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Abstract—We consider magnetic braking and energy loss appearing in contactless bearings based on high-
temperature superconducting tapes. We analyze model configurations of bearings in which a superconducting
tape is the stator, while the rotor is a set of permanent magnets. It is shown that magnetic friction can be
ignored in the case when the number of permanent magnets in the rotor is greater than eight. This result indi-
cates the possibility of designing scaled magnetic bearings for long-term energy storage systems (e.g., kinetic

storage rings).
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INTRODUCTION

The use of a superconductor/permanent magnet
couple in contactless bearings is promising not only
due to the absence of friction forces in such bearings.
The absence of direct mechanical contact between
moving parts makes it possible to effectively employ
magnetic bearings in high-speed devices such as
gyroscopes and analogous instruments (see, for
example, [1]).

The manufacturing of a superconducting rotor
(stator) from a bulk high-temperature superconductor
(HTSC) is a complex technological problem. First,
HTSC materials (YBCO perovskite in our case) are
quite brittle. Second, a complex annealing regime
ensuring uniform superconducting properties of the
material is required. An alternative to a bulk supercon-
ductor can be a composite superconductor consisting
of stacks of HTSC tapes [2]. We can also assume that
short-circuited coils prepared from HTSC tapes [3]
are analogs of the tape stack that can be used in various
levitation devices. The use of HTSC tapes instead of
bulk materials has several advantages. The technology
of manufacturing a superconductor composite assem-
bled from tapes and having an arbitrary shape is sim-
pler. The superconducting characteristics of a stack of
tapes are not inferior to those of a bulk material [4]. In
addition, HTSC tapes have better mechanical proper-
ties as compared to bulk materials.

The manufacturing of a magnetic rotor is also a
technological problem. The one-piece magnet of the
required shape and size must ensure an axially sym-
metric magnetic field. As in the case with a supercon-
ductor, an alternative to a one-piece magnet can be a
composite magnet. Such a magnet has the form of a

mosaic consisting of a large number of small magnets.
Each element of the mosaic is a uniformly magnetized
ferromagnet with the shape of a right parallelepiped. A
disadvantage of such a mosaic is the nonuniformity of
the magnetic field, which is especially noticeable at
the joints of adjacent elements. The magnetic field
nonuniformity may induce the hysteretic magnetiza-
tion reversal in the superconductor. The magnetiza-
tion reversal of the superconductor is accompanied by
energy dissipation (see, for example, review [5]) and,
hence, the emergence of a friction force in the bearing.
This study is devoted to theoretical investigation of the
effect of magnetic field nonuniformity of a mosaic
magnet on the friction force in the bearing in which
monolayer and multilayer rings made of second-gen-
eration HTSC tapes are considered as a superconduc-
tor stator.

1. DESCRIPTION OF THE BEARING MODEL.
GEOMETRY. BASIC EQUATIONS

The bearing considered here consists of a rotor and
a stator. The division into “rotor” and “stator” is con-
ditional. The rotation of the inner bearing shaft and
the outer part about the stationary internal axis is pos-
sible. For definiteness, we will henceforth assume that
the superconducting part of the bearing is the station-
ary stator, while the rotor is formed by a set of small
permanent magnets. Such a choice is due to the fact
that it is technically easier to cool the stationary super-
conductor. The possibility of cooling allows us to dis-
regard the overheating of the superconductor (other-
wise, thermodynamic instability may occur [6, 7]).
Second, the massive magnetic rotor rotating about the
inner superconductor axis is optimal in the design of a
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Fig. 1. Bearing with a tetragonal magnetic rotor. (a) End
view: (/) superconducting stator; (2) magnetic rotor; (3, 4)
outer and inner boundaries of the magnetic rotor (during
its rotation), respectively. Solid and dashed arrows on the
magnets show the direction of magnetization for adjacent
(in the direction of the Z axis) magnets. (b) Magnetic rotor
(six magnetic rings in the direction of the Z axis). Side
view. Different hatchings indicate magnets with magnetic
moments directed inwards and outwards relative to the
rotor.

gyroscope. Figures 1 and 2 show bearings with tetrag-
onal and octagonal rotors, respectively. Henceforth,
the number of magnets in the rotor will be denoted by
Ninag (Nmae = 4, 8, 16). For calculations, we chose the
following sizes of the magnetic rotor. The inner
boundary of the rotor (internal dashed circle in Figs. 1
and 2) has a radius of 20 mm for the tetragonal as well
as octagonal and dioctagonal rotors. The outer rotor
boundary (external dashed circle in Figs. 1 and 2) has
radii of 32.016 and 26.34 mm for the octagonal and
dioctagonal rotors, respectively. For all rotors, the
magnets have the same thickness of 5 mm (Figs. la
and 2) and width d, = 12 mm in the direction of the
Z axis (Fig. 1b). While choosing the tape parameters,
we were oriented to a 12-mm SuperOx tape promising
for applications (e.g., in current limiters [8]). The
magnetization of each magnet is assumed to be uni-
form. If we denote by m(r') the magnetic moment den-
sity vector at a spatial point with radius vector r', the
magnetic induction vector produced by the magnet
(occupying volume F) at point r has form [9]

{?m(n, m(')) — m(l")} 2

r—r'f

B(r) = |
4
n=(-r)/|r-r'|

(1)

The modulus of vector m(r') was chosen so that the
magnetic induction of the field produced by an indi-
vidual magnet (see Fig. 1) at the center of its surface is
0.3T.

