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Abstract 
 

 The authors have developed a five-axis actively positioned bearingless drive system 
intended for a use as an industrial contamination-free centrifugal pump. It includes 1.2 kW 
consequent-pole type bearingless motor for torque generation and radial/tilting motion control. 
The aim of this paper is to investigate the motor performance with a test machine. In addition, a 
proposed rotor is found to improve power factor of a motor function. Based on the three-
dimensional finite element method (3D-FEM) analysis, the effectiveness of the proposed 
structure has been verified in this paper. 

 
 

1  Introduction 
 
To realize practical use in special environment of the electrical motor, a bearingless motor, which combines function 
of both motor and magnetic bearing [1] in a single unit, has been developed [2]. A bearingless motor possesses the 
advantages of not only non-mechanical-contact operation, but also a simple structure, a compactness, and a cost 
reduction in comparison to the conventional magnetic bearings. Bearingless motors are practically applied to 
contamination-free centrifugal pumps in industries where contamination of pumping fluid should be avoided, such 
as chemical pumps [3, 4], ventricular assist devices [5-7], and bioreactors [8]. 

Bearingless contamination-free chemical pumps with a mechanical output of 50 W, 300 W, and 900W are 
practically used in semiconductor and liquid crystal industries or an industry where special clean environment is 
required. This pioneering bearingless motor is originated from Levitronix GmbH and ETH Zurich, Switzerland [3]. 
In this bearingless pump, a surface-mounted permanent magnet (SPM) type of bearingless motor with two-axis 
radial active positioning is employed. These bearingless motors are notable in small pump applications. In the 
applications more than a few kW, five-axis active positioning is used because the rotor has rather long axial length 
with respect to the slice structure. The authors have previously proposed a five-axis actively positioned bearingless 
motor system, intended for a use as a contamination-free centrifugal pump [9]. A magnetic air-gap is designed to be 
wider than that in conventional bearingless motors. Because of five-axis active magnetic suspension control, 
undesirable axial and conical movements caused by dynamic fluid force are not occurred during pumping. 

In [9], suspension characteristics of the fabricated test machine have been demonstrated. To avoid complicated 
assembly process, a thrust magnetic bearing with a cylindrical rotor is installed into the test machine as an 
alternative to a conventional thrust magnetic bearing with a disk rotor [10]. In this paper, motor performance of the 
test machine has been investigated. In addition, a novel rotor structure of the bearingless motor for further power 
factor improvement has been proposed. Based on the three-dimensional finite element method (3D-FEM) analysis, 
the effectiveness of the proposed structure has been verified in this paper. 
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2  Motor Performance 
 
Figure 1 shows a schematic of a developed five-axis actively positioned bearingless motor and a fabricated test 
machine. Radial and tilting motions of the rotor are actively regulated by the bearingless motor units. The thrust 
position of the rotor is actively controlled by the thrust magnetic bearing. The proposed bearingless motor is an 
extension of a hybrid of consequent-pole and homo-polar bearingless motors. Two bearingless motor units are 
connected in tandem. A thrust magnetic bearing is installed at the end of one bearingless motor unit, although it is 
not shown in Figure 1. One rotor unit consists of the consequent-pole rotor and a cylindrical iron core. Radially 
magnetized permanent magnets are inset between the rotor iron cores. Magnetized direction of the radial permanent 
magnets in one unit is opposite to that in the other one. In the left unit in Figure 1, magnetic poles on the surface of 
the permanent magnets are S-pole. The bias flux, produced by a permanent magnet ring between the stators, flows 
through the stators, air-gaps, rotor cores, and a shaft, so that the iron cores are consequently magnetized. Therefore, 
iron cores in the left unit in Figure 1 are magnetized as N-pole. The proposed bearingless motor, thus, works as an 
eight-pole synchronous machine. The stator has two kinds of windings: eight-pole motor winding and two-pole 
suspension winding, which are concentratedly wound around the teeth. The principle of suspension force generation 
is similar to that of a homo-polar magnetic bearing. The suspension force is generated by flux unbalance in the air-
gap, which is caused by superimposing two-pole suspension flux to the bias magnetic flux. 

