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Abstract—With high power density and low loss, CORC super-
conducting cables composed of RE − Ba2Cu 3 O7−δ (REBCO)-
coated conductors are of great interest for power transmission
applications. They can also effectively be designed to serve as fault
current limiters, thanks to their sharp superconducting-to-normal
transition. Coupled electromagnetic-thermal finite-element simu-
lations implemented in COMSOL Multiphysics were developed
and validated against the published results for the fault current lim-
iting (FCL) performance of two CORC cables of REBCO-coasted
conductors wound on either copper or stainless steel cores. For
improved accuracy, temperature dependencies of electrical and
thermal properties of all component materials were considered
in the simulations. The simulations were performed in the cross
sections of the cables for every individual layer of each REBCO
tape to deliver comprehensive understanding of the evolution of
the current distribution and temperature rise in those layers. The
studies can suggest approaches to optimize cable design for FCL
applications by assessing the role of individual components. In the
article, possible computational errors, challenges, and improve-
ments are also discussed.

Index Terms—CORC, fault current limiter, finite-element
modeling (FEM), high-temperature superconducting,
superconducting cable.

I. INTRODUCTION

THE second generation (2G) RE–Ba 2 Cu3O7−δ (REBCO)-
coated conductors have been available in long lengths

with acceptable uniformity along the length, enabling successful
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TABLE I
PROPERTIES OF REBCO CORC SUPERCONDUCTING CABLES

demonstrations of liquid nitrogen cooled HTS cables in the real
electric power grid [1], [2], [3], [4]. High-temperature super-
conducting (HTS) power cables using 2G-coated conductors
are particularly attractive to replace traditional metal conductors
for power transmission and distribution applications that require
power cables of higher power density, smaller size, and lighter
weight. Additionally, the very fast and responsive nature of
the transition from superconducting to a normal state when
an HTS cable carries a current higher than its critical current
can automatically suppress current surges caused by a fault on
the power grid. This fault current limiting (FCL) feature of
HTS cables possibly enables the development of much safer
power transmission/distribution systems. Therefore, extensive
research and development related to cable design have been
done to test and improve the FCL capability of HTS cables [5],
[6], [7], [8], [9], [10], [11]. Advanced Conductors Technologies
in collaboration with the Center for Advanced Power Systems
(CAPS) developed and tested FCL performance on 2 CORC
cables, one has 8 layers of two 2G REBCO tapes wound on a
copper core and the other has 6 layers of three REBCO tapes
wound on a stainless steel core. The primary parameters of these
two cables are summarized in Table I and the details on the
specification, design, and FLC performance of these cables can
be found in [12].

In this article, coupled electromagnetic-thermal finite ele-
ment modeling (FEM) simulations implemented in COMSOL
Multiphysics [13] were developed and used to predict the FCL
performance of the two tested cables with parameters shown
in Table I. The simulated results were compared to the experi-
mental data to validate and improve the simulation models. The
FEM simulations were used to understand the electrical current
redistribution due to temperature increase inside the cable during
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Fig. 1. (a) Cross section of a single REBCO HTS tape with all of its component
layers. (b) Cross section of a typical REBCO CORC superconducting cable [14]
consisting of a metal core inside and several layers of HTS tapes outside. Because
of the symmetry, simulations can be performed in a small section.

high-current pulses. These simulations can be used to optimize
the cable design and estimate the heating that is needed for
developing suitable cooling techniques.

II. FEM METHOD

An HTS REBCO tape structure usually consists of three
electrically conductive components including the substrate, the
superconducting layer, and the copper/silver stabilizer [see
Fig. 1(a)]. Individual tapes are wound around a round core to
form a CORC cable [14]. Fig. 1(b) shows the cross section
of a typical CORC cable with a metal core, several layers of
superconducting tapes, and a layer of insulation. During normal
operation, the superconducting REBCO layers with approxi-
mately zero resistance will carry all the electrical current. When a
fault happens, i.e., the transport current increases over the critical
current of the cable, resistances of the superconducting layers
will exponentially increase and the transport current will flow in
the normal metal components, such as the tape substrate, its sta-
bilizer, and the cable core. When electrical current starts flowing
in the normal metal layers, heat will be generated inside the cable
and temperature may increase significantly. Therefore, coupled
electromagnetic-heat transfer FEM simulations are required to
computationally model the performance of a superconducting
cable during a fault.

