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Design and Analysis of Novel Bearingless Permanent Magnet
Synchronous Motor for Flywheel Energy Storage System

Huangqiu Zhu and Ronghua Lu*

Abstract—To effectively simplify system structure and improve power density and efficiency, a design
for a motor/generator suitable for flywheel energy storage system (FESS) is proposed. The machine
is an outer-rotor and coreless-stator-type bearingless permanent magnet synchronous motor (BPMSM)
with a Halbach array. Firstly, the operation principle of the outer-rotor BPMSM is described. Then,
the structure and performance of the Halbach permanent magnet (PM) array are analyzed. The airgap
magnetic field, back-EMF, suspension force, unilateral magnetic pull force and electromagnetic torque
are calculated and analyzed by the finite element analysis (FEA). Finally, it is verified that the magnetic
field of the suspension force windings increases the rotor eddy current loss by transient FEA coupled
with external circuit. The rotor eddy current losses of BPMSM with different structures are compared.
The comparison results show that the rotor eddy current loss of the coreless-stator-type BPMSM with
Halbach array is the lowest. The simulation results verify the theoretical analysis and structure design,
which can provide reference for the application of the motor in the FESS.

1. INTRODUCTION

With the increase of energy demand, various types of energy storage technology are developing rapidly.
As a kind of energy storage technology with wide application potential, the flywheel energy storage
system (FESS) has drawn attention of many scholars. It has many advantages, such as high energy
storage density, high energy conversion efficiency, and no pollution [1-3]. Motor/generator and bearing
are two key technologies of the FESS. A motor/generator plays a role of energy conversion, and bearing
supports the flywheel and rotor. They jointly determine the performance of the FESS [4,5]. At
present, the motor/generator and bearing in the FESS are mostly independent of each other. It brings
some problems that the shaft is long; the number of inverters and controllers increases; the system is
complicated [6].

To solve these problems which are caused by separate motors and bearings, a bearingless motor
is proposed. Among all types of bearingless motors, the performance of bearingless permanent magnet
synchronous motor (BPMSM) is the best. The motor combines conventional permanent magnet (PM)
motor and magnetic suspension bearing technology. It not only generates electromagnetic torque, but
also produces magnetic forces to suspend its rotor without mechanical contact. The motor has the
advantages of no friction, no wear, high speed and long lifespan, which is suitable for being used in the
FESS [7-9].

Due to the operation principle and structure of the motor, various harmonics inevitably exist in
the airgap magnetic field. When the motor is running at high speed, these harmonics can induct rotor
eddy currents and increase eddy current losses, which not only reduce operation efficiency, but also
increase the temperature of the rotor. In particular, the high-speed PM motor for the FESS works in
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vacuum environment, whose rotor heat dissipation is more difficult than that of conventional PM motor.
Reducing rotor eddy current losses is very important for ensuring the safe and efficient operation of the
motor [10, 11].

A coreless-stator PM motor can reduce the stator core loss tremendously and decrease the rotor
eddy current loss to a certain extent, which meets the requirements of the FESS for efficiency and rotor
eddy current losses. However, for a conventional PM motor, if the stator has no iron core, there is no
ferromagnetic material to form a complete magnetic circuit. Due to the coreless-stator structure, the
effective airgap length of the motor is increased, which causes that the airgap magnetic flux density is
very low, and the power density and torque density are reduced. The structure is contradictory to the
performance requirements of the FESS.

To solve these problems caused by the coreless-stator structure, Halbach array is proposed. The
Halbach array is the permanent magnets with different magnetizing directions. These permanent
magnets are arranged according to the specific rules, which can enhance the airgap magnet field, optimize
the airgap magnetic field, and make the magnetic field more sinusoidal [12-14]. Based on the above
analysis, an outer-rotor and coreless-stator-type BPMSM with Halbach array is proposed, which is used
to simplify the system structure and improve the stability of the FESS. Firstly, the operation principle
of the BPMSM is described, as well as the structure and performance of the Halbach PM array. Then,
according to the idea of Halbach array, the structure of the novel BPMSM is designed. The FEA is
used to analyze the electromagnetic characteristics. The transient FEA coupled with external circuit is
used to analyze the rotor eddy current loss. The simulation results verify that the motor can be applied
to the FESS, which is feasible and reliable.

