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Abstract. The physics and technology of superconducting bearings is reviewed. Particular
attention is given to the use of high-temperature superconductors (HTSs) in rotating bearings.
The basic phenomenology of levitational forces is presented, followed by a brief discussion
of the theoretical models that can be used for conceptual understanding and calculations. The
merits of various HTS bearing designs are presented, and the behaviour of HTS bearings in
typical situations is discussed. The article concludes with a brief survey of various proposed
applications for HTS bearings.

1. Introduction

The image of a permanent magnet (PM) stably levitated
over a high-temperature superconductor (HTS), as shown in
figure 1, is one of the better known icons for HTS technology.
This levitation provides a tactile and visual indication of
many of the basic phenomena associated with HTSs. If one
pushes the PM up, down or sideways, or tries to tilt it, a
restoring force returns the PM to its initial position. The
forces can also be highly hysteretic. If one pushes hard
enough, the equilibrium position of the PM can be changed
to almost any orientation or the centre of mass of the PM
can be moved to a new equilibrium position. If the PM
is a cylinder with a relatively symmetric magnetic field, it
readily rotates about its axis of symmetry, as indicated by the
blurred arc to the left of the star in figure 1. Such behaviour
suggests that the HTS could be used in the construction
of a superconducting bearing. In many applications, the
advantages of noncontacting surfaces without an active
feedback system, ability to operate in a vacuum and potential
for extremely low rotational drag should outweigh the
inconvenience of refrigerating the HTS. The development of
superconducting bearings has progressed significantly since
the discovery of HTSs and is reviewed in this article.

While the first stable levitation that involved a
superconductor was reported in 1945 [1, 2], it was not until
1953 that efforts to investigate the use of superconductors
in bearings and attempts to measure rotational drag were
reported [3]. The first experimental motor that employed
superconducting bearings was demonstrated in 1958 [4–6].
Despite these and other [7–9] pioneering efforts with
low-temperature superconductors (LTSs) that were cooled
with liquid helium, significant interest in superconducting
bearings did not emerge until the discovery of the first
HTS [10]. The discovery was soon followed by a tabletop
demonstration of levitation with the new material [11], and
shortly thereafter experiments on levitation were reported
by many investigators and later reviewed [12–15]. Major

Figure 1. PM (with star) stably levitated over an HTS.

advantages of HTSs were their relatively simple fabrication
and use in bulk form and a much higher magnetic field
before onset of flux-jump instabilities. Although the stable
suspension of a superconductor below a PM should have
been predictable from magnetization curves as early as 1936
[16], it was only after the experimental demonstration with an
HTS [17] that the suspension phenomenon was observed for
LTS superconductors at 4 K [18]. The investigation of HTS
levitation phenomena was accompanied by early interest in
their use as bearings, and small stable rotors with rotational
speeds>100 000 rpm were soon demonstrated [19–21].

Although the use of wires and thin films in
superconducting bearings has been investigated somewhat,
most of the current efforts involve the use of bulk
HTSs. Whereas in superconducting wire applications, the
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supercurrent must pass from grain to grain along a wire
length that encompasses many grains, in current levitation
applications, it is sufficient that the supercurrent circulate
only within individual grains of the bulk HTS material.

The current material of choice for superconducting
levitation is Y–Ba–Cu–O (YBCO) and the rare–earth Ba–
Cu–O analogues (RE–Ba–Cu–O where RE denotes the rare-
earth elements Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu,
La), because they exhibit a high magnetic irreversibility field
Hirr at liquid nitrogen temperatures and many have the ability
to grow large grains. TheHirr marks a phase transition
between the region where magnetic flux is solidly pinned
in the superconductor and the region where flux may move.
Sometimes theHirr curve is said to denote the boundary
between the region where flux is frozen and the region where
flux is melted. When compared with some of the members
of the Bi, Tl or Hg HTS families, YBCO exhibits a relatively
low critical temperature of 92 K, but its irreversibility curve
is one of the highest at 77 K and lower temperatures. For
stable levitation, it is important that the flux be frozen in
the superconductor, otherwise, the PM would slowly lose
levitation height.

The magnetization of the superconductor is proportional
to the product of the critical current density (Jc) and the
grain diameter [22]. Large grain diameters are important
when sufficiently large magnetizations must be achieved for
useful levitation forces. When bulk YBCO materials are
made by a melt-texturing process, it is possible to grow grains
to diameters of several centimetres [22]. In the present state
of the art, the upper limit of the grain diameter produced by
this process is≈10 cm. The ability to produce good-quality
YBCO thin films is also limited to approximately this size. If
techniques to grow large grains for other HTS materials with
highHirr curves could be developed, these materials would
also be of interest for levitation applications. Many excellent
reviews [23–26] and collected papers [27, 28] cover details of
the fabrication issues of melt-textured HTSs. In this review,
I will be concerned with HTS properties only insofar as they
affect bearing phenomena.

To understand and predict the behaviour of magnetic
bearings that use superconductors, one must know the forces
that are generated between the superconductor material and
a PM or a current distribution. Levitation, suspension,
restoring, damping, and drag forces must be determined, and
their effect on the dynamic performance of the bearing must
be elucidated. Several reviews that describe these forces
from a basic physics viewpoint and explore their use in
levitation applications have been published [13–15, 29–33].
In this article, I review their application to superconducting
bearings.

2. Phenomenology of superconducting levitation
forces

A successful superconducting bearing must not only be
in equilibrium, but must remain in stable equilibrium
when subjected to various perturbing forces at various
rotational speeds. This nonlinear dynamics problem requires
knowledge of how the magnetic forces and torques change

Figure 2. Vertical force against vertical distance between PM and
HTS under ZFC.

with position and orientation, as well as with linear and
rotational velocity.

As discussed in section 4, a very typical geometry for a
superconducting bearing is a thrust bearing that consists of a
cylindrical PM, with its axis of symmetry and magnetization
oriented vertically, that is levitated above an HTS with a
flat horizontal upper surface. The diameter of the PM is
usually less than that of the HTS. The discussion of forces and
stiffnesses in this section is given in terms of this geometry,
but the extension of the results to other geometries is usually
straightforward.

2.1. Vertical forces

The levitation capability of the PM/HTS system is determined
by the vertical forceFz, which is hysteretic for movements
in the vertical directionz, as illustrated in figure 2. In this
example, a cylindrical, upright, vertically magnetized PM
was kept with its bottom surface at a height of 10.0 mm above
the top surface of a cylindrical YBCO bulk HTS. For this PM,
a separation of 10 mm provides very little magnetic field near
the HTS, a situation that is called zero-field cooling (ZFC).
After the HTS was cooled in liquid nitrogen, the magnet was
slowly brought down to a position 1 mm above the HTS, while
Fz was measured at various points along this first descent.
The PM was then moved away from the HTS, back to its
original ZFC position. Then it followed a second descent,
during which a minor reversal of 0.4 mm was effected at a
distance of 2.0 mm above the HTS. A second ascent was
identical with the first, and a third descent was identical with
the second etc.