A primary objective of this study is to understand current
redistribution and temperature rise in individual layers over the
cross section of the cable. With many tapes and several very
thin layers in each tape, 2-D simulations were opted to perform
in the cross section of the cable to reduce the computational
burden. Because of the symmetry, simulations can be performed
in a small section as shown in Fig. 1 to further reduce the
computational load. Since the actual thicknesses of the HTS
layers are about 1–3 μm and the meshing will be very heavy
for these high-aspect-ratio layers if the actual thickness is used.

Fig. 2. (a) Illustration of the current running in a spiral path along an HTS
tape. (b) 3-D cable surface is flattened into a 2-D plane to calculate the length
of the spiral path cs.

This challenge can be overcome with an acceptable computa-
tional error by artificially increasing the thickness of the HTS
layers by several folds and simultaneously reducing the physical
properties such as critical current density, thermal conductivity,
and specific heat of those HTS layers by the same ratio. In our
simulations, the thickness of the HTS layers is 5 μm, about three
times the actual thickness of REBCO layers.

The spiral effect: In CORC cables, HTS tapes are wound in a
helical fashion around a core. The current sharing between the
winding layers strongly depends on contact resistance between
the layers and how the HTS tapes in each layer are laid down
around the core. This will be a complicated process and can
only be simulated when information on the contact resistance
and tape winding is provided. In this article, we investigate two
extreme cases to compare with the experimental results. In the
first case, HTS tapes are assumed to be fully insulated (or with
very high contact resistance) and current sharing between the
winding layers is negligible. In this case, transport currents will
flow in the spiral winding path along the HTS tapes; therefore,
the cross section and length of the current path are different from
what is used in the 2-D simulations, which consider the current
run straight along the cable. As seen in Fig. 2(a), the cross section
of the current path within an HTS tape is presented by wt, the
width of the tape while the cross section in 2-D simulation is
represented by ws. Similarly, the current path in simulation is
assumed to flow straight from point A to A′ with the length of the
winding pitch pt while in fact the current will flow in the spiral
path along the HTS tape with the length cs =

√
((2πr)2 + p2t )

[see in Fig. 2(b)]. It is quite simple to accurately correct these
geometry errors in the simulation by using the effective electrical
conductivity of the metals, which is determined by multiplying
the actual electrical conductivity with the correcting factor k
given by

k =
wt

ws

pt
cs

=

(
pt
cs

)2

. (1)
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Fig. 3. Temperature dependence of the specific heat Cp(T ) of REBCO,
copper, and Hastelloy.

Fig. 4. Temperature dependence of the thermal conductivity k(T ) of REBCO,
copper, and Hastelloy.

In the second case, the HTS tapes are assumed to be fully
connected, i.e., the contact resistance between the winding layers
is zero and the current during the fault condition (Icable > Ic)
will run straight along the cable by freely jumping from one
winding layer to the next. The actual overcurrent performance of
a cable is expected to be somewhere between these two extreme
cases.

Material properties used in the simulations: To improve the
computational accuracy, the temperature dependencies of elec-
trical conductivity, specific heat, and thermal conductivity of
all the materials must be considered in the simulations. The
temperature dependence of electrical conductivity for copper
and Hastelloy can be found in [15] and [16]. Figs. 3 and 4 plot
the specific heat Cp(T ) and thermal conductivity k(T ) for all

REBCO, copper, and Hastelloy as a function of temperature
between 50 and 200 K. The temperature dependence of thermal
conductivity and specific heat of Kapton can be found in [17].

The superconducting property of REBCO layers is described
by the standard power-law equation as follows:

E = E0

(
J

Jc(T )

)n(T )

(2)

where E0 = 0.0001 V/m, Jc is the critical current density of
the superconducting layers, which is determined experimentally
from the value of the cable critical current. If the critical current
density Jc is determined from the critical current of individual
HTS tapes, then the field dependence of critical current density
Jc(B) should be considered. In our case, Jc in winding layers
were determined from Ic of the cable, so Jc(B) is not necessary
because the cable self-field is applied on the superconducting
tape during the cable critical current measurement. The effective
current density in each layer will be determined from the total
critical current and the cross-sectional area of that layer. Since
all the layers have the same number of tapes and the same
thicknesses (i.e., the same layer Ic), the effective Jc of the
outer layer will be slightly lower due to the slightly larger
cross-sectional area. The temperature dependence of Jc must
also be taken into account. This relation may vary slightly from
tape to tape and in this article, we use [18]

Jc = J0

[(
T0 − T

T0 − Tc

)1.5

+ kc

]
(3)

where T0 = 76 K is the operating temperature of the cable
and Tc = 87 K is the critical temperature, kc = 0.0001 is a
very small number added to avoid Jc = 0, which may cause a
computational singularity. The value of n(T ) is not so important
in the computational results, as long as it is high enough to create
a sharp superconducting-to-normal transition. The n-value may
fluctuate slightly with temperature and in our simulations, we
assume that the n-value at 76 K is 23 and it is linearly decreased
to 18 when the temperature reaches the critical temperature Tc.

