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Abstract — The planar motor with moving-magnet is
purely levitated by the stator coils. The forces produced
by coils are calculated with the analytical model of
magnet array and coil surface model for applying to the
real time control. Take the coil and the Halbach magnet
array which is at 45 degree with the long side of coil for
analysis. The force component produced by short sides
can be eliminated for conveniently controlling when
the length of coil takes certain dimension. In practice,
the force component produced by short sides is small
but not zero. There are two reasons, one is the higher
harmonics and the other is the corner segments of coil.
The force integral expressions of coil corner segments
are given by the Lorenz force law. Then the forces
numerically calculated with harmonic model and coil
full model are verified by comparing with the magnetic
surface charge model and finite element model. In order
to reduce the force component produced by short sides,
the different corners of coil are analyzed. Comparing the
forces of different corners of coil, the force component
produced by short sides can be significantly reduced
with slightly change of the other force components.

Index Terms — Corner segments, force reduction,
Halbach array, planar motor.

I. INTRODUCTION

The magnetically levitated planar motor with
moving magnets is attracting more and more attention
with the advantages of high speed, high acceleration
and high precision in the industry. The moving magnet
array is purely levitated by the suspension force exerted
by coils, and realizes the horizontal motion [1-13].
There are no transmission equipment, so the planar
motor is without the mechanical friction, lubricating
oil contamination, cable interference and so on. The
structure of the planar motor is simplified, and of which
the weight is reduced. The 2D Halbach permanent
magnet array is applied in the planar motor, which can
obtain high magnetic field on one side with fine
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sinusoidal waveform [6].

Compter [7] proposed the magnetically levitated
planar motor with moving coils, and the magnet array
is rotated -45° relative to the coils. The planar motor
replaces the conventional structure with two linear
motors to realize the horizontal motion. Jansen [8]
applied the arrangement of coil and the magnet array to
the planar motor of moving magnets, which is the
inverse of planar motor of moving coils. The harmonic
model of magnetic flux density for the Halbach magnet
array is derived by Fourier series and scalar potential.
The forces and torques generated by coils are calculated
by using analytical model which is obtained by taking
the first harmonic and coil surface model in order to
be used in the real time control. Jansen [9] optimized
the planar motor with moving magnets. The minimum
power dissipation at the suspension status is selected
to be the optimized objective function. The optimal
dimensions of coil and magnet array are obtained. Peng
[10] took the coil corner segments into account for
calculating the force and torque of coil. The expressions
of force and torque are derived by using the composite
integration and the Newton-Leibniz formula with the
analytical model of magnet array. But the higher
harmonics is ignored.

As the Halbach magnet array is at 45 degree with
the long side of one coil, the force component produced
by short sides of coil can be eliminated when the length
of coil takes certain dimension according to the force
expression used in the real time control. In fact, the
force is not zero due to the higher harmonics and corner
segments of coil. In this paper, the integral force
expression for the corner segments of coil is derived by
the Lorenz force law. The forces calculated by using
harmonic model and coil full model are verified to be
accurate. The different winding moulds are proposed
and the different coil structures are obtained. The forces
of different coils are predicted by using the model
verified before. Comparing the forces of different coils,
the component produced by short sides can be
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significantly reduced with slightly change of the other
force components.
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Fig. 1. The sketch of one coil and the Halbach magnet
array in planar motor: (a) front view and (b) top view.

Il. THE PLANAR MOTOR

The sketch of one coil and the Halbach magnet array
in planar motor with moving magnets is shown in Fig. 1.
In Fig. 1, the arrows mean the magnetization direction
of magnets from s-pole to n-pole. N shows the
magnetization direction outward the paper which is
consistent with the positive direction of ™z axis, and S
is in the opposite direction. The global and local
coordinates are located at the center of the coils and the
Halbach magnet array, which are denoted with the
superscript ¢ and ™, respectively.

The magnetic flux density of the Halbach magnet
array shown in Fig. 1 is spatial distribution. The
magnetic flux density is derived by using Fourier series
and scalar potential and expressed in the local coordinate
system. The derivation procedure is shown in reference
[11]. The expression is:
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k and | are the harmonic numbers for the °x- and °y-
direction, respectively, m; and my are the height of
magnet array, = is the side length of the magnets
magnetized in the °z-direction, 7 is the pole pitch, By is
the residual magnetization of the permanent magnet, u is
the relative permeability of the permanent magnets, uo is
the permeability of vacuum.

