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Abstract—In the paper, the problem of magnetic drag and origination of energy losses in noncontact bearings
based on high-temperature superconducting tapes is considered. The model configurations of bearings in
which a superconducting tape is a stator and a set of permanent magnets is a rotor are investigated. It is shown
that the magnetic friction can be neglected in the case where more than eight permanent magnets compose
the rotor. This result indicates the possibility to create scaled magnetic bearings for the systems of long-term
energy storage, for example, flywheel energy storage systems.
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INTRODUCTION

The application of superconductor/permanent
magnet pairs in noncontact bearings is quite promis-
ing. The absence of friction, due to the lack of direct
mechanical contact between their moving parts, pro-
vides the efficient use of magnetic bearings in high-
speed rotating machinery: flywheel energy storage sys-
tems, gyroscopes, and similar devices (see, for exam-
ple [1]).

Manufacturing a superconducting rotor (stator)
made of a three-dimensional high-temperature super-
conductor (HTS) is a challenging technological prob-
lem due to the brittleness of the material and the com-
plexity of the annealing regime aimed at providing the
homogeneity of its properties. A multilayer supercon-
ductor composed of stacked HTS tapes can be an
alternative to the 3D superconductor [2]. Short-circuit
coils made of HTS can be considered the analog of a
stack of tapes [3]. HTS tapes have certain advantages
as compared to 3D materials. The technology of mak-
ing superconducting composites of arbitrary form
consisting of tapes is simpler. The superconducting
characteristics of a stack of tapes are as good as those
of a 3D material [4]. In addition, the HTS tapes pos-
sess higher mechanical properties than 3D materials.

The magnetic rotor manufacturing is also a com-
plex technological problem. A single-piece magnet
with the required form and dimensions has to main-
tain an axially symmetric magnetic field. A composed
magnet can be an alternative to the single-piece mag-
net (as in the case with a superconductor). The com-
posed magnet is a mosaic consisting of a great number

of small magnets. Each element of the mosaic is a
homogeneously magnetized ferromagnet in the form
of rectangular parallelepiped. A disadvantage of this
mosaic is the magnetic field inhomogeneity, most sig-
nificant at the interface between neighboring elements
and able to induce a hysteresis magnetic reversal in the
superconductor, which is accompanied by energy dis-
sipation (see, for example, [5]) and, therefore, emer-
gence of friction force in the bearing. This paper is
focused on the theoretical investigation of the influ-
ence of the inhomogeneity of the magnetic field of a
composed magnet on the friction force in a bearing
whose superconducting stator is formed by single-
layer or multilayer rings made of second-generation
HTS tapes.

DESCRIPTION OF THE BEARING MODEL.
GEOMETRY. BASIC EQUATIONS

The bearing studied by us consists of a rotor and a
stator. The division into the “rotor” and “stator” is
conventional. The inner shaft of the bearing can rotate
with the exterior part fixed, and the exterior part can
rotate around the fixed inner axis. To be definite, we
assume hereinafter that the superconducting part of
the bearing is the fixed stator, and the rotor is a set of
permanent magnets of small sizes. This choice is
mainly stipulated by the fact that the fixed supercon-
ductor cooling to avoid thermodynamic instability is
technically simpler [6, 7]. In Figs. 1 and 2, the bearings
with square and octagonal rotors, respectively, are
presented. Below, the number of magnets in a rotor is
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Fig. 1. Bearing with a square magnetic rotor: (/) supercon-
ducting stator; (2) magnetic rotor; (3) outer boundary and
(4) inner boundary of the magnetic rotor (at its rotation).
Solid and dotted arrows on the magnets specify the direc-
tion of magnetization of the neighboring magnet (along
the Z axis).

denoted as Ny,e (N = 4, 8, 16). The following sizes
of the magnetic rotor are chosen for calculations. The
inner boundary of each rotor has the radius of 20 mm
(the inner circle is shown by dashed line in Figs. 1 and 2).
The outer radii are 32.016 mm and 26.34 mm for the
square and octagonal rotors, respectively (the outer
circle shown by dashed line in Figs. 1 and 2). The mag-
net is 5 mm in thickness for each rotor, and the width
of the magnet dZ is 12 mm along the Z axis. When
selecting the parameters of the tape, we considered the
12 mm SuperOx tape that was promising for many
technical applications (for example, for current limit-
ers [8]). If we denote the magnetic moment density
vector as m(r') at the point of space with the radius
vector r', then the magnetic field induction vector cre-
ated by the magnet (with the volume V) at the point r'
can be written in the following form [9]:

B(r) = Ho_[ {3n(n, m(r')); m(r')}sr,’
A
n=(r-r)/r-rl

(1

The modulus of vector m(r') was chosen so that the
value of the magnetic field induction of an individual
magnet (Fig. 1) at the center of its surface was 0.3 T.

