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Dynamic resistance measurements in a GdABCO-
coated conductor

Zhenan Jiang, Ryuki Toyomoto, Naoyuki Amemiya, Chris W. Bumby, Rodney A. Badcock, Nicholas J. Long

Abstract— Dynamic resistance is a phenomenon which occurs
when a superconducting wire carries DC transport current whilst
experiencing an alternating magnetic field. This situation occurs
in a range of HTS machinery applications, where dynamic
resistance can lead to large parasitic heat loads and potential
quench events. Here, we present dynamic resistance
measurements of a 5 mm-wide Fujikura coated conductor wire at
77 K. We report experimental values obtain through varying the
field angle (the angle between magnetic field and normal vector of
the conductor wide-face), the DC current levels, and the magnetic
field amplitude, and frequency. We show that the dynamic
resistance in perpendicular magnetic field can be predicted using
a simple analytical equation. We also show that, across the range
of field angles measured here the dynamic resistance is dominated
by the perpendicular component of the applied magnetic field.

Index Terms— Dynamic resistance, ReBCO, GdBCO, coated
conductor.

. INTRODUCTION

ynamic resistance occurs when a superconducting wire

carries DC transport current whilst experiencing an
alternating magnetic field [1, 2]. In HTS applications such as
rotating machines, magnets, and SMES (Superconducting
Energy Storage Systems), dynamic resistance plays an
important role [3-6]. In HTS flux pumps, dynamic resistance
within the HTS stator determines the maximum available
output current [7-11]. In recent years, HTS coated conductors
have become the dominant wire choice for next generation
superconducting machines [12], and hence accurate prediction
of the dynamic resistance incurred within an HTS coated
conductor wire is a critical issue.

Oomen et al developed an analytical model for calculating
dynamic resistance in a superconducting slab in an AC parallel
magnetic field [2]. There have been some previous
experimental reports on dynamic resistance in coated
conductors in AC perpendicular magnetic fields [13, 14].
However, this previous work has only employed applied
magnetic field amplitudes of <20 mT, and the wire I value for
the measurements reported in [13] was much smaller than
today’s wires.

Recently we have measured the dynamic resistance in a 4
mm-wide SuperPower coated conductor in AC perpendicular
magnetic field up to 100 mT, and have developed an equation
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which can predict dynamic resistance in a superconducting strip
in perpendicular magnetic field. This approach employs a
formula adapted from the Oomen equation for a
superconducting slab in parallel magnetic fields [15].

Here, we present dynamic resistance measurement results in
a 5 mm-wide Fujikura GABCO coated conductor at 77 K. This
Fujikura wire has a considerably higher self-field I¢ than the 4
mm-wide SuperPower wire previously reported, and hence
provides a test of the useful applicability of our developed
equation. In addition, in this work we examine the dependence
of dynamic resistance on the applied field angle (the angle
between magnetic field and normal vector of the conductor
wide-face, ¢, see Fig. 1).

FIG. 1 HERE

Il. EXPERIMENTAL METHOD

Fig. 2(a) shows the experimental set-up used to make our
dynamic resistance measurements at 77 K [16]. The AC magnet
can generate up to 100 mT peak magnetic field at frequencies
up to 112.5 Hz. The sample can be rotated inside the magnet,
and the field angle, « can be varied from 0° to 360°. A 300 A
DC power supply was used to supply DC current to the 15 cm-
long Fujikura sample wire (FYSC-SCO05). The sample was
fabricated by IBAD/PLD method, and has a self-field I. of
266.0 A at the 1 uV/cm criterion, 77 K. The specification of the
sample is shown in Table 1. The DC circuit was arranged in
order to reduce coupling with the AC magnet circuit. Fig. 2(b)
shows voltage taps attached on the sample. Two sets of voltage
taps were prepared as seen in Fig. 2(b): in the first set, two
voltage taps were attached on the center of the sample, and two
voltage signal wires run opposite along the sample axis and
meet in the center of the sample; in the second set, a spiral loop
was arranged around the sample as shown in the figure [17].
The spiral loop was introduced to cancel out the effect from
external magnetic field. The distance between the voltage-taps
is 5 cm. The voltage output from the voltage taps were
measured using a Keithley 2182 nano-voltage meter.
Appropriate filters were used to average the voltage from the
voltage taps [18]. Dynamic resistance values measured from the
two voltage pick-ups were exactly the same, and the first set of
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voltage taps was used in this work.

