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Abstract
We have measured ReBCO coated conductor-based conductor on round core (CORC®) and
Roebel cables at 77 K in a spinning magnet calorimeter, which subjected the tapes in the
samples to a radial magnetic field of 566 mT (peak) at frequencies up to 120 Hz (272 T s−1,
cyclic average) with an approximately sinusoidal waveform. The samples were oriented such
that the field applied to the tapes within the cables was entirely radial, simplifying subsequent
analysis. An expression for loss which included hysteretic, flux creep and eddy current losses
was fit to both the CORC® and the Roebel cables. This expression allowed easy comparison of
the relative influence of eddy currents and flux creep (or power-law behavior) effects. The loss
of both the CORC® and Roebel cables measured here were seen to be essentially the sum of the
hysteretic loss, flux creep effects, and the normal metal eddy current losses of the individual
tapes. The losses of these cables were measured at high B × dB/dt with no coupling current loss
observed under the present preparation conditions. The influence of flux creep effects on loss
were not negligible. The losses of the CORC® cable per meter of tape were seen to be reduced
from the case of a flat tape because of the helical geometry of the tapes.
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(Some figures may appear in color only in the online journal)

1. Introduction

Superconducting, coated conductor ReBCO strands and cables
are of interest for a variety of applications, including med-
ical imaging, particle beam steering, power transmission,
and rotating machinery, among others. In the area of rotat-
ing machinery, we can include wind turbine generators as

well as motors and generators for propulsion and power,
the latter in particular for aircraft applications [1]. For some
of these applications there is a strong need to character-
ize and understand the AC losses of the ReBCO conduct-
ors at high frequency (from a few Hz to hundreds of Hz)
and modest field (0.5 T to a few Tesla). Wind turbine gen-
erators, for example, operate in the few Hz range, while
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some of the windings of motors or generators may experi-
ence hundreds of Hz. Of course, such systems may altern-
atively employ Bi-based superconductors, MgB2, or other
superconducting strand types, but ReBCO conductors have
a number of compelling properties including high operating
temperatures and high critical current (Ic) performance, and
so are of significant interest for these applications. Particu-
lar applications may use either individual tapes or cables of
such tapes. Two well-known ReBCO cable types are con-
ductor on round core (CORC®) [2, 3], and Roebel cables [4].
All of these conductors are known to have relatively high
AC losses due to the width of the ReBCO tape, and thus
there are a significant number of reports on their AC loss
properties.

Most AC loss measurements on ReBCO strands or cables
have been performed either at high frequencies at low applied
magnetic field amplitudes [5–15] (typically 100–200 Hz and
100 mT), or higher fields (up to 8 T and even higher) but at
low frequencies (typically mHz) [16, 17]. Loss measurements
for CORC® [5–9] and Roebel cable [10–15] not only suffer
these same limitations, but also require larger sample lengths
than individual tapes. The high field amplitude but low fre-
quency measurements are not easy to accurately project to the
high frequency regime with confidence, and the lower amp-
litude but high frequency results are in some cases not very
far away from full penetration fields for the conductors, which
also makes less certain the projections of loss to the regimes
of interest. Nevertheless, much interesting work on this topic
has been generated, both experimental and computational. The
recent work by Yagotintsev et al [17] is an excellent experi-
mental study of losses of CORC and Roebel cables at 4.2 K
and 77 K, with different surface preparations. Other work has
included measurements on CORC-like conductors with few
layers [18] or various layer designs [19]. The influence of Cu
core contributions to the loss [8, 20] have been explored, and
also the striations and filament-to-filament coupling within the
strand of a striated CORC-like cable [7, 21, 22]. Numerous
works on numerical modeling have been performed, a recent
paper looks at the influence of twist on filamentary loss [23]. In
a number of works, modeling and measurement are combined,
see for example [24, 25]. AC loss for Roebel cables has also
been quite active, with work on measurements and modeling
[4, 10, 16, 17, 26, 27].

