ωt)
is at its peak value, being the frequency of the transport current 50 Hz.

(i) A total of 50 SuperOx tapes of 4 mm width each are
distributed in five concentric layers (Figure 1 left-pane),
following the design parameters shown in Table I. The
manufacturing and initial experimental testing of this
cable has been reported at [15]. Notice that, on the one
hand, the cable ‘core’ layers refer to the three inner
layers with eight 2G-HTS tapes each, building up to
∼ 1.7 kA critical current. On the other hand, the two
outer layers consist of 26 tapes evenly distributed, which
could be eventually used as a ‘shield’ for the magnetic
field created by neighboring single-phase cables, or add
a further ∼ 2.3 kA critical current if connected in series
to the ‘core’.

(ii) A size wise equivalent cable (Figure 1 right-pane), whose
design involves 67 SuperOx tapes distributed across the
‘core’ and ‘shield‘ layers [16], but with the core rated
critical current ( ∼ 3.2 kA) nearly doubling the one
for the cable design (i). In this case (see Table II),
the core layers are made of 40, 3 mm width, 2G-HTS
tapes distributed across 4 concentric layers, which are
surrounded by a further 2 layers (the shield) with 27,
4 mm width, tapes provided by the same manufacturer.

On the one hand, regarding to the experimental conditions
on which these cables have been tested [15], [16], which
therefore act as preconditions for our computational study, it
is worth mentioning that for the cable (i) the so-called ‘shield’
layers are actually connected in series with the ‘core’ layers.
This means that the ‘shield’ layers are configured to be under
the same transport current conditions than the ‘core’ layers,
what blot out the intended purpose of magnetic shielding.
However, the considered case allows to get a maximum
estimation of the AC losses for these layers without the
need for building a complex and costly rig with neighboring
power cables, as the magnetization losses created by the
called ‘shield’ layers are not expected to be greater than the
sum of their own transport current losses, plus the induced
magnetization losses generated by the inner ‘core’ layers [8],
[10]. Simulations of the cable with the shield layers being
disconnected have also been performed, i.e., without transport
current, this in order to estimate the minimum AC losses for
single or isolated power cables.

On the other hand, regarding the reliability and accuracy

Table II
PARAMETERS OF THE QUAD-LAYER PLUS BI-LAYER SHIELDED

SINGLE-PHASE CABLE‡ IN ACCORDANCE WITH [16].

Nl Wl Rl [mm] Γl [mm] NT 〈Ic〉 [A]

Cable Core

1st 3 10.32 -56.2 9 81
2nd 3 11.03 -193.6 11 81
3rd 3 12.03 94.3 11 81.4
4th 3 13.06 40.7 9 81.7

Cable Shield

1st 4 18.25 349.4 13 120
2nd 4 19.06 -317.4 14 118.6
‡ See in conjunction with the cable (i) definitions at Table I

of the chosen computational model, our group has extens-
ively used the H-formulation in the past, already showing an
excellent agreement between the numerical estimations and
experimental measurements in a large set of power cables,
either in 2D or 3D environments [22]–[26]. Conclusions from
these studies have shown that the simplified 2D models can be
effectively used as digital twins of warm and cold dielectric
conductors, allowing the timely assessment and forecasting of
their power density losses. Still, we would like to emphasize
that no matter how precise the 2D approach might result,
which as a matter of fact depends on how realistic the physical
parameters for individual tapes are (e.g., Jc at the wound tapes
and in the operational conditions of the entire cable), it is safe
to say that a discrepancy with the experimental results of at
least ±10% is customarily considered as acceptable [27].

Thus, under the above considerations, in this paper we
present reliable numerical estimations for large scale mul-
tilayer HTS power cables, based in our comparison with the
experimental data of two of the most recent prototypes for cold
dielectric cables produced by VNIIKP. Thus, our numerical
approach is summarized in section II, alongside with the
disclosure of the electromagnetic profiles for individual 2G-
HTS tapes, where general features for the local distribution
of current density and profiles of magnetic field are informed.
Further analysis of the AC losses is provided in section III,
with a depth analysis on the energy losses expected at each
of the individual layers of the cable, and how our numerical
predictions contrast well with the experimental observations.
Finally, the main findings of our simulations will be briefed
in section IV.

