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57 ABSTRACT

Rotor systems are provided comprising rotor, magnetic
bearings and a magnetic bearing controller. The controller is
one which varies in accordance with linear parameters and
is preferably responsive to linear matrix inequalities. High
speed, low loss flywheel systems, especially electromag-
netic flywheel batteries are facilitated through such rotor

systems.
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Basic Magnetic Suspension Scheme
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Figure 2. Magnetic Bearing Components
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CONTROL OF MAGNETIC BEARING-SUPPORTED
ROTORS

FIELD OF THE INVENTION

[0001] This invention relates to methods of controlling the
performance of magnetic bearing-supported rotors espe-
cially these which are designed to change speeds during
operation. High speed rotors are supported by magnetic
bearings which require an electronic control system. The
control systems of this invention can be used to control rotor
displacements and magnetic bearing currents inter alia, at
low values. The methods of controlling the magnetic bearing
systems of this invention employ mathematical relationships
deriving from the rotor-magnetic bearing system. When a
rotor operates over a speed range, parameters in the rotor
change with time due to such effects as gyroscopics. The
rotor-magnetic bearing systems of the invention employ
advanced mathematical modeling and controller develop-
ment to enable the physical hardware to operate in the most
desirable manner with low vibration levels and low operat-
ing magnetic bearing currents. This invention concerns
methods of using a linear parameter varying control system.
The present invention also allows the user to implement a
small to moderate size control system on a personal com-
puter or workstation size computer for the operation of a
high speed rotor-magnetic bearing system over an operating
speed range.

BACKGROUND OF THE INVENTION

[0002] Historically, high speed rotors supported in mag-
netic bearings have been employed in applications such as
energy storage flywheels, momentum transfer flywheels,
pointing devices, and control moment gyroscopes. Typi-
cally, rotors in devices such as these are constructed of a
relatively massive wheel with high inertia, such as a disk or
cylinder, which is attached to a support shaft. The support
shaft is driven by a motor, or motor-generator in the case of
energy storage flywheels, and is supported by magnetic
bearings. In normal operation, the rotor mass has different
spin speeds which produces the energy storage, momentum
transfer, pointing and control moment functions. Such high
speed, magnetically suspended rotor systems are known per
se. For example, see U.S. Ser. No. 09/248,520 filed Feb. 2,
1999, incorporated herein by reference.

[0003] Thus, this invention provides novel rotor-magnetic
bearing control, especially linear parameter varying control
systems for high speed rotors. An exemplary application
comprising a large inertia energy storage/momentum
mechanical flywheel rotor, a motor/generator, a set of mag-
netic bearings to support the flywheel rotor, a support shaft
attached to the flywheel rotor, power amplifiers. It is there-
fore a primary objective of this invention is to provide
improvements in the operation of high speed rotor-magnetic
bearing systems using the linear parameter varying control
system. The linear parameter varying control method opti-
mizes rotor operation over the entire speed range of the
flywheel plant supported on magnetic bearings. The advan-
tages of the invention include the reduction of rotor vibra-
tion over the operating speed range of the rotor compared
with previous control methods and minimization of coil
currents to minimize rotating power losses in the flywheel
rotor operational range.
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SUMMARY OF THE INVENTION

[0004] The present invention provides innovative methods
of controlling magnetic bearings, which permits optimum
control. Linear parameter varying control methods optimize
rotor operation over the entire speed range of the flywheel
plant supported on magnetic bearings. Advantages of the
invention include the reduction of rotor vibration over the
operating speed range of the rotor compared with previous
control methods and minimization of coil currents to mini-
mize rotating power losses in the flywheel rotor operational
range.

[0005] Conventional automatic control systems applied to
magnetic bearing in previous applications assume that the
plant is invariant with time. This means that the control
algorithm is formulated based upon the engineering model
of the rotor, bearing, actuator, sensor, and other components
of the flywheel system, called the plant, that is time inde-
pendent. Some of the control algorithms typically employed
for time independent control algorithms are proportional-
integral-derivative (PID) controls, mu synthesis and H,,
controls. The control algorithm is then designed to operate
for the specific values of the plant which are evaluated for
a particular speed.