III. RESULTS

A. CORC Cable With Copper Core (Cable 1)

The simulated and experimental electric fields in the CORC
cable with the copper core as functions of time during a pulse are
plotted in Fig. 5. In principle, when the driven current is lower
than the cable Ic, the electric field is very small as expected.
As seen in the figure, the computed result from the case of fully
insulated tapes reproduces the experimental data very well while
the simulated result with fully connected tapes is about 10%
lower. With the high-conductivity copper core, electrical current
flowing in the normal metal layers of the 2G HTS tapes during
an overcurrent event is quite low, and therefore, the impact of
the way these metal layers are treated either as fully insulated
or fully connected on the computational results is insignificant.
The very good agreement of the simulated results obtained
with the case of fully insulated tapes to the experimental data
indicates that the contact resistance between the tapes is high
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Fig. 5. Experimental and simulated electric fields in the cable with copper
core during an overcurrent pulse.

Fig. 6. Currents running in different cable components as functions of time
for the copper-cored cable with the assumption of fully insulated tapes.

and the electrical current jumping between the winding layers
through many surface contacts is low enough to be ignored in
the simulations.

Fig. 6 plots the simulated aggregate electrical current pulses
running in each layer component: the cable core, REBCO,
substrate, etc., with time. The sum of these currents is the total
current in the cable. As seen in the figure, the computed total
current reproduces very well with the experimental data for the
current pulse of 2.5 times Ic(76 K), which is used as input for
the simulation. When the current is lower than cable Ic, all the
current is carried by HTS layers as expected. Current starts
sharing to other components as total current increases above
Ic(76 K), around 11 ms. Because cable 1 was made with a large
copper core, which has much lower electrical resistivity than
that of the substrate layers in the 2G HTS tapes, a larger fraction

Fig. 7. Current density Jz (A/m2) along the radial direction of the copper-
cored cable at 5, 10, and 17 ms.

Fig. 8. Current density Jz (A/m2) distributed in the cross section of the
copper-cored cable at 5, 10, and 20 ms.

of the current is carried in the copper core. As seen in the figure,
from 10 to 24 ms, the current in REBCO superconducting layers
reaches about 0.8 kA while the current in the core increases
from zero to 0.7 kA or 40% of the cable current. The currents in
both core and REBCO layers gradually decrease from their peak
values to slightly lower numbers at the end of the pulse. This
reduction indicates that the cable temperature slightly increases
during the pulse (more details on the distribution and evolution
of cable temperature will be discussed later). The current in
the substrate and copper layers of 2G HTS tapes is very low as
expected. The current flowing in all the substrate layers is almost
zero and the total current running in all the thin Cu layers is about
0.03 kA (or 2% of the cable current).

Figs. 7 and 8 plot current density distribution over the cross
section of the cable at t = 5 ms, t = 10 ms, t = 17 ms, and
t = 20ms. At t = 10ms, the current is reaching the cable Ic and
only the REBCO layers carry the current. Because of the skin
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Fig. 9. Evolution of temperature along the radial direction with respect to time
in the case of the copper-cored cable.

effect, the outer REBCO layers were filled with electrical current
first. The current in the innermost layer (layer 1) is basically
still zero; layer 2 (the second innermost layer) is just partially
filled with the current. The current density in the copper layers
and substrate layers is also almost zero at this time. When the
cable current is considerably higher than the cable Ic, such as at
t = 17 ms, (Icable = 2.5Ic(76 K)), the HTS layers are saturated
(see Fig. 8); the cable core and the normal metal layers of 2G
HTS tapes start carrying a higher current but the current density
is still much lower than that in the HTS layers. The current
density in the HTS tapes is nonuniform because the nonuniform
temperature rise over the cross section of the cable and because
the effective Jc of the outer layer is lower as discussed earlier.

The temperature distribution and evolution in the cross section
of the CORC cable with copper core with respect to the radial
direction are depicted in Fig. 9. Overall, the temperature increase
in the cable cross section is only about 0.44 K for the entire
overcurrent pulse. The temperature does not increase until t =
10.5 ms, or Icable = 1.05Ic(76 K). The REBCO layers are well
within a superconducting state at that temperature range and
they still carry most of the current as seen in Fig. 6. Because of
the skin effect, the current grows from the cable surface inward
during the fault. Consequently, the temperature is higher near
the cable surface. The much higher current density in the HTS
and Cu layers will result in higher heat generated in those layers.
Thus, the temperature in the HTS and Cu layers is higher than
that in the substrate layers and the temperature distribution in
the cable winding area is slightly nonuniform as shown in Fig. 9.

