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A control device (101) for controlling a magnetic levitation system comprises a controller (103) for controlling one or more voltages
directed to one or more windings of the magnetic levitation system on the basis of a deviation of a position of an object (108) to be
levitated from a reference position so as to control a resultant magnetic force directed to the object. The controller selects, for each of
temporally successive control periods, a control direction so that ability of the resultant magnetic force to decrease the deviation of the
position is improved when the resultant magnetic force is changed in the selected control direction. Thereafter, the one or more voltages
are selected in accordance with the selected control direction so as to decrease the deviation of the position by changing the resultant
magnetic force. Thus, there is no need for nested control loops which are typically challenging to tune.



Ohjauslaite (101) magneettisen kannatusjarjestelman ohjaamiseksi kasittda kontrollerin (103) magneettisen kannatusjarjestelméan
yhteen tai useampaan kdamiin suunnatun yhden tai useamman jannitteen ohjaamiseksi perustuen kannateltavan kohteen (108) aseman
poikkeamaan vertailuasemasta kohteeseen suunnatun magneettisen resultanttivoiman chjaamiseksi. Kontrolleri valitsee ajallisesti
perakkaisistd ohjausjaksoista kutakin varten ohjaussuunnan siten, ettd magneettisen resultanttivoiman kyky aseman poikkeaman
pienentdmiseksi paranee kun magneettista resultanttivoimaa muutetaan valitussa ohjaussuunnassa. Sen jilkeen valitaan kyseinen yksi
tai useampi jannite valitun ohjaussuunnan mukaisesti, jotta aikaansaadaan aseman poikkeaman pieneneminen muuttamalla
magneettista resultanttivoimaa. Siten ei ole tarvetta sisdkkaisille ohjaussilmukoille, joiden virittdminen on tyypillisesti haastavaa.
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A control device and a method for controlling a magnetic levitation system

Field of the invention

The invention relates generally to a magnetic levitation system that can be, for ex-
ample but not necessarily, an active magnetic bearing “AMB”. More particularly,
the invention relates to a control device and to a method for controlling a magnetic
levitation system. Furthermore, the invention relates to a computer program for

controlling a magnetic levitation system.
Background

Magnetic levitation systems, such as e.g. active magnetic bearings “AMB”, are
commonly known in the art. Magnetic levitation systems are commonly utilized for
supporting a rotating or oscillating object. In many cases, the support at each di-
rection is obtained by balancing attractive forces of two opposite acting magnets
and other forces acting on an object to be levitated, where at least one of the
magnets is a controllable electromagnet. In principle, it is also possible to balance
an attractive force of one controllable electromagnet and other forces, e.g. the
gravity force, acting against the attractive force of the electromagnet. The magnet-
ic forces acting in all or some degrees of freedom of the levitated object, e.g. a ro-
tor of an electrical machine, have to be controlled actively because of the inherent
instability of the magnetic levitation. The instability is due to the fact that the mag-
netic attractive force acting between a magnet and an object made of e.g. ferro-
magnetic material increases when the air-gap between the magnet and the object
gets smaller. There are several different kinds of magnetic levitation systems.
Some systems use permanent magnets to generate bias magnetic fluxes, others
use direct biasing currents to generate the bias fluxes. The biasing is used to
overcome static loads, increasing the possible rates of change of magnetic forces

and to linearize the magnetic force dependence on control variables.

The magnetic force generated by each electromagnet of a magnetic levitation sys-
tem can be controlled by controlling the current of the electromagnet under con-
sideration. By controlling the currents of all electromagnets of the magnetic levita-
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tion system, a resultant magnetic force can be generated into a desired direction.
A control device of the magnetic levitation system constitutes typically an outer
control loop and an inner control loop for each degree of freedom of the object to
be levitated. The outer control loop receives information expressing the measured
or estimated position, and possibly also the velocity, of the object to be levitated
and a reference, i.e. desired, position of the object. The outer control loop produc-
es reference values for the currents of the electromagnets acting in the degree of
freedom under consideration. The inner control loop receives information express-
ing the reference values of the currents and the measured or estimated values of
the currents. The inner control loop controls the voltages directed to the windings
of the electromagnets so that the currents follow the reference values of the cur-
rents with a sufficient accuracy. The voltages can be controlled on the basis of the
differences between the measured or estimated currents and the reference values
of the currents for example with the pulse width modulation “PWM?”. Instead of the
currents, the control quantities controlled by the inner control loop can be estimat-
ed or measured magnetic fluxes generated by the electromagnets or estimated or

measured forces directed by the electromagnets to the object to be levitated.

The above-described control principle is, however, not free from challenges. One
of the challenges is related to delays created by the outer and inner control loops.
The outer control loop has to be tuned to alter the reference values of the currents
or other control quantities so slowly that the inner control loop is able to make the
currents or other control quantities to follow the changes of the reference values
with a sufficient accuracy. If the outer control loop is too fast, i.e. the outer control
loop changes the reference values too fast, the differences between the prevailing
currents or other control quantities and the reference values may get so big that
the position control represented by the outer control loop gets instable. Therefore,
as usual in cases having outer and inner control loops, the outer control loop has
to be sufficiently slower than the inner control loop. The ability of the inner control
loop to generate fast changes in the currents and as well in the forces and in the
magnetic fluxes is inherently limited by the inductances of the electromagnets and
the upper limits of the available voltages. On the other hand, the outer control loop
has to be sufficiently fast in order to provide a sufficiently stiff magnetic suspen-
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sion. Therefore, it can be quite challenging to construct the outer control loop so
that the changes in the reference values of the currents or other control quantities
are slow enough for the inner control loop to follow but, on the other hand, the
changes are fast enough so as to provide a sufficiently stiff magnetic suspension.

Summary

The following presents a simplified summary in order to provide a basic under-
standing of some aspects of various invention embodiments. The summary is not
an extensive overview of the invention. It is neither intended to identify key or criti-
cal elements of the invention nor to delineate the scope of the invention. The fol-
lowing summary merely presents some concepts of the invention in a simplified
form as a prelude to a more detailed description of exemplifying embodiments of

the invention.

In accordance with the invention, there is provided a new method for controlling a
magnetic levitation system that can be, for example but not necessarily, an active

magnetic bearing “AMB”. A method according to the invention comprises:

- receiving a position signal indicative of a position of an object levitated by

one or more magnetic fluxes, and

- controlling one or more voltages directed to one or more windings of the
magnetic levitation system on the basis of a deviation of the position of the
object from a reference position so as to control the resultant magnetic

force directed to the object.
The one or more voltages are controlled by:

- selecting, for each of temporally successive control periods, a control direc-
tion so that changing the resultant magnetic force in the selected control di-
rection improves ability of a total force acting on the object to decrease the
deviation of the position, and

- setting, for each of the temporally successive control periods, the one or
more voltages in accordance with the selected control direction so as to de-
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crease the deviation of the position by changing the resultant magnetic
force with the aid of the one or more voltages.

In the above-described method, the one or more voltages are controlled without a
need to form one or more reference values which have to react fast enough to
changes in loading conditions in order to provide a sufficiently stiff magnetic sus-
pension, but whose changes have to be slow enough in order to keep the differ-
ences between the reference values and the corresponding control quantities, e.g.
currents, fluxes, or forces, sufficiently small so as to maintain stability of the mag-

netic suspension.

The magnetic levitation system can be for example an axial magnetic bearing for
supporting an object, e.g. a rotor of an electrical machine, in mutually opposite di-
rections parallel with the axis of rotation of the object. In this case, there are two
possible control directions which are mutually opposite to each other. For another
example, the magnetic levitation system can be a radial magnetic bearing for sup-
porting an object, e.g. a rotor of an electrical machine, in directions perpendicular
to the axis of rotation of the object. In this case, the possible control directions are
in a geometric plane perpendicular to the axis of rotation. For a third example, the
magnetic levitation system may comprise one or more radial magnetic bearings
and one or more axial magnetic bearings. In this case, the magnetic bearings are
advantageously controlled separately. For a fourth example, the magnetic levita-
tion system may comprise conical magnetic bearings capable of supporting a ro-
tating object both in the radial directions and in the axial directions.

It is worth noting that also in a case where the magnetic levitation system com-
prises only one controllable electromagnet for supporting an object against down-
wards directed loading including the gravity force, there are two possible control
directions. One of the control directions is upwards and the other is downwards. If
the object is at a position higher than the reference position, the magnetic force di-
rected to the object is changed in the downward control direction, i.e. the upward
directed magnetic force is weakened and thus the change of the magnetic force is
downwards. This change of the magnetic force improves the ability of the total
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force acting on the object and including the magnetic force and the gravity force to

move the object towards the reference position.

In accordance with the invention, there is provided also a new control device for

controlling a magnetic levitation system that can be, for example but not neces-

sarily, an active magnetic bearing “AMB”. A control device according to the inven-

tion comprises:

a signal input for receiving a position signal indicative of a position of an ob-
ject levitated by one or more magnetic fluxes, and

a controller for controlling one or more voltages directed to one or more
windings of the magnetic levitation system on the basis of a deviation of the
position of the object from a reference position so as to control a resultant

magnetic force directed to the object.

The controller is configured to:

select, for each of temporally successive control periods, a control direction
so that changing the resultant magnetic force in the selected control direc-
tion improves ability of a total force acting on the object to decrease the de-

viation of the position, and

set, for each of the temporally successive control periods, the one or more
voltages in accordance with the selected control direction so as to decrease
the deviation of the position by changing the resultant magnetic force with
the aid of the one or more voltages.

In accordance with the invention, there is provided also a new magnetic levitation

system that comprises:

at least one magnetic actuator comprising one or more windings for gener-

ating one or more magnetic fluxes for levitating an object,

equipment for generating a position signal indicative of a position of the ob-
ject with respect to the magnetic actuator,
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- one or more controllable voltage sources for directing one or more voltages

to the one or more windings, and

- a control device according to the invention for controlling the one or more
voltages on the basis of a deviation of the position of the object from a ref-
erence position so as to control the one or more magnetic fluxes to levitate

the object.

In accordance with the invention, there is provided also a new computer program
for controlling one or more voltages directed to one or more windings of a magnet-
ic levitation system so as to control a resultant magnetic force directed to an object
to be levitated.

A computer program according to the invention comprises computer executable
instructions for controlling a programmable processing system of the magnetic lev-

itation system to:

- select, for each of temporally successive control periods, a control direction
so that changing the resultant magnetic force in the selected control direc-
tion improves ability of a total force acting on the object to decrease the de-
viation of the position, and

- set, for each of the temporally successive control periods, the one or more
voltages in accordance with the selected control direction so as to decrease
the deviation of the position by changing the resultant magnetic force with

the aid of the one or more voltages.

In accordance with the invention, there is provided also a new computer program
product. The computer program product comprises a non-volatile computer reada-
ble medium, e.g. an optical disc, encoded with a computer program according to

the invention.

A number of exemplifying and non-limiting embodiments of the invention are de-

scribed in accompanied dependent claims.
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Various exemplifying and non-limiting embodiments of the invention both as to
constructions and to methods of operation, together with additional objects and
advantages thereof, will be best understood from the following description of spe-
cific exemplifying and non-limiting embodiments when read in connection with the

accompanying drawings.

