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bearing includes at least a pair of electromagnets (1, 2)
arranged to face each other, afloat (3) arranged between
the electromagnets and held at the middle position there-
of, asensor (4) for detecting the displacement of the float
(8) from a balance position, and/or the speed thereof,
and a controller (5) for controlling the electromagnets (1,

to acceleration in the control direction from the displace-
ment and speed of the float (3), and operates to set the
control current of one of the electromagnets to zero and
to control only the control current of the other of the elec-
tromagnets, depending on the positive and negative val-
ues of the variable.
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Description

BACKGROUND OF THE INVENTION

Technical Field of the Invention

[0001] The present invention relates to an electromagnetic attraction type magnetic bearing which always sets the
control current of one of electromagnets which face each other to zero, and control method thereof.

Description of the Related Art

[0002] An electromagnetic attraction type magnetic bearing has advantages that friction or wear does not occur and
lubrication is not required, by virtue of non-contact supporting, and can be utilized as bearings of a turbo compressor,
an ultralow temperature rotary machine, a turbo charger, a flywheel, and the like.

[0003] As this electromagnetic attraction type magnetic bearing, the inventors of the invention has invented magnetic
bearings composed only of electromagnets, and have already filed an application (Patent Documents 1 and 2).
These magnetic bearings are those in which a current is applied to a pair of electromagnets which face each other with
the float therebetween by a two-input nonlinear control method in a direction in which the displacement from the center
position of the float is offset, and the float is maintained at a neutral position.

[0004] The "active control electromagnetic attraction type magnetic bearing" of Patent Document 1 aims at reducing
a power loss, generation of heat of the electromagnets, and resistance against a rotational motion of the float.
Therefore, inthe active control electromagnetic attraction type magnetic bearing, as shownin Fig. 1, atwo-input nonlinear
control method is used as a control method of applying currents i; and i, to a pair of electromagnets 52 and 53 which
face each other with the float 51 therebetween in a direction in which the displacement from a neutral position O of the
float 51 is offset, and maintaining the float 51 at the neutral position O.

[0005] The "electromagnetic attraction type magnetic bearing and its nonlinear control method" of Patent Document
2 aims at exerting a damping force even when return to a balance point from deviation is made, there by making it
possible to shorten convergence time, and completely satisfying the asymptotically stable condition of Lyapunov which
is the sufficient condition of the control method.

Therefore, as shown in Fig. 2, this device includes at least a pair of electromagnets arranged to face each other, a float
61 arranged between the electromagnets and held at the middle position thereof, a sensor 62 for detecting the displace-
ment of the float 61 from a balance position, and/or the speed thereof, and a controller 63 for controlling the electro-
magnets. In a case where the float 61 returns to the balance position, a control current is supplied to both the electro-
magnets which face each other by the controller 63, and thereby, one electromagnet is made to act as a tension spring,
and the other electromagnet is made to act as a damper.

[0006]

Patent Document 1: Japanese Patent Application Laid-Open No. 2001-165164
Patent Document 2: Japanese Patent Application Laid-Open No. 2002-61646

SUMMARY OF THE INVENTION

[0007] The magnetic bearing of Patent Document 1 has a problem in that, even when return to a balance point from
deviation is made, damping force cannot be generated, time is taken till convergence, and stability is not given theoret-
ically. This problem was solved in the magnetic bearing of Patent Document 2.

[0008] However, in Patent Document 2, in a case where the float returns to the balance position, since a control
current is applied to both the electromagnets which face each other, there is a problem in that the perfect zero power
control of setting the control current of any one of the electromagnets which face each other to zero cannot be achieved.
That is, in the nonlinear zero power control of Patent Document 2, a current value to be controlled is determined by
detecting "displacement" and "speed" from the balance point of a rotor, and carrying out case classification into four
cases using two parameters. However, in two cases of the four cases, a current is applied to both magnetic pole coils
which face each other, and an unnecessary current is consumed, which causes an increase in loss.

[0009] Additionally, since two parameters are determined in every (for example, every 100 ps) operation period,
operation logic for real time control is complicated, the controlled amount of CPU is increased, and a highly efficient and
expensive CPU needs to be used.