B. CORC Cable With Stainless Steel Core (Cable 2)

The simulated and experimental electrical fields as a function
of time for CORC cable 2 with a stainless steel core are plotted
in Fig. 10. The numerical results obtained for both cases (fully
insulated and fully connected tapes) are also plotted. The results
obtained with the assumption of fully insulated tapes reproduce
the experimental data quite well but the electric field obtained
with the assumption of fully connected tapes is much lower than

Fig. 10. Experimental and simulated electric fields in the cable with the
stainless steel core during an overcurrent pulse.

Fig. 11. Currents running in different cable components as functions of time
for the stainless-steel-cored cable with the assumption of fully insulated tapes.

the experimental data. Unlike the copper-cored cable, the resis-
tivity of the stainless-steel core is much higher, and therefore,
the current that will be carried in the stabilizers and substrates
of the HTS tapes will be much higher when the current is higher
than the cable Ic. Consequently, the spiral effect of the cable
winding is much stronger in the case of the cable with stainless
steel core.

Fig. 11 plots the calculated electrical currents running in
the HTS layers, the cable core, the Cu stabilizer, and the tape
substrates as a function of time during an overcurrent pulse
for the stainless-steel-cored cable, with the assumption of fully
insulated tapes. The sum of these currents is the total current
in the cable. As seen in the figure, the computed total current
reproduces the experimental data very well of the current pulse
that is used as input for the simulation. When the current is
lower than cable Ic, all the current is carried by HTS layers as
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Fig. 12. Current density Jz (A/m2) along the radial direction of the stainless-
steel-cored cable at 10, 12, 13, and 20 ms.

expected. Current starts sharing to other components as total
current increases above Ic(76 K), around 11 ms. Because the
stainless steel core has a high electrical resistivity, a much larger
fraction of the current is carried in the Cu layers, even though
those layers are only 5 μm thick. Consequently, the temperature
in the REBCO HTS tapes increases quickly, resulting in a fast
drop of the current density in the REBCO layers when the
cable current increases above Ic(76 K). At 13.5 ms, the current
density in the HTS layers drops to about zero indicating that
the temperature in HTS tape winding area is above Tc. When
the temperature increases, the electrical conductivity of the
copper also increases at a much faster pace than the electrical
conductivity of the stainless steel core; therefore, more electrical
current will be diverted from the copper stabilizer to the cable
core near the end of the pulse. The electrical current carried in
the substrate layers is very small for the entire pulse.

The evolution of current redistribution during the pulse caused
by a temperature rise can be confirmed in more detail in Figs.
12 and 13 that depict the distribution of the current density over
the cross section of the cable at several moments during the
pulse. The current first fills in the HTS layers from the cable
surface. Clearly, the current density in the copper stabilizer
layers increases significantly and the current density in the
superconducting layers quickly reduces to zero when the cable
current increases to above Ic.

Obviously, the temperature rise plays a significant role in
distributing the electrical current in components of this cable.
Fig. 14 helps to understand the evolution of the temperature over
the cross section of the cable during the overcurrent pulse. The
temperature in the HTS winding increases significantly up to
189 K at the end of the pulse t = 24 ms. The higher temperature
increase quickly eliminates the superconducting property of the
REBCO layers and the current density in those layers is reduced
to near zero as seen earlier in Figs. 11 and 12.

IV. DISCUSSION

Simulation errors: It is expected that the simulations per-
formed with the assumption of fully insulated tapes would
overcalculate the electric field in those cables because the current

Fig. 13. Current density Jz (A/m2) distributed in the cross section of the
stainless-steel-cored cable at 10, 12, 13, and 22 ms.

Fig. 14. Evolution of temperature along the radial direction with respect to
time in the case of the stainless-steel-cored cable.

sharing between winding layers was ignored in this assump-
tion. In fact, the FEM results obtained with that assumption
are slightly lower than the experimental data for both cables,
implying that it is acceptable to assume that most of the transport
current follows the spiral paths along the HTS tapes instead of
transmitting through many contact surfaces for shorter paths.
The high electrical resistance in contact between the layers may
be a result of the fact that the HTS tape winding does not com-
pletely conform to the round surface of the cable while potential
dog-boning in the copper layers will result in a relatively small
contact surface area—between tapes [19].
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Simulating the FCL performance for the cable with stainless
steel core is much more challenging than for the cable with
copper cores because, for a cable with copper core, most of the
current exceeding the cable Ic will flow in the core, which is
simpler to simulate. There would possibly be some additional
causes for the computational errors that may need to be consid-
ered for improving the accuracy of the FEM simulations.