As seen in figure 2, the force during the first descent is
always larger than the force during the second. Upon reversal
from 1 mm above the HTS during the first ascent, the force
drops very quickly and even becomes negative, indicating an
attractive force. A combination of the first ascent and second
descent forms a major hysteretic loop, and the area under the
curve is equivalent to the hysteretic energy loss. The form
of the hysteresis loop leads to the possibility of levitation
over a range of heights. For example, if the PM weighed
10 N, equilibrium could exist anywhere in the range of 1.8 to
2.6 mm for the example in figure 2. The PM in this example
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Figure 3. Vertical force against vertical distance between PM and
HTS under FC atz = 1 mm.

weighed≈0.02 N, so it is also clear that this type of bearing
is capable of supporting a mass many times that of the PM.

Several other aspects of levitational phenomena can be
deduced from the curves shown in figure 2. The force
is stable in the vertical direction for the case with the
PM above the HTS in repulsive levitation, i.e., whenz is
positive above the HTS, the vertical stiffnessKz = −dFz/dz
is positive everywhere. The slope of the minor loop is
significantly higher than that determined from the major
loop. The stiffness represented by the slope of the minor
loop is the dynamic stiffness of the system and would be
used to calculate vibration frequencies [34]. The stiffness is
positively correlated with the force on initial descent [35], and
increases during descent as the separation distance decreases.
The width of the minor loop is much smaller than that of
the major loop. Thus, the PM/HTS acts as a nonlinear
damper, and the damping coefficient increases with vibration
amplitude.

A feature of the first descent in ZFC is that for heights
less than several millimetres above the HTS surface, the
force is exponential with distance [35]. This is probably
due to the vertical and horizontal extension of the PM. In
practice, it is difficult to measure the force immediately above
the HTS, partly because surfaces are not perfectly flat, but
mainly because the HTS surface is usually covered with liquid
nitrogen. The exponential behaviour allows extrapolation of
the force to the surface, and various HTSs can be compared
this way if a reference PM of known strength is used. ZFC
produces the largest repulsive force but may be impractical,
because it requires the cooling of the superconductor before
the bearing is assembled.

Hysteresis of vertical forceFz differs significantly when
the HTS experiences field cooling (FC), i.e., when the HTS
is cooled below its critical temperature while a substantial
magnetic field is present, that is, when the PM is close to the
superconductor. FC produces less repulsive levitation force
than ZFC but can be used to make an attractive-force bearing
and generally is more stable in the horizontal direction. An
example of the vertical forces experienced after FC is shown
in figure 3, where the FC occurred atz = 1 mm. The force
immediately after FC is almost zero. In principle, there will
always be a small amount of repulsive force because of the
Meissner effect; however, in practice, this force can usually

be neglected because the Meissner fraction for melt-textured
YBCO is almost zero [22]. As shown in figure 3, as the PM
moves away from the HTS,Fz is negative, indicating that
levitation via suspension, with the PM below the HTS, is
possible. In this example, the suspension is only stable for
z < 4.5 mm, whereKz is positive.

The vertical stiffness has been correlated with the vertical
force [35], and details of the vertical stiffness have been
studied [36–38]. In ZFC, vertical stiffness is approximately
independent of descent versus ascent, but slight differences
may be observed and are attributed to differing amounts of
trapped flux in the HTS during a particular vertical traverse
[38]. In FC, the dynamic vertical stiffness is less than, but
greater than half, that for ZFC at the same separating distance
(i.e.Kz,zf c/2< Kz,f c < Kz,zf c) [38].

The levitation force is approximately independent of the
speed at which the PM approaches or recedes from the HTS
[29]; however, the measurements can experience force creep.
Flux creep is an inherent phenomena in HTSs [12, 29]. A
macroscopic manifestation in levitation is force creep, in
which the repulsive levitation force decreases with time [39].
For the most part, the force creep is logarithmic in time and
can be well correlated with thermally activated flux creep
[40]. In this case, it is known that the creep is greater in
higher magnetic fields and field gradients (higher levitation
forces) but becomes smaller as flux pinning is improved [41].
However, in some experiments with thin films of HTSs,
nonlinear force creep that exhibits force jumps has been
observed [42].

2.2. Effects of geometry

The geometry and other characteristics of the HTS
dramatically influence the levitation force. The levitational
force that the superconductor provides is proportional to its
average magnetization, which is proportional to the product
of its grain diameter times itsJc. Thus, one expects the
levitation force to increase as temperature decreases and
Jc increases. This is observed experimentally, and the
magnetization is well correlated with the levitation force
at all temperatures [21]. It is generally believed that
the magnetization of the HTS cannot be greater than that
necessary to produce a pure diamagnetic image of the PM
in ZFC (however, the author has not seen any published
proofs for, nor counterexamples to, this conjecture; see also
section 3). Thus, beyond a certainJc or grain size, all HTSs
will yield similar bearing pressures, which are determined by
the properties of the PM.

The maximum theoretically achievable levitational force
is that between the PM and its mirror image. The maximum
magnetic pressureP between two uniformly magnetized
objects of magnetizationM1 andM2 occurs at zero gap
between the two objects and is given by

P = M1M2/2µ0 (1)

whereµ0 = 4π×10−7 N A−2. As a convenient reference, for
µ0M1 = µ0M2 = 1.0 T, the pressure is 400 kPa. In a sintered
NdFeB permanent magnet,µ0M is typically between 1.0
and 1.5 T. TheJc of typical melt-textured YBCO samples
at 77 K is≈40 kA cm−2, which, together with a diameter
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of several cm, allows the levitational pressures between the
YBCO and an NdFeB PM to reach≈280 kPa (≈40 psi). Such
pressures have been measured in the author’s laboratory with
very good YBCO samples. However, this pressure occurs at
zero separation distance. In a practical system with a finite
separation, the pressure will be at least a factor of 2 to 3 times
lower.

Although current state-of-the-art melt-textured YBCO
is satisfactory for many bearing applications, researchers are
continually striving to obtain higherJc values, partially to
more closely approach the theoretical maximum of levitation
force, but primarily to improve the economics of using HTS
materials in bearings and other applications. Substantially
higherJc values can be achieved by techniques that involve
radiation [43], and materials made by these methods are
expected to be of interest in bearing designs that require
greater magnetic fields and in trapped-flux applications.

The thickness of the HTS is also an important parameter
in determining the levitation force. Because the current
density is finite, for thin samples the levitation force increases
linearly with thickness; however, beyond a certain thickness,
the force is mostly independent of thickness [44–46]. This
is partially a corollary to the discussion above in that the
magnetization in the HTS is limited by the properties of the
PM. It is also a result of the inverse-square law of forces
between electrical or magnetic poles, in that currents flowing
far from a PM will produce a negligibly small force on them.

HTSs are highly anisotropic, with superconducting
currents capable of flowing at higher density in theab
plane of the crystal. With the ability to grow large single-
domain HTSs, the angle dependence of crystal orientation
on levitation force has recently been explored [47–50]. For
melt-textured YBCO, this anisotropy results in a levitation
force that is≈3 times greater if thec axis is parallel to a
uniform applied field, than if thec axis is perpendicular to the
applied field. The force varies monotonically as a function of
orientation angle between these two extremes. In actual HTS
bearings, the applied field is often some complex combination
of parallel and perpendicular orientations that varies over the
surface of the HTS.