2. OPERATION PRINCIPLE OF OUTER-ROTOR BPMSM

The radial suspension force generation principle is shown in Fig. 1. The torque windings and suspension
force windings are placed in the stator. IV, and IV, are the four-pole torque windings. N, and Ng are
the two-pole suspension windings. When N, and Nj are inactive, four-pole airgap flux ¢s, which is
produced by torque windings and permanent magnets, is balanced. Therefore, the radial suspension
force is not produced. When N, is excited by a positive current, two-pole flux ¢, is produced. The
two-pole flux ¢, is superposed on the four-pole flux ¢5;. The magnetic field of airgap 4 is enhanced,
and the magnetic field of airgap 2 is weakened at the same time. This unbalanced airgap flux produces
a radial suspension force on the rotor in the positive direction of x-axis. In the same way, when N,
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Figure 1. Principle diagram of radial suspension force generation.
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is excited by a negative current, a radial suspension force is produced on the rotor in the negative
direction of z-axis. When Njg is excited, it generates a force on the rotor along the y-axis. Any radial
suspension force can be obtained by changing the magnitude and phase of the current in the suspension
force windings.

3. STRUCTURE AND PRINCIPLE OF HALBACH ARRAY

At present, the magnetized distributions of conventional PM arrays are radial and tangential, and their
principles are shown in Figs. 2(a) and 2(b). In order to obtain a better performance of the airgap
magnetic field, the radial and tangential arrays are combined to generate a new structure, namely
Halbach array, which is shown in Fig. 2(c).

(@) (b) (©

Figure 2. Structure diagram of different permanent magnet arrays. (a) Radial array. (b) Tangential
array. (c) Halbach array.

The permanent magnets shown in Fig. 2(c) are arranged on the rotor surface, and their structures
are shown in Fig. 3. Two types of Halbach array structures can be obtained by changing permanent
magnet magnetization direction. The magnetic field distribution of the Halbach array with six
permanent magnets per pole is shown in Fig. 4. The Halbach array shown in Fig. 4(a) enhances
the external magnetic field of the rotor, which is used in the inner-rotor PM motor. The Halbach array
shown in Fig. 4(b) enhances the inner magnetic field of the rotor, which is used in the outer-rotor PM
motor. The Halbach array enhances the airgap magnetic field and reduces the magnetic flux density in
the rotor yoke, so the thickness of the rotor iron can be reduced.
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Figure 3. Structure diagram of Halbach array rotors in the PM motors. (a) 2 permanent magnets per
pole, (b) 4 permanent magnets per pole.

The airgap magnetic field generated by the ideal Halbach PM array is sinusoidal. However, in
practical application, existing technology is difficult to carry out integral annular magnetization. At
present, the common design is magnetizing by segment and then assembling. Although there is still
a gap between two magnetizing methods, the segmented magnetization has been able to meet the
requirements of practical application. For the PM motors with the same pole pairs, each pole contains
more permanent magnets, and the airgap magnetic field is more sinusoidal. However, the permanent
magnet production and process is more difficult. Therefore, it is necessary to choose reasonable segments
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Figure 4. Magnetic field distribution diagram of the Halbach array. (a) The external magnetic field
of the rotor is enhanced. (b) The inner magnetic field of the rotor is enhanced.
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Figure 5. Schematic diagram of the permanent magnet magnetization direction.

in each pole. Fig. 5 is a simplified diagram of permanent magnet magnetization direction. Any segment
magnetization direction can be calculated by the formula:
Hm,z‘ = (1 :Ep) 9@

1
0; = ZpN m (i=1,2,3,...,2pN)

where 0,,; is the ith segment magnetization direction; p is the pole pair of the motor; 4 represents
outer-rotor structures; — represents inner-rotor structures; 6; is the angle between 6 = 0 and the center
of ith magnet segment; IV is the number of segments per pole.

