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(57) A magnetic bearing device includes a magnetic
bearing (21, 22) including a plurality of electromagnets
(51 to 54), a displacement sensor (31, 32) configured to
output an output signal in accordance with a displace-
ment of a shaft (5), and a controller (40) configured to
control the electromagnets (51 to 54). The controller (40)
compensates for a change in levels of the output signal,
the change occurring in accordance with a change in
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ambient temperature around the displacement sensor
(31, 32), based on one or more reference values (R) cor-
relating with the change in levels of the output signal.
The one or more reference values (R) are detected for
use in controlling the rotary electric machine (4), a fluid
machine system (1) including the rotary electric machine
(4), or an apparatus (100) including the fluid machine
system (1).
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Description
TECHNICAL FIELD

[0001] The present invention relates to a magnetic
bearing device and a fluid machine system using mag-
netic bearings.

BACKGROUND ART

[0002] Systems including rotary electric machines
such as electric motors use magnetic bearings in some
cases to support shafts without any physical contact.
Typical magnetic bearings control the positions of the
shafts by controlling electromagnetic force of electro-
magnets based on displacements of the shaft detected
by displacement sensors.

[0003] Outputs of the displacement sensors include
what is called drift that occurs in accordance with a
change in ambient temperature. To accurately control
the positions of the shafts, something has to be done to
remove the effects of the drift. To remove the effects of
the drift, for example, temperature sensors are provided
near the displacement sensors, and the outputs of the
temperature sensors are used to offset the drift that oc-
curs in the displacement sensors (see Patent Document
1, for example).

CITATION LIST
PATENT DOCUMENT

[0004] PATENT DOCUMENT 1: Japanese Unexam-
ined Patent Publication No. H07-139546

SUMMARY OF THE INVENTION
TECHNICAL PROBLEM

[0005] However, there is little space around the shaft,
and, in some cases, temperature sensors cannot be in-
stalled near the displacement sensors. Even if there is a
space for providing temperature sensors, installing the
temperature sensors leads to an increase in manufac-
turing costs.

[0006] The present invention is conceived in view of
the above problems. It is therefore an object of the
present invention to provide a magnetic bearing device
that can compensate for a change in levels of an output
signal of a displacement sensor, the change occurring in
accordance with a change in temperature of the displace-
ment sensor and a change in ambient temperature, with-
out providing a temperature sensor near the displace-
ment sensor.

SOLUTION TO THE PROBLEM

[0007] To solve the problems above, a magnetic bear-
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ing device according to a first aspect of the present in-
vention includes: a magnetic bearing (21, 22) including
a plurality of electromagnets (51 to 54) configured to ap-
ply electromagnetic force to a shaft (5) connected to a
rotary electric machine (4); a displacement sensor (31,
32) configured to output an output signal in accordance
with a displacement of the shaft (5); and a controller (40)
configured to control the electromagnets (51 to 54). The
controller (40) compensates for a change in levels of the
output signal, the change occurring in accordance with
a change in ambient temperature around the displace-
ment sensor (31, 32), based on one or more reference
values (R). The one or more reference values (R) corre-
late with the change in levels of the output signal and are
detected for use in controlling the rotary electric machine
(4), a fluid machine system (1) including the rotary electric
machine (4), or an apparatus (100) including the fluid
machine system (1). The controller (40) controls the elec-
tromagnets (51 to 54) based on the compensated output
signal for the change in levels of the output signal.
[0008] This configuration uses the one or more refer-
ence values (R) detected for use in controlling the rotary
electric machine (4) or the like to compensate for a
change in levels of the output signal of the displacement
sensor (31, 32).

[0009] A second aspect is an embodiment of the first
aspect. In the second aspect, the controller (40) com-
pensates for the change in levels of the output signal by
transforming the output signal using a transformation law
including one or more parameters, and the controller (40)
corrects the one or more parameters in accordance with
the one or more reference values (R).

[0010] This configuration facilitates accurate compen-
sation for the change in levels of the output signal.
[0011] A third aspect is an embodiment of the second
aspect. In the third aspect, the controller (40) corrects
the one or more parameters by using a result of deter-
mination as to whether amplitudes of the one or more
reference values (R) are within a predetermined range.
[0012] This configuration allows the magnetic bearing
device to correct the parameters of the transformation
law in accordance with, for example, whether the state
of a system including the magnetic bearing device has
stabilized.

[0013] A fourth aspectis an embodiment of any one of
the first to the third aspects. In the fourth aspect, the fluid
machine system (1) is a compressor included in a refrig-
erant circuit (110). The rotary electric machine (4) is an
electric motor for driving the compressor (1). The con-
troller (40) uses any one of detection values or a value
obtained from a combination of two or more of the de-
tection values as the one or more reference values (R).
The detection values are a rotational speed of the rotary
electric machine (4), a temperature detected in a control
board (160a) on which a control device for the rotary elec-
tric machine (4) is mounted, a refrigerant pressure and
a refrigerant flow rate in the refrigerant circuit (110), and
a current value of the rotary electric machine (4).
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[0014] This configuration allows the magnetic bearing
device included in a system with a refrigerant circuit to
have the advantages obtained according to the first to
the third aspects.

[0015] A fluid machine system according to a fifth as-
pect of the present invention includes the magnetic bear-
ing device (10) according to any one of the first to the
fourth aspects, a rotary electric machine (4), and a fluid
machine (3) connected to the rotary electric machine (4)
by a shaft (5).

[0016] This configuration allows the fluid machine sys-
tem to have the effects that can be achieved by the mag-
netic bearing device above.

ADVANTAGES OF THE INVENTION

[0017] The magnetic bearing device according to the
above aspects can compensate for a change in levels of
an output signal of a displacement sensor, the change
occurring in accordance with a change in temperature of
the displacement sensor and a change in ambient tem-
perature, without providing a temperature sensor near
the displacement sensor.

BRIEF DESCRIPTION OF THE DRAWINGS
[0018]

[FIG. 1] FIG. 1 is a diagram of a pipe system of an
air conditioner according to an embodiment of the
present invention.

[FIG. 2] FIG. 2is a diagram illustrating an exemplary
configuration for a compressor according to a first
embodiment of the present invention.

[FIG. 3] FIG. 3 is a cross-sectional view illustrating
an exemplary configuration for a radial magnetic
bearing.

