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ABSTRACT

The bearingless machines which combine the
magnetic bearing and motor, is a great progress in
recent years of research field of the high speed
electrical  machinery. Among them the bearingless
induction motor (BLIM) is quite paid attention to
because of its capability of easily weakening flux and
high reliability. The BLIM is a strong coupled
complicated nonlinear system. For the high accuracy
requirement for the real-time control of air gap flux
linkages, the various decoupling control algorithms can
not realize this motor operating at super high speed at
present. In this paper, an independent control strategy
of radial force subsystem is proposed to redlize the
super high speed operation of BLIM. The air gap flux
linkages of motor windings and radial force windings
which are required can be identified accurately by the
method of simpler voltage-model, in which the two
only motor parameters-stator resistance and stator
leakage are estimated by LSE based on zero-sequence
voltage equations simultaneously. The current regulated
PWM inverter is replaced by the air gap flux linkages
regulated PWM inverter to improve control precision of
air gap flux linkages. In order to reduce time delay of
control system, the control period of radial force
subsystem can be shortened to a great extent through
right resource distribution in digital control systems.

INTRODUCTION

High speed and super-high-speed electric machines
are being used for spindles, pumps, compressors,
flywheels, Aero-Space, etc. The bearing technology has
been the “bottleneck” of the development of high speed
electrical machines. Magnetic bearings are widely used
in the high speed electrical machines for the advantages
of no contact, no lubrication, and no maintenance.
However, considerable axial length and low axial
utilization ratio for electric machines itself result in
decreased critical speed and lower output power, and
the microminiaturization is also limited. On the other
hand, the cost is another unfavorable factor for the
magnetic bearing applications.

The structure of magnetic bearing is similar to that
of the ac. motor, and the combination of magnetic
bearings and ac. motor which have the function of
rotation and self-levitation with the aid of power
electronics and microcomputer control is highly
desirable. This novel electricdl machines named
“bearingless motor” came forth in [1]. Since the idea of
configuration with 2p, -pole motor windings and
2(p, £1) -pole radia force windings in one stator, and
the decoupling controller of the electromagnet torque
and radia force based on vector controller of induction
motors and permanent magnet synchronous motors, are
proposed, the bearingless motors begin to be paid close
attention to. So far, the bearingless technologies for
induction motors, permanent magnet synchronous
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motors, synchronous reluctance motors, homo-polar
motors, switched reluctance motors are proposed and
further investigated [2]-[10]. The
bearingless motor has many advantages over traditional

in succession

high speed motor with magnetic bearings. First of all,
based on the magnetizing field of motor windings, the
power for levitation control can be decreased. Moreover,
it has shortened shaft length, enabled compactness and
high speed or high power operations with high
reliability. Bearingless motors have widened the
applications of high speed drives, such as applications
in biotechnology, chemical, medical, semiconductor,
nuclear and miniature motor, etc.

There are various types of bearingless motors,
among them the BLIM receives the extensive attention
due to its simple structure and high reliability. The rotor
levitation is the result of interaction of the motor
windings and radial force windings in the stator.
Coupling exists between the electromagnet torque and
radial force inherently, so the BLIM is a nonlinear
system more complicated than general induction motor.
The decoupling control of the electromagnet torque and
radial force is the key to the stable operation of
bearingless motor. Moreover, as to classical static
biased magnetic field of magnetic bearing, the rotation
biased magnetic field of BLIM (or air gap motor flux)
requires control system has high real-time control
performance extremely for super high speed operation.
It is a rea problem in this field. Typica control
algorithms at present treat the BLIM as a coupling
nonlinear  big  system.  Through
transformation, this big system can be divided into two

coordinate

subsystems: electromagnet torque subsystem and radial
force subsystem, firstly, two subsystems coupling by
the item of air gap motor flux linkages [11]-[13]. The
decoupling linearization control for subsystems can be
realized by the air gap motor flux oriented vector
controller [11]-[12]. Complexity in control structure
and long control period make it difficult for control
algorithms at present to meet the requirement of BLIM
operating at super high speed.

In this paper, an independent control strategy of
radia force subsystem is proposed to redlize the super
high speed operation of BLIM. The air gap flux
linkages of motor windings and radia force windings
which are required by independent controller can be
identified accurately based on the simpler
voltage-model, in which the two only motor
parameters-stator resistance and stator leakage are
estimated by LSE based on zero-sequence voltage
equations simultaneously. The current regulated PWM
inverter is replaced by the air gap flux linkages
regulated PWM inverter to improve control precision of
air gap flux linkages of radial force windings. In order
to reduce time delay of control system, the control
period of radial force subsystem is shortened to a great
extent through right resource distribution in digita
systems based on double DSP. At last,
experiment system is introduced.

control

THE RADIAL FORCE EQUATIONS
For an air gap flux density B, the Maxwell-Forces
element which acts on asurface element dA of rotor is
B%dA

dF = , (1)
244,

where u, isthevacuum or air permeability.