A number of studies have been performed on the
levitational properties of thin-film HTSs [37, 51–54].
Although YBCO thin films often haveJc values of
>1 MA cm−2 at 77 K, the thickness of these films is only
≈1 µm and they do not provide much levitation force. The
magnetization quickly saturates, and it is possible to produce
very large hysteresis loops if this occurs. However, when
unsaturated, the stiffness of such films is often similar to that
produced by bulk material of greater thickness [51, 53].

The geometry and condition of the PM also affects the
levitation force. The effect of the size and shape of the
PM, relative to that of the HTS, has been studied mainly
by theoretical models that have been validated by some
experimental measurements [54–60]. The magnetization
of the PM is temperature dependent, with magnetization
increasing with decreasing temperature in most types of PM,
but with FeBNd, the magnetization reaches a peak at≈140 K
and then decreases as the axis of easy magnetization changes.
In measurements such as those depicted in figures 2 and 3
(where the PM moves in the air) a PM exposed to air will

Figure 4. Lateral force against lateral displacement at measuring
height of 5 mm in ZFC and FC. Data from [36].

become colder as the distance to the HTS decreases. Unless
the temperature of the PM is controlled, the temperature
dependence of the PM can affect force measurements and has
been known to affect levitation height in HTS bearings [61].
To avoid the complication of PM temperature dependence
when forces are measured, it would be possible to keep both
the PM and the HTS in liquid nitrogen in ZFC. Because
of the temperature dependence of the PM, the procedure
would be more problematic in FC, depending on the thermal
diffusivities of the PM and HTS. It may be necessary to
precool the PM, bring it into the FC position, and then add
liquid nitrogen to the system.

If we assume that the HTS is a single grain of large
diameter, then because the magnetization of the HTS is
proportional to the diameter of the shielding currents,
increasing the diameter of the PM should increase the
levitational pressure within some range of the diameter. This
effect is expected to saturate once the magnetization of the
HTS is approximately equivalent to the diamagnetic image
of the PM. The homogeneity of the PM magnetization also
affects the levitation force [38] but is mostly relevant in
understanding small differences between theoretical models
and experimental measurements.

At present, there is no standardized method for
measuring or reporting levitation forces. It is tempting to try
to relate the measured levitation force to the levitation force
produced by a pure diamagnetic image, i.e., the force between
the PM and another exactly like it in repulsive levitation.
The levitation force is then reported as a percentage of the
theoretical maximum [62]. To use this method, one must be
careful to appropriately estimate the pure diamagnetic force,
and knowledge of the magnetic field only at the surface of
the PM is usually insufficient for this purpose [38, 63].

2.3. Horizontal forces

If a PM is moved parallel to the surface of an HTS, the
magnetic flux lines are sheared, resulting in a lateral magnetic
drag force [29, 64]. This force consists of reversible and
hysteretic components. Typical horizontal forces that might
be encountered in superconducting bearing applications
are shown in figure 4, where the results for a common
measurement height of 5 mm and a horizontal traverse from
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Figure 5. Vertical force versus lateral displacement at measuring
height of 5 mm in ZFC and FC. Data from [36].

x = 0 to x = 12 mm, followed by a horizontal traverse
to x = −12 mm, followed by a horizontal traverse to
x = 0 mm, are shown. The figure shows that the behaviour
in ZFC is distinctly different from that in FC. For small
displacements after FC, the PM is stable, i.e., the horizontal
stiffnessKx = −∂Fx/∂x > 0. In ZFC, the PM is first moved
vertically from 30 mm to 5 mm and then lateral traverses are
executed. In ZFC, as shown in figure 4, the PM is unstable to
horizontal motion, i.e., the horizontal stiffness is negative. In
experimental demonstrations in ZFC, the PM may be pushed
down almost to the surface of the HTS and then allowed
to freely rise to its equilibrium levitation height. Usually,
enough flux becomes trapped in the HTS that the levitation is
stable, although the horizontal stability is much weaker than
in FC. If an HTS is used that exhibits less flux pinning or
has smaller grains than melt-textured YBCO, then enough
flux may penetrate the system that the horizontal stiffness
becomes stabilizing even in ZFC. Of course, the levitational
force will also be lower. For the system shown in figure 4,
edge effects of the HTS produce the force maxima. In FC, if
a smaller-diameter PM is used, the force maximum becomes
a plateau and the result is a constant drag force for continued
horizontal motion in the same direction [64].

One may show both experimentally and analytically that
in FC, the horizontal stiffness is exactly half the field-cooled
vertical stiffness (i.e., 2Kx,f c = Kz,f c) [38]. This forms
an interesting analogue to the stiffnesses as determined by
Earnshaw’s theorem for magnetic systems (see section 2.7),
in which 2Kx = −Kz. In the PM/HTS system in FC, all of
the stiffnesses are positive.

2.4. Cross stiffness

The PM/HTS system exhibits an anisotropic form of cross
stiffness, which has only recently been investigated [38,
65, 66]. If the PM moves in the vertical direction, horizontal
force is negligible. However, if the PM moves in the
horizontal direction, the magnitude of the vertical force can
change, as shown in figure 5, where the lateral traverse is the
same as in figure 4. As in the case with horizontal forces,
there is a difference in the sign of the cross-stiffness term,
depending on whether the system was in ZFC or FC.

2.5. Nonlinearity of forces

For superconducting-bearing applications, where the ex-
pected vertical or horizontal vibration amplitudes are typi-
cally< 1 mm, the forces in the PM/HTS interaction can be
divided into an elastic region that occurs at small amplitudes,
and a hysteretic region that dominates for amplitudes that are
larger than some threshold. In the elastic regime, the flux
lines remain in their pinning centres, bend as the PM moves,
and produce a restoring shear force, according to the Maxwell
electromagnetic stress tensor. The hysteretic regime begins
when the PM moves sufficiently far for some flux lines to
move from their original pinning centres to new ones.

In the hysteretic regime, the force is nonlinear and has
been compared with dry friction in mechanical problems
[15, 27]. For an HTS with an incomplete penetration of
magnetic field, the energy dissipationEh in a complete
hysteresis cycle is [22]

Eh = A(1B)3/Jc (2)

whereA is a geometric factor of order unity and1B is the
peak-to-peak variation of the magnetic field. Because1B is
approximately proportional to the displacement of the PM,
the energy loss is approximately proportional to the cube of
the amplitude, and the friction force is amplitude dependent
and nonlinear.

The manifestation of the elastic/hysteretic behaviour
occurs in many parameters that affect superconducting
bearings. The vertical and horizontal stiffnesses are
dependent on the amplitude of vibration [67, 68]. For
small amplitudes, the stiffness is constant, but, after some
critical amplitude that depends on levitation height, the
stiffness begins to decrease as the amplitude increases.
The higher the current density of the superconductor, the
higher the critical amplitude value for the onset of stiffness
decrease. A transition between elastic and hysteretic
behaviour has also been observed in the width of minor loops
in the force measurements [69]. The decay of oscillations
from PMs, either freely levitated [70, 71] or attached to
vibrating beams [72], is another method used to study
this transition. The hysteretic loss is mostly frequency
independent. However, detailed studies of losses in PM/HTS
systems and superconducting bearings show the presence of
small velocity-dependent effects that appear to be intrinsic to
the superconductors [73–75].