[FIG. 4] FIG. 4 is a vertical cross-sectional view il-
lustrating an exemplary configuration for the radial
magnetic bearing.

[FIG.5]FIG.5is a plan view illustrating an exemplary
configuration for a thrust magnetic bearing.

[FIG. 6] FIG. 6 is a vertical cross-sectional view il-
lustrating an exemplary configuration for the thrust
magnetic bearing.

[FIG. 7] FIG. 7 is a graph illustrating an example re-
lation between a displacement of a shaft and an out-
put voltage of a displacement sensor.

[FIG. 8] FIG. 8 is a diagram illustrating a concept of
a compensation scheme for an output signal, the
compensation being performed by a radial control
unit and a thrust control unit.

[FIG. 9] FIG. 9 is a graph illustrating drift in a radial
displacement sensor.

[FIG. 10] FIG. 10 is a block diagram illustrating a
compensation scheme for an output signal, the com-
pensation being performed by the radial control unit.
[FIG. 11] FIG. 11 is a timing chart illustrating an out-
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put of a stabilization index based on a temperature
sensor.

DESCRIPTION OF EMBODIMENTS

[0019] Embodiments of the present invention will be
described in detail below with reference to the drawings.
The embodiments below are merely exemplary ones in
nature, and are not intended to limit the scope, applica-
tions, or use of the invention.

«First Embodiment»

[0020] The following describes, for example, an air
conditioner including a compressor including a magnetic
bearing device according to an embodiment of the
present invention.

<General Configuration>

[0021] FIG. 1 is a diagram of a pipe system of an air
conditioner (100) according to an embodiment of the
present invention. As illustrated in FIG. 1, the air condi-
tioner (100) includes a refrigerant circuit (110). The re-
frigerant circuit (110) is a closed circuit filled with refrig-
erant, and includes a compressor (1), a condenser (120),
an expansion valve (130), an evaporator (140), and a
motor cooling control device (150). Various types of com-
pressors can be used as the compressor (1). In this ex-
ample, the compressor (1) is a turbo compressor and its
configuration will be described in detail below. The com-
pressor (1) is driven by an electric motor (4), and the
electric motor (4) is supplied with power by an electric
motor control device (160).

[0022] The condenser (120) and the evaporator (140)
can be, for example, cross-fin type heat exchangers. The
expansion valve (130) is, for example, an electronic ex-
pansion valve. The refrigerant circuit (110) includes a
sensor for detecting a refrigerant pressure and a sensor
for detecting a refrigerant temperature, which are not il-
lustrated.

<Compressors>

[0023] FIG. 2 is a diagram illustrating an exemplary
configuration for a compressor (1) according to a first
embodiment of the present invention. The compressor
(1) is what is called a turbo compressor and an example
of the fluid machine system according to the present in-
vention. As illustrated in FIG. 2, the compressor (1) in-
cludes a casing (2), a compression mechanism (3), the
electric motor (4), a shaft (5), radial touchdown bearings
(6), a thrust touchdown bearing (7), and a magnetic bear-
ing device (10).

- Casing -

[0024] The casing (2) has a cylindrical shape with op-
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posite closed ends, and is disposed with its axis horizon-
tal. The space inside the casing (2) is divided by a wall
portion (2a). The space on theright side of the wall portion
(2a) is a compression mechanism chamber (S1) for ac-
commodating the compression mechanism (3), and the
space on the left side of the wall portion (2a) is an electric
motor chamber (S2) for accommodating the electric mo-
tor (4). The shaft (5) extending in the axial direction of
the casing (2) connects the compression mechanism (3)
with the electric motor (4).

- Compression Mechanism -

[0025] The compression mechanism (3) is configured
to compress fluid (refrigerant in this example). The com-
pression mechanism (3) is an example of a fluid machine
according to the present invention. In the present exam-
ple, the compression mechanism (3) includes an impeller
(3a) and inlet guide vanes (3b). The impeller (3a) has a
substantially cone outer shape including a plurality of
blades, and is fixed to an end of the shaft (5). The inlet
guide vanes (3b) are disposed at a fluid (refrigerant) inlet
and functions as a valve for controlling the intake rate.

- Electric Motor-

[0026] The electric motor (4) is configured to rotation-
ally drive the shaft (5). In this example, the electric motor
(4) includes a stator (4a) and a rotor (4b). The stator (4a)
has a cylindrical shape and is fixed inside the casing (2).
The rotor (4b) has a columnar shape, and is rotatably
disposed inside the stator (4a), i.e., in the inner periphery
of the stator (4a). The rotor (4b) has an axial hole at the
center portion, and the shaft (5) is fixed to the axial hole.

- Electric Motor Control Device -

[0027] The electric motor control device (160) controls
the power supplied to the electric motor (4) to control the
start and stop operations of the electric motor (4) and its
rotational speed. In this example, the electric motor con-
trol device (160) includes a converter circuit, an inverter
circuit, and a microcomputer, which are not illustrated,
and these components are mounted on a board, which
is hereinafter referred to as a control board (160a). The
microcomputer controls switching operation of switching
elements included in the inverter circuit. To control the
switching operation, the microcomputer receives infor-
mation on rotational speed of the electric motor (4) and
a current value of the electric motor (4). In other words,
the air conditioner (100) can acquire the rotational speed
of the electric motor (4) and the current value of the elec-
tric motor (4) via the microcomputer. The control board
(160a) includes a temperature sensor (not illustrated) to
protect, for example, the switching elements, and the mi-
crocomputer utilizes the detection value of the tempera-
ture sensor to control the inverter circuit. This configura-
tion allows the air conditioner (100) to acquire tempera-
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ture information detected in the control board (160a) via
the microcomputer.

- Electric Motor Cooling Control Device -

[0028] In the compressor (1), allowing part of the re-
frigerant inside the condenser (120) to flow into the elec-
tric motor (4) cools the electric motor (4). In this example,
the electric motor (4) is connected to the condenser (120)
by a pipe via an electric on-off valve (150a). The electric
motor (4) is also connected to the evaporator (140) by a
pipe (hereinafter referred to as a return pipe) through
which refrigerant that has passed through and cooled the
electric motor (4) is returned to the evaporator (140). On
the way to the return pipe, a temperature sensor (150b)
is provided. The electric motor cooling control device
(150) controls the on-off valve (150a) in accordance with
the detection value of the temperature sensor (150b) to
control the flow rate of the refrigerant flowing in the elec-
tric motor (4). This configuration allows the electric motor
(4) to keep its temperature within a predetermined tem-
perature range in the refrigerant circuit (110).

