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(57) The present invention provides a controlled
magnetic bearing apparatus which generates a control
signal based on a sensor signal from a displacement
sensor for detecting a radial displacement of a rotor to
suppress whirling of the rotor due to an external force
synchronized with a rotational movement, and can
hence support the rotor stably in a levitated state. A
controlled magnetic bearing apparatus comprises a dis-
placement sensor for detecting a radial displacement of
the rotor, a first control unit for calculating a first control
signal based on a sensor signal from the displacement
sensor and outputting the first control signal, a second
control unit disposed in parallel with the first control unit
for generating a second control signal changed in phase
from the sensor signal inputted therein and outputting
the second control signal, a signal synthesizer for add-
ing the second control signal outputted from the second
control unit to the first control signal outputted from the
first control unit to generate a control signal and output-
ting the control signal to the power amplifier, a power
amplifier for supplying an electric current based on the
control signal, and an electromagnet for generating a
magnetic force based on a signal from the power ampli-
fier.
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Description
Technical Field

[0001] The present invention relates to a controller
for a magnetic bearing in an apparatus using the mag-
netic bearing as a means for supporting a rotor, and
more particularly to a controlled magnetic bearing
apparatus suitable for suppressing a vibration amplitude
in accordance with a whirling movement of an unbal-
anced rotor.

Background Art

[0002] FIG. 1 shows a basic configuration of a con-
ventionally typical controlled magnetic bearing appara-
tus having a feedback control system. For easy
understanding, in an illustrated example, a part of a
bearing apparatus for radially supporting a rotating shaft
1 has been extracted and is designed to control a vibra-
tion amplitude of the rotor 1 in an X-axis direction on an
X-Y plane (transverse plane) perpendicular to the rotat-
ing shaft 1. Specifically, in FIG. 1, the horizontal axis is
taken in an X-axis direction, and the vertical axis in a Y-
axis direction, about a center of the rotor 1. Displace-
ment sensors 2a, 2b, and electromagnets 3a, 3b are
disposed on the X-axis with interposing the rotor 1 ther-
ebetween. An electric current to be supplied to the elec-
tromagnets 3a, 3b is controlled based on sensor signals
from the displacement sensors 2a, 2b. Electromagnets
and displacement sensors are similarly disposed on the
Y-axis with interposing the rotor 1 therebetween, and an
electric current is controlled in the same manner.
[0003] As shown in FIG. 1, the displacement sen-
sors 2a, 2b, which are disposed on the X-axis with inter-
posing the rotor 1 therebetween, and which detect
radial displacements of the rotating shaft 1, are con-
nected to a sensor amplifier 4. The displacement sen-
sors 2a, 2b and the sensor amplifier 4 constitute a
displacement sensor unit. An output signal from the
sensor amplifier 4 is an electric signal (sensor signal)
corresponding to a displacement of the rotor 1 in the X-
axis direction. The sensor signal is inputted into a first
control unit 5 for generating a compensation signal uti-
lized for holding the rotor 1 at a desired levitating posi-
tion.

[0004] The first control unit 5 calculates first control
signals based on the sensor signal and outputs the first
control signals as control currents. The control signals
(control currents) are amplified by power amplifiers 6a,
6b respectively connected to the electromagnets 3a, 3b,
and then supplied to coils of the electromagnets 3a, 3b.
In each of the electromagnets 3a, 3b, an electromag-
netic force is generated by the electric current supplied
to each of the coils of the electromagnets 3a, 3b. The
rotor 1 is magnetically attracted to the electromagnets
3a, 3b by the electromagnetic forces. Thus, in accord-
ance with a displacement of the rotor 1 in the X-axis
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direction, the control currents are supplied to a pair of
the electromagnets 3a, 3b disposed at an opposite posi-
tion to each other on the X-axis, and hence the rotor 1 is
servo controlled so as to be held in a levitated state at a
central position or a target position by the attracting
forces of the electromagnets 3a, 3b.

[0005] When applications of magnetic bearings
become wider, the following problems may arise
because of restrictions on their structure, size, and the
like:

[0006] For example, when a largely unbalanced
rotor is rotated while being radially supported by a mag-
netic bearing, eccentric rotation of the rotor, i.e., whirl-
ing, may occur. In such a case, if the degree of
eccentricity of the rotor becomes large, then the whirling
range of the rotor cannot be within a touchdown gap of
the magnetic bearing. Consequently, the rotor cannot
be supported in a non-contact levitated state, and this
may damage the device.

[0007] Further, In the event that a rotor is not levi-
tated at a magnetic center of a motor stator, an external
force synchronized with a rotational movement of the
motor acts on the rotor. Particularly, in the case of a
machine working upon rotation, e.g., a blower, since a
load is increased due to an increasing rotational speed,
a motor output needs to be increased, and a greater
external force synchronized with the rotational move-
ment of the motor acts on the rotor. Consequently, the
rotor whirls considerably, and hence a touchdown may
occur depending on the degree of the whirling.

[0008] Furthermore, when a radial electromagnetic
force synchronized with a rotational movement of a
motor is generated, a force acting on a rotor as an exter-
nal force becomes a great load, regardless of a levitat-
ing position of the rotor. In this case, as in the
aforementioned case, the rotor whirls considerably, and
hence a touchdown may occur depending on the
degree of the whirling.

[0009] In any of the cases, the application of a bear-
ing that can produce a sufficient control power on an
external force would solve the problems. However, a
stiffness of a magnetic bearing is smaller than that of a
rolling bearing or a sliding bearing. Thus, it is difficult for
a magnetic bearing to have a stiffness equivalent to that
of a rolling bearing or a sliding bearing. For example,
when a magnetic flux density of 1 tesla is generated in
a space where areas of 1 square centimeter are
opposed to each other, an obtained attracting force is
about 40 newtons as Maxwell's stress equation shows.
With a controlled magnetic bearing, since a magnetic
flux density is generally about 0.5 tesla, an attracting
force of only about 10 newtons is obtained.

