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ABSTRACT

Recently, bearingless motors are actively developed and
researched. The rotor suspension control agorithms
have been aready proposed and tested by prototype
machines. To apply the bearingless motors in industry
fields, it is necessary that the performance evaluations as
electric motors as well as the rotor suspension
characteristics are found. In this paper, a prototype
11,000r/min, 4kW surface-mounted permanent magnet-
type bearingless motor is constructed. The rotor radial
position control method, in which an influence of
armature reaction to the bearingless motor magnetic
field is considered, is presented. Then, it is confirmed
that the rotor shaft is successfully suspended by
electromagnetic forces even in a high speed operation.
In addition, the motor characteristics of the rotational
torque, the efficiency, etc. as well as the necessary
power for the rotor suspension are measured by the load
tests. The performance of the prototype machine as an
electric motor is evaluated by the measured motor
characteristics.

INTRODUCTION

Bearingless motors have attracted attentions in high
speed electric motors and motors operated under special
circumstances, for example, in vacuum and under high
temperature. The bearingless motors are actively
developed and researched to apply to machine toals,
liquid pumps, compressors, etc. The bearingless motors
are hybrids of electric motors and magnetic bearings.
Therefore, high speed operation, miniaturization of
overall equipment size and low cost can be realized.

In the bearingless motor structures, radia force
windings as well as motor windings are additionally

MAIN | PROGRAM | TOC | AUTHOR INDEX

wound in the stator iron core. A rotationa torque is
generated by the motor winding currents, and the
principle is the same as that of conventional electric
motors. The currents in the radial force windings result
in the radia force flux, therefore, radial force flux as
well as the motor flux for the rotational torque
generation exists in the bearingless motor field. The
airgap flux densities are properly unbalanced by the
radial force flux. As a result, the rotor shaft is
successfully suspended by the electromagnetic forces.
The principle of the bearingless motors can be applied
to several kinds of conventional motor types. The
principles, the structures, the rotor position control
strategies and the rotor suspension test results have been
aready made clear[1]-[8].

In the permanent magnet-type bearingless motors,
armature reaction is generated, and both a magnitude
and a direction of airgap flux are dependent on the
motor load. Therefore, it is necessary that information
on both the magnitude and the direction of airgap flux is
accurately obtained to control the rotor radial position.
If an airgap length is large and a permanent magnet
thickness is thick in a bearingless motor structure, an
influence of armature reaction can be neglected in a
rotor radial position control[1],[2]. However, the small
airgap length and the thin permanent magnet are
preferred to generate the radial forces effectively[3]. As
a result, armature reaction is easily generated even for
the small motor drive current. So, the radial position
control method have been aready reported considering
armature reaction[4],[5]. The rotor position is
successfully controlled based on the information on the
airgap flux detected by hall sensors.

In most of previously reported papers with respect to the
bearingless motors, the rotor suspension control
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FIGURE 1: Coordinate Transformation

strategies and characteristics have focussed rather than
the motor characteristics. However, the performance
evaluations as electric motors are aso needed to apply
the bearingless motors in industry fields. In addition, it
is also important that the percentage of the necessary
power for the rotor suspension to the power for the
motor driveisfound.

In this paper, the rotor position control method, in which
the magnitude and the direction of the airgap flux are
assumed by calculating the field excitation of the
permanent magnets and the g-axis flux, is described.
Then, a prototype 11,000r/min, 4kW surface-mounted
permanent magnet-type bearingless motor, which the
rotational speed and the motor capability are enough to
apply to genera-use liquid pumps, is constructed. It is
confirmed that the rotor shaft can be successfully
suspended by the electromagnetic forces even in a high
speed operation. The motor characteristics of the
rotational torque, the efficiency, etc. are shown in the
load test results, then, the necessary power for the rotor
suspension is also presented. Moreover, the waveforms
of the motor and the radial force winding currents as
well asthe rotor radial displacements are shown.

