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Abstract Based on characteristics of alternating current
(AC) critical current of high temperature superconducting
(HTS) tapes on the frequency, this paper focuses on AC
voltage-current (U-I) behaviors of two kinds of high
temperature superconducting tapes, by which BSCCO and
YBCO carrying different frequency AC currents are tested
in liquid nitrogen temperature of 77 K. It is shown that the
AC U-I characteristic curves of different tapes consist of
two parts, that is, the resistive part and the hysteresis part.
Additionally, the n values of the two parts and the
relationship between AC critical current and frequency are
obtained through experiments. The experimental results
agree with calculated ones well, which is useful for the
application of HTS tapes to power technology.
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1 Introduction

With development of superconducting power applications,
a variety of superconducting electrical equipments, such as
high temperature superconducting (HTS) cable [1–3],
transformer [4], motor, superconducting magnetic energy
storage (SMES) device, and superconducting fault current
limiter (FCL) [5,6] have been demonstrated running in
several countries [7–10]. The n value and critical current

are significant parameters for weighing the quality of
superconducting materials [11–13]. n value describes
transferring degree from the superconducting state to
normal state. Critical current is an important parameter to
measure the carrying current capacity of practical super-
conducting materials. The study on n value and critical
current of HTS is able to provide an important reference to
production and operation of the HTS power devices
[11,12]. In the study of direct current (DC), the critical
current of HTS already has a relatively complete
theoretical and experimental support. But for alternating
current (AC) case, the investigation is still not enough
about the AC critical current IB, that is, the turning point
current of crossover from the hysteresis part to the resistive
part in voltage-current (U-I) curve is defined as AC critical
current when HTS tape carrying AC current [14,15].
Furthermore, a lot of researchers mainly focused on
theoretical analyses, there are no enough actual measure-
ments on AC U-I behaviors. But the superconducting
electrical equipments often involve alternating current, so
that more detailed experimental study on U-I features of
HTS tapes carrying alternating current is essential and thus
provides important references for the practical application
of HTS power.
In this paper, AC U-I characteristics for the first

generation (1G, BSCCO) and the second generation (2G,
YBCO) HTS tapes were tested in liquid nitrogen
thermostatic bath by standard four-probe and lock-in-
amplifier techniques. According to the experiment result,
the relationship between the AC critical current and the
frequency has been analyzed by compared theoretical
calculation with the experimental result.

2 Analysis models

Traditionally, the critical current of superconductor is
defined as the maximum DC current which can transport in
the superconductor without resistances. U-I characteristic
curve of the superconductor could be obtained by the
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four-probe method and then the DC critical current will be
acquired. However, the concept of DC critical current
cannot accurately describe the critical current of super-
conductor when it carries AC current. When HTS tape
carries AC current, AC critical current is not equal to its
DC critical current [8]. Analyses of AC U-I characteristic
of HTS tapes at different frequencies were reported
recently. AC critical current of HTS tapes at different
frequencies and the relationship between the AC critical
current and the frequency are obtained mainly by
simulations, respectively. Generally, analyses on U-I
behaviors of superconductors include the n value and the
critical current. And n is an index parameter and can be
found by fitting the U-I characteristic curve of the
superconductor in accordance with the exponential law
with criterion of 0.1 μV/cm£E£1 μV/cm [7].

E ¼ Ec

1

IcðB,TÞ
� �nðB,TÞ

, (1)

where E denotes the electric field per centimeter along
longitudinal of superconductor. The voltage is divided by
length. Ec = 1 μV/cm is the criterion for defining the critical
current. Ic is DC critical current. In general, n is functions
of magnetic field B and temperature T. The AC critical
current varies with different frequencies which obey

IBðf Þ ¼ Icðf0Þ
f

f0

� �1
n
, (2)

where IB( f) is the AC critical current at different
frequencies, Ic( f0) refers to the DC critical current, f0 is
the frequency when AC critical current IB( f0) is equal to
the DC critical current Ic.

3 Experimental set-ups

Figure 1 shows the schematic arrangement for measuring
AC U-I characteristic curves of HTS tapes. AC power
supply can provide AC current with different frequencies
to HTS samples, the range of frequency is 5–1100 Hz. The
output current is limited; thus, AC power supply cannot
provide enough current to meet experimental require-
ments. Concerning that, a single-phase transformer was
used for enhancing current and dropping voltage in
samples. To adjust the current continuously, voltage
regulator was employed. Current in samples was measured
by a standard resistance that connected with samples in
series. Rated voltage and current of the standard resistance
are 75 mVand 500 A, respectively. Resistive voltage signal
in the sample was measured by a lock-in amplifier
(SR830). In our experiments, the lock-in amplifier worked
as the external reference mode, the input signal of external
reference was provided by a voltage signal on the standard
resistance that is amplified by signal amplifier before
inputting into the lock-in amplifier in order to meet the
required magnitude of reference signal (at least 200 mV).
The signal amplifier used in the experiment has a little
phase difference between the input signal and the output

Fig. 1 Schematic arrangements of set-up
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signal, as shown in Fig. 2. We use the known relationship
between phase difference and frequency to calibrate the
resistive voltage signal of the sample, for getting a more
accurate measurement results.
The AC U-I characteristics of BSCCO and YBCO HTS

tapes were measured. BSCCO tape is with cross section
of 4.8 mm � 0.3 mm and critical current Ic = 125 A at
77 K and self field. YBCO tape is with cross section of
4 mm � 0.3 mm and critical current Ic = 90 A at 77 K
and self field. These experiments were carried out in
the liquid nitrogen bath. The range of measurement
frequency is 5–210 Hz. The test employed four-probe
technique. The entire measurement system was controlled
by a computer, and all data were acquired in a LabView
environment.