[0010] Accordingly, it has recently been attempted
to adopt a feed forward control in which an external
force synchronized with a rotational movement of a rotor
is estimated, and an input with the addition of a control
signal for canceling out the estimated external force is
inputted into a power amplifier to thus suppress whirling
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of the rotor. Further, there has been known an open bal-
ance control in which a sine wave or a triangular wave
signal synchronized with a rotational speed of a rotor is
added to a known external force, and the sum is input-
ted into a power amplifier to thus control whirling of the
rotor. These types of control require not only sensor sig-
nals from the displacement sensors 2a, 2b disposed
with interposing the rotor 1 therebetween as shown in
FIG. 1, but also sensor signals from a displacement
sensor for detecting displacements of the rotor 1 in the
axial direction of the rotor 1, and pulse signals synchro-
nized with the rotational movement of the rotor 1.

Disclosure of Invention

[0011] The present invention has been made in
view of the above drawbacks. It is therefore an object of
the present invention to provide a controlled magnetic
bearing apparatus which generates a control signal
based on a sensor signal from a displacement sensor
for detecting a radial displacement of a rotor to sup-
press whirling of the rotor due to an external force syn-
chronized with a rotational movement, and can hence
support the rotor stably in a levitated state.

[0012] A voltage signal proportional to a rotational
speed, which is obtained from an existing motor control-
ler, is used either for turning on and off a signal switch
before a control signal is inputted into a power amplifier,
or for operation of a rotational speed component extrac-
tion filter.

[0013] According to claim 1 of the present inven-
tion, there is provided a controlled magnetic bearing
apparatus for radially supporting a rotor, comprising a
displacement sensor for detecting a radial displacement
of the rotor, a first control unit for calculating a first con-
trol signal based on a sensor signal from the displace-
ment sensor and outputting the first control signal, a
power amplifier for supplying an electric current based
on the first control signal, and an electromagnet for gen-
erating a magnetic force based on a signal from the
power amplifier, the controlled magnetic bearing appa-
ratus further comprising: a second control unit disposed
in parallel with the first control unit for generating a sec-
ond control signal changed in phase from the sensor
signal inputted therein and outputting the second con-
trol signal; and a signal synthesizer for adding the sec-
ond control signal outputted from the second control
unit to the first control signal outputted from the first con-
trol unit to generate a control signal and outputting the
control signal to the power amplifier.

[0014] The phase change amount in the second
control unit is preferably set at a value suitable for sup-
pressing whirling of the rotor, based on external
force/displacement transfer characteristics of a mag-
netic bearing.

[0015] With this arrangement, if the rotor whirls, a
signal in response to the whirling emerges in the dis-
placement sensor. Thus, in accordance with this signal,
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a control force in a direction opposite to an external
force acting on the whirling is exerted based on the con-
trol characteristics of the magnetic bearing, whereby the
whirling can be suppressed. The control force is pro-
duced by adjusting the sensor signal to a suitable
amount of a phase on the basis of the control character-
istics of the magnetic bearing. In particular, a phase
change amount based on the external force/displace-
ment transfer characteristics of the magnetic bearing is
suitable for suppressing whirling of the rotor. Specifi-
cally, a set value of a phase adjustor in the second con-
trol unit is determined with reference to transfer
characteristics (gain, phase) of the sensor signal from
the displacement sensor relative to the input signal of
the power amplifier in the conventional servo control.
The output signal from the second control unit is added
to the output signal from the first control unit. The sum is
inputted into the power amplifier unit to control an elec-
tric current of the electromagnet, whereby whirling of
the rotor can be suppressed.

[0016] According to claim 3 of the present inven-
tion, the second control unit comprises: a filter for
extracting a rotational frequency component from the
sensor signal; a phase adjustor for adjusting a phase of
an output signal from the filter; a signal generator
including a comparator for comparing an output signal
from the phase adjustor with a reference electric poten-
tial; and a gain adjustor for adjusting an amplitude of an
output signal from the signal generator. With this
arrangement, amplitude information can be cut off from
the sensor signal of the displacement sensor, and only
phase information can be obtained. Accordingly, an
arbitrary gain can be obtained by changing a desired
phase amount. Thus, the control force of the electro-
magnet suitable for suppressing whirling of the rotor can
be obtained. It is preferred to use a rotational speed pro-
portional gain adjustor for giving a gain proportional to a
rotational speed as the gain adjustor.

[0017] According to claim 5 of the present inven-
tion, the second control unit comprises: a variable fre-
quency filter; and means for imparting a phase change
amount corresponding to a rotational speed of a motor
and suitable for suppressing whirling of the rotor. With
this arrangement, a sensor signal corresponding to the
rotational speed of the motor is extracted by the variable
frequency filter, and a phase change amount suitable
for suppressing whirling of the rotor is added to the
extracted signal. Accordingly, suitable adjustment of the
phase amount for an arbitrary rotational speed can be
achieved. Thus, whirling of the rotor can be suppressed
at rotational speeds over a wide range.

[0018] The means for imparting the phase change
amount corresponding to the rotational speed of the
motor and suitable for suppressing whirling of the rotor
preferably comprises a storage for measuring data on
external force/displacement transfer characteristics of
the magnetic bearing, and storing the measured data in
correspondence with a rotational speed, and a phase
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adjustor for reading from the storage and adjusting the
phase. The phase change amount corresponding to the
rotational speed of the motor may be set with use of an
arithmetic circuit which approximates the external
force/displacement transfer characteristics of the mag-
netic bearing.

[0019] According to claim 8 of the present inven-
tion, there is provided a controlled magnetic bearing
apparatus further comprising: a signal switch for switch-
ing on and off a flow of a signal in the second control
unit; and a third control unit for comparing the sensor
signal with a reference signal, and turning the signal
switch on or off based on results of comparison.

[0020] According to claim 9 of the present inven-
tion, there is provided a controlled magnetic bearing
apparatus further comprising: a signal switch for switch-
ing on and off a flow of a signal in the second control
unit; and a fourth control unit including a comparator for
comparing an actual rotational speed signal with a refer-
ence signal, and a signal generator for generating a
command signal for turning the signal switch on or off.
[0021] According to this arrangement, when the
rotor whirls greatly, a whirling movement of the rotor can
be suppressed by turning on the signal from the second
control unit. When the rotor whirls slightly, an ordinary
compensation signal from the first control unit is gener-
ated by turning off the signal from the second control
unit, and hence the rotor can be kept in a levitated state
sufficiently.

