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Description

[0001] The presentinvention is directed to a magnetic
bearing comprising a rotating element, e.g. a shaft, within
a stator element with a high temperature superconductor
wherein the rotating element is held in a contactless state
of suspension by magnetic forces.

[0002] If a high temperature superconductor is located
inthefield ofa permanentmagnet at atemperature above
its transition temperature Tc, a magnetic flux will pass
therethrough. If, in this case, the superconductor is
cooled to a temperature below Tc then a portion of the
magnetic flux will remain frozen into the superconducting
material. In the event of position change due to field
changes shielding currents are induced in the supercon-
ductor by the permanent magnet which counteract the
change of position. The resulting forces may be repulsive
or attractive but are directed such that they counteract
any deflection from the cooling position.

[0003] Using this principle non-contact making and,
thus, essentially frictionless, self stabilizing magnetic
bearings can be constructed.

Such bearings contain arrangements of permanent mag-
nets as exciting system and a high temperature super-
conductor.

[0004] A generic bearing is disclosed in DE 44 36 831
C2. In general, such bearings comprise the following
parts:

A first bearing part tightly attached to a shaft and
being surrounded by a second, fixed positioned
bearing part, wherein the second bearing part is as-
sociated with a stator, and a bearing gap is formed
between the first and second bearing parts. The first
bearing part contains an arrangement of a plurality
of alternately polarized permanent magnets be-
tween which there are ferromagnetic elements. The
second bearing part contains a superconducting
structure, and a cooling apparatus for cooling the
superconducting structure below Tc ofthe supercon-
ductor material. Here, the first bearing part is formed
of a large number of permanent magnets which are
in the form of annular discs and are located one after
the other in the axial direction on the rotor shaft.
These elements are polarized such that the polari-
sation alternates when seen in the axial direction of
the shaft. Comparatively thin ferromagnetic interme-
diate elements are arranged in each case between
adjacent permanent magnets. These ferromagnetic
intermediate elements serves to magnetically con-
centrate the magnetic lines or force of adjacent per-
manent magnets, so that a particularly highmagnetic
field strength is produced on the side of each inter-
mediate element which faces the bearing gap. This
first bearing part of the rotor body with its magnet
arrangement composed of permanently magnetic el-
ements, is surrounded by the second fixed-position
bearing part of the stator. This second bearing part
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contains a superconducting structure.

[0005] Inthe above arrangement since the stator ele-
ment with the superconductor surrounds essentially con-
centrically the rotor element with the exciting system up-
on cooling below Tc the magnetic force generated keep
the rotor element at its position in free suspension.
However, the actual position of the rotor element after
cooling depends also on the own weight of the rotor el-
ement as well as the working load generally causing a
deflection of the rotor element from the cooling position
to the so called operation position.

[0006] To obtain stable and stiff bearing of the rotor
element the strength of the magnetic forces acting be-
tween the superconductor and the exciting system
should be desirably as high as possible.

[0007] Generally, depending on the distance between
the superconductor and its exciting system during cooling
(cooling position) the resulting force - distance charac-
teristics are different:

If the distance is relatively large (Zero Field Cooling =
ZFC) so that virtually no magnetic field acts on the su-
perconductor during cooling in the result repulsive forces
are obtained which increase progressively on approach.
[0008] Ifthedistanceisclose during cooling (Maximum
Field Cooling = MFC) on being moved away from each
other, at first, attracting forces are obtained which in-
crease until a maximum and, then, decrease.

[0009] Taking into account the above force-distance
characteristics a stable and stiff bearing of the rotor ele-
ment requires displacement from the cooling position.
[0010] In WO 02/06688 A1 a magnetic bearing is dis-
closed with a stator element comprising a cylindrical su-
perconductor and a rotor element in the form of a shaft
with permanent magnets as exciting system being
mounted coaxially to the shaft and wherein the rotor el-
ement is arranged coaxially in relation to the stator ele-
ment in operation position.

In order to enable deflection from the cooling position
into the operation position the cylindrical superconductor
is divided into at least 2 circle segment-shaped partial
shells which can be displaced with respect to each other
in radial direction by a suitable driving mechanism (ac-
tuator). By movement of the partial shells the radial dis-
tance between the superconductor and the exciting sys-
tem can be changed. Here, in the cooling position the
partial shells are moved away from each other so that
the radial distance at the cooling position is larger than
in the operation position.

