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Abstract—This paper presents a novel integrated winding 
synchronous permanent magnet planar motor(IWSPMPM), which 
is driven by composite currents. In this research, the flux density 
distribution of a two-dimensional magnet array used for the 
IWSPMPM was obtained by solving the scalar magnetic potential. 
Expressions of the electromagnetic forces and back-EMF of the 
IWSPMPM were derived. Based on this, the main dimension of the 
IWSPMPM was confirmed, also the expression was derived. The 
design of the coil and permanent magnet was studied respectively, 
effects of the height of the coil and the thickness of the magnet on 
the electrical properties of the planar motor were analyzed. A 
prototype motor is manufactured, and some experiments were  
carried out with it. Both measurement and simulation coincide well. 

Index Terms—planar motor, analytical model, electrical 
property 

I. INTRODUCTION 
Direct drive of multi degrees of freedom is one of the key 

technologies for higher motor-drive performance and more 
precise positioning in various industrial fields. As a result, the 
planar motors, which can move freely on a flat, have received 
increasing attention. Currently, many types of planar motors 
have been proposed. According to the operation principle, they 
can be classified into variable reluctance planar motors [1], [2], 
induction planar motors [3], [4], synchronous permanent magnet 
planar motors(SPMPM) [5]-[11], DC planar motors [12-14] and 
some other planar motors with special structures, such as 
ultrasonic planar motor [15], [16]. Among them, the SPMPM has 
many advantages such as direct driving, low friction, no 
backlash, high accuracy, and can be used in extreme-UV 
lithography equipment. 

In this paper, we propose a novel integrated winding 
synchronous permanent magnet planar motor(IWSPMPM), as 
shown in Fig. 1. Compared with the planar motor proposed in 
[5]-[8], [17], composite-current driven synchronous permanent 
magnet planar motor proposed in this paper have many 
advantages. Firstly, utilization of the armature windings is 
increased, quality of the mover is reduced correspondingly, and 
the dynamic performance is improved too. Secondly, a wide 
range of movement can be achieved easily since structure of the 
permanent magnet array is simple. In addition, there is no 

cogging force due to the coreless structure. 

 
Fig. 1.  Scheme of the IWSPMPM. 

II. ANALYTICAL MODEL 

A. Magnetic Field of the Magnet Array 
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Fig. 2.  Permanent magnet array. 
Fig. 2 shows the permanent magnet array used in this paper 

which was proposed by Asakawa in 1986’s patent[18]. Here, N 
means the direction of the magnetic field going out from the 
paper, and S means going to the paper, the other blanks denote 
air. As finite element method time consuming, analytical method 
will be adopted to obtain the magnetic field, and before analysis 
some assumptions will be made in order to simplify the 
model[19-21]. The relative permeability of the iron yoke has a 
value of infinity, the motor has a periodicity over the x and y 
direction and the magnetization value of the permanent magnet is 
not changed. 

By solving the equations of the scalar magnetic potential, the 
z-component of air-gap flux density distribution can be 
expressed as following 
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where hm is the thickness of permanent magnet magnetization, 
ak=kπ/τp, schk=μrsinh(3akhm)cosh(akhm)+cosh(3akhm)sinh(akhm). 

For simplicity, the flux density distribution in the air gap is 
assumed to be a two dimensional sinusoidal wave, and when 
calculating electromagnetic thrust only fundamental will be 
considered. Therefore, the expression of the z-directional air-gap 
flux density will be expressed as 
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B. Thrust and Back-EMF 
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(b) side view 

Fig. 3.  The unit planar motor 
Fig. 3 shows the scheme of the unit planar motor. As the 

stationary permanent magnet arrays adopt the configuration of 
the same shape viewed from the x and y side, so the thrust of the 
coils in the x- and y- directions are the same. Based on the 
Lorentz law, thrust of the unit planar motor can be expressed as 
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where N is the turns of a coil, wc is the width of a coil. 
The thrust density ρF is defined as 

F
F
V

ρ =                                           (4) 

where V=2τp×2τp×(hy+hm+hc+g) is the effective volume(the 
volume of the coupling part of the mover and stator), hy is the 
thickness of yoke, hc is the thickness of coil and g is the length of 
air-gap. 