4. ANALYSIS OF ELECTROMAGNETIC CHARACTERISTICS

Figure 6(a) shows the structure of the outer-rotor and coreless-stator-type BPMSM with Halbach array.
Table 1 presents the main structure parameters of the motor. It consists of an outer-rotor core with
magnets mounted on the inner surface and a coreless stator with two sets of windings. The stator frame
is made of non-magnetic materials, such as industrial ceramics. The four-pole torque windings are A,,,
By, and C,,. The two-pole suspension windings are Ay, Bs, and Cs. The distribution of the two sets of
windings is shown in Fig. 6(b).

In following simulations, the basic structure size of the motor remains unchanged. The
electromagnetic simulation model is analyzed in a two-dimensional static field. When two sets of
windings are inactive, static magnetic field lines distribution is shown in Fig. 6(c). From Fig. 6(c),
it can be seen that the magnetic field lines in the rotor are rare, and the magnetic field lines in the
permanent magnets, air gap and the stator yoke are dense. Fig. 6(d) describes the magnetic flux
density distribution of the motor. It can be found that the magnetic flux density in the airgap and the
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Figure 6. Analysis of the proposed motor model. (a) Structure of the proposed motor. (b) Stator
winding distribution. (¢) Magnetic field distribution. (d) Magnetic flux density distribution.
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Figure 7. Airgap flux density distribution diagram of BPMSM with different magnet structures. (a)
Conventional PM rotor, (b) Halbach array.

permanent magnets is the highest. However, the magnetic density of the rotor iron core is very low, far
from reaching saturation level. Therefore, a large current can be used to excite the windings to improve
the radial suspension force and electromagnetic torque.

The airgap magnetic field has a great influence on the performance of motors, so it is necessary
to analyze the airgap magnetic field of permanent magnets with different magnet structures according
to the finite element model. Fig. 7(a) is the waveform of the airgap magnetic field of the conventional
permanent magnets. The airgap flux density amplitude is about 0.25 T, and sinusoidal distribution of
airgap flux density is poor. Fig. 7(b) is the airgap magnetic field of the Halbach PM array. The airgap
flux density amplitude is about 0.3 T, and the sinusoidal distribution of airgap flux density is much
better than that with conventional permanent magnets. From the waveforms of Figs. 7(a) and 7(b),
it can be found that the Halbach array makes the airgap magnetic field waveform more sinusoidal and
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Table 1. Specification of the prototype machine.

Parameter Value
Rotor outer diameter 150 mm
Rotor inner diameter 130 mm
PM material NdFeB
Permanent segments per pole 6
PM thickness 10 mm
Airgap length 2mm
Stator outer diameter 106 mm
Stator inner diameter 40 mm
Stator frame material Industrial ceramics
Stator slot number 24
Suspension force winding thickness 5mm
Torque winding thickness 5 mm
Pole-pair number of suspension windings 1
Pole-pair number of torque windings 2
Turns of suspension force winding per slot 40
Turns of torque winding per slot 40
Axial length 70 mm

larger. In other words, it can improve the power density and torque density of the BPMSM, and reduce
the volume and mass of the motor.

No-load back-EMF is an important parameter for the PM motor. As a motor, the no-load back-
EMF will affect the dynamics and steady-state performance; as a generator, no-load back-EMF marks
the output electric energy quality of generator. The speed of the motor is set to be 7500 r/min. Fig. 8
shows no-load back-EMF waveform for the torque windings. It can be seen that the back-EMF waveform
is very sinusoidal, which is very favorable for the FESS.