[0011] Assetoutabove, cooling of the superconductor
below its Tc is necessary which, for example, forthe well
known YBa,CusO superconductoris 70K. Thus, it is nec-
essary that the stator with the superconductor is housed
in a tightly sealed cooling device, e.g a dewar, with very
good heat insulation properties. Usually, vacuum tight
cryogenic chambers are used wherein the stator element
with the superconductor is housed in the vacuum sealed
cooling jacket and the rotor element is positioned within
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the interior warm bore of the cryogenic device.

[0012] However,there are several problems associat-
ed with a movable stator arrangement within a tightly
sealed cooling chamber.

First of all, the driving mechanism for moving the partial
superconductor shells must be able to work with high
reliability even at very low temperatures. Moreover, the
mechanism must be able to withstand the high temper-
ature differences between the warm and the cold state.
For example, the material of which the driving mecha-
nism is made must have high dimensional stability even
whencooledtovery lowtemperatures, thatis, the thermal
expansion coefficient must be suitably low.

Due to this requirements a driving mechanism for oper-
ation at low temperatures is costly and restricted to spe-
cific materials only.

Further, such movable mechanically stressed mecha-
nisms is inherently prone to repair. However, there is the
disadvantage that in case of defect not only the stator
with the high temperature superconductor material must
be brought to room temperature but, further, the sealed
cooling chamber must be opened and after the defect is
cured the chamber must be sealed again and brought to
the low temperature of Tc which renders any repair costly
and troublesome.

[0013] If otherwise the driving mechanism is located
outside the cooling chamber a connection between the
cold interior and the warm outside is required, which is
also disadvantageous.

[0014] According to the present invention the above
problems are solved by a magnetic bearing with a fixed
positioned stator elementand arotorelement with atleast
one permanent magnet with annularly arrangement for
exciting the superconductor of the stator wherein the an-
nularly arranged permanent magnet is composed of at
least two segments which are movable in relation to the
superconductor of the stator.

[0015] That is, according to the present invention a
magnetic bearing is provided for contactless bearing of
a rotor element within a stator element wherein the stator
element comprises a superconductor and surrounds the
rotor element, wherein the rotor element comprises a ro-
tating element such as a shaft, wherein at least one per-
manent magnet is annularly arranged concentrically
around the rotating element and wherein the at least one
annularly arranged permanent magnet is composed of
at least two segments which are movable in relation to
the superconductor of the stator.

[0016] Since accordingtothe presentinvention the su-
perconductor of the stator is fixedly positioned the stator
element can be easily housed within an isolated cold
chamber of a cryogenic device which is tightly sealed
without the need of providing a driving mechanism which
must withstand the temperature differences on cooling
and without the need of mechanically stressed parts
which are liable to repair, so that any untimely interruption
of the operation of the magnetic bearing due to defects
of the driving mechanism can be avoided.
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[0017] In the following the present invention is ex-
plained in further detail with reference to figures specific
embodiments for a better illustration. It Is shown in
figure 1 the general design of a superconduct-
ing magnetic bearing;

figure 2 a diagram of the force-distance curve
of a magnetic bearing according to the
present invention ;

figure 3 a diagram of the force-distance curve
of another embodiment of the present
invention;

figure 4 a cross-section through a magnetic
bearing according to the presentinven-
tion at the cooling position;

figure 5 a cross section through the embodi-
ment according to figure 3 in the oper-
ation position;

figure 6 a cross-section being an enlarged
quarter segment of the embodiment of
figures 4 and 5; and

figures 7a, b across-section through arotor element
of a magnetic bearing of the present in-
vention.

[0018] Figure 1 shows the general design of a mag-
netic bearing wherein the housing of the cooling device
16 is partially removed.

The magnetic bearing has an overall cylindrical shape.
The stator element 1 is composed of a cylindrically
shaped superconductor 5 and a thermally conductive
member 6 which is mounted on the outer surface of the
superconductor 5. Supports 19 are provided for support-
ing the part with the superconductor 5 toward the interior
of the wall of the cooling device.