- Touchdown Bearings -

[0029] The compressor(1)includestwo types oftouch-
down bearings, namely, the radial touchdown bearings
(6) and the thrust touchdown bearing (7). The radial
touchdown bearings (6) and the thrust touchdown bear-
ing (7) are configured to support the shaft (5) when the
magnetic bearing device (10) is not energized, in other
words, when the shaft (5) is not levitated.

- Magnetic Bearing Device -

[0030] The magnetic bearing device (10) includes one
or more (in this example, three) magnetic bearings, one
or more (in this example, five) displacement sensors (31,
32), and a controller (40). The magnetic bearings includ-
ed in the magnetic bearing device (10) include a pair of
electromagnets facing each other across a supported
member, such as a supported portion of the shaft (5),
and applies composite electromagnetic force (F) of the
pair of electromagnets to support the supported member
without any physical contact. Controlling a pair of cur-
rents flowing in the pair of electromagnets controls the
composite electromagnetic force (F) of the pair of elec-
tromagnets, which in turn allows the magnetic bearing to
control the position of the supported member in the facing
direction of the pair of electromagnets. In this example,
the magnetic bearing device (10) includes two radial
magnetic bearings (21) and one thrust magnetic bearing
(22) as the magnetic bearings described above.

- Radial Magnetic Bearing -

[0031] FIG. 3 is a cross-sectional view illustrating an
exemplary configuration for a radial magnetic bearing
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(21). FIG. 4 is a longitudinal section view illustrating an
exemplary configuration for the radial magnetic bearing
(21). As illustrated in FIGS. 3 and 4, the radial magnetic
bearing (21) includes first to fourth electromagnets (51
to 54) and is a heteropolar radial magnetic bearing. The
first and second electromagnets (51, 52) face each other
across the supported portion (axial member) of the shaft
(5) and apply the composite electromagnetic force (F) of
the first and second electromagnets (51, 52) to support
the supported portion of the shaft (5) without any physical
contact. The third and fourth electromagnets (53, 54) face
each other across the supported portion (axial member)
of the shaft (5) and apply the composite electromagnetic
force (F) of the third and fourth electromagnets (53, 54)
to support the supported portion of the shaft (5) without
any physical contact. The facing direction of the third and
fourth electromagnets (53, 54) (the direction correspond-
ing to a downward direction toward the rightin FIG. 3) is
perpendicular to the facing direction of the first and sec-
ond electromagnets (51, 52) (the direction corresponding
to an upward direction toward the right in FIG. 3), when
viewed in plan.

[0032] Inthisexample,the radialmagnetic bearing (21)
includes a magnetic bearing core (61) and eight coils
(65). The magnetic bearing core (61) is, for example, a
stack of a plurality of electromagnetic steel sheets, and
has a back yoke (62) and eight teeth (63). The back yoke
(62) is cylindrically shaped. The eight teeth (63) are reg-
ularly angularly spaced (at 45 degrees in this example)
in the circumferential direction along the inner circumfer-
ential surface of the back yoke (62), and protrude radially
inward from the inner circumferential surface of the back
yoke (62). The innermost surfaces (tip surfaces) of the
eight teeth (63) face the outer circumferential surface of
the supported portion of the shaft (5) with a predeter-
mined gap therebetween.

[0033] The eight coils (65) are respectively wound
around the eight teeth (63) of the magnetic bearing core
(61). This configuration in this example forms eight elec-
tromagnet units (first to eighth electromagnet units (71
to 78)). Specifically, the first electromagnet unit (71), the
second electromagnet unit (72), the seventh electromag-
net unit (77), the eighth electromagnet unit (78), the third
electromagnet unit (73), the fourth electromagnet unit
(74), the fifth electromagnet unit (75), and the sixth elec-
tromagnet unit (76) are arranged in this order clockwise
in FIG. 3.

[0034] The winding direction of the coils (65) and the
direction of the current flowing in the coils (65) are set
such that the first to fourth electromagnets (51 to 54)
generate attraction force, that is, generate electromag-
netic force exerted to attract the supported portion (axial
member) of the shaft (5). Specifically, the winding direc-
tion of the coils (65) and the direction of the current flowing
in the coils (65) are set to generate magnetic flux in the
directions indicated by arrows in FIG. 3.
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- Thrust Magnetic Bearing -

[0035] FIG. 5 is a plan view illustrating an exemplary
configuration for the thrust magnetic bearing (22). FIG.
6 is a longitudinal section view illustrating an exemplary
configuration for the thrust magnetic bearing (22). As il-
lustrated in FIGS. 5 and 6, the thrust magnetic bearing
(22) includes first and second electromagnets (51, 52).
The shaft (5) has a disk-shaped portion, which is here-
inafter referred to as a disk portion (5a), at the other end
opposite to the end to which the impeller (3a) is fixed.
The first and second electromagnets (51, 52) face each
other across the disk portion (5a) that is a supported por-
tion of the shaft (5), and apply composite electromagnetic
force (F) of the first and second electromagnets (51, 52)
to support the supported portion of the shaft (5), which
is the disk portion (5a), without any physical contact.
[0036] Specifically, the thrust magnetic bearing (22) in
this example includes two magnetic bearing cores (61)
and two coils (65). The two magnetic bearing cores (61)
each have an annular shape and are disposed at oppo-
site sides of the supported portion of the shaft (5), or the
disk portion (5a), in the axial direction with a predeter-
mined gap from the supported portion. The facing sur-
faces of the magnetic bearing cores (61) each have a
circular groove along the entire circumference. The two
coils (65) are accommodated in the respective circular
grooves of the two magnetic bearing cores (61). This
configuration in this example forms two electromagnets
(the first and second electromagnets (51, 52)). Control-
ling the current flowing in the first and second electro-
magnets (51, 52) controls the composite electromagnetic
force (F) of the first and second electromagnets (51, 52).
This can in turn control the position of the supported por-
tion of the shaft (5), or the disk portion (5a), in the facing
direction of the first and second electromagnets (51, 52)
(that is, in the axial direction, in the horizontal direction
in FIG. 6).