In Fig.3, assuming the coils moves in the x-direction with a 
constant velocity v, the expression of the back-EMF of coils with 
N turns is 
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III. DESIGN OF THE PLANAR MOTOR 

A. Major Dimension 
The key of design a motor is to determine the main 

dimensions of the motor. In this paper, the pole pitch τp is the 
main dimension of the planar motor. Ignoring mechanical losses 
and iron losses , the electromagnetic power can be expressed as 
following 

NcosmEI F vψ =                                    (6) 
where m is the phase number, E is the EMF, I is the phase 
current, FN is the rated thrust, v is the velocity, ψ is the angle 
between E and I. 

According to the structure of the planar motor, the line load is 
defined as 

2
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By substituting (3) and (7) into (6), the main dimensions’ 
equation can be derived as following 
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B. Influence of dimensions of coils 
The hight and width of the coil are important parameters of the 

planar motor because they affect the motor performance, such as 
the thrust, the thrust density, and the thrust ripple. When the 
turns N and wire diameter dc is determined, cross-sectional area 
of the winding will be fixed. As the magnetic field generated by 
permanent magnet arrays is a three-dimensional field in the 
space, the flux density decreases exponentially in the vertical 
direction and has sinusoidal periodic in the horizontal direction. 
So, thrust generated by the unit planar motor will vary with the 
different hc and wc. 

 

 

 



0 5 10 15 20 25 30
4

6

8

10

12

14

16

18

hc(mm)

F(
N

)

 
Fig. 4.  Thrust F generated by unit planar motor varied with hc. 
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Fig. 5.  Thrust density ρF varied with hc. 

Fig. 4 shows the electromagnetic thrust generated by a unit 
planar motor vary with the height of the coil. With the hc 
increasing, the electromagnetic thrust first increases and then 
decreases. And there is a certain hc that makes the 
electromagnetic thrust getting its maximum value. 

Fig. 5 shows the electromagnetic thrust density of the unit 
planar motor vary with the height of the coil. It can be seen that 
with the increase of the hc, the thrust density increases fast and 
then decreases slowly. Also, there is a certain hc that makes the 
electromagnetic thrust density getting its maximum value. 
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Fig. 6.  Forces of the unit planar motor with different wc. 
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Fig. 7.  The average thrust of the unit planar motor vary wc. 
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Fig. 8.  The thrust ripple of the unit planar motor vary wc. 

Fig. 6 shows force of the unit planar motor with different wc. 
Fig. 7 and Fig. 8 show the average thrust and the thrust ripple of 
the uint planar motor vary wc respectively. When wc=20mm, the 
electromagnetic thrust of the unit planar motor is small, as the 
effective length of inner layer coil is short. But at this time, it has 
a smaller thrust ripple as high harmonic has little effect on 
magnetic field. With the wc decreases , the effective length of 
inner layer coil and the effects of the higher harmonic increase, 
so the electromagnetic thrust increases, and the thrust ripple 
become bigger. 

C. Influence of hight of permanent magnet 
For permanent magnet, the magnetization thickness is an 

important parameters of the planar motor because it affects the 
motor performance, such as the magnetic field and the thrust of 
the planar motor. 

The magnetic field produced by the permanent magnet array 
has been obtained analytically by solving the equations using the 
scalar magnetic potential. In magnetic field, the ratio of the 
fundamental can be defined as following 

1
1 2 2 2 2

1 3 5 2 1n

M

M M M M
δ

+

=
+ + +

                    (9) 

where M1 is the amplitude of the fundamental, M2n+1 is the odd 
harmonics’ amplitude, n=1,2… 

Fig. 9 shows the amplitude of the Bgz1 vary with the 
magnetization thickness. The graph shows the amplitude of the 

 

 

 



fundamental is very small when the magnetization thickness is 
small. With the magnetization thickness increases, the amplitude 
increase quickly. However, after the magnetization thickness 
comes to 50mm, the amplitude almost has no changing. 
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Fig. 9.  Peak value of Bgz1 versus hm. 
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Fig. 10.  The ratio of the fundamental versus hm. 