[0019] Here, the rotor element 2 has a horizontal shaft
3 surrounded by an exciting system 10 with an arrange-
ment of alternating permanent magnets 17 and flux col-
lection poles 18. The stator element 1 is housed within
the jacket of the cooling device 16 and the rotor element
2 within the interior warm bore of the cooling device 16
which is at room temperature.

[0020] For illustration of the dependence of the
strength of the magnetic force on the cooling distance
between a superconductor component and its exciting
systemin figures 2 and 3 the shape of the force-distance
curve fortwo different systems is shown. In the diagrams
the x-coordinate indicates the distance between the su-
perconductor component and its exciting system with
point zero being the position of the permanent magnet
on cooling and the y-coordinate indicates the magnetic
force generated on approaching.
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[0021] For measurement permanent magnets made
of iron-neodymium-boron (FeNdB) were used provided
with a load cell.

[0022] The curve in figure 2 shows the course of the
force on zero field cooling with the force increasing ex-
ponentially on approaching of the exciting systems, e. i.
permanent magnet, to the superconductor.

[0023] In figure 3 the course of the curve more closely
reflects the actual situation in a real magneting bearing
which, in this case, has a bearing gap of 3 mm. That is,
at point zero the distance between the superconductor
andthe permanent magnet is actually 6 mm, and at point
3 there remains a distance corresponding to the width of
the bearing gap, that is 3 mm.

[0024] In figure 2 and 3 the upper curve reflects the
course of the force on approaching and the lower curve
on moving away. The difference is caused by the hyster-
esis of the magnets.

[0025] The shape of these curves clearly shows that
for obtaining a maximal strength of the magnetic force
the cooling position should be sufficiently spaced away
from the operation position and, further, that in the oper-
ation position the distance between the superconductor
and the exciting system should be as small as possible.
[0026] Figures 4 and 5 show a cross section through
an embodiment of an magnetic bearing according to the
present invention in its operation position (figure 4) and
in its cooling position (figure 5).

In the following with reference to figure 4 and 5 the design
principles of a magnetic bearing according to the present
invention are illustrated in more detail.

[0027] The magnetic bearing shown in figure 4 has in
principle a hollow cylindrical overall shape and comprises
a stator element 1 which coaxially surrounds a rotor el-
ement 2. The rotor element 2 comprises a rotating ele-
ment 3 - here a shaft of a machine of non magnetic ma-
terial - which is positioned within a also hollow cylindrical
exciting system.

In the specific embodiment shown in the figures, the sta-
tor element 1 is composed of a cylindrically shaped su-
perconductor 5. On the outer surface of the supercon-
ductor 5 a thermally conductive member 6 is mounted,
which is supported toward the wall of the cooling device
by spacers 7 with free spaces 8 between the spacers 7.
[0028] The thermally conductive member 6 serves to
lead away heat from the superconductor 5 and, thus, is
preferably made of athermally highly conductive material
such as copper.

[0029] An enlarged depiction of a quarter segment is
shown in figure 6.

[0030] The stator element 1 is housed withinthe jacket
of a cooling device such as a dewar, the wall thereof
being indicated by the black line surrounding the stator
element 1 along its outer and inner circumference.
[0031] Preferably onthe innersurface of the supercon-
ductor 5 a layer 9 of thermally insulating material can be
provided for shielding the warm interior of the cooling
device from the cooled jacket with the stator element 1.
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Suitable insulating materials are generally known in the
art.

[0032] Cooling of the stator element 1 can be conduct-
ed by a suitable refrigerating machine.

For example the refrigerating machine can be connected
with the thermally conductive member 6 for indirect cool-
ing of the superconductors. The refrigeration machine is
not shown but is as such known. For example, cryogenic
coolers can be used.

[0033] Forimproving thermal insulation the outer sur-
face of the member 6 can be covered with a further layer
of insulating material (not shown).

[0034] The superconductor5 can be composed of any
high temperature superconductor material known to be
suitable forbearing applications. An example of one class
of suited superconductor material are the ceramic oxide
high temperature superconductors.

Typical examples comprise ceramic oxide superconduc-
tors based on Y-Ae-Cu-O, (Y, Re)-Ae-Cu-O, Bi-Ae-Cu-
O, (Bi, Pb)-Ae-Cu-O and (TI, Pb)-(Ae, Y)-Cu-O. in the
above formula Ae means at least one alkaline earth el-
ement, particularly, Ba, Ca and Sr.