[0022] A second rotational frequency component
extractor is preferably provided at the downstream side
of a signal generator including a comparator in the sec-
ond control unit. According to this arrangement, the out-
put signal from the second control unit can be converted
into a low-order sine wave by filtering out a harmonic
wave component from a rectangular wave. Thus, trou-
bles such as noises due to harmonic waves can be pre-
vented.

[0023] The controlled magnetic bearing apparatus
preferably comprises a fifth control unit for comparing
the sensor output before the signal switch in the second
control unit is turned on, with the sensor output at the
time when the signal switch is turned on, and outputting
a command value for changing a set value of a gain in
the gain adjustor. With this arrangement, when the sig-
nal from the second control unit is turned on, a gain of
the gain adjustor can be set at an appropriate value.
Thus, a gain suitable for suppressing whirling can be
obtained.

Brief Description of Drawings

[0024]
FIG. 1 is a schematic view showing a basic config-
uration of a conventional controlled magnetic bear-

ing apparatus;
FIG. 2 is a schematic view showing a basic config-
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uration of a controlled magnetic bearing apparatus
according to an embodiment of the present inven-
tion;

FIG. 3 is a block diagram showing a model of a con-
trol systemin FIG. 2;

FIG. 4 is a schematic view showing a configuration
of a second control unit in FIG. 2;

FIG. 5 is a schematic view showing an example of
a circuit configuration of a buffer amplifier, a fre-
guency component extractor, and a phase adjustor;
FIG. 6 is a schematic view showing an example of
a circuit configuration of a signal generator and a
gain adjustor, and signal waveforms in each of por-
tions;

FIGS. 7 are schematic views showing a modified
example of the signal generator;

FIG. 8 is a schematic view showing an example of
a configuration of the second control unit having a
signal switch for switching on and off a signal;

FIG. 9 is a schematic view showing an example of
a circuit configuration of a third control unit;

FIG. 10 is a schematic view showing an example of
a configuration of a control unit for switching on and
off a signal by a fourth control unit;

FIGS. 11 are schematic views showing examples of
a configuration of the second control unit having a
second frequency component extractor provided
therein;

FIG. 12 is a schematic view showing an example of
a configuration of a controlled magnetic bearing
apparatus having a fifth control unit for adjusting a
gain;

FIG. 13 is a schematic view showing an example of
a configuration of a controlled magnetic bearing
apparatus having a sixth control unit which can be
adapted to speeds over a wide range;

FIG. 14 is a schematic view showing an example of
a configuration of an interior of the sixth control unit;
FIGS. 15 are schematic views showing an example
of a configuration of a phase adjustor which can be
adapted to speeds over a wide range;

FIG. 16 is a schematic view showing a structure of
a wafer spin dryer supported by a magnetic bear-
ing;

FIG. 17 is a schematic view showing an example of
force/displacement transfer characteristics in a
servo control system of a radial magnetic bearing;
FIGS. 18 are schematic views showing results of
tests corresponding to an open balance control
when a control is turned off, and FIG. 18A shows
outputs from a displacement sensor and FIG. 18B
shows control output signals;

FIGS. 19 are schematic views showing results of
tests corresponding to an open balance control
when the control is turned on, and FIG. 19A shows
outputs from the displacement sensor and FIG. 19B
shows control output signals;

FIGS. 20 are schematic views showing results of
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tests corresponding to an open balance control
when a control is turned off, and FIG. 20A shows
outputs from a displacement sensor and FIG. 20B
shows control output signals;

FIGS. 21 are schematic views showing results of
tests corresponding to an open balance control
when the control is turned on, and FIG. 21A shows
outputs from the displacement sensor and FIG. 21B
shows control output signals;

FIGS. 22 are schematic views showing results of
tests of the control unit according to the present
invention when a control is turned off, FIG. 22A
shows outputs from a displacement sensor and
FIG. 22B shows control output signals;

FIGS. 23 are schematic views showing results of
tests according to the present invention when the
control is turned on, FIG. 23A shows outputs from
the displacement sensor and FIG. 23B shows con-
trol output signals;

FIGS. 24 are schematic views showing results of
tests according to the present invention when a
control on an X-axis and a Y-axis is turned on, illus-
trating outputs from a displacement sensor;

FIGS. 25 are schematic views showing results of
tests according to the present invention when the
control on the X-axis and the Y-axis is switched on,
illustrating outputs from the displacement sensor;
FIG. 26 is a schematic view showing an example of
frequency characteristics of a gain and a phase of
the control circuit shown in FIGS. 2 through 6;

FIG. 27 is a schematic view showing an example of
a configuration of a second control unit according to
another embodiment of the present invention;
FIGS. 28 are schematic views showing experimen-
tal data on sharp rise/fall, and whirling characteris-
tics of a rotor at a high rotational speed, in a wafer
spin dryer using the second control unit shown in
FIG. 27; and

FIGS. 29 are schematic views showing other exper-
imental data at the time of sharp rise and sharp fall,
and whirling characteristics of a rotor at a high rota-
tional speed in a wafer spin dryer using the second
control unit shown in FIG. 27.

Best Mode for Carrying Out the Invention

[0025] Embodiments of the present invention will be
described below with reference to FIGS. 2 through 29.
In these drawings, the same reference numerals denote
the same or corresponding portions.

[0026] FIG. 2 is a schematic view showing a basic
configuration of a controlled magnetic bearing appara-
tus according to an embodiment of the present inven-
tion. As in the case of the conventional example shown
in FIG. 1, for easy understanding, in an illustrated exam-
ple, a part of a bearing apparatus for radially supporting
a rotating shaft 1 has been extracted and is designed to
control a vibration amplitude of the rotor 1 in an X-axis
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direction of an X-Y plane (transverse plane) perpendic-
ular to the rotating shaft 1. Specifically, in FIG. 2, the
horizontal axis is taken in an X-axis direction, and the
vertical axis in a Y-axis direction, about a center of the
rotor 1. Displacement sensors 2a, 2b, and electromag-
nets 3a, 3b are disposed on the X-axis with interposing
the rotor 1 therebetween. Electric currents to be sup-
plied to the electromagnets 3a, 3b are controlled based
on sensor signals from the displacement sensors 2a,
2b. Electromagnets and displacement sensors are sim-
ilarly disposed on the Y-axis with interposing the rotor 1
therebetween, and electric currents are controlled in the
same manner.