FIG. 2 HERE
TABLE 1 HERE

I1l. EQUATION FOR DYNAMIC RESISTANCE IN A STRIP IN
PERPENDICULAR MAGNETIC FIELD

The dynamic resistance per unit length per cycle in a
superconducting strip, carrying DC current exposed to AC

perpendicular magnetic field, Rq, 1, can be estimated using the
following equation [15],

R
:Ll = ;lj (Ba, 17 Bth, L) (1)

where a is half-width of the coated conductor, B 1 is the
amplitude of applied magnetic field, I (266.0 A) is the self-
field critical current of the conductor, I; is the DC transport
current, f is the frequency of the applied magnetic field, L is the
distance between the two voltage taps. The threshold magnetic
field, Bw, L is given by,

By, . =B, L[1—:‘] (2

c0

where (1- I;/l) is the DC current filling factor and By, 1 is
effective penetration field [19, 20], which can be evaluated by
finding B, value at the maxima of the 7"curve shown in Fig. 3.
In this figure /"= Qgi/Ba?, where Qg is the Brandt expression
for the theoretical magnetization loss in a superconducting
strip exposed to AC perpendicular magnetic field [21]. The
maxima of this curve can be obtained from straightforward
numerical methods to yield [15],

B, . =4.9284., t/ 7 (3)

where Jo is defined as Ieo/(2a x 2t). For the wire considered
here, we calculate that By, + =51.71 mT, as shown in Fig. 3.

FIG. 3 HERE

IV. EXPERIMENTAL RESULTS

Fig. 4 shows the measured Ry 1 data obtained from the
sample at 3 different frequencies and 4 different values of the
reduced current, I¢/lo. In these plots Rq, 1 is normalized by f. The
Ry, . data for different frequencies show close agreement, which
indicates the hysteretic nature of the dynamic loss mechanism.
In all plots, Rq, 1 is zero until the threshold magnetic field, B,
1, is exceeded. We have obtained experimental values for By, 1
from the x-axis intercept of linear fits of the composite dataset
using all frequencies measured for each value of Ii/lco. Bt
values decrease as the reduced current, I/l is increased which
is consistent with Eq. (2). In Fig. 4(d), the Rq, . data for f = 26.62
Hz deviate from the linear fit. We believe this is due to flux
flow loss which occurs as the I¢(B) of the wire at the peak
applied field falls below the magnitude of the total driven DC

current [15]. Flux flow loss leads to a rapid increase in total
dissipated power with increasing field amplitude, and we burnt
out a sample during the measurement at I/lco = 0.9 and high Ba,
due to this effect.

FIG. 4 HERE

The experimentally derived values of B, 1 from the Fujikura
sample are shown in Fig. 5(a) alongside calculated values based
on Eq. (2) [15]. The figure also shows calculated values
obtained using an alternative formula proposed by Ciszek et al,
which uses B values in parallel fields in conjunction with a
calculated demagnetization factor [13]. It can be seen that the
experimentally obtained values of Bwm, 1 have excellent
agreement with the values determined using Eq. (2), while the
Ciszek model only converges with our model and experiment
at high Ii/l¢o values.

Fig. 5(b) compares the gradient of the linear fits (dRq¢/dB3) in
Fig. 4 and the theoretical value of 4a/l¢ expected from Eq. (1).
This is plotted as a function of the reduced current I¢/lc. In all
cases the experimentally obtained gradient is larger than the
theoretical value, although agreement improves slightly with
increasing l/leo. The difference ranges between 30 — 15 %.
There are several possible causes for this discrepancy,
including: possible non-uniform Jc distributions in the sample
wire; possible contributions due to J.-B dependence of the wire;
or possible errors in measured Il values and GDBCO film
dimensions used in the theoretical calculations.