Re means at least one rare earth element, in particular,
La, Lu, Sc, Sm, Nd or Yb.

[0035] Especially suitable superconductors are those
known by the reference YBCO-123 and YBCO-211,
wherein the numerical combinations 123 and 211 stand
for the stoichiometric ratios of the elements Y, Ba and
Cu. As well as those known by the reference BSCCO-
2212, BSCCO0-2223, wherein the numerical combina-
tions 2212 and 22283 stand for the stoichiometric ratios
of the elements Bi, Sr, Ca and Cu, in particular those,
wherein part of Bi is substituted by Pb.

[0036] Particularly preferred are superconductors pro-
duced using a molten casting method, in particular, a
centrifugal casting method as disclosed, for example, in
DE-A-3 830 092, EP-A-0 451 532, EP-A-0 462 409 and
EP-A-0 477 493, to which reference is expressly made.
[0037] The cylindrically shaped superconductor 5 can
be made of a single piece or can be composed of a plu-
rality of segments attached together to form the circular
body.

Incase of segmentsthe segments preferably have a trap-
ezoidal shape. Preferably each segment has the same
dimensions.

[0038] The spacers 7 serve to stabilize the stator ar-
rangement within the jacket of cooling device in a fixed
position.

The number and shape of the spacers 7 is not particularly
critical as long as a stable fixed position of the stator
arrangement is achieved. The spacers 7 should be com-
posed of poorly thermally conductive material such as
CFRP (carbon fibre reinforced plastic) for avoiding heat
introduction.

For providing effective thermal insulation the free space
8 between the spacers 7 is preferably evacuated. Further
it is also possible to fill the free space 8 at least partially
with at least one insulation means Any insulation means
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known can be applied suitable for this purpose.

[0039] Examples for suitable insulation materials are
insulation foam, super insulation, insulating flakes or
glass fibres.

[0040] The design and materials for exciting systems
10 for cylindrical magnetic bearings and as suitable for
the present invention are generally known. The exciting
system 10 can comprise a plurality of permanent mag-
nets which are separated from each other by elements
made of ferromagnetic material such as iron.

Suitable permanent magnetic materials are for example
neodymium-iron-boron (NdFeB) or samarium-cobalt-al-
loy (SmCo).

[0041] The permanent magnets as well as the inter-
mediate elements can have the shape of annular discs
and are arranged one behind the other on a cylindrical
support body 11 surrounding the shaft 3.

[0042] The cylindrical support body 11 is preferably
made of a non magnetic material such as steel.
Preferably in axial direction the first and last member of
the stack composed of permanent magnets and interme-
diate members is an intermediate member.

[0043] Asshowninfigure5the arrangement of exciting
system 10 and support body 11 is divided into segments
which can be moved in relation to each other in radial
direction.

The segments can have a mirror-image symmetry. That
is, as shown in figure 5 each segment is opposed by a
mirror-imaged counterpart.

[0044] Inthe embodiment offigure 5there aretwo large
and two small segments 12a, b; 13a, b which can be
moved in relation to each other in radial direction. For
bringing the arrangement into the cooling position the
two small segments 13a, b are shifted toward the shaft
3 until a position inside a free space between the shaft
3andthe supportbody 11, thatis the two small segments
13a, b are brought into a position which allows the two
large segments 12a, b to be shifted towards each other.
Thus, the distance between the superconductor 5 and
the exciting system 10 can be changed allowing activa-
tion of the magnetic force.

[0045] According to an alternative the exciting system
can be divided into three magnets, which can have same
or different size.

[0046] As already referred to above the operation po-
sition of the shaft depends not only on the magnetic forc-
es but also onthe own weight of the shaft and the working
load.

For adjusting the desired operation position of the shaft
3 the radial distances of the segments can be selected
accordingly. That is, different radial distances can be se-
lected for the segments in the cooling position.

[0047] Generally, the number, size and shape of the
segments are selected according to need in considera-
tion of the overall construction of the respective magnetic
bearing. For example, it should be taken into account
that the distance between the superconductor and the
exciting system should be as long as possible in the cool-
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ing position and that an optimal stiffness is obtained.
[0048] Otherwise, since the distance between the su-
perconductor 5 and the exciting system 10 should be as
small as possible in the operation position preferably the
bearing gap 4 should be as small as possible.