The verbs “to comprise” and “to include” are used in this document as open limita-
tions that neither exclude nor require the existence of unrecited features. The fea-
tures recited in dependent claims are mutually freely combinable unless otherwise
explicitly stated. Furthermore, it is to be understood that the use of "a" or "an", i.e.
a singular form, throughout this document does not exclude a plurality.

Brief description of the figures

Exemplifying and non-limiting embodiments of the invention and their advantages
are explained in greater detail below in the sense of examples and with reference
to the accompanying drawings, in which:

figure 1a shows a schematic illustration of a magnetic levitation system comprising
a control device according to an exemplifying and non-limiting embodiment of the

invention,

figure 1b shows a diagram illustrating an exemplifying set of control directions
suitable for being used in the control of the magnetic levitation system illustrated in
figure 1a,

figures 1c and 1d show functional block diagrams of control devices according to
exemplifying and non-limiting embodiments of the invention for controlling a mag-

netic levitation system,

figure 2 shows a schematic illustration of a magnetic levitation system comprising
a control device according to an exemplifying and non-limiting embodiment of the

invention,
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figure 3a shows a flowchart of a method according to an exemplifying and non-
limiting embodiment of the invention for controlling a magnetic levitation system,

and

figure 3b illustrates exemplifying sub-actions for carrying out one of the actions of
a method according to an exemplifying and non-limiting embodiment of the inven-

tion.
Description of exemplifying and non-limiting embodiments

Figure 1a shows a schematic illustration of a magnetic levitation system compris-
ing a control device 101 according to an exemplifying and non-limiting embodi-
ment of the invention. In the exemplifying case illustrated in figure 1a, the magnet-
ic levitation system is a radial magnetic bearing for supporting an object 108 in di-
rections perpendicular to an axis of rotational symmetry of the object. Figure 1a
shows a section view of the object 108. The axis of the rotational symmetry is par-
allel with the z-axis of the coordinate system shown in figure 1a. The object 108 to
be levitated can be for example a rotor or an electrical machine. The magnetic
levitation system comprises a magnetic actuator 104 constituting electromagnets
for magnetically supporting the object 108. The magnetic actuator 104 comprises
a ferromagnetic core structure 112 and windings 105x+, 105x-, 105y+ and 105y-
for generating magnetic fluxes ®y,, ®x., Py, and P,. for supporting the object 108
in the xy-plane of the coordinate system. The magnetic levitation system compris-
es equipment for generating a position signal indicative of a position of the object
108 with respect to the magnetic actuator 104. In this exemplifying case, the posi-
tion signal comprises components Py and Py, where Py is indicative of the x-
coordinate of the rotational symmetry axis of the object 108 and Py is indicative of
the y-coordinate of the rotational symmetry axis of the object. Thus, in this exem-
plifying case, the position signal constitutes a position vector P = P,e, + P,e, ex-
pressing the position of the object 108 in a planar two-dimensional coordinate sys-
tem, i.e. in the xy-plane, whose origin is at a reference position of the object, i.e. at
the desired position of the object. The e, and e, are unit vectors defining the posi-
tive x- and y-directions of the coordinate system shown in figure 1a.
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In the exemplifying case illustrated in figure 1a, the equipment for generating the
position signal comprises sensors 106x+, 106x-, 106y+ and 106y- and a circuitry
113 for generating the components Py and Py of the position signal on the basis of
output signals of the sensors. Signal transfer paths from the sensors to the circuit-
ry 113 are not shown in figure 1a. The sensors 106x+, 106x-, 106y+ and 106y-
can be, for example but not necessarily, inductive sensors where the inductance of
each sensor is dependent on the distance from the sensor under consideration to
the surface of the object 108, and the circuitry 113 can be configured to form the
components Py and Py of the position signal on the basis of differences between
the inductances of the sensors. It is also possible that the circuitry 113 is config-
ured to form the components P, and Py of the position signal on the basis of differ-
ences between the inductances of the electromagnets supporting the object 108.
The inductance of each electromagnet can be indicated by a rate of change of cur-
rent di/dt when voltage directed to the winding of the electromagnet under consid-
eration is changed in a step-wise manner. In this case, there is no need for the
sensors 106x+, 106x-, 106y+ and 106y-.

The magnetic levitation system comprises controllable voltage sources 107x+,
107x-, 107y+ and 107y- for directing controllable voltages to the windings 105x+,
105x-, 105y+ and 105y-. In the exemplifying magnetic levitation system illustrated
in figure 1a, the voltage sources are three-level voltage sources each of which is
capable of producing three discrete voltage values. The main circuit of the voltage
source 107y+ is presented in figure 1a. Each of the other voltage sources 107x+,
107x- and 107y- has a main circuit similar to that of the voltage source 107y+. As
can be seen from the main circuit of the voltage source 107y+, voltage Vy. directed
to the winding 105y+ is substantially Upc when both transistors of the voltage
source 107y+ are conductive, substantially —Upc when both of the transistors are
non-conductive and current iy, flows via diodes of the voltage source 107y+, and
substantially zero when one of the transistors is conductive and the other is non-
conductive and the current flows via the conductive transistor and one of the di-
odes. Conductive state threshold voltages of the transistors and the diodes and
resistances of conductors make the voltage Vy, to slightly differ from the above-
mentioned values. The voltage sources are controlled by three-level voltage selec-
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tors Sy., Sx, Sy+ and Sy. so that for example voltage selector Sy, determines
whether the voltage Vy, is positive, negative, or substantially zero.

The magnetic levitation system comprises a control device 101 for controlling the
magnetic actuator 104. The control device comprises a signal input 102 for receiv-
ing the components Py and Py of the position signal, and a controller 103 for con-
trolling the voltages directed to the windings 105x+, 105x-, 105y+ and 105y- in a
time-discrete way at temporally successive control periods. The voltages are con-
trolled on the basis of the deviation between the position of the object 108 and the
reference position of the object. In this case, the components Py and Py of the po-
sition signal represents the deviation of the position because the origin of the co-
ordinate system shown in figure 1a coincides with the reference position. Thus,
reference values Pyt and Pyt Of the components P, and Py of the position signal
can be assumed to be zeroes. The controller 103 comprises a functional section
109 for producing, for each of the temporally successive control periods, control
values Cy and C, at least partly on the basis of the components P and Py of the
position signal. The control values C, and C, represent a control vector C = Cxex +
Cyey which indicates a direction in which a resultant magnetic force F directed to
the object 108 should be changed in order to decrease the deviation of the posi-
tion. The resultant magnetic force is the resultant of the magnetic forces directed
to the object 108 by the magnetic fluxes ®y,, Px., Py. and Py.. Thus, the resultant
magnetic force F is (Fx. — Fx.)ex + (Fy. — Fy.)e,, where F,, is the magnetic force
caused by the magnetic flux ®y,, Fyx is the magnetic force caused by the flux &y,
Fy. is the magnetic force caused by the magnetic flux ®y., and Fy. is the magnetic
force caused by the flux ®,.. The magnetic force caused by, for example, the flux
@, is directly proportional to the square of the magnetic flux ®,.% Thus, the rate of
change dFy./dt of the magnetic force Fy. is directly proportional to 2dy, x ddy./dt
which, in turn, is directly proportional to 2®y, x (Vy. — R iy.), where R is the re-
sistance of the winding 105y+ and iy, is the current of the winding 105y+. Thus, the
rate of change vector dF/dt of the resultant magnetic force F is proportional to the

following vector:

dF/dt ~ (2D, x Vy, — 2Py x Vi )ex + (2Py, x Vi, — 2Py x V. )ey, (1)
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where the effect of the resistances of the windings is neglected, and Vy,, Vx. and
Vy. are the voltages directed to the windings 105x+, 105x- and 105y-, respectively.
As indicated by Equation (1), the direction of change of the resultant magnetic
force F can be controlled with the aid of the voltages directed to the windings
105x+, 105x-, 105y+ and 105y-.

The controller 103 comprises a functional section 110 for selecting, for each of the
temporally successive control periods, a control direction CD so that changing the
resultant magnetic force F in the selected control direction improves the ability of
the resultant magnetic force to decrease the deviation of the position. The control-
ler 103 comprises a functional section 111 for setting, for each of the temporally
successive control periods, the voltages Vy,, Vi, Vy, and V,. in accordance with
the selected control direction CD so as to decrease the deviation of the position by
changing the resultant magnetic force with the aid of the voltages. In this exempli-
fying case, a value of each of the voltages Vy., V., Vy. and V,. is selected from a
finite set of selectable voltage values, i.e. = +Upc, = 0, = —Upc, and the selection is
accomplished by setting appropriate values to the voltage selectors Sy,, Syx., Sy.
and Sy.. The functional section 111 can be implemented for example with the aid
of a selection look-up table for outputting the voltage selectors Sy,, Sy, Sy. and S.
on the basis of a look-up key comprising an indicator of the selected control direc-
tion CD. As the value of each of the voltages V., Vy., Vy. and V,. is selected from
the finite set of selectable voltage values, there are only a finite number of se-
lectable voltage combinations which correspond to different control directions.
Therefore, the control direction CD cannot be selected freely but the control direc-
tion is selected from a finite set of selectable control directions. In cases where
voltages are continuously controllable, the control direction can be selected more

freely.

Figure 1b shows a diagram illustrating an exemplifying set of selectable control di-
rections in the xy-plane of the coordinate system shown in figure 1a. In figure 1b,
the selectable control directions are defined by first geometric lines intersecting
each other at the origin and depicted with dot-and-dash lines. For example, the se-
lectable control direction x+ corresponds to a situation where V,, = Upc and V,. =
Vy,. = Vy. = 0 or where V,, = Upc and Vy. = — Upc and Vy, = V,. = 0, and the se-
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lectable control direction x+/y+ corresponds to a situation where Vy, = Upc, Vy. =
Upc and V,. = V. = 0 or where V,, = Upg, Vy. = Upc, Vx. = — Upc, Vy. == Upc. It is
worth noting that all the possible control directions are not shown in figure 1b. For
example, a voltage combination Vy, = Upc, Vy. = Upc, Vx. = — Upc, Vy. = 0 corre-
sponds to a control direction that is between the control directions x+ and x+/y+.
The xy-plane is divided into sectors s+, Sp, Ss, S4, Ss, Ss, S7, and sg by second geo-
metric lines intersecting each other at the origin so that each of the selectable con-
trol directions belongs to one of the sectors and a symmetry line of each sector is
one of the selectable control directions. In figure 1b, the second geometric lines
are depicted with dashed lines. The central angles o4, op, 0g, 04, 05, 0, 07 and O
of the sectors are advantageously proportional to magnitudes, i.e. the Euclidean
norm, of sector-specific voltage vectors so that a greater magnitude of the sector-
specific voltage vector corresponds to a greater central angle of the corresponding
sector. Each of the above-mentioned sector-specific voltage vectors is a vector of
the voltages corresponding to the control direction related to the sector under con-

1§

sideration. For example, the sector specific voltage vector of the sector sq is

1§

(Upc)ex or = (2Upg)ex and the sector specific voltage vector of the sector s is
(Upnc)ex + (Upc)ey or = (2Upc)ex + (2Upc)ey. The central angles o4-as of the sectors
$1-Sg can be proportional to the magnitudes of sector-specific voltage vectors for
example so that the distances a and b shown in figure 1b are directly proportional
to the magnitudes of the sector specific voltage vectors. In this case, the ratio
sin(ow/2)/Vi is the same for all of the sectors, where q; is the central angle of the i:th
sector, Vi is the magnitude of the sector-specific voltage vector related to i:th the
sector,andi=1,2, ..., 8.

