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(54) HYBRID MAGNETIC BEARING

(57)  Ahybrid magnetic bearing that is highly control-
lable and can achieve a higher stiffness, higher efficien-
¢y, and further reduction in size is provided. In a hybrid
magnetic bearing having a rotor that rotates while being
suspended without contact by the controlling magnetic
force of a plurality of electromagnets and permanent
magnets, the electromagnet has a core wound with a
control coil and has a main pole and a commutating pole
with a commutating pole permanent magnet provided ap-
proximately parallel to each other at predetermined in-
tervals in a protruding condition radially or axially to the
rotor. In the magnetic bearing provided radially, two of
the electromagnets are placed oppositely to each other
across the rotor in an approximately horizontal position,
and the rotor is arranged so as to have a predetermined
gap with the main pole and the commutating pole, and
the permanent magnet is provided between the adjacent
electromagnets. In the magnetic bearing provided axial-
ly, two of the electromagnets are placed in parallel in an
approximately horizontal position, and the rotor is ar-
ranged so as to have a predetermined gap with the main
pole and the commutating pole, and the permanent mag-
net is provided between the adjacent electromagnets.
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Description
Technical Field

[0001] The present invention relates to a hybrid mag-
netic bearing that suspends a rotor by magnetic force
without contact, and particularly to a technology that al-
lows an electromagnetto reduce power consumption and
to improve responses to a control by employing the bias
flux of a permanent magnet.

Background Art

[0002] With the technological development in recent
years of a magnetic bearing that suspends a rotor without
contact, magnetic bearings are being used for various
types of bearings. A magnetic bearing utilizes an elec-
tromagnet and requires a large amount of electrical cur-
rent to levitate a rotor, resulting in a large power con-
sumption. Therefore, in order to obtain a large amount
of magnetic force with a small amount of current, the
space between the rotor and stator is required to be nar-
row. Additionally, a high work accuracy is required. For
those reasons, a hybrid magnetic bearing utilizing the
bias flux of a permanent magnet is used.

[0003] One basic configuration of the hybrid magnetic
bearing has a magnetized permanent magnet sand-
wiched in the axial direction between two radial magnetic
bearings disposed at a distance from each other in the
rotation axis direction of the rotor, and one of the radial
bearings is made to be the positive pole. Another radial
bearing is bias-magnetized to have the negative pole. By
increasing the bias flux generated in the above manner
in one of the radial directions and decreasing the bias
flux in the other direction with a magnetizing coil, radial
attraction is controlled.

[0004] A single radial magnetic bearing modified to be
a hybrid type for the purpose of size reduction is also
known. A magnetic bearing disclosed in Patent Docu-
ment 1 has a first magnetic pole face that is one of the
outer peripheral faces of a group of magnetic members
in a ring-shaped rotor that consists of a permanent mag-
netmagnetizedin an axial direction sandwiched between
the magnetic members from the axial direction. Another
outer peripheral face of the magnetic members is the
second magnetic pole face. The periphery of the rotor
has a stator with four electromagnets, and each of the
four electromagnets is mounted oppositely to the mag-
netic pole face of the rotor. It has been proposed to have
passive magnetic support of the axial direction and to
allow a tilting in the rotor by having such a configuration
that connects the rotor and the stator by strong magnetic
force.

[0005] Patent Document 2 proposes a magnetic bear-
ing having a configuration of a magnetic bearing in which
arotorinthe center has angulated U-shaped electromag-
nets arranged around its circumference at regular inter-
vals, and the electromagnets are connected so that the
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magnetized directions are arranged alternately, said ar-
ranging being performed by a permanent magnet mag-
netized in the circumferential direction.

[0006] Patent Document 3 proposes a magnetic bear-
ing having a configuration in which a permanent magnet
magnetized in a radial direction is placed so as to cover
the end of a stator having plural salient poles, providing
a bias flux.

However, the magnetic bearings disclosedin Patent Doc-
uments 1 and 3 are of configurations in which a perma-
nent magnet is arranged on a magnetic path where the
flux of a control coil travels, and because the permanent
magnet is a gap for the control flux, there is a limit to the
amount that the control force can be increased by in-
creasing the bias flux and increasing the thickness of the
permanent magnet.

[0007] Althoughthe magneticbearingdisclosedin Pat-
ent Document 2 can generate a strong control force if
the control is in the X axis direction only or in the Y axis
direction only, the simultaneous control of the X axis and
Y axis causes a problem such that the strong control
force cannot be generated because the control flux is
being interfered with.

[0008] Because the magnetic bearing suspends a ro-
tor without contact, the magnetic levitation is normally
unstable and therefore needs to be stabilized by detec-
tion of the position of levitation and by feedback control.
As a sensor detecting the position of levitation, an eddy-
current sensor and an inductor sensor are used; howev-
er, these are generally expensive. In addition, if the mag-
netic bearing and the sensor have to be separately
placed, the stability range of the feedback system will be
small and there might be difficulty in stabilization. In par-
ticular, magnetic bearings for ultra-small rotors have
been soughtin recentyears, and limitations inthe sensor
placement space are a problem in reducing the size.
[0009] There exists position detection of the magnetic
bearing using a self-sensing technology that utilizes the
electromagnet of the magnetic bearing as a sensor.
When the position of a rotor changes, the magnetic pole
inductance changes as the distance (gap) from the mag-
netic pole of the magnetic bearing to the rotor changes.
By detecting the change in the inductance using any ap-
propriate method, the gap can be estimated. The meth-
ods that have been attempted include a method of esti-
mating displacement of a rotor on the basis of the elec-
trical current or voltage of the high-frequency component
by overlapping the magnetizing coil of an electromagnet
with a high-frequency signal, and a method of establish-
ing a mathematical model of the rotor/magnetic bearing
system and generating an observation of the displace-
ment estimation on the basis of the model. However, the
magnetic bearing employingthe self-sensing has a prob-
lem in that estimation accuracy of the position is lower
than that of amethodthat employs a displacement sensor

separately.
Patent Document 1:
Japanese Patent Application Publication No.
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Patent Document 2:

Japanese Patent Application
2001-41238 Patent Document 3:
Japanese Patent Application Publication No. H11-10234

Publication  No.

Disclosure of the Invention

[0010] According to the present invention, it is an ob-
ject of the invention to provide a hybrid magnetic bearing
that is highly controllable, and can realize high stiffness,
high efficiency, and reduction in size.

One mode of the present invention is a hybrid magnetic
bearing having a rotor that rotates while being suspended
without contact by controlling the magnetic force of a plu-
rality of electromagnets and permanent magnets, where-
by each electromagnet has a main pole and a commu-
tating pole having a commutating pole permanent mag-
net provided approximately parallel to each other at pre-
determined intervals provided in a protruding condition
radially to the rotor, the electromagnet has a control coil
wound around a core (magnetic core) having a main pole
and a commutating pole, two of the electromagnets are
placed oppositely to each other across the rotor in an
approximately horizontal position, the rotor is arranged
so as to have a predetermined gap with the main pole
and the commutating pole, and the permanent magnet
is provided between adjacent electromagnets.

[0011] Preferably, the configuration can be such that
the commutating pole permanent magnet is arranged so
that its polarity is the same as the polarity of the commu-
tating pole in the electromagnet placed oppositely, and
its polarity is differentfrom the polarity of the commutating
pole of the adjacent electromagnet, and the polarity of
the permanent magnet arranged so as to sandwich the
electromagnet is placed so that its polarity, which is dif-
ferent from the polarity of the commutating pole perma-
nent magnet, is oriented toward the electromagnet.
[0012] In addition, itis preferable for the control coil to
generate a control flux in the same or opposite direction
to a first bias flux generated by the commutating pole
permanent magnet and a second bias flux generated by
the permanent magnet, and to control the position of the
rotor.