[0037] The winding direction of the coils (65) and the
direction of the current flowing in the coils (65) are set
such that the first and second electromagnets (51, 52)
generate attraction force, that is, generate electromag-
netic force exerted to attract the supported portion of the
shaft (5), or the disk portion (5a). Specifically, the winding
direction of the coils (65) and the direction of the current
flowing in the coils (65) are set to generate magnetic flux
in the directions indicated by arrows in FIG. 6.

- Displacement Sensor -

[0038] As illustrated in FIG. 2, the compressor (1) in-
cludes two types of displacement sensors, namely, radial
displacement sensors (31) and a thrust displacement
sensor (32). In this example, the radial displacement sen-
sors (31) and the thrust displacement sensor (32) are
eddy current displacement sensors. These displacement
sensors (31, 32) are provided for a pair of electromag-
nets, such as the first and second electromagnets (51,
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52), facing each other across the supported member, or
the supported portion of the shaft (5), in this example.
The displacement sensors (31, 32) are configured to de-
tect a displacement (3) of the supported member relative
to the center position in the facing direction of each pair
of electromagnets. The center position is a reference po-
sition of displacement and, for example, a center position
between the first electromagnet (51) and the second
electromagnet (52).

- Radial Displacement Sensor (31) -

[0039] In this example, two radial displacement sen-
sors (31) are provided for each radial magnetic bearing
(21). In other words, the compressor (1) includes four
radial displacement sensors (31). These radial displace-
ment sensors (31) are configured to detect displace-
ments (8) of the supported portion of the shaft (5) relative
to the center position. In each radial magnetic bearing
(21), one of the two radial displacement sensors (31)
detects a displacement () in the facing direction (here-
inafter referred to as an X direction) of the first electro-
magnet (51) and the second electromagnet (52). The X
direction corresponds to a radial direction of the radial
magnetic bearing (21). In FIG. 3, the X direction corre-
sponds to the upward direction toward the right. The other
one of the two radial displacement sensors (31) detects
adisplacement (8) in the facing direction of the third elec-
tromagnet (53) and the fourth electromagnet (54), that
is, a radial direction orthogonal to the X direction, or here-
inafter referred to as a Y direction. In FIG. 3, the Y direc-
tion corresponds to the downward direction toward the
right.

- Thrust Displacement Sensor (32) -

[0040] Thecompressor(1)includesonlyone thrustdis-
placement sensor (32). The thrust displacement sensor
(32) is configured to detect a displacement (3) in the fac-
ing direction of the first electromagnet (51) and the sec-
ond electromagnet (52) of the thrust magnetic bearing
(22), that is, in the axial direction of the shaft (5), or here-
inafter referred to as a Z direction. In FIG. 6, the Z direc-
tion corresponds to the horizontal direction. Specifically,
the thrust displacement sensor (32) detects the displace-
ment (8) of the supported portion of the shaft (5), or the
disk portion (5a), relative to the center position.

<Controller>

[0041] The controller (40) controls one or more mag-
netic bearings (21, 22) to support the supported member,
or the supported portion of the shaft (5) in this example,
without any physical contact. Specifically, the controller
(40) controls the electromagnetic force of the magnetic
bearings (21, 22) to control levitation of the shaft (5). In
this example, the controller (40) includes a radial control
unit (41) configured to control the two radial magnetic
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bearings (21) and a thrust control unit (42) configured to
control the thrust magnetic bearing (22). Specifically, the
controller (40) can be configured by, for example, a mi-
crocomputer and a memory device storing software for
operating the microcomputer.

- Radial Control Unit (41) -

[0042] The radial control unit(41) controls the levitation
of the shaft (5) by controlling the position of the shaft (5)
in the X direction and the Y direction. Specifically, the
radial controlunit (41) controls the levitation by controlling
acurrent, or a control current (id), flowing in the coils (65)
of the first to fourth electromagnets (51 to 54) to bring a
differential value (e) to zero between the displacement
(8) of the shaft (5) and a predetermined position instruc-
tion value (&%) in the X direction and the Y direction.
[0043] Incontrollingthe levitation, the radial control unit
(41) may use the output signal of the radial displacement
sensors (31) as it is as a displacement (3) of the shaft
(5), but the output signal of the radial displacement sen-
sors (31) may include what is called the drift. The drift in
this description indicates a change in levels of the output
signal of the radial displacement sensors (31) that occurs
in accordance with a change in ambient temperature
around the radial displacement sensors (31). When such
drift occurs in the radial displacement sensors (31), the
radial control unit (41) controls the levitation based on a
displacement (3) including errors, thereby failing to cor-
rectly control the levitation. To prevent this situation, the
radial control unit (41) compensates for the change in
levels of the output signal of the radial displacement sen-
sors (31), and controls the position of the shaft (5) based
on the compensated output signals for this change. The
compensation for the change in levels of the output signal
will be described later in detail.

- Thrust Control Unit (42) -

[0044] The thrust control unit (42) controls the position
of the shaft (5) in the Z direction. Specifically, the thrust
control unit (42) controls the levitation by controlling a
current, or a control current (id), flowing in the coils (65)
of the first and second electromagnets (51, 52) to bring
a differential value (e) to zero between the displacement
(8) of the disk portion (5a) and a predetermined position
instruction value (8*) in the Z direction.

[0045] In controlling the levitation, the thrust control
unit (42) may use the output signal of the thrust displace-
ment sensor (32) as itis as a displacement (J) of the disk
portion (5a), but the output signal of the thrust displace-
ment sensor (32) may include the drift. When such drift
occurs in the thrust displacement sensor (32), the thrust
control unit (42) controls the levitation based on a dis-
placement (8) including errors, thereby failing to correctly
control the levitation. To prevent this situation, the thrust
control unit (42) compensates for the change in levels of
the output signal of the thrust displacement sensor (32),
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and controls the position of the disk portion (5a), or the
position of the shaft (5) based on the compensated output
signal for this change. The compensation for the change
in levels of the output signal will be described later in
detail.