II. NUMERICAL IMPLEMENTATION AND
ELECTROMAGNETIC MODELLING

Using the information in Tables I and II, the computer-
aided design of the single-phased cables can be drawn in a
2D-approach with 3 mm and 4 mm width 2G-HTS SuperOx
tapes [28], with its magneto angular properties, Jc(B, θ) being
characterized at [29]. The 1 µm thickness of the supercon-
ducting layer is scaled by a factor of 50, improving thence
the convergence and computing time of the model, as in
previous works it has been already proven that a coherent
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rescaling of the self-field critical current density, allows for
the proper reproduction of experimental results [22], [30].
Still, for an adequate computation of the local electrodynamics
inside the superconducting layers, each of the scaled super-
conducting domains must be split in at least 7 sublayers, such
that sufficient ‘computational resolution’ is enabled for the
convergence of Maxwell equations as shown in [26]. Not such
high resolution is required for any of the other components
in the cable, as there is no current sharing nor eddy currents
within them, i.e., behaving as electrical insulators which do not
add any significant losses to the system. Still, it is necessary
to incorporate its right dimensions for fidelity with the real
system.

About the computational formulation, the general form of
the PDE module of COMSOL Multiphysics is used, where the
state variable for the magnetic field H can be introduced by
the partial derivatives function,

ea
∂2H

∂t2
+ da

∂H

∂t
+∇ · Γ = f . (1)

This allows to rewrite Faraday’s law by making the mass
coefficient ea and the source function f equal zero, whilst
the damping coefficient da and the conservative flux function
Γ are rewritten in the matrix form:∣∣∣∣µ0 0

0 µ0

∣∣∣∣ · ∂t|Hx, Hy|T +
∣∣∂x, ∂y∣∣ · ∣∣∣∣0 − Ez

Ez 0

∣∣∣∣ = 0 , (2)

with Hx and Hy the main variables of the system to be
computed at the different elements of the meshed domains.

Within the 2D illustration of the cable designs shown at
Figure 1, the position of each tape can be seen to be evenly
distributed across their layers, alongside the magnetic profile
derived from cables (i) and (ii). Due to the experimental setup
of cable (i) incorporating an applied transport current within
the shield, a blatant difference in the magnetic fields of both
cables is shown at the same time instance, i.e., at t = 0.025 s,
time when the transport current reach its maximum value
within hysteretic (cyclic) conditions. This shows that the
applied transport current causes the maximum magnetic field
to be produced on the outer layer of the shield, whereas the
peak magnetic field of cable (ii) is evidently on the outermost
tapes of the core.

Under both scenarios, and for a moderate transport current,
i.e., Itr = 0.5Ic (per tape), being Ic the minimum average
critical current allowed for the individual 2G-HTS at the
corresponding cable cores, 72.8 A or 81 A for the cable
designs (i) and (ii) respectively (see tables I & II), the peak
magnetic field tend towards the upper end of the spectrum
with cable (i) reaching 0.05 T and cable (ii) slightly higher
at 0.06 T. The space between the core and the shield shows
a peak of 0.015 T when a current is applied to the shield in
cable (i), whereas when this ‘shielding’ current is not added
for cable (ii), the magnetic field increases about three times,
i.e, with a maximum field seen of about 0.045 T.

To assist with the understanding of the complex electro-
dynamics exhibited by individual tapes at these fairly large
cable designs, and by considering a sufficiently large repres-
entative section (with angular symmetry) of the corresponding

Figure 2. Normalized current density profiles Jz/Jc for a representative
section of the cables depicted in Figure 1. Note that the corresponding profiles
for the 5-layers cable [design (i)] correspond to the two plots at the top
pane, whilst the results for the 6-layers cable [design (ii)] are displayed
underneath. The left pane corresponds to measurements at t = 0.025 s,
i.e., when Itr is at its maximum value, showing direct evidence of transport
and magnetization currents concomitantly occurring. Analogously, the right
pane shows the current density profiles when Itr = 0 A at t = 0.03 s, i.e.,
when only hysteretic magnetization currents exist. The vertical dashed lines
separates the snapshots for the ‘core’ and ‘shield’ layers, where the distancing
between layers has been reduced for illustration.

