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Abstract – An outer rotor consequent-pole 
bearingless drive is proposed with two-axis active 
position regulation having one unit of a bearingless 
motor. The other axis positions are supported by 
passive magnetic bearings. In this paper, basic 
characteristics are presented. 

 
Index Terms – bearingless motor; magnetic bearing; 

consequent-pole 

I.  INTRODUCTION 

In recent years, magnetically suspended drives are 
required for flywheel, pump and compressor drives. A 
bearingless drive consisting of an integrated motor with a 
magnetic bearing function has been actively developed 
[1]-[7]. Compact magnetically suspended bearingless 
drives are applicable for flywheel satellite posture 
regulation and home appliance energy storage system. 

A consequent-pole bearingless motor drive with two 
radial axis positioning has been proposed by the authors 
[8]. For the remaining three-axis positioning, passive 
permanent magnet bearings are constructed. Three-
dimensional analysis is carried out for force analysis. With 
the passive magnetic bearings, stiffness is enhanced in the 
three-axis movements, i.e., axial and conical directions. 
However, negative stiffness is resulted in the two radial 
axes. The bearingless motor is responsible for the 
cancellation of the negative stiffness. 

In this paper, basic characteristics including three-
dimensional analysis and experimental results are 
presented. A test drive is constructed by two-axis active 
position regulation having one unit of a bearingless motor 
with a consequent-pole PM rotor. Successful suspension 
and rotation of a rotor is presented.   

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Principle of suspension force generation 
 
 

 II.  PRINCIPLE OF SUSPENSION FORCE GENERATION IN 
CONSEQUENT-POLE BEARINGLESS MOTOR 

Fig.1 shows a principle of suspension force generation 
in cross section of a consequent-pole bearingless motor. 
Stator iron core, windings and a shaft are constructed 
inside. On the outside, an outer rotor is constructed. At the 
inner surface of the rotor, eight permanent magnets are 
inset on the rotor iron. All the magnetizing directions of 
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these permanent magnets are in the same direction, i.e., N-
pole at the airgap between the rotor and stator. As all the 
permanent magnets are set N-pole inside, the iron parts 
between permanent magnets are consequently magnetized 
as S-pole. The arrowed circulars indicate the main fluxes 
Ψm of permanent magnet excitation. Two sets of three-
phase windings are provided in the stator, one is for motor 
drive and another is for suspension. The motor drive 
winding sets are arranged in 16 poles because the rotor has 
eight permanent magnet poles and eight iron poles. 

In the inner stator core, both motor and suspension 
windings are wound, although only suspension conductors 
are drawn. With a current in N2x conductors, Ψ2x fluxes are 
generated. These fluxes go into the iron parts of the rotor 
because magnetic reluctance is low. With the interaction 
of two fluxes Ψm and Ψ2x, suspension force is generated in 
x-axis. Negative current in N2x results in negative x-axis 
suspension force. Current in N2y generates y-axis 
suspension force. The x- and y-axis conductors are 
composed of conventional three-phase two-pole windings. 
By the vector sum of these forces, suspension force can be 
generated in any desired directions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.2 Structure of proposed drive 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.3 Passive magnetic bearings 
 
 

III.  STRUCTURE OF BEARINGLESS MOTOR AND PASSIVE 
MAGNETIC BEARINGS 

Fig.2 shows the x-z cross section of the proposed 
bearingless motor drive. A rotating part is in ring shape 
surrounding the stator part. In the stator part, a shaft is 
fixed to a base. Around the shaft, a stator core and 
windings are constructed. In the rotor part, there are three 
permanent magnet layers. The center permanent magnets 
are radially magnetized, and are used for the bearingless 
motor functions generating torque and radial active forces. 
The rotor radial movements in x- and y- directions are 
detected by displacement sensors. The permanent magnets 
in the left and right are for axial-conical passive magnetic 
bearings. It is noted that the passive magnetic bearing is 
constructed around coil ends for the sake of compactness. 