The three-phase symmetrical alternating current is applied to the two sets of windings in the stator.
The amplitude of the current of the torque winding I,, is 10 A, and the amplitude of current of the
suspension force winding [ is also 10 A. The pole pair of torque windings is 2. According to the formula:
f =np/60, the current frequency of the torque winding is set to be 250 Hz, where n is the motor speed,
p the torque winding pole pair, and f the current frequency. According to the condition that the stable
suspension force is obtained [8], the current frequency of suspension force winding is also 250 Hz. When
the suspension force winding is excited to generate force in the y-direction, the suspension forces in
the z- and y-directions are shown in Fig. 9. In Fig. 9, a suspension force of 79N is generated in the
y-direction, and a force nearly 0 is generated in the x-direction. Therefore, it can be concluded that the
mutual interference of the suspension forces in the z- and y-directions is very weak, and the stale and
controllable suspension force can be generated.

The unilateral magnetic pull force caused by the rotor eccentricity has a great influence on the
rotor vibration and increases the difficulty of the rotor stability control. Therefore, it is necessary to
study the unilateral magnetic pull force of the BPMSM. Fig. 10 describes the relationship between the
unilateral magnetic pull force and the eccentric displacement of the rotor. It can be seen from the figure,
the unilateral magnetic pull force of core-stator BPMSM with Halbach array is bigger than that of the
coreless-stator BPMSM with Halbach array. With the increase of eccentric displacement of the rotor,
the difference of unilateral magnetic pull force is greater. For the safety and stability of the motor
operation, the unilateral magnetic pull force is expected to be small. Therefore, the coreless-stator
BPMSM with Halbach array is more suitable for the FESS.

Figure 11 shows the relationship between the electromagnetic torque and the current amplitude of
the torque windings. The electromagnetic torques of the motor with Halbach array and the conventional
PM motor both have a linear relationship with the amplitude of the phase current. However, the
torque of the BPMSM with Halbach array is higher than that of the conventional PM motor. A high
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Figure 8. The back-EMF of torque windings Figure 9. Radial suspension force when the
when the motor runs at 7500 r/min. suspension force winding is excited to generate
force in the y-direction.
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Figure 10. Relationships between unilateral Figure 11. Relationships between torque and
magnetic pull forces and eccentric displacement phase current amplitude of motor windings.
of rotor.

electromagnetic torque helps reduce the charge and discharge time of FESS. And Halbach array structure
makes the motor torque ripple smaller. Therefore, the application of the BPMSM with Halbach array
in the FESS is more advantageous.

5. ROTOR EDDY CURRENT LOSS ANALYSIS

When the conventional PM motor runs at low speed, the rotor eddy current loss is relatively small, and
the impact on the performance of the motor is very weak. But when the PM motor runs at high speed,
the frequency of the alternating magnetic field in the rotor core is very high, so the rotor eddy current
loss is relatively large. In particular, the high-speed PM motor is used for the FESS in the vacuum
environment, whose heat dissipation is more difficult than that of conventional PM motor. Therefore,
in the FESS, the rotor eddy current loss is required to be as small as possible. In the BPMSM, the
magnetic field generated by the suspension force winding and the rotor are in asynchronous operation.
Therefore, the rotor eddy current loss of the BPMSM differs from that of the conventional PM motor,
and the eddy current loss caused by the magnetic field of the suspension force winding is added. The
analysis of rotor eddy current loss of high speed BPMSM is very necessary. Based on the already
established transient FEA coupled with external circuit, the rotor eddy current loss of outer-rotor and
coreless-stator-type BPMSM with Halbach array is analyzed in detail.

