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Properties of a YBCO Pancake Coil Operating With
AC Current at Frequencies up to 1000 Hz

M. Polak, E. Demencik, L. Jansak, E. Usak, P. Mozola, C. L. H. Thieme, D. Aized, G. A. Levin, and P. N. Barnes

Abstract—A small pancake coil was wound using 1.2 m long, 10
mm wide YBCO coated superconductor tape with impregnation
by epoxy resin. The coil was immersed in liquid nitrogen and tested
in several regimes. In the DC regime, we measured the I-V curve,
the hysteresis of the magnetic field-current curve at liquid nitrogen
temperature and the radial component of the coil field at the coil
edges. The critical currents of a short sample at 77 K were also mea-
sured and compared with those of the coil. The AC losses measured
in the frequency range from 60 Hz to 1000 Hz are compared with
those of a similar coil wound with copper tape. The coil heating due
to AC losses was monitored. At 60 Hz, the losses of the YBCO coil
were nearly two orders of magnitude lower than those in the Cu
coil. With increasing frequency, this difference becomes smaller,
but the YBCO coil still exhibited lower losses at 1000 Hz.

Index Terms—Losses, magnetic fields, superconducting mag-
nets.

I. INTRODUCTION

HE APPLICATION of YBCO coated conductors in AC
devices is often considered, however, the main focus of
industry is currently on the improvement of the DC conductor
properties such as critical currents. These conductors have the
shape of a flat tape several millimeters wide (typically 4 or 10
mm) with thickness of the order of 0.1 mm [1]. A stack of pan-
cake type coils is preferred to make the application windings
when using wide tapes. For coils made with Bi-2223/Ag tapes
it was shown that the magnetic anisotropy strongly affects the
distribution of the current density inside the tapes [2]. The crit-
ical current of the coil is also limited by the largest magnetic
field component perpendicular to the tape plane [3]. Since the
tape in the pancakes located at the ends of the coil is exposed
to an inhomogeneous magnetic field, it is not a straightforward
procedure to determine the critical current distribution [4], [S].
Similar problems will also appear in coils wound with YBCO
coated conductors.
When conductor is placed in an AC environment, the direc-
tion of the magnetic field with respect to the wide face of the
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Fig. 1. A photograph of the YBCO coil.

tape plays an additional important role. According to Brandt and
Indenbom [6], the hysteresis loss in YBCO with a transversely
applied magnetic field is directly proportional to the tape width
[71-[9]. Amemiya et al. have shown that in the case of an arbi-
trary orientation of the magnetic field AC losses are proportional
to the transverse component of the field [10]. As such, it is im-
portant to have information on the AC behavior of coils made
of standard, nonstriated YBCO coated conductor. It is of partic-
ular interest to obtain AC loss data of a coil at a wide range of
frequencies for a better understanding of the AC characteristics
of the HTS winding [11]. In this work, we compare the AC be-
havior of a pancake coil wound with a YBCO coated conductor
with that of a similar coil wound of copper tape. Both coils were
cooled by liquid nitrogen.

II. EXPERIMENTAL

A. Description of YBCO Coil and Cu Coil

The YBCO coil was made using a 1.2mlength of copper-sta-
bilized YBCO coated conductor. It was co-wound with wet,
epoxy-saturated fiberglass cloth on a G10 coil form, and had an
inner and outer diameter of 25.8 mm and 33.8 mm, respectively,
after completion. The total number of turns in the winding was
13. Fig. 1 is a photograph of the coil.

The conductor was made using a RABIT’s architecture: Ni-5
at% W substrate with a sputtered Yo O3 seed layer, a YSZ bar-
rier layer, and a CeOg4 cap layer [12], [13]. The substrate had
a Curie temperature of ~ 60°C and is ferromagnetic at 77 K
[14], which may contribute to the coil’s inductance. The 0.8 ym
YBCO layer was deposited using a TFA-based solution process
and subsequently capped with a 3 um Ag layer to which a 50
pm thick Cu foil was laminated. The copper coil was made
using a ~ 110 pm thick, 1.26mlong copper tape, 10 mm wide,

1 with a resistivity of 1.8 x 107 Qcm at 77 K.

1051-8223/$20.00 © 2006 IEEE
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Fig. 2. I-V curve of the coil with a DC current, at 77 K.
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Fig. 3. The radial field component, B, as a function of the radial position, r,
measured at various current (rms) at 500 Hz.

The number of turns, the inner and outer coil diameter, and the
insulation were the same as those of the YBCO coil. ANORMA
Power Analyzer 4000D was used to measure the losses of the
coil.

III. RESULTS AND DISCUSSION

The DC critical current of the coil using a slowly increasing
transport current was 154 A for which the coil voltage was 12
w1V (see Fig. 2). This corresponds to a mean electric field of 0.1
12V /em and to a mean winding current density of 5000 A /cm”.
Optimization of the engineering current density of the windings
was not considered. At 154 A, the axial field at the coil center,
B,(r = 0), is 80 mT and at the inner turn of the coil, B,(r =
20 mm), it is 145 mT calculated assuming a constant current
density in the tape.

