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Abstract—The use of no-insulation coils in high-temperature
superconductor levitation bearings has the potential to produce
bulk-like characteristics without the associated size, quality and
mechanical limitations of bulk material. Here we performed
levitation force measurements on passive (open-circuit) dry-
wound and solder-impregnated REBCO no-insulation coils to
investigate the effect of varying turn-to-turn resistivity. Finite-
element simulations employing a rotated anisotropic resistivity
tensor successfully reproduced the observed behaviour, validating
this approach. Low turn-to-turn resistivity facilitates the circula-
tion of a net azimuthal current, which enhances levitation force
but decays with time due to resistive dissipation. This work lays
the groundwork for future research on active (powered) coils to
fully realise the potential of no-insulation coils in superconducting
bearings.

Index Terms—Superconducting magnetic bearing, levitation
force, no-insulation coils, H-formulation, anisotropic resistivity

I. INTRODUCTION

CONTACTLESS passively stable high-temperature super-
conductor (HTS) levitation bearings [1]–[4] are key to

unlocking a new class of rotating machines with exceptional
power, efficiency reliability and lifetime, that can also operate
in cryogenic and vacuum environments. Potential applications
include energy storage flywheels [5]–[7], satellite reaction
wheels [7], [8] and gyroscopes, turboexpanders and cryogenic
liquid pumps [9]–[11].

Although the levitation phenomenon is most commonly
demonstrated using solid HTS bulks, the use of coils wound
from HTS tape offers advantages. Coil size scales easily
with turn number, and the critical current density of com-
mercial tapes is very high [12] with good uniformity [13].
Whereas, despite ongoing improvements in size and quality,
bulk material remains brittle, prone to cracking and has a low
thermal conductivity [14]. Moreover, coils can be connected
to a current source allowing the levitation force to be actively
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TABLE I
PARAMETERS OF THE COILS STUDIED IN THIS WORK.

Coil 1 2 3
Winding Dry Solder Dry
Turns 5 6 6
ID (mm) 25 26.8 26.8
OD (mm) 26.6 28 28
dturn (mm) 0.16 0.1 0.1
Height (mm) 12 12 12
Ic,tape(77 K) (A) 97 817 817

tuned [15]–[17], which is beneficial for counteracting force
decay phenomena [18] exhibited by bulks. Many studies of
coil-based levitation bearings exist in the literature, such as
[15], [19]–[22], and the fusion reactor under development at
OpenStar Technologies in New Zealand is based on a large
levitated HTS coil [23], [24].

Unlike insulated coils, so-called no-insulation (NI) coils
[25] support current flow between turns. So far, attention
has primarily focused on the self-protection afforded by this
effect where currents can bypass defects or hotspots that are
present in a given turn [26]. From a levitation perspective,
we hypothesize that the ability of an NI coil to support non-
azimuthal currents may bestow it some bulk-like characteris-
tics in contrast to an insulated coil. Here we report an initial
investigation into the effect of turn-to-turn resistivity on the
levitation characteristics of passive (i.e. open-circuit) NI coils
and validate the finite-element models used for understanding
their physics. This work lays the groundwork for future
research on active (powered) coils to fully realise the potential
of no-insulation coils in superconducting bearings.

II. EXPERIMENTAL DETAILS

Three passive HTS no-insulation coils, summarised in Ta-
ble I, are studied in this work. Coil 1 consists of five turns dry
wound from older 12-mm REBCO wire tape with low critical
current (Ic). The self-field tape Ic is 97 A at 77 K. Coils 2 and
3 each have six turns and are both wound from new 12-mm
Fujikura FYSC-SCH12 tape [27] that has an Ic of 817 A at
77 K. Coil 2 is solder-impregnated with indium-bismuth and
Coil 3 is dry wound to investigate the effect of turn-to-turn
resistivity on levitation force.