[0013] The control flux can detect a change in the sec-
ond bias flux with a flux sensor, and adjust the electrical
current of the control coil according to the detected result.
The control flux can detect a change in the position of
the rotor with a displacement sensor, and adjust electrical
current of the control coil according to the detected result.
[0014] Preferably, the commutating pole permanent
magnet is arranged within a range from the end of the
commutating pole to a core unit between the main pole
and the commutating pole.

The distance between the commutating pole and the ro-
tor can be longer than the distance between the main
pole and the rotor.

[0015] Another mode of the present invention is a hy-
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brid magnetic bearing having a rotor that rotates while
being suspended without contact by the control of the
magnetic force of a plurality of electromagnets and per-
manent magnets, whereby the hybrid magnetic bearing
has an upper magnetic bearing and a lower magnetic
bearing arranged at its top and bottom so that the rotor
is sandwiched and there is a predetermined gap; the up-
per magnetic bearing and the lower magnetic bearing
have a plurality of the electromagnets and each electro-
magnet has a main pole and a commutating pole having
acommutating pole permanent magnet provided approx-
imately parallel to each other at predetermined intervals
in a protruding condition axially to the rotor, and each
electromagnet further has a control coil wound around a
core (magnetic core) having the main pole and the com-
mutating pole; a permanent magnet is provided between
electromagnets provided in the upper magnetic bearing
and is also provided between the electromagnets in the
lower magnetic bearing; and an end plane of the main
pole of the upper magnetic bearing and an end plane of
the main pole of the lowermagnetic bearing are arranged
oppositely to each other across the rotor.

[0016] Preferably, the polarities of the ends of the com-
mutating poles in the adjacent electromagnets are ar-
ranged to be different, and the polarity of the permanent
magnet arranged so as to sandwich the main pole of the
electromagnet is arranged so that polarity different from
the polarity of the end of the commutating pole permanent
magnet is oriented toward the direction of the main pole
of the electromagnet.

[0017] It is possible for the control coil to generate a
control flux in the same or opposite direction to a first
bias flux generated by the commutating pole permanent
magnet and a second bias flux generated by the perma-
nent magnet, and to thereby control the position of the
rotor.

[0018] According to the above configuration, the mag-
neticforce inthe axial directionis controlled by controlling
the control flux with a magnetized coil wound on each
electromagnet.

The control force can be further enhanced by the bias
flux, and a high efficiency can be achieved because a
strong control force can be generated with a small
amount of electrical current.

[0019] Itis also possible to estimate the position of the
rotor by detecting a change in the flux in a space where
the flux sensor is placed, and therefore, the size of the
hybrid magnetic bearing can be reduced.

Preferably, it is possible to provide the salient pole to the
side of the rotor opposite the main pole and the commu-
tating pole.

[0020] The other mode of the present invention is a
hybrid magnetic bearing for a magnetically levitated
pump having a rotor that rotates while being suspended
without contact by controlling the magnetic force of a plu-
rality of electromagnets and permanent magnets, where-
by each electromagnet has a main pole and a commu-
tating pole having a commutating pole permanent mag-
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net provided approximately parallel to each other at pre-
determined intervals in a protruding condition radially to
the rotor, and has a control coil wound around a core
(magnetic core) having a main pole and a commutating
pole; two of the electromagnets are arranged oppositely
to each other across the rotor in an approximately hori-
zontal position; the rotor is arranged so as to have a pre-
determined gap with the main pole and the commutating
pole; and the permanent magnet is provided between
the adjacent electromagnets.

[0021] According to the present invention, higher stiff-
ness, higher efficiency, and further reduction in size can
be realized by controlling the bias flux density by the con-
trol flux.

Brief Description of the Drawings
[0022]

Fig. 1is a developmental view of Embodiment 1. Fig.
1(a) isadiagram viewed from the viewpoint of a com-
mutating pole, Fig. 1(b) is a side view viewed from
the viewpoint of a control coil 4¢, Fig. 1(c) is a side
view viewed from the viewpoint of a control coil 4b,
and Fig. 1 (d) isa diagram viewed from the main pole.
Fig. 2 (a) is a diagram viewed from the main pole of
Embodiment 1. Fig. 2(b) is a cross-sectional view
crossed at line A-A’. Fig. 2(c) is a cross-sectional
view crossed at line B-B’.

Fig. 3 is a diagram showing flux lines on the cross-
sectional perspective view crossed at a line A-A’ of
Fig. 2.

Figs. 4(a) and 4 (b) are diagrams showing passive
stability in the axial direction and the tilting of Em-
bodiment 1.

Fig. 5 is a diagram showing a control block of Em-
bodiment 1.

Fig. 6 is a diagram showing a control block of Em-
bodiment 1.

Figs. 7(a) and 7(b) are diagrams showing the posi-
tions of the permanent magnet of Embodiment 1.
Fig. 8 is a diagram showing the configuration of Em-
bodiment 2.

Fig. 9 is a development view of Embodiment 3. Fig.
9(a) is a diagram viewed from the top. Fig. 9(b) is a
side view viewed from the viewpoint of a control coil
82c. Fig. 9(c) is a side view from the viewpoint of a
control coil 82b. Fig. 9(d) is a diagram viewed from
the bottom.

Fig. 10 (a) is a diagram showing flux lines on the
cross-sectional view crossed at line C-C’. Fig. 10(b)
is a diagram showing flux lines on the side view from
the viewpoint of a control coil 82c.

Fig. 11 is a diagram showing flux lines on a cross-
sectional perspective view crossed at line C-C’ of
Fig. 2.

Fig. 12 is a diagram showing passive stability in the
radial direction of Embodiment 2.
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Figs. 13(a) and 13(b) are diagrams showing the po-
sition of the permanent magnet of Embodiment 3.

Best Mode for Carrying Out the Invention

[0023] In the following description, details of the em-
bodiments of the present invention are set forth on the
basis of the drawings.

(Embodiment 1)

[0024] Fig. 1 shows a development view of the hybrid
magnetic bearing of the present invention. Fig. 1(a) is a
diagram viewed from commutating poles 3a-3d. Fig. 1
(b) is a side view viewed from commutating pole 3c. Fig.
1(c) is a side view viewed from commutating pole 3b. Fig.
1(d) is a diagram viewed from main poles 7a-7d.
[0025] The hybrid magnetic bearing shown in Fig. 1
(a)-(d) consists of a stator 1 and a rotor 2. The stator 1
has a first commutating pole 3a, a second commutating
pole 3b, a third commutating pole 3c, and a fourth com-
mutating pole 3d which are provided in a protruding con-
ditionto the rotor 2; a first control coil 4a, a second control
coil 4b, a third control coil 4¢, and a fourth control coil 4d;
a first permanent magnet 5a, a second permanent mag-
net 5b, a third permanent magnet 5¢, and a fourth per-
manent magnet 5d; a first sensor 6a, a second sensor
6b, a third sensor 6¢, and a fourth sensor 6d; a first main
pole 7a, a second main pole 7b, a third main pole 7¢, and
a fourth main pole 7d, which are provided in a protruding
condition to the rotor 2; and a first commutating pole per-
manent magnet 8a, a second commutating pole perma-
nent magnet 8b, a third commutating pole permanent
magnet 8c, and a fourth commutating pole permanent
magnet 8d.

[0026] Each of the commutating poles 3a-3d possess-
esthe commutating pole permanent magnets 8a-8d. The
first commutating pole 3a has the first commutating pole
permanent magnet 8a, the second commutating pole 3b
has the second commutating pole permanent magnet
8b, the third commutating pole 3¢ has the third commu-
tating pole permanent magnet 8c, and the fourth com-
mutating pole 3d has the fourth commutating pole per-
manent magnet 8d.