<Compensation for Output Signal>
- Concept of Compensation -

[0046] FIG. 7 is a graph illustrating a relation between
the displacement (3) of the shaft (5) and the output volt-
age (V) from the displacement sensors (31, 32), and this
relation is hereinafter referred to as voltage characteris-
tics. The voltage characteristics can be described as a
linear graph as illustrated in FIG. 7 or a curved graph.
The linear or curved graph illustrating voltage character-
istics is hereinafter referred to as a voltage characteristics
curve. FIG. 8 is a diagram illustrating a concept of a com-
pensation scheme for an output signal performed by the
radial control unit (41) and the thrust control unit (42). As
illustrated in FIG. 8, the control units (41, 42) transform
the output signal by using a transformation law repre-
sented by one or more transformation parameters (C) to
compensate for a change in levels of the output signal.
The transformation law is arule for transforming an output
voltage (V) into a displacement (). The voltage charac-
teristics curve is represented by a function including one
or more transformation parameters (C) as coefficients,
and the control units (41, 42) transform the output signal,
or the output voltage (V), of the displacement sensors
(31, 32) into a displacement (8) by using the function.
[0047] Typically, the voltage characteristics curve of
the displacement sensors (31, 32) varies in accordance
with the ambient temperature around the displacement
sensors (31, 32). In other words, the outputs of the dis-
placement sensors (31, 32) depend on the temperature.
Suppose that, for example, the voltage characteristics
curve is represented as a line of a linear function. In this
case, preparing a slope and an intercept of the line rep-
resenting a function of temperature as the transformation
parameters (C) allows for obtaining a correct displace-
ment (8) from the temperature-dependent outputs of the
displacement sensors (31, 32).

[0048] To achieve this configuration, the control units
(41, 42) according to the first embodiment obtain trans-
formation parameters (C) by using reference values (R)
that are obtainable in the air conditioner (100). The ref-
erence values (R) are detection values for use in control-
ling the electric motor (4), the compressor (1) including
the electric motor (4), orthe air conditioner (100) including
the compressor (1). The reference values (R) correlate
with the change in levels of the output signals from the
displacement sensors (31, 32), the change occurring in
accordance with the change in ambient temperature
around the displacement sensors (31, 32). Examples of
reference values (R) may include a temperature, a pres-
sure, and a voltage detected in a device including the
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magnetic bearings (21, 22), and details thereof will be
described later. In some embodiments, each transforma-
tion parameter (C) is obtained from a single reference
value (R) or calculated by using two or more reference
values (R). For example, a temperature may be calcu-
lated from a combination of a flow rate (volume) and a
pressure of refrigerant.

[0049] In the first embodiment, the radial control unit
(41) and the thrust control unit (42) each compensate for
a change in levels of the output signal based on the con-
cept above. The following describes a compensation
scheme for the output signal performed by, for example,
the radial control unit (41).

- Compensation by Radial Control Unit (41) -

[0050] FIG. 9is a graph illustrating the drift in a radial
displacement sensor (31). The voltage characteristics of
the radial displacement sensor (31) can be represented
by a linear graph. The intercept of the linear graph varies
in accordance with the ambient temperature around the
radial displacement sensor (31), whereas the slope of
the linear graph does not change. For ease of discussion,
the amount of change in the intercept is referred to as a
drift amount (D).

[0051] FIG. 10 is a block diagram illustrating a com-
pensation scheme for the output signal performed by the
radial control unit (41). The radial control unit (41) stores
therein a transformation table (described as temperature
drift map in FIG. 10) containing a plurality of pairs of a
reference value (R) and a transformation parameter (C).
[0052] Examples of the reference value (R) may in-
clude a "refrigerant temperature". Typically, the "refrig-
eranttemperature" isimportant information for controlling
the air conditioner (100), and the refrigerant circuit (110)
includes a temperature sensor for detecting the "refrig-
erant temperature”. In the first embodiment, for example,
the temperature sensor (150b) configured to detect the
temperature of the refrigerant for use in cooling the elec-
tric motor (4) can be used. When the electric motor (4)
of the compressor (1) rotates ata relatively high rotational
speed, the temperature of the shaft (5) increases and the
temperature of the radial displacement sensor (31) is
highly likely to increase. When the electric motor (4) ro-
tates atarelatively high rotational speed, the temperature
of the refrigerant for use in cooling the electric motor (4)
increases, and as a result, the temperature sensor (150b)
is highly likely to output a higher detection value. In other
words, the voltage value output from the temperature
sensor (150b) correlates with the drift amount (D) of the
radial displacement sensor (31). The radial control unit
(41) stores a transformation table containing a plurality
of pairs of a detection value of the temperature sensor
(150b) and a drift amount (D) corresponding to the de-
tection value in the memory device. In FIG. 10, for ex-
ample, the difference between the intercept of the base
reference value (R) and the intercept of areference value
(R) to be included in the table is referred to as a drift
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amount (D). Within an assumable range of ambient tem-
peratures, a predetermined number of pairs of a refer-
ence value (R) to be included in the table and a drift
amount (D) are stored in the memory device of the con-
troller (40). In FIG. 10, for example, the drift amount (D)
at a reference value (R) of 23°C is determined to be a
base value (0 mm).

[0053] While the radial magnetic bearings (21) are op-
erating, the radial control unit (41) performs the compen-
sation scheme described above upon detection of the
output voltage (V) of the radial displacement sensors
(31). Specifically, the radial control unit (41) refers to the
transformation table, and obtains the driftamount (D) cor-
responding to a reference value (R), that is, a detection
value of the temperature sensor (150b). If a detection
value of the temperature sensor (150b) is not included
in the transformation table, the drift amount (D) corre-
sponding to the detection value may be obtained by, for
example, interpolation using values in the transformation
table. In other words, the radial control unit (41) obtains
a drift amount (D) from the transformation table to correct
the parameter for use in the transformation law.

[0054] Once obtaining a drift amount (D), the radial
control unit (41) can obtain the displacement (3) corre-
sponding to the current situation of the radial displace-
ment sensor (31), since the voltage characteristics curve
(hereinafter referred to as a base characteristics curve)
of the radial displacement sensor (31) at the base tem-
perature is known. As illustrated in FIG. 9, the current
voltage characteristics deviate from the base character-
istics curve with respect to the intercept. The radial con-
trol unit (41) calculates a displacement () on the base
characteristics curve, which is described as a primary
position detection value in FIG. 10, and adds the drift
amount (D) to the calculation value. Since each radial
magnetic bearing (21) has two radial displacement sen-
sors (31), the radial control unit (41) compensates for the
output signal of each radial displacement sensor (31). In
this regard, the radial control unit (41) can obtain com-
pensated displacements (8) for the effects of temperature
with respect to the X direction and the Y direction.
[0055] If the slope of the line representing the voltage
characteristics is dependent on the ambient temperature,
the transformation table includes sets of three pieces of
data that are an ambient temperature, an amount of
change in the intercept corresponding to the ambient
temperature, and an amount of change in the slope cor-
responding to the ambient temperature.