[0006] A number of high speed rotor applications such as
high inertia flywheel rotors inherently have large gyroscopic
effects. For example, in energy storage flywheel rotors, the
energy stored in the flywheel is proportional to the mass of
the flywheel, the square of the rotational speed, and the
square of the radius of the mass. This means that the most
effective energy storage will have most of the mass at the
outer edges of the flywheel. In turn, this means that gyro-
scopic effects are very significant in energy storage/momen-
tum wheels. Gyroscopic forces in energy storage/flywheel
rotors (or any rotating mechanical component) are propor-
tional to the operating speed of the rotor. These forces couple
the vibration of the rotor along two transverse axes, often
denoted x and y, which makes these forces difficult to control
with the magnetic bearing control algorithm and maintain a
centered rotor operation.

[0007] Other rotor properties will also vary with rotor
operational speed. The rotor geometry changes due to cen-
trifugal stress and thermal expansion. As the speed
increases, centrifugal stresses induce strains in the rotor
material generating significant increases in the rotor diam-
eter and other dimensions. As the rotor speed increases, heat
generation will increase and the rotor will run at higher
temperatures. Thermal expansion of the rotor material cre-
ates additional changes in rotor geometry.

[0008] An energy storage/momentum flywheel must have
the capability to accelerate and decelerate at a certain rate in
order to have to capability to attain the desired energy
storage or production and/or the desired changes in momen-
tum. As the flywheel rotor accelerates or decelerates, the
rotor properties change compared to conventional constant
speed rotor models.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 depicts an exemplary high speed magnetic
bearing-supported rotor useful, e.g. in an energy storage
flywheel.

[0010]
nents.

FIG. 2 shows certain magnetic bearing compo-
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[0011] FIG. 3 depicts assembly of plant, bearings, sensors,
amplifiers, and control system in an exemplary system.

[0012] FIG. 4 shows an exemplary performance compari-
son between eight interpolated H_, controllers and a single
Ipv controller for a flexible rotor.

[0013] An exemplary high speed rotor, such as used in an
energy storage flywheel, is shown in FIG. 1. The compo-
nents are listed as rotor, motor/generator, shaft, magnetic
bearings, static support and vacuum housing. The example
shown in FIG. 1 is an energy storage wheel in cylindrical
form which can rotate at high speeds. At low rotational
speeds, the energy storage is low while at high rotational
speeds, the energy storage is very high. The energy is
transformed by the attached motor/generator. In order to
perform the desired function of energy input, the rotor speed
is made to increase by the motor/generator’s acting as a
motor such that electrical energy input is converted to the
mechanical energy of rotation. In order to obtain energy
output in the form of electrical power, the motor/generator
is used as a generator and the mechanical energy is extracted
from the rotor, slowing it down.

[0014] The rotor is attached to the rotating shaft by the
diagonal struts, as shown in FIG. 1, other geometric con-
figuration, or electromagnetically. The shaft is supported in
two radial magnetic bearings, typically one at each end, and
a thrust bearing (not shown). The shaft has magnetic rotor
components attached to it facing the non-rotating stator
components of the magnetic bearings. The stator of the
magnetic bearings is supported on a static support, as shown
in FIG. 1. A non-rotating vacuum housing completes the
typical flywheel configuration as shown in FIG. 1.

[0015] A magnetic bearing, shown schematically in FIG.
2, consists of four primary components: a magnetic actuator
composed of an assembly of coil wound magnetic poles
attached to a ring facing the shaft, an electronic control
system which determines the control currents in the coils, a
set of power amplifiers which produce the control currents
as commanded by the control system, and a set of sensors
which determine the shaft position in the bearing. The
magnetic bearing has an automatic control system, imple-
mented electronically, to adjust the magnetic bearing coil
currents to control shaft vibrations due to external forces
acting on the shaft.

[0016] Some rotors, such as in certain energy storage/
momentum flywheels, employ ball bearings which have a
limited, finite life. Magnetic bearings have non-contact
operation with the rotating shaft of the rotor supported in a
magnetic field rather than a mechanical support such as
resting on the inner race of a ball bearing. This results in
very long life compared to ball bearings. Ball bearings have
limited physical life due in part, to Hertzian contact stresses.
The primary failure point in magnetic bearings on the other
hand, is the power amplifiers or control circuits. In case of
failure, these electronic components can relatively easily be
replaced (in ground applications or in manned space appli-
cations) or made fault tolerant, and bearing life can easily be
extended by techniques for automatic time sharing of
remaining circuits using fault tolerant algorithms.