[0010] The invention has been invented in order to solve the aforementioned problems. That is, the object of the
invention is to provide an electromagnetic attraction type magnetic bearing and its control method capable of achieving
the perfect zero power control of always setting the control current of any one of electromagnets which face each other



10

15

20

25

30

35

40

45

50

55

EP 2 131 051 A1

to zero, reducing the number of parameters to be determined in every operation period, simplifying operation logic,
reducing the controlled amount of CPU, and reducing the need for a highly efficient and expensive CPU.

[0011] According to the invention, there is provided an electromagnetic attraction type magnetic bearing including at
least a pair of electromagnets arranged to face each other, a float arranged between the electromagnets and held at
the middle position thereof, a sensor for detecting a displacement of the float from a balance position, and/or the speed
thereof, and a controller for controlling the electromagnets, wherein the controller determines a variable Z proportional
to acceleration in the control direction based on the displacement and the speed of the float, and operates to set a control
current of one the pair of the electromagnets to zero and to control only a control current of the other of the pair of the
electromagnets, depending on positive and negative values of the variable Z.

[0012] According to a preferable embodiment of the invention, the pair of electromagnets is composed of a first
electromagnet and a second electromagnet, and when displacement directed to the first electromagnet from the balance
position of the float is defined as x, the speed of the float is defined as v=dx/dt, and v is defined as a positive constant,
the variable Z is given by the following Equation (A):

Z=X+Yv (A)

[0013] Additionally, according to the invention, there is provided a control method of an electromagnetic attraction
type magnetic bearing which holds a float arranged at a middle position between a pair of electromagnets arranged to
face each other by at least the pair of electromagnets. The control method includes detecting the displacement of the
float from a balance position, and/or the speed thereof, determining a variable Z proportional to acceleration in the control
direction from the displacement and the speed of the float, and operating to set the control current of one the pair of the
electromagnets to zero and to control only a control current of one the pair of the electromagnets, depending on positive
and negative values of the variable Z.

[0014] According to a preferable embodiment of the invention, the pair of electromagnets is composed of a first
electromagnet and a second electromagnet, and when displacement directed to the first electromagnet from the balance
position of the float is defined as x, the speed of the float is defined as v=dx/dt, and v is defined as a positive constant,
the variable Z is given by the following Equation (A):

Z=x+yv (A)

[0015] Additionally, when a is defined as a positive constant, X, is defined as a magnetic gap of the balance position,
and the variable Z is positive or zero, the control current of the first electromagnet is set to zero, and the control current
i of the second electromagnet is determined by the following equation (B), and when the variable Z is negative, the
control current of the second electromagnet is setto zero, andthe control current iy of the first electromagnet is determined
by the following equation (C):

ir=a (Xp+x) SORT (Z/k) (B)

ii;=a (X¢=-x)SQRT (-2/k) (C)

[0016] According to the apparatus and method of the above-mentioned invention, the controller determines a variable
Z proportional to acceleration in the control direction from the displacement x and speed v of the float, sets the control
current of one electromagnet to zero and controls only the control current of the other electromagnet, depending on the
positive and negative values of the variable Z. Thus, classification into four cases is hot made by case classification of
two parameters including "displacement" and a "speed" unlike Patent Document 2, and the case classification is reduced
to two cases from four cases by using one variable Z as a parameter. In addition, control performance is equal even if
a determination parameter is changed.

[0017] Additionally, in the invention, in all the cases, a control current becomes always zero in one of magnetic pole
coils which face each other, and further reduction in consumed current and further loss reduction are attained.
Additionally, the number of determination required is half-reduced in every period of digital operation, so that control
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logic can be simplified and the operation load of CPU can be significantly reduced. That is, it becomes possible to
contribute to shortening of cycle time, and simultaneously, reduce the specification required for CPU.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018]

Fig. 1 is a schematic view of an "active control electromagnetic attraction type magnetic bearing" of Patent Document
1.

Fig. 2 is a schematic view of "the electromagnetic attraction type magnetic bearing and its nonlinear control method"
of Patent Document 2.