 Fig.3 shows the enlarged cross section of the passive 
magnetic bearing part. The flux from a permanent magnet 
flows to a thin iron ring, an airgap, a confronting stator C-
core and returns to the rotor permanent magnet. When the 
rotor is displaced in axial or conical directions, fringing 
fluxes in the airgap generate restoring force. As a result, 
the axial and conical movements are passively adjusted. It 
is noted that this passive magnetic bearing is unstable in 
radial directions. Thus, radial stable force should be 
provided by the actively controlled bearingless motor. 

Fig.4 shows a schematic diagram of the control system. 
In the suspension controller, the radial positions are 
detected by displacement sensors and compared with the 
references. The PID controllers generate the current 
commands i*

x and i*
y. The 3-phase winding currents are 

detected by current sensors and transformed into 2-phase 
and compared with the current commands. The PI 
controllers generate the voltage commands V*

x and V*
y. 

Instantaneous 3-phase voltage commands are generated by 
a 2-phase-to-3-phase transformation, and the 3-phase 
inverter provides the 3-phase voltage for the suspension 
windings.  
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In the motor drive controller, from the speed command 
and the d- and q-axis current commands, 2-phase current 
commands are generated for 16-pole motor operation. 
Then the 3-phase winding currents are detected by current 
sensors and compared with the current commands. The PI 
controllers generate the voltage commands. Instantaneous 
3-phase voltage commands are generated by a 2-phase-to-
3-phase transformation, and the 3-phase inverter provides 
the 3-phase voltage for the motor drive windings. 

IV.  ANALYSIS RESULTS 

Three-dimensional Finite Analysis is used for the static 
force analysis of the proposed bearingless motor. 
Magnetic bearing is cylindrical, in addition, radial force in 
a consequent-pole rotor is basically not depending on the 
rotor rotational position, thus, the rotor rotational position 
is fixed in the analysis. Fig.5 shows the analysis model of 
an outer rotor consequent-pole bearingless motor. 

A. Radial unbalance force 

Fig.6 shows the radial unbalance forces generated in the 
bearingless motor and passive magnetic bearing parts. The 
rotor is moved in radial direction x, while the current of 
suspension windings is set to zero. The magnetic pull 
force is generated by permanent magnets in both passive 
magnetic bearings and a bearingless motor. Note that the 
bearingless motor part generated significant magnetic pull 
force, because the airgap surface area is large. The radial 
unbalance forces are the unstable force. Thus, the unstable 
force must be cancelled with active bearingless radial 
force generation. 

Fig.7 shows the radial stiffness as a function of radial 
displacement. The negative stiffness caused by passive 
magnetic bearings is rather low, because the axial 
thickness of passive magnetic bearings is minimized so 
that the radial unbalance force can be reduced. The design 
needed a compromise of increasing the axial restoring 
force. Use of the passive bearings results in approximately  
50% increase in negative stiffness at small radial 
displacement. The negative stiffness must be cancelled 
with active bearingless radial force generation. As the 
increase is 50%, a proportional controller can be designed 
to have enough positive stiffness to cancel the negative 
stiffness.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 Schematic of control 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.5 The analysis model 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig.6 Radial unbalance force 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Fig.7 Radial stiffness 
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B. Radial suspension force 

Fig.8 shows the radial suspension force in a bearingless 
motor part, while the rotor is positioned at the center. The 
rate of change of radial force is linear up to the current of 
3 to 4A, i.e, about twice of the rated current, suspension 
force is saturated by magnetic saturation. The maximum 
radial force is about 130N. This value is rather low for 
consequent-pole bearingless motors, but the airgap flux 
density is designed to be rather low in this case to reduce 
iron loss. From Fig.6, the unbalance force of 130N is 
generated at the radial displacement of 0.35mm. Thus, the 
rotor radial movements should be limited to 0.35mm for a 
successful start in magnetic suspension.  

C. Axial restoring force 

Fig.9 shows the axial restoring forces generated in the 
bearingless motor part and the passive magnetic bearing 
parts. The restoring forces in Fig.9 are the function of 
axial rotor displacement. The axial restoring force of a 
passive magnetic bearing is high. Design optimization has 
been carried out to achieve high airgap flux density in the 
passive magnetic bearing part. Thick permanent magnets 
are used in the rotor with thin irons in the airgap. The iron 
part is designed to have less radial direction flux to 
minimize the unstable radial force. 