[0017] Magnetic bearings also do not require any lubri-
cant, which is particularly useful in vacuum operations such
as required for successful operation of a high speed energy
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storage/momentum flywheel or other applications. There are
a number of potential applications which can benefit from
this bearing arrangement: space applications, including sat-
ellite energy storage and/or momentum wheels; ground
based uninterruptable power supplies, such as for critical
computer power supplies; vehicular electric power, includ-
ing automotive, bus, military vehicles, and trucks, and many
others. Unlike magnetic bearings, ball bearings employed in
high speed rotors such as energy storage/momentum space
applications require either some self contained lubricant
supply or may operate in dry contact. The low temperature
normally found in space applications severely limits pos-
sible lubricants or lubricant supply systems. Fixed ground
based applications of high speed rotors such as energy
storage/momentum flywheels will generate very high opera-
tional temperatures, well above the normal operating tem-
perature range of conventional lubricants which severely
limits possible lubricants in this case. Dry contact lubrica-
tion ball bearing operation has very limited expected life
even at moderate speeds illustrating the advantage of mag-
netic bearings for these applications.

[0018] Magnetic bearings have relatively low power loss,
compared to ball bearings, when operated at high speeds. In
many applications such as energy storage flywheels, the
consumption of energy required to operate the rotor in the
bearings is a significant factor. At high surface speeds, the
friction loss in ball bearings becomes large unlike magnetic
bearings which generally have some rotating magnetic
losses, resistance losses in the bearing coils, and amplifier/
control circuit losses which result in lower rotating loss than
ball bearings.

[0019] Moreover, electronic automatic control is used in
magnetic bearings which support high speed rotors such as
flywheel rotors. This automatic control, which needs to be
present to operate magnetic bearings, can also be employed
to assist in control of flywheel momentum or control
moments. Further, the automatic control system can be
employed to significantly reduce levels of vibration. Such
automatic control, applied to such magnetic bearings is the
subject of this invention.

[0020] A mathematical representation of a rotor-magnetic
bearing system is initially constructed without the control
system. It can be based upon a discretized numerical rep-
resentation of the mechanical components of the rotor,
struts, shaft, static support, vacuum housing, etc. The rep-
resentation is formulated from physical dimensions such as
diameters and lengths and material parameters such as the
elastic modulus and Poisson’s ratio. One typical numerical
method is the finite element method. Other components in
the system are magnetic and electronic. Equations modeling
these components are also employed based upon physical
dimensions such as magnetic bearing diameters, pole face
areas, etc.; magnetic material properties such as permeabil-
ity; electrical properties such as resistance, inductance, and
capacitance; and electronic components such as amplifier
voltages, currents, and efficiency. FIG. 3 shows a typical
block diagram of components of the rotor-magnetic bearing
system. The mathematical representation of the system is
developed by standard engineering methods and is used to
prepare the rotor-magnetic bearing system model called the
plant. This model does not include the controller algorithm.
The method of developing the controller is described in
detail later in this application.
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[0021] The particular variables employed in the math-
ematical representation may consist of physical parameters
such as rotor or shaft displacements and/or velocities, mag-
netic bearing currents and/or voltages, etc. However, such a
representation may consist of many variables and be of very
large size, unsuited to controller development. Often, the
large representation is reduced in size by employing the
system modal properties, determined by standard eigenvalue
methods. A method of selecting only the most important
modes of the rotor-magnetic bearing system is used to
remove less important system modes. However, the modal
analysis insures that the system dynamic properties are still
properly modeled and the controller can be properly
designed. The modal mathematical representation has many
less parameters to consider in the controller analysis.

[0022] The method of controller development starts with a
mathematical model. A mathematical representation of the
form

X=Ax+Bu
y=Cx+Du (2)
[0023] as described below, or similar related forms, is

employed in the development of the control theory applied
to magnetic bearing supported rotors and is used in this
invention. The above described mathematical representa-
tion, either in terms of physical parameters or modal param-
eters, can be placed in the form given by Eq. (1) or similar
form. In this or similar form, there are a set of vectors and
matrices with definitions as follows. The vector x is a list or
column, of rotor displacements at selected locations along
the rotor and other system properties such as bearing volt-
ages or currents, known as the state vector. It is of order n
meaning that there are n parameters in the state vector. The
vector u is a list or column of control inputs, such as
magnetic bearing currents or voltages, known as the control
vector, with k parameters in that vector. The vector y is the
list or column of outputs at particular locations in the
system, such as displacements at the bearings or control
currents at the bearings, where particular system perfor-
mance is desired to be obtained.