[0056] In some embodiments, two radial displacement
sensors (31) share one transformation table, or each ra-
dial displacement sensor (31) refers to a different trans-
formation table.

<Advantages of First Embodiment>
[0057] As can be seen, the first embodiment above

can obtain the following advantages. Specifically, the
magnetic bearing device according to this embodiment
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can compensate for a change in levels of an output signal
of a displacement sensor, which is referred to as drift in
the example above, the change occurring in accordance
with a change in temperature of the displacement sensor
or a change in ambient temperature around the displace-
ment sensor, without providing a temperature sensor
near the displacement sensor.

[0058] The refrigerant temperature available for use in
correcting parameters in the transformation law is not
limited to the temperature of the refrigerant according to
the electric motor cooling control device (150).

«Second Embodiment»

[0059] A second embodimentaccording to the present
invention describes an example of using a transformation
parameter (C) having discrete values. In the second em-
bodiment, an index value indicating whether the operat-
ing state of the air conditioner (100) has stabilized is used
as a transformation parameter (C). This index value is
hereinafter referred to as a stabilization index.

[0060] FIG. 11is atiming chartillustrating an output of
the stabilization index based on the temperature sensor
(150b). FIG. 11 illustrates the output (T) of the tempera-
ture sensor (150b) from the beginning of the operation
of the air conditioner (100). In the second embodiment,
while the fluctuations of the output (T) of the temperature
sensor (150b) are equal to or larger than a predetermined
threshold (Tt), the stabilization index is 0, and when the
fluctuations are smaller than the threshold (Tt), the sta-
bilization index becomes 1. In FIG. 11, for example, the
fluctuations are smaller than the threshold (Tt) at and
after time (t) of tl. The control units (41, 42) according to
the second embodiment use a transformation law includ-
ing this stabilization index as a transformation parameter
(C). The control units (41, 42) are configured to correct
parameters used in the transformation law in accordance
with the stabilization index.

[0061] For example, before the operating state of the
air conditioner (100) stabilizes, the ambient temperature
around the displacement sensors (31, 32) stays at rela-
tively low temperatures. When the operating state stabi-
lizes, the ambient temperate is likely to stay at relatively
high temperatures. In such a case, the control units (41,
42) correct the parameters used in the transformation
law in accordance with the stabilization index (in this
case, in accordance with weather the stabilization index
is 0 or 1), thereby allowing the control units (41, 42) to
obtain a compensated displacement (5) for the effects of
temperature. In this regard, in the second embodiment,
the magnetic bearing device can compensate for a
change in levels of an output signal of a displacement
sensor, the change occurring in accordance with a
change in temperature of the displacement sensor and
a change in ambient temperature around the displace-
ment sensor, without providing a temperature sensor
near the displacement sensor.

[0062] «Other Embodiments»
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[0063] In some embodiments, the compensation
scheme for the output signal of the displacement sensors
described in the first and second embodiments is appli-
cable to a device including only the thrust magnetic bear-
ing or the radial magnetic bearing. If the device includes
both thrust magnetic bearing and radial magnetic bear-
ing, the compensation scheme may be applied only to
the thrust magnetic bearing or the radial magnetic bear-
ing.

[0064] In some embodiments, the compensation
scheme for the output signal of the displacement sensors
described in the first and second embodiments is used
for controlling the magnetic bearings of a generator of,
for example, the hydraulic power generation or wind pow-
er generation, or the magnetic bearings of pumps in ad-
dition to the magnetic bearings of compressors.

[0065] When a transformation law for transforming an
output voltage (V) into a displacement (8) includes an-
other law (sub transformation law) to obtain a new pa-
rameter, the control units may switch sub transformation
laws to be used in the transformation law in accordance
with the reference value (R). Examples of switching sub
transformation laws include switching sub transformation
law expressions y(x) for use in a transformation law z(x)
in accordance with an x value that is a reference value
(R).

- Example of Switching Sub Transformation Laws -

[0066] Transformation law: z(x) = 2y(x)

y(x) = ax + b (when x > R0)

y(x) = ax’ (when x < R0)

[0067] RO is athreshold and a and b are constants.
[0068] The phrase "correct the one or more parame-
ters in accordance with the one or more reference values
(R)" claimed in the present invention includes a concept
of obtaining a new parameter by switching sub transfor-
mation laws.

[0069] Various types of detection values can be used
for the reference values (R). Examples of detection val-
uesinclude the following. Transformation parameters (C)
may, of course, be obtained by combining some of these
reference values (R).

(1) Rotational Speed of Rotary Electric Machine (Motor)

[0070] In some cases, the ambient temperature
around the displacement sensors (31, 32) increases
when the rotational speed of the rotary electric machine
such as the electric motor (4) is increased, and the am-
bient temperature drops when the rotational speed is re-
duced. In such a case, parameters for use in the trans-
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formation law can be corrected in accordance with the
rotational speed of the rotary electric machine.

(2) Current of Rotary Electric Machine

[0071] In some cases, the ambient temperature
around the displacement sensors (31, 32) increases
when the current flowing in the rotary electric machine is
increased, and the ambient temperature drops when the
current is reduced. In such a case, parameters for use
in the transformation law can be corrected in accordance
with the current flowing in the rotary electric machine.

(3) Pressure and Flow Rate of Refrigerant

[0072] Inthe air conditioner (100), the refrigerant pres-
sure varies in accordance with the operating state. In a
typical configuration, the air conditioner (100) includes a
sensor for detecting the refrigerant pressure. In this re-
gard, when the detection value of the pressure sensor
correlates with the ambient temperature around the dis-
placement sensors (31, 32), the parameters for use in
the transformation law can be corrected in accordance
with the detection value of the pressure sensor.

