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1\ BSTRACf 

Bearingless motors are high speed electric 

IlInchines combined with radial magnetic bearing 

fli ll ctions. The compactness of bearingless motors 

'IIMcsts the possibility of high power and high speed 

lHotorS. 

Four-pole electric machines with additional 

IW Il- pole windings in its stator slots have been proposed 

,')1 thc authors. In this paper, flux distributions and 

, Idia l force of a induction type bearingJess motors are 

II II:dyzed employing the Finite Element Method. 

Ilda tionships between the radial force and radial force 

w ilding currents are also influenced by magnetic 

~ l l l lIra tion. It was shown that the generated radial force 

II Iches its maximum value due to magnetic saturation. 

\vith conventional linear controllers, experiments were 

1!l lI lId to be possible in the ranges where the radial force 

! 1111 he seen as a linear function. The anaiyzed results are 

I 11 11 firmed with experimental results. 

INT RODUCfION 

lI igh power and high speed electric drives are 

" '1 "ired for machine tools, turbo-molecular pumps, 

I ""pact generators, compressors and flywheels, etc. 

M IfI,netic bearings have been employed in these high 

1fIliitionaJ speed applications [1-3]. In these applications, 

" I~ h power is strongly required as well as high rotational 

~ 1'1" r< ls . 

One of the problems of magnetic bearings is that 

magnetic bearings occupy considerably large area. To 

implement magnetic bearings, a shaft length mftst be 

increased. The increased shaft length results in decreased 

critical speeds. Thus, it is difficult to increase rotational 

speeds, although control methods of flexible rotor have 

been investigated. In most cases, motor axial length is 

reduced to shorten the shaft length. In this case, it is 

difficult to increase output power. 

Bearingless motors are high speed electric motors 

combined with magnetic bearing functions. The com

pactness of bearingless motors suggests the possibility of 

high power and high rotational speed motors. A disk 

type motor with integrated one thrust magnetic force was 

proposed as a bearingless motor [4]. As for bearingless 

motors with integrated radial magnetic forces in two 

radial axes, a method to unbalance line currents of 

conventional three-phase induction motors was proposed 

[5]. However, in this method, it is difficult to produce 

radial forces while the rotor is positioned in the center. 

Four-pole electric machines with additional 

two-pole windings in its stator slots have been proposed 

by the authors [6-8]. Similar bearingless motors with 

four-pole windings and six-pole windings have been 

proposed [9-10]. Four-pole and two-pole winding 

configuration has advantages over other number of pole 

combinations in the maximum value of radial magnetic 

force. Principles and radial force control systems of 
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~Yllchronous reluctance and induction type bearingless 

motors, as we]] as permanent magnet bearingless motors 

have been demonstrated [6-8]. Radial forces, voltages 

and currents at the additional winding terminals have 

been calculated based on inductance measurements. It 

was reported that there is an optimal exciting condition 

for efficient radial force production for synchronous 

reluctance type bearingless motors considering magnetic 

saturation in the previous paper [11]. 

However, the unbalanced four-pole flux distribution 

superimposed by two-pole radial force fluxes of 

induction type bearingless motors have not yet shown. 

The non-linear radial force functions with respect to the 

radial force winding current have not made clear. The 

maximum radial force, which can not be achieved in 

simple experiment systems, has not yet reported. 

In this paper, the influence of magnetic saturation 

of radial forces is calculated by the Finite Element 

Method. The four-pole flux distributions superimposed 

with two-pole radial force fluxes are shown. As radial 

force winding current increases, radial force is found to 

be saturated. The calculated results were compared with 

measured radial forces. Experiments were possible in the 

range where the radial force can be approximated as a 

linear function. The maximum radial force achieved in 

experiments is about 70% of the theoretical value. 

RADIAL FORCE 

l'B 

FIGURE 1:Radial Force Production 

FIGURE 1 shows principles of radial force functions of radial position controllers. 
production of the proposed bearingless motors. The 

FIGURE 2 shows system configuration for a 

induction type bearingless motor with two radial axis 

position controls. Radial positions a and f3 are detectcd 

by eddy current type sensors. These displacements arL' 

compared with radial position references a' and f3 ' , 
then, position errors are generated. Radial force com

mands Fa' and F j3' are generated with radial position 

contro]]ers. Radial force winding currents i a' and i i1 • 

are generated in accordance with the direction ¢, i.c., 

the angle of the revolving magnetic field . The weight is 

prepared to apply steadily radial force to the shaft. EVCII 

though steadily radial force is applied, radial positions 

are to fo]]ow the reference values with integrating 

stator has four-pole motor windings N. and Nb as well speea contrD I 
as two-pole radial force windings N a and N j3' With the 

current in the motor winding N., four-pole revolving 

field W 4 is produced. In addition to the four-pole WI-----r--~r'::=I ==:=:=;_1 
magnetic field, the two-pole fluxes W 2 are produced by 

the current of the two-pole windings N.8' As shown in 

the FIGURE 1, the flux density in B. increases but B_ 
decreases. Radial force is generated in f3 -axis. With tn rll st 
negative current in the Nj3 winding, radial force can be Deari ng 

produced in opposite direction. The current in the N a 

winding produces radial force in the a-axis. In this ra~ia l ~o s itio~ Go~trol 

principle, the amplitude and the direction of the radial FIGURE 2:System Configuration 
force can be controlled by the amplitude and phase shift 

in the two- pole winding currents. 

SYSTEM 
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The motor winding currents are supplied so that no 

load operations of the induction motor are possible with 

I constant exciting current at variable speeds. 