While much work has been done on the loss of such cables,
this manuscript contains important new results on the AC loss
of High Temperature Superconducting (HTS) cables at some-
whatmore difficult to reach regimes, using ameasurement sys-
tem capable of magnetic field ramping rates of up to 272 T s−1

with field amplitudes of more than 566mT. These results com-
bine high ramping rates with larger Bmax values on cables
and are relevant to high impact HTS applications in supercon-
ducting motors and generators. To do this, we use a recently
described spinning magnet calorimeter (SMC) [28]. This test
device has a spinning rotor that consists of a set of permanent
magnets arranged in a Halbach array, with the sample exposed
to a rotating AC field of 566 mT (peak) and a resulting dB/dt
of 272 T s−1 for the radial component (tangential component

Bmax = 242 mT, dB/dt= 125 T s−1). This corresponds to a fre-
quency of 120 Hz for our machine. Two ReBCO cable types
were measured for this work, a CORC® cable and a Roebel
cable. For the CORC® cable, a straight segment of the tape
used in the cable was available, and was thus measured for
comparison. Below we first discuss sample and measurement
details beforemoving on to our analysis methods andmeasure-
ment results. We then compare CORC® cable loss with that of
the tape from which it was wound, as well as provide meas-
urements on Roebel cable under the same measurement con-
ditions. The CORC® and Roebel cable results are not directly
compared because the ReBCO conductor used to assemble
them was different. Nevertheless, we do see that the results
here show the lack of coupling current contributions even at
very high field ramp rates for both CORC® and Roebel cables
in their as-received states. Loss measurements are compared
to loss models, and it is shown that the loss in the cables is due
to hysteretic and eddy current losses alone, as well as a flux
creep modification to the hysteretic loss.

2. Experimental

2.1. Samples

In this work, two different HTS cables assembled with coated
conductors were measured for AC loss in a time varying mag-
netic field applied perpendicular to the cable length (table 1).
The first cable was a segment of a two-layer CORC® supercon-
ducting cable from Advanced Conductor Technologies LLC.
The cable had an outer diameter (OD) of 5 mm and a former
made from 304 stainless steel (4.7 mm OD, 3.13 mm inner
diameter (ID)) [5]. The coated conductor REBCO tape, man-
ufactured by Superpower, was 4 mm wide and 0.09 mm thick
with a nominal self-field Ic of 100 A at 77 K. The cable had
two layers, each with three tapes, leading to a nominal cable
Ic of 600 A (77 K, self-field) with a 0.1 mm gap between the
tapes [5]. The twist pitch of the cable, Lp = 20 mm, with the
outer layer twisted in an opposite sense to the inner layer. The
length of a helical winding as compared to the length along
the direction of the helix is [1 + (πD/Lp)2]1/2. Given the Lp
and D of the present cable, this factor is 1.28, and with six
tapes in the cable, each meter of cable has 7.68 m of strand.
The sample in this case was 8 cm long, leading to 0.614 m of
strand.

Alsomeasured in this workwas a Roebel cable fromRobin-
son Research Institute. This cable [12] was 10 cm long, 12 mm
wide, 1.5 mm thick, and had a pitch length of 300 mm and a
self-field Ic = 1537 A (77 K, measured). It was assembled
from 15 strands. These strands were cut from a 12 mm wide
starting tape. The final strands had a slight zig-zag pattern as
is common for the strands of HTS Roebel cables. The final
strand width (width of the straight portion) was 5 mm. These
two cables are assembled from different REBCO tapes, and
thus are not directly comparable to one another without adjust-
ing for the relative Ic values. Here we present the results in
parallel, but do not attempt to compare them directly on a per
amperage basis.
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Table 1. Cable specifications.

Cable OD/w × t (mm) Lp (mm) No. tapes Ic (A) (77 K, SF)
Tape width

(mm)
Sample
L (cm)