Because the high quality sintered NdFeB permanent
magnets (1~1.03-1.05) is used in the planar motor. The
relative permeability of the permanent magnets is
considered equal to air, the error due to this assumption
can be neglected.

The coil shown in Fig. 1 can be split into eight
segments, including four straight segments and four
corner segments. The Lorenz force law is applied to the
calculation of force produced by coil [12]. The force
expression is:
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The force Fy produced by short sides of coil shown

in Fig. 1 is analyzed. In order to satisfied the real time

control, the coil surface model and analytical model of

Halbach magnet array are used [5]. The force Fy can be
expressed as:
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j is the surface current of coil, °p, and °py are the
coordinate of the point °p shown in Fig. 1, cb is the
conductor bundle width, cl is the length of coil.

The force Fy can be eliminated when cl =~/2nz.

Due to the higher harmonics and corner segments of
coil, the actual force Fy is not zero.



The method of changing the structure of coil to
reduce the force Fy is proposed. The different coils are
obtained by changing the winding mould. The forces of
these coils are predicted by using harmonic model and
coil full model.

O R e i — s R

cl

CYL T :’(\U/\*;:::@

°x r=0

Fig. 2. The different corners of coil with different
winding moulds.

I11. COILS AND FORCE EXPRESSIONS

The different winding moulds are obtained by
filleting the four edges. The different coils are shown in
Fig. 2. The coil length cl keeps constant of these coils.

The dimensions of coil and magnets are decided
according to the reference [6], and are listed in the
Table 1 shown as follows.

Table 1: The dimensions of coil and magnets

Parameters Value Unit
Pole pitch (7) 25 mm
Pole pitch of coordinate

transformation (z,) 1r7 mm
Magnet pitch (zm) 17 mm
Clearance (ap) 1 mm
Coil length (cl) 70.8 mm
Coil width (cw) 22.8 mm
Conductor bundle width (cb) 9.5 mm
Coil height (ch) 7.4 mm
Remanence of the magnet (By) 1.24 T
current density (j) 10 Almm?
Magnet array height (mh) 7 mm

Take the coil with r=0.8mm for example to derive
the force expressions of corner segments of coil. Figure
3 shows the coil, and there are eight segments marked
with number from 1 to 8.
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Fig. 3. The segments and dimensions of coil.

A. The straight segments of coil
The force expression of straight segments can be
directly given by the Lorenz force law,

F
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°B, is the transformation of the mI§3 into the global

coordinate system, X, Y. are the coordinate value of
the geometric center of coil in the global coordinate
system, d and h are the length and width of the winding
mould, respectively, r is the fillet radius.

B. The corner segments of coil

The corner segment 5 is picked for analyzing. There
are two parts to be analyzed for calculating the force,
the big circle and the small circle. The small circle
segment will be subtracted in the force calculation. The
current is in counter-clockwise direction.

The direction of current in the corner segment at
any point is the tangential direction shown in Fig. 4,
which can be decomposed into x- and y-component.



The two components are denoted with jsx and jsy,
respectively. The expressions of jsx and jsy are described

by:
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xs and ys are the coordinate value of the center point of
the circle.
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Fig. 4. The corner segment 5 of coil.

The force expression of the big circle segment is
given by:
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The current expressions in the small circle are the

same as the big circle segment. The force expression
can be expressed as:
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Finally, the force expression of the corner segment
5 of coil is obtained and is expressed as:
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CFS = CF51 - °F52, (20)
The force expression of the other corner segments

can be obtained by using the same method.
The force of the coil is calculated by using the
harmonic model and coil full model, and the center point

°p of Halbach magnet array is along the line a—a’. In

order to verify the accuracy, the forces calculated with
harmonic model, magnetic surface charge model and
finite element model are compared. The finite element
model is obtained by the Ansoft Maxwell with percent
error 0.1, which is a very professional electromagnetic
field analysis software. The Fx and F, of three models
are shown in Fig. 5.
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Fig. 5. The comparison of Fx and F; of three models.