As mentioned earlier, the functional section 111 of the control device 101 can be
implemented with the aid of a selection look-up table for outputting the voltage se-
lectors Sy., Sx., Sy, and S,. on the basis of a look-up key comprising an indicator of
the selected control direction. The selection look-up table can be for example ac-
cording to Table 1 shown below. In Table 1, ‘+’ means that = +Upc is directed to
the winding under consideration, ‘O’ means that = zero voltage is directed to the
winding, and ‘= means that = —Upc is directed to the winding. The row of table 1 is
determined on the basis of the control direction and the column is determined ac-
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cording to the winding under consideration. The control directions are denoted in
the same way as in figure 1b.

Table 1. An exemplifying selection look-up table.

Winding
Control direction 105x+ 105y+ 105x- 105y-
X+ + 0 - 0
y+ 0 + 0 -
X- - 0 + 0
y- 0 - 0 +
X+/Y+ + + - -
X-ly+ - + + -
X+/y- + - - +
X-1y- - - + +

In a control device according to an exemplifying and non-limiting embodiment of
the invention, the functional section 109 shown in figure 1a is configured to set the
direction of the control vector C = C.ex + Cyey to be opposite to the direction of the
position vector P = Pyex + Pyey, i.e. C =—q P, where q is a positive real number.
The functional section 110 of the control device is configured to determine a par-
ticular one of the sectors s¢-sg to which the control vector C belongs and to select
the control direction which belongs to the determined sector. Thereatfter, the func-
tional section 111 of the control device selects the appropriate sector-specific volt-
age vector. In this case, the resultant magnetic force F is attempted to be changed
against the direction of the deviation of the position at each of the temporally suc-
cessive control periods. In the exemplifying situation illustrated in figure 1b, the
control vector C belongs to the sector s1 and thus the sector specific voltage vector
is = (Upc)ey, i.e. Vx. = Upc and Vy. = Vy, = V. = 0, or the sector specific voltage

vector is = (2Upc)ex i.e. Vy,. = Upc and V. = —Upc and Vy, = V. = 0.

Figure 1c shows a functional block diagram of the control device 101 shown in fig-
ure 1a in a case according to an exemplifying and non-limiting embodiment of the
invention. In figure 1c, the magnetic actuator, the controllable voltage sources, and
the equipment for providing the components P, and P, of the position signal are
depicted with a block 150. The functional section 109 is configured to produce, for
each of the temporally successive control periods, the control values Cy and Cy at
least partly on the basis of the components Py and Py of the position signal. The
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control values Cy and C, represent the control vector C = Cxex + Cyey which indi-
cates the direction in which the resultant magnetic force F directed to the object
108 should be changed in order to decrease the deviation of the position. The
functional section 109 is configured to use a predetermined rule for producing a
reference vector R = R.ex + Ryey on the basis of the position vector P = Pyex + Py.
e,. The reference vector R may represent for example a desired resultant magnet-
ic force F or desired values of some other control quantities defining the operation
of the magnetic levitation system, such as e.g. a vector of balances of squares of
the currents (ix.” — ix2)ex + (iy.” — iy.5)ey, where iy, ix, iy, and iy. are the currents of
the windings 105x+, 105x-, 105y+ and 105y-, respectively. The use the predeter-
mined rule for producing the reference vector is depicted with blocks 115 in figure
1c. The predetermined rule may comprise for example a proportional and integra-
tive “PI” control algorithm, a proportional, integrative, and derivative “PID” control
algorithm, a proportional and derivative “PD” control algorithm, or some other suit-
able control algorithm. The functional section 109 is configured to subtract, from
the reference vector, the previous reference vector corresponding to the previous
one of the temporally successive control periods so as to produce the control vec-
tor C = Cyex + Cyey. This approach is based on the assumption that the prevailing
values of the control quantities corresponding to the reference vector have
reached their reference values by the end of the previous control period, and thus
the previous reference vector can be used as an estimate for the control quantities
prevailing at the beginning this the control period. The functional section 110 is
configured to determine a particular one of the above-mentioned sectors s+-sg, fig-
ure 1b, to which the control vector C belongs and to select the control direction CD
which belongs to the determined sector. Thereafter, the functional section 111 of

the control device selects the appropriate sector-specific voltage vector.

Figure 1d shows a functional block diagram of the control device 101 shown in fig-
ure 1a in a case according to an exemplifying and non-limiting embodiment of the
invention. Except for a functional section 109a, the functional block diagram shown
in figure 1c is similar to the functional block diagram shown in figure 1c. The func-
tional section 109a is configured to use a predetermined rule for producing a ref-
erence vector R = R,e, + Rye, on the basis of the position vector P = P,e, + P,e,.
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The reference vector R may represent for example a desired resultant magnetic
force F or desired values of some other control quantities defining the operation of
the magnetic levitation system, such as e.g. a vector of balances of squares of the
currents (ix,> — ix2)ex + (iy.> — iy.2)ey, where iy, ix, iy. and iy- are the currents of the
windings of the magnetic levitation system. The use of the predetermined rule for
producing the reference vector is depicted with blocks 115a in figure 1d. Also in
this case, the predetermined rule may comprise for example a proportional and in-
tegrative “PI” control algorithm, a proportional, integrative, and derivative “PID”
control algorithm, a proportional and derivative “PD” control algorithm, or some
other suitable control algorithm. The functional section 109a is configured to sub-
tract, from the reference vector R, a vector Q = Qe + Qye, indicative of the pre-
vailing resultant magnetic force F or other control quantities defining the operation
of the magnetic levitation system, such as e.g. the vector of balances of squares of
the currents (ix, — ix2)ex + (iys° — iy-2)ey. In this exemplifying case, the vector Q is
derived on the basis of information indicative of the prevailing currents of the wind-
ings. Functional blocks 116 shown in figure 1d represent the derivation of the vec-
tor Q. The information indicative of the prevailing currents comprises measured or
estimated values of the currents. In principle, the vector Q could as well be based
on measured or estimated magnetic forces or measured or estimated magnetic

fluxes.

The above-described control principles are based on the assumption that direction
of change of the resultant magnetic force F is sufficiently close to the direction of
the following voltage vector:

V = (Vx+ - Vx.)ex + (Vy+ - Vy-)ey, (2)

As presented earlier in Equation (1), the rate of change vector dF/dt of the result-
ant magnetic force F is proportional to the following vector:

dF/dt ~ (2¢X+ X Vx+ - 2CI)X. X VX.)eX + (zq)y+ X Vy+ - zq)y. X Vy-)ey,

As can be seen, the direction of the voltage vector V is the direction of the change
of the resultant magnetic force F, i.e. the angle between V and dF/dt is zero, if the

magnetic fluxes ®y,, Px., Py, and dy. are mutually equal, i.e. Py, = Py= Py, = Dy
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Although this assumption is applicable in many cases, there can be situations
where the quality of the control can be improved by using a more accurate model
for selecting the voltages directed to the windings of the magnetic levitation sys-

tem.

In a control device according to an exemplifying and non-limiting embodiment of
the invention, the functional section 110 is configured to maintain a correction
model for correcting the selection of the control direction. The correction model is
depicted with a block 115 in figures 1c and 1d. The correction model contains in-
formation about characteristics of magnetic circuits of the magnetic levitation sys-
tem and is configured to receive input information indicative of the selected control
direction CD, the prevailing currents iy,, ix., iy. and iy. of the windings, and the posi-
tion vector P = P,e, + Pye, of the object. The correction model can be implemented
for example with the aid of a correction look-up table whose content values can be
generated for example by inspecting, e.g. with simulations, how the directions of
the vectors V and dF/dt deviate from each other at different values of the currents
and at different positions of the object. With the aid of the correction model it is
possible take into account factors related to e.g. the geometric shapes of the mag-
netic circuits, the magnetic saturation, and the effect of the position of the object to

be levitated on the generation of the magnetic forces.

A control device according to an exemplifying and non-limiting embodiment of the
invention is configured to determine a temporal length of each of the temporally
successive control periods on the basis of (i) the control values Cy and Cy indicat-
ing the required changes of the control quantities being controlled, e.g. the x- and
y-components of the resultant magnetic force F, and (ii) a fact that the voltages set
for the control period under consideration at least partly determine a rate of
change of each of the control quantities under consideration. In many cases this
approach reduces the switching frequency of the voltage sources because switch-
ing is made only when needed. For example the functional entity 111 which se-
lects the voltages can be provided with computing capacity for determining the
temporal lengths of the control periods. A simpler and more straightforward ap-
proach is to use control periods having a constant temporal length.
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A control device according to an exemplifying and non-limiting embodiment of the
invention is configured to keep, in order to reduce the switching frequency, the
voltages unchanged in response to a situation in which a vector norm of the con-
trol vector C = Cyex + Cyey indicating the required changes of the control quantities
is below a pre-determined limit. The vector norm can be for example the Euclidean

norm or some other suitable vector norm.

In many magnetic levitation systems, the windings constitute one or more mutually
non-overlapping winding groups so that the windings belonging to a same winding
group are capable of generating mutually cancelling components of the resultant
magnetic force. The meaning of the term “mutually non-overlapping” is that each
winding belongs to only one winding group, i.e. none of the winding belongs to two
or more winding groups. For example, in the exemplifying magnetic levitation sys-
tem illustrated in figure 1a, the windings 105x+ and 105x- constitute a first winding
group and the windings 105y+ and 105y- constitute a second winding group. As
the windings belonging to a same winding group are capable of generating mutual-
ly cancelling magnetic forces, the resultant magnetic force does not change when
the magnetic forces generated by these windings are all changed by a same
amount. For example, if the magnetic forces generated by the windings 105x+ and
105x- are both increased or decreased by AF, the resultant magnetic force F re-
mains unchanged. The same is valid for the windings 105y+ and 105y- too. There-
fore, the currents of the windings 105x+ and 105x- can both be increased or de-
creased so that the resultant magnetic force F remains unchanged. The same is
valid also for the currents of the windings 105y+ and 105y-. Therefore, the same
resultant magnetic force F can be achieved at different operating points of the cur-
rents of the windings. In other words, in a situation where there is a desired result-
ant magnetic force F, the operating points of the currents can be on a desired area
but, as well, the operating points of the currents can be outside the desired area.
In many cases, there is a need to ensure that the operating points of the currents
are kept on the desired area because unnecessarily high currents cause signifi-
cant losses and unnecessarily low currents may lead to a situation where control
stops working when one of the currents drops too near to zero. Instead of the cur-

rents of the windings, it is possible to consider other operating quantities such as
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forces or magnetic fluxes which are however tightly related to the currents. Fur-
thermore, it is possible to use the squares of the currents i as the control quanti-

ties under consideration.