CORC 5.0 20 6 (2 × 3) 600 2 8.0
Roebel 12 × 1.5 300 15 1537 5 10.0

2.2. Measurements

The two cables described above were measured in a recently
described SMC [28]. This test device has a spinning rotor
which consists of a set of permanent magnets arranged in
a Halbach array, with the sample exposed to a rotating AC
field of 566 mT (peak) and a resulting dB/dt of 272 T s−1 for
the radial component (tangential component Bmax = 242 mT,
dB/dt= 125 T s−1). A 3D schematic view of the SMC is shown
in figure 1(a), where a cut-away shows the spinning rotor with
the magnet array, and spaces for samples at the periphery (loc-
ated roughly where a ‘stator’ might be if this was, e.g. a gen-
erator). Two potential types of inserts are shown above the
device, the one on the right shows our present situation. In
this configuration, the light green region is the outer LN2 bath
for a calorimeter, which in practiceremains fixed in the SMC,
but is shown here to be extracted for the purposes of explana-
tion. Inside of this is shown the inner calorimeter (dark green),
with a sample placed within. This sample is immersed in LN2,
with the gas flow from boil-off from this inner calorimeter used
for AC loss measurement, further details are given in [28].
Samples measured in the SMC are placed a small radial dis-
tance from a spinning rotor containing magnets with pole ori-
entations that alternate along the circumference (figure 1(b)).
The sample space experiences radial and tangential fields that
are approximately sinusoidal in character, with the details of
the waveform shape and harmonics given in [28]. Note that
here and elsewhere we refer to an average dB/dt obtained by
taking the total field sweep and dividing by the total time of
the cycle. Thus, even though there is a momentary peak value
of 426 T s−1, the instantaneous dB/dt varies throughout the
cycle because of the sinusoidal nature of the waveform, and
the average or effective value is maybe more useful to quote.

For all the measurements in this work the tapes and cables
were oriented in a plane horizontal to the rotational axis of the
SMC, as shown in figure 1(b). The samples were placed with
their length along the tangential field direction, which leads to
a situation where tangential fields are only present within the
local plane of the coated conductor tapes that are assembled
to form the CORC® and Roebel cable, and radial fields are the
only ones that can become perpendicular to the coated con-
ductor tape within these cables. This is also the case for the
single tape that was measured. Thus, tangential fields were
only applied to the thin dimensions of the REBCO tapes for all
samples, both tapes and cables, making direct tangential loss
contributions negligible in all cases. Of course, the presence
of a tangential field can modify∆M vs Bradial because while a
Btangential which is only within the conductor plane does not dir-
ectly generate appreciable screening currents, it can contribute

Figure 1(a). 3D schematic of spinning magnet calorimeter system
with cut away view, and calorimeter with sample inserts. On left is
shown an opening into which a small coil can be measured, on the
right we show our present configuration, which includes the outer
nitrogen bath (shown in light green), the inner calorimeter shown in
darker green, and the sample placement (sample shown as yellow
rod, positioned in a horizontal plane).

to the total B which the conductor experiences, thereby redu-
cing somewhat the Jc via its dependence on total B. We can
estimate the influence of the small deviation from sinusoidal
behavior (for this radial component) by summing the square of
the frequency weighting by its amplitude to compare to a full
weighted 30 Hz value. The difference in terms of eddy current
loss being less than 5% (and zero for hysteretic loss) is ignored
[28]. Thus, in the present sample orientation, with samples
placed horizontally, the tapes in the sample experience only
the radial field of the system, and we can treat the applied field
as a simple sinusoidal of amplitude 566 mT. Sample AC loss
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Figure 1(b). Orientation of samples in the SMC. System rotational axis is vertical; view is looking down from above. Left shows the SMC
rotor magnet geometry (half of the system shown, yellow and gray), solid blue rectangle shows the LN2 bath (outer bath, used for heat
interception), and orange arc shows the sample holder/inner calorimeter. On the right is shown the inner calorimeter (in gray, note: actual
edges of the calorimeter are rounded, as shown at left). Also shown at right is the sample placement. All samples were arranged in the
horizontal plane of the SMC. All samples were flexible and were affixed parallel to the tangential direction. The red dashed lines show an
‘envelope’ where samples can be placed for this horizontal sample arrangement. Below are shown the radial and tangential fields relative to
schematic representations of the CORC® (left) and Roebel (right) cable samples. It can be seen that the tangential fields are only present in
the local plane of the coated conductor tapes within the cables, and radial fields are the only ones which can become perpendicular to the
coated conductor tapes in the cables. The case for the single tape is similar to that of the Roebel cable.

is measured using nitrogen boiloff from a double wall calori-
meter feeding a gas flow meter. The system is calibrated using
the power input from a known resistor, as discussed in [28],
and background losses are removed (this can lead to a small
data scatter even at zero excitation). For comparison to the
CORC® cable, a straight segment of the tape used in the cable
was also measured in a field perpendicular to the wide face of
the tape.

