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Abstract
This paper introduces a new structure and topology of a two-degrees-of-freedom (DOF) actively controlled 
bearingless motor using only two H-bridges (four half-bridges). The proposed two-DOF controlled bearingless 
motor has two-phase integrated motor windings. The neutral point of each phase winding is connected to the 
middle point of the inverter’s dc power voltage. This bearingless motor, thus, offers common dq-axis current 
vector control for permanent magnet motor drive as well as radial two-DOF active positioning control of the 
rotor. In this paper, the suspension force and toque of the 2-pole/8-slot model are theoretically derived from the 
stored magnetic energy. The magnetic energy is calculated from the inductance matrix where each inductance 
component is derived with the air-gap magnetic flux distribution. The theoretically calculated results show how 
the suspension force and torque are regulated with the control currents. To verify the theoretical calculation, 
two-dimensional FEM analysis is performed. The FEM calculation demonstrates that the proposed bearingless 
motor topology with 2-pole/8-slot structure using only two H-bridges generates constant suspension force and 
torque.
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1. Introduction

Various types of bearingless motors with two-degrees-of-freedom (DOF) active positioning control in the radial 
direction of the rotor have been previously proposed. Some bearingless motors use two kinds of windings for motor 
drive and magnetic suspension, which are separately wound in the single stator. For instance, a bearingless permanent 
magnet (PM) motor with a p-pole rotor has additional (p+2)- or (p−2)-pole field winding for surface-mounted PM rotor 
suspension (Ooshima et al., 1996, Schöb and Barletta, 1996) or for 2-pole field winding for homo-polar and 
consequent-pole PM rotor suspension (Ichikawa, et al., 2001, Asama, et al., 2013). The slot space of these bearingless 
PM motors is occupied by both motor and suspension windings.

Other bearingless motors employ only motor winding which can generate not only torque but also suspension 
force. Hence, such a motor winding that integrates magnetic suspension function is called an integrated winding in this 
paper. Based on the three-phase motor structure, inverters (Chiba, et al., 2011, Ooshima, et al., 2011, Oishi, et al., 
2013), current amplifiers (Salazar and Stephan, 1993, Khoo, et al., 2002), or four power transistors (Miyashita, et al., 
2011) are additionally used to superimpose the suspension current into the integrated motor windings. Bearingless 
poly-phase PM motors, which use several half-bridges to regulate the currents flowing in the poly-phase integrated 
motor winding, have been proposed (Amrhein and Silber, 1998, Gruber, et al., 2009, Bartholet, et al., 2009).

In particular, the bearingless four-pole PM motor, introduced by Bartholet, et al. (2009), has four coils (four-phase 
winding) and uses only four half-bridges to control three independent currents. A two-DOF controlled bearingless 
6-pole PM motor, developed by Oi, et al. (2015), has two separated windings, but is driven by only one three-phase 
inverter (three half-bridges). These bearingless PM motors have the reduced number of power transistors, which can 
contribute to cost reduction. These machines, however, offer single-phase motor drive, and thus, common dq-axis
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current vector control for highly efficient PM motor drive cannot be applied. This paper concerns a new topology for a
bearingless PM motor with two-DOF active positioning. The proposed bearingless motor topology has only integrated 
motor winding configuration, uses only two H-bridges (four half-bridges), and offers the dq-axis current vector control
for PM motor drive.

2. Proposed Bearingless Motor Topology

Fig. 1 shows a structure of the 2-pole/8-slot bearingless PM motor that has two-phase integrated motor winding for 
both motor drive and magnetic suspension. Fig. 2 shows the inverter topology using two H-bridges. The bearingless 
motor has two phases using concentrated coils, denoted by a- and b-phase. One phase consists of 4 coils which are 
connected in series. The neutral point of one phase is connected to the middle point of the inverter’s dc voltage. Two 
current components for rotation and magnetic suspension are superimposed into the two-phase winding. The four-phase 
topology using four half-bridges, where the four coils are connected in star, can also be used, when the neutral point of 
the star-connected winding is shorted to the middle point of the inverter’s dc voltage. It is important for the proposed 
topology to regulate four independent currents, ia1, ia2, ib1, and ib2, with the reduced number of eight power transistors.

