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In this paper, a planar flux-switching permanent magnet (PFSPM) motor, which is the first of its kind for planar motors, is designed
and analyzed. First, the topology structure, modeling, and operating principle of the PFSPM motor are clarified. Then, the initial
dimension of the PFSPM motor is determined in terms of its topology structure. Based on the initial dimension, the width of the iron
core and the length of the permanent magnet are optimized to increase the thrust force and reduce the cogging force. In addition,
a 3-D finite-element analysis (FEA) is performed. Finally, the experiments are conducted based on a developed prototype of the
PFSPM motor with the optimized dimension. The results demonstrate that the thrust force is increased by 21%, and the cogging
force is reduced by 56% via FEA; the thrust force of the experimental measurement is largely consistent with that determined via

the FEA.

Index Terms— Flux-switching permanent magnet (FSPM) motor design, planar motor.

I. INTRODUCTION

LANAR motors are an attractive positioning device for

precision positioning applications, such as semiconductor
and microscale manufacturing, due to their simple structure,
high precision, low friction, and low cost [1], [2]. Planar
permanent magnet synchronous motors (PPMSMs), which are
one type of planar motor, have a high efficiency and high
thrust force density [3]. However, PPMSMs have an increased
cost and a reduced reliability because a vast majority of the
material is the permanent magnet (PM) [4]. As another type
of planar motor, planar switched reluctance motors (PSRMs)
have a low cost and high reliability; however, PSRMs have
a low efficiency and low thrust force density [5], [6]. The
development of a new type of planar motor that combines the
advantages of PPMSMs and PSRMs and exhibits high effi-
ciency, high thrust force density, high reliability, and low cost
would be a significant advancement for precision positioning
applications.

A new type of stator PM brushless motor, namely, the flux-
switching PM (FSPM) motor, has received increasing attention
in recent years. Both FSPM motors and PM synchronous
motors feature high efficiency and high torque densities [7].
FSPM motors and switched reluctance motors both exhibit
simple structures, are low cost and have a high reliabil-
ity [8], [9]. FSPM motors have been applied to develop linear
motors for precision positioning applications [10]. Linear
FSPM motors have two main structures: a structure with a
mover/stator pole pitch ratio of approximately 1 and a structure
with a mover/stator pole pitch ratio of 3 [11]. Linear FSPM
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motors with a mover/stator pole pitch ratio of 3 exhibit a
lower thrust force ripple [11], which is significant for precision
positioning applications. Therefore, linear FSPM motors with
a mover/stator pole pitch ratio of 3 could be suitable for
developing a type of planar motor with high efficiency, high
thrust force density, high reliability, and low cost.

This paper proposes a planar FSPM (PFSPM) motor with a
mover/stator pole pitch ratio of 3. The remainder of this paper
is organized as follows. In Section II, the topology structure,
modeling, and operating principle of the proposed PFSPM
motor are presented. In Section III, the preliminary design and
optimization of the PFSPM motor are presented. In Section IV,
the experimental results are presented and discussed. Finally,
conclusions are drawn in Section V.

II. PROPOSED PFSPM MOTOR
A. Topology Structure

The PFSPM motor can be regarded as a combination of
two linear FSPM motors, with one oriented orthogonal to
the other. A 3-D schematic and a 2-D cross-sectional view
along one direction of the proposed PFSPM motor are shown
in Fig. 1(a) and (b), respectively. The moving platform consists
of six movers, with three movers responsible for the three
phases of one axis of the PFSPM motor.

For the PFSPM motor, the relationships among the mover
teeth pitch 7, stator pole pitch 7y, and mover pole pitch 7,
are given as

7, = 1.5, = 0.57,,. (1)

The relationship of the distance between the adjacent mover
and stator pole pitch 7, is expressed as
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Fig. 1. Overview of the PESPM motor. (a) 3-D schematic. (b) 2-D cross-

sectional view along one direction.
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Fig. 2. Operating principle of the PFSPM motor.

where 1 is the distance of the adjacent mover, and n is a
nonnegative integer.
The thickness of the mover is a multiple of the stator pole
pitch, which is given as
Wy = kg (3)
where wy, is the thickness of the mover, and k is an integer.
This arrangement allows the total overlap air-gap area to

remain unchanged for any perpendicular movement of the
platform [12].
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TABLE I
INITIAL PARAMETERS OF THE PFSPM MOTOR