[0073] In the air conditioner (100), the flow rate of re-
frigerant can be calculated by using information such as
the rotational speed of the compressor (1). In some cas-
es, the flow fate of the refrigerant correlates with the am-
bient temperature around the displacement sensors (31,
32). In such a case, the parameter for use in the trans-
formation law can be corrected in accordance with the
flow rate of the refrigerant.

(4) Temperature of Control Board

[0074] The control board (160a) includes a tempera-
ture sensor (notillustrated) to protect switching elements
and other components. When, for example, the detection
value of the temperature sensor correlates with the tem-
perature of switching elements included in an inverter
circuit, the detection value is expected to correlate with
the ambient temperature around the displacement sen-
sors (31, 32). In this case, the parameters for use in the
transformation law can be corrected in accordance with
the detection value.

(5) Opening Degree of Inlet Guide Vanes

[0075] The opening degree of the inlet guide vanes
(3b) is controlled in accordance with, for example, the
flow rate of fluid (flow rate of refrigerant in the example
above). In other words, the opening degree of the inlet
guide vanes (3b) reflects the flow rate of the fluid. When
the flow rate of fluid in a device correlates with the ambient
temperature around the displacement sensors (31, 32),
the parameters for use in the transformation law can be
corrected in accordance with the opening degree of the
inlet guide vanes (3b).
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«Applications of Displacement Sensors»

[0076] The configuration that allows for the compen-
sation for the output signals of the radial displacement
sensors (31) and the thrust displacement sensor (32) en-
ables more accurate dynamic balancing of the shaft (5).
[0077] Inaknown method for dynamic balancing, what
is called an influence coefficient is obtained and then the
weight and position of a necessary balancing weight are
determined based on the influence coefficient. In atypical
dynamic balancing procedure, a trial weight is attached
to a correction plane fixed to a dynamic-balancing target
rotor, and the rotor is rotated at a certain speed and the
vibrations of a measuring plane are measured, and the
influence coefficientis calculated based on the measured
vibrations. However, a rotary member, such as the shaft
(5) above, for a high-speed operation has to be rotated
at high speed in calculating the influence coefficient. In
addition, attaching the trial weight requires many proc-
esses totake. To solve the problems above, the following
describes an example method for obtaining the influence
coefficient without attaching the trial weight or rotating
the shaft (5) at high speed. In the example below, what
is called a two-plane balancing scheme is performed for
two planes that are orthogonal to the shaft (5). In the two-
plane balancing, there are two measuring planes and two
correction planes. A radial magnetic bearing has a meas-
uring plane which is a plane orthogonal to the shaft. On
the measuring plane, displacement sensors are dis-
posed in the X direction and the Y direction. A correction
plane, which is not illustrated in FIG. 2, is a plane orthog-
onal to the shaft and fixed near the corresponding meas-
uring plane.

<Calculation of Influence Coefficient>

[0078] The influence coefficient, denoted by o, can be
represented by the following expression,

() = Qszi(Q) - - - Expression (1)

where G is a reciprocal of dynamic stiffness between a
magnetic bearing and a supported member (G is here-
inafter referred to as a dynamic compliance), and Q is a
rotational speed of the shaft (5) represented by frequen-
cy.

[0079] According to expression (1) above, if the dy-
namic compliance (G) during the operation of the shaft
(5) at frequency Q is measurable, the influence coeffi-
cient (o) during the operation can be calculated. A sub-
script j of the variables indicates a measuring plane. In
this example, 1 represents a measuring plane (hereinaf-
ter referred to as a first measuring plane) close to the
impeller, and 2 represents a measuring plane (hereinaf-
ter referred to as a second measuring plane) away from
the impeller. A subscript i indicates a correction plane.
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In this example, 1 represents a correction plane (first cor-
rection plane) close to the impeller, and 2 represents a
correction plane (second correction plane) away from the
impeller. For example, G44(Q) indicates a dynamic com-
pliance (G) between the first correction plane and the
first measuring plane during operation of the shaft (5) at
frequency Q.

[0080] Inthe presentembodiment, the electromagnets
(51 to 54) excite the shaft (5) with the electromagnetic
force, and the displacements (8) detected by the radial
displacement sensors (31) are sampled. As a result, a
dynamic compliance (G), or a pseudo dynamic compli-
ance (G’), from the electromagnets to the measuring
plane is calculated. An electromagnet plane, which is or-
thogonal to the shaft and in which the electromagnets
are disposed, and the correction plane are disposed at
different positions in the axial direction, and thus the
pseudo dynamic compliance (G’) is different from the dy-
namic compliance (G), but they are interchangeable with
a simple method. In the present embodiment, the exci-
tation of the shaft is controlled by the radial control unit
(41) having a control system for the electromagnets (51
to 54).

[0081] Specifically, the radial control unit (41) first lev-
itates the shaft (5) and keeps it stationary, and then caus-
es one of the radial magnetic bearings (21) to excite the
shaft (5) at an excitation force of frequency Q. In this
example, the radial control unit (41) first causes a first
radial magnetic bearing (21) to excite the shaft (5) in the
X direction. More specifically, the radial control unit (41)
superimposes an instruction value corresponding to an
excitation force, which is hereinafter referred to as an
excitation force instruction value (Fe*), on an instruction
value for a supporting force instructed to the first and
second electromagnets (51, 52) that generate electro-
magnetic force in the X direction, which in turn generates
a new instruction value. Examples of excitation force in-
clude a sine wave at frequency Q. The shaft (5) is excited
by controlling the current flowing in the electromagnets
(51 to 54) based on the newly generated instruction val-
ue.

[0082] Suppose that the control system of the radial
magnetic bearing (21) has transfer characteristics indi-
cating a gain of zero dB and a phase of zero degree at
frequency Q from when a new instruction value is input
to when a supporting force of the electromagnets is ex-
erted. In this case, the control system applies an addi-
tional force equivalent to the excitation force instruction
value (Fe*) to the shaft (5). The output (3) of each radial
displacement sensor (31) includes fluctuations due to
noise in the static levitation and fluctuations due to exci-
tation. In other words, in this example, the output of each
radial displacement sensor (31) includes sine wave com-
ponents at frequency Q.