The force vs displacement characteristics were measured
in the test rig previously detailed in [28]. A coil is mounted
inside a circular recess on the top side of an aluminium plate
(see Fig. 1(a)). A matching aluminium disk is inserted into
the coil bore to assist cooling. The plate is conduction-cooled
by a Cryomech AL63 GM cryocooler [29]. A cylindrical N50
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Fig. 1. (a) Photograph of a 5-turn dry-wound coil installed inside the
force-displacement measurement rig. A permanent magnet is mounted to
the underside of the load cell. (b) Movement axes of the magnet. (c) 2D
axisymmetric mesh used in the H-formulation finite-element model.

NdFeB permanent magnet (20 mm diameter, 10 mm height,
Br = 1.4 T) is mounted to a three-axis load cell and the
forces on the magnet are recorded as it moves above the coil.
Movement is possible in the vertical z-axis and a single lateral
x-axis (Fig. 1(b)). The positions are measured by two linear
variable differential transformer sensors. The following exper-
iments are performed: i) Zero-field-cooled (ZFC) vertical. The
coil is cooled into the superconducting state with the magnet
at z = 50 mm above the coil. The magnet is then moved down
to z = 2 mm and back up to 50 mm at a constant speed. ii)
Force decay. The coil is cooled into the superconducting state
with the magnet at z = 50 mm. The magnet is moved down
to z = 2 mm and is held there for several minutes. iii) Field-
cooled (FC) vertical. The magnet is set at z = 7 mm before
the coil is cooled into the superconducting state. The magnet
is cycled vertically in the sequence z = [7, 2, 12, 2, 7] mm at
a constant speed. iv) Field-cooled lateral. The magnet is set at
z = 2 mm before the coil is cooled into the superconducting
state. The magnet is cycled laterally in the sequence x = [0,
xm, −xm, xm, 0] mm at a constant speed, where xm is 1 or
5 mm.

III. SIMULATION DETAILS

To simulate the levitation forces, the 2D axisymmetric
segregated H-formulation approach for bulk bearings from
ref. [30] was adapted by incorporating the rotated anisotropic
resistivity model for no-insulation coils from ref. [31]. This
involves replacing the scalar expression for the non-linear
resistivity with a tensor given by

ρcoil =

ρrr ρrϕ 0
ρϕr ρϕϕ 0
0 0 ρz


r̂,ϕ̂,ẑ

(1)

with components

ρrr = ρn cos
2 α+ ρsc sin

2 α (2)
ρrϕ = ρϕr = 1

2 (−ρn + ρsc) sin(2α) (3)

ρϕϕ = ρsc cos
2 α+ ρn sin

2 α (4)
ρz = ρsc (5)

α is the difference in angle between the spiral and cylindrical
coordinate systems

α = ± arctan

(
d

2πr

)
(6)

and ρn is the turn-to-turn resistivity

ρn =
Rct

d
(7)

where Rct is the specific contact resistivity and d is the turn
thickness.

The non-linear resistivity of the superconductor is given by
the E-J power law

ρsc =
Ec

Jc

∣∣∣∣J∥

Jc

∣∣∣∣n−1

(8)

where Ec = 1 µV/cm and n = 30. For simplicity we assume a
constant (field-independent) critical current density (Jc). The
in-plane current density of the superconducting tape is |J∥| =√
J2
T + J2

z where JT = Jr sin(α) + Jϕ cos(α).
The H-formulation simulations were performed in COM-

SOL Multiphysics [32] using the Magnetic Field Formulation
(mfh) interface with the MUMPS direct solver. An example
of the meshed air and coil domains is shown in Fig. 1(c).
Relative and absolute tolerances were set to 10−5 and 10−4

respectively. Note that it is essential to use quadratic dis-
cretization to obtain converging mesh-independent results. As
usual, the sum of the external field from the permanent magnet
(stored in a look-up table) and self-field produced from the coil
was applied as a boundary condition on the air domain [30].
Once the physical dimensions of the coil and magnet are set,
Jc and Rct are the only adjustable parameters for matching
simulations to the data.