[0024] The matrix A is the matrix representing the system
plant, consisting of the rotor and associated magnetic bear-
ing physical component characteristics, which is to be
controlled. The matrix B is the matrix of system parameters
relating the state vector x to the control input vector U. The
matrix C is the matrix relating the output vector y to the state
vector X. The matrix D is the matrix of system parameters
relating the feedthrough of the control input vector a directly
to the output vector y. The purpose of the mathematical
representation is to obtain a set of equations which enables
the system designer to calculate a control vector u which
controls the rotor and magnetic bearing system in such a way
that the output displacements, currents and other system
parameters in the output vector y remain below design
limitations.

[0025] In high speed rotors operating over a speed range,
the rotor magnetic bearing control system matrices are
functions of the rotor speed p. Thus, the mathematical
representation may be written as

X=A(p)x+B(p)u
y=Cp)pe+D(pu @
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[0026] There are a number of controllers u which would
allow the magnetic bearing system operate stabily but only
one is the optimum solution. It is desired to find the
controller which is the “maximal” solution, producing the
minimum vibration level and/or control currents.

[0027] A method is described in this work where a single
matrix X, which is positive definite, such that the linear
matrix inequality

A(p)" X + XA(p) XB(p) C(p) &)
B(p)"X -yl D(p) | <0
Cp) Dip) -1
[0028] is satisfied for all values of the speed p in the

specified speed range. In this equation, I is the identity
matrix.

[0029] The performance parameter y in the above equation
is the ratio of the input to output gain

Iyl “
=2 <
[leell

[0030] where the quadratic norm of the output vector is
given by

- )
lyll, = f W ydr
0

[0031]
by

and the quadratic norm of the input vector is given

||u||2:ru7—udt ©
0

[0032] The performance parameter y is the measure of the
system output to the control input effort. It is desired to keep
the measured system output parameters such as rotor dis-
placement at critical points and magnetic bearing currents as
low as possible for optimum operation of the rotor-magnetic
bearing system. Thus, a method for determining the lowest
possible value for the performance parameter y over the
rotor-magnetic bearing system operating speed range is
particularly valuable.

[0033] A system representation may be achieved at mini-
mum and maximum operating speed. Let the minimum
operating speed be denoted by p,=p,,;, and the maximum
operating speed be denoted by p,=p,_... These are called
vertices or vertex speeds. A control vector u can be devel-
oped using standard, existing control methods, such as mu
synthesis or H,, can be found for the minimum and maxi-
mum speeds. There are mathematical models of these two
systems. The minimum speed system is given by the math-
ematical representation
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2=A,(p)x+By(py)n
y=Cy(p)x+D; (py)u @

[0034] where the system properties A;, B,, C;, D, are
evaluated at the minimum operating speed. The system
satisfies the linear matrix inequality

Ar(p)"X + XA(py) XBi(py) Ci(py) ®
Bi(p)'X -yl Di(p) <0
Ci(p1) Di(p1) -nl

[0035] where the performance parameter is given by

Wl ©
[leadl2

[0036] The maximum speed system is given by the math-
ematical representation

2=A,(p2)x+B,(po)u

y=Co(p)x+Dy(pr)u 10)
[0037] where the system properties A, B, C, D are evalu-

ated at the maximum operating speed. The system satisfies
the linear matrix inequality

Ar(p)T X + XAx(py) XBa(p2) Ca(pp)” an
Ba(p2)'X —y2l  Da(pp) | <0
Ca(p2) Dy(p2) -2l

[0038] where the performance parameter is given by

[yl < 12
T 2
lledl

[0039] for the maximum speed case. A linear parameter
varying controller design can be achieved.

[0040] The control of the rotor-magnetic bearing system is
given by the mathematical representation

Ax=Ax(P)X+B(p)y

u=Cy(P)xx+Dx(p)y 13)
[0041] The vector xy is a list or column, of rotor displace-
ments at selected locations along the rotor and other system
properties such as bearing voltages or currents, known as the
controller state vector, of order k. The vector u is a list or
column of control inputs, such as magnetic bearing currents
or voltages, known as the control vector, as defined above.
The vector y is the list or column of outputs at particular
locations in the system, such as displacements at the bear-
ings or control currents at the bearings, where particular
system performance is desired to be obtained, again as
defined above.