2.6. Vibrating systems

A superconducting bearing will undergo vibrations at various
frequencies during its operation. The study of stiffness
and damping in vibrations of PM/HTS systems has been
alluded to above. The damping characteristics of YBCO near
77 K are highly temperature dependent [76], and it has been
suggested that this feature be used as a switchable damper,
which seems particularly attractive for HTS films [77].

The vibrations of a PM near an HTS have been shown
to produce period doubling and chaos [78]. Another route to
chaotic vibration is bifurcation of quasi-periodic oscillations
[79], and in this case multifractality appears in the critical
state of chaotic motion [80].
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2.7. Stability

To appreciate the stability of the PM/HTS system, one need
only compare it with most other passive magnetic systems,
which are statically unstable. Most magnetic systems are
governed by Earnshaw’s theorem, which states that there is no
stable, static three-dimensional arrangement of a collection of
poles (electric, magnetic, or gravitational) whose magnitudes
do not change and which interact via a 1/r2 force law [81].
Particles that experience inverse-square-law forces obey
Laplace’s equation, and Earnshaw’s theorem is developed
from the property of the associated curl- and divergence-free
fields that precludes the existence of local, detached, scalar-
potential maxima or minima, and allows only saddle-type
equilibria. In terms of magnetic stiffnessK, the theorem for
a collection of poles can be written as

Kx +Ky +Kz = 0. (3)

For axisymmetric systems, the theorem may be rewritten
as 2Kx = −Kz, and the system will be unstable in the
direction that exhibits the negative stiffness. Braunbek
extended Earnshaw’s result to show that electric or magnetic
suspension is not possible when all materials haveεr > 1 or
µr > 1, but that it is possible when materials withεr < 1 or
µr < 1 are introduced (whereεr is the relative electrical
permittivity andµr is the relative magnetic permeability)
[82]. These results collectively are often referred to as
Earnshaw’s theorem.

Although superconductors probably do not strictly
satisfy most formal definitions of a diamagnetic material
(µr < 1), the HTS often strongly mimics the behaviour of
a pure diamagnetic material (µr � 1), and it is useful to
invoke this picture when we strive to understand many of
the levitational phenomena. Diamagnetic materials, such as
superconductors, are not governed by Earnshaw’s theorem,
and they enable the possibility of creating stable levitation
systems.

3. Modelling

One of the fundamental properties of superconductors is
their tendency to exclude magnetic flux from their interiors.
Accordingly, a superconductor with a PM positioned close
above it, as shown in figure 6(a), develops a shielding
current that excludes flux and causes the actual magnet
to ‘see’ its mirror image in the ideal case. Over a
flat superconducting surface, the PM is stable in the
vertical direction. Horizontal stability is obtained if the
superconductor is given a concave shape, so that vertical
superconducting walls are formed around the PM, as first
demonstrated with lead, a type-I superconductor [1, 2]. The
shielding currents in a type-I superconductor are completely
loss free, so that, in the absence of viscous drag from
surrounding gas or eddy currents or hysteresis in the PM,
oscillations of a PM above a type-I superconductor will be
undamped.

In type-II superconductors, the stability of the
levitational phenomena that is a result of the diamagnetic
response is greatly enhanced by the additional phenomena
associated with flux pinning. When sufficient flux lines are

(a)

(b)

Figure 6. Schematic diagrams of conceptual levitation models:
(a) diamagnetic response, (b) flux trapping.

trapped in the HTS, the PM remains levitated in position, even
over a flat surface. If the flux pinning is sufficiently strong, the
magnet can be stably suspended below the superconductor,
or even along its side. The flux lines between the PM and
the HTS act in an imperfect analogy to mechanical springs
with attachments on the PM and in the HTS. If the PM moves
a small distance laterally, so that the flux lines still remain
in their pinning centres, the flux lines bend and produce
a laterally restoring shear force, according to the Maxwell
electromagnetic stress tensor. If the PM moves vertically
or horizontally, the ‘springs’ pull the magnet back to its
equilibrium position.

If the PM moves far enough laterally that the flux
lines move from their original pinning centres to new
ones, an additional stabilizing force that involves additional
trapped flux begins to act. The moving flux lines induces
additional supercurrents, and the associated additional
trapped flux forms regions of induced magnetization in the
superconductor of the same pole orientation as the levitated
magnet, which decreases the local flux. As shown in
figure 6(b), the result is an attractive interaction with the
permanent magnet that provides a lateral restoring force.
Because the additional trapped flux remains in the original
location, the lateral motion of the PM produces a slight
increase in the vertical force.

Although flux pinning is most prominently associated
with FC, strong flux pinning near the HTS surface can greatly
extend the range over which the HTS behaves almost like a
pure diamagnetic material in ZFC.
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3.1. Critical-state model

The critical-state model [83, 84] is often invoked to explain
many of the levitational phenomena [85–97]. While
calculationally cumbersome in many bearing geometries, it
is rooted in a physics that contains the essential features of
flux pinning in type-II superconductors and has been used
successfully for many years to analyse ac losses and flux
jumping in low-temperature superconductors and HTSs. In
a critical-state model, one often assumes that at any location
in the superconductor, the current is either flowing with
magnitudeJc or is zero. Jc may be assumed constant or
assigned a dependence on magnetic field. The critical-state
model has had good success in characterizing many of the
hysteretic behaviours of HTSs in levitational situations.

In HTSs that are composed of small grains, some
models assume that the grains may be treated as cylinders
and that the magnetic field propagates from the cylinder
wall to the interior [86, 90]. Other models calculate
the performance under the assumption that the grains
are completely penetrated [92]. If the more physically
correct model of aJc that depends on magnetic field
is used, it is important to take into account the actual
internal magnetic field of the HTS, which includes effects
of self-demagnetization. How the supercurrents distribute
themselves in the HTS is usually somewhat arbitrary in the
models. In ZFC for large-grain HTSs, models usually assume
that the shielding currents begin at the surface [97], although
recent efforts have investigated the use of thermal annealing
algorithms to calculate theJc distributionab initio [96]. In
the axisymmetric cases investigated with most models, it is
usually assumed that theab plane of the HTS is horizontal
and that the current flows exclusively in these planes.

3.2. Image models

In many cases in which hysteretic behaviour is not important,
the HTS can be treated as a pure diamagnet and the PM as
a set of magnetic dipoles. As in figure 6(a), a diamagnetic
image is formed in the superconductor, with each magnetic
dipole of the PM represented by its mirror image dipole
that is oppositely magnetized and located the same distance
below the superconductor surface as the magnet is above the
surface. As the PM moves closer to or further from the
superconductor surface, the distance of the image changes
accordingly. The calculation of levitation force often reduces
to that between a PM and its mirror image. The advantage of
this approximation is that analytical solutions are available
for a number of geometries [98–101]. The model can be
readily adapted to finite-element calculations by setting the
relative permeability of the HTS to a very small value, and
the effects of flux penetration can be finessed in a crude
approximation by allowing the relative permeability to take
on some finite value that is less than unity [55, 102]. These
pure diamagnetic models do not allow for the calculation of
dynamic stiffness or any losses.