IV. RESULTS

A. Coil 1: Five-Turn Dry-Wound

Coil 1, the low-Ic five-turn dry-wound coil, was measured at
27, 55 and 77 K. The ZFC, FC and lateral force-displacement
data are shown in Figs. 2(a) – (c). The magnet speed was 1
mm/s. Simulated ZFC and FC curves are overlaid. Jc and Rct
values were selected by fitting to the FC data and then the
ZFC curves were calculated with those same values. In both
cases, the shape of the loops is closely reproduced. The physics
is determined by Jc. Hysteresis in the levitation force is due
to irreversibility in the penetration of induced currents [33],
with lower Jc leading to larger penetration and therefore larger
hysteresis. Here the loops exhibit large hysteresis, indicative
of a low Jc. At 77 K, Jc = 23 MA/m2. This corresponds to a
coil Ic = 44 A, which is suppressed compared to the measured
self-field tape Ic of 97 A. Likely causes include the field from
the permanent magnet, the self-field of the coil, and winding
stress in the tape. The magnitude of the forces, given by the
integral of J ×B [30], decreases with temperature due to the
concomitant decrease in Jc [28], [34], [35].

The value of Rct = 10 µΩcm2 is independent of temperature
and can be considered a lower limit. That is, increasing
Rct further has little effect on the results, indicating that
the coil turns are effectively insulated from each other. This
was supported by subsequent measurements which showed no
change in force after insulating between turns with a layer of
Kapton. The lateral restoring force and stiffness (given by the
slope) decreases with temperature. Simulating lateral forces
requires a 3D model and is part of ongoing work.
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Fig. 2. Force vs displacement curves for the 5-turn 25 mm inner diameter
dry-wound coil at 27, 55 and 77 K. The magnet speed was 1 mm/s. (a) Zero-
field-cooled and (b) field-cooled levitation force measurements (symbols) and
simulations (lines). Arrows indicate the magnet descending towards the coil.
(c) Measured restoring force as a function of lateral displacement.

B. Coils 2 & 3: Solder-Impregnated vs Dry-Wound

ZFC, FC and lateral force-displacement measurements per-
formed at 45 K on solder-impregnated (Coil 2) and dry-wound
(Coil 3) coils are shown in Figs. 3(a) – (c). The magnet speed
was 0.5 mm/s. Both coils consist of 6 turns of high-Ic tape
from the same batch. The ZFC and FC loops for the dry-
wound coil have very small hysteresis, indicating a high Jc. In
contrast, measurements on the solder-impregnated coils exhibit
a larger hysteresis. The solder-impregnated coil also produces
slightly higher maximum forces at z = 2 mm. Simulated curves
(overlaid) reproduce the features seen in the data. Jc is the
same for both coils, showing that it has not been affected
by the solder-impregnation process. Calculations for the two
coils differ only in the value assumed for the Rct. The dry-
wound value (100 µΩcm2) implies that the turns are effectively
insulated, whereas the low value for the solder-impregnated
coil implies that turn-to-turn currents play a role in causing
the larger hysteresis. In contrast, the lateral forces have similar
levels of hysteresis.

Measurements and simulations of the levitation force decay
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Fig. 3. Force vs displacement curves for 6-turn 28 mm outer diameter dry-
wound and solder-impregnated coils at 45 K. The magnet speed was 0.5
mm/s. (a) Zero-field-cooled and (b) field-cooled levitation force measurements
(symbols) and simulations (lines). The dry-wound plot in (a) has been shifted
to the right for clarity. Solid arrows indicate the magnet descending towards
the coil. (c) Measured restoring force as a function of lateral displacement.

with time at 45 K are shown in Fig. 4. They show that the
higher levitation force achieved by the solder-impregnated coil
is only temporary, with the force decaying towards dry-wound
values with time. The maximum force also depends on the
magnet approach speed. In contrast, no speed dependence is
found in measurements or simulations of the dry-wound coil
suggesting that this effect is due to turn-to-turn currents.