2.3. Analysis

Before we present the measurement results, it is useful
to show the treatment we will use to perform the loss
analysis. In the case of field applied perpendicular to the
wide face of a coated conductor tape, the hysteretic loss
can be written, using a critical state model (CSM), as
[29–34]
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Phys,v,cs = N(Bmax)wJcBmax f (1)

where Phys,v,cs is the critical state hysteresis power per unit
volume in Watts, w is the tape width, f is the frequency, Bmax

is the field amplitude, and N(Bmax) is a prefactor that tends
to unity for applied fields above the penetration field [29–34].
The normal metal eddy current loss per unit volume for a flat
tape (from Muller [31], equation (16)) modified to a conveni-
ent form is

Ped,v =
π2

6ρ
[Bmaxwf ]

2 (2)

where ρ is the resistivity of the Cu. This expression is valid as
long as we are below the skin depth frequency, given [34] as

fs ∼=
1
2π

ρ

µ0x2
(3)

where x is the metal thickness in question. A simple calcu-
lation shows that for both the Cu stabilizer and the stainless
304 core, the critical frequencies are much greater than we are
using in these experiments. Equations (1) and (2) can be com-
bined and put in the form of power loss per unit length as

Ptot,L,cs = wIcBmax f+
π2

6ρ
[Bmaxwf ]

2wt (4)

where Ptot,L,cs is the total loss of the tape per unit length in
the CSM, t is the thickness of Cu in the whole tape, and set-
ting N = 1. In both equations (1) and (4) we have assumed
a CSM, and in fact a B field independent Jc. Of course, this
latter assumption can be relaxed, and a field dependence can
be included at the cost of additional complexity. In principle,
we should also account for the eddy current loss in the stain-
less steel core for the CORC® wire, which can be found using
a similar expression to that of equation (2), with the factor of
six replaced by a factor of four based on geometry considera-
tions. However, as discussed below in the results section, the
losses in the stainless steel core are sufficiently small that core
losses can be ignored for this cable.

We should also consider the effect of flux creep on loss
[35, 36]. One way to estimate this is the approach of Pust et al
[37]. A second way to do this is to use a power law model
(PLM) rather than a CSM. For a PLM [38–40],

E= Ec

(
I
Ic

)n

thus

(
E
Ec

)1/n

= J/Jc

and then J= Jc

(
E
Ec

)1/n

. (5)

During a transport I–V measurement, J is the current density
that flows when an electric field of magnitude E is applied, and
Jc is the current density that flows under an electric field of Ec

(typically either 1.0 µV cm−1 or 0.1 µV cm−1), which also
correlates in a time changing field (e.g. in an AC loss meas-
urements) as E ∝ (dB/dt). For the CSM model, Jc is uniquely
defined (equivalent to letting n→∞ in equation (5)), and thus
a unique (i.e. frequency independent) hysteretic loss can also

be defined, as in equation (1). We note that in the absence of
extrinsic defects n ∼= U0/kbT ([40], see equation (8)), provid-
ing the explicit connection to flux creep, where, phenomen-
ologically, M(t) = M0[1 − (kBT/U0)ln(t/t0)]. To calculate the
loss associated with the superconductor alone in the power law
case, we replace Jc with J = Jc(E/Ec)1/n in equation (1), lead-
ing to a magnetization loss in a power law superconductor,
Phys,v,pl, of

Phys,v,pl = wJBmax f= wBmax fJc

(
E
Ec

)1/n

= wBmax fJc

[
(dB/dt)
(dB/dt)c

]1/n
. (6)

Since E = (w/2)(dB/dt), and using an average dB/dt defined as
dB/dt = 2πBm f, then

Phys,v,pl
∼= wJcBmax f

(
f
fc

)1/n

. (7)

Here we note that unlike the CSM hysteretic loss, Phys,v,pl is a
function of frequency. Equation (7) is a simple and approx-
imate approach, but agrees with the result from Thakur in
the limit of Bm » Bp (see [38], equation (17)). If we now
compare equation (7) to equation (1), we see that they agree
at f = f c. But, as evident from equation (6), the (dB/dt)c
and f c required for this agreement are such that the electric
field is that of the criterion at which Jc is defined, namely
Ec. Then E = Ec

∼= (w/2)(dB/dt)c = πwBmaxf, such that
f c ∼= (Ec)/πwBmax. At f c, the superconductor-only power loss
for the CSM and the PLMs agree most closely. A similar
approach to defining f c was taken by Brandt [39] and Grilli
et al [35], see also [41], but they chose an f c with the aim
of maximizing the susceptibility, and thus chose the penetra-
tion field rather than Bmax in the definition of f c. As shown
by Grilli this choice leads to reasonable agreement in terms
of critical state and power law susceptibility for Bmax > Bp.
But here we use an f c based on Bmax, as it gives a better
match for our conditions, and is more practical to apply for our
experiment.

