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Abstract � This paper introduces the hexagon 
permanent magnets, which are in - or - axis 
magnetized directions to the 2-D permanent 
magnet array for planar motor. Through the scalar 
magnetic potential equation, finite element method
and effective amplitudes, the harmonic and 
analytical models are derived and verified. The 
reduction of the higher harmonics of -component 
of the magnetic flux density with hexagon 
magnets is verified. Low higher harmonics of -
component of the magnetic flux density with 
hexagon magnets is optimized by the genetic 
algorithm. Comparing with the 2-D Halbach 
magnet arrays, the new magnet array has larger -
component of the magnetic flux density and 
smaller higher harmonics of -component of the 
magnetic flux density, which can reduce the force 
ripples of planar motor.  

Index Terms � Effective amplitude, force ripples, 
genetic algorithm, hexagon magnet, magnet array,
and planar motor.  

I. INTRODUCTION
In many industrial apparatus, like pick-and-

place machines, lithography and inspection 
systems, objects are positioned and moved in a 
horizontal plane [1-10]. The magnetically levitated 
planar motors with 2-D permanent magnet array, 
which have the advantages of large range planar 
motion, simple structure, high speed, and high 
precision, have received increasing attention. Until 
now some types of planar motors, which can move 
freely in any directions in the plane have been 
proposed.  

Cho et al. [2] proposed a magnet array for 
planar motor with compact structure to obtain high 
magnetic flux density. The magnetic field was 
obtained by using the scalar magnetic potential. 
But the harmonic model is too complex to apply in 
real time control. To deal with this problem, Cho 
et al. [3] substitute a 2-D sinusoidal wave with 
flux density exponentially decreasing across the 
air-gap length for the flux density distribution. In 
contrast with Cho et al, Jansen et al. [4, 5]
proposed a new type of 2-D Halbach magnet 
array, derived an analytical model by taking the 
first harmonic of the magnetic flux density and
optimized the 2-D Halbach magnet array by 
maximizing the magnetic flux density per unit of 
moving-part for low power dissipation. However, 
the higher harmonics of the magnet array is high, 
which is usually a main reason for the force 
ripples in planar motor [6]. To get a magnet array 
with high magnetic flux density and low higher 
harmonics, W. Min et al. [6] proposed a 2-D
Halbach array with 4 segments per pole and 
adopting the genetic algorithm (GA) to minimize 
the higher harmonics. Y. Zhang [7] and L. Huang 
et al. [8] investigated different 1-D magnet array 
topologies and found the trapezoidal permanent 
magnet structures had a reduced number of high 
harmonic components. J. Peng et al. [9] proposed 
a 2-D Halbach array by using trapezoidal magnets. 
The trapezoidal magnets, which have a 45° 
magnetized direction are used to reduce the higher 
harmonics and increase the intensity of the 
magnetic field. The analytical model is derived by 
taking the amplitude of the magnetic flux density 
as the effective amplitude. The genetic algorithm 
is also used to minimize the higher harmonics.  
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The new 2-D magnet array proposed by this 
paper has the features of compact structure, 
without magnets of 45° magnetized direction and 
using hexagon magnets. The hexagon magnets are 
used to reduce higher harmonics and increase the 
intensity of the magnetic field. The harmonic 
model of the magnetic flux density for the new 
array is derived by Fourier series and the scalar 
magnetic potential [11], and verified by finite 
element method. The analytical model is derived 
by the effective amplitude. The genetic algorithm 
is used to minimize the higher harmonics in -
component of the magnetic flux density. Finally, 
the new array is compared with the 2-D Halbach 
array used by Jansen [4].  

II. ANALYSIS OF MAGNETIC FLUX 
DENSITY

A. Analytical model
Figure 1 shows the magnet array with top view 

and cut-view. The magnetized direction of the 
magnets is denoted by the arrows from S-pole to N-
pole, and S means the direction towards the paper 
and N means out of paper. The hexagon magnets 
are in the horizontal directions. The magnet array
modeled as infinitely large with Fourier series by 
neglecting end effects. The residual magnetization 
vector of the magnet array with the permanent 
magnets can be expressed as, 

ˆˆ ˆ.� � �
�

(1)

Fig. 1. Magnet array; (a) top and (b) cut-views.