[0027] As shown in FIG. 2, the displacement sen-
sors 2a, 2b, which are disposed on the X-axis with inter-
posing the rotor 1 therebetween and detect radial
displacements of the rotating shaft 1, are connected to
a sensor amplifier 4. The displacement sensors 2a, 2b
and the sensor amplifier 4 constitute a displacement
sensor unit. An output signal from the sensor amplifier 4
is an electric signal (sensor signal) corresponding to a
displacement of the rotor 1 in the X-axis direction. The
sensor signal is inputted into a first control unit 5 and a
second control unit 7 disposed in parallel with the first
control unit 5.

[0028] The first control unit 5 calculates a first con-
trol signal based on the sensor signal, and outputs the
first control signal as a control current. The second con-
trol unit 7 generates a second control signal changed in
phase from the sensor signal, and outputs the second
control signal as a control current. The first and second
control signals (control currents) are synthesized
(added together) by a signal synthesizer 8. The synthe-
sized control signal is amplified by power amplifiers 6a,
6b respectively connected to the electromagnets 3a, 3b,
and then supplied to coils of the electromagnets 3a, 3b.
In each of the electromagnets 3a, 3b, an electromag-
netic force is generated by the electric current supplied
to each of the coils of the electromagnets 3a, 3b. The
rotor 1 is magnetically attracted to the electromagnets
3a, 3b by the electromagnetic forces. Thus, based on
only sensor signal outputs from the displacement sen-
sors 2a, 2b for detecting radial displacements of the
rotor 1, the control currents are supplied to a pair of the
electromagnets 3a, 3b disposed at an opposite position
to each other on the X-axis, and hence the rotor 1 is
servo controlled so as to be held in a levitated state at a
center position by the attracting forces of the electro-
magnets 3a, 3b.

[0029] FIG. 3 is a block diagram showing a control
system with modeling the sensor amplifier 4, the first
control unit 5, the second control unit 7, the power
amplifiers 6a, 6b, the electromagnets 3a, 3b, and a
magnetic bearing in the control system shown in FIG. 2.
The magnetic bearing is represented as the simplest
system by the illustrated functions (1/M82, K) based on
the mass M of the rotor and the stiffness Ku of the mag-
netic bearing. In these functions, S denotes Laplacian.
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[0030] FIG. 4 shows an example of a configuration
of the second control unit 7. The second control unit 7
comprises a buffer amplifier 7a, a rotational frequency
component extractor 7b, a phase (phase shift) adjustor
7c, a signal generator 7d including a comparator, and a
gain adjustor 7e. According to this arrangement, a rota-
tional frequency component is extracted from the sen-
sor signal amplified in the buffer amplifier 7a by the
rotational frequency component extractor 7b, which is a
filter. The phase of the extracted signal is adjusted by
the phase adjustor 7c. Then, an output signal from the
phase adjustor 7c is compared with a reference electric
potential by the comparator to thus generate a signal
oscillating in positive and negative directions with
respect to 0 V. A signal adjusted in amplitude by the
gain adjustor 7e is outputted into the signal synthesizer
8.

[0031] Specifically, the sensor signal is passed
through the rotational frequency component extractor
7b to extract a signal component corresponding to a
rotational speed of a motor. Further, an adjustment
amount of an arbitrary phase (phase shift) is imparted to
the signal component. The resulting signal is received
by the signal generator 7d including the comparator.
Thus, frequency and phase information of the signal
corresponding to the rotational speed of the motor is
transmitted downstream. However, amplitude informa-
tion is blocked. Since such a signal processing is
required, the signal generator 7d including the compa-
rator is used.

[0032] FIG. 5 shows an example of a concrete cir-
cuit configuration of the buffer amplifier 7a, the rota-
tional frequency component extractor 7b, and the phase
adjustor 7c in the second control unit 7. As shown in
FIG. 7, these devices have a simple structure com-
posed of general-purpose operational amplifiers and
CR elements. Specifically, the buffer amplifier 7a com-
prises an amplifier using an operational amplifier. The
rotational frequency component extractor 7b comprises
a filter circuit having a combination of an operational
amplifier and CR elements. The phase adjustor 7c sim-
ilarly comprises a circuit having a combination of an
operational amplifier and CR elements, and can adjust
a phase amount by adjusting a volume connected to the
ground.

[0033] In these circuits, a sine wave of the fre-
guency component synchronized with the sensor signal
from the displacement sensors 2a, 2b is extracted, and
its phase is adjusted by adjusting the volume of the
phase adjustor 7c. The phase adjustment within the
range of 0 to 180 degrees can be achieved by adjusting
the volume of the variable resistor.

[0034] FIG. 6 shows an example of a circuit config-
uration of the signal generator 7d including the compa-
rator, and the gain adjustor 7e. FIG. 6 further shows
signal waveforms in each of portions. As shown in FIG.
6, the signal generator 7d comprises a circuit having a
combination of comparators 71a, 71b and operational
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amplifiers 72a, 72b for inverting a sign. The signal gen-
erator 7d generates an output signal oscillating between
the plus (+) side and minus (-) side with respect to 0 V
(ground potential), as described later on. The gain
adjustor 7e comprises an amplifier having an opera-
tional amplifier 72c.

[0035] The output signal from the phase adjustor 7c
is a sine wave as shown in (@), and branched into two
signals. One of the signals is compared with the refer-
ence electric potential by the comparator 71a, for
thereby generating a rectangular wave as shown in @.
The other signal is inputted into the inverter 72a and
comparator 71b to generate a rectangular wave as
shown in ®), which is inversion of the waveform shown
in @. This waveform is further inverted by the inverter
72b to generate a waveform as shown in @. An ampli-
tude of the resulting waveform is adjusted and com-
bined by the amplifier 72¢ of the gain adjustor 7e to
generate a rectangular wave oscillating upwardly and
downwardly with respect to the ground potential, as
shown in ®. A gain adjustor disposed in a power ampli-
fication circuit for driving the electromagnets in the con-
ventional controller shown in FIG. 1 is used as the gain
adjustor 7e.