two cables in Figure 1, the normalized current distribution
profiles Jz/Jc for different transport current conditions are
shown in Figure 2. On the one hand, at t = 0.025 s, i.e.,
when the transport current is at its positive peak value within
the first hysteresis cycle, both of the cable configurations
provide similar results within the core layers, i.e., showing the
concomitant action of transport and magnetization currents as
Itr < Ic. This shows similar features to the ones observed in
HTS monofilament rounded wires [8], [10], where the local
dynamics of profiles of current density for multiple experi-
mental conditions have been thoroughly discussed. Thus, as it
can be seen within the innermost layer (core layer 1), the +Jc
region is about but less than half the size perceptible within
the other core layers. In fact, as the tapes at this layer are
barely affected by the edge fields created by the neighboring
tapes (due to the symmetry of the problem), a flux free
region is still noticeable at the innermost region, where only
the tape edges are being slightly affected by the concurrent
action of magnetization currents. However, as the core layer
1 induces a magnetic field to the other layers, for instance to
the core layers 2 and 3, the flux free region is not any longer
observed in those, but on the contrary this is fulfilled mostly
by magnetization currents flowing in the opposite direction,
i.e, with -Jc. In finer detail, for the cable design (i), due to the
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Figure 3. Experimental and simulated (Sim) AC losses for the cable design
(i), with and without applied current on the ‘shield’ layers (left pane, and with
a 10% reduction on the critical current measured before operational testing.

transport current being applied to both, the ‘core’ and ‘shield’
layers, the 2G-HTS tapes at the two outermost layers of the
core shown the same kind of current profiles than the shield
layers, this because the dominant mechanism is the transport
current. However, for the cable design (ii), it is to be noted
than the current distribution profiles at the ‘shield’ layers refers
only to magnetization currents, reason why the distribution
between positive an negatives profiles of current density is
fully balanced.

On the other hand, as the transport current is reduced to
0 A, it is to be noted that the region of no flux within
the core layer 1 remains the same. This evidences that we
are certainly within an hysteretic behavior, i.e., beyond any
magnetic relaxation events occurring mostly during the 1st half
cycle of the applied current. In consequence, the remaining
area of the superconducting tapes at this layer (core layer 1)
are now governed by magnetization currents, i.e., showing the
same amount of positive and negative negative currents along
its cross section. Notice too that the amount of magnetization
currents in this layer is much smaller than the one seen in all
the other layers, where a 50/50 arrangement of ±Jc profiles
can be seen. This is because any tape at the innermost layer is
only affected by the edge effect (or mutual inductance) of the
tapes wound in this layer, whilst by Faraday’s law the outer
layers see the magnetic field created by any layer with a lower
radius.

III. AC LOSSES

The experimental measurement of the AC-losses in large
scale multilayer cables as the ones presented in Figure 1,
is a very demanding and complicate task. Up to know this
has been achieved only by means of elaborate electrical
transport measurements [15], [16], which are known to offer
an adequate solution for isolated tapes or monolayer compact
cables. However, for multilayer cables where the occurrence
of magnetization currents and therefore magnetization losses
(invisible to the electrical method), become of utter relevance,
the electrical method offers only an approximate but generally
lower representation of the true AC losses of the power cable.
Thus, until an AC loss calorimetric rig for the testing of these
cables is not completed (currently undergoing at the VNIIKP
facilities), a proper estimation of the AC losses in triaxial
cables can be only met by benchmarking the experimental res-

Figure 4. A layer-by-layer AC loss profile of the quad-layer core, bi-
layer shield cable showing the results of the experimental data alongside the
simulated AC losses.

ults already available with the predictions made by numerical
methods.

Thus, starting with he cable design (i), where transport
current was applied to the ‘shield’ layers, it is to be noticed
that although the predicted AC-losses of the ‘core’ layers is
the same regardless whether the ‘shield’ layers are connected
in series or not to the Itr (see solid line at the left pane of
Figure 3), the losses calculated at the shield layers without
transport current (dashed line) are lower than the experimental
ones (∇), and in fact these are nearly the same than the ones
exhibited by the core layers (♦). Nevertheless, when transport
current is considered at the ‘shield’ layers as defined in the
actual experimental conditions [15], we have found that for
moderate current amplitudes (0.4Ic − 0.6Ic), the AC losses
of the cable, including magnetization losses, can be about
20% over the ones estimated by the electrical method (having
as relative reference Itr), i.e., about 10% over the claimed
‘acceptability’ window. However, this is not to be understood
as a criticism to the scope of the experiments within the
electrical method, nor to be inferred as a robustness of the
numerical method, but simply as a more detailed benchmark
with which the actual AC losses of multilayer cables can
be informed. In fact, to demonstrate this and show how this
10% effect can somehow alter the perception of either the
experimental or numerical results, we have run a further set
of simulations where the critical current is deliberately reduced
in a 10% (see the right pane at Figure 3), showing how this
leads to acceptable results at both, the core and shield layers.