[0027] The control coils 4a-4d are wound between the
commutating poles 3a-3d and the main poles 7a-7d are
opposite to the commutating poles in an approximately
parallel orientation. The first control coil 4a is provided
between the first commutating pole 3a and the first main
pole 7a, the second control coil 4b is provided between
the first commutating pole 3b and the first main pole 7b,
the third control coil 4c is provided between the first com-
mutating pole 3¢ and the first main pole 7c, and the fourth
control coil 4d is provided between the first commutating
pole 3d and the first main pole 7d.

Note that the places for winding the coils are not limited
to the places described above.

[0028] Permanent magnets 5a-5d are provided be-
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tween the first through fourth main poles 7a-7d consti-
tuting the stator 1, and are fixed by a core unit extended
from both ends of the main poles 7a-7d. The first perma-
nent magnet 5a is provided between the main pole 7a
and the main pole 7b, the second permanent magnet 5b
is provided between the main pole 7b and the main pole
7c, the third permanent magnet 5c¢ is provided between
the main pole 7c and the main pole 7d, and the fourth
permanent magnet 5d is provided between the main pole
7d and the main pole 7a.

[0029] Here, for materials of the first permanent mag-
nets 5a-5d and the commutating pole permanent mag-
nets 8a-8d explained above, a rare-earth magnet such
as neodymium-iron-boron, samarium-cobalt, or samar-
ium-iron-nitrogen is used. For the materials of the stator
1 and the rotor 2, a soft magnetic material such as mag-
netic soft iron, magnetic stainless-steel, or powder mag-
netic core is used. Note that the materials are not limited
to the ones described above.

[0030] Figs. 2 (a)-2 (c) are diagrams showing a flux
generated in the hybrid magnetic bearing 1 of the present
invention. As shown in Figs. 2 (b) and 2 (c), the first
through fourth commutating pole permanent magnets
8a-8d at the ends of the first through fourth commutating
poles 3a-3d provide first bias fluxes b1-1 through b1-4
to a plurality of electromagnets. The first through fourth
permanent magnets 5a-5d provide second bias fluxes
b2-1 through b2-4 to the first through fourth main poles
7a-7d constituting the electromagnets.

[0031] Assume that the ends of the first commutating
pole 3a and the third commutating pole 3¢ shown in Fig.
2(c) are a first polarity (a negative pole). The ends of the
second commutating pole 3b and the fourth commutating
pole 3dshownin Fig. 2(b) are asecondpolarity (a positive
pole). The first permanent magnet 5a between a core
consisting of the main pole 7a and the commutating pole
3a and a core consisting of the main pole 7b and the
commutating pole 3b has the first polarity (a negative
pole) arranged so as to be oriented toward the core con-
sisting of the main pole 7b and the commutating pole 3b
and the second polarity (a positive pole) arranged so as
to be oriented toward the core consisting of the main pole
7a and the commutating pole 3a. Similarly, the second
permanent magnet 5b between a core consisting of the
main pole 7b and the commutating pole 3b and a core
consisting of the main pole 7c and the commutating pole
3¢ has the first polarity (a negative pole) arranged so as
to be oriented toward the core consisting of the main pole
7b and the commutating pole 3b and the second polarity
(a positive pole) arranged so as to be oriented toward
the core consisting of the main pole 7¢ and the commu-
tating pole 3c. The third permanent magnet 5¢ between
a core consisting of the main pole 7c and the commutat-
ing pole 3c and a core consisting of the main pole 7d and
the commutating pole 3d has the first polarity (a negative
pole) arranged so as to be oriented toward the core con-
sisting of the main pole 7d and the commutating pole 3d
and the second polarity (a positive pole) arranged so as
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to be oriented toward the core consisting of the main pole
7c and the commutating pole 3c. The forth permanent
magnet 5d between a core consisting of the main pole
7d and the commutating pole 3d and a core consisting
of the main pole 7a and the commutating pole 3a has the
first polarity (a negative pole) arranged so as to be ori-
ented toward the core consisting of the main pole 7d and
the commutating pole 3d and the second polarity (a pos-
itive pole) arranged so as to be oriented toward the core
consisting of the main pole 7a and the commutating pole
3a. By winding control coils 4a-4d (magnetizing coils)
around each of the cores consisting of the main poles
7a-7d and the commutating poles 3a-3d being paired
respectively, control fluxes ¢1-1 through ¢1-4 are con-
trolled and the magnetic force in the radial direction is
controlled.

[0032] The first bias fluxes b1-1 through b1-4 gener-
ated by the control fluxed c¢1-1 through ¢1-4 and the com-
mutating pole permanent magnets 8a-8d travel through
a flux path consisting of the main poles 7a-7d, the com-
mutating poles 3a-3d and the rotor 2. Here, a gap in the
commutating pole end (between the commutating pole
and the rotor), because the gap has the commutating
pole permanent magnets 8a-8d, is longer compared with
a gap in the main pole end (between the main pole and
the rotor) . For that reason, the second bias fluxes b2-a
through b2-4 travel through a flux path consisting of the
adjacent main poles 7a-7d and the rotor 2. As a result,
in the commutating poles 3a-3d, controlling force can be
enhanced by the first bias fluxes b1-1 through b1-4 gen-
erated by the commutating pole permanent magnets 8a-
8d.

[0033] In the main poles 7a-7d, in addition, the con-
trolling force can be further enhanced by the first bias
fluxes b1-1 through b1-4 generated by the commutating
pole permanent magnets 8a-8d and the second bias flux-
es c1-1 through c1-4 generated by the permanent mag-
nets 5a-5d. According to the above configuration, it is
possible to generate a strong controlling force from a
small amount of current, and therefore, efficiency can be
improved.

[0034] A control method is explained using the cross-
sectional perspective view of the magnetic bearing in
Figs. 2 (a), 2(b), 2(c), and 3. Fig. 2(b) and Fig. 3 are,
respectively, a cross-sectional view and a cross-section
perspective view of Fig. 2(a) crossed at line A-A’. As
shown in Fig. 2 (b) and Fig. 3, the first bias fluxes b1-2
andb1-4 are generated by the commutating pole perma-
nent magnets 8b and 8d. The second bias flux that is a
combination of the second bias fluxes b2-1 and b2-2 and
the second bias flux that is a combination of the second
bias fluxes b2-3 and b2-4 are generated by the perma-
nent magnets 5a-5d. Here, in this case, by supplying the
control coils 4b and 4d with electrical current in the di-
rection indicated in Fig. 3, the control fluxes ¢1-2 and
c1-4 are generated. At that time, in a gap between the
main pole 7d and the commutating pole 3d, the control
flux c1-4 is generated in an opposite direction from the
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first bias flux b1-4 and the flux that is a combination of
the second bias fluxes b2-3 and b2-4. As a result, fluxes
cancel each other and the flux density is reduced.
[0035] On the other hand, in a gap between the main
pole 7b and the commutating pole 3b, the control flux
c1-2 is generated in the same direction as that of the first
bias flux bl-2 and the flux that is a combination of second
fluxes b2-1 and b2-2. As a result, the flux density is in-
creased, and magnetic attraction toward a direction X
(the direction indicated by the arrow in the figures) is gen-
erated.

[0036] In contrast, if the control flux in the direction
opposite to the direction in Fig. 2(b) is generated by an
electromagnet, magnetic attraction is generated in the
direction opposite to the direction indicated by the arrow.
Fig. 2(c) is a cross-sectional view of Fig. 2 (a) crossed
at line B-B’. As shown in Fig. 2(c), the first bias fluxes
b1-1 and b1-3 are generated by the commutating pole
permanent magnets 8a and 8c. The second bias flux that
is a combination of the second bias fluxes b2-1 and b2-4
and the second bias flux that is a combination of the sec-
ond bias fluxes b2-2 and b2-3 are generated by the per-
manent magnets 5a-5d, additionally. Here, in this case,
the control fluxes c¢1-1 and ¢1-3 are generated. At that
time, in a gap between the main pole 7a and the com-
mutating pole 3a, the control flux ¢1-1 is generated in the
opposite direction to the direction of the first bias flux b1-1
andthe fluxthatis a combination of the secondbias fluxes
b2-1 and b2-4. As a result, the fluxes cancel each other,
and the flux density is reduced.