A model that combines a ‘frozen’ mirror image [103]
with the diamagnetic mirror image may be used to describe
many of the dynamic stiffness properties in FC [104]. In
this model, two images appear in the superconductor: a
diamagnetic image of the PM that follows the movement

of the PM, and a frozen image that is equal in magnitude
and location to the diamagnetic image at the time of FC
but oppositely polarized and remains in its initial location
even if the PM moves. The frozen-image model can
be used to provide a good intuitive conceptualization of
the relationship between lateral and vertical stability. In
particular, it explains why, even if infinite pinning strength
were present in the superconductor, there would be a finite
lateral stiffness. Comparison of the predictions of this model
with experimental results shows that, for PM movements of
less than several millimetres over a melt-textured HTS, the
forces and stiffnesses agree well enough to be useful in most
HTS bearing calculations [38]. If the HTS can be treated
as having infinite horizontal extent, then the frozen-image
model also provides a good quantitative description of the
stiffnesses; however, in real systems with finite HTSs and
PMs with spatial extent, the three-dimensional geometry and
edge effects will complicate the calculation, especially for
lateral stiffness in ZFC [38]. As in the pure-diamagnetic
model, the frozen-image model does not predict effects
associated with hysteresis.

4. Bearing designs

In the most common configuration for a basic HTS bearing
design, the PM is levitated and free to rotate while the HTS
is held stationary. This is mostly due to the convenience
of cooling the HTS in boiling liquid nitrogen or by a good
thermally conductive contact with a cold source. If the
bearing is to operate in vacuum, the only heat transfer
mechanism for the levitated component is radiation, which
is governed by Stefan’s law, and losses are very low at
cryogenic temperatures. Because the Curie temperature of
commercially available PMs is significantly higher than the
critical temperature of HTSs, the configuration in which
the PM is levitated exhibits the greatest thermal stability.
In situations where the bearing application allows gaseous
cooling, or even circulation of a liquid cryogen, it may be
preferable to hold the PM stationary and allow the HTS to
levitate and rotate.

The two basic rotating bearing types are thrust and
journal. In a thrust bearing, the major load force is in
the direction of the rotational axis; in a journal bearing the
load force is perpendicular to the rotational axis. A typical
PM/HTS journal bearing configuration could consist of a
rotating shaft with PM discs mounted as endcaps, and the
shaft assembly supported by HTS bushings that completely or
partially surround the PMs at both ends of the shaft assembly.
The arrangement shown in figure 1 is an example of a
journal bearing. In this review, the discussion focuses almost
entirely on the thrust type, either of the repulsive or attractive
configuration. Researchers have also demonstrated PM/HTS
journal bearings [19, 29, 105], and much of the discussion
here is directly applicable to this type of bearing.

One may classify a magnetic bearing as either a levitation
bearing, which is expected to provide a mostly constant
force, or as a stiffness bearing, which provides a stabilizing
force against disturbances and for which the average net
force is zero. Most practical magnetic bearings are often
a combination of levitation and stiffness type. In a magnetic
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levitation bearing, the thrust bearing has a significant
advantage over the journal bearing. To provide a levitation
force, the magnetic pressure must be greater at the bottom of
the levitated component than it is at the top. The magnetic
pressureP is determined by the Maxwell stress tensor as

P = (B2
t − B2

n)/(2µ0) (4)

whereB is the magnetic field along the plane on which
the pressure is to be determined, subscriptt denotes the
component that is tangential to the plane, and subscriptn

denotes the component that is normal to the plane. Therefore,
a system with a levitation force must experience a different
magnetic field at the top than it does at the bottom. In a journal
bearing, the rotating component experiences the difference
in magnetic field on every part of the perimeter during each
rotation; this produces eddy currents and hysteretic losses.
In a levitational thrust bearing, the magnetic field remains
the same on the top and bottom horizontal surfaces during
the rotation, unless there is some azimuthal inhomogeneity
in the PM or HTS. The use of nonconducting ferrite PMs
would eliminate the problem of eddy currents in journal
bearings, but the available magnetization of these materials
is significantly lower than that of FeBNd or SmCo, and the
levitation pressures obtainable are thus much lower. In a pure
stiffness bearing, there is usually no advantage of a thrust over
a journal type.

To maximize the levitation pressure in a PM/HTS
system, one may increase the magnetic field at the bottom
of the PM by making the PM cylinder taller. This has
the disadvantage of increasing the levitated mass and cost
of the PM. A more acceptable design uses nested rings
of PMs with alternating vertical polarity and includes a
shunt of soft-ferromagnetic material on top of the rings
[106, 107]; radially magnetized nested rings separated by
soft ferromagnets are also possible. Several studies have
addressed the optimization of these designs [108–111].

In practical HTS bearings, the low levitational pressure
available in the interaction between the PM and the HTS
is often augmented by various hybrid schemes in which
interactions between pairs of PMs provide the bulk of the
levitational force. These methods are sometimes termed
magnetic biasing. The PM/PM interactions are statically
unstable, as Earnshaw’s theorem predicts, but the inclusion
of a properly designed HTS component in the bearing is
sufficient to stabilize the complete bearing. Among the
advantages of magnetic biasing are that less mass of PM must
be levitated and much less HTS must be cooled. Three of
these augmentation methods are shown in figure 7.

Figure 7(a) shows augmentation in the form of an
Evershed-type design [61, 112, 113]. Here, the levitated rotor
consists of a levitation PM, below which hangs a rigid rod
with a smaller stabilizing PM on the bottom. The levitation
PM of the rotor experiences an attractive force toward the
stator PM immediately above it. This system is statically
stable in the radial direction but unstable in the vertical
direction. The gap between the levitation PM and the stator
PM is adjusted in such a manner that the attractive force
between the pair of magnets is just less than 100% of the rotor
weight, so that the rotor would tend to fall. The remainder
of the weight is provided by the interaction between the

Figure 7. Magnetic biasing methods to improve the levitational
pressure in HTS bearings: (a) Evershed-type design with
attractive-force augmentation, (b) repulsive-force augmentation
and (c) trapped-field augmentation.

stabilizing PM and the HTS; this interaction also supplies
sufficient stiffness for vertical stability and some additional
radial stability.

Figure 7(b) shows augmentation in which a stator PM is
placed below the HTS and acts in repulsion with the levitated
PM [113]. Here, the PM/PM interaction is vertically stable
but horizontally unstable. Because the minimal separation
distance between the two PMs is limited by the thickness
of the HTS, the amount of augmentation in this particular
configuration is somewhat limited. Various combinations
of attractive-force and repulsive-force hybrids have been
devised [113–115].

Another method to augment the levitation pressure is to
use trapped fields in the HTS [116], as shown in figure 7(c).
To create trapped flux, the HTS is usually field cooled in
the presence of an external electromagnet or superconducting
magnet. Alternatively, large pulsed fields can be applied after
the HTS is cooled, although this method is the less effective
of the two at trapping flux. The reported trapped fields are
usually the maximum value measured at the surface of the
HTS after the magnetizing fields have been removed. The
average magnetization of the cylindrical HTSs is significantly
less than these maximum fields. Trapped fields that are
significantly>1.0 T have been reported at 77 K, and fields
of up to 10 T have been reported at lower temperatures
[116–119].