Usually, the thickness of HTS tape is ~0.1 mm;
therefore, in this paper, as in [4], we assume the thick-
ness of the stator winding to be zero. We assume the
critical current density in a solid single-layer HTS ring
to bej, and in a double-layer ring to be 2j,. The critical
current density on the boundaries of neighboring rings
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Fig. 2. Bearing with an octagonal magnetic rotor: (/) super-
conducting stator; (2) magnetic rotor; (3) outer boundary and
(4) inner boundary of the magnetic rotor (at its rotation).

that are perpendicular to the Zaxis is zero. The Z coor-
dinates of the stator ring boundaries coincide with the
boundaries of the rotor heteropolar magnets. These
boundary coordinates are Z = 0, *dZ/2, +2d7/2,
+3dZ/2, etc.

When the number of magnets in the rotor is large
(Npmae > 1) and the HTS ring width is small in compar-
ison with their perimeter (d,/d;>> 1), the stator curva-
ture can be neglected, and the superconducting cur-
rent density identification problem formulated in

cylindrical coordinates (p, ¢, Z), where p = Rg, can be
replaced by the two-dimensional problem set in the

plane (p, Z) with p = Rs@. In this case, the rectangle
—dy/2 < Z< dy2, —d,/2< p<d,/2 is the domain of
definition of the magnetic field and the current densi-
ties. The boundary conditions are periodic both over
the angular variable p and over the variable Z (it is
assumed that the rotor consists of an infinite number
of adjacent heteropolar ring magnets). The replace-
ment of the cylindrical problem with the planar one is
substantiated by the considerations that, firstly, the
ratio d,/d,= 8 is sufficiently large and, secondly,
rotors with a larger number of magnets are of greater
interest (N, = 8 and 16). We consider the square
rotor for the qualitative determination of the bearing
friction dependence on the number of magnets. In
addition, the influence of the external field inhomo-
geneity (over the angular variable) on the supercon-
ducting current distribution is manifested the most in
the square rotor.

The external magnetic field of the magnetic rotor in
the stator was calculated by formula (1). The magnetic
field induction component normal to the surface of
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Fig. 3. Normal component of the magnetic field induction
Bp on the developed surface of the stator.

the stator on the square rotor surface is presented in
Fig. 3. The variation of the magnetic field amplitude
(Brax — Bmin)/ (Bmax T Bmin) When the coordinate Z= 0
is 14.8%, 1.3%, and 0.2% for N,,, = 4, 8, and 16,
respectively. The idea of applying the inhomogeneous
(periodic) external magnetic field is not new. Hence,
in [10, 11], a set of magnets of different polarities was
used to create a periodic configuration; however, the
main feature of the present paper is the calculation of
the HTS tape in a weakly varying field, which acts on
the superconductor during an unlimited number of
periods. We describe the field dependence of the crit-
ical current of the superconducting tape within the
double-exponential model [12], in which the density

of the surface currents j (B) of the HTS tape can be
written in the following form:

Jj.(B) = A exp(~|B|/B)) + Ayexp(—|B|/By),  (2)

with the parameters A, = 12.9 kA/m, A, = 13.8 kKA/m,
B,=0.08 T, and B, = 1.92 T. The spatial grid step in the
presented calculations was 64 ~ 0.375 mm. The calcu-
lations were performed within the simulation of the
superconductor critical state initially proposed in [13],
whose modifications and applications are given in [4].
The detailed description of the mathematical problem
and algorithm of the numerical calculation for the case
of field dependence (2) are presented in [4, 14]; they
are not given in the present paper in view of their cum-
bersomeness.

At the first stage, the external magnetic field pro-
portional to the rotor field without the rotor rotation
increased monotonically from zero to the value deter-
mined by expression (1). Further, the rotor was rotated
by 40 revolutions (hereinafter, the number of revolu-
tions is denoted as N,,). The corresponding density of
superconducting currents was detected. In the plane
problem, one revolution of the cylindrical configura-
tion corresponds to a shift of the magnetic field over
the variable p by the period d,,. In this case, the tangen-
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Fig. 4. Friction force as a function of the number of revo-
lutions of the square rotor.

tial component of the force of interaction of the rotor

field B, with the stator currents (friction force) f, for a

ring of the stator is determined by the Ampere law:

d,/2 dy /2
fi= | @ [ Bp2Dip22dz. 3
-d,/2  —dz)2

RESULTS AND DISCUSSION

The dependence of the friction force in the square
stator (N, = 4) on the number of rotor revolutions is
presented in Fig. 4, where it is shown that the friction
force is set within one revolution. For rotors with a
larger number of magnets (N,,,, = 8 and 16), the fric-
tion force is set in less than two revolutions. Since we
do not consider the character of transients in this
paper, the friction force is determined by averaging
this parameter over the period from the third to
the tenth revolution. In the case of the square rotor
(Nmag = 4), the friction force for the single-layer/dou-
ble-layer stator is 0.013 H and 0.0021 H, respectively.
In the case of the octagonal rotor (N,,,, = 8), the fric-
tion force for the single-layer/double-layer stator is
2.01 x 10~ H and 1.25 x 10~® H, respectively. When
Npmae = 16, the friction force for the single-layer/dou-
ble-layer stator is 1.5 x 107 H and 8.1 x 10-% H,
respectively.

