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a b s t r a c t

The resistivity of the normal region between neighboring and opposite superconducting stripes/strands/
filaments in twisted structures should be large enough to obtain the coupling losses at acceptable level.
The stability of such structures can be then very low, as the individual superconductors are more or less
electrically insulated. In such structures, any electromagnetic perturbations or spatial inhomogeneities
can be detrimental for the conductor and eventually for the whole design. Concentrating mainly on heli-
cally wound striated coated conductors, we show that placing some normal sheets on the superconductor
tapes without increasing the coupling losses considerably can enhance the electromagnetic coupling. The
results may be extended also to similar superconducting structures with not very high coupling losses,
but requiring better stability, because current sharing between superconducting parts is necessary for
electromagnetic stability of longer conductors.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In many electromagnetic devices, using superconductors
instead of copper is assumed to be advantageous [1,2]. Their appli-
cation may result in reduced weight and size of the designs. The
high critical currents of recently fabricated YBCO coated conductor
(CC) tapes [3–5] created repeatedly new hopes for the possibility of
replacing normal devices with superconductors in practical appli-
cations. To achieve this task, further decrease of AC losses is neces-
sary, as the cooling efficiency at low temperatures is still a limiting
factor. That is true not only at helium, but also at nitrogen temper-
atures, when using high Tc superconductors is possible. The
hysteresis losses [6] could be strongly decreased for classical low
Tc superconductors by decreasing the filament diameter, even to
sub-micron level [7–11]. The analogous procedures lead only to
partial success for high Tc superconductors, although considerable
progress was reached for BiSrCaCuO (BSCCO) wires and mainly for
YBaCuO (YBCO) coated conductors (CC) by striating the tapes
[12,13]. As learned from the low temperature superconductors
[14–16], twisting the samples is necessary for decreasing the cou-
pling losses (CLs). This procedure is again connected with many
complications for the high Tc superconductors. The Roebel tech-
nique [17–19] and recently the concept of ‘‘cable on round core’’
(CORC) with helically wound striated layers around a cylindrical
former [20–23] were discussed as an effective way for decreasing
the CLs. Another property, limiting the practical application of

superconductors, is their stability against any perturbation, caused
by local changing of the parameters (critical current, critical tem-
perature, spatial inhomogeneities in geometrical parameters, local
stress, conductor movement) or some electromagnetic perturba-
tion. Current sharing between the superconductors should be
enabled to avoid the local transition of the superconductor and
eventually of the whole design into normal state. If needed, the
excess current can then be taken ‘‘away’’ from the ‘‘critical’’ region
by neighboring superconductors. This is the necessary condition to
get long samples with high enough critical currents. However,
facilitating the current transfer to neighboring filaments or strands
can be a real problem for structures with high electric resistance
between the superconductors, like the CORC and Roebel structures,
as well as some BSCCO wires and even for very fine filamentary
NbTi superconductors with CuNi or CuMnNi insulating layers on
them [24]. The balance between the requirement of low total AC
loss and stability is not always easy to find [24,25].

Coating the striated CC tapes resulted in increase of the CLs,
therefore the necessity of twisting was declared for enduring the
CLs at an acceptable level [26–32]. Although these are smaller than
for the non-striated samples, the additional losses are by far not
negligible [31]. The partial coating with periodically placed normal
metal (NM) [33,34] could be a solution also for the untwisted
tapes, where the required full periodicity of the plates can be
achieved by short-cutting the tapes at the ends of the design or
adopting the method of ‘‘internal twist’’ [35–37].

As we show in this paper, this procedure can generally be a prom-
ising solution of the stability problem also for twisted structure with
nearly insulated filaments, stripes, layers or strands. The CORC con-
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figuration [20,22] is an example where the NM plates [32,33] can
very effectively enable the necessary current sharing. The results
may be easily adapted to classical low temperature, as well as other
high Tc cables (BSCCO samples with nearly insulated filaments [38–
40], Roebel samples [17–19,41]). In all these conductors, the current
sharing between the filaments or strands is eminently important for
the stability of longer superconducting cables or wires.