The diameters of high-performance melt-textured HTSs
are currently limited to a maximum of≈100 mm. A large
bearing system will thus need an array of superconductors
[120]. In the case of a single magnet levitated over
an array of superconductors, an additional loss arises
from magnetization of the individual superconductors upon
levitation. The magnetization of the array leads to an ac
magnetic field that is seen by the rotating PM, and to eddy
current losses that depend on the electrical conductivity of the
PM [61, 121]. These losses can be minimized by appropriate
use of one of the augmentation designs [61].

One of the advantages of noncontact in magnetic
bearings is elimination of overheating as the determining
factor for the maximum speed of the bearing. Instead, the
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Figure 8. Mixed-µ HTS bearing.

speed of the bearings tends to be limited by the mechanical
strength of the rotating bearing components. PMs and HTSs
are brittle and exhibit low mechanical strength, both of which
lead to structural failure under sufficiently large centrifugal
forces. These materials can be radially banded by materials
with greater tensile strength, however, designs that allow
for high velocities at the bearing perimeter require a careful
balance between mechanical strength and the requirements
of the magnetics [106, 122].

An alternative design to the conventional PM/HTS
system is the mixed-µ bearing [123, 124], shown in figure 8.
In this bearing, a soft ferromagnetic cylinder (Fe) (µr > 1,
whereµ is the relative magnetic permeability) is levitated
in attractive levitation between two PMs and stabilized by
two HTSs (µr < 1), one HTS placed between the rotor and
each of the PMs. The PM pair induces a magnetization in
the Fe, which experiences a levitation force that depends on
the gradient of the applied magnetic field from the PMs. For
stabilization, the magnetization induced in the Fe produces
diamagnetic images and trapped flux in the HTSs. In figure 8,
the HTSs are housed in nonmetallic cryochambers, the lower
PM is mounted on a movable stage and the Fe cylinder is
surrounded by a ceramic disc-type rotor. The PMs shown
in figure 8 are approximately identical, and, in this case, to
obtain a net upward force, the distance between the upper
PM and the rotor must be less than the distance between the
lower PM and the rotor.

One advantage of this design is that the rotor can be made
of a material with high tensile stress, such as steel, and its
maximum rim velocity should be significantly greater than
that for a rotating PM or HTS. A second advantage is that
losses in the HTSs are not affected by inhomogeneities in
the PMs. The primary contribution to a changing magnetic
field near the HTSs is due to radial oscillation of the rotor. To
date, the mixed-µ bearing has displayed the lowest rotational
loss of any HTS bearing tested in the author’s laboratory.
Disadvantages of the mixed-µ design include a stability that

is weaker than the stability of the PM/HTS configuration and
difficulty in scaling the design to larger sizes.

Several researchers have investigated the possibility of
combining HTS bearings with active magnetic bearings
[125–128] and with eddy current dampers [129]. Another
design possibility is the levitation of a bulk HTS with a
stationary coil that is either an electromagnet or, preferably,
a superconducting magnet [130–133]. A major advantage
of this approach is a higher levitation pressure, in that
ferromagnetic materials may achieve magnetizations up to
≈2.5 T, and, with an NbTi superconducting coil, the magnetic
field at the surface of the HTS can easily be 5 T. A further
advantage is that azimuthal homogeneity of the magnetic
field produced by a coil can be much higher than that
attainable in a PM; therefore the potential for extremely low-
loss bearings exists. To take advantage of the homogeneity,
it would be necessary to hold the energizing current of the
coil constant in time to prevent changes in levitation height.
The main disadvantage of this approach, when compared with
levitating a PM, is that much lower temperatures are required
and the levitated HTS must be cooled over long periods of
time.

5. HTS bearing phenomena

The parameters needed to characterize a bearing for use in
rotating a mass are the levitational force, dynamic stiffness,
damping, and rotational loss. The 280 kPa levitational
pressure of an HTS bearing is lower than that achievable
with a conventional electromagnetic bearing (≈1 MPa)
and significantly lower than that typically achieved with
mechanical roller bearings (�10 MPa). However, even in
the present early period of technological development of
superconducting bearings, several laboratories have stably
levitated and rotated masses>200 kg. In principle, the
amount of mass that can be levitated is limited only by the
number and size of PMs and HTSs that are available.

5.1. Rotational loss

The ease with which a PM disc spins when levitated over
an HTS, and the absence of contact between the surfaces,
produce the illusion that the rotation is lossless. In reality,
small magnetic losses gradually slow the rotation. These
losses are primarily the result of azimuthal inhomogeneities
in the magnetization of the PM disc, which produce hysteretic
loss in the superconductor. Typically, for PMs with the best
homogeneities, the amplitude of the ac component of the
magnetic field at a fixed radius above the rotating surface
is ≈1% of the average field at that radius. Although small,
this inhomogeneity is sufficient to cause a detectable decay
in rotational rate when the magnet spins in vacuum.

A figure of note for the rotational decay of a bearing
is the coefficient of friction (COF), defined as the rotational
drag force divided by the levitational force (weight of the
levitated rotor) [123]

COF= −(2πR2
γdf/dt)/(gRD) (5)

whereRγ is the radius of gyration of the rotor,f is the
rotational frequency,t is time,g is the acceleration of gravity
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Figure 9. History of lowest COF attained when using HTS
bearings for low-speed rotors at Argonne National Laboratory.

andRD is the mean radius at which the drag force acts.
In equation (5), all terms are easily measured or calculated
exceptRD, the value of which is somewhat ambiguous
because,a priori, we do not know the bearing loss mechanism
nor how it is distributed over the radius of the bearing. To be
definitive, the author always takesRD to be the outer radius
of the bearing part of the rotor.

The COF is useful when comparing the performance
of different bearing designs or designs that use various
types of HTS because it helps to normalize the effects of
bearing size and differences in moment of inertia (Rγ term)
among experimental devices. The COF for a mechanical
roller bearing is of the order of 10−3. The COF for an
active magnetic bearing is≈10−4 when parasitic losses for
the feedback circuits and power for the electromagnets are
factored in. Measured COFs for simple HTS bearings are
as low as 10−7. The parasitic losses of a superconducting
bearing are due to the power that is required to keep the
superconductor cold. For refrigerators that operate at≈30%
of Carnot efficiency (the theoretical maximum)≈14 W of
electricity are required to remove 1 W of heat at liquid
nitrogen temperatures. Thus, the equivalent COF for an
HTS bearing with parasitics factored in is≈2× 10−6, about
two orders of magnitude lower than the best alternative
bearing. To accurately measure the low COF values that
can be attained with HTS bearings, chamber pressures must
be.1 MPa to reduce air friction [134]; however, for most
practical applications, the vacuum requirement is not so
stringent.

