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Inductive Voltage of Insert HTS Coils Due to Coil
Deformation for Ultra-high Magnetic Field
Generation

So Noguchi, Takanobu Mato, and Seungyong Hahn

Abstract—Some rare earth-barium-copper-oxide (REBCO)
magnets have been developed as an “insert” to generate ultra-high
magnetic fields in a bore of “outsert” background magnets, mainly
owing to their good in-field capabilities to generate high fields.
Meanwhile, REBCO ultra-high field magnets are known to have
some technical challenges such as screening current-induced stress
and the consequent plastic deformation that recently attracts
much attention from magnet engineers. The coil geometry
deformation not only causes mechanical damage to the REBCO
layer but affects the screening current distribution itself.
Significant coil deformation may lead to deformation of coil
current, which results in additional inductive voltage change of
individual coils having differential coil inductance. In this paper,
we have investigated such extra inductive voltage due to coil
configuration deformation using electromagnetic numerical
simulation together with deformation finite element analysis. The
simulation shows that an insert REBCO magnet for ultra-high
magnetic field generation may have a small voltage rise induced
by the coil inductance change. It also shows the screening current
distribution change due to the coil deformation.

Index Terms—Coil deformation, equivalent circuit model, HTS
magnet, numerical simulation, screening current.

I. INTRODUCTION

ULTRA-HIGH magnetic field (>30 T) generation has been
under research and development in some institutes [1]-[4].
For generation of such high fields, rare earth-barium-copper-
oxide (REBCO) magnets are known to be suitable as an “insert”
in a bore of a background magnet, often named “outsert”, due
to superior in-field current carrying capacity and mechanical
rigidity. Meanwhile, because of the thin flat shape of REBCO
tape, large screening currents are induced in the REBCO layers,
and magnetic fields are reduced [5]-[8]. Recently, techniques
to reduce screening currents have attracted the attention from
magnet engineers [9], [10], and the screening currents are
simulated with various numerical methods as well [11]-[16]. In
addition, it was recently pointed out that screening currents
produced excessive hoop stresses, and plastic deformations
occurred on one side edge of the REBCO tapes [17]. The
behavior of screening current-induced fields also reveals the
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coil deformation [18]-[20]. These suggest that the insert
REBCO magnet in a high magnetic field deforms, and such
deformation affects the electromagnetic behaviors of the insert
REBCO magnet.

We have previously developed the partial element equivalent
circuit (PEEC) model to investigate screening current behaviors
of REBCO pancake coils [21]. The model has been improved
considering the effect of the coil configuration deformation [22].
Yet, the inductance change due to the deformation has been
ignored mainly because it was expected to be negligible.

In recent years, we have been actively pursuing the
generation of ultra-high magnetic fields, where we have
observed higher voltages of an insert REBCO magnet under
high fields than expected. We have investigated such extra
voltage and now propose the inductance change as one of the
key causes. The inductance change due to coil deformation has
been simulated and the consequent extra voltage rise together.

II. EXTRA VOLTAGE TERM DUE TO COIL DEFORMATION

Some insert REBCO pancake coils have been tested for ultra-
high field generation [1]-[4], [23]. The -electromagnetic
behavior investigation of such insert REBCO pancake coils is
indispensable for stable operation. Fig. 1 shows the equivalent
circuit model of a no-insulation (NI) REBCO pancake coil,
well-known as a “lumped” model [24], [25]. The following
equation for the insert REBCO coil is obtained according to the
second Kirchhoff’s law:

RSCRmt
Vin + RSC + Rmt Iin - Rctlct (1)
where Vi, Rsc, Rmt, lin, Ret, and I, are the inductive voltage
of the NI REBCO coil, the REBCO layer resistance, the copper
matrix resistance, the REBCO coil current in the azimuthal
direction, the turn-to-turn contact resistance, and the REBCO
coil current in the radial direction, respectively. Commonly, the
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Fig. 1. Equivalent circuit model of ultra-high field magnet consisting of insert
NI REBCO coils and an outsert magnet.
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inductive voltage is represented V;, by

n % df, out (2)
det de

where Liy,, Iy, and M are, respectively, the self-inductance of

insert NI REBCO coil, the current of the outset magnet, and the

mutual inductance between insert and outsert magnets.