Next we consider a winding group of the kind mentioned above, e.g. the winding
group constituted by the windings 105x+ and 105x-. The resultant of the magnetic
forces generated by the windings of the winding group can be adjusted by using
only non-negative changes in the magnetic forces or only non-positive changes in
the magnetic forces. This can be understood in the following way. We first assume
that a desired change in the resultant of the magnetic forces is accomplished so
that some of the magnetic forces are increased, some the magnetic forces are de-
creased, and possibly some the magnetic forces are kept unchanged. If we want
to use only non-positive changes, we decrease all the magnetic forces by an
amount that is at least the greatest one of the increases. This does not change the
resultant of the magnetic forces but, as a corollary, none of the magnetic forces is
increased but each of them is either decreased or kept unchanged. Correspond-
ingly, if we want to use only non-negative changes, we increase all the magnetic
forces by an amount that is at least the greatest one of the absolute values of the
decreases. This does not change the resultant of the magnetic forces, but as a
corollary, none of the magnetic forces is decreased but each of them is either in-
creased or kept unchanged. The operating points of the currents of the windings
can be moved upwards by using only non-negative changes in the magnetic forc-
es for adjusting the resultant of the magnetic forces. Correspondingly, the operat-
ing points of the currents of the windings can be moved downwards by using only
non-positive changes in the magnetic forces for adjusting the resultant of the mag-
netic forces. This principle is applicable also in e.g. such cases where a magnetic
actuator of a radial magnetic bearing comprises six legs and three windings where
the windings are positioned 120 degrees apart from each other in the circumferen-
tial direction in a corresponding way as the windings 105x+, 105y+, 105x-, and
105y- shown in figure 1a are positioned 90 degrees apart from each other the cir-
cumferential direction. The above-mentioned three windings constitute a winding
group capable of generating three mutually cancelling magnetic forces, i.e. three

mutually cancelling components of the resultant magnetic force.
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In a control device according to an exemplifying and non-limiting embodiment of
the invention, the functional section 111 is configured to use, for each of one or
more mutually non-overlapping winding groups each constituted by at least two of
the windings and capable of generating mutually cancelling components of the re-
sultant magnetic force, only zero voltages and current-decreasing voltages but not
current-increasing voltages in response to a need to decrease operating points of
control quantities, e.g. currents, of the winding group under consideration. It is to
be noted that the above-mentioned “zero voltage” means typically slightly negative
voltage because of the resistances of conductors and the conductive state thresh-
old voltages of power electronic components. In the exemplifying case illustrated
in figure 1a, the windings 105x+ and 105x- constitute a first one of the above-
mentioned winding groups and the windings 105y+ and 105y- constitute a second
one of the winding groups.

In a control device according to an exemplifying and non-limiting embodiment of
the invention, the functional section 111 is configured to use, for each of the one or
more winding groups, only zero voltages and current-increasing voltages but not
current-decreasing voltages in response to a need to increase the operating points
of the control quantities, e.g. the currents, of the winding group under considera-

tion.

It is worth noting that in cases, such as e.g. the case illustrated in figure 1a, where
the windings can be grouped into at least two winding groups, it is also possible to
handle all the winding as a single winding group. As discussed earlier, the re-
quirement for a winding group is the capability to generate mutually cancelling
magnetic forces. When all the windings are handled as a single winding group, the
operating points of the control quantities, e.g. currents, of all the windings can be
increased by denying the use of current-decreasing voltages and the operating
points can be decreased by denying the use of current-increasing voltages but it is
naturally not possible to increase the operating points of the control quantities of
some of the windings and to simultaneously decrease the operating points of the
control quantities of other ones of the windings.



20145520 PrH 06 -06- 2014

10

15

20

25

30

20

As mentioned earlier, the functional section 111 for selecting the voltages and
shown in figures 1a, 1c, and 1d can be implemented with the aid of a selection
look-up table for outputting the voltage selectors Sy,, Sx., Sy. and S,.. A control de-
vice according to an exemplifying and non-limiting embodiment of the invention is
configured to maintain the selection look-up table so that the selection look-up ta-
ble comprises two or more sub-tables each outputting the voltage selectors Sy,
Sy, Sy+ and Sy. on the basis of the selected control direction CD. The functional
section 111 or some other part of the control device 101 is configured to select, for
each of one or more mutually non-overlapping winding groups each constituted by
at least two of the windings and capable of generating mutually cancelling compo-
nents of the resultant magnetic force, one of the sub-tables at least partly on the
basis of control quantities, e.g. currents, of the winding group under consideration.
In the exemplifying case shown in figure 1a, the windings 105x+ and 105x- can be
deemed to belong to a first winding group that is a winding group-X, and the wind-
ings 105y+ and 105y- can be deemed to belong to a second winding group that is
a winding group-Y, or all the windings can be deemed to belong to a same winding

group.

In conjunction with a control device according to an exemplifying and non-limiting
embodiment of the invention, the selection look-up table comprises a first sub-
table, a second sub-table, and a third sub-table. The first sub-table is a current-
decreasing sub-table which allows only current-decreasing and zero voltages. The
second sub-table is a full-voltage sub-table which allows current-decreasing, zero,
and current increasing voltages. The third sub-table is a current-increasing sub-
table which allows only current-increasing and zero voltages. The above-
mentioned sub-tables for the exemplifying magnetic levitation system shown in
figure 1a are presented below in tables 2a, 2b, and 2c. The second sub-table, Ta-
ble 2a, is similar to Table 1 shown earlier but it is presented below for the sake of
convenience. The notations in the sub-tables are similar to those in Table 1.
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Table 2a. An exemplifying current-decreasing sub-table.

Control direction

Winding

105x+

105y+

105x-

105y-

X+

| [O|o]f |

| |O|O| ] |O|o|O

| O] |O|O] ] [O|O

Ol O]l [O|0|O]f I

o0

Table 2b. An exemplitying full-voltage sub-table.

Control direction

Winding

105x+

105y+

105x-

105y-

X+

0

Y+

X_

| O]+

y_

X+/y+

| O+ |O] |

I |+ (O] ]

X-/y+

I |+ [Of ] O+

||+ |+

I |+

X+/y-

+

X-/y-

I |+

+

Table 2¢. An exemplifying current-increasing sub-table.

Control direction

Winding

105x+

105y+

105x-

105y-

X+

0

Y+

X_

y_

X+/y+

X-/y+

X+/y-

X-/y-

O+ O+ [O|O|O|+

OO+ [+ OO+

+ |Of+ [O|O]+ |O|O

+ |+ OO+ |O|O|O

The functional section 111 or some other part of the control device 101 is config-
ured to select the current-decreasing sub-table, Table 2a, for the winding group-X,
i.e. the windings 105x+ and 105x-, in response to a need to decrease the operat-
ing points of the control quantities, e.g. currents, of the winding group-X. Corre-
spondingly, the functional section 111 or the other part of the control device 101 is
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configured to select the current-increasing sub-table, Table 2c, for the winding
group-X in response to a need to increase the operating points of the control quan-
tities of the winding group-X. Correspondingly, the functional section 111 or some
other part of the control device 101 is configured to select the current-decreasing
sub-table, Table 2a, for the winding group-Y, i.e. the windings 105y+ and 105y-, in
response to a need to decrease the operating points of the control quantities, e.g.
currents, of the winding group-y, and to select the current-increasing sub-table,
Table 2c, for the winding group-y in response to a need to increase the operating
points of the control quantities of the winding group-Y. The need to increase or de-
crease the operating points is indicated by a control signal OP that is received by
the control device 101.

It is worth noting that using the current-decreasing sub-table or the current-
increasing sub-table for one winding group and the full-voltage sub-table for an-
other winding group changes the set of the selectable control directions presented
in figure 1b. For example, in a case where the current-decreasing sub-table or the
current-increasing sub-table is used for the winding group-X and the full-voltage
sub-table is used for the winding group-Y, the selectable control directions x+/y+,
x-/y+, X-/y+, and x+/y- are replaced by control directions whose angle with respect

to the x-axis is arctan(2), i.e. not arctan(1) = 45 degrees.

In a control device according to an exemplifying and non-limiting embodiment of
the invention, the functional section 111 is configured to select, for one of the
winding groups, either the current-decreasing or the current-sub-table in response
to a situation in which either the current-decreasing or the current-sub-table needs
to be selected for another one of the winding groups. In this case, the set of possi-
ble control directions remains unchanged with respect to a situation in which the
full-voltage sub-tables are used for all winding groups. In a case where the operat-
ing points of the control quantities of one of the winding groups are at a desirable
area and thus these operating points are not wanted to be changed, the current-
decreasing and the current-increasing sub-tables can be used for this winding

group alternatively on successive control periods.
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In a control device according to another exemplifying and non-limiting embodiment
of the invention, the functional section is allowed to select the current-decreasing
sub-table or the current-increasing sub-table for one of the winding groups and the
full-voltage sub-table for another one of the winding groups. The functional section
110 is configured to change the set of the selectable control directions and the
boundaries of the sectors s1-sg shown in figure 1b accordingly.

Figure 2 shows a schematic illustration of a magnetic levitation system comprising
a control device 201 according to an exemplifying and non-limiting embodiment of
the invention. In the exemplifying case illustrated in figure 2, the magnetic levita-
tion system is an axial magnetic bearing for supporting an object 208 in directions
parallel to an axis of rotational symmetry of the object. Figure 2 shows only a part
of the object 208. The axis of the rotational symmetry is parallel with the z-axis
shown in figure 2. The object 208 to be levitated can be for example a rotor or an
electrical machine. The magnetic levitation system comprises magnetic actuators
204z+ and 204z- constituting electromagnets for magnetically supporting the ob-
ject 208. The magnetic actuator 204z+ comprises a ferromagnetic core structure
and a windings 205z+ for generating a magnetic flux that directs to the object 208
a magnetic force in the positive direction of the z-axis. Correspondingly, the mag-
netic actuator 204z- comprises a ferromagnetic core structure and a windings
205z- for generating a magnetic flux that directs to the object 208 a magnetic force
in the negative direction of the z-axis. The magnetic levitation system comprises
equipment for generating a position signal P, indicative of a position of the object
208 with respect to the magnetic actuators. In this exemplifying case, the position
P, is indicative of the z-coordinate of a predetermined point of the object 208.

In the exemplifying case illustrated in figure 2, the equipment for generating the
position signal comprises sensor 206 and a circuitry 213 for generating the posi-
tion signal P, on the basis of an output signal of the sensor. The sensor 206 can
be, for example but not necessarily, an inductive sensor where the inductance is
dependent on the distance from the sensor to a conical surface of the object 208,
and the circuitry 213 can be configured to form the position signal P, on the basis
of the inductance. The equipment for generating the position signal P, comprises
advantageously also another sensor facing towards another conical surface of the
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object 208, where the other conical surface tapers in the negative z-direction. In
this case, the circuitry 213 can be configured to form the position signal P, on the
basis of the difference between the inductances of the sensors. The other sensor
and the other conical surface of the object 208 are not shown in figure 2.

The magnetic levitation system comprises controllable voltage sources 207z+ and
207z- for directing controllable voltages to the windings 205z+ and 205z-. In the
exemplifying magnetic levitation system illustrated in figure 2, the voltage sources
are three-level voltage sources each of which is capable of producing three dis-
crete voltage values. The voltages sources are controlled by three-level voltage
selectors S,, and S;. so that for example voltage selector S,, determines whether
the voltage produced by the voltage source 207z+ is positive, negative, or sub-

stantially zero.

The magnetic levitation system comprises a control device 201 for controlling the
magnetic actuators 204z+ and 204z-. The control device comprises a signal input
202 for receiving the position signal P,, and a controller 203 for controlling the
voltages directed to the windings 205z+ and 205z- in a time-discrete way at tem-
porally successive control periods. The voltages are controlled on the basis of the
deviation between the position of the object 208 and the reference position of the
object. The controller 203 comprises a functional section 209 for producing, for
each of the temporally successive control periods, a control value C, at least partly
on the basis of the position signal P,. The control value C; indicates a direction in
which a resultant magnetic force F directed to the object 208 should be changed in
order to decrease the deviation of the position.