All permanent magnets used in the bearingless motor are NdFeB. Rotor cores used in the stator and the rotor are 
laminated steel, and the shaft is made of bulk iron. An outer diameter and an axial length of the test machine are 186 
mm and 182 mm, respectively. An arc angle of the radial permanent magnet is 40°. Three copper wires for motor 
windings are wound in parallel. The number of turns in one tooth is 39. A self-inductance in one phase is 1.1 mH, 
and d-axis and q-axis inductances are 2.8 mH and 3.0 mH, respectively. A flux linkage is 24.6 mWb. The rated 
mechanical output, torque, and rotational speed are 1.2 kW, 2 Nm, and 6000 r/min, respectively. 

Figure 2(a) shows measured induced voltage in each phase at 5000 r/min. In the waveforms, 2nd harmonic 
component is included. Figure 2(b) shows root-mean-square values of fundamental, 2nd and 4th harmonic 
components. Fundamental component increases by 5.7 V as the rotational speed increases by 1000 r/min. The 2nd 
harmonic component is caused by magnetic flux distribution of the consequent-pole rotor [11].  
 Figure 3 shows measured motor performances of the test machine. The targeted mechanical output of 1.2 kW is 
achieved at 6000 r/min with a torque current of 15.3 A. When the motor output is 1256 W, efficiency, power factor, 
active input power, apparent power, copper loss, and sum of mechanical and iron losses are 64.6 %, 0.35, 1940 W, 
3230 VA, 634 W, and 54 W, respectively. Figure 3 (d) shows measured phase currents when the maximum power of 
1256 W is produced. Ratios of 2nd and 4th harmonics to fundamental component in the waveforms are 11 % and 
2 %, respectively. Although the targeted output can be achieved, power factor is considerably low with respect to 
conventional permanent magnet motors. 
 

 

(a) Schematic (thrust magnetic bearing is not shown) (b) Fabricated test machine 

Figure 1: Developed five-axis actively positioned consequent-pole type bearingless motor 
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3  Power Factor Improvement 
 
In order to improve the power factor of the test machine, an effective solution is proposed in this section by using 
commercially available FEM software (JMAG, JSOL Corp., Japan). The power factor cos is calculated as: 
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(a) Waveforms at 5000 r/min  (b) RMS value against rotational speed 

Figure 2: Measured induce voltage. 
 
 

 
(a) Mechanical output (b) Efficiency 

(c) Power factor 
 

(d) Phase current at 6000 r/min with 2 Nm 

Figure 3: Measured motor performances of the test machine 
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where L is self-inductance, Iq is torque current, and  is flux linkage. Thus, reduction of inductance is effective for 
an improvement of power factor. Figure 4 shows the proposed rotor structure [12]. The proposed rotor is an 
extension of a hybrid of SPM and homo-polar rotors. The consequent-pole rotors in Figure 1 are replaced with SPM 
rotors. Figure 5 shows calculated power factor against radial thickness of the permanent magnet tr. When tr=9 mm, 
the calculated power factor is approximately 0.73. Figure 6 shows calculated power factor against axial length of the 
laminated rotor core h. As h is decreased, the power factor is improved because of reduction in self-inductance. 

Figure 7 shows calculated radial suspension force in X- and Y-axis with X-axis suspension current. The force 
variation, which is defined as the ratio of the maximum difference from the average to the average, is 34 % in X-axis 
with the proposed SPM rotor, although it is 8% with the conventional consequent-pole rotor. Maximum value of 
undesirable force component in Y-axis with X-axis suspension current is 20 N, which is about 20 % of the average 
of X-axis suspension force. Figure 8 shows error angle of the suspension force, defined as tan-1(Fy/Fx). The 
maximum error angle is 14°. Although the power factor is significantly improved, variation and error angle of the 
suspension force becomes large. The force variation and error angle should be as small as possible for stable 
magnetic suspension control. These considerable variations of the proposed rotor are reduced by the improved rotor 
structure presented in the later section. 