Fig. 3 is a control model diagram of a conventional electromagnetic attraction type magnetic bearing.

Fig. 4 is a control model diagram of the electromagnetic attraction type magnetic bearing according to the invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT

[0019] The invention simplifies control logic, reduces a control current, and reduces a CPU operation load while
exhibiting control capability equivalent to Patent Document 2 that is prior application by the inventors of the invention.
Hereinafter, the invention will be described comparing with this conventional technique.

[0020] Fig. 3 is a control model diagram of a conventional electromagnetic attraction type magnetic bearing. The
electromagnetic attraction type magnetic bearing includes at least a pair of electromagnets 1 and 2 (a first electromagnet
1 and a second electromagnet 2) arranged to face each other, a float 3 arranged between the electromagnets 1 and 2
and held at the middle position thereof, and a sensor (not shown) which detects the displacement x of the float 3 from
a balance position, and/or the speed v (=dx/dt) thereof.

[0021] In addition, in the following description, M is a rotor mass [kg], X, is a magnetic gap [m], X is displacement [m]
directed to the first electromagnet 1 from a balance point, i; is the control current [A] of the first electromagnet 1, i, is
the control current [A] of the electromagnet 2, F, is the attraction force [N] of the first electromagnet 1, F, is the attraction
force [N] of the electromagnet 2, v, is a space permeability (=4 107) [H/m], S is a magnetic path cross-sectional area
[m2], N is the number [-] of coil turns of electromagnets 1 and 2, and k is a magnetic attraction force coefficient (=j.oN2S/
4[m4]).

[0022] Inthis case, equation of motion becomes as Equation (1) of Expression 1. Inaddition, in the following expression,
v=dx/dt is expressed by x over which one dot is given, and acceleration d2x/dt? is expressed by x over which two dots
are given.

[0023]

[Expression 1]

. 2 . 2
A/[x':F‘—-Fzzk(__i.-— _k ___’_2__.j e (1)
KXO—x X, +x)

[0024] Inthe conventional control, classification into four cases is made depending on the positive and negative values
of the rotor displacement x and the speed v, and the control currents i; and i, are determined. The control currents in
the respective cases and results after the control currents are assigned to Equation (1) are shown in Equation (2.1) to
Equation (2.4) of Expression 2.

Here, a is a constant which exceeds 1, v is a positive constant, and these can be arbitrarily determined.

[0025]
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[Expression 2]

x20,.x20 M

i =0
i, =alX, +x) x;W

Mi=F, - F, ={a’x+a*pi)

x20.x<0

i :Q(Xo —-x) "i‘:“

iy = a(XO +x)\[§

Nﬁslﬁ~ﬁ}:—ﬂfx+aﬁﬂ

x<0,x<0 —
i =a(X, - x) ~ELE

k
i, =0

Mi=F, - F, = a’x+a*p)

Mi=F -F, =—{d’x+a*p)

(2.2)

(2.3)

(2.4)

[0026] The following things can be seen from the respective equations of Expression 2.

(1) In Case-2 and Case-4, a current flows into both the control current iy of the first electromagnet 1 and the control

current i, of the second electromagnet 2 in order to give damping.
(2) In all the cases, Md2x/dt2 becomes the same result.

Here, if

Equation (1) becomes Equation (4), and an equation of motion of one degree-of-freedom vibration system having

damping is obtained.

K=a’ and C:a%/~~(3>,
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Md?x/dt?=-Cdx/dt-Kx (4)

In other words, a control force necessarily becomes -Cdx/dt-Kx. It can be seen from this that the constants a and
v are uniquely determined by determining the characteristic value ®w and damping ratio ¢ of the one degree-of-
freedom vibration system.

(8) In Case-1 and Case-3, the direction of the control force is always constant without depending on x and dx/dt.
However, in Case-2 and Case-4, the direction of the control force changes depending on the relationship of x and
dx/dt.

[0027] As described above, in the conventional Case-2 and Case-4, the control currents i; and i, will pass through
two magnetic pole coils which face each other. The invention provides a means which makes one of the control currents
completely zero, without impairing control performance.