The total air gap flux density produced by motor
windings and radial force windingsis given by

B(g,1) = Bi(p,t) + B, (1)

- - ,(2)
= B, cos(pp — oyt + u) + B, cos(p,p — it + 1)

where 4 and u are phase angles, ¢ is space
rotation position angle, subscripts “1”, “2” correspond
windings and radial force windings,
respectively, the same below.

to motor

By substituting (2) into (1) and integrating,
when p, = p, £1, the controllable Maxwell -Forces (or
radial forces) in x- and y- direction can be expressed as

F.=F,cos(A-4), ©)
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F, =FF, sSin(2—u), 4

where the amplitude of Maxwell-Forcesis

F - IrzB,B, ; ®)
241,

| isactivelength of the motor; r isrotor radius.

From (3-4), it can be concluded that the radia
forces are closely related with the amplitude and
relative position of two kinds of air gap flux.

Air gap flux (per pole) can be written as

2rB 2rB
h=—", P=—t. (6)
P, P,

Air gap flux linkages (per phase) can be written as

v, = ¢1W11 v, = ¢2W2 ) (7)
where W, and W, are number of turns for the motor
windings and radia force windings, respectively.

Neglecting the induced current in the rotor
produced by the radial force windings, one can write

l//z ~ LZmiZS ! (8)

where L, is mutual inductance of radial force

windings.
Substitution of (6-8) into (5), yields,

FM — ﬂngLZmWJZS i (9)
r it WW,

Based on the vector multiplication operation
(y,xi, andyr, ei,), (3-4) can be expressed in

synchronous rotating reference frame as (power
conservative transformation d.q.0)

Fx = kM (izm‘//m + izsq‘//lq) ’ (10)

Fy = i_kM (izsq‘//m _izw!//m) ) (11)

_ ﬂpl pZ Lm2

where k,, =
Y120 WW,

. ¥y and y,, are ar gap

motor flux linkages components; i,, and i, are
stator current components of radial force windings.
Neglecting  additive  torque  effect, the
electromagnet torque of BLIM is
Te = pl(l//ldilsq + ‘//lqilsd) ’ (12)

where i, and i, are stator current components of

motor windings.

One can obtain from (10-12) that the radial force
and electromagnet torque are both functions of air gap
motor flux linkages by which coupling each other. In
the air gap motor flux reference frame, w, =y, ;

¥1q =0 50 (10-12) can be written as

Fo=Kulu¥:, (13)
F, =Kylu¥1, (19
Te = pll/llilsq * (15)

From (13-15), it can be known that once the air
gap motor flux oriented control isrealized (y, = const.),
electromagnet torque and radial force of BLIM can be
controlled by the current in motor windings and current
in radial force windings, respectively. Thisisthe typical
decoupling algorithm at present.

LIMITATIONS OF THE
ALGORITHMSAT PRESENT
Due to the complexity of the decoupling agorithm

CONTROL

Radial force
Subsystem
(OSP)

A A
'//1* H;

Motor Subsystem
(DOSP)

FIGURE 1: Control agorithm at present
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based on the ar gap motor flux oriented vector
controller, the control period of single Digital Signal
Processing (DSP) is relatively long. For the rea-time
control, each subsystem is controlled by one DSP
generaly. The amplitude and phase of air gap motor
flux linkages are transmitted through dua DSP
between two subsystems
(electromagnet torque subsystem and radial force
subsystem). The control algorithm is shown in FIGURE
1

communication

Some limitations of the agorithms mentioned
above for high speed operation of BLIM are as follows:
®  Stable suspension of BLIM requires high accuracy
phase information of air gap motor flux linkages. It is
indicated that phase error can not exceed 10 degreesin
[4]. However, the communication delay time of dual
DSP can be up to one control period of motor
subsystem, which must be shortened to reduce the
phase error. For example, the control period can not
exceed 13.9 microseconds generaly for the stable
operation of BLIM at 60,000rpm. For special-purpose
high performance DSP, such as TM S320L F2407A and
ADMCA401 for motor control can not satisfied with
requirement of super high speed operation. Other high
performance DSP not especially for motor control can
meet this requirement, but it need to design complicated
peripheral circuits, practicability islimited.
® There are some limitations in the air gap motor
flux oriented controller, such as pull-out torque,
sensitivity to the rotor parameters[14]-[15]. Moreover,
highly nonlinearity makes it difficult for this controller
to introduce effective algorithms of adaptive control or
speed sensorless techonologies. Applications for the
servo system with high accuracy and super high speed
applications are limited. Finally, this controller can’'t be
compatible with common used inverter (generally based
on rotor flux oriented controller). Its practicability is
limited also.

