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AC transport losses in a single superconducting tape, double- and triple-stacked Bi-2223/Ag superconducting

tapes were measured by use of electrical method. The measurements were carried out at 77K with the frequency of AC

transport currents ranging from 50 to 1000Hz. The dependence of AC losses on frequency and the number of tapes in

the stack were presented and analysed.
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1. Introduction

The knowledge of AC losses is essential for design-
ing superconducting devices and developing low-loss
superconducting wires. Until now, a large amount of
investigations on AC losses of high-temperature su-
perconductors (HTS) have been carried out at power
frequency.[1:?] Recently, several works concerning the
frequency dependence of AC transport losses in Bi-
2223/Ag tapes were also reported.[*19 Some experi-
ments showed that the hysteresis loss of a Bi-2223/Ag
tape is dependent on frequency, and it has been sug-
gested that such a behaviour is caused by thermally
activated flux creep.['!] This is out of accord with the
critical-state model which regards the hysteresis losses
per cycle as independent of frequency. To clarify the
mechanism of AC losses of high-temperature super-
conductors, the frequency dependence of AC losses
needs to be further investigated. Up to now, most of
such investigations of AC losses have been focused on
a single tape. In practical applications, the stacked
superconducting tapes are often adopted to obtain
higher current carrying capacity. Thus, it is useful
to study the frequency dependence of AC losses in
In this paper, AC

transport losses of a single tape, double- and triple-

stacked superconducting tapes.

stacked superconducting tapes are measured by use of

electrical method at different frequencies. The depen-
dence of AC losses on frequency and the number of

tapes in a stack is analysed.
2.Experimental

All the specimens (tapes) were cut from a non-
twist 55 filaments multi-filamentary Bi-2223/Ag bare
tape with a critical current of 57A. The length of
each sample is 10cm and the cross-sectional area is

4mm x 0.2mm.

Table 1. The critical currents of the specimens.

Specimen Critical current I. (total)/A
No.1 60

No.2 59.5

No.3 58.4

No.1 and No.2 stack 108

No.1, No.2 and No.3 stack 138.5

The critical currents of the samples were mea-
sured according to the criterion of 14V /cm. The mea-
sured results of the critical currents for single, double-
and triple-stacked superconducting tapes are listed in
Table 1. It can be seen that the total critical current
of a stack is lower than the sum of the critical current
of the individual tape. Such a decay of critical current
is caused by the magnetic interaction among the tapes
in the stack.
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Fig.1. Schematic drawing of the set-up for AC loss

measurement.
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Fig.2. Schematic drawing of stacked tapes with volt-

age taps and pickup coils.

The measurements of AC losses were carried out
at 77K for different frequencies ranging from 50 to
1000Hz by use of the four-probe electrical technique.
The measurement set-up is shown in Fig.1. The su-
perconducting tapes were vertically stacked without
insulators and spacings between the tapes. Figure 2
presents the schematic drawing of a stack with volt-
age taps and pickup coils. To avoid the influence of
the inductive voltage caused by noise fields, we adopt
‘8’ shaped pickup coils with a width three times larger
than the half-width of the tape. The potential taps are

soldered on the outer sample and placed 6cm apart.
3.Results and discussion

The experimental results of AC transport losses as

a function of normalized transport current (i = I,,/I..)
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Fig.3. Variation of AC losses of a single tape with the

normalized transport current for different frequencies.

for a single tape are given in Fig.3. Here I,, is the
amplitude of transport current and I. is the (total)

critical current.

For 50Hz power frequency, the AC transport loss
of a single tape can be well described by the Norris
ellipse formula (1) in the range of i=0.3-1, with the

power exponent value n of 3.5.

1'2
P = c Mo

{(1=4)In(1 —i) + (2—4)i/2}. (1)

The deviation from Norris curve for 7 < 0.3 is caused
by the contribution of eddy-current loss. The relative
contribution of eddy-current loss to transport loss is
inversely proportional to i. With increasing frequency,
the slopes (n values) decrease. Hence, Norris formula

can no longer be used for AC transport losses at higher

frequencies.
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Fig.4. Variation of AC losses of a single tape with the
frequency at different normalized transport currents.
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Fig.5. Variation of AC losses of a two-tape stack with
the frequency at different normalized transport cur-

rents.
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Fig.6. Variation of AC losses of a three-tape stack
with the frequency at different normalized transport

currents.