[0028] Fig. 4 is a control model diagram of the electromagnetic attraction type magnetic bearing according to the
present invention.

The electromagnetic attraction type magnetic bearing of the invention includes at least a pair of electromagnets 1 and
2, afloat 3, a sensor 4, and a controller 5.

[0029] The pair of electromagnets 1 and 2 is composed of the first electromagnet 1 and the second electromagnet 2,
and is arranged to face each other.

[0030] The float 3 is arranged between the electromagnets 1 and 2, and held at the middle position thereof. In this
example the float 3 shall be, for example, a shaft which rotates around an axis in a vertical direction, shall be supported
in a horizontal direction in the drawing by a magnetic bearing, and shall not be influenced in the direction of gravity. In
addition, supporting in the vertical direction in the drawing shall be performed by the other magnetic bearing, and similarly,
shall not be influenced in the direction of gravity.

In addition, in a case where a shaft is influenced by gravity like a case where the shaft is horizontally supported, the
shaft can be similarly treated by applying (adding or subtracting) gravity to the attraction force of an electromagnet.
[0031] The sensor 4 detects the displacement x of the float 3 from a balance position, and/or the speed v (=dx/dt)
thereof. Preferably, the sensor 4 is a noncontact type sensor. Additionally, although this sensor may be either a dis-
placement sensor or a speed sensor, it may include both sensors. In addition, when only the displacement x is detected,
the displacement is differentiated to determine the speed v, and when only the speed v is detected, the speed is integrated
to determine the displacement x.

[0032] The controller 5 determines a variable Z proportional to acceleration in the control direction from the displace-
ment x and speed v of the float. And the controller 5 operates to set the control current of one of the electromagnets to
zero and to control only the control current of other of electromagnets, depending on the positive and negative values
of the variable. That is, the controller 5 calculates the currents i; and i, to be supplied to the electromagnets 1 and 2 in
real time according to an equation to be mentioned later, and controls the electromagnets 1 and 2.

[0033] Intheconventional means, case classification is carried out by performing determination in positive and negative
values of the displacement and speed of the float. However, in the invention, the variable Z proportional to acceleration
in the control direction is introduced as a new determination item.

Here, the variable Z is given by the following Equation (5).

Z=x+Yv (5)

[0034] Table 1 shows comparing the invention will be with a conventional example. As shown in this table, although
natural, the positive and negative values of the variable Z becomes necessarily opposite to the direction of a control
force to be generated.

[0035]
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[Table 1]
DIRE(g)FTION ENERS(I)Zlf\TION ENERGIZATION
Case DISPLACEMENT | SPEED V4 CONTROL (CONVENTIONAL C(|)|\|1|§/(||;3|\T'|I'E|(S)EN';]T
FORCE ART)
. MAGNETIC POLE MAGNETIC
Case-1 x>0 x>0 POSITIVE NEGATIVE - POLE 2
MAGNETIC MAGNETIC
. POSITIVE NEGATIVE POLES 1 AND 2 POLE 2
Case-2 x=0 X<0 MAGNETIC MAGNETIC
NEGATIVE POSITIVE POLES 1 AND 2 POLE 1
Case-3 x<0 x<0 NEGATIVE POSITIVE MAGNETIC POLE MAGNETIC
1 POLE 1
MAGNETIC MAGNETIC
. NEGATIVE POSITIVE POLES 1 AND 2 POLE 1
Case-4 x<0 x=0 MAGNETIC MAGNETIC
POSITIVE NEGATIVE POLES 1 AND 2 POLE 2

[0036] From these, in the invention, the currents iy and i, are determined as follows.

(1) Since one of the currents necessarily becomes zero in Case-1 and Case-3, the control currents iy and i, are set
to the same currents as the conventional control.

(2) In Case-2 and Case-4, the direction of a control force can become either positive or negative direction depending
on the positive and negative values of the variable Z in the conventional control. Consequently, depending on the
positive and negative values of the variable Z, one electromagnet to which a current is to be applied is determined,
and application of a current to an electromagnet opposite to the direction of a control force is set to zero.