It has long been known that a large electromagnetic force
causes the insert magnet to expand. Recently, the deformation
of insert REBCO pancake coils for ultra-high magnetic field
generation has been reported [18], [26], [27]. The insert
REBCO coils deform greatly due to high current densities in
high magnetic fields generated by the outsert magnets. Here,
considering the inductance change due to the coil deformation,
(2) must be revised to

Vip =L +M

dod dl, dLy,  dlyy dM

Vi, =N—=1L, — 4 —2 4+ M I.— 3
In dt in~qp HinTg TM g Flougy ®)
N = Linlin + MIout (4)

where N and & are the number of turns of the REBCO coil and
the flux through the REBCO coil. It is well known that when
the coil deformation is small, the second and fourth terms of the
right side on (3) can be ignored. Meanwhile, in the case of an
ultra-high field magnet, since the outsert magnet generates a
strong field with a high current, the fourth term of the right side
on (3) cannot particularly be ignored to accurately simulate the
electromagnetic behavior of insert NI REBCO pancake coils.

III. SIMPLE DEFORMATION ANALYSIS

A. REBCO Coil Model and Charging Pattern

For the investigation of extra voltage rise due to coil
deformation, we first simulated a simple NI REBCO double-
pancake (DP) coils charging under 30 T generated by an outsert
magnet. Table I lists the specifications of the NI REBCO DP
coils, and Fig. 2(a) shows the illustration of the NI REBCO DP
coils and the outsert magnet. Here, the NI REBCO DP coils are
placed upwards by 100 mm. Fig. 2(b) shows the operating
pattern: (1) the outsert magnet charges up to 30 T, and then (2)
the NI REBCO DP coils charge up to 150 A with a ramp speed
of 0.5 A/s and discharge to 0 A.

B. 1-D Deformation Simulation

In this model, the displacement analysis is conducted with
one-dimensional (1-D) finite element method according to the
following governing equations:

do, o, — 0y
—+JB, =0 5
5t~ +JB; (5)
_ 1 Vor
& = E o, E, O ©
Vro 1
g9 = —E—O'r+E—90'9
T
ou,
& =
d
o %)
&g = r

where o, gg, J, and B, are the radial and hoop stresses, the
current density, and the axial magnetic field, respectively. &,
&, Eyr, Eg, V12, and u, are the radial and hoop strains, and
Young’s moduli in the » and @ directions, the Poisson’s ratio

TABLEI
SPECIFICATIONS OF 2 NI REBCO DP COILS
Number of DP coils 2
Number of turns per single pancake 23
Inner diameter; Outer diameter (mm) 32; 34
REBCO tape width (mm) 4.0
Total insert coil inductance (mH) 0.271
Field per current of DP coils (mT/A) 1.7
Operating temperature (K) 4.2
TABLEII
MECHANICAL PROPERTIES OF MATERIALS [20]
Young’s moduli REBCO 178
(GPa) Hastelloy 200
Copper 180
REBCO 0.30
Poisson’s ratio Hastelloy 0.32
Copper 0.35
1
1
1
1
i :
|
TR . Bl I, By
! 30T
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§ i 05 A/ﬂ
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840 mm 1860 mm (b)

Fig. 2. (a) Illustration of cross section of insert NI REBCO DP coils and outsert
magnet and (b) operating pattern: (1) charging outsert magnet to 30 T and (2)
charging insert coils to 150 A with 0.5 A/s and then discharging to 0 A with the
same ramp rate. The center of the upper DP coil was placed at 100 mm above the
outsert magnet center.
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Fig. 3. Tme-transient coil voltage during charging and discharging the insert NI
REBCO DP coils. V, V¢, Vd, and Iop are the total coil voltage (V = Vc + Vd),
the normal inductive voltage, the inductive voltage due to coil deformation, and
the operating current of NI REBCO DP coils, respectively.

defined by v;, = — &,/¢;, and the radial displacement in the
radial direction.