The controller 203 comprises a functional section 210 for selecting, for each of the
temporally successive control periods, a control direction CD so that changing the
resultant magnetic force F in the selected control direction improves the ability of
the resultant magnetic force to decrease the deviation of the position. The control-
ler 203 comprises a functional section 211 for setting, for each of the temporally
successive control periods, the voltages of the windings 205z+ and 205z- in ac-
cordance with the selected control direction CD so as to decrease the deviation of
the position by changing the resultant magnetic force with the aid of the voltages.
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In the exemplifying case illustrated in figure, the windings 205z+ and 205z- consti-
tute a winding group capable of generating mutually cancelling magnetic forces. In
a control device according to an exemplifying and non-limiting embodiment of the
invention, the functional section 211 is configured to use, for the windings 205z+
and 205z-, only zero voltages and current-decreasing voltages but not current-
increasing voltages in response to a need to decrease operating points of control
quantities, e.g. currents, of the windings.

In a control device according to an exemplifying and non-limiting embodiment of
the invention, the functional section 111 is configured to use, for the windings
205z+ and 205z-, only zero voltages and current-increasing voltages but not cur-
rent-decreasing voltages in response to a need to increase the operating points of
the control quantities, e.g. the currents, of the windings.

The control devices 101 and 201 shown in figures 1a and 2 can be implemented
with one or more analogue circuits and/or with one or more digital processor cir-
cuits, each of which can be a programmable processor circuit provided with ap-
propriate software, a dedicated hardware processor such as, for example, an ap-
plication specific integrated circuit “ASIC”, or a configurable hardware processor
such as, for example, a field programmable gate array “FPGA”.

Figure 3a shows a flowchart of a method according to an exemplifying and non-
limiting embodiment of the invention for controlling a magnetic levitation system
that can be, for example but not necessarily, an active magnetic bearing “AMB”.

The method comprises:

- receiving, in phase 301, a position signal indicative of a position of an object
levitated by one or more magnetic fluxes, and

- controlling, in phase 302, one or more voltages directed to one or more
windings of the magnetic levitation system on the basis of a deviation of the
position of the object from a reference position so as to control a resultant
magnetic force directed to the object.

The control of the one or more voltages in the phase 302 comprises the following

actions:



20145520 PrH 06 -06- 2014

10

15

20

25

30

26

- action 303: selecting, for each of temporally successive control periods, a
control direction so that changing the resultant magnetic force in the select-
ed control direction improves ability of a total force acting on the object to
decrease the deviation of the position, and

- action 304: setting, for each of the temporally successive control periods,
the one or more voltages in accordance with the selected control direction
so as to decrease the deviation of the position by changing the resultant

magnetic force with the aid of the one or more voltages.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, the action 304 for setting the one or more voltages comprises the follow-
ing sub-actions illustrated in figure 3b:

- sub-action 311: allowing, for each of one or more mutually non-overlapping
winding groups each constituted by at least two of the windings and capa-
ble of generating mutually cancelling components of the resultant magnetic
force, only zero voltages and current-decreasing voltages but not current-
increasing voltages in response to a need 310 to decrease operating points
of operating quantities, e.g. currents, magnetic fluxes, or forces, of the

winding group under consideration,

- sub-action 313: allowing, for each of the winding groups, only zero voltages
and current-increasing voltages but not current-decreasing voltages in re-
sponse to a need 312 to increase operating points of the operating quanti-
ties of the winding group under consideration, and

- sub-action 314: setting the one or more voltages in accordance with the se-
lected control direction and using the allowed voltages.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises using a predetermined rule for producing, on the basis of the devia-
tion of the position, one or more reference values for one or more control quanti-
ties defining operation of the magnetic levitation system. The method comprises
subtracting, from the reference values, previous reference values corresponding to

a previous one of the temporally successive control periods so as to produce one
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or more control values. The method comprises selecting the control direction on

the basis of the one or more control values.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises using a predetermined rule for producing, on the basis of the devia-
tion of the position, one or more reference values for one or more control quanti-
ties defining operation of the magnetic levitation system. The method comprises
subtracting, from the reference values, prevailing values indicative of the one or
more control quantities so as to produce one or more control values. The method
comprises selecting the control direction on the basis of the one or more control

values.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises maintaining a correction model for correcting the selection of the
control direction. The correction model contains information about characteristics
of magnetic circuits of the magnetic levitation system and is configured to receive
input information indicative of the selected control direction, the prevailing currents
of the windings, and the position of the object.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises determining a temporal length of each of the temporally successive
control periods on the basis of (i) the one or more control values indicating re-
quired changes of the one or more control quantities and (ii) a fact that the one or
more voltages set for the control period under consideration at least partly deter-

mine a rate of change of each of the one or more control quantities.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises keeping, in order to reduce switching frequency, the one or more
voltages unchanged with respect to corresponding one or more voltages used dur-
ing a previous one of the temporally successive control periods in response to a
situation in which a vector norm of the one or more control values is below a pre-

determined limit.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises selecting the control direction from among a set of selectable con-
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trol directions, e.g. x+, X-, y+, y-, X+/y+, x+/y-, X-/y+, x-/y- shown in figure 1b, and
selecting, for each of the one or more voltages, a voltage value from among a set
of selectable voltage values, e.g. = +Upc, = 0, = —Upg, in accordance with the se-
lected control direction.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises maintaining a selection look-up table for outputting one or more
voltage selectors on the basis of a look-up key comprising an indicator of the se-
lected control direction, the one or more voltage selectors being suitable for con-
trolling one or more controllable voltage sources to produce the one or more volt-

ages in accordance with the selected control direction.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, the selection look-up table comprises two or more sub-tables each output-
ting the one or more voltage selectors on the basis of the selected control direc-
tion. The method comprises selecting, for each of one or more mutually non-
overlapping winding groups each constituted by at least two of the windings and
capable of generating mutually cancelling components of the resultant magnetic
force, one of the sub-tables at least partly on the basis of operating quantities of
the winding group under consideration.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, a first one of the sub-tables allows only current-decreasing and zero volt-
ages, a second one of the sub-tables allows current-decreasing, zero, and current
increasing voltages, and a third one of the sub-tables allows only current-
increasing and zero voltages. The method comprises selecting the first one of the
sub-tables in response to a need to decrease operating points of the operating
quantities of the winding group under consideration, and selecting the third one of
the sub-tables in response to a need to increase the operating points of the oper-

ating quantities of the winding group under consideration.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises selecting, for a first one of the winding groups, either the first or
third one of the sub-tables in response to a situation in which either the first or third
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one of the sub-tables needs to be selected for a second one of the winding

groups.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, the position signal constitutes a position vector expressing the position of
the object in a planar two-dimensional coordinate system whose origin is at the
reference position and where the selectable control directions are defined by first
geometric lines intersecting each other at the origin of the planar two-dimensional
coordinate system. The method comprises selecting one of the selectable control
directions so that changing the resultant magnetic force in the selected control di-
rection improves the ability of the total force to decrease the magnitude of the po-

sition vector.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, the planar two-dimensional coordinate system is divided into sectors by
second geometric lines intersecting each other at the origin so that each of the se-
lectable control directions belongs to one of the sectors and a symmetry line of
each sector is one of the selectable control directions.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises determining a particular one of the sectors to which an opposite
vector of the position vector belongs and selecting the control direction which be-
longs to the determined sector.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises using a predetermined rule for producing, on the basis of the posi-
tion vector, a reference vector of control quantities defining operation of the mag-
netic levitation system. The method comprises subtracting, from the reference vec-
tor, previous reference vector corresponding to a previous one of the temporally
successive control periods so as to produce a control vector. Furthermore, the
method comprises determining a particular one of the sectors to which the control
vector belongs and selecting the control direction which belongs to the determined

sector.



20145520 PrH 06 -06- 2014

10

15

20

25

30

30

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises using a predetermined rule for producing, on the basis of the posi-
tion vector, a reference vector of control quantities defining operation of the mag-
netic levitation system. The method comprises subtracting, from the reference vec-
tor, a vector indicative of prevailing values of the control quantities so as to pro-
duce a control vector. Furthermore, the method comprises determining a particular
one of the sectors to which the control vector belongs and selecting the control di-
rection which belongs to the determined sector.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, the central angles of the sectors are proportional to magnitudes of sector-
specific voltage vectors so that a greater magnitude of the sector-specific voltage
vector corresponds to a greater central angle of the corresponding sector. Each
sector-specific voltage vector is a vector of the voltages corresponding to the con-

trol direction related to the sector under consideration.

In a method according to an exemplifying and non-limiting embodiment of the in-
vention, the ratio sin(wi/2) / Vi is a same for all of the sectors, where o; is the cen-
tral angle of the i:th sector, V; is the magnitude of the sector-specific voltage vector
related to iith the sector, andi=1, 2, ..., N, the N being a number of the sectors.

A method according to an exemplifying and non-limiting embodiment of the inven-
tion comprises maintaining a correction look-up table for correcting the selection of
the control direction. The correction look-up table contains information about char-
acteristics of magnetic circuits of the magnetic levitation system and is configured
to receive input information indicative of the selected control direction, the prevail-
ing currents of the windings, and the position of the object.

A computer program according to an exemplifying and non-limiting embodiment of
the invention comprises computer executable instructions for controlling a pro-
grammable processing system to carry out actions related to a method according
to any of the above-described exemplifying embodiments of the invention.

A computer program according to an exemplifying and non-limiting embodiment of

the invention comprises software means for controlling a programmable pro-
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cessing system to control one or more voltages directed to one or more windings
of a magnetic levitation system on the basis of a deviation of a position of an ob-
ject from a reference position of the object so as to control a resultant magnetic
force directed to the object. The software means comprise computer executable
instructions for controlling the programmable processing system to:

- select, for each of temporally successive control periods, a control direction
so that changing the resultant magnetic force in the selected control direc-
tion improves ability of a total force acting on the object to decrease the de-

viation of the position, and

- set, for each of the temporally successive control periods, the one or more
voltages in accordance with the selected control direction so as to decrease
the deviation of the position by changing the resultant magnetic force with
the aid of the one or more voltages.

In a computer program according to an exemplifying and non-limiting embodiment
of the invention, the software means further comprise computer executable in-
structions for controlling the programmable processing system to use, for each of
one or more mutually non-overlapping winding groups each constituted by at least
two of the windings and capable of generating mutually cancelling components of
the resultant magnetic force, only zero voltages and current-decreasing voltages in
response to a need to decrease operating points of operating quantities of the

winding group under consideration.

In a computer program according to an exemplifying and non-limiting embodiment
of the invention, the software means further comprise computer executable in-
structions for controlling the programmable processing system to use, for each of
one or more mutually non-overlapping winding groups each constituted by at least
two of the windings and capable of generating mutually cancelling components of
the resultant magnetic force, only zero voltages and current-increasing voltages in
response to a need to increase operating points of operating quantities of the

winding group under consideration.
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The software means can be e.g. subroutines or functions implemented with a suit-
able programming language and with a compiler suitable for the programming lan-
guage and for the above-mentioned programmable processing system.