The conventional thickness of an HTSC tape is
about 0.1 mm; for this reason, like in [4], we assume
that the thickness of the stator winding is zero. We also
assume that the critical current density isj,. in a mono-
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Fig. 2. Bearing with an octagonal magnetic rotor. End
view: (/) superconducting stator; (2) magnetic rotor; (3, 4)
outer and inner boundaries of the magnetic rotor (during
its rotation), respectively.

layer solid HTSC ring and 2j, in a bilayer ring. The
critical current density at the boundaries of adjacent
rings perpendicular to the Z axis is zero. The Z coordi-
nates of the stator ring boundaries coincide with the
boundaries of heteropolar magnets of the rotor. These
boundaries have coordinates Z = 0, £d,/2, +2d,/2,
+3d,/2, +4d,/2, etc.

For alarge number of magnets in the rotor (V,,, > 1)
and a small thickness of HTSC rings as compared to
their perimeter (d,/d,> 1), we can disregard the cur-
vature of the stator and consider instead of the prob-
lem of determining the superconducting current den-
sity formulated in cylindrical coordinates (p, ¢, Z) for
p = Ry the two-dimensional problem in the (p, Z)
plane, p = R¢p. The domain of definition of the mag-
netic field and current density in this case is rectangle
—dz/2<Z<dy/2,—d,/2<p<d,/2. The boundary con-
ditions are periodic in angular variable p as well as in
variable Z (we assume that the rotor consists of an
infinitely large number of contacting rings of hetero-
polar magnets). The replacement of the cylindrical
problem by the planar problem is substantiated by the
fact that, first, ratio d,/d, = 8 is quite large; second,
rotors with a large number of magnets (V,,,, = 8 and
16) are most interesting for applications. We consider
a tetragonal rotor for determining the qualitative
dependence of the friction force in the bearing on the
number of magnets. In addition, the effect of external
field nonuniformity (in the angular variable) on the
superconducting current distribution is manifested
most precisely for the tetragonal rotor.
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The external magnetic field produced by the mag-
netic rotor in the stator was calculated by formula (1).
The magnetic field component normal to the stator
surface is shown in Fig. 3 on this surface. The mag-
netic induction was determined for the tetragonal
rotor.

Magnetic field amplitude variation (B,
Bin)/(Biax T Buyin) for coordinate Z = 0 was 14.8%,
1.3%, and 0.2% for N, = 4, 8, and 16, respectively.
The idea of using a nonuniform (periodic) external
magnetic field is not novel. For example, in [10, 11], a
set of heteropolar magnets was used for obtaining a
periodic configuration; however, a distinguishing fea-
ture of our present study is the analysis of an HTSC
tape in a weakly varying field that is acting, however,
on the superconductor during an unlimited number of
periods.

We describe the field dependence of the critical
current in the superconducting tape using the two-
exponential model [12] in which surface current den-
sity j.(B) of the HTSC tape has form

Je(B) = Arexp(-{Bl/B) + A, exp(HB|/B,)  (2)

with parameters 4, = 12.9 kA/m, A, = 13.8 KA/m, B, =
0.08 T, and B, = 1.92 T. The spatial grid pitch in our
calculations was 64 ~ 0.375 mm. The calculation was
based on the model of the critical state of the super-
conductor, which was initially proposed in [13]; some
modifications and applications of this model were
given in review [4]. Detailed descriptions of the for-
mulation of the analytic problem and the numerical
algorithm for field dependence (2) were given in [4,
14] and are not given here because of their cumber-
some form.

The regime of variation of the external magnetic
field was as follows. At the first stage, the magnetic
field proportional to the field of the stationary rotor
was increased monotonically from zero to the value
determined by expression (1). Then, the rotor was
rotated by 40 revolutions (the number of revolutions
will be denoted by N,,). We determined the corre-
sponding density of superconducting currents. One
turn of the cylindrical configuration corresponds to a
magnetic field shift in the planar problem in variable p
by period d,. For this shift, the tangential component
of the force of interaction of rotor field B, with the cur-
rents of the stator (friction force) f, for one stator ring

was determined from Ampere law

dp/2 dz/2
fi= | @ [ Bw2ip2dz. O
~d,/2  ~dy/2
2. RESULTS

The dependence of the friction force on the num-
ber of revolutions of the rotor for a tetragonal stator
(Nmag = 4) is shown in Fig. 4. It can be seen that the
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Fig. 3. Normal component of magnetic induction Bp on
the developed surface of the stator.

friction force stabilizes after one turn. For rotors with
larger numbers of magnets (N,,,, = 8 and 16), this
force stabilizes sooner than after two revolutions. In
this study, we do not consider transient processes. For
this reason, we determine the friction force by averag-
ing this quantity from the third to the tenth revolution.
In the case of the tetragonal rotor (N,,,, = 4), the fric-
tion force for the monolayer/bilayer stator is 0.013 and
0.0021 N, respectively. In the case of the octagonal
stator (Ny,, = 8), the friction force for the mono-

layer/bilayer stator is 2.01 X 10~ and 1.25 x 107% N,
respectively. For N, = 16, the friction force for the
monolayer/bilayer stator is 1.5 X 10~7 and 8.1 x 10~ N,
respectively.