According to the displacement of stress/strain simulation, the
self- and mutual inductances are computed with Neumann
formula [28] for deformed shapes of NI REBCO DP coils.
Table II shows the parameters used for the deformation
simulation. In this paper, all the material was supposed to be
isotropic.
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C. Simulation Results

Fig. 3 shows the coil voltage with time during
charging/discharging the insert REBCO DP coils. Here, the
“normal inductive voltage” I is the voltage derived from the
first and third terms of the right side on (3); i.e., it is the
inductive voltage without considering the coil deformation.
Since Lj, = 0.271 mH and dI;,/dt = 0.5 A/s, the normal
inductive voltage is 0.136 mV. The “inductive voltage due to
coil deformation” Vy is generated by the second and fourth
terms of the right side on (3). In the simulation, V3 is ~0.018
mV, ~13% of the normal inductive voltage V.. The total
inductive voltage V is the sum of I, and Vj.

The insert NI REBCO DP coils keep expanding during
charging, the small extra inductive voltage is induced by the
coil inductance change. However, it might be hard to observe
the extra inductive voltage of this level in measurement.

IV. MORE COMPLICATED SIMULATION METHOD

In the previous simple model, the screening current is
ignored, and it is supposed that the insert REBCO coils expand
uniformly since the 1D FEM is employed. A few years ago,
Kolb-Bond, et al. reported the REBCO tape rotation
phenomenon [18], [29], [30]. In this chapter, the extra inductive
voltage rise expressed with (3) is applied to the local
deformation (REBCO tape rotation) of REBCO pancake coils.

A. Screening Current & Deformation Simulation Method

As a screening current simulation, an advanced partial
element equivalent (APEEC) method proposed in [21] is
employed. The two-dimensional (2-D) elastic FEM on 7z plane
is coupled with the APEEC to simulate the local plastic
deformation, as shown in Fig. 4. The BJR stress distribution
obtained from the APEEC simulation is used for the 2D elastic
FEM as input data, and the displacement obtained from the 2D
elastic FEM is employed for the APEEC simulation. In the
APEEC, the inductance changes computed from the coil
deformations are considered in the equivalent circuit like (3).
The coil deformations are also used for the following
computation of the equivalent resistance of REBCO layer, R,
according to the J-B-0 characteristics, where 8 is the angle of
the field to the tape surface, because the c-axis of REBCO layer
is tilted from the radial direction:

LE n
__C( J ) ®)
A7 V(3.6
where €, A, E., ], J., B, and n are the length and area of
REBCO tape, the electrical-field criteria (1 pV/cm), the current
density, the critical current density, the magnetic field, and the
power index, respectively. The coil deformation (REBCO tape
rotation) corrects the magnetic field angle 8 perpendicular to
the wide REBCO tape surface. In this paper, it was assumed the
c-axis orientation was identical to the direction perpendicular to
the wide REBCO tape surface.
In the deformation simulation, the following governing
equations are solved with the 2-D FEM:
90, 90, o,
oar 0z

Ry =

-0y 0%u

+JoB, = PW; ©)

3
do,, 00, Oy, 0%u,
+ +——J,B, =
or 0z T Jz P a¢2
£ 10 vgra —ha
T E, r Eg 0 E, z
Vro 1 Vzo
&g =——0,+——09g ——0 10
6 Er r Eg 6 Ez z ( )
£ Y _Veza +ia
z E, T Eg 6 E, z
_ Ou,
" or
uT
g9 = (11)
Jdu,
E, =
Z 0z

where a,,, Jg, /5, By, p, Uz, &, and E, are the shear stress, the
current density in the azimuthal and axial directions, the radial
field, the mass density, the axial displacement, the axial strain,
and Young’s module in the z direction, respectively.

B. Simulation Results

Table IIT lists the specifications for a simulated insert
REBCO pancake coil having an outsert magnet of 31.1 T. This
insert REBCO pancake coil is also placed upwards by 250 mm.
As an operating pattern, (1) the outsert magnet is energized up
to 31.1 T, (2) the insert REBCO coil charges to 400 A twice,
and then (3) the outsert magnet is deenergized (see the top graph
of Fig. 6). Fig. 6 also shows the deformed coil shapes with
current density distributions. At the coil current I, = 400 A,
the upper edge of REBCO coil largely deforms; i.e., the self-

Electromagnetic
force data

REBCO tape
e

Polymide

p

Deformation data

Single pancake coil

APEEC model

-
Stress simulation

Fig. 4. Screening current APEEC simulation and FEM stress simulation are
alternatively conducted.