On the other hand, concerning to the cable design (ii), the
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experimental measurements of the AC losses were reported at
a layer-by-layer level [16], what allows a better insight and
assessment of the numerical model, and how it can offer a
better discerning of the physical mechanisms that cause the
energy losses, and influences the electromagnetic performance
of the overall cable. Our results are shown in Figure 4, where
two contrasting scenarios can be seen at first sight. On the one
hand, there is a clear discrepancy between the experimental
measurements obtained at the innermost layer of the cable,
i.e., for the core layer 1, whilst on the other hand, their is an
outstanding agreement between the experimental results and
the numerically calculated AC losses for all the other five
layers, including the couple of outer layers at the ‘shield’.
Thus, although at first, several hypothesis on the numerical
model conditioners were questioned to determine the origin
of such increment in the AC losses for the innermost layer
of the cable, in a close inspection of the experimental results,
it can be seen that the measured AC losses at this layer is
unexpectedly higher than the losses at the other ‘core’ layers.
However, as discussed before for the case of the cable design
(i), the innermost layer is the one less prone to be affected
by magnetization currents, i.e., with its superconducting AC
losses being determined mostly by the flow of transport
current, whilst for all the other layers, the AC losses is the
adding result of the concomitant action between transport and
magnetization currents. Therefore, from fundamental physical
principles, the superconducting energy losses for the core
layers 2 to 4 cannot be greater than the superconducting energy
losses at the core layer 1. This results in the conclusion that the
experimental measurement for the AC losses at the core layer 1
reported at [16], is picking up a further source of energy losses
that is not due to the hysteresis of the superconductor. Then,
bearing in mind that in the experiment all superconducting
layers and the former were electrically isolated, as it was
the case for the cable design (i) where such behaviour is not
observed, the most likely cause for this unexpected increment
in the AC losses is suspected to be a defective soldering at
one of the voltage taps used over these tapes. In this sense,
the above does not really compromise the readability and
validness of the experimental results with the electrical method
for any of the layers of the cable, but on the contrary, by
benchmarking with our numerical model, it offers a good
and reliable testing for the electromagnetic performance of
multilayer cables within well defined levels of tolerance.

IV. CONCLUSIONS

In this article, we have proven that by adequately setting the
physical parameters of 2G-HTS tapes wound in triaxial cable
configurations, and by taking advantage of two-dimensional
computational frameworks in the so-called H-formulation, a
sufficiently accurate estimation of the AC-losses for such
complex cable arrangements can be made. Moreover, and
advantage of this methodology is not only its shorter com-
puting times, if compared with equivalent 3D models, but
also the possibility to access the local electrodynamics for
the profiles of current density inside each one of the wound
superconducting tapes, where mechanisms such as occurrence

and consumption of magnetization currents can be seen by the
dynamics of the transport currents in Bean-like profiles.

Our conclusions are supported on the study of two triaxial
cable designs which have been experimentally tested at the
VNIIKP facilities under different transport current condi-
tions [15], [16], with which we have established a proper
benchnmark for the forecasting of the overall AC losses of
2G-HTS cold dielectric triaxial cables. Thus, alongside a
critical analysis of the physical mechanisms involved in the
hysteresis cycle of the superconducting tapes, by direct com-
parison between our numerical results with the experimental
measurements achieved by the electrical testing method, we
have concluded that an acceptable margin of difference for
either very low transport currents (Itr . 0.3Ic) or very high
transport currents (Itr & 0.7Ic), i.e., where the impact of
magnetization currents is low or overcome by the transport
current losses, is of about just 10%. However, at moderate
transport currents, which can be classified to be between the
aforementioned boundaries, the impact of the magnetization
currents is significant, what might lead to differences of up to
20% the losses measured by the electrical testing method, as
the latter is unable to give accountancy for the losses created
by the magnetization currents.
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