The characteristic distributions of the supercon-
ducting current density in the stator and of the mag-
netic field for a tetragonal rotor are shown in Fig. 5.
The upper part of the figure shows the superconduct-
ing current lines, while the lower part depicts the mag-
netic field lines of the rotor. The figure shows a frag-
ment of the stator of width 2d, (the central tape is sur-
rounded from top and bottom by halves of the
neighboring tapes of the stator). During rotation of the
rotor, the pattern is displaced periodically along the
p axis.

For a qualitative interpretation of the dependence
of the friction force on the number of magnets in the
rotor, it is convenient to represent the stator by a sys-
tem of interconnected magnetic pumps. Let us repre-
sent each mesh of the computational grid of size & X h
on the stator as an elementary magnetic pump. If we
denote by symbol ® the rotational frequency of the
rotor, the frequency of pumping of each pump by an
external varying magnetic field will be ®N,,,, (the
phases of field oscillations for meshes with different
coordinates p will be different). The magnetic moment
of the mesh induced by the external field is gnphz.
Here, n,, is the unit vector of the normal to the stator
surface. Quantity g is the magnetic moment density
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Fig. 4. Dependence of the friction force on the number of
revolutions of the tetragonal rotor.

connected with the surface current density j(p, Z) of
the stator by relation j(p, Z) = V(gn,) (see review [5]
and the literature sited therein). Figure 6 shows the
dependence of the magnetic moment density of a
mesh with coordinates p = 0, Z = 0 on the magnetic
induction of the rotor at this point. The upper and
lower curves correspond to monolayer and bilayer
HTSC stators, respectively. The curves are shown for
one revolution of the rotor after the termination of
transient processes. The magnetic induction at the
given point varies from minimal value B,;, = 0.095 T
to maximal value B,,,, = 0.128 T.

On the segment of the curve corresponding to the
magnetic induction increasing from minimal B, to
maximal B,,, value, the emf of the varying field
induces currents reducing the magnetic moment den-
sity (the induced magnetic field is opposite to the
inducing field). Therefore, the magnetic moment is
minimal for the maximal magnetic field. The screen-
ing process is limited by the critical current (other-
wise, the screening would be complete in the entire
stator). Upon a decrease of the magnetic field from the
maximal value at the initial stage, the emf changes its
sign, and the current density at this point passes
through zero, and then its value attains the critical cur-
rent density. The amplitude of the magnetic induction
variation for a tetragonal rotor on the stator surface
reaches 14.8% of the mean value. This variation is suf-
ficient for, first, the sign reversal of the magnetic
moment of a mesh in the monolayer stator (upper
curve in Fig. 6), the magnetic field polarity remaining
unchanged. Second, due to the smallness of the criti-
cal current for such a field variation, the stator experi-
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Fig. 5. Superconducting current lines (upper part) and
level lines of the magnetic field component normal to the
stator surface (lower part). A current line in the upper fig-
ure corresponds to a current of 5 A. A current line in the
lower figure corresponds to a magnetic induction of 0.02 T.

ences radical magnetization reversal, which leads to a
wide hysteresis loop (and as a consequence, to energy
dissipation and large friction force). Doubling of the
critical current density in the bilayer stator blocks the
magnetization reversal process (lower curve in Fig. 6).
The hysteresis loop area sharply decreases and, as a
consequence, the friction force decreases also. The
substantial decrease in the friction force upon an
increase in the number of magnets is explained analo-
gously. The variation of the magnetic field amplitude
by 1.3 and 0.2% for N,,,, = 8 and 16 is insufficient for
the magnetization reversal of even a monolayer stator.
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Fig. 6. Dependence of the magnetic moment density at the
point with coordinates p = 0, Z= 0 on the magnetic induc-
tion for a single revolution of the rotor: (/) dependence for
a monolayer stator; (2) dependence of the bilayer stator.
Arrows indicate the direction of path tracing of the hyster-
esis loop during rotor rotation.
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CONCLUSIONS

Our calculations have shown that the magnetic
friction force and energy loss associated with it do not
prevent designing a composite bearing in which the
rotor consists of more than eight magnets and the sta-
tor consists of several short-circuited layers of second-
generation HTSC tapes. Experimental verification of
this conclusion and analysis of the effect of other bear-
ing parameters (eccentric position and skewing of the
rotor axis relative to the stator axis, defects in the
HTSC tape of the stator, and so on), which can criti-
cally deteriorate its characteristics, will be performed
separately.

It should be noted that the configuration of the
magnetic rotor and the superconducting stator made
of HTSC tapes is basically advantageous as compared
to bearings based on bulk HTSC parts because it per-
mits almost unlimited scaling of the device.
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