Using a small active area Hall probe we measured the radial
field component, B, (r), close to the longitudinal edge of the
coil (z = 5.5 mm). In Fig. 3 we show the typical set of B,(r)
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Fig. 4. Maximal values of the radial field component B, ,.x (atr = 15 mm)
as a function of DC current: at room temperature (dotted line), at 77 K and a half
cycle 0 — 100 A — 0 (dashed line) and at 77 K and the full cycle 0 — 100
A — 0 — —100A — 0 (full lines).

300 : ; : : . .
Bl/lc
250 ¢ ]

Br, max f(l)
200

150 L I(B), short sample at 77 K ]

I(A)

100

0 1 ) . 1 L 1
0 50 100 150 200 250 300 350

magnetic field, mT

Fig.5. Theloadline B, na.x (I) and L. (B) curve of the YBCO tape used in the
coil.

of B,(t) was not perfectly sinusoidal. The values of B, are its
first harmonics. The radial component of the coil field measured
at z = 5.5 mm has a maximum, B; max, at 1, = 15 mm (in
the middle of the winding thickness). The measurements were
repeated with the coil in the normal state (300 K) and at 77 K.
B., max 1s plotted vs. coil current in Fig. 4. The values of B, ax
increase linearly with increasing current at 300 K, but at 77 K
they have a hysteretic character. This behavior further indicates
an inhomogeneous current distribution in the tape.

In Fig. 5, the B, max (I) load line represents the maximal ra-
dial magnetic field which is directly proportional to the current
(the hysteresis seen in Fig. 4 is not taken into account). The
I.(B) curve represents the critical current of the YBCO con-
ductor when exposed to a uniform external field B that is equal
to B} max. Since the critical current of the coil (154 A) is smaller
than the point of intersection of the two curves (173 A), the
nonuniformity of the induced magnetic field acting on the tape
is an effect that must be considered and that uniform field ap-

curves measured at 500 Hz and various coil currents. The signal 2 proximations are not sufficient.
Approved for public release; distribution unlimited
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Fig. 6. Coil voltage measured vs. current for triangular current waves with
dI/dt = 6.4 A/s (e),3.08 A/s(0) and 1.578 A/s({).
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Fig. 7. The measured total AC losses of the YBCO and Cu coils as a function
of the coil current Irms at various frequencies from 60 Hz (bottom curve) up to
1000 Hz (upper curve). The losses of Cu coil were measured with DC current.

An initial improvement of this situation could be made by
using B, for a circular current loop, which can be readily ex-
pressed, in complete elliptical integrals. One would then inte-
grate the expected critical current across the tape due to this field
approximation.

The observed behavior of B, and its nonuniformity demon-
strate the need for new procedures to determine ac losses other
than simple extrapolation from short sample data.

To determine the coil inductance, L, we recorded the coil
voltage, V, while applying triangular transport current waves
with the amplitude of 50 A at frequencies of 50, 100, and
200mHz (Fig. 6). With V. = L dI/dt, the shape of the curves
shows that L. depends on the current at low current values,
ranging from ~ 7 pH at I = 0 to ~ 5 pH with increasing
currents. At higher currents, L is current independent which
independence tends to shift to higher current levels as dI/dt
increases.

Loss measurements for the YBCO coil at frequencies from 60
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Fig. 8. Coil voltage V vs. time t, measured at 500 Hz and 1000 Hz at various
current (rms values).

Cu coil with a DC current. There is little difference in losses of
the Cu coil between the DC and AC 100 Hz currents. The total
losses of both coils increase proportional to I*, where n = 1.7
at a frequency of 60 Hz and n = 1.9 at 1000 Hz.

The losses of the copper coil are proportional to I? as pre-
dicted by theory. However, considerable heating of the Cu coil
was observed at larger currents as deduced from the I-V curve,
89 Katl =100 A.

At 60 Hz, the losses in the YBCO coil are nearly 2 orders
of magnitude lower than those in the Cu coil. With increasing
frequency, the YBCO coil losses increase and approach the Cu
coil losses, but they are still smaller at 1000 Hz. The main com-
ponents of loss in the YBCO are the hysteresis and self-field
losses.

Of particular interest are the nonsinusoidal voltages measured
at higher currents, as seen in Fig. 8. The heating of the YBCO
coil was monitored by a copper-constantan thermocouple in-
stalled in the winding and it was negligible. At 1000 Hz and with
an Ic.x of 50 A, the temperature increase was below 0.2 K.

IV. CONCLUSIONS

In summary, we measured the AC losses in a small YBCO

to 1000 Hz are shown in Fig. 7. We also show the losses of the 3 pancake coil and compared it with a similar coil fabricated in the
Approved for public release; distribution unlimited
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same fashion using plain copper tape. Due to the magnetization
currents, the YBCO coil inductance depends on the coil current.
At 60 Hz, the losses of the YBCO coil were nearly two orders
of magnitude lower than those in the Cu coil. With increasing
frequency, this difference becomes smaller, but the YBCO coil
still exhibited lower losses at 1000 Hz. The radial magnetic field
component showed that the current distribution in the tape is
not uniform. This indicates a need for loss calculation, which
is suitable for inhomogeneous fields, and the need for a more
ac-tolerant architecture of YBCO conductor.
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