Fig. 10 shows the ratio of the fundamental vary with the 
magnetization thickness of the permanent magnet. It can be 
observed that the ratio of the fundamental is large when the 
magnetization thickness is small. However, at this point the 
amplitude of the fundamental is too small as shown in Fig. 9. 
With the increase of the magnetization thickness, the ratio of the 
fundamental comes to the minimum. Then the ratio of the 
fundamental increases quickly with the continuing incrassation. 
Similarly, the ratio of the fundamental increases little when the 
magnetization thickness comes to a certain degree. 
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Fig. 11.  Forces of the unit planar motor with different hm. 
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Fig. 12.  The average thrust of the unit planar motor vary hm. 
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Fig. 13.  The thrust ripple of the unit planar motor vary hm. 

Fig. 11 shows thrust-time curves for different magnetization 
thickness of the unit planar motor. Fig. 12 and Fig. 13 show the 
average thrust and the thrust ripple of the unit planar motor 
varying with the magnetization thickness respectively. As shown 
in Fig. 12 and Fig. 13, due to the great effects that the 
magnetization thickness affect on the air-gap magnetic field, 
when the magnetization thickness increases, the average thrust of 
the planar motor increases too. With the increasing of the 
magnetization thickness, the influence of the harmonic becomes 
smaller, so the thrust ripple becomes smaller also. In Fig. 13, it 
can be observed that the thrust ripple nearly has no changes after 
the magnetization thickness reaches 15 mm. 

IV. PROTOTYPE AND EXPERIMENT 

A. Prototype 
Based on the previous analysis in this paper, a prototype of the 

IWSPMPM has been designed and manufactured, as shown in 
Fig. 14. Table I shows the specification data of the IWSPMPM. 
And some experiments were carried out with the prototype.  

 

 

 



 
Fig. 14.  The prototype. 

TABLE I  
DIMENSIONS OF THE MANUFACTURED MOTOR 

Part Item Symbol Value Unit 

Mover 

pitch of the coil τt 40 mm 
coil cross-section width wc 14 mm 
coil cross-section height hc 5.7 mm 
winding turns N 125  
wire diameter d 0.76 mm 

Air-gap length  g 1 mm 

Stator pitch of the magnet τp 60 mm 
thickness  hm 15 mm 

B. The results comparison 
To verify the linearity of the static thrust, the input current of 

one phase was changed and the static thrust was measured. Fig. 
15 shows the curves of maximum static thrust versus input 
current. It can be found that the trend of the curves is basically 
linear. Fig. 16 shows the peak value of Bg versus the distance 
from magnet surface. We can see that the flux density decreases 
exponentially with the air-gap length. The EMF in one phase 
winding is measured, while the mover is moved in the x-
direction at constant speed(vx=0.5m/s). Fig. 17 shows the result. 
From Fig. 15, Fig. 16 and Fig. 17, it can be observed that both of 
the measurement and simulation coinside well 
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Fig. 15.  The curve of the static force according to input current. 
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Fig. 16.  Peak value of Bg versus distance from magnet surface. 
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Fig. 17.  The back-EMF waveform of the planar motor. 

V. CONCLUSIONS 
In this paper, we proposed a novel composite-current driven 

integrated winding synchronous permanent magnet planar motor. 
Flux density of the magnet array was solved analytically by 
solving the scalar magnetic potential equations. The expression 
of air-gap flux density in the z-direction has been acquired. Some 
important parameters of the planar motor have been analyzed, 
and a prototype of the IWSPMPM has been manufactured. The 
magnetic field, static thrust and back-EMF experiments were 
performed to validate the simulation results. 

Compared with conventional synchronous permanent magnet 
planar motors, the novel IWSPMPM proposed in this paper has 
high utilization of armature windings, good dynamic 
performance and no cogging force. Hence it is allowed to apply 
this planar motor to ultra-precise two-dimensional plane driven 
devices. 
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