From the Fig. 5, it is found the error between the
harmonic model and magnetic surface charge model is
very small. Both the two models keep good consistency
with the finite element model. For the F;, the max error
between the harmonic model and magnetic surface charge
model is 0.032N and 0.203N between the harmonic
model and finite element model, which are the 0.2% and
1.28% of the peak value of the harmonic, respectively.
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Fig. 6. The comparison of Fy of three models.

Figure 6 shows the Fy of three models. The force
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Fy is small but not zero. The forces Fy of the harmonic
model and magnetic surface charge model are in good
agreement. The finite element model is not correct due
to the small force Fy and the max error 0.203N obtained
by F.. The harmonic model is verified and selected to
predict the force of different coils.

IV. FORCES OF DIFFERENT COILS

The different coils are obtained when fillet radius
r takes 0, 0.5, 0.8, 1.2, 1.6 and 1.9. The forces are
calculated and compared among these coils.

Figure 7 shows the comparison of Fy of different
coils. The Fy decreases with the fillet radius r increase.
The error of the peak value between the coil with r=0
and the coil with r=1.9 is 0.318N. It is the 1.70% of the
peak value of the coil with r=0. The change of Fy is
samll from the comparison.
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Fig. 7. The comparison of Fx of three models.
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Fig. 8. The comparison of F, of three models.

Figure 8 shows the comparison of F, of different
coils. The F; increases with the increasing fillet radius
r. The error of the peak value between the coil with r=0
and the coil with r=1.9 is 0.388N. It is the 2.10% of the

ACES JOURNAL, Vol. 36, No. 1, January 2021

peak value of the coil with r=0. The change of F; is also
samll from the comparison.

Figure 9 shows the comparison of F, of different
coils. It is found that the Fy decreases firstly to zero and
then increases reversely with the fillet radius increase.
In order to distinguish the forces generated by straight
segments from the corner segments of coil, the F, of
two parts are compared.

The straight segments 1 and 3 of coil produce
the force Fy. The range of straight segments 1 and 3
decreases with the fillet radius increase, so does the
force Fy. Figure 10 shows the Fy generated by straight
segments of these coils, which is in accordance with
the inference. The magnitude of the F, of the straight
segment is very small.
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Fig. 9. The comparison of Fy of different coils.
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Fig. 10. The comparison of F, generated by straight
segments of different coils.

The major component of Fy is generated by corner
segments of coil. To be more comprehensive, the Fy
with different fillet radius are compared in one period,
and is shown in the Fig. 11. The maximum value of Fy
for each coil is listed in the Table. 2.
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Fig. 11. The comparison of F, with different fillet
radius: (a) r=0, (b) r=0.5, (c) r=0.6, (d) r=0.7, (e) r=0.8,
(f) r=1.2, (g) r=1.6, and (h) r=1.9.

Table 2: The max value of Fy, with different fillet radius

r(mm) Max value (N) Ratio
0 0.1717 100%
0.5 0.0710 41.45%
0.6 0.0652 37.97%
0.7 0.0770 44.85%
0.8 0.0889 51.78%
1.2 0.1630 94.93%
1.6 0.2709 157.78%
1.9 0.3594 209.32%

Analyzing the value of Table 2 and the waveform
of the Fig. 11, the Fy, decreases firstly and then increases
reversely with the fillet radius increase. The Fy can be
reduced by optimizing the fillet radius of coil. For
the planar motor of this paper, the Fy is significantly
reduced when the fillet radius is equal to 0.6mm.
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V. CONCLUSION

(1) The force integral expressions of corner
segments of coil are given by Lorentz force law. The
coil full model is used for calculating the force. The
forces calculated by harmonic model, magnetic surface
charge model and finite element model are compared,
and the harmonic model is verified.

(2) The different coils can be obtained by changing
the winding mould while keeping cl as constant. The
forces of different coils are calculated by using the
model verified before.

(3) The Fx decreases and the F; increases with the
fillet radius r increase. The Fy decreases firstly and then
increases reversely as the fillet radius increase.

(4) The Fy caused by straight segments of coil is a
small proportion. The Fy, can be reduced by optimizing
the fillet radius of coil. The Fy of short sides of coil is
significantly reduced when the fillet radius takes 0.6. It
has good theoretical and practical significance.
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