RADIAL FORCE AND RADIAL
WINDING CURRENT

The relation between the radial force and the radia
force winding current is derived in this chapter based on
the concept of an equivalent current in the motor
winding. The MMF of the permanent magnets is
equivalently replaced to that of the motor winding
current, then, the equivalent current in the motor
winding per phase can be written as

lep =1 p2 +ilg2 (1)
is denoted by a phasor in two-phase

FORCE

where I,
coordinate. 1, is the d-axis component of 1., . Namely,

the field excitation of the permanent magnets can be
equivalently represented by a product of I, and the
motor winding inductance. |, is referred as the
equivalent current of the permanent magnets. |, is the o-
axis current. A field weakening control is not donein the
control system. Equation (1) can be rewritten as
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I ep = 14,0080 + jl ,,SiN0 )
where I, and 6 are the amplitude and the phase of the
equivaent current I, , repectively, and are written as

_ [ 2 2
leo =/lp2" +1q2 ©)

= an‘lHq—ZE
TG E @

Transforming ., into currents in a stationary

coordinate a and b-phases as shown in FIGURE 1, the
equivalent currents in each phase can be written as

ige =leoCOS2(w t+8/2) (5)

be = le2SiN2(wt+0/2) (6)
where wis the mechanical angular speed. 4-pole motors
are intended in this paper, therefore, 2wis the electrical
angular speed.
The radial force can be theoretically derived by
calculating the magnetic energy stored in the motor and
the radial force windings, then, deriving the magnetic
energy with respect to the rotor radial displacementd3].
Let us define M’ as the derivative of the mutua
inductances between the motor and the radial focre
windings with respect to the rotor radial displacements.
Then, the relations of the radial force components F,, Fg
in two perpendicular axes a, 8 and the radia force
winding currents ig, ig in the a- and B-phases can be
represented as

0,0 1 [Fco(wt+0/2) sin2(wt+6/2)IF,0

. 7
U, Bsrewt+612) cogwt+or28,8

and

ROTOR RADIAL POSITION CONTROL SYSTEM
FIGURE 2 shows the system configuration for the
surface-mounted permanent magnet-type bearingless
motors. The bearingless motor consists of two units. The
motor size, the winding distribution and the number of
turns of the windings are equal in the units 1 and 2. The
motor windings in the units 1 and 2 are connected in
series, and the rotational speed is controlled by an
inverter. The gap sensors are equipped in two radial
axes of each unit. The rotor positioning control in two
radial axesis performed in each unit, therefore, the shaft
position can be controlled in four radia axes. In the unit
1, the rotor radial displacements a; and 3; to a- and -
directions are detected by the gap sensors, respectively.
The errors Aa; and AB; between the detected
displacements and the radial position commands a;" and
B, are amplified by proportional-integral-derivative
controllers. Then, the radial force commands F,;" and
Fp are determined. Transforming F,, and Fp, into the
radial force winding current commands i, and ig’ in

EARLIER | LATER

EARLIER | LATER



MAIN | PROGRAM | TOC | AUTHOR INDEX

Seventh International Symp. on Magnetic Bearings, August 23-25 , 2000, ETH Zurich
| =0 - — ir ™ - fum B
@ =0 3} i*| [cos2et  -sin2oot || g0 > Tom I Motor windings
L T—— 2= . ix [20/3® Foslinverter [0 ndine a
w* Pl Ib* sin2wt cos2wt || Ig2 b > "wm "wm Gap sensor
w Angular speed wt [Angular position] Gap sensor,
Speed controller detector detector Bearinglesy motor
Rotor radial position . T g ! Rotary encoder ) )
controller Ip2 an(lgp/lp2 ) ‘ ° Unit 2 Unit 1
Ip2 K T— — — — — — — | — Y
*2 *2
Ip2 "+l 1 Redial force]
\windings ]r"‘;
(Unit 1) ; N i
- url url n
- cos2(wt+6*/2)  sin2(wt+6*/2) Faf —> i F i )

=K *| . « i 1l inverter |-\t N

a _sm2(wt+e*/2) cosz(mt+e*/2)_ _F’31 20/3d [ Tor 1 1
) H Radia force
- ;,;, (Unit 2) i qIP windings 2

Aa ur2

(Same system as Unit 1)

FIGURE 2: System Configuration for Surface-Mounted Permanent Magnet-Type Bearingless Motors

accordance with equation (8), in which equation (7) is
referred,

@, EF 1 Ocowt+6™/2) sire(ewt+8" 1 2)0F,, E(S)
i B Mlg, DSMR@t+6/2) coR(et+6’/ 2k

where |, and 8" can be written as

IeZ* = |p2*2+|q2*2 (9)
and
le2 |
* o —1H q2
6 =tan 0 - O (10
O r2 [

respectively. 1, and |, are the equivalent current
command of the permanent magnets and the g-axis
current command, respectively. The error Acw between
the detected rotational angular speed w and the
command « is amplified by proportiona-integral
controller, then, Iy, is determined. I, is calculated by
the measured motor parameters of the armature reaction
reactance, the synchronous internal voltage. In equation
(8), the coefficient 1/M’l, of the radia force
commands is rewritten as