[0037] On the other hand, in a gap between the main
pole 7c/the commutating pole 3c and the rotor 2, the con-
trol flux ¢1-3 is generated in the same direction as the
first bias flux b1-3 and the flux that is a combination of
the second bias fluxes b2-2 and b2-3. As a result, the
flux density is increased, and magnetic attraction toward
adirection Y (the direction indicated by the arrow) is gen-
erated. In contrast, if the control flux in a direction oppo-
site to the direction in Fig. 2(b) is generated by an elec-
tromagnet, magnetic attraction is generated in the direc-
tion opposite to the direction indicated by the arrow.
[0038] Via the X direction control and the Y direction
control described above, radial magnetic levitation can
be realized.

Next, an explanation regarding the axial direction and
thetiltis provided accordingto across-sectional overview
in Fig. 4 (a), (b) and Fig. 2 (b) . Via strong radial magnetic
attraction caused by the commutating pole permanent
magnets 8a-8d and the permanent magnets 5a-5d, pas-
sive magnetic support is performed. When the rotor 2 is
displaced in the axial direction, as shown in Fig. 4(a),
restoring force in a direction that restores the displace-
ment is generated by the bias attraction of the commu-
tating pole permanent magnets 8b and 8d and the per-
manent magnets 5a-5d, and the displacement is elimi-
nated. When it is tilted, as shown in Fig. 4(b), a restoring
torque in a direction opposite to the tilt is generated by
the bias attraction of the commutating poles 8b and 8d
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andthe permanent magnets 5a-5d, and the tilting is elim-
inated.

[0039] Fig. 5 and Fig. 6 show the control system of the
present magnetic bearing. Fig. 5 shows a control system
ofthe present magnetic bearing on the basis of a position
detection method employing a flux sensor such as a hall
element. The control coil of each of the electromagnets
opposite to each other (each electromagnet consisting
of a main pole and a commutating pole) is wired so as
to generate the control flux in a different direction. Sen-
sors 6a-6d are set up in areas between electromagnets
other than the first through fourth permanent magnets
5a-5d (i.e., in the core of the stator 1) . The sensors 6a-
6d detect an amount of change in the bias flux of the
permanent magnets 5a-5d caused by the displacement
of the rotor 2, and estimate the displacement of the rotor
2 on the amount of change in the basis of the flux. Be-
cause a signal detected by the sensors 6a-6d is nonlin-
ear, by taking a calculation (e.g. sum or difference) of a
value of each sensor amplified by sensor amplifiers 1-4
indicated as sensor amplifiers 55-58, it is possible to ob-
tain a linearity of position detection in the X and Y direc-
tions and to remove mutual interference between the X
axis and Y axis.

[0040] In the present embodiment, signals obtained
from the sensor 6a and the sensor 6¢ are amplified by
the sensor amplifier 1_55 for a signal from the sensor 6a
and by the sensor amplifier 3_56 for the signal from sen-
sor 6¢, and the output difference is calculated. Signals
obtained from the sensor 6b and the sensor 6d are am-
plified by the sensor amplifier 2_57 for the signal from
the sensor 6b and by the sensor amplifier 4_58 for the
signal from the sensor 6d, and the output difference is
calculated. Afterwards, using the above calculation re-
sults, the amount of change is calculated from the output
of the displacement in the X direction by taking the dif-
ference and the output of the displacement in the Y di-
rection by taking the sum. The amount of change is con-
verted into digital signals by an A/D converter or the like
(notshown in the drawing) and transferred to an X direc-
tion controller 51 and a Y direction controller 52. Control
current values are calculated in the X direction controller
51 and the Y direction controller 52, and by applying the
control current to each of the coils 4a-4d of the electro-
magnets of the magnetic bearing from power amplifiers
53 and 54, position control of the rotor 2 is performed.
For the controller, employing PID control is one possibil-
ity.

[0041] Although the apparatus would be larger than
the above control system, control of the present magnetic
bearing is possible by employing a displacement sensor
such as an eddy-current sensor. A control system when
a displacement sensor such as an eddy-current sensor
is used is shown in Fig. 6.

The coils 4a-4d of each of the electromagnets opposite
to each other are wired so as to generate the control flux
in a different direction. In order to detect the distance
from a target (not shown in the drawing) placed on the
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rotor 2, sensors 61 and 62 are arranged in the radial
directions (e.g. X and Y directions) . The position of the
rotor 2 is detected by the sensors 61 and 62 on the X
and Y axes, the detected signal is amplified by sensor
amplifiers 63 and 64, and the signal is transferred to an
X direction controller 67 and a Y direction controller 68
from an A/D converter or the like (not shown in the draw-
ing). Afterwards, the control current value is calculated
by each of the controllers 67 and 68, and by applying the
control current to each of the coils 4a-4d of the electro-
magnets of the magnetic bearing from power amplifiers
65 and 66, position control of the rotor 2 is performed.
Forthe X direction controller 67 and the Y direction con-
troller 68, employing PID control is one possibility.
[0042] It should be noted that in a configuration such
that the commutating permanent magnets 8a-8d are ar-
ranged in the middle of the salient pole for each commu-
tating pole as described in Figs. 7(a) and 7(b), each of
the bias fluxes and control fluxes form the same magnetic
paths as those explained above, and therefore a control
that is the same as that of Embodiment 1 is possible.
[0043] InEmbodiment 1, eventhough fourelectromag-
nets, which are paired so that each commutating pole is
matched with a main pole, are provided, the number of
electromagnets is not limited to four in particular, and any
plural number of electromagnets can be provided. Ac-
cording to the above configuration, it is possible to in-
crease the bias flux without increasing the thickness of
the commutating pole permanent magnet, to enhance
the control efficiency, and to improve the estimated ac-
curacy of the position control of the rotor.

(Embodiment 2)

[0044] Fig. 8 explains a case of a control in which main
poles 71b, 71d, 71f, and 71h, and commutating poles
71a,71c, 71e,and 71g are arranged on the same plane,
and control fluxes are generated in control coils 72a-72d.
Fig. 8 explains only a case of the control in the X direction
for convenience. A bias flux b75a shown in Fig. 7 forms
amagnetic path traveling from the positive pole of a com-
mutating pole permanent magnet 74d at the end of the
commutating pole 71a to the main pole 71b via a rotor
75. A bias flux b75b forms a magnetic path traveling from
the positive pole of a commutating pole permanent mag-
net 74a at the end of the commutating pole 71c to the
core, to the main pole 71d and to the rotor 75. The bias
flux b75c forms a magnetic path traveling from the pos-
itive pole of a commutating pole permanent magnet 74b
at the end of the commutating pole 71e to the main pole
71fvia arotor 75. A bias flux b75d forms a magnetic path
traveling from the positive pole of a commutating pole
permanent magnet 74c at the end of the commutating
pole 71gto the core, to the main pole 71h and to the rotor
75.

[0045] As shown in Fig. 8, a bias flux b76a forms a
magnetic path traveling from the positive pole of the per-
manent magnet 73a between the main pole 71b and the
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commutating pole 71¢ to the main pole 71b, via the main
pole 71d and the rotor 75. A bias flux b76b forms a mag-
netic path traveling from the positive pole of the perma-
nent magnet 73b between the main pole 71d and the
commutating pole 71e to the main pole 71f, via the main
pole 71d and the rotor 75. A bias flux b76c forms a mag-
netic path traveling from the positive pole of the perma-
nentmagnet 73c between the main pole 71f and the com-
mutating pole 71g to the main pole 71f, via the main pole
71h and the rotor 75. A bias flux b76d forms a magnetic
path traveling from the positive pole of the permanent
magnet 73d between the main pole 71h and the commu-
tating pole 71a to the main pole 71b, via the main pole
71h and the rotor 75.