4 Results and discussion

AC U-I characteristics of BSCCO and YBCO super-
conducting tapes were obtained through experiments.
Figures 3 and 4 are their AC U-I characteristic curves.
AC current and voltage are the root mean square value in
the two figures. Figure 3 shows the AC voltage and current
characteristics at different frequencies of BSCCO. By
fitting the data of the hysteresis part according to the power
exponent law [11], it could be found that n value decreases
with increasing frequency, n = 1.75 at f = 10 Hz and n = 1.5
at f = 210 Hz, respectively. However, the slope of its
resistive part is a constant with the changing frequency, n =
9.7. Figure 4 is the AC U-I characteristic curves of YBCO
coated conductor (YBCO CC) fabricated by American
Superconductor Company (AMSC) and is similar with
BSCCO, as shown in Fig. 3. In the hysteresis part of the U-
I characteristic curve, n value decreases with the rise of
frequency, n = 1.3 at f = 5 Hz and n = 1.2 at f = 170 Hz. The
slope of the resistive part does not vary with the frequency,
n = 21. Above experimental results are consistent with the
simulating results of Ref. [8].
As it has been already mentioned in the previous paper

[8], the AC critical current corresponds to the crossover
point current in hysteresis and resistive parts, respectively.
Trends of the AC critical current are displayed in Figs. 3
and 4. Figure 5 illustrates the relationship between AC
critical current and the varying frequency. The AC current
in Fig. 5 is the amplitude of applied AC current. It can be
clearly seen that the AC critical currents of BSCCO and
YBCO increase with increasing frequency. Because
minimum frequency of AC power is 5 Hz, the AC critical
current could not be measured at frequency below 5 Hz.
However, the tendency of the figures shows that if the

Fig. 2 Dependence of phase difference between the input signal
and the output signal of the signal amplifier on frequency

Fig. 3 AC U-I characteristic curves at different frequencies for BSCCO tapes
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frequency is low enough, the AC critical current of the
tapes might have been less than or equal to the DC critical
current. With fitting the experimental data in Figs. 3 and 4,
respectively, the results are shown in Fig. 5 that AC critical
currents of BSCCO and YBCO change with frequency,
where the solid line and dotted line are the calculated
values according to Eq. (2), scatter denotes data of
experimental test. By fitting the experimental data, we
obtain n = 7.29, f0 = 1.45 Hz and n = 17.9, f0 = 3 Hz,
respectively for the BSCCO and YBCO CC. It shows that
the experimental data are qualitatively in agreement with
the calculated ones due to the limited frequency range used
in the experiments. Above all, the experiments and
analysis were achieved at self field, but characteristics of

AC critical current for HTS tapes within an external
magnetic field require further research.
The AC critical current, IB( f), increases with the rise of

the frequency. The mechanisms of this phenomenon are
not surely clear up to now, but the possible reasons
suggested are as follows:
1) It could be the result of the thermally activated creep

of vortices, which are formed in a system with refined
junctions caused by plastic deformations flux creep in
superconductor [16].
2) The flux diffusing into the sample should take a finite

time, and the growth rate of the current increases with
increasing frequency. At high frequency f> f0, the flux
diffusion is slower than the growth of current. The
magnetic flux cannot penetrate the sample as deep as at
low frequency or DC cases with increase of frequency.
There possibly exists a larger “flux free” area in the central
part of the sample at high frequency. Consequently, a
generously proportioned current is needed for full
penetration of the flux at high frequency, which results in
increasing the AC critical current at high frequency [8].
3) The current density distributions in superconductor

and the skin effects also could be the reason for this result.
The highest current density value in HTS tapes is obtained
in the outer filaments [17], in which current distribution in
the cross section of tapes is not uniform, that is, the closer
the conductor surface, the larger the current density.
Therefore, the AC current carrying capability increases
with the increasing frequency.

5 Conclusions

Experimental investigation on frequency-dependent

Fig. 5 Frequency-dependent AC critical currents of BSCCO
with DC critical current Ic = 125 A and YBCO CC with Ic = 90 A

Fig. 4 AC U-I characteristic curves at different frequencies for YBCO CC
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critical current of HTS tapes was accomplished at 77 K and
self field. Frequency-dependent critical current could be
obtained from the HTS AC voltage-current characteristic
curve. It is shown that the n value of the hysteresis part
decreases with increasing frequency, while the slope of the
resistive part does not vary with changing frequency. AC
critical currents of two kinds of HTS tapes increase with
increasing frequency, and AC critical current IB( f) is
approximately proportional to f1/n. And the experimental
results qualitatively agree with the theoretical ones. The
theoretical analysis and experimental studies in back-
ground of AC and DC magnetic fields need to perform in
next step.
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