Due to facts mentioned above, the maximum speed
of BLIM has not exeed 30,000rpm [16]-[17], control
system design for super high speed BLIM is a difficult

problem urgently to be solved.

In this paper, independent control strategy of radial
force subsystem is proposed to readlize the super high
speed operation, the reasons are as follows:
® |t is studied that air gap motor flux oriented
controller is not necessary for decoupling control of
BLIM[18]-[20]. If the amplitude and phase of air gap
motor flux linkages are identified or measured by radial
force subsytem itself, an independent control bewteen
motor windings (or electromagnet torque subsystem)
and radial force windings (or radial force subsystem)
can berealized. In that case, air gap motor flux linkages
deviations due to time delay in dual DSP
communication can be eliminated.
® Although time delay exists inherently in any
controller, in order to meet the requirement of real time
control of radial force subsystem, the control period of
radial force subsystem can be shortened to a great
extent by optimizing resources of new DSP-
TMS320F2812.
® Once an independent control strategy for radial
force subsystem is realized, the control method for
motor windings (or electromagnet torque) is no longer
restricted by air gap motor flux oriented controller, and
can adopt any kind of control techniques for induction
motor in principle. It can adopt classical rotor motor
flux oriented controller which is compatible with
inverter in common use, or adopt speed sensorless
technology for super high speed operation. This has
undoubtedly increased
practicability of BLIM.
® The air gap motor flux linkages can be measured

commonability and

by search coil around the stator teeth, or on-line
identified by nonlinear method. In view of practicality,
on-line identification method is more desirable.

IMPLEMENTATION OF INDEPENDENT
CONTROL STRATEGY FOR RADIAL FORCE
SUBSYSTEM FOR HIGH SPEED OPERATION

I mplementation of independent control strategy for
radial force subsystem must solve following key
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problems:

1 Acurate identification of air gap motor flux linkages
In this paper, air gap motor flux linkages are

identified based on the following simpler voltage

model:

WVisap = j(ulaﬁ = Riiys )jt ; (16)

Vi = ll/lsa/} - leilsa[f ' (17)
where

V., ae stator motor flux linkages components in
static reference framea;, 5,0,
¥, ae ar gap motor flux linkages components in
static reference framea, 5,0,
U, are stator voltages of motor windings in static

reference framec, 5,0;

i, ae stator currents of motor windings in static

reference frame«, 5,0;
R, is stator resistance of motor windings, L, is
stator leakage inductance of motor windings.

From (16-17), the identificaton agorithm is only
related to two motor parameters: stator resistance and
stator leakage inductance. In case of detuning
(saturation, temperature effects, weakening flux for
high speed opeation, etc.), the actual valves of two
parameters change greater compared with initial values
which are measured approximately on the basis of
equivalent T circuits. The deviations of the parameters
reduce the identification precision of air gap motor flux
linkages, so the stable suspension of BLIM can not be
maintained. In this situation, a method of online
estimation of two only motor parameters- stator
resistance and stator leakage inductance by LSE based
on zero-sequence voltage equations proposed in [21] is
adopted in this paper.

Zero-sequence voltage equations:

. di
Ugo = Risligo + Lig dltso ) (18)
1
Ugo = E (ula + Uy, + Uy )’ (19
. 1., . .
l1s0 :E(lla""lbﬂlc)' (20)

where u,, and i,,, are zero-sequence voltage and
current, Uy, Uy, Ug, I, i, and i, are phase
voltages and phase currents of motor windings,
respectively.

L east squares estimation regression equations:

yltje)=T(te (21)

where 9(t|0): [u,,] isprediction vector;
I(t)=[i dig/dt] isregression matrix;
0= [RlS Lq ]T is parameter vector.

Only voltages and currents of motor windings are
needed in above estimater. The estimation precision is
not influenced by any other motor parameters. FIGURE
2 shows the identification algorithm of air gap motor
flux linkages with on line parameters estimation.