[0046] The controlfluxc77bis generated by the control
coil 72b, and forms a magnetic path traveling through the
commutating pole 71c, the main pole 71d, and the rotor
75. The control flux c77d is generated by the control coil
72dm and forms a magnetic path traveling through the
commutating pole 71c, the main pole 71h, and the rotor
75. Here, although the explanation in Fig. 8 considers
only a case of the control in the X direction for conven-
ience, control fluxes are actually generated by the control
coils 72a and 72c in the same manner. In a case of the
controlinthe Y direction, the controlis performed by using
the control coils 72a and 72c.

[0047] Inacase ofshiftingtherotor 75inthe X direction
(the direction indicated by the arrow in Fig. 8), fluxes are
detected by flux sensors or displacement is detected by
a displacement sensor, and density of the control fluxes
is changed by controlling the current in the control coils
72a-72d, as explained in the above embodiment. In the
present embodiments, bias fluxes b75b, b76a, and b76b
are generated in the same direction in the main pole 71d
of the 72b side and a control flux ¢77b is generated in
the same direction as the direction of the bias fluxes. In
the commutating pole 71c, the control flux c77b is also
generated in the same direction as the direction of the
bias flux b75b.

[0048] On the other hand, in the main pole 71f of the
72d side, bias fluxes b75d, b76c, and b76d are generated
inthe same direction and a control flux c77d is generated
inthe direction opposite to the direction of the bias fluxes.
In the commutating pole 719, a control flux ¢77d is gen-
eratedinthe direction opposite to the direction of the bias
flux b75d. By such fluxes, attraction in the control coil
72b end of the rotor 75 is enhanced, whereas attraction
is reduced in the control coil 72d end, and as a result,
the rotor 75 is shifted to the X direction (the direction
indicated by the arrow in Fig. 8).

[0049] According to the above configuration, it is pos-
sible to control the position of the rotor 75 in both the X
direction and the Y direction. In addition, even if the com-
mutating pole permanent magnets 74a-74d are arranged
inthe middle of the salient pole of the commutating poles
71a,71c,71e,and 71g, each ofthe bias fluxes and control
fluxes travels in the same magnetic paths as those in
Embodiment 2, and therefore the same control as that in
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Embodiment 2 can be performed.

[0050] Although four electromagnets, each of which
consists of acommutating pole and a main pole, are pro-
vided in Embodiment 2, the number of permanent mag-
nets is not limited to four, but plural numbers of perma-
nent magnet can be provided.

According to the above configuration, it is possible to
increase the bias fluxes without increasing the thickness
of the commutating pole permanent magnet, to enhance
the control efficiency, and to improve the estimated ac-
curacy of the position control of the rotor.

(Embodiment 3)

[0051] Fig.9isadevelopmentview ofthe configuration
of Embodiment 3. Fig. 9(a) is a top view. Fig. 9(b) is a
side view viewed from the control coils 82¢ and 82g end.
Fig. 9 (c) is a side view viewed from the commutating
poles 82d and 82f end. Fig. 9(d) is a bottom view.
[0052] The hybrid magnetic bearing of the present in-
vention shown in Figs. 9(a)-9(d) has a configuration hav-
ing a magnetic bearing that controls a rotor 81 upward
and downward of the rotor 81.

The upper magnetic bearing has control coils 82a-82d,
firstthrough fourth cores 83a-83d, andfirst through fourth
permanent magnets 84a-84d. The first through fourth
cores 83a-83d have the first through fourth main poles
85a-85d and the first through fourth commutating poles
87a-87d projecting toward the rotor 81, and each of the
main poles 85a-85d opposite to each of the commutating
poles 87a-87d, respectively. Here, it is desirable that the
first through fourth main poles 85a-85d and the first
through fourth commutating poles 87a-87d project ap-
proximately perpendicular from the upper plane or the
lower plane of the core toward the rotor 81 (plane).
[0053] Next, the first core 83a has a first control coil
82a on the first main pole 85a, the second core 83b has
a second control coil 82b on the second main pole 85b,
the third core 83c has a third control coil 82¢ on the third
main pole 85¢, andthe fourth core 83d has a fourth control
coil 82d on the fourth main pole 85d.

[0054] Each of the above commutating poles 87a-87d
possesses the commutating pole permanent magnets
86a-86d. The first commutating pole 87a has the first
commutating pole permanent magnet 86a, the second
commutating pole 87b has the second commutating pole
permanent magnet 86b, the third commutating pole 87¢
has the third commutating pole permanent magnet 86c,
and the fourth commutating pole 87d has the fourth com-
mutating pole permanent magnet 86d.

[0055] The first through fourth permanent magnets
84a-84d are provided between the first through fourth
cores 83a-83d, and are fixed by parts extended from both
ends of the first through fourth cores 83a-83d. The first
permanentmagnet 84a is provided between the first core
83a and the second core 83b, the second permanent
magnet 84b is provided between the second core 83b
and the third core 83c, the third permanent magnet 84c
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is provided between the third core 83c and the fourth
core 83d, and the fourth permanent magnet 84d is pro-
vided between the fourth core 83d and the first core 83a.
[0056] The lower magnetic bearing has control coils
82e-82h, fifth through eighth core 83e-83h, and fifth
through eighth permanent magnets 84e-84h. The fifth
through eighth cores 83e-83h have the fifth through
eighth main poles 85e-85h and the fifth through eighth
commutating poles 87e-87h projecting toward the rotor
81, and each of the main poles 85e-85h opposite to each
of the commutating poles 87e-87h, respectively. Here, it
is desirable that the fifth through eighth main poles 85e-
85h and the fifth through eighth commutating poles 87e-
87h project approximately perpendicular from the upper
plane or the lower plane of the core toward the rotor 81
(plane).

[0057] Next, the fifth core 83e has a fifth control coil
82e on the fifth main pole 85¢, the sixth core 83f has a
sixth control coil 82f on the sixth main pole 85f, the sev-
enth core 83g has a seventh control coil 82g on the sev-
enth main pole 85g, and the eighth core 83h has a eighth
control coil 82h on the eighth main pole 85h.

[0058] Each of the above commutating poles 87e-87h
possesses commutating pole permanent magnets 86a-
86d. The fifth commutating pole 87e has the fifth com-
mutating pole permanent magnet 86e, the sixth commu-
tating pole 87f has the sixth commutating pole permanent
magnet 86f, the seventh commutating pole 87g has the
seventh commutating pole permanent magnet 86g, and
the eighth commutating pole 87h has the eighth commu-
tating pole permanent magnet 86h.

[0059] The fifth through eighth permanent magnets
84e-84h are provided between the fifth through eighth
cores 83e-83h, and are fixed by parts extended from both
ends of the fifth through eighth cores 83e-83h. The fifth
permanent magnet 84e is provided between the fifth core
83e and the sixth core 83f, the sixth permanent magnet
84f is provided between the sixth core 83f and the sev-
enth core 83g, the seventh permanent magnet 84g is
provided between the seventh core 83g and the eighth
core 83h, and the eighth permanent magnet 84h is pro-
vided between the eighth core 83h and the fifth core 83e.
[0060] Forthe material ofthe permanentmagnets 84a-
84h and commutating pole permanent magnet 86a-86h,
(rare-earth magnets) such as neodymium-iron-boron,
samarium-cobalt, and samarium-iron-nitrogen are used.
Forthe material of the upper and lower magnetic bearings
and the rotor 81, (soft iron materials) such as magnetic
soft iron, magnetic stainless steel, and powder magnetic
core are used. Note that the materials are not limited to
those explained above.