[0049] Further, one or more of the segments can be
stationary positioned with one or more others being mov-
able.

Generally the specific design of the exciting system can
vary depending on the demands of the concrete applica-
tion and in view of the desired bearing force and stiffness
of the system.

[0050] For moving the segments the exciting system
can be connected to a commen actuator There is no par-
ticular restriction with respect to the kind of actuator.
[0051] For radial movement of the segments the ex-
citing system can be, for example, constructed in accord-
ance to the principles of a lathe chuck or a clamping
chuck. Any other suitable construction can be also used.
[0052] Preferably, the outer limit of the moving path of
the segments composing the exciting system, is defined
by atube 14 of poorly thermally conductive material such
as CFRP

By the tube 14, simultaneously, the overall assembly of
the magnetic bearing of the present invention is mechan-
ically stabilized, which is particularly advantageous in
case of high revolution speeds.

[0053] A specific example for a construction of a mov-
able exciting system of the present invention is shown in
figures 7a and b with figure 7a showing the system in the
cooling position and figure 7b in the operation position.
[0054] According to this example the upper large seg-
ment 12b is stationary and fixed to the rotating element
3, the bottom large segment 12a and the right and left
small segments 13a and 13b, respectively, are designed
to be movable in radial direction toward the rotating ele-
ment 3.

[0055] Figure 7a shows the position of each segment
in the cooling position.

The upper large segment 12b with exciting system 10
and support body 11 is fastened to the rotating element
3. The upperlarge segment 12b is stationary, that means
it does not take part in the movement of the segments of
the exciting system 10 toward each other for activation.
[0056] The bottom large segment 12a is movable in
radial direction relative to the upper large segment 12b.
[0057] As the bottom large segment 12a the right and
left small segments 13a and 13b, respectively, are mov-
able in radial direction toward the rotating element 3
[0058] The upper and bottom large segments 12a, b
have amating design allowing moving of the bottom large
segment 12a toward the upper large segment 12b and
leaving sufficiently dimensioned recesses for reception
of the small segments 13a, b.

[0059] In this specific example movement of the mov-
able segments 12a and 13a, b is done by suitable ad-
justment means 15 e.g. screws such as clamping bolts
or adjustment screws wherein on adjusting the screw the
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respective segment is moved. Each movable segment
12a, 13a, b is connected to the stationary upper large
segment 12b via such a screw, one segment comprising
a recess for reception of the screw head and the respec-
tive counterpart a recess with a thread such as tapped
hole for allowing screwing - in the threaded portion of the
respective screw.

In the embodiment of figure 7 the head of the screws for
moving the small segments 13a, 13b is positioned within
an appropriate recess in the small segments and the re-
spective thread within the support body 11 of the station-
ary upper large segment 12b; and the head of the screw
for moving the bottom large segment 12a is positioned
within an appropriate recess in the upper large segment
12b andthe corresponding thread within the bottom large
segment 12a.

[0060] For fixation of the screw head a nut or other
suitable means can be provided.

The segments 12a, 13a, b are movable by turning the
screws 15 either by hand or by an actuator.

[0061] For activation the movable segments 12a, 13a,
b are transversed toward the operation position shown
in figure 7b with the exciting system 10 forming a circle.
[0062] For improving the stabilisation of the overall
construction, preferably, segments 12a, b and 13a, b are
pressed against reinforcing tube 14 and, further, by
clamping the small segments 13a, b between the large
segments 12a, b compressive stress can be generated
for further stabilisation.

[0063] The above example for movement of the seg-
ments of the exciting system 11 is only for illustrative
purposes. There is no restriction and any other suitable
means for moving the segments can be used for the
present invention.

[0064] Moreover, different segmentation of the excit-
ing system 10 (inclusive support member 11) as well as
different movable segments can be chosen.