[0042] The matrices Ay, By, Cg, Dx are the controller
matrices. The values of the parameters obtained for these
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matrices are obtained by standard mu synthesis or H,
methods such as given by standard engineering control
methods. At the minimum operating speed, the matrices in
the mathematical representation are denoted as

Fx=Ax (P Xk +Bx(p1 )y

#1=Cx(ps ¥ +Dx(p1)y 14
[0043] At the maximum operating speed, the matrices in
the mathematical representation are denoted as

*x=Ax (P2 Xk +Bx(P2)y

#,=Cr(p)xx+Dx(p2)y (15)
[0044] Once a mathematical representation of the control
system Xy, U;, U, has been obtained in these two forms, they
can be substituted into the rotor-magnetic bearing system
equation (x) and the closed loop system representation

obtained. The closed loop control model has the general
form

Ea=Aa(P)Xer+Balp)w

2=Cqy(p)Xea+Da(p)w (16)
[0045] Here the vectors w represent some system distur-
bances such as noise, external forces, or similar unwanted
system inputs. The closed loop matrices are given by

Ag=A.@)+BE)QMCP)

By=Bo(p)+B(p)R(p)D24(p)

Ca=Co(p)+D1P)RAP)C(p)

DDy (p)+D 1 (0)2(p) Doy (p) an

[0046] or similar mathematical form based upon the con-
troller mathematical representations at the two vertex
speeds. Here, the matrices on the right hand side of this
expression are given by

Alp) 0 Bi(p) (s)
Ao(P)=[ 0 0}, Bo(P)=[ 0 }

0 Bap
Cop) = [Ci(p) 0], B(p):[l zop]

A [
C(p)=[cz(p) 0}, D1z =[0 Dpa(p)]

. 0
P = [Dlz(P)}

[0047] The controller matrices A, B, C,, D, are linear
combinations of the minimum speed design matrices A,, B;,
C,, D, and the maximum speed design matrices A,, B,, C,,
D,.

[0048] A positive definite matrix X, of order (n+k)x(n+k)
and a linear kth order linear parameter varying controller
exists if the linear matrix inequalities

AL Xet + XA XeBar  CL, (19
Bl X -nl DI |<0
Ca Doy -l

[0049] where A_j; is the parameter dependent closed loop
matrix evaluated at the minimum speed and
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ALXy + XyAaz XaBoz Chp 20)
Bl:X -l DI, <0
Caz Doz =72l

[0050] where A, is the parameter dependent closed loop
matrix evaluated at the maximum speed are satisfied.

[0051] The solution to this problem exists if and only if
there are two symmetric matrices R and S of size nxn
satisfying the five linear matrix inequalities:

o[ AiR+RAT RCT By @n
Neg 0 Neg 0
0 I CiR -yl D 0 I <0
By Dy —yI

where i =1, 2 and

ATS+54; SBy; CT. (22)
Ns 0717 . o s o
0 I B;S -yl Dy 0 I <0
Cy; Dy —yI

where i =1, 2 and

[R 1}20 23)
IS

[0052] Also, a kth order controller exists if and only if
rank(/-RS)=k 24)

[0053] Given acceptable matrices R and S, it is possible to
construct the closed loop matrix X and corresponding
controller matrices A;, B;, C;, D; and A,, B,, C,, D,.

[0054] This section describes the methodology used to
compute the controller matrices. Full rank matrices M and N
of size nxk are found from

MN"=I-RS 29

[0055] The closed loop control matrix X, is obtained from
the unique solution of

I R s 1 (26)
o |- o]

[0056] The two vertex controllers are obtained from the
above linear matrix inequalities, Egs. (19) and (20). The
controller matrices are given by

A(p)=a,A+anA,

B(p)=a,B,+a,B,

Clp)=a,C+0,C,

D(p)=0.,Dy+0,D, @7

[0057] where the dimensionless speed parameters o, and
a., are given by
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_ Pmx—Pp (28)
¥ = ——
Pmax — Pmin
P — Pmin
@y =