[0061] The control of the magnetic bearing explained
in Fig. 9 above is explained with reference to Figs. 10(a),
10(b) and 11. Figs. 10(a), 10(b) and 11 are diagrams
showing directions of the control fluxes when a control
force is to be generated in a positive direction of Z axis.
Fig. 10(a) is a cross-sectional view crossed at the line C
and C’. Fig. 10(b) and Fig. 9(b) are side views from the
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third core 83c end. Fig. 11 is a cross-sectional perspec-
tive view of Fig. 10 (a). Here, Fig. 11 describes a cross
section of the magnetic bearing in which parts such as
the main pole 85a, commutating pole 87a, and the control
coil 82a in the positive direction of the Y axis that bias
fluxes b810a and b810d of the first permanent magnet
84aandthe fourth permanent magnet 84dtravel are omit-
ted for convenience. In addition, Figs. 10(a), 10(b) and
11, regarding flux lines, are diagrams of flux lines in which
parts other than the parts described later are not shown,
for convenience. In fact, as long as the configuration is
the same as the one described later, the fluxes can be
controlled inthe same manner even in a place otherthan
that of the configuration described later by generating
the first bias flux generated by the commutating pole per-
manent magnet and the second bias flux generated by
the permanent magnet and changing the density of the
control flux by using the control coil.

[0062] Inthe present embodiment, regarding the con-
trol flux (control flux generation direction when control
force is generated in the positive direction of the Z axis),
the first through eighth control fluxes are generated from
the coil, and this forms a magnetic path of main pole--
rotor--commutating pole. The bias flux (the first bias flux)
generated by the first through eighth commutating pole
permanent magnets 86a-86h forms a magnetic path of
main pole--rotor--commutating pole. The bias flux (the
second bias flux) generated from the second permanent
magnets 84a-84h forms a magnetic path of a main pole
in the positive pole end--rotor--main pole in the negative
pole end.

[0063] The control flux c88b traveling in the space be-
tween the magnetic bearing arranged in the upper pos-
itive direction of the Z axis and the rotor 81 as shown in
Fig. 10(a) controls the flux density with the control coil
82b.

Here, the rotor 81 has a configuration having H-shaped
grooves 81aand81basshownin Fig. 10(a). Itis desirable
that the width of the groove be the same as, for example,
the space between the opposing main pole and commu-
tating pole.

[0064] The bias flux b89b is generated by the second
commutating pole permanent magnet 86b. As a result,
because the first bias flux b89b is a flux in the same di-
rection with respect to the control flux c88b, the fluxes
can be enhanced by each other. In addition, the second
bias fluxes b810a and b810b are generated from the first
permanent magnet 84a and the second permanent mag-
net 84b, respectively, and are generated in the direction
of enhancing the control flux ¢88b. The control flux c88d
controls the magnetic density by the control coil 82d. The
first bias flux b89d is generated by the fourth commutating
pole permanent magnet 86d. As a result, because the
first bias flux b89d is a flux in the same direction as the
control flux c88d, the fluxes can be enhanced by each
other. In addition, the second bias fluxes b810d and
b810c are generated from the fourth permanent magnet
84d and the third permanent magnet 84c, respectively,
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and are generated in the direction of enhancing the con-
trol flux c88b.

[0065] Although itis not shown in the drawing, the flux
density is controlled by the control flux c88a generated
by the control coil 82a. The first bias flux b89a is gener-
ated by the first commutating pole permanent magnet
86a. As a result, because the first bias flux b89a is a flux
inthe same direction with respect to the control flux c88a,
the fluxes can be enhanced with each other. In addition,
the second bias fluxes b810a and b810d are generated
from the first permanent magnet 84a and the fourth per-
manent magnet 84d, respectively, and are generated in
the direction of enhancing the control flux c88a. The con-
trol flux c88c is generated by the control coil 82¢c and
controls the flux density. The first bias flux b89c is gen-
erated by the third commutating pole permanent magnet
86¢. As a result, because the first bias flux b89c is a flux
in the same direction as the control flux c88c, the fluxes
can be enhanced by each other. In addition, the second
bias fluxes b810b and b810c are generated fromthe sec-
ond permanent magnet 84b and the third permanent
magnet 84c, respectively, and are generated in the di-
rection of enhancing the control flux c88c.

[0066] The control flux traveling in a space between
the magnetic bearing arranged in the bottom located in
the negative direction of the Z axis andthe rotor 81 shown
in Fig. 10 (a) is generated in a direction attenuating the
fluxes with respect to the bias flux. The control flux c88f
controls the flux density by the control coil 82f. The first
bias flux b89f is generated by the sixth commutating pole
permanent magnet 86f. As a result, because the flux of
the first bias flux b89f is generated in the opposite direc-
tion with respect to the control flux c88f, the fluxes can
attenuate each other. In addition, the second bias fluxes
b810e and b810f are generated by the fifth permanent
magnet 84e and the sixth permanent magnet 84f,respec-
tively, and are generated in a direction attenuating the
control flux c88f. The control flux ¢88h control the flux
density by the control coil 82h. The first bias flux b89h is
generated by the eighth commutating pole permanent
magnet 86h. As a result, because the flux of the first bias
flux b89h is generated in the opposite direction with re-
spect to the control flux c88h, the fluxes can attenuate
each other. In addition, the second bias fluxes b810gand
b810h are generated by the eighth permanent magnet
84h and the seventh permanent magnet 84g, respective-
ly, and are generated in a direction attenuating the control
flux c88h.

[0067] Althoughitis notshown inthe drawing, the con-
trol flux c88e is generated by the control coil 82e, and
controls the flux density. The first bias flux b89e is gen-
erated by the fifth commutating pole permanent magnet
86e. As a result, because the flux of the first bias flux
b89e is generated in the opposite direction with respect
to the control flux c88e, the fluxes can attenuate each
other. In addition, the second bias fluxes b810e and
b810h are generated by the fifth permanent magnet 84e
and the eighth permanent magnet 84h,respectively, and
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are generated in a direction attenuating the control flux
c88e. The control flux c88g control the flux density by the
control coil 82g. The first bias flux b89g is generated by
the seventh commutating pole permanent magnet 86g.
As a result, because the flux of the first bias flux b89g is
generated in the opposite direction with respect to the
control flux c88g, the fluxes can attenuate each other. In
addition, the second bias fluxes b810g and b810f are
generated by the seventh permanent magnet 84g and
the sixth permanent magnet 84f, respectively, and are
generated in a direction attenuating the control flux c88g.
In such a manner, a control in the positive direction of
the Z axis can be realized.

[0068] In contrast, when each of the control fluxes are
generated in the direction opposite to the directions de-
scribed in Fig. 10(a), a control in the negative direction
of the Z axis can be realized. A control flux is generated
from a control coil and forms a magnetic path traveling
through a main pole, a rotor, and a commutating pole. A
bias flux (the first bias flux) of a commutating pole per-
manent magnet is generated by the commutating pole
permanent magnet, and forms a magnetic path traveling
through a main pole, a rotor, and a commutating pole. A
bias flux (the second bias flux) of a permanent magnet
is generated by the permanent magnet, andforms a mag-
netic path traveling through a main pole in the positive
pole end, a rotor, and a main pole in the negative pole
end.

