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ABSTRACT

The working speed of the U-shaped ironless permanent magnet linear synchronous motor is
determined by the frequency and pole pitch. When the motor's working speed is required to be
constant, different combinations of frequency and pole pitch can be chosen. This article mainly
discusses the influence of the pole pitch on the motor performance when other parameters are kept
constant. First, the magnetic field of the motor permanent magnet is analyzed using the equivalent
magnetizing current method to discuss the relationship between the pole pitch and the motor air gap
magnetic field. Then, the finite element method is used to analyze the influence of the pole pitch on
the motor air gap magnetic field, transverse edge effect, and electromagnetic thrust considering the
saturation effect of the magnetic yoke. The research shows that under the conditions of constant
motor basic structural parameters and speed, and the same amount of permanent magnet material,
both the air gap magnetic density and the motor thrust line density have maximum values as the
pole pitch changes. The research results have certain guiding significance for the design of this type
of motor.
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1. INTRODUCTION

U-shaped ironless permanent magnet linear synchronous motor has the advantages of non-directional
force, no fluting effect, small torque fluctuation, light weight, high acceleration, high positioning
accuracy [1-4], and is widely used in CNC machine tools, laser cutting and other fields [5]. Due to
its double-sided permanent magnet structure, this type of motor has the shortcomings of large
permanent magnet consumption and low thrust density. Reasonable design can increase the thrust as
far as possible under the condition of a certain motor volume and permanent magnet consumption, so
as to make up for the shortcomings of the motor to a certain extent, and then better play the advantages
of U-shaped ironless permanent magnet linear synchronous motor.

At present, there are many researches on the characteristics analysis and optimization of U-shaped
ironless permanent magnet linear synchronous motor, most of which focus on improving motor thrust
and reducing thrust fluctuation. By changing the winding structure, literature [6] proposes a new
double-layer winding structure in which the winding is placed in layers, so that each phase coil can
obtain the highest winding coefficient as possible, thus improving the thrust density. In literature [7],
magnetic conductive blocks are set at both longitudinal ends of the U-shaped linear motor without
iron core to make the yoke magnetic field more uniform, weaken the longitudinal end effect, and
reduce the motor thrust fluctuation. Literature [8] Designed a U-shaped ironless permanent magnet
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linear synchronous motor with arc permanent magnet structure, and optimized its structural
parameters to greatly reduce torce ripple. In literature [9], a multi-objective optimization method with
weight coefficient was proposed to optimize U-shaped coreless linear motor by using multi-
population genetic algorithm to improve thrust while reducing fluctuation.

For the long secondary and short primary moving-coil ironless permanent magnet linear synchronous
motor, the secondary determines the volume of the motor, and the performance of the motor mainly
depends on the unit motor, so this paper only analyzes the 4-pole/3-slot unit motor. No matter how
the topological structure of the motor changes, the design should ensure the constraint relationship of
vs=27f [10], where vs is the synchronous speed, 7 is the secondary pole pitch, and f'is the current
frequency. Keeping the speed unchanged, the choice of operating frequency affects the size of the
motor pole pitch, which will cause the difference in the performance of U-shaped ironless permanent
magnet linear synchronous motor. During the design process, the frequency changes, the pole pitch
changes, other parameters remain consistent, and the motor air gap magnetic field, thrust, torce ripple,
and manufacturing costs will change. Therefore, it is of great theoretical and practical significance to
study the frequency selection in the design process of U-shaped ironless permanent magnet linear
synchronous motor.

In this paper, the influence of the choice of different frequency and pole pitch combination on the
magnetic field and thrust of the motor is studied. The effect of motor pole pitch on magnetic field of
permanent magnet is analyzed, and the comparison of thrust and thrust fluctuation of motor with
different pole pitch without yoke saturation and with yoke saturation is discussed. Finally, the analysis
results are summarized to provide suggestions for the design of this type of motor.

2. MOTOR STRUCTURE
2.1. Motor Structure

The physical model of a unit U-shaped ironless permanent magnet linear synchronous motor is shown
in Fig. 1.

Figure 1. Structure of U-shaped ironless permanent magnet linear synchronous motor (one unit)

In the Fig.1, 7, is the longitudinal length of the permanent magnet, /i, is the transverse width of the
motor, g is the length of the unilateral air gap, H is the yoke thickness, %, is the thickness of the
permanent magnet, A, is the winding thickness, Cy is the coil side width, D is the coil width, and L
is the longitudinal length of the unit motor.
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2.2. Analysis Prototype Parameters

The primary winding of each unit of the prototype adopts 4-pole/3-slot concentrated winding. The
main structural parameters are shown in Table 1. In Table 1, a is the arc coefficient of the permanent
magnet pole.