Figure 2 shows the projection distribution 
of the hexagon magnets. The projection 
distribution is derived by using Fourier series. The 
expression of 

  
is, 
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numbers for the - and -direction, respectively.
While and are the projection distribution 
coefficients, � is the pole pitch, �

4 sin cos
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is the length of 
the side of the magnets, which are magnetized in 
-direction, and 
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The ( ) is a function of the variable due to the 
shape of hexagon magnet [9]. The distribution of 
variable in a period with thick line is shown in 
Fig. 2 and expressed as 
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The expression of cos ( � ( )) is obtained using
equation (5)
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where � ( ) is distribution coefficient. Figure 3 
shows the distribution of � ( ), and the expression 
is obtained by Fourier series

1 2 1 2
1

cos
2

4 sin
�

�� !
�

�

�� ,               (7)

where is harmonic number.
can be constructed by interchanging the 

variables and in the function of . The
projection distribution of the cubic magnets is 
obtained by conventional approach with Fourier 
series and not list. The expressions of the residual 
magnetization vector of this array are,  
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where � is the length of the side of the hexagon 
magnets, and
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Fig. 2. projection distribution of the hexagon 
magnets; (a) magnet array, (b) -directoin, and (c) 
-direction.

B. Governing and solving equation
To derive the magnetic flux density of the 

magnet array, the 3-D space is divided into three 
regions [11] of which a cross section is shown in 

Fig. 4. Regions 1 and 3 are in air. The permanent 
magnets in region 2 are located in between

  . The assumption of air in the magnet array 
is not existed due to the compact structure.

Fig. 3. Distribution of � ( ). 

The scalar magnetic potential equation is 
applied to this problem because there is no current. 
In regions 1 and 3, the next equations apply (only 
the equations for region 1 are shown), 

1 1� �7?
�

                          (22) 
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where 1

�
is the magnetic flux density, 1

�
is the 

magnetic field strength, !1 
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is the scalar potential. 
In region 2,

                       (26) 
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where �

2
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is the relative permeability. After the 
substitution of the scalar potential in equations 
(22) to (25) and equations (26) to (29), 
respectively, the following equations are 
obtained, 

             (30)

1 2 1 2 1 2

1 2 1 2 1 2

2
2

1 1

1

4

1 1

8

11 5

sin sin

sin sin ,

! ! !

! ! !

4 4
�

� �

� �

� �

� �

�

�

�� �

7 ? � 7 * � �

(
+
-

)
� ,

.

� ��

�� �

�

�

�

(31)
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At infinite distance from the magnet array,
1 21 0? � � �           (33)
1 23 0.? � �� �                         (34)
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Fig. 4. Space divided into three regions.

The following boundary conditions apply on 
the interface between the magnets and the air (see 
also Fig. 4),  

1 2 1 21 2� � �                    (35) 
1 2 1 21 2� � � ,                  (36)

1 2 1 21 2� � � ,                  (37)
1 2 1 22 3� � � ,                  (38)
1 2 1 22 3� � � ,                  (39)

1 2 1 22 3 .� � �                   (40)
where ,

The method of separation of variables is used to 
solve the Laplace equations. A solution of the scalar 
potential is substituted,

is the height of the magnet array.
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In regions 1 and 3, substitution of equation (41) into 
equation (30) results in,  
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where   
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The general solution of the equation is
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conditions (zero scalar potential for = ± "),  
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In region 2, the equation is similar to equation 

(42) and replaces the 0 with the down side of 
equation (31). The solution is,  
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where 2 , 2 , 2 , 2 , 20 and 20 are constants.
The above constants can be calculated with the 
boundary conditions. The expression for the 
magnetic flux density in region 3 is,  
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where for 14 � , and 
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III. OPTIMIZATION OF THE NEW 
MAGNET ARRAY

Observing the magnet array proposed by this 
paper and the magnet array used by Jansen [4], the 
only difference is magnets of horizontally
magnetized direction. Figure 5 shows the ratio 
between the higher harmonics and the analytical 
model in -component of the magnetic flux density 
along the air gap length. The analytical model of 
the magnet array used in this paper is obtained by 
taking the first harmonic of the magnetic flux 
density and � /� takes 0.68 [4].

Fig. 5. Ratio between the higher harmonics and the 
analytical model in -component of the magnetic
flux density along the air-gap length.  

The magnet array with hexagon magnets has 
lower ratio than the magnet array used by Jansen.
The hexagon magnets can reduce the higher 
harmonics. The expressions of the magnetic flux 
density are too complicated to take the first 
harmonic of the -component as the analytical 

model used in the real time control for planar 
motor. Then the effective amplitude is applied as 
an alternative method. The analytical model of this 
new 2-D Halbach array can be generalized as in 
[9],  

1 2
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2
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where and

1 2 247
3 0.5 ,0.5 , !3 3�

are the effective amplitudes of 
the magnetic flux density at = -7.5 mm, and can 
be calculated as, 

            (65) 

2 .�                             (66) 
The amplitude of -component of the magnetic 

flux density can be predicted with equation (60)
using Matlab. The maximum amplitude of the -
component of the harmonic at 4 mm below the 
bottom of the magnet array is less than 6×10-5 T
when = 1, = 49, and = 49, which is much less 
than geomagnetic field (about 6×10-5 
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T) [2]. So the
harmonic components can be ignored in 
optimization if any one of the harmonic numbers 
( , , or ) is more than 47. The approximate 
expression of the -component of the magnetic
flux density is,  

   (67)

where n = 47. Both the width and length of the 
area are half pitch is chosen to be the objective 
region. This square area is placed in the 4 mm
below the bottom of the array, and a 25 × 25 
points matrix of the area is taken. The horizontal 
thrusts [6], which reflect the main performance of 
a planar motor are generated by -component of 
the magnetic flux density. The minimization of 
higher harmonics of the -component is the 
objective function obtained using equations (64) to 
(67), 
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where 1 20.02 ,0.02 , 0.00753 3� � .