(8) Attention is paid to the variable Z newly introduced for determination instead of two parameters of displacement
and speed, and as shown in Equation (6.1) and Equation (6.2) of Expression 3, current values are determined.

[0037]
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[Expression 3]
Case'A a’x+a’y =20
i =0 -

i, =a(X, +x) %—73{ (6. 1)

Mi=F -F,= »—(a2x+a270'c)

Case'B a’x+a’y <0

A:a@%"x)

(6.2)
i, =0
Mi=F, - F, =—{a*x +a*s)

[0038] Inthe respective equations of Expression 3, Case-1 and Case-3 are the same as the conventional ones.
Additionally, even in Case-2 and Case-4, application of a current to one electromagnet becomes zero, and a current is
applied to only one of the electromagnets.

Along with Case-A and Case-B, the control force becomes Md?x/dt?2=-Cdx/dt-Kx --- (4) similarly to the conventional
technique, and becomes equivalent to the one degree-of-freedom vibration system having damping.

[0039] As described above, in the invention, a determination parameter is reduced to the variable Z from the displace-
ment and the speed, and only determination of the positive and negative values of one parameter is performed.
Additionally, in all the cases, a current sent to one of electromagnets is necessarily set to zero.

Accordingly, since reducing a control current leads to a reduction in loss, it becomes possible to simplify control logic
to reduce an operation load in CPU.

In addition, the control performance is equal irrespective of simplifying the control logic and reducing the control current.
[0040] In addition, it is natural that the invention is not limited to the above-described embodiment, but various mod-
ifications may be made without departing from the spirit and scope of the invention.

Claims
1. An electromagnetic attraction type magnetic bearing comprising:

at least a pair of electromagnets arranged to face each other,

a float arranged between the electromagnets and held at the middle position thereof,

a sensor for detecting a displacement of the float from a balance position, and/or the speed thereof, and

a controller for controlling the electromagnets,

wherein the controller determines a variable Z proportional to acceleration in the control direction based on the
displacement and the speed of the float, and operatesto set a control current of one the pair of the electromagnets
to zero and to control only a control current of the other of the pair of the electromagnets, depending on positive
and negative values of the variable Z.

2. The electromagnetic attraction type magnetic bearing according to Claim 1,
wherein the pair of electromagnets is composed of a first electromagnet and a second electromagnet, and
when displacement directed to the first electromagnet from the balance position of the float is defined as x, the
speed of the float is defined as v=dx/dt, and yis defined as a positive constant, the variable Z is given by the following
Equation (A):
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Z=x+yv (A) .

A control method of an electromagnetic attraction type magnetic bearing which holds a float arranged at a middle
position between a pair of electromagnets arranged to face each other by at least the pair of electromagnets, the
control method comprising:

detecting the displacement of the float from a balance position, and/or the speed thereof,

determining a variable Z proportional to acceleration in the control direction from the displacement and the
speed of the float, and

operating to set the control current of one the pair of the electromagnets to zero and to control only a control
current of one the pair of the electromagnets, depending on positive and negative values of the variable Z.

The control method of an electromagnetic attraction type magnetic bearing according to Claim 3,

wherein the pair of electromagnets is composed of a first electromagnet and a second electromagnet, and

when displacement directed to the first electromagnet from the balance position of the float is defined as x, the
speed of the float is defined as v=dx/dt, and v is defined as a positive constant, the variable Z is determined by the
following Equation (A):

Z=x+yv (A) .

The control method of an electromagnetic attraction type magnetic bearing according to Claim 4,

wherein, when a is defined as a constant exceeding 1, X, is defined as a magnetic gap of the balance position, and
the variable Z is positive or zero, the control current of the first electromagnet is set to zero, and the control current
i, of the second electromagnet is determined by the following equation (B):

iz=a (Xo+x) SQRT (Z/k) (B),

and
when the variable Z is negative, the control current of the second electromagnet is set to zero, and the control
current iy of the first electromagnet is determined by the following equation (C):

i1=a (Xg=-x) SQRT (-Z/k) (C)
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