MACllNE MODEL 

FIGURE 3 shows the winding configuration of a 

prototype bearingless motor. The stator has two sets of 

Ihree-phase windings although two-phase windings 

were shown in FIGURE 1 for simplicity. Four-pole 

windings are wound as motor windings. Two-pole 

windings are for radial force generation. Number of 

IlIrns in each slot is 48 and 36 for four-pole and two

pole windings, respectively. AIl conductors are with a 

(Iiameter of O.6mm ¢ and in series. The stator outer and 

Inlier diameters are 90mm and 49mm, respectively. The 

1.lack length of stator and rotor irons is 30.8mm. Iron 

.-ores are made of laminated silicon steel in O.5mm 

Ihickness. The rotor outer diameter is 48.25mm. Search 

roils are wound in two stator teeth to measure tooth flux 

de nsities. The output voltage of the search coils are 

I!!legrated and peak flux densities can be measured. 

Nw4 Nv 4 B+ 

N v4 NW4 

FIGURE 3:Machine Model 

FEM RESULTS 

'-D 

o 
3 
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FIGURE 4 shows nodes and elements for FEM 

II nalysis. There are 5136 elements and 2617 nodes. Cage 

burs in the rotor are neglected to avoid influence of 

'Ipace harmonics because the rotor of the test machine is 

·.kcwed. Rotor shaft space is also neglected for simplici

Iy in the FEM mode1. 

Sinusoidal balanced currents are supposed in the 

FEM analysis. The analysis was done when the current 

of u-phase windings Nu4 and Nu2 are peak values. The 

other windings hold the half value of those peak 

currents. The rotor is assumed to be in the center 

position. 

FIGURES 5(a)-(d) show the flux distributions. The 

current of radial force Windings are zero in FIGURE 

5(a). Four-pole balanced flux distribution can be seen. 

Produced radial force is zero. The tooth flux density B+ 

and B_ are both equal to O.gr. The air-gap flux densities 

are about O.4T. 

When the radial force winding current is increased, 

two-pole flux distribution is superimposed. The radial 

force is generated in FIGURE 5(b). It can be seen that 

the tooth flux density B+ is increased to 1.2T and B_ is 

decreased to O.8T. This unbalanced flux density 

distribution results in radial force of 6kgf. The radial 

force was calculated by integrating forces along the air

gap. 

As the radial force winding current increases, the 

flux density B_ is decreased to almost zero as shown in 

FIGURE 5(c). If the radial force winding current is 

increased beyond this point, the flux density B_ changes 

its direction. The flux distribution looks like two-pole 

machines rather than four-pole machines. Thus, 

magnetic forces of rotor elements around B_ increases, 

which results in a reduction in radial force. The 

derivative of the radial force with respect to the radial 

force winding current decreases beyond this point. 

On the contrary, flux density B+ is saturated. As a 

result, the radial force reaches its maximum value as 

shown in FIGURE 5(d). If the radial force winding 

current is increased beyond this point, B+ is saturated, B_ 

is increased and radial force is decreased as shown in 

FIGURE 5( e). 

FIGURES 6(a)-(d) shows flux density distribution 

along the air-gap. These figures (a)-(d) are correspond

ing to FIGURES 5(a)-(d). In FIGURE 6(a), four-pole 

symmetrical flux distributions are seen. The flux 

distributions include space harmonics caused by 

stator teeth. In FIGURE 6(b), flux density increased 

around ¢ =9Odeg, which corresponds to the B+ tooth. 
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FIGURE 4:Nodes and Elements 

(a)I2=OA 

(c)I2=O.8A 

(d)Iz=1.2A 

(e)I2=2.5A 

FIGURE 5:Flux Distributions 
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FIGURE 6:Flux Density Distribution 

However, the flux density is decreased around rP =270 

deg, i.e., the B_ tooth. FIGURES 6(a)-(e) show the flux 

densities in the air-gap, but not tooth flux densities. 

In FIGURE 6(c), B_ is decreased to almost zero. 

The flux density B. is saturated because of serious 

magnetic saturation in stator teeth. In FIGURES 6(d) 

and (e), B_ is increased in opposite direction. 

COMPARISONS 

FIGURE 7 shows the tooth flux density variations 

with respect to the radial force winding current. The flux 

density in low side B_ decreases as the radial force 

winding current increases. The operating points a, b, c, 

d and e are corresponding to the flux distributions in 

FIGURES 5(a)-(e) and FIGURES 6(a)-(e), respectively. 

The opposite direction flux density in B_ is plotted in 

negative values in FIGURE 7. 

FIGURE 8 shows the radial force as a function of 

radial force winding current. The curved line shows the 

calculated values by FEM program. The measured 

operating points are also shown. It is seen that the radial 

force increases linearly as radial force winding current 

increases only at low current. 

The radial force is saturated beyond operating point 

c. At this point, the tooth flux density B_ is zero as seen 

in FIGURE 7. Then, the radial force is saturated and 

reaches the maximum value at operating point d. The 

tooth flux density B. is saturated and B_ is increased in 

opposite direction as seen in FIGURE 7. The radial 

force is decreased over the maximum value even though 

radial force current is increased. Experiments were 

possible when the radial force can be seen as a linear 

function. It is also found that the maximum value 

achieved in the experiments is almost 70% of the 

theoretical value. 

CONCLUSION 

In this paper, the flux distributions are analyzed by 

the Finite Element Method. The radial force is calculated 

from the flux distribution. The radial force is not a linear 

function at high·radial force winding current. The radial 

force is saturated and reaches its maximum value. The 

experiments were found to be possible up to 70% of the 

theoretical value due to the non-linear characteristics. 

In order to derive the maximum radial force, motor 
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exciting conditions will be investigated in the future. 
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