The genetic algorithm toolbox of Matlab is 
used. The optimization parameters and variables
are shown in Tables I and II, respectively. The 
flowchart of the parameter optimizing procedure 
using genetic algorithm (GA) [13] is shown in Fig. 
6. The stall generations are 100, and the others use 
the default setup.  

Table I: Optimization parameters. 
Parameters Symbol Value Unit
Pole pitch � 0.025 m
Position of the top 
surface of the array 0.0035 m 

Position of the bottom 
surface of the array

-
0.0035 m 

Remanence of the 
permanent magnets 1.24 T 

Table II: Optimization variable. 
Optimization variable Constrain
� [0,1]/�

Fig. 6. The genetic algorithm process. 

The fitness values of � /� shown in Fig. 7, 
illustrate that after 20 number of iteration the error 
reaches to an acceptable value. The minimization 
of the objective function can be obtained if � /�
takes 0.41.  

Fig. 7. Generation iteration process. 

The magnetic flux density at 4 mm below the
magnet array is shown in Fig. 8 when � /� takes 
0.41. Figure 8 (a) is predicted with function shown 
in equation (61). Figure 8 (b) is calculated by 3-D
finite-element model [13]. It can be found that Fig. 
8 (b) approximates to Fig. 8 (a). The difference of 
the peak values between Fig. 8 (a) and Fig. 8 (b) is 
less than 0.01 T, which is 1.76 % of the peak value 
of Fig. 8 (a).

(a)

(b) 

Fig. 8. Magnetic flux density, (a) calculated by the 
harmonic model and (b) calculated by the finite 
element method. 
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IV. SIMULATION AND COMPARISION 
The Halbach array used by Jansen [4] has the 

same optimization parameters shown in Table I,
and the results are shown with taking different 
optimization variable values in Table III. 

Table III: Parameters compared. 
Magnet array �m f(�m/�)/�
Proposed by this paper 0.41 0.0109%
Used by Jansen 0.68 6.277%

From Table III, the harmonic model is taken to 
obtain the sum for all the higher harmonics of z-
component of the magnetic flux density on the 
plane, which is 4 mm below the magnet array 
surface. The sum of the magnet array proposed by 
this paper and used by Jansen is shown in Figs. 9 
and 10, respectively.

Fig. 9. The sum of all the higher harmonics 
components of the magnet array proposed by this 
paper. 

Fig. 10. The sum of all the higher harmonics 
components of the magnet array used by Jansen. 

It is found that the sum for higher harmonics
of z-component of the magnet array proposed by 
this paper is smaller and smoother than the magnet 
array used by Jansen. The peak value of higher 
harmonics of -component of the magnet array 
proposed by this paper is 0.04097 T, which is 
50.88 % of the peak value of the magnet array 
used by Jansen. If the magnet array proposed by 
this paper is used in the planar motor, the force 
ripple will be smaller than the planar motor in 
which the magnet array used by Jansen.

The peak value of - and -components of the 
magnetic flux density along the air-gap length 
from the magnet array surface are shown in Figs. 
11 and 12, respectively. Comparing the curves in 
Figs. 11 and 12, the -component of the magnetic 
flux density of the magnet array proposed by this 
paper is much larger than the magnet array used 
by Jansen, and the -component of the magnetic 
flux density of the magnet array proposed by this 
paper is smaller.

Fig. 11. Peak value of the -component of the 
magnetic flux density along air-gap length. 

Fig. 12. Peak value of the -component of the 
magnetic flux density along air-gap length. 

V. CONCLUSION
The assumption of the air in the magnet array

in the harmonic model derivation does not exist 
due to the compact structure. The hexagon
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magnets can reduce the higher harmonics when 
compared with the magnet array used by Jansen.
The analytical model is obtained by using the 
effective amplitude. The genetic algorithm is 
applied to minimize the higher harmonics of the -
component of the magnetic flux density of magnet 
array. Comparing with the magnet array used by 
Jansen, the higher harmonics of -component of 
the magnetic flux density of this magnet array is 
much smaller, which will reduce the force ripple 
of the planar motor. The -component of the 
magnetic flux density is larger and the -
component of the magnetic flux density is smaller.  
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