[0036] As is apparent from the aforementioned cir-
cuit configuration of the second control unit 7, only the
frequency and phase information of the sensor signal is
extracted and outputted from the second control unit 7
after its phase is adjusted. This output signal is added to
the signal from the first control unit 5 by the signal syn-
thesizer 8. Thus, no amplitude information of the sensor
signal is transmitted downstream.

[0037] The rotational frequency signal extractor 7b
in the second control unit 7 may, for example, comprise
a band-pass filter having the analog circuit shown in
FIG. 5, or may comprise a voltage tuning band-pass fil-
ter of a commercially available functional module. The
voltage tuning band-pass filter can adjust a passing fre-
quency by adjusting a center frequency to a frequency
corresponding to an external voltage signal of 0 to 10 V.
For example, the model VT-2BPA shown in the catalog
No. D98X-D16-23A2 of NF Corp., and the model FLJ-
VB shown in data sheet No. 85/9/5K/13.2 of Datel Inc.,
and the like, are used as this band-pass filter.

[0038] FIGS. 7 are schematic views showing a
modified example of the signal generator 7d. The signal
generator 7d shown in FIG. 6 comprises several compa-
rators and operational amplifiers. On the other hand, in
this modified example, two operational amplifiers, i.e., a
comparator 77 including an operational amplifier and an
inverting amplifier (inverter) 78 including an operational
amplifier, can constitute a circuit for the equivalent func-
tion.

[0039] The comparator 77 comprises nonlinear cir-
cuit components having input/output characteristics as
shown in FIG. 7B or 7C. As shown in FIG. 7D, a rectan-
gular wave signal & oscillating between the positive
and negative sides with respect to zero volt can be gen-
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erated, with an extremely simple circuit, from an input
signal of a sine wave (D by the comparator 77 having
such input/output characteristics. As in the case of the
circuit shown in FIG. 6, only a frequency component
and a phase component of the sensor signal can be
transmitted downstream without its amplitude compo-
nent being transmitted downstream.

[0040] FIG. 8 shows an example in which a signal
switch 7f is provided at the downstream side of the gain
adjustor 7e in the second control unit 7, and a third con-
trol unit 9 is further provided. In this example, a sensor
signal is compared with a reference signal, and when
the sensor signal is more than a reference value, i.e.,
when whirling is greater than a predetermined value
(reference value), the signal switch 7f is turned on.
[0041] Specifically, there are provided the signal
switch 7f for switching on and off a flow of a signal in the
second control unit 7, and the third control unit 9 for
comparing the sensor signal of the displacement sen-
sors 2a, 2b with the reference signal in order to turn the
signal switch 7f on or off. Only when the sensor signal is
more than a predetermined reference value, the signal
switch 7f is turned on in order to add the output signal of
the second control unit 7 to the output signal of the first
control unit 5.

[0042] FIG. 9 shows an example of a configuration
of the third control unit 9. The third control unit 9 com-
prises comparators 73a, 73b, an inverting amplifier 74,
inverters 75a, 75b, and an adder 76.

[0043] FIG. 10 shows an example having a fourth
control unit 10 which compares a voltage signal propor-
tional to a rotational speed from a motor controller with
a reference signal to thus turn on a signal switch 7f
when the voltage signal is more than the reference sig-
nal. The fourth control unit 10 comprises a comparator
10a for comparing an actual rotational speed signal with
the reference signal, and a signal generator 10b for gen-
erating an ON-OFF command signal to be inputted into
the signal switch 7f provided in the second control unit 7
for switching on and off a flow of the signal.

[0044] According to the embodiment shown in FIG.
8, the signal switch 7f in the second control unit 7 is
turned on and off based on the sensor signal. On the
other hand, according to the embodiment of FIG. 10, the
signal switch 7f in the second control unit 7 can be
turned on and off based on the rotational speed signal
from the motor controller. Specifically, when the rota-
tional speed of the motor is greater than a predeter-
mined value, the signal switch 7f is turned on and off
[0045] FIGS. 11 show modified examples of config-
urations of the second control unit. In FIG. 11A, a rota-
tional frequency component extractor 7b', which is a
filter having the same function as the rotational fre-
quency signal extractor 7b, is provided at the down-
stream side of the gain adjustor 7e in the second control
unit 7. With this configuration, a rectangular wave signal
can be converted into a low-order sine wave signal syn-
chronized with a rotational frequency. Thus, the effect of
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suppressing whirling of the rotor is somewhat lower
than that in a case where a rectangular wave signal is
inputted as a control output into the power amplifier.
However, since an electric current of a harmonic com-
ponent can be prevented from flowing, it is not neces-
sary to excite higher modes of the rotor.

[0046] FIG. 11B shows an embodiment in which the
rotational frequency component extractor 7b' and the
gain adjustor 7e in FIG. 11A are interchanged with each
other. Similarly, FIG. 11C shows an embodiment in
which the signal switch 7f for switching on and off a flow
of a signal shown in FIG. 8 is provided in the second
control unit 7. Further, if an external force having a nat-
ural frequency not synchronized with the rotational
speed acts on the rotor, the rotational frequency signal
extractors 7b, 7b' in the second control unit 7 may be
used as extractors of the natural frequency signal.
[0047] FIG. 12 shows an embodiment having a fifth
control unit 11 which monitors a sensor signal, and
compares the amplitude of the sensor signal at the time
when the signal switch 7f in the second control unit 7 is
turned on and the amplitude of the sensor signal at the
time when the signal switch 7f is turned off, and hence
sets the volume of the gain adjustor 7e. Specifically, the
fifth control unit 11 is adapted to compare the amplitude
of the sensor output at the time when the signal switch
7f in the second control unit 7 is turned off, with the
amplitude of the sensor output at the time when the sig-
nal switch 7f is turned on, for thereby changing a set
value of a gain in the gain adjustor 7e. With this config-
uration, when the rotational speed of the motor
becomes more than a predetermined value, the switch
7fis turned on by the third control unit 9 for suppressing
the whirling in such a state that an appropriate gain is
set for the gain adjustor 7e. Thus, whirling can be sup-
pressed more effectively.