Parameter Description Value
T stator pole pitch 7.2 mm
W width of the stator teeth 3.6 mm
Win thickness of the mover 43.2 mm
Ty mover pole pitch 21.6 mm
[/ high of the mover 36 mm
/3% length of the PM 26 mm
A distance between the adjacent mover 60 mm
B, remanence 12T
N number of turns 150
hy height of the stator 10 mm
hg height of the stator teeth 4 mm
g air gap length 0.3 mm
B. Modeling

The electromagnetic thrust force of one axis can be
expressed as

“)

Fer = Z Feyj

j=a,b,c

where Fpjj is the electromagnetic thrust force of j(j = a, b,
and c) phase of the [-axis (I = x, y), and F is the electro-
magnetic thrust force of the /-axis.

For one mover, the electromagnetic thrust force can be
obtained from the derivation of the magnetism co-energy [13],
which is presented as

liz dLj; B d Wpmjj

ds 20 s ds

OWeolj . dypmij
Felj = azoj =1y L

)

where s is the position of the mover, Woj; is the magnetism co-
energy, wpmjj is the permanent flux linkage, ij; is the winding
current, and Wpyyj is the magnetic field energy of the PM.
The thrust force is composed of three forces, as presented in
the following equation:

. dypmij
Femj = itj—5= .
1.,dL;;
Frlj = Ellzjd—sj (6)
dWpmi;
Fcoglj = _—ds !

where Fpyyj is the main thrust force produced by the interac-
tion between the winding current and PM flux linkage, Fy; is
the reluctance force, and Feog is the cogging force.

C. Operating Principle

The operating principle of the PFSPM motor is presented
in Fig. 2. FSPM motors generally have a sinusoidal PM flux
linkage. According to (5) and (6), the PEFSPM motor must
operate at a sinusoidal winding current that has the same phase
as the differential of the PM flux linkage to generate a positive
thrust force.
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Fig. 3. (a) Mover. (b) Stator.

Fig. 4. Flux density distribution of one mover.
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Fig. 5. Thrust force. (a) Thrust force waveform of one mover. (b) Average
thrust force of one direction at different winding currents.

III. MOTOR DESIGN AND OPTIMIZATION
A. Preliminary Design

The initial parameters of the PFSPM motor are listed
in Table I. The iron core of the mover is composed of a
“U”-shaped silicon steel sheet, as shown in Fig. 3(a). The
stator is a network structure constructed from a combination
of stator blocks, with each stator block composed of laminated
silicon steel, as shown in Fig. 3(b).

The PFSPM motor is analyzed based on the 3-D finite-
element analysis (FEA). The flux density distribution of one
mover is shown in Fig. 4. The thrust force waveform of one
mover at different winding currents is shown in Fig. 5(a).
According to (6), when the winding current ilj = 0 A,
the cogging force is equal to the thrust force. The maximum
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Fig. 6. (a) Mover before optimization. (b) Optimized mover with the
increased width of the iron core.
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Fig. 7. Influence of the width of the iron core. (a) Thrust force of one
direction. (b) Average thrust force of one direction. (c¢) Force ripple.

cogging force of one mover is 4.1 N. According to (4),
the average thrust force of one direction can be calculated as

6 (7
Fave = _/ Fejlds-
Ts Jo

The average thrust force of one direction at different wind-
ing currents is shown in Fig. 5(b) and the average thrust force
is largely proportional to the winding current.

)

B. Optimal Design

To obtain better thrust force performance, the optimal design
is performed based on 3-D FEA. The optimal objectives of the
PFSPM motor design are to increase the thrust force and to
reduce the cogging force.

The thrust force can be increased by increasing the air-gap
flux density, and the air-gap flux density can be increased by
reducing the reluctance of the magnetic circuit. The reluctance
of the magnetic circuit consists of the mover reluctance, stator
reluctance, and air-gap reluctance. Without considering the
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of one direction. (c) Average thrust force of one direction. (d) Force ripple.

changes in the air gap and the stator, the reluctance of the
magnetic circuit can be reduced by optimizing the mover.

The reluctance of the mover is expressed as

L
" uRS
where R, is the mover reluctance, S is the cross-sectional
area of the iron core, L is the length of the iron core, and uF,
is the permeability of the iron core materials.