[0065] By the magnetic bearing of the present inven-
tion with the exciting system being within the non insu-
lated warm bore of a cryogenic device rotating sealings
are avoided. Further high insulating vacuum and long
term sealing of the cryogenic device as well as easy
change of bearing and rotor in case of defects are pos-
sible. Further, with the present invention a frictional con-
nection of the exciting system on the shaft is possible,
so that it is not necessary to provide a co-rotating damp-

ing.
Reference list
[0066]

stator element

rotor element

rotating element

bearing gap

superconductor

thermally conductive member
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7  spacer
8 free space
9 insulating layer

10 exciting system
11 support body

12a large segment (bottom)
12b  large segment (upper)
13a  small segment (right)
138b  small segment (left)

14 tube

15 adjustment means

16 cooling device

17 permanent magnets
18 flux collection poles
19 support

Claims

1. A magnetic bearing for holding a rotating element
(8)in a floating condition comprising a stator element
(1) and a rotor element (2),
wherein the stator element (1) surrounds the rotor
element (2) and comprises a fixed positioned super-
conductor (5),
wherein within the rotor element (2) around the ro-
tating element (3) an exciting system (10) of perma-
nent magnets is annularly arranged,
wherein the exciting system (10) is composed of a
plurality of segments (12a, b; 13a, b) with one or
more segments (12a, b; 13a, b) being movable in
relation to each other.

2. Magnetic bearing according to claim 1,
wherein the segments (12a, b; 13a, b) are arranged
in a mirror-imaged symmetry to each other.

3. Magnetic bearing according to claim 1 or 2,
wherein the segments (12a, b; 13a, b) are movable
in radial direction.

4. Magnetic bearing according to any of the preceding
claims,
wherein the exciting system (10) is attached to the
shaft (3) in frictional connection.

5. Magnetic bearing according to any of the preceding
claims,
wherein a tube 14 is provided which surrounds the
exciting system (10) and defines the limit of the mov-
ing path of the one or more movable segments (122,
b; 13a, b).

6. Magnetic bearing according to any of the preceding
claims,
wherein adjustment means 15 are provided for mov-
ing the movable segments (12a, b; 13a, b) of the
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exciting system 10.

Magnetic bearing according to claim 6,

wherein the adjustment means 15 are selected from
a group consisting of clamping bolts and adjustment
screws.

Magnetic bearing according to any of the preceding
claims,

wherein at least one segment (12b) is stationary and
the other segments (12a, 13a, b) are movable in ra-
dial direction towards the stationary segment (12b)
by the adjustment means (15).

Amended claims in accordance with Rule 86(2) EPC.

1. A magnetic bearing for holding a rotating element
(3) in afloating condition comprising a stator element
(1) and a rotor element (2),

wherein the stator element (1) surrounds the rotor
element (2) and comprises a fixed positioned super-
conductor (5),

wherein within the rotor element (2) around the ro-
tating element (3) an exciting system (10) of perma-
nent magnets is annularly arranged,

wherein the annularly arranged exciting system (10)
is divided along its circumference into a plurality of
segments (12a, b; 13a, b) with one ormore segments
(12a, b; 13a, b) being movable in relation to each
other, and

wherein moving means are provided for moving the
segments (12a, b; 13a, b).

2. Magnetic bearing according to claim 1,
wherein the segments (12a, b; 13a, b) are arranged
in a mirror-imaged symmetry to each other.

3. Magnetic bearing according to claim 1 or 2,
wherein the segments (12a, b; 13a, b) are movable
in radial direction.

4. Magnetic bearing according to any of the preced-
ing claims,

wherein the exciting system (10) is attached to the
shaft (3) in frictional connection.

5. Magnetic bearing according to any of the preced-
ing claims,
wherein a tube 14 is provided which surrounds the
exciting system (10) and defines the limit of the mov-
ing path of the one or more movable segments (12a,
b; 13a, b).

6. Magnetic bearing according to any of the preced-
ing claims,

wherein adjustment means 15 are provided for mov-
ing the movable segments (12a, b: 13a, b) of the
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exciting system 10_

7. Magnetic bearing according to claim 6,

wherein the adjustment means 15 are selected from
a group consisting of clamping bolts and adjustment
screws.

8. Magnetic bearing according to any of the preced-
ing claims,

wherein at least one segment (12b) is stationary and
the other segments (12a, 13a, b) are movable in ra-
dial direction relative to the rotating element (3) by
the adjustment means (15).
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