[0048] FIG. 13 shows an embodiment having a
sixth control unit 12. In this embodiment, a voltage sig-
nal proportional to the rotational speed from the motor
controller and the sensor signal are inputted into the
sixth control unit 12, and phase adjustment values have
been set beforehand for each of rotational speeds. A
phase adjustment value corresponding to the rotational
speed of the motor is set for the phase adjustor 7c. A fil-
ter circuit for changing the frequency by varying the volt-
age is used as the rotational frequency component
extractor 7b. This configuration permits the frequency
component corresponding to the rotational speed of the
motor to be extracted.

[0049] FIG. 14 shows an embodiment in which the
sixth control unit 12 has a built-in storage for measuring
and storing the transfer characteristics (gain, phase) of
an output signal from the displacement sensor relative
to an input signal for a power amplifier in a conventional
servo control configuration, and reads a phase adjust-
ment amount corresponding to the rotational speed of
the motor from the stored data, and sets a phase adjust-
ment amount for the phase adjustor 7c. With this config-
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uration, since phase change amounts corresponding to
arbitrary rotational speeds of the motor can be
imparted, whirling can be suppressed at all rotational
speeds ranging from a low speed to a high speed.

[0050] FIGS. 15 show a modified example of the
sixth control unit 12. In the sixth control unit shown in
FIG. 14, data on the transfer characteristics of the mag-
netic bearing are stored with the storage. On the other
hand, the sixth control unit shown in FIGS. 15 is simula-
tion result of the transfer characteristics of a magnetic
bearing by use of an analog circuit. Specifically, as
shown in FIG. 15A, two primary filter circuits, each com-
prising an operational amplifier and CR elements, are
used in order to obtain gain characteristics as shown in
FIG. 15B and phase characteristics as shown in FIG.
15C.

[0051] The capacitor elements C' cut off a wide-
range gain and stabilize the action of operational ampli-
fiers. This circuit configuration is generally used as a
derivative element for an ordinary PID control (phase
lead circuit). The characteristics shown in FIGS. 15B
and 15C are simulation results of the transfer character-
istics of the magnetic bearing shown in FIG. 17 to be
described later on. For example, a phase change of
about 90 to about 100 degrees can be imparted for 50
Hz, and a phase change of about 65 degrees can be
imparted for 25 Hz. In this range, a gain is almost flat as
shown in FIG. 15B.

[0052] Each of the controllers described above was
operated in an actual machine. The results will be
described below.

[0053] FIG. 16 shows a prototype of a magnetically
levitated spin dryer as a structural example of a motor
body supported by a magnetic bearing. In the experi-
ments for verification to be described below, a radial
magnetic bearing 32 in FIG. 16 was used. In this
machine, a rotating shaft 15 is axially supported by an
axial magnetic bearing 33 and radially supported by the
radial magnetic bearings 32, and rotationally driven by a
motor 31. A wafer holder 35 located underneath accom-
modates twenty-five 8-inch wafers. A wafer W is sup-
ported at its outer periphery by three beams in total, i.e.,
two fixed bars and a detachable moving bar. Thus, an
unbalance amount due to positional deviation of the
wafer, and an unbalance amount due to deformation of
the beam act on the rotating shaft 15.

[0054] FIG. 17 shows a measurement result of the
characteristics (responses of displacement sensor out-
puts to power amplifier inputs) in a servo control system
of one of the radial magnetic bearings. This result corre-
sponds to R/S, the ratio of an external force (R) acting
on the rotor as a disturbance to the corresponding dis-
placement (S) of the rotor. Specifically, the denominator
is the sensor signal (S) from the displacement sensor,
while the numerator is the signal (R) added to the power
amplifier input signal for measurement. The horizontal
axis represents frequencies, and the vertical axis repre-
sents gains and phases.

10

15

20

25

30

35

40

45

50

55

[0055] When the gain characteristics are multiplied
by the a known sensitivity constant Ks (V/m) of the dis-
placement sensor, a gain of the power amplifier Kd
(A/V), and a gain of the electromagnet Kc (N/A) (see
FIG. 3), the products are equivalent to the frequency
characteristics of the magnetic bearing stiffness (actu-
ally, however, this is not accurate because of their
respective frequency responses).

[0056] The frequency range in which the spin dryer
is actually operated is found to be 0 to 50 Hz (0 to 3,000
min'1), and the phase characteristics are found to be
about 108 degrees at 50 Hz and about 65 degrees at 25
Hz.

[0057] Attention should be paid to the phase char-
acteristics, i.e., phase information at rotational opera-
tion frequencies. This phase information is a basis of an
adjustment amount set for the phase adjustor in the
second control unit.

[0058] The output current (A) from the power ampli-
fier in response to its input voltage (V) has nonlinearity,
and if the input voltage increases, frequency responses
expressed by gain and phase may deteriorate remarka-
bly. Specifically, when a whirling amplitude of the rotor
becomes large, it is necessary to compensate the
phase characteristics shown in FIG. 17 for the amount
of deterioration in the frequency response of the power
amplifier. It is also necessary to consider the frequency
characteristics from the time when the output signal
from the second control unit is inputted into the power
amplifier, to the time when this signal finally acts on the
rotor as a force. However, there is minimal influence at
a relatively low frequency, and the values equivalent to
the phase characteristics can be used. According to the
results of the experiments, even if the compensation
amount is an approximate value, an equivalent effect
can be obtained.

[0059] FIGS. 18 through 21 show the results of
tests corresponding to a conventional open balance
control. The purpose of these tests was to verify that an
effect could be obtained when the phase difference
between the control signal and the sensor signal to be
added together corresponded to the value estimated
based on the phase data of the frequency characteris-
tics of the magnetic bearing stiffness shown in FIG. 17.
The control signal was generated by a commercially
available signal generator.

[0060] FIGS. 18 through 19 show states when the
value estimated based on the phase data shown in FIG.
17, i.e., a phase difference of about 108 (deg), was
imparted between the control signal and the sensor sig-
nal at a rotational speed of 3,000 min~! (50 Hz). FIGS.
18 show waveforms over time when the control was
turned off, while FIGS. 19 show waveforms over time
when the control was turned on. FIGS. 18A and 19A
show output signals from the displacement sensor, and
FIGS. 18B and 19B show control signals. It is apparent
from these drawings that when a phase difference of
about 108 (deg) was imparted between the control sig-
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nal and the sensor signal at a rotational speed of 3,000
min-! (50 Hz), whirling of the rotor was suppressed.