Generally, AC losses can be classified as the hys-
teresis loss (Py) in superconductor core, the coupling
loss (P.) among the superconductor filaments, the
eddy current loss (P,) in the matrix, and the flux flow
loss (resistive loss) caused by the flux flow. Accord-
ing to the traditional theory, P. and P, are quadratic
dependence on frequency (f), Py is linearly increased
with f, and P, is independent of the frequency. The
frequency dependence of AC losses mentioned above

can be expressed as follows

P =Pyf' + (P. + P.)f* + P.f°. (2)

Figures 4, 5 and 6 show the frequency dependence
curves of AC transport losses for single, double- and
triple-stacked tapes at different normalized transport
We see that the dependence

of AC losses on frequency behaves quite different for

currents, respectively.

t < land > 1. For i < 1, the frequency dependence
of AC losses exhibits a similar behaviour. The slopes
(n values) of the loss curves are about 0.6, 0.83 and
0.84 for single, double- and triple-stacked tapes, re-
spectively. The nearly linear dependence of AC trans-
port losses on frequencies indicates that the transport
losses are mainly composed of hysteresis loss and that
the tapes in the stack have coupled even at power
frequency. At higher frequencies (higher than about
300Hz), the slopes decrease slightly. This implies that
the hysteresis loss per cycle is actually less than that of
linear dependence as in Eq.(2). The mechanism can be
understood as follows: for ¢ < 1, the depth of self-field
penetrating into the superconductor decreases with in-
creasing the frequency, and decreasing the penetration
causes the thermally activated flux creep to decrease
in HTS, which leads to decreasing hysteresis loss per

cycle and increasing the slope (n). Such a decrease of

hysteresis loss has been confirmed in HTS by some ex-

periments and computer simulation.['2=1%] In the case

of ¢ > 1, the slopes decrease with increasing normal-

ized transport current. It can be seen that AC losses

are dominated by flux flow losses. At ¢ = 1.4, for all

the three cases the slope is near zero (lower than about

0.18), which behaves like normal conductors.
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Fig.7. Comparison of AC losses between the single

tape and two-tape stack at different normalized cur-

rents.
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tape and three-tape stacks for different normalized

currents.

To see clearly the difference of the frequency de-
pendence of AC transport losses between single tape
and a stack, we give the comparison of AC transport
losses between single tape and stacked tapes as shown
in Figs.7 and 8. It can be seen from Fig.7 that the
slopes of the two-tape stack are larger than those of
a single tape for ¢ < 1. This means that the hystere-
sis loss per cycle of the two-tape stack are larger than
those of a single tape. For ¢ > 1, e.g., i = 1.2, the loss
slopes for the two cases are about the same. This indi-
cates that AC losses are dominated by flux flow losses.
Figure 8 shows that the loss curves of the three-tape
stack are slightly higher than those of the two-tape

stack for any normalized currents ¢ < 1. Experiments
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also indicate that, at fixed frequency and 7, AC trans-
port losses increase with the number of tapes in the
stack; while at fixed transport current amplitude, AC

losses decrease with the number of tapes in the stack.

4. Summary

AC transport losses of a single tape, double-
and triple-stacked superconducting tapes have been
measured at 77K at frequencies ranging from 50 to
1000Hz. According to the measurement results, Norris
formula can be used to describe AC transport losses of
the single tape at power frequency, but cannot be used

for higher frequency. The dependence of AC losses on

the frequency behaves similarly for single tape and
stacked tapes. In the case of i < 1, the transport
losses, both for single and stacked tapes, are mainly
composed of hysteresis losses. For higher frequencies
(higher than about 300Hz), hysteresis losses exhibit a
frequency-dependent behaviour. In the case of ¢ > 1,
AC losses are dominated by the flux flow losses. With
increasing ¢, they eventually become ohmic losses. Ex-
periments also show that, for a fixed frequency and 1,
AC transport losses increase with the number of the
tapes in the stack; while at fixed transport current am-
plitude, AC losses decrease with the number of tapes
in the stack.
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