Figure 9 shows counter plot of bias magnetic flux density of the SPM rotor when the motor and suspension 
currents are 0 A. Magnetic saturation is seen in the rotor core part around S-pole rotor magnet, which may cause the 

 
 

 

Figure 4: Proposed SPM rotor structure for power 
factor improvement 

Figure 5: Calculated power factor against radial 
thickness of permanent magnet tr 

 
 

Figure 6: Calculated power factor against axial 
length of laminated rotor core h 

Figure 7: Calculated suspension force in X- and Y-axis 
with X-axis suspension current (h=6mm) 
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significant force variation and error angle. This magnetic saturation is caused by bias magnetic flux induced from 
both the radial S-pole rotor magnet and the stator permanent magnet. To reduce the magnetic saturation, a further 
improved rotor structure is proposed as shown in Figure 10. An axial air-gap ga is provided between the rotor 
magnet and the rotor core. As a result, the saturation can be reduced to 1.4 T, as shown in Figure 10. 

Figure 11 shows calculated suspension force with or without axial gap ga. When ga is provided, the sum of axial 
length of the rotor core h and axial gap ga is determined to 10 mm. When ga is increased, the suspension force is 
decreased because an axial length of the rotor core is decreased. However, the suspension force of approximately 
100 N is achieved. Figure 12 shows calculated force variation with or without axial gap ga. When ga is provided, the 
average of the force variation is decreased by 13 %. In addition, the error angle is also decreased by 7.4° as shown in 
Figure 13. The axial gap ga has been verified to be effective for reduction of variation and error angle of the 
suspension force. Figure 14 shows calculated power factor with axial gap ga. When ga=3 mm and h=7mm, the 
calculated power factor is 0.8. 

The force variation remains 18 %, which is relatively large for bearingless motor. It can be solved by employing 
sub-coil arrangement in the suspension windings, as shown in Figure 15 [13]. To reduce the suspension force 
variation, an improved suspension winding configuration employing sub-coils is applied. Additional short pitch coils 
are wound around the stator teeth located at both sides of the main coil. The MMF direction of the sub-coil is the 
same as that of the main coil. The sub-coils contribute to decreasing the harmonic components of the MMF 
distribution. Figure 16 shows calculated radial suspension force with the sub-coil arrangement. The force variation is 
significantly reduced from 18 % to 1 %. In addition, the error angle is reduced from 3° to 1°. Table 1 shows 
performance comparison of a conventional consequent-pole rotor (Figure 1) and a improved SPM rotor (Figure 4) 

 

Figure 8: Calculated error angle of suspension force 
with X-axis suspension current (h=6mm) 

Figure 9: Contour plot of magnetic flux density 

 

Figure 10: Improved rotor structure with axial gap ga 
Figure 11: Calculated suspension force with or 

without axial gap ga 
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with sub-coil arrangement. The power factor of a motor function is significantly improved from 0.35 to 0.8. 
Variation and error angle of the suspension force are reduced to 1 % and 1°, respectively. 
 

4  Conclusions 
 

The motor performance of the proposed five-axis actively positioned bearingless motor has been investigated. 
The proposed bearingless motor is an extension of a hybrid of consequent-pole and homo-polar bearingless motors. 
Although the targeted mechanical output of 1.2 kW can be achieved, the measured power factor of the test machine 
is 0.35 which is low with respect to conventional permanent magnet motors. To improve the power factor, the 
hybrid rotor structure of SPM and homo-polar rotors is proposed. Based on the FEM analysis, the motor 
performances with the proposed SPM rotor have been calculated. An improved rotor structure is also proposed to 
reduce force variation. The calculated results have demonstrated that the power factor is increased more than 0.8. 
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Figure 12: Calculated force variation with or without 
axial gap ga 

Figure 13: Calculated error angle with or without 
axial gap ga 

 

 
Figure 14: Calculated power factor with or without axial gap ga 
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Table 1: Performance comparison of a conventional consequent-pole rotor and a improved SPM rotor 
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