In this case the total loss for the tape is given by

Ptot,L,pl
∼= wIcBmax f

(
f
fc

)1/n

+
π2

6ρ
[Bmaxwf ]

2wt (8)

and the influence of both eddy currents and creep are now
included in the loss expression. These approximate expres-
sions assume that Bmax > Bp, and that Jc is independent of B.
The formulation for superconductor loss (the first term) here
follows from that of [35, 36, 38], although here we take the
limit of Bmax > Bp. At f = f c, the losses of the critical state
and power laws are similar, for f < f c, equation (8) will give
a lower loss than the CSM, for f > f c, equation (8) will give a
higher loss. We can re-write equation (8) as follows

Ptot,L,pl
∼= wIcBmax f+wIcBmax f

[(
f
fc

)1/n

− 1

]
+

π2

6ρ
[Bmaxwf ]

2wt.

(9)
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In order to cast the power lawmodifications as an additive term
for f > f c (or subtractive term if f < f c). For the present exper-
iment, assuming we use an Ic defined by Ec = 1 µV cm−1,
and for a 4 mm wide tape, f c = (Ec)/πwBmax = 10−4 V m−1/
(π × 0.004 m × 0.566 T) = 14 mHz. Thus for this work,
f > f c and the second term of equation (9) is positive, i.e. the
power law loss is greater than that of the CSM for all measure-
ments presented in this work. It is interesting to estimate the
field ramp rate that would correlate with this f c for a typical
Physical Properties Measurement System (PPMS) (or Vibrat-
ing Sample Magnetometer (VSM)) measurement. Assuming
the same Bmax but a triangular B vs t waveform more typ-
ical of such systems, dB/dt = 4Bmaxf = 32 mT s−1. Typical
ramp rates achievable in PPMS systems are usually below
15 mT s−1, so for such systems, the second term in equation
(9) would typically be negative, and the power law conductor
loss would be less than that estimated from the CSM. The
above discussion is consistent with the well-known need to
compare the electric field criterion between transport andmag-
netic measurements of Jc. We note that the effects of the flux
creep term can be substantial. If we are measuring in a range
of, for example 10–100 mT s−1, and assign f c = 14 mHz, then
at 100 Hz, the power law hysteretic loss will be larger than
the critical state hysteretic loss (that at 14 mHz by a factor of
(7142)1/35 = 1.26, or 26% if n= 35, (7142)1/20 = 1.56= 56%
if n = 20).

Finally, we note that the above equations (8) and (9) are the
loss of a ReBCO tape in a perpendicular applied field. It should
apply to a good approximation to the Roebel cable in a perpen-
dicular field if we use the final strand width of 5 mm. For the
CORC® cable, the strands are helically wound. A simple cal-
culation that estimates the average magnitude of the field per-
pendicular to the tape along a cycle of its twist [34] suggests
that the loss of the helical tape should be lower by a factor 2/π
than the loss of a straight, untwisted tape in a perpendicular
applied field. We note that the factor of 2/π was intended to
be applied to the hysteretic loss component of the tape. How-
ever, the same field magnitude variations apply for any eddy
current components, but eddy current power loss goes as dB/dt
squared, and sowe should apply a factor of (2/π)2 on that basis.
This leads to an expression for the loss of CORC cables of

Ptot,L,pl
∼=
(
2
π

)
wIcBmax f+wIcBmax f

[(
f
fc

)1/n

− 1

]

+
4
6ρ

[Bmaxwf ]
2wt. (10)

We can also estimate the penetration field for both cables,
so that we can compare to our applied field sweep amplitude.
For an isolated tape, the penetration field is given [34] by
Bp = (µ0Ic/πw)[1 + ln(w/t)] ≈ 93 mT using the self-field
Ic value of 100 A at 77 K [5]. For a CORC® sample, the
tape is helically twisted around a core. Considered as an indi-
vidual tape, some portions of the tape will become penetrated
at fields determined by the field parallel expression for a tape,
namely Bp = µ0Ic/w ∼= 30 mT. However, other portions will
not be fully penetrated until the Bp for perpendicular fields
for tapes, the 93 mT noted above. For our purposes, we can

take the full penetration field of such a helical conductor to
be 93 mT, since above this field sweep the loss would be lin-
ear with applied field sweep increases. For a many-layer con-
ductor with tight windings, we could expect this to increase,
ultimately approaching the case of the thick wall cylinder. Our
cable is only two layers thick, so at an applied field of 566 mT
we are well above Bp for the cable in any case.