U Uisep +
S 7]

ila(b,c - iJsa/}
»| 3/2

...... » LS estimation
based on (21)

FIGURE 2: Identification air gap motor flux linkages
with on line parameters estimation

2 Air gap flux linkages regulated PWM inverter

In present control algorithm of BLIM, the radia
force windings are controlled by currents regulated
PWM inverter on the assumption that radial force flux
(air gap) can only be controlled by currents in radial
force windings. However, for bearingless squirrel-cage
rotor induction motor, additional currents are induced in
rotor inevitably which deviating radia force flux. To
deal with this problem, one can adopt phase
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compensation method proposed in [22]. But motor
parameters deviation is a problem. Ancther method is
scheming special pole-selective windings of a
squirrel-cage rotor for BLIM to reduce rotor induced
currents of radial force windings [23]. However, this
method lacks the commonability. In this situation, air
gap flux linkages of radial force windings regulated
PWM inerter proposed in [24] is adopted to control flux
linkages directly. This method is as follows:

(3-4) can be expressed in static reference frame
a,p,0 as

Fo= krlv| (Y1, W20 + ‘/’m‘//w) ) (22)

Fy = ik& ('/’m‘/’zﬁ - V’lﬂy/za) ) (23)

wherek,, = P
1211 1 \WW,

Given the radia force, the needed air gap flux
linkages of radial force windings can be computed from
(22, 23) asfollows:

|:l//2a:|: ‘ 21 i {‘//m _l/jlﬁ:||:|:x:|. (24)
Vop | KuWi +Vip) (Vs Vi Fy

The air gap flux linkages of radial force windings
which are required in air gap flux linkages regulated
PWM inverter are identified by the same method for
that of motor windings.

A control block diagram of radial force subsystem
in which the air gap flux linkages of double windings
are al identified by voltage models with motor
parameters on line estimation, and radial displacements

@ | .

identification
of air gap
flux linkages

Motor [
subsystem | i

FIGURE 3: A control block diagram of radial force
subsystem

are controlled by negative feedback contraller, is shown
in FIGURE 3.
3 Reduction of control period of radia force system

The computations of digital control system of
radial force subsystem include identifications of air gap
flux linkages of double windings, the regulations of air
gap flux linkages of radial force windings, etc. If the
control period of radial force subsystem is limited
within  13.9 microseconds for the operation on
60,000rpm of BLIM, DSP of higher performance such
as TMS320F2812 must be adopted, and computation
resources must be rightly distributed also. Due to larger
amount of computation, LS algorithm for estimation of
stator resistances and stator leakage inductances of
double windings based on regression equations can be
completed by another DSP or combining with motor
subsystem controller (vector control, speed sensorless,
etc.).

Because stator resistance and stator leakage
inductance are slower variational motor parameters
compared with the one control period, the relay time
effect can be neglected. So two parameters estimated
can be transmitted through dual DSP communication
between two subsystems. The improved control
agorithm for radia force subsystem is shown in
FIGURE 4.

Main DSP
TR T i 3
R, Log . . : : :
SEC DSP or  |-topl b-teoood
Motor Subsystem |-#-p! R b i i
controller .'.C.>E PiM i__'l_c __________ !

FIGURE 4: Improved control algorithm of BLIM

EXPERIMENT SYSTEM

The BLIM system with five-axis magnetic
suspension comprises of one BLIM and an axial/radial
integration magnetic bearing. A permanent magnet
synchronous motor (PMSM) which exerts torque load
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and BLIM system make up whole experiment system
without any couplings, as shown in FIGURE 5.
Research work is going on. Some results will be issued
in the articles afterwards.

FIGURE 5: Experiment system
1.Gap sensor 2. Backup bearing 3. PMSM 4. BLIM

5. Axid/radia integration magnetic bearing

CONCLUSION

The independent control between motor windings
and radial force windings is an effective way for the
super high speed operation of BLIM. In this paper, key
issues and methods for the independent control are
proposed in details. The air gap flux linkages of radial
force windings and bearing windings which are
required can be identified accurately based on the
simpler voltage-model under any operation conditions,
in which the two only motor parameters-stator
resistance and stator leakage inductance are estimated
by LSE based on zero-sequence voltage equations
simultaneously. Air gap flux linkages regulated PWM
inverter is adopted to improve control precision of air
gap flux linkages of radial force windings. In order to
reduce time delay of control system and to improve
controller stability, the control period of radia force
subsystem is shortened to a great extent through right
resource distribution in double DSP. The independent
control for radia force subsystem makes motor
windings have more flexibility in the choice of control
methods, especialy it can be controlled directly by
general inverters. This improves the reliability,
commonability and practicability of BLIM.
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