[0061] When the phase amount was slightly
changed upward or downward, the effect was barely
changed, although this is not shown.

[0062] FIGS. 20 through 21 show states when the
value estimated based on the phase data shown in FIG.
17, i.e., a phase difference of about 64.8 (deg), was
imparted between the control signal and the sensor sig-
nal at a rotational speed of 1,500 min™! (25 Hz). FIGS.
20 show waveforms over time when the control was
turned off, while FIGS. 21 show waveforms over time
when the control was turned on. FIGS. 20A and 21A
show output signals of the displacement sensor, and
FIG. 20B and 21B control signals. It is apparent from
these drawings that when a phase difference of about
64.8 (deg) was imparted between the control signal and
the sensor signal at a rotational speed of 1,500 min~!
(25 Hz), whirling of the rotor was suppressed.

[0063] When this phase amount was slightly
changed upward or downward, the effect was barely
changed, although this is not shown.

[0064] The controlled magnetic bearing apparatus
shown in FIGS. 2 through 6 was used to verify its effect
of suppressing whirling of the rotor 1. The results are
shown in FIGS. 22 through 23. The rotational speed
was 3,000 min'1, and FIGS. 22 show waveforms over
time when the control was turned off, while FIGS. 23
show waveforms over time when the control was turned
on. FIGS. 22A and 23A show output signals from the
displacement sensor, and FIGS. 22B and 23B control
signals. It is apparent from these drawings that the
results equivalent to the results shown in FIGS. 18
through 19 were obtained. The transfer characteristics
for the input signal and the output signal of the circuit
used in these experiments are shown in FIG. 26. FIG.
26 shows that the phase adjustment was a lead angle of
about 90 degrees to about 100 degrees at 3,000 min™!
(50 Hz).

[0065] Further, FIGS. 24 through 25 show results of
verification in a case where unbalance weights were
increased, and where a conventional servo control led
to a touchdown. In this case, the second control units
were provided in each of two servo control systems on
the X-axis and the Y-axis of the X-Y plane perpendicular
to the rotating shaft. The rotational speed was 3,000
min". FIGS. 24 show waveforms over time when the
control was turned on. FIGS. 25 show waveforms over
time when the control was turned on while the rotating
shaft was being rotated with a touchdown. FIGS. 24A
and 25A show waveforms of output signals from the dis-
placement sensor on the X-axis over time. FIGS. 24B
and 25B show the waveforms of output signals from the
displacement sensor on the Y-axis over time. The effect
of suppressing whirling can be confirmed from these
drawings. The phase amounts used in these experi-
ments, in comparison with the phase data of FIG. 17,
were found to be about 20 % more. In addition, as
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shown in FIG. 12, whirling amplitude can be suppressed
by adjusting the setting of the gain adjustor in the sec-
ond control unit. The upper limit of this effect can be
determined by the basic performance of the power
amplifier and the degree of magnetic saturation of the
magnetic path of the electromagnet.

[0066] FIGS. 27 through 29 represent experimental
data showing that even if the rotational speed changes
sharply, the circuit configuration according to the
present invention can fully suppress whirling of the rotor
in the wafer spin dryer shown in FIG. 16.

[0067] FIG. 27 shows an example of a configuration
of the second control unit 17. A sensor signal (input) is
amplified by a buffer amplifier 17a, and a component of
a signal corresponding to a rotational speed is extracted
by a rotational speed signal extractor 17b. The model
VT-2BPA of NF Corp., for example, is used as the
extractor 17b. At a phase adjustor 17¢, an adjustment
amount for phase is imparted. The resulting signal is
compared with a reference voltage by a comparator
17d, whereby amplitude information is blocked. Only the
frequency and phase information corresponding to the
rotational speed of the motor is transmitted down-
stream. Gain adjustors 17e, 17f adjust the gain, and the
resulting signal is added to a signal output from the first
control unit 5. The sum is fed as a control current to the
electromagnets. The gain adjustor 17e is a fixed gain
adjustor unrelated to the rotational speed. The gain
adjustor 17f is a rotational speed proportional gain
adjustor that gives a gain proportional to the rotational
speed. The model AD633 of Analog Devices Inc., for
example, is used as the gain adjustor 17f.

[0068] FIGS. 28 show the situation of whirling of a
rotor in a wafer spin dryer which is driven with a sharp
rise in rotational speed from zero to a predetermined
speed, operated for a certain time at a high speed (pre-
determined speed) of about 2,400 min"', and then
sharply decelerated to a halt. As shown in FIGS. 28,
when a balance control is turned on at the start of rota-
tion, whirling of the rotor has a sufficient margin relative
to a touchdown (TD) level even in sharply rising. When
the balance control is turned off at high rotational
speed, whirling of the rotor increases up to the TD level,
as illustrated by outputs from the displacement sensor
shown in FIGS. 28A and 28B. Even at a sharp fall, fur-
ther, the rotation of the rotor is stopped without consid-
erable whirling.

[0069] FIGS. 29 show the situations of whirling of
the rotor at the time of sharp rise and sharp fall as in
FIGS. 28. In this case, the rotational speed was
increased up to 3,000 min™t. Whirling of the rotor has a
sufficient margin relative to the touchdown (TD) level,
similarly to the aforementioned case, and hence fully
suppressed. In this case, when the balance control is
turned off, whirling grows up to the touchdown (TD)
level at the sharp rise. By turning on the balance control
from the beginning, whirling can be suppressed to a
slightly increased degree even at the sharp rise, as
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shown in the displacement sensor (No. 1). The dis-
placement sensor (No. 1) is a sensor provided in the
radial magnetic bearing near the wafer holder. The dis-
placement sensor (No. 2) is a sensor provided in the
radial magnetic bearing distant from the wafer holder.

[0070] As described above, the addition of the sec-
ond control unit to each of the necessary control axes
can improve the allowable support characteristics of the
magnetic bearing with respect to the following prob-
lems:

1) Support for a rotor having an excessive unbal-
ance amount.