According to (8), R, can be reduced by increasing the
cross-sectional area of the iron core. The cross-sectional
area could be increased by increasing the width of the iron
core. Fig. 6 shows the mover with the increased width of
the iron core. For the installation requirement, the winding
region cannot be reduced. When the width of the iron core is
increased, the width of the PM would be reduced. The width
of the iron core could not be overly increased, because the
thrust force would be reduced when the width of the PM is
overly reduced. The thrust force and the average thrust force
with different w,q at the winding current of 3 A are shown
in Fig. 7(a) and (b), respectively, where wyq is the increment
of the width of the iron core. The maximum average thrust
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Fig. 9. Developed prototype of the PFSPM. (a) Stator blocks and mover.
(b) Experimental setup.

force appears at w,q = 1.8 mm. The average thrust force is
increased by 23%. w,q of 1.8 mm is then chosen.
The force ripple is expressed as

Finax — Fin

x 100%

F ripple = 9)

ave
where Fpax i the maximum thrust force of one direction, Fin
is the minimum thrust force of one direction, and Fj,ye is the
average thrust force of one direction.

The force ripple with different w,q is shown in Fig. 7(c).
When w,g = 1.8 mm, the force ripple is 33.2%.

From Fig. 7(a) and (c), the force ripple is the obviously
large. The force ripple is mainly caused by the cogging force.
To obtain a better thrust force performance, the cogging force
needs to be reduced.

The cogging force can be reduced by reducing the length of
the PM [14]. The cogging forces of different Ipy; are shown
in Fig. 8(a). The thrust force can be reduced by using a
shorter PM. The thrust force waveform and average thrust
force of different /py; at a winding current of 3 A are shown in
Fig. 8(b) and (c). The cogging force is lower when Ipy is
reduced; however, the average thrust force is considerably
lower when Ipy < 18 mm. According to (9), the force
ripple with different /py is presented in Fig. 8(d). Because the
cogging force is reduced, the force ripple is reduced. A PM
with a length of 18 mm is chosen. The maximum cogging
force is 1.8 N. The average thrust force is only 7% lose, and
the force ripple is reduced by 11.2%, compared to the PM
with Ipy of 26 mm.

Based on the above analysis, when a length of PM of 18 mm
and w,g of 1.8 mm are used, the maximum cogging force is
56% lower than the initial value, and the average thrust force
is increased by 21% compared to the initial value. The thrust
force performance is improved through the optimal design.

IV. EXPERIMENTAL RESULTS

The prototype of the PFSPM motor with the optimal dimen-
sion is developed. The mover and stator blocks are shown
in Fig. 9(a). The actual mover structure has several differences
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compared to the mover structure of the FEA. The added width

and hole on top of the mover are manufactured to satisfy the

installation requirement.

To verify the effectiveness of the PFSPM motor, the static
force is measured using a force meter. As shown in Fig. 9(b),
the experimental setup consists of a force meter, a position-
adjustment screw, and a power supply. The position of the
moving platform is adjusted by using a screw. Contact with
the force meter and the moving platform. The measurement
accuracy of the force meter is 0.1 N. The measurement results
of the static force at different winding currents are shown
in Fig. 10. The measurement results are disturbed by static
friction, which cause inaccurate measurements at certain posi-
tions. However, overall, the static force measurement results
are largely consistent with the FEA results. According to
(4) and (9), the force ripple of the measured thrust force can
be calculated. The force ripple with different winding currents
is shown in Fig. 11. When the winding current is small,
the measured results suffer from a large disturbance due to the
static friction, and thus the force ripple of the measured thrust
force is much different from the FEA results. Nonetheless,
when the winding current is increased, the experimental force
ripple largely matches the force ripple of the FEA results.
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Fig. 11.  Force ripple of the measured thrust force.

V. CONCLUSION

In this paper, a new type of planar motor, named as PFSPM
motor, was proposed. The topology structure of the motor was
presented, the optimal design of the motor was performed,
and the prototype of the PFSPM motor was developed with
the optimal structure by the laboratory. The FEA results
demonstrate that the thrust force is increased and the cogging
force is reduced for the optimal design. The experimental
results show that the measured thrust force largely matches
to the thrust force determined by the FEA. The effective-
ness of the proposed PFSPM motor is verified through the
FEA and experimental results. The proposed PFSPM motor
featuring high efficiency, high thrust force density, high reli-
ability, and low cost is appropriate for precision positioning
applications.
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