In the case of the Roebel cable, we can compare the value
for an isolated tape, again 93 mT (using the nominal Ic per
tape of 100 A [12], and with Jc,eff = 15Ic/(wt)) with that of
a diluted superconductor [42] in conjunction with the expres-
sion for the penetration field of a rectangular bar [43], then we
findBp = (µ0Jc,efft/(2π))[(2w/t)arctan(t/w)+ ln(1+ (w/t)2)]≈
120 mT. Again, we are well above either value with our
applied field of 566 mT.

2.4. Results

Figure 2 shows the loss of the tape (per meter) used to make
the cable. The sample was measured horizontally, perpendic-
ular to the radial field direction in the SMC. We note that
a flat tape gives the same result when mounted horizontally
as it would if oriented vertically (a fact that was experiment-
ally verified) because (a) the field is fully penetrated by the
radial field in the sample over an angular distance much larger
than the sample width, making the response to radial fields the
same, and (b) the thin sample has a negligible response to the
tangential fields applied perpendicular to the tape’s thickness.
As described in [28], because of the field dependence of the Jc
of the tape (ranging from 100 A at self-field to≈20 A at 0.5 T)
the Ic of the tape ≈38 A for field sweep values that range up
to 566 mT (data of this tape is from [28]).

The linear curve (red dashed line) in figure 2 shows the
calculated hysteretic loss of the tape for Ic = 35 A (the first
term of equation (9)), and the dashed blue line the flux flow
or power law modification (the second term) where we have
assumed n= 35. The green dashed line gives the eddy current
contribution of the stabilizer where RR (77 K)= 3.8 (and a Cu
thickness of 40 µm top and bottom on the tape) [28]. Here, RR
refers to the resistivity ratio of a material at ice point (0 ◦C) as
compared to its value at some lower temperature, here taken as
77 K (residual resistivity ratio) is RR when the lower temper-
ature is absolute zero. RR values for Cu can vary, with higher
numbers (up to 5.5 at 77 K for low defect, high purity Cu) to
lower values for Cu which is less pure or has defects. Electro-
plated Cu has many defects associated with the plating process
itself, and a RR value of 3.5–4 is not uncommon [44]. The RR
(77 K)= 3.8 gives a Cu resistivity at 77 K of 0.46 µΩ cm. We
also must consider the eddy current losses in the stainless steel
core. However, the resistivity of the stainless steel 304 used
in the core is 72 µΩ cm, such that relative to the Cu stabil-
izer there is a loss suppression of the stainless steel (SS) term
(per unit volume) of 164 due to the much higher resistivity of
the SS. A second loss suppression (relative to the eddy current
loss in the superconducting tape stabilizer) occurs because the
SS core is 3.16 mm wide, while the tape is 4 mm wide, and
thus there is a further suppression factor of 1.6. There is a loss
enhancement ratio per unit length of conductor of the ratio of
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Figure 2. Loss for a flat, straight segment of tape (conductor used
for CORC®). The black line is the calculation for a ReBCO tape
with Ic = 35 A, and including hysteretic loss (critical state), flux
creep modification (n = 35), and an eddy current loss component
for a Cu strip 80 µm thick with a RR = 3.8 at 77 K [4]. Dashed red
line is hysteretic component, blue line is flux creep modification,
green is eddy current. Black dashed line is eddy current and
hysteretic loss (without flux creep modifications) only.

the volumes (of the core vs the total stabilizer in a given cross
section), which, per unit length causes an enhancement of 24.
Overall, this leads to a factor of 11 times lower eddy current
loss in the stainless steel core than in the stabilizer. This is suf-
ficiently small to be ignored further in this work, but certainly
could not be ignored if the core was itself Cu. The dashed
black line gives the response of the hysteretic and eddy cur-
rent contributions only, and the solid black line the summation
of all loss terms. The agreement with the experimental data is
reasonable.