SIMULATION EXAMPLE

[0058] A magnetic bearing controller for a flexible rotor
supported in magnetic bearings was evaluated using the
linear parameter varying methodology of the invention. The
results, expressed in terms of the performance parameter v,
are given in FIG. 4. The rotor speed range is 104 rad/sec to
832 rad/sec. The speed range is relatively large and the
gyroscopic changes in the plant are quite significant as the
operating speed changes. A comparison between eight H
controllers and one linear parameter varying controller
(LPV) is shown in FIG. 4. The eight H,, controllers were
designed at the specific operating speeds of 104, 208, 312,
416, 520, 624, 726, and 832 rad/sec. It is easily seen in FIG.
4 that these controllers produce a very low value of the
performance parameter at each design operating speed. A set
of interpolating controllers was developed to allow these
controllers to operate between the design speeds with the
results given in FIG. 4. The performance parameter y has
very low values exactly at the design points but relatively
high peaks in between those values. These high peaks may
be thought of as high vibration levels or high magnetic
bearing controller currents.

[0059] An example LPV controller was also designed for
this flexible rotor using the invention. The method employed
H_, controllers evaluated at the minimum and maximum
speeds (vertices), 104 rad/sec and 832 rad/sec. The LPV
method was then used to evaluate a single controller which
operates over the complete speed range. The results are also
plotted in FIG. 4. It is easily seen that the LPV controller has
a smooth variation of the performance parameter y over the
entire speed range from 104 to 832 rad/sec. Again, these
smoothly varying values of the performance parameter
represent low to moderate levels of vibration and/or mag-
netic bearing coil currents over the entire operating range.

[0060] It is important to note that the LPV controller is a
single controller with better performance overall than eight
interpolated single speed design H,, controllers. Thus, the
size of the LPV controller is approximately eight times
smaller, allowing for a much smaller computer capacity
requirement, than the example eight H,, controllers. If the
computer hardware requirements and storage capacity were
relatively unlimited, a very large number of nearly optimum
H_, or other optimized controllers can be developed for
many specific speeds in the operating range and the system
performance could be very good. However, there are prac-
tical limitations of cost, weight, size and other factors which
normally limit the controller degree of complexity and make
the LPV controller very desirable for high speed rotors
operating over speed range as compared to the standard
control design methods for a time independent plant.

What is claimed is:

1. A rotor system comprising rotor, magnetic bearings,
and a linear parameter varying controller for the magnetic
bearings.
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2. The rotor system of claim 1 wherein said controller is
responsive to linear matrix inequalities.

3. The rotor system of claim 1 wherein rotor vibration or
coil current is minimized with respect to those experienced
with conventional control.

4. The rotor system of claim 1 wherein the control
algorithym is obtained for the magnetic bearings at mini-
mum nominal operating speed and at maximum nominal
operating speed and linear interpolation is employed
between the minimum and maximum operating speed con-
trollers through linear parameter varying control.

5. The rotor system of claim 1 wherein the controller is
substantially stable over the range of operating speeds from
nominal minimum to nominal maximum operating speed.

6. The rotor system of claim 1 wherein said controller
accounts for gyroscopic effects experienced by the rotor.

7. The rotor system of claim 1 wherein said controller
minimizes hysteresis and eddy current losses during opera-
tion of the system.

8. The rotor system of claim 1 wherein bias current is less
than one-half saturation level in the magnetic bearings.

9. The rotor system of claim 7 wherein said minimization
is attained through application of bias current into the
control algorithm.

10. A controller for a magnetic bearing system for a rotor
system, said controller being a linear parameter varying
controller.
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11. The controller of claim 10 responsive to linear matrix
inequalities.

12. The controller of claim 10 wherein rotor vibration or
coil current is minimized with respect-to those experienced
with conventional control.

13. The controller of claim 10 wherein the control algo-
rithm is obtained for the magnetic bearings at minimum
nominal operating speed and at maximum nominal operating
speed and linear interpolation is employed between the
minimum and maximum operating speed controllers
through linear parameter varying control.

14. The controller of claim 10 which is substantially
stable over the range of operating speeds from nominal
minimum to nominal maximum operating speed of the rotor.

15. The controller of claim 10 which accounts for gyro-
scopic effects experienced by the rotor.

16. The controller of claim 10 which minimizes hysteresis
and eddy current losses during operation of the rotor.

17. The controller of claim 10 wherein bias current is less
than one-half saturation level in the magnetic bearings.

18. The controller of claim 17 wherein said minimization
is attained through application of bias current into the
control algorithm.