2. Losses due to currents between the stripes

At first, we calculate the coupling losses in the ‘‘twisted’’ stri-
ated tapes, like the CORC tapes [23]. In the following, W means
always losses per cycle. The principles of the stripe configuration
with ‘‘twist length’’ 2L and cable width b are sketched in Fig. 1.
The applied AC magnetic field of amplitude Bm and circular fre-
quency x = 2pf is applied in the direction perpendicular to the wide
side of the striated tape just at the position x = L/2. The spatial field
change is approximately sinusoidal (like for simple twisting) or
quadratic (probably closer to the Roebel structure).

As the flux change induces currents of opposite sign on the left
and right side from the point x = L/2, the induced voltage U is evi-
dently zero there. For other positions x = x0, one has

U ¼ _BF0 � F0@B=@t; ð1Þ

where F0 is the area between two opposite stripes with the distance
y0 from the tape center. Then

Uðx0Þ ¼ 2 _B
Z L=2

x0

ydx; ð2Þ

with
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y0 sin px0
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for the sinusoidal and quadratic change of the applied magnetic
field, respectively. Here, y is the line described by the individual
stripes with maximum distance y0 from the central line (actually,
the axis of the cable) and 0 6 x0 6 L.

Introducing the relative coordinate n = x0/L, the electric field
E = U/2y0 is then changing with the position as

E ¼
_BL
p cosðpnÞ

_BL
3 ð1� 6n2 þ 4n3Þ

( )
: ð4Þ

As it should be, this formula leads to E = 0 at n = 1/2 (x0 = L/2).
After integrating the loss density E2/q, one obtains the CLs per
length and cycle as (in units of VA s/m)

W
fL
¼ H

Z b=2

�b=2
dy0

Z L

0

E2

fq
dx0 ¼

_B2bL2H
Afq

; ð5Þ

where H is the thickness of the normal region where the currents
are flowing. The factor A equals 2p2 and 18.5, respectively. It is
not surprising that both values are not very different, as the sinusoi-
dal and quadratic areas differ not too much. In the following, we
take A = 20 for simplicity.

3. Comparing with hysteresis losses in cables

As mentioned, the ‘‘original’’ CLs through the substrate in some
striated samples in the form of cables can be made very low, if inter-
connections between the stripes are absent [23,27–29,42,43]. We
calculate now, how large should be the resistivity between the
stripes, to have lower coupling losses than the hysteresis losses.

The hysteresis losses per unit length and cycle for the striated
samples above the penetration field [44] are given (as in (5), in
units of VA s/m) by [42]

Wh

fl
¼ Nw2JcBm � wIcBm; ð6Þ

where N is the number of stripes, w their width, and the sheath crit-
ical current is Jc = Ic/Nw. The overall critical current Ic can be in the
best samples above 100 A [9–11]. Using the values for Ic = 140 A,
w = 0.8 mm and Bm = 0.1 T, one obtains for the hysteresis losses
per cycle and unit length Wh/lf = 1.12 � 10�2, which is in rough
accordance with the measured value [23]. For the wound tape,
one has to take however into account a reduction factor 1/2 due
to the changing value of the perpendicular component of the mag-
netic field. For the sinusoidal form, this is just the result of integrat-
ing the function sin2(px0/L) over the period length L, which leads to
the factor 1/2. This factor can be clearly seen by comparing the ori-
ginal and wound cable [23].

Comparing (5) and (6), one obtains

W
Wh
¼ 8p2fBmbL2H

AqwIc
: ð7Þ

With the parameters given above, and f = 144 Hz, L = 25 mm,
b = 4 mm and H = 2 lm, one obtains W/Wh = 2.5 � 10�7/q (q in
X m). For having the coupling losses of the same order as the hys-
teresis losses, one should have the resistivity of the material
between the stripes q � 2.5 � 10�7 X m. This means that for hav-
ing the CLs about one order of magnitude smaller than the hyster-
esis losses, it would be sufficient to have the matrix resistivity
between the stripes about three orders of magnitude larger than
that of pure copper.

4. Inserting a normal plate on the stripes

Now, let us add a thin normal plate connecting the stripes in
the cable [33,34]. Due to the contact with the stripes, additional
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Fig. 1. The principles of the ‘‘wound’’ stripe configuration with ‘‘twist length’’ 2L cable width b. The applied AC magnetic field is assumed to be perpendicular to the wide side
of the striated tape at x = L/2. The field change is assumed as sinusoidal like for simple twisting or quadratic (probably closer to the Roebel structure). The coordinate y
describes the curve of the individual stripes with maximum distance y0 from the center. At x = L, the magnetic field is parallel to the tape surface.
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