Figure 3 shows the CORC® cable result (=cable loss
(W)/total length of REBCO tape within sample (m)). For the
tape sample of figure 2, mounting the sample vertically or
horizontally would make no difference, as long as the tape
was perpendicular to the radial field. Conversely, a round
cable would have a non-negligible width exposed to transverse
fields if the cable was measured with vertical orientation, but
since we align the tape horizontally, we avoid such tangential
field exposure, simplifying our analysis. In this case, the tapes
within the cable only experience a radial field, approximately
sinusoidal with time, of amplitude 566 mT.

We also plot the tape data of figure 2 alongwith the CORC®

cable result in figure 3, and we see that the CORC® cable loss
is lower than that of the tape it is wound with, on a per total
tape length normalization basis. We can then apply the cor-
rection factors discussed in the analysis section to the calcu-
lated tape loss, as embodied in equation (10). This gives the red
curve shown in figure 3, comparable to the data for the CORC®

Figure 3. CORC® cable loss per meter of tape (left axis) and per
meter or cable (right axis). Three measurement sets on the same
cable, along with tape loss data (per meter of tape, left axis only)
from figure 2. Both samples were oriented horizontally. The black
line is the calculation for ReBCO tape with Ic = 35 A, including the
hysteretic loss (critical state), flux creep modification (n = 35), and
an eddy current loss component for a Cu strip 80 µm thick with a
RR = 3.8 at 77 K [4]. The red solid line is similar calculation, with
hysteretic (and flux creep) loss of tape multiplied by a factor of π/2,
and eddy current loss multiplied by a factor of (π/2)2, as described
in text.

cable. The agreement is again reasonable. However, this leads
to the immediate conclusion that the eddy current contribution
in the cable is essentially the same as that in the tape, and that
no tape-to-tape coupling currents appear to be present (i.e. the
coupling currents are sufficiently small to lead to a negligible
loss contribution for these particular samples). Of such cable
level coupling currents were present, it would lead to a loss
term which was proportional to f 2 and inversely proportional
to the tape-to-tape contact resistance. Evidently, the tape-to-
tape contact resistance is sufficiently high that any cable level
currents are negligible. This is consistent with numerous stud-
ies of tape-tape resistance in YBCO stack Interstrand Con-
tact Resistance (ICR) measurements [45–49], as well as tape
to tape resistance in Roebel cables [12], and CORC cables
[17]. This is not surprising given that the cables were meas-
ured ‘as-received’. The observance of coupling currents is well
known to hinge on the contact resistance between the tapes
in Low Temperature Superconductor (LTSC) cables [50] as
well as HTS cables [17]. We and many others have meas-
ured contact resistance between Cu surfaces, and these are
well known to be controlled by the oxide layers which form
on the Cu, whether the Cu is the Cu sheath of an low tem-
perature superconductor (LTS) wire or the electroplated sur-
face of a ReBCO tape. Of course, oils and other contaminants
may further increase contact resistance, and alternatively, sin-
tering, soldering, plating with other metals, or surface abra-
sion can reduce this value. Previous measurements on Roebel
cables [51] and CORC cables in as received conditions from
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our group have failed to show the signature of cable level coup-
ling currents between the tapes in the respective cables. Of
course, such currents can certainly be present in cables which
have low values of interstrand contact resistance. An excel-
lent recent paper which includes data on the AC loss of CORC
cables at 77 K and 4 K shows this very clearly. Yagotint-
sev [17] shows loss as a function of frequency for a CORC
cables in perpendicular applied fields at 77 K, with those with
Sn soldering between the tapes showing two orders of mag-
nitude lower contact resistance between tapes and an obvi-
ous coupling loss contribution, while the frequency response
for the un-soldered is much lower (see figure 13 of Yagotint-
sev [17], that text). The relative contributions of strand level
eddy currents and conductor power law properties are not dis-
cussed in this case. But, the overall message is similar, cables
in ‘as-received’ states appear to have low coupling loss. How-
ever, as noted above these interstrand contact resistance values
are highly sample preparation dependent. It is also important
to distinguish between cable level, tape-to-tape coupling cur-
rents, and coupling currents between filaments formed by stri-
ation or other means within the tapes [7], where strand level
coupling currents are readily seen.