[0069] The control flux traveling in a space between
the electromagnet inthe 81a end of the magnetic bearing
located in the positive direction of the Z axis and the rotor
81 as shown in Fig. 10(a) is generated in a direction en-
hancing the bias flux, and the control flux traveling in a
space between the electromagnetinthe 81b end and the
rotor 81 is generated in a direction attenuating the bias
flux. In addition, by generating the control flux traveling
in a space between the electromagnet in the 81a end of
the magnetic bearing located in the negative direction of
the Z axis and the rotor 81 in the direction attenuating
the bias flux, and by generating the control flux traveling
in a space between the electromagnet in the 81b end
and the rotor 81 in the direction enhancing the bias flux,
it is possible to generate a tilting torque in the counter-
clockwise direction aroundthe Y axis (clockwise direction
in Fig. 10(a)). In the opposite manner, if each of the con-
trol fluxes are generated in the direction opposite to the
direction explained above, it is possible to generate a
tilting torque in the clockwise direction around the Y axis
(counterclockwise direction in Fig. 10(a)). In the same
manner, a tilting torque around the X axis can be gener-
ated. As described above, controls in the Z axis direction,
around the X axis, and around the Y axis can be per-
formed. As for the radial direction, by strong magnetic
attraction in the axial direction by a permanent magnet,
passive magnetic suspensin is realized. When the rotor
is displaced in the radial direction, a restoring force is
generated in a direction that will restore the displacement
by attraction of the permanent magnet, and the displace-
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ment can be eliminated.

[0070] According to the above configuration, axial di-
rection control andtilt control can be realized by connect-
ing the control coil of electromagnets oriented toward
each other on the top and bottom magnetic bearings, and
by adjusting the flux density in the space to be high in
one end and low in the other.

[0071] Itshould be noted that although the explanation
is omitted here, the control coils 82a-82h can be control-
led as described in Embodiment 1.

In addition, by utilizing the weight of the rotor and unequal
force of the permanent magnets etc., a control of mag-
netic levitation is possible as a one-sided magnetic bear-
ing.

[0072] Itis also possible to have a magnetic levitation
motor by utilizing only one side of Embodiment 3 and
making another side be a motor. The motor side can have
direct driving with a stator being arranged or magnet cou-
pling driving.

[0073] It should be noted that the arrangement of the
first through eighth commutating pole permanent mag-
nets 86a-86h shown in Fig. 13(a) and (b) is not limited
to the end of the salient pole, but the magnets can be
arranged within a range from the end of the commutating
pole of the core to the part where the coil is wound.
[0074] According to the above configuration, it is pos-
sible to increase the bias fluxes without increasing the
thickness of the commutating pole permanent magnet,
to enhance the control efficiency, and to improve the es-
timate accuracy of the position control of the rotor.

(Embodiment 4)

[0075] A pump to which the magnetic bearings of Em-
bodiments 1-3 explained above are applied is set forth.
A centrifugal pump having an impeller formed on the top
of the rotor and topped with a pump head unit having
inlet/outlet, a permanent magnet placed on the opposite
plane or inner plane of the rotor, and driven by a magnet
drive by the permanent magnet placed on the axis of the
motor outside of the pump casing is explained.

(Magnetic levitation pump)

[0076] A configuration of the magnetic bearing in the
radial direction is explained (utilizing Embodiments 1 and
2). For example, an impeller can be formed on the top of
the rotor 2. A permanent magnet with 2xN poles is placed
on the inner surface or the bottom of the rotor 2. The
rotor-impeller constructed as described above is en-
cased in a pump casing. The magnetic bearing 1 and a
driving electromagnet having the same number of poles
as that of the driving permanent magnet placed on the
rotor 2 or a magnet coupling having the same number of
poles as that of the driving permanent magnet placed on
the rotor 2 are placed outside of the casing and magnetic
levitation rotation is realized.

[0077] Next, a configuration of the magnetic bearing
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in the axial direction is explained (utilizing Embodiment
3). For example, using only one side of the magnetic
bearing (the magnetic bearing in the positive direction or
the magnetic bearing in the negative direction in the axial
direction) a driving electromagnet can be placed in the
opposite side of the bearing, and direct-drive driving is
realized by generating a rotating magnetic field. Alterna-
tively, by placing a motor with a magnet coupling and by
rotating the magnet coupling, the rotor 81 is driven. In
the motor end of the rotor 81, a yoke having a driving
permanent magnet is placed. An impeller is formed be-
tween the yoke of the magnetic bearing end of the rotor
81 and the yoke of the driving permanent magnet. The
rotor 81 impeller constructed as described above is en-
cased in a pump casing. The magnetic bearing, and a
driving electromagnet having the same number of poles
as that of the driving permanent magnet placed on the
rotor or a magnet coupling having the same number of
poles as that of the driving permanent magnet placed on
the rotor 81 are placed outside of the casing and magnetic
levitation rotation is realized.

[0078] As a result, it is possible to solve conventional
problems in which abrasion powder is generated from a
sliding unitina pump orabearing unit seizes. In addition,
by having amagnetically-levitated pump, amaintenance-
free pump can be acquired and therefore a longer oper-
ating life and improvement in the durability of the pump
can be achieved. Note that the rotating method is not
limited to the methods explained above.

[0079] By havingthe configuration explained above, a
strong control force in the radial direction can be gener-
ated with a small amount of electrical current by the first
bias flux and the second bias flux of a permanent magnet
and a commutating pole permanent magnet, and sus-
pending of the axial direction/tilt with passive stability
caused by the strong magnetic attraction of the perma-
nent magnet and the commutating pole permanent mag-
net results in more controllability, and as a result, higher
stiffness, higher efficiency, reduction in size and simpli-
fication of the control system can be achieved.

[0080] By utilizing it as a magnetic bearing of a motor,
the magnetic bearing, that is, the bearing of the present
invention, can be utilized instead of a contact-type bear-
ing such as a roller bearing or a sliding bearing being
used as a bearing of the conventional motors. As a result,
a maintenance-free bearing can be acquired, and this is
effectivein reducing vibration, noise and other such prob-
lems generated by rotation.

[0081] It should be noted that combining of the mag-
netic bearing in the radial direction and the magnetic
bearing inthe axial direction allows the simultaneous use
of the magnetic bearing in the radial direction and the
magnetic bearing in the axial direction, enabling control
to be performed on five axes.

The shape of the rotor explained in the above Embodi-
ments 1-4 is not limited to a torus shape, and it can take
any form, such as a disk shape.

[0082] The present invention, additionally, is not limit-
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ed to the above embodiments, but various improvements
and modification can be made without departing fromthe
scope of the present invention.

Claims

1. A hybrid magnetic bearing having a rotor that ro-
tates while being suspended without contact by a
controlling magnetic force of a plurality of electro-
magnets and permanent magnets, wherein

the electromagnet has a main pole and a commu-
tating pole having a commutating pole permanent
magnet provided approximately parallel to each oth-
er at predetermined intervals in a protruding condi-
tion radially to the rotor, and has a control coil wound
around a core (magnetic core) having the main pole
and the commutating pole,

two of the electromagnets are placed oppositely to
each other across the rotor in an approximately hor-
izontal position, and the rotor is arranged so as to
have a predetermined gap with the main pole and
the commutating pole, and

the permanent magnet is provided between the ad-
jacent electromagnets.

2. The hybrid magnetic bearing according to claim
1, wherein

the commutating pole permanent magnet is ar-
ranged so that its polarity is the same as the polarity
of the commutating pole in the electromagnet placed
oppositely, and the polarity is different from the po-
larity of the commutating pole of the adjacent elec-
tromagnet,

the polarity of the permanent magnet arranged so
as to sandwich the electromagnet is placed so that
a polarity different from the polarity of an end of the
commutating pole permanent magnet is oriented to-
ward the electromagnet.

3. The hybrid magnetic bearing according to claim
1, wherein

the control coil generates a control flux in a direction
the same as or opposite to a first bias flux generated
by the commutating pole permanent magnet and a
second bias flux generated by the permanent mag-
net, and controls the position of the rotor.

4. The hybrid magnetic bearing according to claim
3, wherein

the control flux detects a change in the second bias
flux with a flux sensor, and adjusts an electrical cur-
rent of the control coil according to the detected re-
sult.

5. The hybrid magnetic bearing according to claim
3, wherein
the control flux detects a change in the position of
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the rotor with a displacement sensor, and adjusts
the electrical current of the control coil according to
the detected result.