*

1—l|j | p2

Mlg Ml

. (11
02 2, qu 2

1/M’Ip2* in (11) is constant, and adjusted by the gain in
the proportional-integral-derivative controllers. The

second term in the right side of (11) is defined as

*

\ |
K, =——P2 | (12)

o 2+l
K, shows the ratio of the field excitation of the
permanent magnets to the resultant flux of the field
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excitation and the g-axis flux. It is well known that a d-
axis inductance is equal to a g-axis inductance in
machines without saliency. Therefore, the ratio of the
fluxes is represented as the calculation with the currents
asshown in (12). K, ismultiplied by F,, and Fp, . The
loop gains in the radial position controller are regulated
in accordance with I, . The phase commend 6 is
determined by calculating the ratio of the g-axis flux to
the field excitation of the permanent magnets. Similar to
K. , however, 8" is calculated by the current commands,
and regulated by the g-axis current command.
Transforming the radia force winding current
commands i, and ig into the current commands in
there-phase coordinate, then, the radial force winding
current iy, iy1 and iy, are regulated to follow the
current commands. The rotor position control system in
the unit 2 is the same as that in the unit 1. K, and 8 in
the unit 1 are also available in the unit 2 control system.
It is possible that the rotor radial positioning is
successfully performed by the proposed control strategy
without hall sensors. As a result, the simplification of
the structure and the decrease in the cost would be
realized.

EXPERIMENTAL RESULTS

Experimental Equipment

FIGURE 3 shows the experimental equipment. The dc
generator is connected to the bearingless motor as the
torque load. The resistor is also connected to the dc
generator, and the torque load can be adjusted. The
input powers to the motor and the radial force windings
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FIGURE 3: Experimental Equipment

TABLE 1: Specification of Prototype Machine
Stator  Outer diameter 133mm
Inner diameter 73mm
Outer diameter 70mm
Permanent magnets Sm-Co
Thickness of permanent magnets ~ 1.5mm
Airgap length 1.5mm
Stack lengths of stator and rotor ~ 45mm (an unit)
Current rating (motor winding) 16A
(radia force winding) 9.0A
Self-inductance (motor winding)  0.80mH(an unit)
(radial forcewinding) 0.70mH(an unit)
Derivative of mutual inductances between
motor and radial force windings
Resistance (motor winding)
(radia force winding)
Equivalent current of permanent magnets
Rotor shaft weight(bearingless motor part)

Rotor

0.14H/m
0.14Q(an unit)
0.21Q(an unit)
38.0A
10kg

are measured by the power meters, and the rotational
torque is detected by the torque meter. The shaft is
supported by the mechanical bearings in the torque
meter and the dc generator. The specification of the
prototype machineis shownin TABLE 1.

Shaft Suspension And Load Test Results

FIGURES 4(a) and (b) show the waveforms of the rotor
radial displacements ay, (31, a,, B>, U-phase line current
ium iN the motor winding and U-phase line currents i1,
iu2 in the radia force windings at the rotational speed
rating of 11,000r/min under the rotational torque load
rating of 3.6Nm. It is seen that the rotor radia
fluctuation is ailmost 60um at the unit 1, and it is 30um
at the unit 2. The rotor fluctuations are much smaller
than the airgap length of 1.5mm. Therefore, it is
confirmed that the rotor shaft is successfully suspended
by the electromagnetic forces even in the high speed
operation of 11,000r/min. The rotor fluctuations are
synchronized with the rotor rotational frequency,
therefore, it is caused by the shaft mechanical unbalance.
The rotor fluctuation at the unit 2 is smaller than that at
the unit 1. Because, the shaft in the unit 2 is connected
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FIGURE 4: Waveforms of Rotor Radial
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2(11,000r/min, 3.6Nm)

to the torque meter with the mechanical bearings. It is
seen in FIGURE 4(b) that the radial force winding
currents are synchronized with the rotor rotational
frequency, and the same frequency component as the
motor winding current slightly exists.