2) Support for an external force synchronized with a
rotational movement of a motor due to the levitating
position of the rotor.

3) Support for a radial external force synchronized
with a rotational speed based on the principle of the
motor.

Thus, whirling of the rotor can be suppressed.

[0071] For example, if the motor is a bipolar induc-
tion motor, a radial external force synchronized with the
rotational speed is produced. In this case, with a rotat-
ing machine for generating a fluid power by a rotational
movement of a fan or a pump or the like, an input elec-
tric power into the motor increases for maintaining a
rotational movement following load fluctuation, whereby
a more excessive radial external force is produced. A
rolling bearing or a sliding bearing can support the rotor,
even though there is a decrease in life. However, there
are not a few cases where a contact bearing cannot be
used. If a magnetic bearing is applied to a rotary
machine for a special environment, then the above
problems may occur. A spin dryer which dries a wafer or
the like by high-speed rotation may have an excessive
unbalance amount due to an object to be dried, com-
pared with an ordinary magnetic bearing supporting
stiffness.

[0072] Apart from the supporting stiffness of a con-
ventional rolling bearing or sliding bearing, with a spin
dryer for a semiconductor device which processes
wafers in batch process (25 x n wafers), a magnetic
bearing may be desired to be used. In this case, the
aforementioned problems may arise as well. When a
magnetic bearing for non-contact support may need to
be used at a portion where a conventional rolling bear-
ing or the like has been used, it is difficult to incorporate
a magnetic bearing of a necessary and sufficient size,
because the entire space, the space for the bearing,
and the structure of the rotor have already been fixed.
On the other hand, according to the present invention,
there is provided a method which can solve such prob-
lems, and broaden the limiting performance of a mag-
netic bearing.

[0073] As described above, according to the
present invention, whirling of a rotor supported by a
magnetic bearing and having an excessive unbalance
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amount can be suppressed based on only a signal from
a displacement sensor used for levitating position con-
trol of the rotor.

[0074] Further, the present invention can be applied
to other cases in addition to a disturbance synchronized
with a rotational speed. The present invention is effec-
tive as a means for enhancing a stiffness of a magnetic
bearing relative to a periodical disturbance.

Industrial Applicability

[0075] The present invention relates to a controller
for a magnetic bearing in an apparatus using the mag-
netic bearing as a means for supporting a rotor. There-
fore, the present invention can be utilized for a controller
of a magnetic bearing which magnetically levitates and
supports a rotating shaft of a magnetically levitated spin
dryer used in a semiconductor fabrication device, for
example.

Claims

1. Acontrolled magnetic bearing apparatus for radially
supporting a rotor, comprising a displacement sen-
sor for detecting a radial displacement of said rotor,
a first control unit for calculating a first control signal
based on a sensor signal from said displacement
sensor and outputting said first control signal, a
power amplifier for supplying an electric current
based on said first control signal, and an electro-
magnet for generating a magnetic force based on a
signal from said power amplifier, said controlled
magnetic bearing apparatus further comprising:

a second control unit disposed in parallel with
said first control unit for generating a second
control signal changed in phase from said sen-
sor signal inputted therein and outputting said
second control signal; and

a signal synthesizer for adding said second
control signal outputted from said second con-
trol unit to said first control signal outputted
from said first control unit to generate a control
signal and outputting said control signal to said
power amplifier.

2. A controlled magnetic bearing apparatus according
to claim 1, characterized in that:

a phase change amount in said second control
unit is set at a value suitable for suppressing
whirling of said rotor, based on external
force/displacement transfer characteristics of a
magnetic bearing.

3. A controlled magnetic bearing apparatus according
to claim 1 or 2, characterized in that:
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said second control unit comprises:

a filter for extracting a rotational frequency
component from said sensor signal;

a phase adjustor for adjusting a phase of an
output signal from said filter;

a signal generator including a comparator for
comparing an output signal from said phase
adjustor with a reference electric potential; and
a gain adjustor for adjusting an amplitude of an
output signal from said signal generator.

A controlled magnetic bearing apparatus according
to claim 3, characterized in that:

a rotational speed proportional gain adjustor
for giving a gain proportional to a rotational
speed is used as said gain adjustor.

A controlled magnetic bearing apparatus according
to claim 1 or 2, characterized in that:

said second control unit comprises:

a variable frequency filter; and

means for imparting a phase change amount
corresponding to a rotational speed of a motor
and suitable for suppressing whirling of said
rotor.

6. A controlled magnetic bearing apparatus according

to claim 5, characterized in that:

said means for imparting a phase change
amount corresponding to a rotational speed of
a motor and suitable for suppressing whirling of
said rotor comprises:

a storage for measuring data on external
force/displacement transfer characteristics of
said magnetic bearing, and storing said meas-
ured data in correspondence with a rotational
speed; and

a phase adjustor for reading from said storage
and adjusting said phase.

A controlled magnetic bearing apparatus according
to claim 5, characterized in that:

said phase change amount corresponding to
said rotational speed of said motor is set with
use of an arithmetic circuit which approximates
said external force/displacement transfer char-
acteristics of said magnetic bearing.

A controlled magnetic bearing apparatus according
to any one of claims 1 through 7, further compris-

ing:

a signal switch for switching on and off a flow of
a signal in said second control unit; and
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a third control unit for comparing said sensor
signal with a reference signal, and turning said
signal switch on or off based on results of com-
parison.

9. A controlled magnetic bearing apparatus according

to any one of claims 1 through 7, further compris-
ing:

a signal switch for switching on and off a flow of
a signal in said second control unit; and

a fourth control unit including a comparator for
comparing an actual rotational speed signal
with a reference signal, and a signal generator
for generating a command signal for turning
said signal switch on or off.

10. A controlled magnetic bearing apparatus according

to any one of claims 1 through 9, characterized in
that:

a second rotational frequency component
extractor is provided at the downstream side of
a signal generator including a comparator in
said second control unit.

11. A controlled magnetic bearing apparatus according

to claim 8 or 9, comprising:

a fifth control unit for comparing said sensor
output before said signal switch in said second
control unit is turned on, with said sensor out-
put at the time when said signal switch is
turned on, and outputting a command value for
changing a set value of a gain in said gain
adjustor.
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