In Fig. 6, Rq data is plotted for measurements made at 3
different field angles, « = 0°, 30°, 60° , using 3 different Ii/lco
values at 26.62 Hz. For a given ld/lep, Bwm increases with
increasing field angle « while the gradient of the fitted linear
lines, dR4/dB,, and decreases with increasing field angle
a. These results can be explained by the fact that calculated
dynamic resistance in parallel magnetic field [2] is negligible
compared to our experimental results. For example, if we
consider B,= 100 mT, Iy/lco = 0.3 and f = 26.62 Hz, we find that
the experimentally measured Rq at « = 60° is 1.19 uQ/m/Hz.
This can be compared with a calculated value for the expected
dynamic resistance in parallel field of from the Oomen model
of Ry =5.76 x 10" pQ/m/Hz which is a factor of about 2000
smaller than the measured value. Fig. 7 shows calculated values
of Ry, for parallel field amplitudes up to 100 mT, and it is clear
that Ry, < R4 throughout the experimental range reported
here. In light of this observation, it is reasonable to consider
whether the angular dependence of Ry (o) can be explained
simply by the perpendicular component of B, which varies
according to Ba-cosa. Fig. 8 shows plots of Ba-cosa versus Ry at
a = 0° 30° 60° It is readily apparent that this simple
transformation leads to the data collapsing onto an
approximately common curve for all angles.

FIG. 6 HERE
FIG. 7 HERE

The apparent perpendicular threshold field, B, 1 (given by
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the x-axis intercept) now closely agree for the datasets collected
at each field angle. This is a result of the very high aspect ratio
of the coated conductor wire, which ensures that shielding
currents are restricted to flow only within the ~ 2.3 um GdBCO
film. This gives rise to a magnetization field which is always
perpendicular to the tape, and hence shields only the
perpendicular component of the applied field. This situation is
markedly different to that previously observed for BSCCO wire
[18], where the aspect ratio of the filamentary zone is normally
more than 100 times the aspect ratio (2a/2t) of a ReBCO wire.

FIG. 8 HERE

Fig. 8 also shows that the gradient dR4/dB.i, is also
approximately constant at « = 0°, 30° and 60°, although the
agreement at the largest field angle studied is not perfect, and
suggests the emergence of a further small contributing factor.
Nonetheless, Figure 8 provides strong evidence that Rq (o) of
the GABCO coated conductor wire can be well described by
considering solely the contribution of the perpendicular field
component to Eqg. (1).

V. CONCLUSION

We have measured dynamic resistance in a 5 mm-wide
Fujikura GaBCO coated conductor at 77 K when exposed to AC
external magnetic fields at various applied field angles and
amplitudes up to 100 mT.

The threshold field, Bw . of the coated conductor in
perpendicular field can be accurately predicted from the
penetration field, By, 1 identified from the maxima of the Brandt
gamma curve, and the DC current filling factor (1- I; /lco). The
measured dynamic resistance, Rq, + values in perpendicular
magnetic field, have reasonable agreement with the values
predicted from the Oomen equation for a superconducting slab
using the B, 1 values.

We have also shown that the dynamic resistance due to an a
magnetic field applied at angles up to 60 degrees from the
perpendicular field, can be accurately determined by
considering solely the contribution due to the perpendicular
field component. This situation is contrary to that previously
reported for BSCCO wire, and arises due to the very high aspect
ratio of the coated conductor wire, which restricts shielding
currents to flow solely in the plane of the ReBCO film.
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TABLE |
SAMPLE SPECIFICATIONS

Critical current at self-field, 77 K (A) 266
Width of conductor (mm) 5.07
Ag layer (um) 6.4

Thickness of YBCO layer (um) 2.3

Sample length (mm) 150
Thickness of substrate (um) 100
Thickness of stabilizing layer (um) 100
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