Figure 9 shows the historical reduction in attainable COF
for various types of HTS bearing at the author’s laboratory.
Similar progress has occurred at other laboratories in the
world. The 1–36 g category represents a single PM disc
levitated over a single HTS, and the progress in reducing
the COF here is mainly due to continual improvements in
increasingJc and grain diameters and to improving the
alignment of thec axis in melt-textured YBCO, as was
demonstrated in one of the first studies of rotational decay
in HTS bearings [135].

The 300–400 g category represents a single-piece PM
ring levitated over an array of HTSs. Progress in reducing
COF here can be attributed to optimizing the array geometry
and better understanding of the cryochamber design [121],
methods for improving the homogeneity of the magnetic field

of the single-piece PM ring [134], and to effective use of
an Evershed-type design [61]. Starting at a speed readily
attainable without mechanically reinforcing the PM ring, this
type of bearing should be able to continuously rotate for more
than 10 years before coming to rest.

The 5–15 kg category represents a double ring composed
of PM segments and levitated over an array of HTSs.
Progress in reducing the COF in this category is mostly
due to developing better construction techniques for the PM
rings [106, 122], as well as continued improvements in the
properties of the HTSs.

The 100–200 kg category represents a combination of
PM/HTS bearings in an Evershed-type design. The mixed-µ

bearing was discussed in the previous section. The progress
exhibited in figure 9 demonstrates that low rotational losses
can be achieved in a wide variety of bearing types and that
size does not seem to be a limit on attaining low COFs.

5.2. Bearing dynamics

The low stiffness of the HTS bearing has profound
consequences in rotor dynamic behaviour that are not
exhibited with other types of bearing. Rigid-rotor bearing
resonances, due to the magnetomechanical interactions in
the PM/HTS system, occur at very low frequencies of the
order of several hertz. Thus, the operating speed regime
of disc or ring-type rotors is in the supercritical range, well
above the bearing resonant frequencies. The frequencies are
determined by the dynamic stiffnesses of the system and
will generally involve some combination of FC and ZFC
effects. Following the same trend as the stiffness, the resonant
frequencies decrease with increased separation between PM
and HTS. For a given bearing design, however, the frequency
is mostly independent of the bearing load, with an increase
in load producing a decrease in separation that increases the
stiffness to mostly compensate for the increase in mass [136].
As a result, there is usually a large operating speed range
between the bearing resonances and the frequencies at which
bending modes start to appear in the rotor structure. Further,
the low-stiffness bearing allows the rotor to self-centre at
low speeds, with relatively low out-of-balance forces at these
resonances, so rotor balancing is less critical than with other
bearing designs.

The HTS bearings often contain large gaps between
rotating and stationary surfaces and are capable of tolerating
radial oscillations of several millimetres in amplitude.
The hysteretic nature of a superconducting bearing makes
damping of translational motion amplitude dependent. For
low-amplitude vibrations, damping is small, but it quickly
increases as vibrational amplitude increases. The hysteretic
nature also leads to a greater uncertainty of the equilibrium
position of the rotor than is typical in most rotating machinery,
and this also requires larger running clearances. Before
the HTSs are cooled, the bearing is statically unstable, as
predicted by Earnshaw’s theorem. Thus, some mechanical
constraint is necessary before and while the HTSs are cooling,
and this constraint must be removable after cooling for a
contact-free levitation.

Two synchronous resonances occur in a magnetically
suspended rotor with a polar moment of inertia greater than
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Figure 10. COF against rotational frequency for a 25.4 mm
diameter, 9.6 mm high PM disc levitated 10 mm above a YBCO
cylinder.

the transverse moment (i.e., a disc geometry): one is vertical
and one is radial. Based on the ratio of HTS levitational and
horizontal dynamical stiffnesses, one expects the frequency
of the vertical mode to be higher than the frequency of the
radial mode. At a given rotational frequency, the COF is
positively correlated with the amplitude of vibration [124].
In practice, the radial mode has the largest effect on the COF
in most HTS bearing systems. Usually, a vibration amplitude
at the natural frequency of the radial mode is present at all
rotational speeds; however, the amplitude greatly increases
when the rotational frequency is close to that of the natural
radial frequency [124].

Figure 10 shows the COF as a function of rotational
frequency for a disc PM that is levitated 10 mm above a single
YBCO cylinder and spinning in a vacuum chamber. The
behaviour shown in figure 10 is typical for most HTS bearing
designs in which rotors have disc-type moments of inertia
and in which eddy currents have been nearly eliminated.
One may divide the behaviour into three regions: below the
resonance, at the radial resonance, and above the resonance in
supercritical operation. Below the resonance (f < 3 Hz), the
levitated structure rotates about the centre of magnetism of
the bearing, and the losses are caused by the inhomogeneity
of the PM’s field. The resonance region (3–20 Hz) shown
in figure 10 is relatively broad and probably includes some
coupling to the vertical vibration mode. The large COF value
is mainly caused by the large-amplitude radial oscillations in
this frequency range. In some systems, especially those with
well balanced rotors, the resonance is very narrow, and the
vertical mode, if present at all, contributes very little [134].

Above the resonance (>20 Hz), the losses are affected
by an additional factor, which is caused by the rotation
of the magnet about its centre of mass rather than its
centre of geometry or centre of magnetism. This transition
of rotation centre in passing through a resonance is well
understood in Jeffcott-rotor theory [137]. The rotation about
the centre of mass produces a whirling motion of the centre of
magnetism over the HTS, and the additional hysteresis loss
is proportional to the radial gradient of the magnetic field of
the PM and the amount of offset of the centre of mass from
the centre of magnetism. This factor has been modelled by
assuming the bearing is a linear, elastic, isotropic spring with

structural damping [138]. As shown in figure 10, above and
below the resonance, the losses are mostly independent of
velocity. However, detailed studies of losses in HTS bearings
show the presence of small velocity-dependent effects that
appear to be intrinsic to the HTSs [73–75]. If the rotor is in
perfect balance, the COF above and below the resonance will
be identical.

For a more generic rigid rotor, such as a long PM
cylinder levitated over a HTS, there are six possible modes
of vibration. These modes may be excited by external
vibrations, e.g., the motion of the earth vibrating the HTS,
or by synchronous excitation as the rotational frequency of
the PM coincides with a vibrational mode frequency. In
an axisymmetric system, the six modes usually degenerate
into four frequencies: a very low (usually sub-Hz) rotational
frequency about the axis of symmetry that can usually be
ignored, a vertical oscillation of the mass centre, a radial
oscillation of the mass centre (two degenerate modes) and
a tilt of the axis of symmetry about the vertical axis (two
degenerate modes). All of the modes are typically detectable
when the PM is levitated and not rotating. All of the modes
are somewhat dependent on rotational frequency, especially
the tilt mode. If the transverse moment of inertia of the
rotor is greater than its polar moment, there is an additional
synchronous resonance, which exhibits the form of a conical
vibration, i.e., the top of the rotor moves to one side while the
bottom of the rotor moves to the opposite side. The frequency
of the conical mode depends on the rotational frequency, and
this type of rotor never truly enters the supercritical range,
but rather the ratio of rotational frequency to conical-mode
vibrational frequency approaches an asymptotic limit that
depends on the ratio of the moments of inertia.