When the power transistors, s1 and s4, are turned on, for instance, the a-phase motor current, ima, flows as shown 
with red line in Fig. 2, which produces 2-pole magnetic field. In a similar manner, the b-phase motor current, imb, which 
is independent on ima, also produces 2-pole magnetic field. The a-phase suspension current, isa, flows when the power
transistors, s1 and s3, are turned on, as shown in blue lines in Fig. 2. In this case, the teeth of a1 and a3 are excited to 
S-pole whereas the teeth of a2 and a4 are excited to N-pole, resulting in 4-pole field generation. The b-phase suspension 
current, isb, also generates 4-pole field. The suspension force is generated in the radial direction by superimposition of 
the 4-pole fields with the rotor’s bias 2-pole field. This topology with integrated motor winding offers both two-DOF
active positioning and dq-axis current-based motor drive control using only two H-bridges.

3. Theoretical Calculation for Suspension Force and Torque

3.1 Permeance Variation

This section considers theoretical calculation for suspension force and torque of the proposed model. The air-gap 
permeance variation caused by the slight displacement of the rotor in the radial direction is derived. The radial 
displacement, x and y, is much smaller than the air-gap and the rotor radius. It is assumed that the rotor and stator 
surfaces are cylindrical and thus the stator slot harmonics are neglected. The air-gap permeance distribution, P, at an 
angular position of the stator, φs, can be geometrically derived (Chiba, et al., 2005), and written as
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where μ0 is space permeability, R is the rotor radius, l is the axial length, g0 is the nominal air-gap.
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Fig. 1 2-pole/8-slot two-phase 
bearingless PM motor.

Fig. 2 Proposed inverter topology for two-phase bearingless PM motor using integrated 
motor winding and two H-bridges (four half-bridges).
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3.2 MMF Distribution

The magneto-motive force (MMF) distributions for a1 and a4 coils with unity current, Aa1 and Aa4, are 
approximated by

{ }sssa aaaNA φφφ 2coscos)( 2101 ++=           (2)
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where N is the number of coil turns and a0 , a1, and a2 are the amplitudes of dc, 1st and 2nd harmonic components, 
respectively. The a1 and a4 coils are connected in series. The sum of these MMFs, Aa14, as shown in Fig. 3, can be 
written as

( ){ }sssaasa aaNAAA φφφφ 2cos2sincos)( 214114 ++=+=           (4)

In a similar manner, the MMF distributions caused by other winding sets, Aa23, Ab14, and Ab23 can be derived.
The permanent magnet of the rotor can be replaced with equivalent winding. The magnet MMF distribution with 

unity current, Ap, is approximated by sinusoidal, and hence written as

( )θφφ −= spsp NA cos)(           (5)

where Np is the equivalent number of turns and θ is the rotational angle of the rotor from the X-axis. When the rotor’s 
N-pole aligns with the center of the a1 tooth, the rotational angle is θ = 0°.

3.3 Flux Distribution

Fig. 4 shows the magnetic circuit when only a1 and a4 coils are excited. The voltage, Va14, represents the magnetic 
potential of the rotor. Hence, the magnetic flux, ψa14, in one branch is written as

( )141414 aaa VAP +=ψ           (6)

According to Gauss’s law, an integral of the magnetic flux around the rotor surface must be zero. Hence, the following 
equation is obtained
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Fig. 3 Magneto-motive force distribution for a1 and a4 coils
with unity current, Aa14.