A computer program product according to an exemplifying and non-limiting em-
bodiment of the invention comprises a computer readable medium, e.g. an optical
disc, encoded with a computer program according to an exemplifying embodiment

of invention.

A signal according to an exemplifying and non-limiting embodiment of the inven-
tion is encoded to carry information defining a computer program according to an

exemplifying embodiment of invention.

The specific examples provided in the description given above should not be con-

strued as limiting the scope and/or the applicability of the appended claims.
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What is claimed is:

1.

A control device (101, 201) for controlling a magnetic levitation system, the

control device comprising:

a signal input (102, 202) for receiving a position signal indicative of a posi-
tion of an object levitated by one or more magnetic fluxes, and

a controller (103, 203) for controlling one or more voltages directed to one
or more windings of the magnetic levitation system on the basis of a devia-
tion of the position of the object from a reference position so as to control a

resultant magnetic force directed to the object,

characterized in that the controller is configured to:

2.

select, for each of temporally successive control periods, a control direction
so that changing the resultant magnetic force in the selected control direc-
tion improves ability of a total force acting on the object to decrease the de-
viation of the position, and

set, for each of the temporally successive control periods, the one or more
voltages in accordance with the selected control direction so as to decrease
the deviation of the position by changing the resultant magnetic force with

the one or more voltages.

A control device according to claim 1, wherein the controller is configured to

use, for each of one or more mutually non-overlapping winding groups each con-

stituted by at least two of the windings and capable of generating mutually cancel-

ling components of the resultant magnetic force, only zero voltages and current-

decreasing voltages in response to a need to decrease operating points of operat-

ing quantities of the winding group under consideration.

3.

A control device according to claim 1 or 2, wherein the controller is config-

ured to use, for each of one or more mutually non-overlapping winding groups

each constituted by at least two of the windings and capable of generating mutual-

ly cancelling components of the resultant magnetic force, only zero voltages and
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current-increasing voltages in response to a need to increase operating points of
operating quantities of the winding group under consideration.

4. A control device according to any of claims 1-3, wherein the controller is con-
figured to use a predetermined rule for producing, on the basis of the deviation of
the position, one or more reference values for one or more control quantities defin-
ing operation of the magnetic levitation system and to subtract, from the reference
values, previous reference values corresponding to a previous one of the tempo-
rally successive control periods so as to produce one or more control values, and

to select the control direction on the basis of the one or more control values.

5. A control device according to any of claims 1-3, wherein the controller is con-
figured to use a predetermined rule for producing, on the basis of the deviation of
the position, one or more reference values for one or more control quantities defin-
ing operation of the magnetic levitation system and to subtract, from the reference
values, prevailing values indicative of the one or more control quantities so as to
produce one or more control values, and to select the control direction on the ba-

sis of the one or more control values.

6. A control device according to any of claims 1-5, wherein the controller is con-
figured to maintain a correction model for correcting the selection of the control di-
rection, the correction model containing information about characteristics of mag-
netic circuits of the magnetic levitation system and configured to receive input in-
formation indicative of the selected control direction, the prevailing currents of the

windings, and the position of the object.

7. A control device according to claim 4 or 5, wherein the controller is config-
ured to determine a temporal length of each of the temporally successive control
periods on the basis of (i) the one or more control values indicating required
changes of the one or more control quantities and (ii) a fact that the one or more
voltages set for the control period under consideration at least partly determine a

rate of change of each of the one or more control quantities.

8. A control device according to claim 4 or 5 or 7, wherein the controller is con-
figured to keep, in order to reduce switching frequency, the one or more voltages
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unchanged with respect to corresponding one or more voltages used during a pre-
vious one of the temporally successive control periods in response to a situation in
which a vector norm of the one or more control values is below a pre-determined

limit.

9. A control device according to any of claims 1-8, wherein the controller is con-
figured to select the control direction from among a set of selectable control direc-
tions (X+, X-, y+, Y-, X+/y+, X+/y-, x-/y+, X-/y-, z+, z-) and to select, for each of the
one or more voltages, a voltage value from among a set of selectable voltage val-

ues (+Upg, 0, —Upc) in accordance with the selected control direction.

10. A control device according to claim 9, wherein the controller is configured to
maintain a selection look-up table for outputting one or more voltage selectors on
the basis of a look-up key comprising an indicator of the selected control direction,
the one or more voltage selectors being suitable for controlling one or more con-
trollable voltage sources to produce the one or more voltages in accordance with

the selected control direction.

11. A control device according to claim 10, wherein the selection look-up table
comprises two or more sub-tables each outputting the one or more voltage selec-
tors on the basis of the selected control direction, and the controller is configured
to select, for each of one or more mutually non-overlapping winding groups each
constituted by at least two of the windings and capable of generating mutually
cancelling components of the resultant magnetic force, one of the sub-tables at
least partly on the basis of operating quantities of the winding group under consid-

eration.

12. A control device according to claim 11, wherein a first one of the sub-tables
allows only current-decreasing and zero voltages, a second one of the sub-tables
allows current-decreasing, zero, and current increasing voltages, and a third one
of the sub-tables allows only current-increasing and zero voltages, and the control-
ler is configured to select the first one of the sub-tables in response to a need to
decrease operating points of the operating quantities of the winding group under
consideration, and to select the third one of the sub-tables in response to a need
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to increase the operating points of the operating quantities of the winding group

under consideration.

13. A control device according to claim 12, wherein the controller is configured to
select, for a first one of the winding groups, either the first or third one of the sub-
tables in response to a situation in which either the first or third one of the sub-
tables needs to be selected for a second one of the winding groups.

14. A control device according to any of claims 9-13, wherein the position signal
constitutes a position vector expressing the position of the object in a planar two-
dimensional coordinate system whose origin is at the reference position and the
selectable control directions are defined by first geometric lines intersecting each
other at the origin of the planar two-dimensional coordinate system, and the con-
troller is configured to select one of the selectable control directions so that chang-
ing the resultant magnetic force in the selected control direction improves the abil-
ity of the total force to decrease the magnitude of the position vector.

15. A control device according to claim 14, wherein the planar two-dimensional
coordinate system is divided into sectors by second geometric lines intersecting
each other at the origin so that each of the selectable control directions belongs to
one of the sectors and a symmetry line of each sector is one of the selectable con-
trol directions, and the controller is configured to determine a particular one of the
sectors to which an opposite vector of the position vector belongs and to select the

control direction which belongs to the determined sector.

16. A control device according to claim 14, wherein the planar two-dimensional
coordinate system is divided into sectors by second geometric lines intersecting
each other at the origin so that each of the selectable control directions belongs to
one of the sectors and a symmetry line of each sector is one of the selectable con-
trol directions, and the controller is configured to use a predetermined rule for pro-
ducing, on the basis of the position vector, a reference vector of control quantities
defining operation of the magnetic levitation system and to subtract, from the ref-
erence vector, previous reference vector corresponding to a previous one of the
temporally successive control periods so as to produce a control vector, and the
controller is configured to determine a particular one of the sectors to which the
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control vector belongs and to select the control direction which belongs to the de-

termined sector.

17. A control device according to claim 14, wherein the planar two-dimensional
coordinate system is divided into sectors by second geometric lines intersecting
each other at the origin so that each of the selectable control directions belongs to
one of the sectors and a symmetry line of each sector is one of the selectable con-
trol directions, and the controller is configured to use a predetermined rule for pro-
ducing, on the basis of the position vector, a reference vector of control quantities
defining operation of the magnetic levitation system and to subtract, from the ref-
erence vector, a vector indicative of prevailing values of the control quantities so
as to produce a control vector, and the controller is configured to determine a par-
ticular one of the sectors to which the control vector belongs and to select the con-

trol direction which belongs to the determined sector.

18. A control device according to any of claims 15-17, wherein central angles of
the sectors are proportional to magnitudes of sector-specific voltage vectors so
that a greater magnitude of the sector-specific voltage vector corresponds to a
greater central angle of the corresponding sector, each sector-specific voltage
vector being a vector of the voltages corresponding to the control direction related
to the sector under consideration.

19. A control device according to claim 18, wherein a ratio sin(oi/2) / Vi is a same
for all of the sectors, where q; is the central angle of the i:th sector, Vi is the magni-
tude of the sector-specific voltage vector related to i:th the sector, andi=1, 2, ...,

N, the N being a number of the sectors.

20. A control device according to any of claims 9-19, wherein the controller is
configured to maintain a correction look-up table for correcting the selection of the
control direction, the correction look-up table containing information about charac-
teristics of magnetic circuits of the magnetic levitation system and configured to
receive input information indicative of the selected control direction, the prevailing
currents of the windings, and the position of the object.
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A magnetic levitation system comprising:

at least one magnetic actuator (104, 204z+, 204z-) comprising one or more
windings (105x+, 105x-, 105y+, 105y-, 205z+, 205z-) for generating one or

more magnetic fluxes for levitating an object,

equipment (106x+, 106x-, 106y+, 106y-, 113, 206, 213) for generating a
position signal indicative of a position of the object with respect to the mag-

netic actuator,

one or more controllable voltage sources (107x+, 107x-, 107y+, 107y-,
207z+, 207z-) for directing one or more voltages to the one or more wind-

ings, and

a control device (101, 201) according to any of claims 1-20 for controlling
the one or more voltages on the basis of a deviation of the position of the
object from a reference position so as to control the one or more magnetic

fluxes to levitate the object.

22. A method for controlling a magnetic levitation system, the method compris-

ing:

receiving (301) a position signal indicative of a position of an object levitat-
ed by one or more magnetic fluxes, and

controlling (302) one or more voltages directed to one or more windings of
the magnetic levitation system on the basis of a deviation of the position of
the object from a reference position so as to control a resultant magnetic
force directed to the object,

characterized in that the one or more voltages are controlled by:

selecting (303), for each of temporally successive control periods, a control
direction so that changing the resultant magnetic force in the selected con-
trol direction improves ability of a total force acting on the object to de-

crease the deviation of the position, and
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- setting (304), for each of the temporally successive control periods, the one
or more voltages in accordance with the selected control direction so as to
decrease the deviation of the position by changing the resultant magnetic

force with the one or more voltages.

23. A method according to claim 22, wherein the setting (304) the one or more
voltages comprises using (311, 314), for each of one or more mutually non-
overlapping winding groups each constituted by at least two of the windings and
capable of generating mutually cancelling components of the resultant magnetic
force, only zero voltages and current-decreasing voltages in response to a need
(310) to decrease operating points of operating quantities of the winding group un-
der consideration.

24. A method according to claim 22 or 23, wherein the setting (304) the one or
more voltages comprises using (313, 314), for each of one or more mutually non-
overlapping winding groups each constituted by at least two of the windings and
capable of generating mutually cancelling components of the resultant magnetic
force, only zero voltages and current-increasing voltages in response to a need
(312) to increase operating points of operating quantities of the winding group un-
der consideration.

25. A computer program for controlling a magnetic levitation system, the com-

puter program comprising:

- computer executable instructions for controlling a programmable processing
system to control one or more voltages directed to one or more windings of
the magnetic levitation system on the basis of a deviation of a position of an
object from a reference position of the object so as to control a resultant

magnetic force directed to the object,

characterized in that the computer program comprises computer executable in-

structions for controlling the programmable processing system to:

- select, for each of temporally successive control periods, a control direction

so that changing the resultant magnetic force in the selected control direc-
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tion improves ability of a total force acting on the object to decrease the de-

viation of the position, and

- set, for each of the temporally successive control periods, the one or more
voltages in accordance with the selected control direction so as to decrease
the deviation of the position by changing the resultant magnetic force with

the one or more voltages.

