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Abstract – One maintenance task that still exist with conventional motors, are bearing lubrication and renewal.
Bearingless motors are replaced with conventional motor that uses a magnetic levitation force to suspend a rotor
without any mechanical contact. In bearingless motors, additional windings are wound together with motor windings in
stator slots. In this paper, a bearingless permanent magnet-type synchronous motor (BPMSM) Has been studied. First,
the generation of radial levitation forces is discussed and then the optimum permanent magnet thickness is determined
to produce maximum levitation force. After that the effect of additional winding pole-pair in the amount of levitation
force is investigated. The simulation is done in Maxwell software.

researched and developed around the world. The aim of
this paper is to determine the thickness of permanent
magnet and to consider the number of suspension
windings in order to produce maximum levitation force in
BPMSM [9].

INTRODUCTION
In some applications, bearing maintenance is still a
significant problem. For example, the bearings can
present a major problem in motor drive applications in
outer space, and also in harsh environments with radiation
and poisonous substances. In addition, lubrication oil
cannot be used in high vacuum, ultra high and low
temperature atmospheres and food and pharmacy
processes. In these cases magnetic bearing is used.
Magnetic bearing is a machine element uses a magnetic
levitation force to suspend a rotor. The characteristics of
magnetic bearing are no friction, no wear, no lubrication,
high speed, high precision, and long operating life. The
applications of magnetic bearing are in canned pumps and
drives, compact pumps, high-speed flywheel storage
system, artificial hearts, Spindle drives and Semiconductor processing. But magnetic bearing cause long
axial length of the rotor shaft and complicated structure
and large size of the motor [1-5].
For overcoming these problems, bearingless motors
are proposed. Bearingless motor is an electric motor that
combines the functions of both torque generation and
magnetic suspension together in a single motor. A
bearingless motor have two kinds of windings. The
conventional windings and suspension winding are wound
together in the stator of motor to produce torque and
radial suspension force simultaneously. In comparison
with magnetic bearing, bearingless motor have Simple
structure, higher speed, compactness and lower cost [6-8].
So far, various bearingless motors have been proposed
but bearingless permanent magnet synchronous machine
(BPMSM) due to its advantages such as simple structure,
high efficiency, high torque density, are actively

MATERIAL AND METHODS
Principles of radial force generation
Figure 1 shows the cross section of a primitive
bearingless motor under different conditions. In Figure
1(a), there is a symmetrical 4-pole flux distribution. The
solid curves illustrate the flux paths circulating around the
four conductors 4a, these conductors are located in the
stator slots. The 4-pole flux wave produces airgap poles
in the order N, S, N and S in the airgap sections 1, 2, 3
and 4 respectively.
Since the flux distribution is symmetrical, the flux
density magnitudes in airgap sections 1, 2, 3 and 4 are of
the same value at the same point in the pole section. There
are attractive magnetic forces between the rotor poles and
stator iron. The amplitudes of these attractive radial forces
are the same, but the directions are equally distributed so
that the sum of radial force acting on the rotor is zero.
Figure 1(b) shows the principle of radial force
generation. Two conductors 2a are located in the stator
slots. With the current direction as shown in the figure, a
2-pole flux wave is generated. In airgap section 1, the flux
density is increased because the direction of the 4-pole
and 2-pole fluxes is the same. However, in airgap section
3, the flux density is decreased because the direction of
these fluxes is opposite. The magnetic forces in the airgap
sections 1 and 3 are no longer equal, i.e., the force in
airgap 1 is larger than in airgap 3. Hence a radial force F
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results in the x-axis direction. It follows that the
amplitude of the radial force increases as the current value
in conductors 2a increases. Figure 1(c) shows how a
negative radial force in the x-axis direction is generated.
The current in conductors 2a is reversed so that the flux
density in airgap section 1 now decreases while that in
airgap section 3 increases. Hence the magnetic force in
airgap section 3 is larger than that in airgap section 1,
producing a radial force in the negative x-axis direction.

number and current frequency of the suspension force
winding.

Figure 2. Y-Direction radial force: (a) negative ydirection radial force; (b) y-direction radial force [12].
Figure 3 shows cross-sectional view of a 3-phase
bearingless permanent magnet-type synchronous motor.
The torque and suspension force windings are wound
together in the same stator slots of the BPMSM. Coil
sides 4u, 4v and 4w are for the torque windings of phase
u, v and w and Coil-sides 2u, 2v and 2w are for
suspension force windings of phase u, v and w,
respectively. In the figure the torque winding and
suspension force winding are 4-pole and 2-pole
respectively [14, 15].