Figure 12 is the equivalent external circuit model of PM motor. I4, Ip and Io are the three-phase
current source models. L.,q is the end winding inductance. R4, Rp and R¢ are the direct current
resistance of three-phase windings. Winding A, Winding B and Winding C are three-phase stator
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Figure 12. The equivalent external circuit model Figure 13. Distribution diagram of rotor eddy
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Figure 14. Rotor eddy current losses in three cases.

windings. The equivalent circuits of the two sets of windings in the stator are the same, both of which
are shown in Fig. 12. The amplitude of the phase current of the winding is 10 A, and the frequency of
the current is 250 Hz.

Figure 13 is the eddy current loss density distribution when the motor is in idle run. The amplitude
of the current source in the external circuit is set to 0, and the motor runs at the synchronous speed. The
rotor eddy current loss is very small because the coreless-stator and slotless-stator structure eliminates
the stator cogging effect and reduces the rotor eddy current loss, which can meet the requirement of
long-term and low no-load losses of the FESS.

The rotor eddy current losses caused by the magnetic field of suspension force windings can be
analyzed in theory. However, at present, there is no relative research on the influence of the magnetic
field of the suspension force windings on the rotor eddy current losses by the simulations or experiments.
Based on the FEA, the rotor eddy current losses of the BPMSM operating in three cases are analyzed.
Fig. 14 is the simulation result of the rotor eddy current losses in three cases. When I,, = 10A,
I, = 10A and I, = 0A, I, = 10 A, the rotor eddy current losses are very close. When I,, = 10A,
I, = 0 A, the rotor eddy current loss is very small, which is about 5.6% of the rotor eddy current loss
when I, = 10 A, I,,, = 10 A. The rotor eddy current loss generated by suspension force windings is far
larger than that generated by torque windings.

The high speed PM motor for FESS has harsh demand to the rotor eddy current loss. In order
to illustrate the performance of the rotor eddy current loss of the outer-rotor and coreless-stator-
type BPMSM, the motor is compared to the motors with three other structures. The results of the
corresponding losses are given. Fig. 15 shows the rotor eddy current loss density distribution of the
motors with four different structures. Fig. 16 shows the specific result of rotor eddy current losses of
the motors with four different structures. In these four structures, the coreless-stator BPMSM with
Halbach array has the lowest rotor eddy current losses. In addition, the rotor eddy current loss of the
coreless-stator motor is obviously lower than that of the core-stator motor.
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Figure 15. Rotor eddy current loss density distribution diagram of BPMSM with four structures. (a)
Halbach array, coreless-stator. (b) Halbach array, core-stator. (c¢) Conventional rotor, coreless-stator.
(d) Conventional rotor, core-stator.
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6. CONCLUSIONS

In order to simplify the structure of FESS and improve the power density and efficiency of the system, an
outer-rotor and coreless-stator-type BPMSM with Halbach array is proposed. On the basis of operation
principle of outer-rotor BPMSM and analysis of the structure of Halbach array, the electromagnetic
characteristics of the proposed motor are analyzed by FEA in detail. The rotor eddy current loss is
analyzed by FEA coupled with external circuit combining with the external circuit. The conclusions

are summarized as follows:

1) The BPMSM with Halbach array can generate stable and controllable radial suspension force, and
obtain a larger electromagnetic torque compared with the conventional BPMSM.

2) Compared with core-stator BPMSM, the unilateral magnetic pull force of the coreless-stator
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BPMSM with the same rotor eccentric displacement is smaller. Therefore, the suspension force
control system is easier to control the rotor stable suspension.

3) The eddy current loss of the magnetic field generated by the suspension force windings is accounted
for the majority of the rotor eddy current loss of the BPMSM, and the magnetic field generated by
the torque winding has little effect on the rotor eddy current loss.

4) The structure of the BPMSM has a great influence on the rotor eddy current loss. After comparing
and analyzing the structures of four kinds of bearingless motors, it can be seen that the rotor eddy
current loss of the coreless-stator BPMSM with Halbach array is the lowest.

5) The simulation results verify the theoretical analysis and the structure design, which are helpful to
the further study of the application of motor in the FESS.
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