To test this hypothesis, a 3D H-formulation model of a
bilayer HTS-metal coil was constructed using the parametric
equations for an Archimedean spiral

x = (r + sd) cos(2πs) (9)
y = (r + sd) sin(2πs) (10)

where r is the inner radius, d is the turn-to-turn distance, and
the parameter s ranges from zero to the number of turns. The
finite-element mesh is shown in Fig. 5. The resistivity for the
HTS layer was ρsc = (Ec/Jc)|J/Jc|n−1 with Jc = 2.4 ×
109 A/m2 and n = 21, and the metal layer was set to copper
(1.77 × 10−8Ωm). The same magnet as above was assumed.
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Fig. 4. (Symbols) Time decay of the levitation force from the dry and solder-
impregnated coils at 45 K after the magnet was moved from z = 50 to 2 mm at
speeds of 1 mm/s and 0.5 mm/s. (Lines) Simulated force decay with Rct = 2
and 100 µΩcm2.

Fig. 5. Four-turn bilayer HTS-metal 3D spiral model (air domain not shown).
The HTS layer has the higher density mesh. Inner radius r = 12 mm, bilayer
thickness d = 0.25 + 0.25 mm, height 5 mm, Jc = 2.4× 109 A/m2, n = 21.

To greatly reduce memory usage and simulation time, the self-
field correction to the applied magnetic field was neglected.
Doing so leads to a slight underestimation of force magnitude
but it is the qualitative behaviour, especially of the current
distribution in the two layers, that is the focus here.

Figure 6(a) presents the simulated force decay curve for
the bilayer HTS-metal coil, alongside cases where the metal
layer is replaced by air or a second HTS layer. The bilayer
coil reproduces the phenomenology observed in Fig. 4, where
a larger peak force is reached which subsequently decays
towards the insulated coil case.

With this model, the current distribution in the different
layers can be observed. Components of the current density
tangential (JT ) and normal (Jn) to the coil winding in the YZ-
plane were calculated using the equations derived in ref. [36].
Figure 6(c) shows that Jn in the metal layers decays after
the magnet stops moving at 48 seconds. Integrating JT in
the HTS layers gives the net azimuthal current around the
coil, shown in Fig. 6(b). Looking first at the the HTS + air
case, the induced current flows in one direction along the top
half of the tape before reversing direction at the end of the
tape and returning along the bottom half, resulting in no net
azimuthal current [20]. The HTS + HTS case is essentially a
bulk superconducting ring, where a net azimuthal persistent
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Fig. 6. (a) Simulated force decay curve from the bilayer HTS-metal 3D spiral
model (red line). Shown for comparison are cases where the metal layer has
been replaced by air (black line) and HTS (dashed line). (b) Net current
tangential to the winding in the HTS layers. (c) JT in the HTS layers, and
Jn in the metal layers (denoted by triangles) at 48 and 96 seconds.

current is induced. HTS + Cu is an intermediate case where
turn-to-turn currents through the copper layer facilitate a net
azimuthal current. However the finite turn-to-turn resistivity
causes the net azimuthal current, and therefore the levitation
force, to decay with time. This is most noticeable after the
magnet has stopped moving.

V. CONCLUSIONS

In this work the levitation and restoring forces of passive
dry-wound and solder-impregnated HTS coils were measured.
The data was successfully modeled with a homogenised
2D axisymmetric H-formulation model employing a rotated
anisotropic resistivity. A 3D bilayer spiral model was used to
further understand the physics. Compared to superconducting
bulks, the levitation force produced by passive no-insulation
coils with low turn-to-turn resistivity has a large time depen-
dence. This arises from the finite turn-to-turn resistance which
causes net azimuthal induced current, beneficial for levitation,
to decay with time. A consequence is that the cyclic vertical
force-displacement characteristics, namely the maximum force
and hysteresis, depend on the speed of the moving magnet. In
the quasi-static regime, the levitation forces are the same as
passive insulated coils which have zero net azimuthal current.
Avenues for future work include testing the validity of the
modelling approach on coils of different size and shape, as
well as exploring the difference between actively powered dry-
wound and no-insulation coils for use as tunable bearings.
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