Figure 1. Principles of radial force generation: (a) 4-pole
symmetrical flux; (b) x-direction radial force; (c) negative
x-direction force [11].
Figure 2 shows radial force generation in the y-axis
direction. Two conductors 2b, which have an MMF
centred on the y-axis, are added to the stator. A similar
flux density imbalance occurs but this time between
airgap sections 4 and 2, hence producing a force on the yaxis. The polarity of the current will dictate the direction
of the force. These are the principles of radial force
generation in x- and y-axis directions. The force values
are almost proportional to the current in conductors 2a
and 2b (assuming constant 4-pole current). The vector
sum of these two perpendicular radial forces can produce
a radial force in any desired direction and with any
amplitude [11-13].
In order to generate the torque and radial suspension
force simultaneously in a bearingless machine the
following conditions are
PM  PB  1

 M   B

Figure 3. Bearingless permanent magnet bearingless
motor [13].
Radial levitation force equation
In this paper, two-phase model of BPMSM is used for
simplicity. All of the variables are in the synchronous
rotating reference frame.
The relationship between the radial levitation forces
and the currents of suspension force winding can be
expressed as

(1)

Where and are the pole-pair number and current
frequency of the torque winding, and are the pole-pair
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Fix  (K M  K L ).(i 2d 1d  i 2q 1q )
(2)


Fiy  (K M  K L ).(i 2q 1d  i 2d 1q )
Fix , Fiy are the radial levitation forces. K M , K L is

permanent magnet D against the magnetization so that D
is the most critical permanent magnet. The q-axis motor
flux is synchronously rotating with the rotor but the
suspension flux is rotating with a frequency twice that of
the rotor, i.e., is not synchronized to the revolving rotor
magnetic field. Therefore, not only D but also A, B and C
will experience the same degree of demagnetization at
some point with the possibility of irreversible
demagnetization.

Maxwell and Lorentz forces constant. i 2d , i 2q are current
components of radial levitation windings. 1d , 1q are
the airgap flux linkages components of motor windings.
The generated Maxwell force Fsx , Fsy are proportional to
the displacement and can be written as
Fsx  K s x

Fsy  K s y

where K s  k

rlB2
 0

(3)

Where is the force-displacement Coefficient, is the
free space permeability and is the airgap length. So the
radial levitation force and can be expressed as
Fx  Fix  Fsx

Fy  Fiy  Fsy

(4)

Substituting (1) , (2) into (3), equation (3) can be
written as
Fx  (K M  K L ).(i 2d 1d  i 2q 1q )  K s x



Fy  (K L  K M ).(i 2q 1d  i 2d 1q )  K s y
When PB  PM  1 , (4) can be written as

Fx  (K M  K L ).(i 2d 1d  i 2q 1q )  K s x


Fy  (K L  K M ).(i 2q 1d  i 2d 1q )  K s y
When PB  PM  1 , (4) can be written as

Fx  (K M  K L ).(i 2d 1d  i 2q 1q )  K s x


Fy  (K L  K M ).(i 2q 1d  i 2d 1q )  K s y

(5)

(6)

(7)
Figure 4. Position of permanent magnet with possibility
of irreversible demagnetization [10].

The stator flux linkage equation is as follows

1d  L d i1d   r


1q  L q i1q

(8)
RESULTS

Where  r is rotor flux linkages Ld and Lq are the

Results and Simulink of model in Maxwell
In this section, FEA is employed to determine the
optimum thickness of permanent magnet and number of
pole-pair of suspension windings to produce maximum
levitation force. The specification of surface-mounted
permanent magnet type bearingless motor is shown in
Table 1.