FIGURES 5(a)-(f) show the measurement results of the
motor characteristics and the necessary power for the
rotor suspension at the rotational speed rating of
11,000r/min. FIGURE 5(a) shows the relation between
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FIGURE 5: Motor Characteristics and Necessary Power for Rotor Suspension
at Rotational Speed Rating of 11,000r/min

the line current in the motor windings and the rotational
torque. The line currents in each motor winding are
equal in the units 1 and 2, because, the motor windings
in the units 1 and 2 are connected in series. It is seen
that the line current is linearly increased, then, the line
current rating is 16A at the rotational torque of 3.6Nm.

FIGURE 5(b) shows the line to line voltage of the motor
windings. The measured values show the sum of the line
to line voltages in the units 1 and 2. The line to line
voltage is increased in accordance with the increase in
the rotational torque, then, it is reached to 234V at the
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rotational torque rating of 3.6Nm.

FIGURE 5(c) shows the input power for the motor drive.
It is seen that the input power for the motor drive is
linearly increased, then, it is reached to 4.6kW at the
rated rotational torque load.

FIGURE 5(d) shows the losses in the motor drive
against the rotational torque variation. The copper loss
shows the sum of those in the motor windings of the
units 1 and 2. The other losses show the losses in the
motor drive except the copper loss, in which the iron
loss is included. The copper loss is increased as the
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rotational torque is increased, and the other losses are
also increased in the rotational torque of more than
2.5Nm. The copper loss and the other losses are almost
equal around the rotational torque rating of 3.6Nm.
FIGURE 5(e) shows the necessary power for the rotor
suspension and the copper loss in the radial force
windings. The necessary power for the rotor suspension
and the copper loss show the sums of the measured
values in the units 1 and 2, respectively. It is seen that
the power for the rotor suspension is slightly decreased.
Because, the g-axis flux production results in the
increase in the intensity of revolving magnetic field.
Therefore, the copper loss is also decreased. The
percentage of the copper loss to the necessary power for
the rotor suspension was 42% at the rated rotational
torque load. The percentage of the power for the rotor
suspension to the input power for the motor drive was
5% under the rated torque load, and it was very small.
FIGURE 5(f) shows the efficiencies and the power
factor in the motor drive. Two efficiencies denoted by
(1) and (2) are shown in FIGURE 5(f). The efficiency(1)
shows the percentage of the motor output power to the
sum of the input power for the motor drive and the
necessary powers for the rotor suspension in the units 1
and 2. The efficiency(2) shows the percentage of the
motor output power to the input power for the motor
drive, in which the necessary power for the rotor
suspension is not included. The maximum value of the
efficiency(1) is 86% around the rotational torque load
rating of 3.6Nm, however, it is 92% in the
efficiency(2).The difference between the efficiencies (1)
and (2) is significantly decreased as the rotational torque
isincreased. Because, it is caused by the decrease in the
necessary power for the rotor suspension as shown in
FIGURE 5(e). It is seen in FIGURE 5(f) that the power
factor is 70% to 80%. It is relatively smal to the
conventional permanent magnet-type machines. Because,
the thickness of the permanent magnets is designed to be
equal to the airgap length to generate the radia forces
effectively in the prototype machine. Therefore, the
synchronous internal voltage is reatively small,
resulting in the decrease in the power factor.

CONCLUSION

In the permanent magnet-type bearingless motors, it is

necessary that the rotor radial positioning is accurately

performed considering armature reaction. In this paper,

the rotor radial position control strategy is presented,

then, the rotor suspension test and the performance

evaluations of the prototype machine as an electric

motor are accomplished as follows,

1.The rotor radial position control strategy is presented,
in which the information on the airgap flux is obtained
by calculating the resultant flux of the field excitation
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of the permanent magnets and the g-axis flux.

2.The prototype 11,000r/min, 4kW surface-mounted
permanent magnet-type bearingless motor was
constructed. The rotor shaft was successfully
suspended by the proposed control strategy.

3.The necessary power for the rotor suspension as well
as the motor characteristics was measured by the load
tests. The performance evaluation of the prototype
machine is summarized as follows, (1)If the necessary
power for the rotor suspension was considered as the
loss, the efficiency was 86% at 11,000r/min under the
rated rotational torque load. (2) The power factor in the
motor drive was relatively small to the conventional
permanent magnet-type machines. It is actualy
expected that the power factor would be made
increased by employing a field weakening control in
the motor speed controller. As aresult, the increase in
the efficiency is aso expected. (3)The decrease in the
necessary power for the rotor suspension would be
also expected by balancing the rotor shaft.
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