26. A computer program according to claim 25, wherein the computer program
comprises computer executable instructions for controlling the programmable pro-
cessing system to use, for each of one or more mutually non-overlapping winding
groups each constituted by at least two of the windings and capable of generating
mutually cancelling components of the resultant magnetic force, only zero voltages
and current-decreasing voltages in response to a need to decrease operating

points of operating quantities of the winding group under consideration.

27. A computer program according to claim 25 or 26, wherein the computer pro-
gram comprises computer executable instructions for controlling the programma-
ble processing system to use, for each of one or more mutually non-overlapping
winding groups each constituted by at least two of the windings and capable of
generating mutually cancelling components of the resultant magnetic force, only
zero voltages and current-increasing voltages in response to a need to increase

operating points of operating quantities of the winding group under consideration.

28. A computer program product for controlling a magnetic levitation system, the
computer program product comprising a non-volatile computer readable medium

encoded with a computer program according to any of claims 25-27.
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Patenttivaatimukset

1.

Ohjauslaite (101, 201) magneettisen kannatusjarjestelman ohjaamiseksi, jo-

ka ohjauslaite kasittaa:

signaalin sisdantulon (102, 202) yhden tai useamman magneettivuon kan-
natteleman kohteen aseman osoittavan asemasignaalin vastaanottamisek-

si, ja

kontrollerin (103, 203) magneettisen kannatusjarjestelman yhteen tai use-
ampaan kd&amiin suunnatun yhden tai useamman jannitteen ohjaamiseksi
perustuen kohteen aseman poikkeamaan vertailuasemasta kohteeseen

suunnatun magneettisen resultanttivoiman ohjaamiseksi,

tunnettu siita, etta kontrolleri on konfiguroitu:

2.

valitsemaan ajallisesti perakkaisista ohjausjaksoista kutakin varten ohjaus-
suunta siten, ettd magneettisen resultanttivoiman muuttaminen parantaa
kohteeseen vaikuttavan kokonaisvoiman kykya pienentdada aseman poik-

keamaa, ja

asettamaan ajallisesti perakkaisistd ohjausjaksoista kutakin varten kyseinen
yksi tai useampi jannite valitun ohjaussuunnan mukaisesti aseman poik-
keaman pienentamiseksi muuttamalla magneettista resultanttivoimaa ky-

seiselld yhdella tai useammalla jannitteella.

Patenttivaatimuksen 1 mukainen ohjauslaite, jossa kontrolleri on konfiguroitu

yhdesta tai useammista keskendan ei-limittaisista kdamiryhmista kutakin varten,

joista ryhmistd kunkin muodostaa kaamien joukosta vahintaan kaksi ja joista kukin

kykenee generoimaan magneettisen resultanttivoiman toisensa mitatéivat kom-

ponentit, kayttdmaan vain nollajannitteitd ja virtaa vahentavid jannitteita vasteena

tarpeelle vahentaa kyseessa olevan kdaamiryhman toimintasuureiden toimintapis-

teita.

3.

Patenttivaatimuksen 1 tai 2 mukainen ohjauslaite, jossa kontrolleri on konfi-

guroitu yhdesta tai useammista keskendan ei-limittaisista kaamiryhmista kutakin
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varten, joista ryhmista kunkin muodostaa kdamien joukosta vahintaan kaksi ja jois-
ta kukin kykenee generoimaan magneettisen resultanttivoiman toisensa mitatdivat
komponentit, kayttdmaan vain nollajannitteita ja virtaa lisdavia jannitteita vasteena

tarpeelle lisata kyseessa olevan kdamiryhman toimintasuureiden toimintapisteita.

4. Jonkin patenttivaatimuksen 1-3 mukainen ohjauslaite, jossa kontrolleri on
konfiguroitu kayttamaan ennalta maarattya saantba yhden tai useamman vertai-
luarvon tuottamiseksi aseman poikkeaman perusteella yhdelle tai useammalle
magneettisen kannatusjarjestelman toiminnan maarittavalle ohjaussuureelle ja va-
hentdmaan vertailuarvoista ajallisesti perakkaisistd ohjausjaksoista edellistd vas-
taavat edelliset vertailuarvot yhden tai useampien ohjausarvojen tuottamiseksi, ja
valitsemaan ohjaussuunta kyseisen yhden tai useampien ohjausarvojen perusteel-

la.

5. Jonkin patenttivaatimuksen 1-3 mukainen ohjauslaite, jossa kontrolleri on
konfiguroitu kayttamaan ennalta maarattya saantba yhden tai useamman vertai-
luarvon tuottamiseksi aseman poikkeaman perusteella yhdelle tai useammalle
magneettisen kannatusjarjestelman toiminnan maarittavalle ohjaussuureelle ja va-
hentamaéan vertailuarvoista yhden tai useamman ohjaussuureen osoittavat vallit-
sevat arvot yhden tai useampien ohjausarvojen tuottamiseksi, ja valitsemaan oh-

jaussuunta kyseisen yhden tai useampien ohjausarvojen perusteella.

6. Jonkin patenttivaatimuksen 1-5 mukainen ohjauslaite, jossa kontrolleri on
konfiguroitu yllapitdmaan korjausmalli ohjaussuunnan valinnan korjaamiseksi, joka
korjausmalli sisaltdd informaatiota magneettisen kannatusjarjestelman magneetti-
piirien ominaisuuksista, ja konfiguroitu vastaanottamaan valitun ohjaussuunnan,

kaamien vallitsevat virrat ja kohteen aseman osoittava sisdantuloinformaatio.

7. Patenttivaatimuksen 4 tai 5 mukainen ohjauslaite, jossa kontrolleri on konfi-
guroitu maarittelemaan ajallisesti perakkaisista ohjausjaksoista kunkin ajallinen pi-
tuus perustuen (i) yhden tai useamman ohjaussuureen vaaditut muutokset osoitta-
vaan yhteen tai useampaan ohjausarvoon ja (ii) siihen, ettd kyseessa olevaa ohja-
usjaksoa varten asetettu yksi tai useampi jannite ainakin osittain maarittelee ky-

seisesta yhdesta tai useammasta ohjaussuureesta kunkin muuttumisnopeuden.
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8. Patenttivaatimuksen 4 tai 5 tai 7 mukainen ohjauslaite, jossa kontrolleri on
konfiguroitu kytkentataajuuden pienentamiseksi pitdmaan kyseinen yksi tai use-
ampi jannite muuttumattomana ajallisesti perakkaisistd ohjausjaksoista edellisen
aikana kaytettyyn vastaavaan yhteen tai useampaan jannitteeseen nahden vas-
teena tilanteelle, jossa kyseisen yhden tai useamman ohjausarvon vektorinormi on

ennalta maaratyn rajan alapuolella.

9. Jonkin patenttivaatimuksen 1-8 mukainen ohjauslaite, jossa kontrolleri on
konfiguroitu valitsemaan ohjaussuunta valittavissa olevien ohjaussuuntien joukon
(X+, X-, Y+, Y-, X+/y+, X+/y-, X-/y+, X-/y-, z+, z-) Keskuudesta ja valitsemaan yhdesta
tai useammasta jannitteesta kutakin varten jannitearvo valittavissa olevien janni-

tearvojen joukon (+Upc, 0, —Upc) keskuudesta valitun ohjaussuunnan mukaisesti.

10. Patenttivaatimuksen 9 mukainen ohjauslaite, jossa kontrolleri on konfiguroitu
yllapitdma&an valinnan hakutaulukkoa yhden tai useamman jannitteen valitsimen
tulostamiseksi valitun ohjaussuunnan indikaattorin kasittdvan hakuavaimen perus-
teella, joka kyseinen yksi tai useammat jannitteen valitsimet ovat sopivia yhden tai
useampien ohjattavien jannitelahteiden ohjaamiseksi kyseisen yhden tai useam-

man jannitteen tuottamiseksi valitun ohjaussuunnan mukaisesti.

11. Patenttivaatimuksen 10 mukainen ohjauslaite, jossa valinnan hakutaulukko
kasittdd kaksi tai useampia alataulukoita kunkin tulostaessa kyseisen yhden tai
useammat jannitteen valitsimet valitun ohjaussuunnan perusteella ja kontrolleri on
konfiguroitu yhdesta tai useammista keskenaan ei-limittaisista kdamiryhmista ku-
takin varten, joista ryhmista kunkin muodostaa kdamien joukosta vahintdan kaksi
ja joista kukin kykenee generoimaan magneettisen resultanttivoiman toisensa mi-
tatéivat komponentit, valitsemaan yhden alataulukoista ainakin osittain kyseessa

olevan kaamiryhman toimintasuureiden perusteella.

12. Patenttivaatimuksen 11 mukainen ohjauslaite, jossa ensimmainen alataulu-
koista sallii vain virtaa pienentavat ja nollajannitteet, toinen alataulukoista sallii vir-
taa pienentavat, nolla- ja virtaa suurentavat jannitteet ja kolmas alataulukoita sallii
vain virtaa suurentavat ja nollajannitteet, ja kontrolleri on konfiguroitu valitsemaan
ensimmainen alataulukoista vasteena tarpeelle vahentad kyseessa olevan kaami-

ryhman toimintasuureiden toimintapisteita ja valitsemaan kolmas alataulukoista



20145520 PrH 28 -05- 2015

10

15

20

25

30

44

vasteena tarpeelle lisata kyseessa olevan kaamiryhman toimintasuureiden toimin-

tapisteita.

13. Patenttivaatimuksen 12 mukainen ohjauslaite, jossa kontrolleri on konfiguroi-
tu valitsemaan kaamiryhmistd ensimmaista varten alataulukoista joko ensimmai-
nen tai kolmas vasteena tilanteelle, jossa kdamiryhmista toista varten on valittava

alataulukoista joko ensimmainen tai kolmas.

14. Jonkin patenttivaatimuksen 9-13 mukainen ohjauslaite, jossa asemasignaali
muodostaa asemavektorin, joka ilmaisee kohteen aseman tasomaisessa kaksi-
ulotteisessa koordinaatistossa, jonka origo on vertailuasemassa ja valittavissa ole-
vat ohjaussuunnat tulevat maaritetyiksi tasomaisen kaksiulotteisen koordinaatiston
origossa toisensa leikkaavien ensimmaisten geometristen viivojen toimesta, ja
kontrolleri on konfiguroitu valitsemaan yksi valittavissa olevista ohjaussuunnista si-
ten, ettd magneettisen resultanttivoiman muuttaminen valitussa ohjaussuunnassa

parantaa kokonaisvoiman kykya pienentad asemavektorin suuruutta.

15. Patenttivaatimuksen 14 mukainen ohjauslaite, jossa tasomainen kaksiulottei-
nen koordinaatisto on jaettu sektoreiksi origossa toisensa leikkaavilla toisilla geo-
metrisilla viivoilla siten, ettd kukin valittavissa olevista ohjaussuunnista kuuluu yh-
teen sektoreista ja kunkin sektorin symmetriaviiva on yksi valittavissa olevista oh-
jaussuunnista, ja kontrolleri on konfiguroitu maarittelemaan sektorien joukosta se,
johon asemavektorin vastakkainen vektori kuuluu, ja valitsemaan maariteltyyn sek-

toriin kuuluva ohjaussuunta.