The typical distribution of the superconducting
current density in the stator and the distribution of the
square rotor magnetic field are presented in Fig. 5.
The superconducting current lines are at the top of the
figure, and the lines of the rotor magnetic field levels
are at the bottom of the figure. A fragment of the stator
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Fig. 5. Lines of superconducting currents (top of the figure) and lines of levels of the square rotor magnetic field component that
is normal to the surface of the stator (bottom of the figure). The current line in the upper figure corresponds to the current value

of 5 A. The line in the lower figure corresponds to the magnetic field induction of 0.02 T.

with the width of 2d;, is presented in this figure (the
central tape is surrounded by halves of neighboring
tapes of the stator from above and from below). The
picture is regularly displaced along the p axis with the
turn of the rotor.

In order to obtain a qualitative interpretation of the
friction force dependence on the number of magnets
of the rotor and HTS tape coils of the stator, it is con-
venient to represent the stator as a system of intercon-
nected magnetic pumps. We present each cell of the
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Fig. 6. Dependences of the magnetic moment density at
the point with coordinates p = 0 and Z= 0 on the magnetic
field induction per one revolution of the rotor for the cases
of (/) single-layer stator and (2) double-layer stator.
Arrows indicate the direction of traversal of the hysteresis
curve at the rotor rotation.
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calculation grid A X & in size on the stator as an ele-
mentary magnetic pump. If the rotation frequency of
the rotor is denoted as ®, the pumping frequency of
each pump by the external variable magnetic field is

®- N,,, (the phase of oscillations of the field is differ-

ent for cells with different p coordinates). The mag-
netic moment of a cell induced by the external field is

g-m,- A’ In this expression, n, is the unit vector nor-
mal to the surface of the stator, and g is the magnetic
moment density related to the stator surface current
density j(p,Z) by the relation j(p,Z) =V x(g-n,)
(see [5] and references thereof). In Fig. 6, the depen-
dence of the magnetic moment density of the cell with
the coordinates p = 0 and Z = 0 on the rotor induction
density at this point is presented. The top curve rep-
resents the single-layer stator, and the bottom curve
shows the double-layer HTS stator. The dependences
are displayed for one revolution of the rotor after the
transients are completed. The values of the magnetic
field induction at this point change from the mini-
mum B, = 0.095 T to the maximum B,,,, = 0.128 T.

Over the segment of the curve corresponding to the
increase in the field induction from the minimum B,
to the maximum B,,,,, the EMF of the varying field
induces currents that decrease the magnetic moment
density (the induced magnetic field is opposite to the
inducing field). Consequently, the magnetic moment
attains its minimum at the peak of the magnetic field.
This “shielding” process is limited by the finite value
of the critical current (otherwise, the “shielding”
would be total over the whole stator). At the initial
stage of the magnetic field decrease from the peak
value, the EMF changes sign, and the current density
becomes less than critical at this point. In the course
of further decrease in the field, the current density
passes zero and attains its critical value again. The
amplitude of variation of the square rotor magnetic



1498

field induction on the stator surface attains 14.8% of
the average level. Firstly, this change is sufficient to
alter the sign of the magnetic moment of a unit cell of
the single-layer stator (see Fig. 6, top curve), while the
magnetic field sign is constant. Secondly, the small-
ness of the critical current while the field undergoes
this change implies the radical magnetic reversal of the
stator, which provides a wide hysteresis loop (and con-
sequently induces dissipation of energy and a signifi-
cant friction force). The twofold increase in the criti-
cal current density of the double-layer stator blocks
the process of magnetic reversal (see Fig. 6, bottom
curve). The area of the hysteresis loop sharply
decreases, and consequently, the friction force
decreases. A considerable decrease in the friction force
with the increase in the number of magnets has a sim-
ilar explanation. The magnetic field amplitude varia-
tions by 1.3% and 0.2% for N,,,, = 8 and 16, respec-
tively, are not sufficient for the magnetic reversal of
even a single-layer stator.

CONCLUSIONS

The calculations have shown that the magnetic
friction force and the consequent energy losses do not
hinder the creation of a combined bearing with a rotor
composed of more than eight magnets and a stator
consisting of a few short-circuit layers of the second-
generation HTS tape. The experimental verification of
this conclusion and the analysis of influence of other
parameters of the bearing (eccentric arrangement and
tilt of the rotor axis in relation to the stator axis, defects
ofthe HTS tape of the stator, etc.), which can critically
worsen its characteristics, will be carried out sepa-
rately.

Note that the considered configuration of a mag-
netic rotor and a superconducting stator made of the
HTS tape has a key advantage in comparison with the
3D HTS tape bearings because it allows a practically
unlimited scaling of the device.
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