Fig.10 shows the axial stiffness as a function of axial 
displacement. This is the derivative of restoring force. A 
positive stiffness is obtained in a wide range by the 
passive magnetic bearings. However, the stiffness of a 
bearingless motor becomes negative when the 
displacement is more than 0.8mm. At z=0, the sum of 
axial stiffness is effectively enhanced to 85N/mm. This 
value is about four times of 20N/mm in the case of a 
bearingless motor only. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Fig.8 Radial suspension force 

D. Conical restoring torque 

Fig.11 shows the conical restoring torque generated in 
the bearingless motor part and the passive magnetic 
bearing parts. The restoring torque in Fig.11 is the 
function of conical rotor displacement. The conical 
restoring torque of a passive magnetic bearing is high. 

Fig.12 shows the conical stiffness as a function of 
conical displacement. This is a derivative of restoring 
torque with respect to rotational angle. A positive stiffness 
is obtained in a wide range by the passive magnetic 
bearings.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9 Axial restoring force 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10 Axial stiffness 
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Fig.11 Conical restoring force 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.12 Conical stiffness 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.13 Picture of a test drive and controller 
 
 
 

V.  EXPERIMENTAL RESULTS OF A TEST DRIVE 

To confirm the proposed drive, a test drive was 
constructed and the suspension and rotation tests were 
performed. Fig.13 shows a picture of a test drive and 
controller. The front machine is an outer rotor consequent-
pole bearingless motor. The controller is on the right side. 
The controller consists of the digital control system which 
was previously explained in detail in Fig.4, inverters and 
displacement sensor amplifiers. In experiment, the rotor 
radial displacements in x-y directions are detected. Axial-
conical displacements in z direction are monitored by 
displacement sensors. The output voltages were observed 
by an oscilloscope. 

A. Suspension test 

During suspension test, the motor drive winding current 
was not provided. Before the suspension system is active, 
values of the rotor radial displacement in x-y directions 
are -500μm. The rotor was touched down. When the 
suspension system is activated the radial displacements 
quickly reduced.  

Fig.14 shows the waveforms of current commands i*
x, 

i*
y and the rotor radial displacements in x-y directions in 

suspension test. A positive and negative step signal is 
added to displacement reference in y- direction while the 
rotor is suspended by magnetic force. The y-axis 
displacement follows the command. It is shown that the 
radial positions on the x-and y-axes are stably controlled. 

Fig.15 shows the values of the rotor displacement in z 
direction, when the rotor was suspended. The rotor 
displacements in z direction were monitored at four points 
by displacement sensors. Fig.13 shows these points. At 
first, the rotor is pressed by a hand at the point between 
point1 and point4 while the rotor is suspended by 
magnetic force. Displacements of point1 and point4 are 
high, on the contrary displacements of point2 and point3 
are low. It indicates that the rotor touches down in conical 
direction. The rotor is released at dotted line, 
displacements in z direction of the rotor converges. The 
values of the rotor axial-conical displacement were within 
touch down width, so the rotor is passively suspended in z, 
θx, and θy directions by the passive magnetic bearings. 

B. Rotating test 

During rotating test, the rotor was magnetically 
suspended. Fig.16 shows the waveforms of current 
commands i*

x, i*
y and the current waveform of the motor 

winding at 100r/min. Fig.17 shows the current waveforms 
of the motor winding and the rotor radial displacements in 
x-y directions at 100r/min. Note that the vibrations of the 
current commands i*

x, and i*
y occur in rotating test. But 

the rotor radial displacements in x-y directions are mostly 
zero. So it is shown that the radial positions on the x-and 
y-axes are stably controlled. 
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Fig.14 Suspension current commands and step radial displacements 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.15 The axial-conical displacements 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.16 Suspension current commands and motor current 
 

 

 

 

 

 

 

 

 
 
 

Fig.17 Radial displacements and motor current 
 

CONCLUSIONS 

An outer rotor consequent-pole bearingless drive has 
been proposed. A test drive is constructed by two-axis 
active position regulation having one unit of a bearingless 
motor with a consequent-pole PM rotor. Successful 
suspension and rotation of a rotor is shown. Basic 
characteristics including three-dimensional analysis and 
experimental results are shown.  
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