1) The temperature dependence critical Jc(T ) plays a very
important role in the accuracy of the calculation, especially
in the case of very fast and relatively high-temperature rise
as seen in the cable with stainless steel core. However,
the specification of Jc(T ) slightly varies from one type of
REBCO tape to another and is very limited. Improving the
accuracy of Jc(T ) will significantly improve the accuracy
of simulations in general.

2) As seen in the simulation results, the copper layers carry
most of the over-the-Ic current; thus, the thickness of the
copper layers plays an important role in the accuracy of the
simulations. It is challenging to control uniform thickness
for a very thin (5 μm) copper layer along the wire and
the relative variation of the thickness is higher for thinner
Cu layers. This may be another important cause of the
computational error, which is challenging to improve.

3) Finally, winding layers in the thermal simulations are
treated as a continuous medium and the heat transfer
resistance at the boundaries between the winding layers
is ignored. However, HTS tapes in the real cables may not
fully conform to the round surface, resulting in areas with
reduced contact between layers. The thermal resistance
at the boundaries should be evaluated and considered for
better thermal transfer simulations. However, the thermal
resistance at the boundary between layers will depend
on the cable radius, HTS tape width, stiffness, and the
tape winding tension. Thus, thermal resistance at the layer
contact boundaries is not trivial to evaluate.

Simulation Challenges: One of the largest challenges for the
simulations is handling the very high aspect ratio geometry of
the thin layers in HTS tapes. To further reduce the meshing
load for improving computational burden, several computational
proximity approaches in the following can be used.

1) All, or several normal metal layers can be grouped into a
single, equivalent metal layer with the effective conduc-
tivity, heat capacity, and the conductivity calculated from
those physical properties of the constituent metal compo-
nents and their volumetric fractions [20]. This proximity
may introduce a computational error though. The electri-
cal conductivity of copper is about 100 times higher than
that of the Hastelloy substrates. Consequently, the current
density and, therefore, heat generated in the copper layers
will be much higher during the fault. Grouping metal
layers into an equivalent layer will average out the heating
in the normal metal layers. The simulated heat transfer to
the HTS layers, in this case, may slightly differ from the
fact that some copper stabilizers contact directly to the
HTS layers and heat can be transferred very quickly to
heat up the HTS layers and change their superconducting
property.

2) To reduce the number of layers and increase the thickness
of the HTS tapes, it is possible to group several supercon-
ducting layers into a single layer with effective thickness
as the sum of the actual thicknesses of the grouped HTS
layers. However, this treatment may also introduce some
errors in both electromagnetic and thermal simulations.
Because of the skin effect, the electrical current will
penetrate from the cable surface toward its core as the
current increases during a fault. The current density would
be nonuniform and higher near the outer surface of the
cable. This will result in a nonuniform temperature rise
inside the cables. Grouping the superconducting layers
into single, thicker layers will not truly describe the current
sharing and temperature rise inside the cable, given the fact
that the superconducting property of the HTS layers and
the electrical conductivity of the normal metals strongly
depends on the temperature.

V. CONCLUDING REMARKS

Comprehensive 2-D simulation models to predict the FCL
performance of HTS CORC cables have been developed and
validated against experimental data for two CORC cables, one
with copper core and one with stainless steel core. The models
with an assumption that HTS tapes are fully insulated and current
only flows in the spiral path of the HTS winding reproduce the
experimental data well and should be good enough to predict the
FCL performance of the HTS cables. The models can calculate
the current distribution in each individual component of the cable
and individual layer of HTS tapes. The models can study the
evolution of the current distribution and temperature over the
cross section of the cable, thus enabling the assessment of the
role of each component/layer in its FCL performance.

In the case of copper core, most of the current above the cable
Ic will flow in the copper core and the temperature rise in the
cable is minimal. For the cable with a stainless steel core, most
of the current above cable Ic will be carried by the Cu stabilizers.
In our case, the thickness of stabilizers is very thin, only 5 μm,
and the temperature rise over the cross section of the cable is so
significant that may eliminate the superconducting property of
REBCO layers after several milliseconds of the fault. Thus, the
thickness of the copper stabilizer plays the most important role
in the FCL performance of the cable with stainless steel core.
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