Fig. 4  Magnetic circuit with excitation
of a1 and a4 coils.
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The magnetic flux distribution produced by a1 and a4 coils with unity current excitation is written as
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In a similar manner, the flux distributions, ψa23, ψb14, and ψb23 can be derived.
We concern the magnetic circuit when the equivalent winding of the permanent magnet is excited. The voltage, Vp,

represents the magnetic potential of the rotor. The magnetic flux caused by the permanent magnet, ψp, is written as
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An integral of the magnetic flux around the rotor surface is zero, thus, Vp results in
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The magnetic flux distribution caused by the permanent magnet unity current excitation is written as
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3.4 Inductance and Magnetic Energy

The inductance can be derived by integral of the product of magnetic flux and winding distribution, where the 
winding distribution is equivalent to the MMF distribution per unity current. The self-inductance of the a1 and a4 coils, 
La14, is expressed as
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The products of small displacements are ignored in the above equation. The mutual-inductances between the a1-a4 and 
a2-a3 windings, Ma1a2, a1-a4 and b1-b4 windings, Ma1b1, and a1-a4 and equivalent magnet windings, Ma1p are expressed as
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The self-inductance of the permanent magnet coil, Lp, and the mutual-inductance between a1-a4 and equivalent 
magnet windings, Mpa1, can be derived as
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In a similar manner, other self- and mutual-inductances can be calculated, and thus, a 5 × 5 inductance matrix, L, is 
obtained. Then, the stored magnetic energy, Wm, is given by
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Ip is the dc bias current of the equivalent magnet winding, and ia1, ia2, ib1, and ib2 are the currents of the a1-a4, a2-a3,
b1-b4, and b2-b3 coils, respectively.

3.5 Suspension Force and Torque

The suspension force can be derived from the partial derivative of the stored magnetic energy, Wm, with respect to 
the rotor displacement
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The torque can also be derived from the partial derivative of the stored magnetic energy, Wm, with respect to the 
rotational angle, θ. When the rotor is located at the center of the stator bore, the torque, T, is written as
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The equations (20) and (21) show how the suspension force and torque are regulated with the control currents.

4. FEM Calculation

To verify the theoretical calculation, two-dimensional FEM calculation is performed with a commercially available 
software (JMAG, JSOL Corp., Japan). The analysis model is an inner rotor type of 2-pole/8-slot bearingless PM motor.
The rotor outer diameter is 40 mm, and the radial magnet thickness is 4 mm. The magnet material is NdFeB (N35 
grade). The nominal air-gap between the magnet surface and teeth inner surface is 2 mm. The tooth width and radial 
thickness of the stator back yoke are 15 mm and 17 mm, respectively. The outer stator diameter is 120 mm. The axial 
stack length is set to be 20 mm. The amplitude of the applied sinusoidal current is 84 A·turns.

Fig. 5 shows the calculated suspension force in the X-axis, Fx, when ima = imb = 0 A. The average and peak-to-peak 
values are 9.5 N and 0.06 N, respectively. The constant force is available at all rotational angles. The interference angle,
which is defined as an angle between the X-axis suspension force and undesirable Y-axis force with X-axis current, is 
smaller than 0.4º (the graph is not shown). Fig. 6 shows the calculated torque when x = y = 0. The average is 31 mNm
whereas the torque ripple with peak-to-peak value of 4 mNm is observed. The peak-to-peak value of the cogging torque
is approximately 1 mNm, hence, this torque ripple may be caused by the MMF harmonic components.
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5. Conclusion

We propose a new structure and topology of a two-DOF actively controlled bearingless motor that uses only two 
H-bridges (four half-bridges). This bearingless motor has 2-pole/8-slot rotor structure and has two-phase integrated
motor winding. The suspension force and torque are theoretically derived. The FEM calculation demonstrates that the 
proposed structure can generate acceptable suspension force and torque. In future works, we will consider the influence 
of the motor current on the radial force, and built a test machine to verify the proposed method experimentally.
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Fig. 5 Calculated suspension force in the X-axis, Fx,
without motor current.

Fig. 6 Calculated torque, T, without radial displacement.
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