16. Patenttivaatimuksen 14 mukainen ohjauslaite, jossa tasomainen kaksiulottei-
nen koordinaatisto on jaettu sektoreiksi origossa toisensa leikkaavilla toisilla geo-
metrisilla viivoilla siten, ettd kukin valittavissa olevista ohjaussuunnista kuuluu yh-
teen sektoreista ja kunkin sektorin symmetriaviiva on yksi valittavissa olevista oh-
jaussuunnista, ja kontrolleri on konfiguroitu kayttamaan ennalta maarattya saantéa
magneettisen kannatusjarjestelman toiminnan maarittavien ohjaussuureiden ver-
tailuvektorin tuottamiseksi asemavektorin perusteella ja vahentdaméaan vertailuvek-
torista ajallisesti perakkaisistd ohjausjaksoista edellista vastaava edellinen vertai-

luvektori ohjausvektorin tuottamiseksi ja kontrolleri on konfiguroitu maarittelemaan
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sektoreista se, johon ohjausvektori kuuluu, ja valitsemaan maariteltyyn sektoriin

kuuluva ohjaussuunta.

17. Patenttivaatimuksen 14 mukainen ohjauslaite, jossa tasomainen kaksiulottei-
nen koordinaatisto on jaettu sektoreiksi origossa toisensa leikkaavilla toisilla geo-
metrisilla viivoilla siten, ettd kukin valittavissa olevista ohjaussuunnista kuuluu yh-
teen sektoreista ja kunkin sektorin symmetriaviiva on yksi valittavissa olevista oh-
jaussuunnista, ja kontrolleri on konfiguroitu kayttamaan ennalta maarattya saantéa
magneettisen kannatusjarjestelman toiminnan maarittavien ohjaussuureiden ver-
tailuvektorin tuottamiseksi asemavektorin perusteella ja vahentamaan vertailuvek-
torista ohjaussuureiden vallitsevat arvot osoittava vektori ohjausvektorin tuottami-
seksi ja kontrolleri on konfiguroitu maarittelemaan sektoreista se, johon ohjausvek-

tori kuuluu, ja valitsemaan maariteltyyn sektoriin kuuluva ohjaussuunta.

18. Jonkin patenttivaatimuksen 15-17 mukainen ohjauslaite, jossa sektorien kes-
kuskulmat ovat verrannollisia sektorikohtaisten jannitevektorien suuruuksiin siten,
ettd sektorikohtaisen jannitevektorin suurempi suuruus vastaa vastaavan sektorin
suurempaa keskuskulmaa, joka kukin sektorikohtainen jannitevektori on kyseessa

olevaan sektoriin liittyvad ohjaussuuntaa vastaavien jannitteiden vektori.

19. Patenttivaatimuksen 18 mukainen ohjauslaite, jossa suhde sin(oi/2) / Vi on
sama kaikille sektoreille, missa o; on i:znnen sektorin keskuskulma, V; on i:enteen
sektoriin liittyvan sektorikohtaisen jannitevektorin suuruus, jai=1, 2, ..., N, missa

N on sektorien lukumaara.

20. Jonkin patenttivaatimuksen 9-19 mukainen ohjauslaite, jossa kontrolleri on
konfiguroitu yllapitamaan korjaushakutaulukkoa ohjaussuunnan valinnan korjaa-
miseksi, joka korjaushakutaulukko sisaltdd informaatiota magneettisen kannatus-
jarjestelman magneettipiirien ominaisuuksista ja on konfiguroitu vastaanottamaan
valitun ohjaussuunnan, kdamien vallitsevat virrat ja kohteen aseman osoittava si-

sdantuloinformaatio.
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Magneettinen kannatusjarjestelma, joka kasittaa:

vahintdan yhden magneettisen toimilaitteen (104, 204z+, 204z-), joka kasit-
taa yhden tai useampia kdameja (105x+, 105x-, 105y+, 105y-, 205z+, 205z-
) yhden tai useamman magneettivuon generoimiseksi kohteen kannattele-

mista varten,

valineet (106x+, 106x-, 106y+, 106y-, 113, 206, 213) kohteen aseman
magneettiseen toimilaitteeseen nahden osoittavan asemasignaalin gene-

roimiseksi,

yhden tai useampia ohjattavia jannitelahteitd (107x+, 107x-, 107y+, 107y-,
207z+, 207z-) yhden tai useampien jannitteiden suuntaamiseksi kyseiseen
yhteen tai useampiin kdameihin, ja

jonkin patenttivaatimuksen 1-20 mukaisen ohjauslaitteen (101, 201) kysei-
sen yhden tai useampien jannitteiden ohjaamiseksi perustuen kohteen
aseman poikkeamaan vertailuasemasta kyseisen yhden tai useamman

magneettivuon ohjaamiseksi kannattelemaan kohdetta.

22. Menetelma magneettisen kannatusjarjestelman ohjaamiseksi, jossa mene-

telméssa:

vastaanotetaan (301) yhden tai useamman magneettivuon kannatteleman

kohteen aseman osoittava asemasignaali, ja

ohjataan (302) magneettisen kannatusjarjestelman yhteen tai useamaan
kdamiin suunnattua yhta tai useampaa jannitettd perustuen kohteen ase-
man poikkeamaan vertailuasemasta kohteeseen suunnatun magneettisen

resultanttivoiman ohjaamiseksi,

tunnettu siita, etta kyseista yhta tai useampaa jannitetta ohjataan:

valitsemalla (303) ajallisesti perakkaisista ohjausjaksoista kutakin varten
ohjaussuunta siten, ettd magneettisen resultanttivoiman muuttuminen vali-
tussa ohjaussuunnassa parantaa kohteeseen vaikuttavan kokonaisvoiman

kykya pienentad aseman poikkeamaa, ja
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- asettamalla (304) ajallisesti perakkaisistd ohjausjaksoista kutakin varten ky-
seinen yksi tai useampi jannite valitun ohjaussuunnan mukaisesti aseman
poikkeaman pienentamiseksi muuttamalla magneettista resultanttivoimaa

kyseisellda yhdella tai useammalla jannitteella.

23. Patenttivaatimuksen 22 mukainen menetelma, jossa yhden tai useamman
jannitteen asettaminen (304) kasittaa sen, ettd yhdesta tai useammista keskendan
ei-limittaisistd kaamiryhmista kutakin varten, joista ryhmista kunkin muodostaa
kdamien joukosta vahintdan kaksi ja joista kukin kykenee generoimaan magneetti-
sen resultanttivoiman toisensa mitatéivat komponentit, kaytetadan (311, 314) vain
nollajannitteitd ja virtaa vahentavia jannitteitd vasteena tarpeelle (310) vahentaa

kyseessa olevan kaamiryhman toimintasuureiden toimintapisteita.

24. Patenttivaatimuksen 22 tai 23 mukainen menetelma, jossa yhden tai use-
amman jannitteen asettaminen (304) k&sittdd sen, ettd yhdesta tai useammista
keskenddn ei-limittaisista kaamiryhmistd kutakin varten, joista ryhmistd kunkin
muodostaa kaamien joukosta vahintdan kaksi ja joista kukin kykenee generoimaan
magneettisen resultanttivoiman toisensa mitatdivat komponentit, kaytetdan (311,
314) vain nollajannitteita ja virtaa lisdavia jannitteita vasteena tarpeelle (312) lisata

kyseessa olevan kaamiryhman toimintasuureiden toimintapisteita.

25. Tietokoneohjelma magneettisen kannatusjarjestelman ohjaamiseksi, joka tie-
tokoneohjelma kasittaa:

- tietokoneella suoritettavia kdskyja ohjelmoitavan prosessointijarjestelman
ohjaamiseksi kontrolloimaan magneettisen kannatusjarjestelman yhteen tai
useampiin kddmeihin suunnattua yhta tai useampaa jannitetta perustuen
kohteen aseman poikkeamaan kohteen vertailuasemasta kohteeseen

suunnatun magneettisen resultanttivoiman ohjaamiseksi,

tunnettu siitd, ettd tietokoneohjelma kasittad tietokoneella suoritettavia kaskyja

ohjelmoitavan prosessointijarjestelman ohjaamiseksi:

- valitsemaan ajallisesti perakkaisistd ohjausjaksoista kutakin varten ohjaus-

suunta siten, ettd magneettisen resultanttivoiman muuttuminen valitussa
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ohjaussuunnassa parantaa kohteeseen vaikuttavan kokonaisvoiman kykya

pienentdd aseman poikkeamaa, ja

- asettamalla ajallisesti perdkkaisista ohjausjaksoista kutakin varten kyseinen
yksi tai useampi jannite valitun ohjaussuunnan mukaisesti aseman poik-
keaman pienentdmiseksi muuttamalla magneettista resultanttivoimaa ky-

seiselld yhdella tai useammalla jannitteella.

26. Patenttivaatimuksen 25 mukainen tietokoneohjelma, jossa tietokoneohjelma
kasittdd tietokoneella suoritettavia kaskyjad ohjelmoitavan prosessointijarjestelman
ohjaamiseksi yhdesta tai useammista keskenaan ei-limittaisistd kdamiryhmista ku-
takin varten, joista ryhmistd kunkin muodostaa kd@mien joukosta vahintdan kaksi
ja joista kukin kykenee generoimaan magneettisen resultanttivoiman toisensa mi-
tatéivat komponentit, kdyttdmaan vain nollajannitteitd ja virtaa vahentavia jannittei-
t4 vasteena tarpeelle vahentaa kyseessa olevan kdamiryhman toimintasuureiden

toimintapisteita.

27. Patenttivaatimuksen 25 tai 26 mukainen tietokoneohjelma, jossa tietokoneoh-
jelma kasittaa tietokoneella suoritettavia kaskyja ohjelmoitavan prosessointijarjes-
telman ohjaamiseksi yhdesta tai useammista keskendan ei-limittaisistd kdamiryh-
mista kutakin varten, joista ryhmistda kunkin muodostaa kdamien joukosta vahin-
tdan kaksi ja joista kukin kykenee generoimaan magneettisen resultanttivoiman
toisensa mitatéivat komponentit, kayttdmaan vain nollajannitteita ja virtaa lisdavia
jannitteitd vasteena tarpeelle lisata kyseessa olevan kddmiryhman toimintasuurei-

den toimintapisteita.

28. Tietokoneohjelmatuote magneettisen kannatusjarjestelman ohjaamiseksi, jo-
ka tietokoneohjelmatuote kasittdd katoamattoman tietokoneluettavan valineen, jo-

hon on koodattu jonkin patenttivaatimuksen 25-27 mukainen tietokoneohjelma.
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Figure 3a
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304 ]
\ |_® (see figure 3a)

310 v

Is there a need to decrease operating NO
points of operating quantities of any
winding group?

YES

311
\

Allow only current-decreasing voltages and zero voltages
but not current-increasing voltages for each winding group
where the operating points are to be decreased.

312

Is there a need to increase operating NO
points of operating quantities of any
winding group?

313\

Allow only current-increasing voltages and zero voltages
but not current-decreasing voltages for each winding group
where the operating points are to be increased.
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Set voltages in accordance with the selected control
direction using the allowed voltages.

(see figure 3a)

v Figure 3b
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