In the case of the Roebel cable, a 10 cm segment of the
cable was mounted horizontally, and the results are shown in
figure 4. If we want an average Ic of the whole of the M–H
loop, we can use equation (1) to extract Ic, from the linear
portion (green dashed line), obtaining a value of 60 A. This
is reasonable since we have measured over a field range from
0 to 0.566 T, and thus can be expected to be somewhat lower
than the nominal 100 A (77 K, self-field) Ic of the starting tape
(a different tape than that used for the CORC® cable). We can
also observe an upward curvature (as was seen for the tape
and the CORC® cable), again indicating the presence of eddy
currents for the Roebel cable. Given the relatively high contact
resistances already measured for this cable under these prepar-
ation conditions [10], no coupling currents should be seen. The
total loss calculation for hysteretic, flux creep modifications
and eddy currents is shown as the black full line in figure 4,
an Ic = 50 A (reduced from the 50 estimated from the CSM,
because of creep effects), n= 35, a Cu thickness of 30 µm and
a RR (77 K)= 3.5 was used. We thus infer that again no cable
level currents are present, since the physically reasonable (for
electroplated Cu), but the relatively low RR would be unphys-
ically low if we attributed any of the eddy current losses to the
cable level.

This paper has focused on losses in coated conductor cables
under conditions of fast ramping applied external fields. If we
think about the implications of the measurements and mod-
els above, we do see that relatively simple models for the loss
of single tapes can be modified to predict the loss of cables
wound from them, at least in the case where tape-to-tape coup-
ling currents are not present, core losses (the CORC core) are
not strong, and we are below the relevant skin depth frequen-
cies. While we might have suspected that the models used
at lower frequencies or field amplitudes could be applied at
higher excitations, it was important to demonstrate this. Of
course, coupling loss, core loss, and even skin depth modifica-
tions can be added to the analysis, when needed. We can apply

Figure 4. Roebel cable loss per meter of tape (left axis) and per
meter of cable (right axis). Two measurements of the same cable are
shown. Ic extracted from the loss expression is 50 A. The green
dashed line is critical state hysteretic component, the red dashed line
includes the critical hysteretic loss with creep modification
(n = 35), and an eddy current component with Cu layer thickness
30 µm and RR (77 K) = 3.5.

equations (8) and (9) (tapes and Roebel cables) and equation
(10) (CORC cables) to higher field amplitudes as long as the
Jc we use is an average over the fields of the magnetic sweep.
Similarly, we can apply the expressions in a straightforward
manner to operation at different temperatures, assuming the Jc
(as well as the stabilizer resistivity) is averaged over the field
cycle at that temperature. One further important result is that
at these higher values of dB/dt, it is important to include flux
creep (or power law) effects in the analysis.

3. Conclusions

We have measured ReBCO coated conductor based CORC®

and Roebel cables at 77 K in an SMC that subjected the tapes
in the sample to a radial field of 566 mT at frequencies up
to 120 Hz with an approximately sinusoidal waveform. This
leads to average (over the cycle) ramp rate of 272 T s−1.
The samples were oriented such that the field applied to the
tapes within the cables were only radial, simplifying the ana-
lysis. An expression for loss for which includes hysteretic, flux
creep, and eddy current losses is fit to both the CORC® and
the Roebel cables. This expression allows easy comparison
of the relative influence of eddy currents and flux creep (or
power-law behavior) effects. The losses of the Roebel cable
are approximately consistent with those of a tape of the given
filament width. The losses of the CORC® cable were seen to
be lower than those of the tapes it is wound with due to the
helical twist of the tapes. Once correcting the hysteretic and
eddy current components by the geometrical correction factors
(2/π) and (2/π)2, respectively, the CORC® agrees well with the
model.
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Hysteretic losses, as expected, dominated the loss. Assum-
ing an n = 35, we found flux creep effects to add ∼=26%
at 100 Hz as compared to the critical state hysteretic loss,
and eddy currents to be about equal to the hysteretic loss (at
120 Hz) for the CORC® cable. Finally, we find that both the
loss of the CORC® and Roebel measured here are essentially
the sum of the hysteretic loss, flux creep effects, and normal
metal eddy current losses of the individual tapes. The losses
of these cables have been measured at quite high B × dB/dt
with no coupling current loss observed under the present pre-
paration conditions (although lower inter-tape contact values
would no doubt lead to these). One further important res-
ult is that at these higher values of dB/dt, it is important to
include flux creep (or power law) effects in the analysis. These
measurement and models in this work should prove useful for
designs of superconducting machinery or applications where
coated conductor cables are used in fast ramping external
fields.
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Belenli İ 2017 Supercond. Sci. Technol. 30 085012
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