TABLE III
SPECIFICATIONS OF INSERT REBCO SINGLE PANCAKE COILS
Number of pancake coils 1
Number of turns per single pancake 5
Inner diameter (mm) 120
REBCO tape width (mm) 4.0
Operating temperature (K) 4.2
L ¥4
Test coil
" External

6 cm Iz S em magnet

r

Fig. 5. Illustration of cross section of insert REBCO coil and outsert magnet.



3LPo2B-07

450 45
350
250 -

150 - //'

300074000 4000 60 7000 8000 9000 100005
r Time (s)
/ / / \
Pol/m n;
ammmw mmmEw
— 1000

B [III[ |m| IIM[ il W 1

REBCO /,/ // / \ \
.w\ -0

— -500
|l

— -1000
—-1500
— -2000

t=4900s

Ip=0A

Bvg=31.1T

Transport Current (A)
.
Background Field (T)

50 -

-50 0 1000 2000

3800

3000
2500
— 2000
— 1500

Current Density [MA/m?]

mmmad
1=5400 s
Top =400 A
Bog=31.1T

....I
1=4400's
Top =400 A
Bog=31.1T

i
I " II - -2500
-3000
W

1=5900's 1=9900's -3800
Ip=0A Ip=0A
Bog=31.1T Bog=0T

1.

1=4000s
Iop=0A
Bog=31.1T
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Fig. 7. (a) induced coil voltage and (b) enlarged view during

charging/discharging insert REBCO coil. The line color corresponds to the
operation patter in Fig. 6(a).

/mutual inductances also change.

Fig. 7(a) shows the REBCO coil voltage with time. When
charging/discharging the outsert magnet, the high voltage is
induced in the insert REBCO coil, whereas no current flows.
Fig. 7(b) gives the enlarged graph during the insert REBCO coil
charging/discharging, where the dotted and solid lines mean the

voltage with/without coil deformation effect, respectively.

At the first charging of the REBCO pancake coil, the voltage
of the deformed coil (the blue dotted line in Fig. 7) is smaller
than that of the non-deformed coil (the blue solid line). As
mentioned in [18], the screening current is reduced by the
REBCO tape rotation. Although the inductive voltage rises by
the coil deformation, the coil voltage is more reduced by the
REBCO tape rotation. Since the insert REBCO coil inductance
is 7.73 uH, the ideal coil voltage is 7.73 uV (=7.73 uH x 1 A/s).
Meanwhile, the phenomenon that REBCO coil voltage rises due
to the screening current was presented in [31]; however, in the
experiment, the REBCO coil was not deformed because of very
small BJR stress without external magnetic field. Here, the BJR
stress is derived from the multiplication of the magnetic field,
the current density, and the radius. The peak stress and field in
the REBCO tape are 746 MPa and 7.2 T, respectively.

At the first and second discharging and the second charging,
no large difference can be seen. These screening current
distribution is different from that of the first charging.

As the result, the upper part of REBCO coil is largely
expanded by the screening current effect; on contrast, the lower
part is not deformed. Unlike the first simulation case in this
paper, since the REBCO coil is not expanded on whole, the
extra voltage rise caused by the coil expansion cannot be seen.
We will keep investigating the extra voltage rise for various
insert REBCO pancake coils.

V. CONCLUSION

In this paper, an extra inductive voltage generated by the coil
inductance change is investigated in simulation. Recently, it
was reported that mechanical deformation may cause the
critical current density degradation and the screening current
distribution change. Furthermore, since the flux penetrating into
insert REBCO coils changes, the self-/mutual inductances also
change. In particular, an insert REBCO coil operating in high
current density under ultra-high magnetic fields may expand
mechanically. And such expansion may induce an extra voltage
rise in the insert REBCO coil. The screening current is then
substantially affected by the extra voltage rise due to the change
of self-/mutual inductance values.
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