6. The hybrid magnetic bearing according to claim
2, wherein

the commutating pole permanent magnet is ar-
ranged within a range from the end of the commu-
tating pole to a core between the main pole and the
commutating pole.

7. A hybrid magnetic bearing having a rotor that ro-
tates while being suspended without contact by a
control of a magnetic force of a plurality of electro-
magnets and permanent magnets, wherein

the hybrid magnetic bearing has an upper magnetic
bearing and a lower magnetic bearing arranged at
its top and bottom so that the rotor is sandwiched
and there is a predetermined gap,

the upper magnetic bearing and the lower magnetic
bearing have a plurality of electromagnets and the
electromagnet has a main pole and a commutating
pole having a commutating pole permanent magnet
provided approximately parallel to each other at pre-
determined intervals in a protruding condition axially
to the rotor, and has a control coil wound around a
core (magnetic core) having the main pole and the
commutating pole,

the permanent magnet is provided between electro-
magnets provided in the upper magnetic bearing,
andthe permanent magnet is also provided between
the electromagnets in the lower magnetic bearing,
and

an end plane of the main pole of the upper magnetic
bearing and an end plane of the main pole of the
lower magnetic bearing are arranged oppositely to
each other across the rotor.

8. The hybrid magnetic bearing according to claim
1, wherein

polarities of ends of the commutating poles in adja-
cent electromagnets are arranged to be different,
and

the polarity of the permanent magnet arranged so
as to sandwich the main pole of the electromagnet
is arranged so that a polarity different from the po-
larity of an end of the commutating pole permanent
magnet is oriented toward the main pole of the elec-
tromagnet.

9. The hybrid magnetic bearing according to claim
7, wherein

The control coil generates a control flux in the same
or opposite direction to a first bias flux generated by
the commutating pole permanent magnet and a sec-
ond bias flux generated by the permanent magnet,
and controls the position of the rotor.
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10. The hybrid magnetic bearing according to claim
1 or claim 7, wherein

the rotor has two salient poles on a side plane facing
the main pole and the commutating pole so that the
poles are opposite to the main pole and the commu-
tating pole.

11. A hybrid magnetic bearing for amagnetically lev-
itated pump having a rotor that rotates while being
suspended without contact by a controlling magnetic
force of a plurality of electromagnets and permanent
magnets, wherein

the electromagnet has a main pole and a commu-
tating pole having a commutating pole permanent
magnet provided approximately parallel to each oth-
er at predetermined intervals in a protruding condi-
tion radially to the rotor, and has a control coil wound
around a core (magnetic core) having the main pole
and the commutating pole,

two of the electromagnets are arranged oppositely
to each other across the rotor in an approximately
horizontal position, and the rotor is arranged so as
to have a predetermined gap with the main pole and
the commutating pole, and

the permanent magnet is provided between the ad-
jacent electromagnets.

1. (Amended) A hybrid magnetic bearing having a
rotorthat rotates while being suspended without con-
tact by a controlling magnetic force of a plurality of
electromagnets and permanent magnets, wherein
the electromagnet has a main pole and a commu-
tatingpole, the commutating pole has a commutating
pole permanent magnet, the main pole and the com-
mutating pole are provided in a protruding condition
radially to the rotor approximately parallel to each
other at predetermined intervals, and a control coil
is wound around a core (magnetic core) having the
main pole and the commutating pole,

two of the electromagnets are arranged oppositely
to each other across the rotor in an approximate hor-
izontal position, and the rotor is arranged so as to
have a predetermined gap with the main pole and
the commutating pole, and

the permanent magnet is provided between the ad-
jacent electromagnets.

2. The hybrid magnetic bearing according to claim
1, wherein

the commutating pole permanent magnet is ar-
ranged so that its polarity is the same as the polarity
of the commutating pole in the electromagnet placed
oppositely, and the polarity is different from the po-
larity of the commutating pole of the adjacent elec-
tromagnet,

the polarity of the permanent magnet arranged so
as to sandwich the electromagnet is placed so that
a polarity different from the polarity of an end of the
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commutating pole permanent magnet is oriented to-
ward the electromagnet.

3. (Amended) The hybrid magnetic bearing accord-
ing to claim 2, wherein

the control coil generates a control flux in the same
or opposite direction to a first bias flux generated by
the commutating pole permanent magnet and a sec-
ond bias flux generated by the permanent magnet,
and controls the position of the rotor.

4. The hybrid magnetic bearing according to claim
3, wherein

the control flux detects a change in the second bias
flux with a flux sensor, and adjusts an electrical cur-
rent of the control coil according to the detected re-
sult.

5. The hybrid magnetic bearing according to claim
3, wherein

the control flux detects a change in the position of
the rotor with a displacement sensor, and adjusts an
electrical current of the control coil according to the
detected result.

6. The hybrid magnetic bearing according to claim
2, wherein

The commutating pole permanent magnet is ar-
ranged within a range from the end of the commu-
tating pole to a core between the main pole and the
commutating pole.

7. (Amended) A hybrid magnetic bearing having a
rotorthat rotates while being suspendedwithout con-
tact by a control of a magnetic force of a plurality of
electromagnets and permanent magnets, wherein
the hybrid magnetic bearing has an upper magnetic
bearing and a lower magnetic bearing arranged at
its top and bottom axially to the rotation axis of the
rotor so that the rotor is sandwiched and there is a
predetermined gap,

the upper magnetic bearing and the lower magnetic
bearing have a plurality of the electromagnets and
the electromagnet has a main pole and a commu-
tatingpole, the commutating pole has a commutating
pole permanent magnet, the main pole and the com-
mutating pole having the commutating pole perma-
nent magnet are provided in a protruding condition
axially to the rotor approximately parallel to each oth-
er at predetermined intervals, and a control coil is
wound around a core (magnetic core) having the
main pole and the commutating pole,

the permanent magnet is provided between electro-
magnets provided in the upper magnetic bearing,
andthe permanent magnet is also provided between
the electromagnets in the lower magnetic bearing,
and

an end plane of the main pole of the upper magnetic
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bearing and an end plane of the main pole of the
lower magnetic bearing are arranged oppositely to
each other across the rotor.

8. (Amended) The hybrid magnetic bearing accord-
ing to claim 7, wherein

polarities of ends of the commutating poles in adja-
cent electromagnets are arranged to be different,
and

the polarity of the permanent magnet arranged so
as to sandwich the main pole of the electromagnet
is arranged so that a polarity different from the po-
larity of an end of the commutating pole permanent
magnet is oriented toward the main pole of the elec-
tromagnet.

9. (Amended) The hybrid magnetic bearing accord-
ing to claim 8, wherein

the control coil generates a control flux in the same
or opposite direction to a first bias flux generated by
the commutating pole permanent magnet and a sec-
ond bias flux generated by the permanent magnet,
and controls the position of the rotor.

10. The hybrid magnetic bearing according to claim
1 or claim 7, wherein

the rotor has two salient poles on a side plane facing
the main pole and the commutating pole so that the
poles are opposite to the main pole and the commu-
tating pole.

11. (Amended) A hybrid magnetic bearing for amag-
netically levitated pump having a rotor that rotates
while being suspended without contact by a control-
ling magnetic force of a plurality of electromagnets
and permanent magnets, wherein

the electromagnet has a main pole and a commu-
tatingpole, the commutating pole has a commutating
pole permanent magnet, the main pole and the com-
mutating pole are provided in a protruding condition
radially to the rotor approximately parallel to each
other at predetermined intervals, and a control coil
is wound around a core (magnetic core) having the
main pole and the commutating pole,

two of the electromagnets are arranged oppositely
to each other across the rotor in an approximately
horizontal position, and the rotor is arranged so as
to have a predetermined gap with the main pole and
the commutating pole, and

the permanent magnet is provided between the ad-
jacent electromagnets.
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