A phenomenon related to bearing dynamics is the
possibility for self-oscillation that may lead to rotation of
a PM disc initially levitated without motion over a HTS
[29, 139, 140]. The cause of the phenomenon appears to
be a temperature gradient across the PM, in which the
temperature dependence of the magnetization causes the
centre of levitation force to reside below the centre of gravity,
a situation that is mechanically unstable. If the oscillation
frequency and the thermal diffusion times in the PM are
appropriately matched, small oscillations can grow into larger
amplitudes and eventually become a self-sustaining rotation.

A completely different phenomenon that also affects an
HTS bearing is the need for a larger breakaway torque at
startup than is required to keep the bearing rotating at constant
speed [141]. This phenomenon, which is believed to be due
to the azimuthal inhomogeneity of the PM, is analogous to the
difference between static and dynamic friction in mechanical
systems. An expected corollary to this phenomenon, and one
that has been observed experimentally, is the observation that
the drag torque is not constant as a function of rotation angle
[142].

The dynamics of HTS bearings under the influence of the
inherent nonlinear forces are still actively studied [65, 143].
The cross-stiffness term in which the vertical force varies with
radial displacement has been shown to cause a bifurcation of
the solution for steady-state motion near the resonance [66],
a prediction that has been verified by COF measurements
[38]. A ramification of this result is that the torque needed to
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continue acceleration of the rotor requires a substantial step
increase at a frequency slightly below the resonance peak.
The precession of the levitated PM and the decay of tilt angle
after disturbances have also been studied [144].

Another dynamics topic of critical relevance to the
operation of HTS bearings is the change in levitation height
caused by a varying magnetic field at the surface of the HTS,
either from radial vibrations or pure rotation of the PM. An
early work reported that the application of an ac field could
produce a unique levitation height of an HTS levitated above
a ring-shaped PM, independent of the initial height anywhere
in the region allowed by the hysteresis loop [145]. An applied
ac field was also observed to be capable of changing the
orientation of a levitated HTS [146].

A drift in levitation height under either a variable
magnetic field or a vibration has been studied by several
researchers [147–154]. Such a drift is in addition to any
possible change in levitation height due to force creep.
The drift in levitation height can be made so severe that
levitation is totally lost [152–154], but these extreme cases
can usually be avoided by proper bearing design. In the
many experiments performed in the author’s laboratory, some
rotors have experienced a drop in levitation height of several
hundred micrometres immediately after passing through the
resonance, but after operation at higher speeds this gap is
usually recovered.

6. Applications

Because superconducting levitation is versatile over a wide
range of stiffness and damping, it has been suggested for
numerous applications [29]. Superconducting bearings, like
magnetic bearings, do not require a lubricant; this could be a
major advantage in harsh chemical or thermal environments.
In addition to the early applications considered for low-
temperature superconductors mentioned in the introduction,
such as electric motors and gyroscopes, our increased
understanding of the hysteretic behaviour of HTSs has
suggested new possibilities.

The availability of HTS bearings that are so nearly
friction-free naturally leads to their consideration for
flywheel energy storage, and several major projects
have investigated this application [31, 120, 127, 155–159].
Flywheels with conventional bearings typically experience
high-speed idling (that is, no power input or output) losses
of the order of≈1% per hour. With HTS bearings, it is
believed that losses as little as 0.1% per hour are achievable,
even when the flywheel powers the refrigerator that cools the
HTSs. When coupled with efficient motors/generators and
power electronics (capable of losses as low as 4% on input
and output), the potential exists for constructing flywheels
with a 90% diurnal storage efficiency. Probably only one
other technology is capable of achieving such high diurnal
storage efficiencies: large superconducting magnetic energy
storage, which employs superconducting coils hundreds of
metres in diameter.

Electric utilities have a great need for efficient diurnal
energy storage, such as flywheels, because their inexpensive
baseload capacity is typically underutilized at night and they
must use expensive generating sources to meet their peak

loads during the day. A distributed network of diurnal-
storage devices could also make use of underutilized capacity
in transmission lines at night and add robustness to the electric
grid. These factors are expected to become more important in
the forthcoming deregulation of the electric utility industry.
Efficient energy storage would also be beneficial to renewable
energy technologies, such as photovoltaics and wind turbines.

With modern graphite fibre/epoxy materials, the inertial
section of a flywheel rotates with rim speeds well in excess
of 1000 m s−1 and achieves energy densities greater than
those of advanced batteries. The kinetic energy in a (large)
Frisbee-sized flywheel with this rim speed is≈1 kW h, and a
person-sized flywheel could store 20–40 kWh. Experimental
versions of flywheels that employ HTS bearings have already
stored> 2 kWh.

HTS bearings are particularly interesting for cryogenic
turbopumps [160]. Liquid hydrogen, which is typically
pumped at a temperature of≈30 K, seems the most likely
candidate, but liquid oxygen is also a possibility, if materials
with critical temperatures higher than that of YBCO can
be used in HTS bearings. The tribological properties of
mechanical bearings at cryogenic temperatures are poor, and
experience with rocket engines indicates that the bearings of
turbopumps are one of the most life-limiting components.
In this application, the cryogen is already available and
does not impose an extra cost; however the low levitation
pressures of present HTS bearings would require a significant
redesign of any existing pump. Other applications for HTS
bearings in which a cryogenic environment already exists
include cryogenic turbine flow metres [161] and cryocoolers
for space [29] or terrestrial use. Another application for
which a cryogenic environment naturally exists is the use
of HTS bearings in a lunar telescope [162]. The drive
mechanism of the telescope must be capable of exceedingly
fine steps and repeatability, and it must survive and operate
in the cold temperatures of the lunar night. Prototype HTS
bearings for such a telescope have been constructed and tested
[142]. Applications that create a high-value-added product
per hour, such as high-speed machine tools or textile spindles,
could also justify the added expense of providing a cryogenic
environment for HTS bearings [29].

The low magnetic drag of an HTS bearing has suggested
its use as a sensitive detector of gas pressure [141]. The
possibility of using low-loss superconducting bearings in
sensitive gyroscopes has long been recognized [4]. Recently,
HTS bearings have been proposed for use in sensitive
gravimeters [163]. In this application, subradian oscillations
or small angular rotations are observed. If the motion is small
enough, the HTS should remain in an elastic regime with all
of the flux lines remaining in their pinning centres, and the
dissipation should be extremely small.

The hysteretic nature of HTSs has suggested their
use in docking vehicles in space [164]. As one vehicle
approaches another it would experience a decelerating
repulsive force. After the relative velocities have disappeared
at a small separation distance, the vehicles would experience
an attractive force if their distances tended to separate.
Hysteresis is also important in the potential use of HTS as
torque couplers and vibration dampers [165]. Apparently,
the first successful vacuum tunnelling experiment, which
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eventually led to the development of the scanning tunnelling
microscope, was made possible by suppression of vibrations
with the use of a superconducting bearing [166].

Although this article has focused almost exclusively on
rotating HTS bearings, similar physics applies to linear HTS
bearings. The stable levitational force suggests application
in magnetically levitated conveyor systems in clean-room
environments, where high purity requirements mandate no
mechanical contact [167, 168]. Linear HTS bearings have
also been proposed for microactuators [169].
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