[0083] The radial control unit (41) samples, as appro-
priate, the output (5) of a radial displacement sensor (31)
forthe first radial magnetic bearing (21) and the excitation
force instruction value (Fe*) during excitation and per-
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forms a Fourier transform. Performing a Fourier trans-
form can extract a component of frequency Q contained
in the displacement (8) in the X direction and a component
of frequency Q contained in the excitation force instruc-
tion value (Fe*).

[0084] In this example, the pseudo dynamic compli-
ance (G’) can be calculated by dividing an output (3) of
a radial displacement sensor (31) by the excitation force
instruction value (Fe*). Thus, the pseudo dynamic com-
pliance (G’) at frequency Q can be calculated by using
the result of the Fourier transformation. Specifically, the
radial control unit (41) divides the component of frequen-
cy Q contained in the displacement (3) in the X direction
by the component of frequency Q contained in the exci-
tation force instruction value (Fe*) to obtain G’44(€2). Like-
wise, the radial control unit (41) divides the component
of frequency Q contained in the displacement (5) in the
X direction detected by a radial displacement sensor (31)
for a second radial magnetic bearing (21) by the compo-
nent of frequency Q contained in the excitation force in-
struction value (Fe*) to obtain G’5¢(Q).

[0085] Moreover, theradial control unit (41) causes the
first radial magnetic bearing (21) to excite the shaft (5)
in the Y direction. The radial control unit (41) samples,
as appropriate, the excitation force instruction value (Fe*)
and the output (3) of the other radial displacement sensor
(31) during excitation, and calculates G’ 1(©2) and G’54(Q2)
during the excitation in the Y direction. The radial control
unit (41) calculates a mean of G’44(Q2) obtained in the
excitation in the X direction and G’44(2) obtained in the
excitation in the Y direction and determines the mean to
be G’11(Q) of this magnetic bearing device. The radial
control unit (41) also calculates a mean of G’»4(Q2) ob-
tained in the excitation in the X direction and G’54(Q2)
obtained in the excitation in the Y direction and deter-
mines the mean to be G’,4(Q2) of this magnetic bearing
device. Theoretically, the dynamic compliance (G) during
the excitation in the X direction is equal to the dynamic
compliance (G) during the excitation in the Y direction,
and it may be considered that calculating either one of
the dynamic compliances (G) is sufficient. However, in
some cases, these dynamic compliances do not equate
due to process-induced variations, and thus the radial
control unit (41) in this example calculates a mean of
data obtained in the excitation in the X direction and the
Y direction.

[0086] Furthermore, upon excitation of the shaft (5) by
the second radial magnetic bearing (21), G’15(Q2) and
G’55(Q2) can be calculated. As described above, first,
pseudo dynamic compliances G’14(Q), G'»¢(R2), G'12(Q),
and G’'»,(QQ) are obtained, and then, these pseudo dy-
namic compliances are converted into dynamic compli-
ances G44(Q2), G51(Q), G1»(Q2), and Gy,(Q) inaccordance
with the balancing of forces and moments, whereby in-
fluence coefficients oq4(Q), 021(Q2), 012(Q), and a,,(Q)
can be calculated by using expression (1). Once these
influence coefficients (o) are obtained, the weight and
position of a necessary balancing weight can be deter-
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mined by a known method.

INDUSTRIAL APPLICABILITY

[0087] The present invention is advantageous to a
magnetic bearing device and a fluid machine system us-

ing the magnetic bearing device.

DESCRIPTION OF REFERENCE CHARACTERS

[0088]

1 Compressor (Fluid Machine System)

3 Compression Mechanism (Fluid Machine)

4 Motor (Rotary Electric Machine)

5 Shaft

10 Magnetic Bearing Device

21 Radial Magnetic Bearing (Magnetic Bearing)

22 Thrust Magnetic Bearing (Magnetic Bearing)

31 Radial Displacement Sensor (Displacement
Sensor)

32 Thrust Displacement Sensor (Displacement
Sensor)

40 Controller

51 First Electromagnet

52 Second Electromagnet

53 Third Electromagnet

54 Fourth Electromagnet

100 Air Conditioner

110 Refrigerant Circuit

160a  Control Board

Claims

1. A magnetic bearing device, comprising:

a magnetic bearing (21, 22) including a plurality
of electromagnets (51 to 54) configured to apply
electromagnetic force to a shaft (5) connected
to a rotary electric machine (4);

a displacement sensor (31, 32) configured to
output an output signal in accordance with a dis-
placement of the shaft (5); and

a controller (40) configured to control the elec-
tromagnets (51 to 54), wherein

the controller (40) compensates for a change in
levels of the output signal, the change occurring
in accordance with a change in ambient temper-
ature around the displacement sensor (31, 32),
based on one or more reference values (R) cor-
relating with the change in levels of the output
signal, the one or more reference values (R) be-
ing detected for use in controlling the rotary elec-
tric machine (4), a fluid machine system (1) in-
cluding the rotary electric machine (4), or an ap-
paratus (100)including the fluid machine system
(1), and
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the controller (40) controls the electromagnets
(51to 54) based on the compensated output sig-
nal for the change in levels of the output signal.

The magnetic bearing device of claim 1, wherein
the controller (40) compensates for the change in
levels of the output signal by transforming the output
signal using a transformation law including one or
more parameters, and corrects the one or more pa-
rameters in accordance with the one or more refer-
ence values (R).

The magnetic bearing device of claim 2, wherein
the controller (40) corrects the one or more param-
eters by using a result of determination as to whether
amplitudes of the one or more reference values (R)
are within a predetermined range.

The magnetic bearing device of any one of claims 1
to 3, wherein

the fluid machine system (1) is a compressor provid-
ed to a refrigerant circuit (110),

the rotary electric machine (4) is an electric motor
for driving the compressor (1), and

the controller (40) uses any one of detection values
or a value obtained from a combination of two or
more of the detection values as the one or more ref-
erence values (R), the detection values being a ro-
tational speed of the rotary electric machine (4), a
temperature detected in a control board (160a) on
which a control device for the rotary electric machine
(4) is mounted, a refrigerant pressure and a refrig-
erant flow rate in the refrigerant circuit (110), and a
current value of the rotary electric machine (4).

A fluid machine system, comprising:

the magnetic bearing device (10) according to
any one of claims 1 to 4;

a rotary electric machine (4); and

a fluid machine (3) connected to the rotary elec-
tric machine (4) by a shaft (5).
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