self-inductance of motor Windings [7].
Demagnetization of permanent magnet in
BPMSM
In the surface-mounted permanent magnet machines,
thin permanent magnets with small airgap can generate
the radial levitated forces more effectively. However, thin
permanent magnets can simply demagnetize. Thus, it is
very important to consider demagnetization of permanent
magnets. Moreover irreversible demagnetization of the
permanent magnets is a more serious problem in these
motors than in conventional electric motors.
Figure 4 shows an example with q-axis motor current
and suspension current flux paths. The rotor angular
position is 0 deg. When the q-axis motor flux
is
generated as shown, torque is generated in the counterclockwise direction. In this case, goes through the
permanent magnets denoted as A, B, C and D in the
opposite direction to their magnetization. In addition, the
suspension flux is shown. Note that both and go through

Table 1. Specification of BPMSM
Pole pair of torque winding

4

Pole pair of suspension force winding

6

The outer diameter of stator (mm)

155

The inner diameter of stator (mm)

98

The outer diameter of rotor (mm)

88

Axial length of machine (mm)

105

Air-gap length (mm)
Residual flux density of PM (NdFeB) (T)
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This motor has 4-pole torque winding and 6-pole
suspension force windings. Figure 5 shows the surface
mounted permanent magnet bearingless motor in Maxwell
software. Since the machine has symmetric flux
distribution just one fourth of the machine is sketched in
Maxwell software. In the figure, torque and suspension
force windings are showed. Mesh diagram produced by
finite element analysis is also shown in Figure 6.

As mentioned earlier, in a permanent magnet motor
with fixed airgap length, there is an optimal thickness to
generate maximum radial levitation force. The variations
of radial levitation force corresponding to the thickness of
permanent magnets is analysed in Maxwell software. The
results are showen in table (   ) and figure 7. In table (   )
for different value of PM, the radial levitation force is
obtained. It can be seen form figure 7 that levitation force
changes corresponding to the thickness of permanent
magnets when the length of airgap is fixed. In this paper,
the airgap length of motor is 4 mm. As permanent magnet
thickness is 1.8 mm, the maximum levitation force is
generated (45 N).
Table 2. Thickness of permanent magnet and
corresponding levitation force
Thickness of PM (mm)

Figure 5. Surface mounted permanent magnet bearingless
motor.

Radial levitation force (N)

0

0

0.5

9.89

1

28.91

1.5

42.78

1.8

45

2

44.55

2.5

43.25

3

38.23

3.5

35.21

3.8

34.25
-

Maxwell2DDesign1
Radial Levitation Force [N/A]

50.00
40.00
30.00
20.00
10.00
0.00
0.00

1.00

2.00
3.00
4.00
thickness of PM [mm]
Figure 7. Relationships of radial force and thickness of
Permanent magnet.

Now, with this thickness of PM, we must check
whether the PM demagnetized or not. Therefore flux
density on the surfaces of permanent magnets is derived
in Maxwell software and shown in figure 8. It can be seen
that the minimum flux density is more than zero, so there
is no demagnetization.

Figure 6. Mesh produced by FEA.
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XY Plot 1

Maxwell2DDesign1

relationship between radial levitation forces and 6-pole
suspension windings current. Curve 2 of figure 7 shows
the relationship between radial levitation force and 2-pole
suspension windings current. As shown in Figure 7, it can
be seen that radial levitation forces generated by 6-pole
suspension windings are larger than that of 2-pole
suspension windings under the same pole-pair of torque
winding.

1000.00

Mag_B [mTesla]

900.00
800.00
700.00

CONCLUSION

600.00

The aim of this paper is to design a surface mounted
permanent magnet-type bearingless motor to produce
maximum radial levitation force. First the effect of
permanent magnet thickness was evaluated. The optimal
permanent magnet thickness is derived 1.8 mm. Second
the effect of pole-pair of suspension winding on radial
levitation force was evaluated. The result shows that with
6-pole suspension winding the levitation force is greater
than that motor with 2-pole suspension winding. So by
considering these two notes in design, in addition to
increase the radial levitation force, the size of motor is
also reduced.

500.00
400.00
0.00

12.50
25.00
37.50
Distance [mm]

Figure 8. Flux densities on the surfaces of permanent
magnet.
In next step, the effect of different pole-pair of
suspension winding in the amount of radial levitation
force are analyzed. As discussed earlier, for generating
levitation force, the number of pole-pair of suspension
winding is one more or less than the number of pole-pair
of torque windings. So if the pole-pair of torque winding
is two, the number of pole-pair of suspension winding is
one or three. The effect of different pole-pair of
suspension winding in radial levitated force is done in
Maxwell software. Results are shown in Figure 9.
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