Table 1. Main structural parameters of U-shaped ironless linear motor

Parameter Value
g I mm
Im 50 mm
hm 6 mm
Ny 4 mm
a 0.8
Vs 1.5 m/s

In order to achieve the operating speed of 1.5 m/s, different combinations of pole pitch and current
frequency can be used. The motor model with different pole pitch is established, and the effect of
pole pitch on motor performance is calculated and analyzed. The primary winding adopts a 4-pole/3-
slot structure, which keeps the motor H, /m, hw, g and a unchanged, and Cy and 7 change in the same
proportion. Because the polar arc coefficients of each motor model are equal, the amount of
permanent magnet is the same when the total length of the motor is the same.

A symmetrical three-phase sinusoidal current with a amplitude of 1.18A is passed through the primary
winding of the motor. Take the current frequency f from 10 Hz to 70 Hz at an equal interval of 5 Hz.
The motor parameters at different frequencies are shown in Table 2.

Table 2. Structural parameters of motors at different frequencies

Group number Frequency f Pole pitch 7 Coil width Cy
1 10 Hz 75.00 mm 40.00 mm
2 15Hz 50.00 mm 26.67 mm
3 20 Hz 37.50 mm 20.00 mm
4 25 Hz 30.00 mm 16.00 mm
5 30 Hz 25.00 mm 13.33 mm
6 35Hz 21.43 mm 11.43 mm
7 40 Hz 18.75 mm 10.00 mm
8 45 Hz 16.67 mm 8.89 mm
9 50 Hz 15.00 mm 8.00 mm
10 55 Hz 13.64 mm 7.27 mm
11 60 Hz 12.50 mm 6.67 mm
12 65 Hz 11.54 mm 6.15 mm
13 70 Hz 10.71 mm 5.71 mm
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3. COMPARATIVE ANALYSIS OF MAGNETIC FIELD OF PERMANENT
MAGNET

3.1. Magnetic Field Analysis of 2D Permanent Magnets without Considering Yoke
Saturation

The structure of U-shaped ironless permanent magnet linear synchronous motor is relatively simple,
and different methods can be used to analyze the permanent magnet field of the motor. Literature [11]
uses the equivalent magnetizing current method to analyze the motor magnetic field. The equivalent
magnetization current distribution of a permanent magnet is expressed by the function M(x) :

M(x):iMksin{Mx}kzo,il,iZ... (1)
k=1 2
PN 4 . | Qk=Dzr,
M, =(-1) —(Zk “hr M, sin {—% } (2)

Where,Mo=B:/1, B: 1s the residual magnetic induction intensity of permanent magnet, and o is the
air permeability.

The expression By of the normal component of magnetic flux density in the gap region and the
permanent magnet region is as follows [12]:
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Where,0=2hn+2g+hy,.

From formula (3), the amplitude of the v th-order harmonic of the magnetic density of the air gap can
be obtained as follows:

. vrr_ . vih
4p S sh
Byv — T, 27 = T (6)
Vi sh vro
27

The speed is certain, the frequency is changed during the design, the pole pitch is changed, and other
parameters are consistent. The polar arc coefficients 7w/7, hm and o0 are fixed, and the pole pitch is
changed. The variation curve of the amplitude of the normal component of the magnetic density of
the air gap with the pole pitch is calculated according to equation (6), as shown in Fig. 2.
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Figure 2. Amplitude variation of the normal component of air gap magnetic density with pole pitch

With the increase of the pole pitch, the amplitude of the airgap magnetic dense fundamental wave
component gradually increases, and the growth rate gradually slows down. The pole pitch grows
faster within 40 mm, and the amplitude of the magnetic dense fundamental wave component grows
slower within 40~100 mm, which is basically unchanged. With the increase of pole pitch, the 3rd and
7th harmonics increase gradually, and the 5th harmonics approach zero.

In order to reduce the influence of partial saturation of the yoke, /=30 mm was taken for each group,
ignoring the magnetic field of the armature winding. The finite element model is established and
solved. The distribution waveform of the normal component of the magnetic density of the permanent
magnet field in the middle of the air gap is shown in Fig. 3(a). Only the analysis results of groups 1,
5,9 and 13 are given for easy observation and comparison.
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Figure 3. Analysis of permanent magnetic field magnetic density and harmonics in air gap

With the increase of the pole pitch, the amplitude of the air gap magnetic density By gradually
increases, but the sinusoidal property of the waveform gradually becomes worse. Group 1 in Fig. 3(a)
shows that the air gap magnetic density waveform is similar to the flat-top wave due to the longer
longitudinal length of the permanent magnet under a pole pitch. Comparing the magnetic density
amplitude of different groups, it can be seen that when the pole pitch is small, the magnetic density
amplitude can be significantly increased by increasing the pole pitch. When the pole pitch is large,
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the growth rate of the magnetic density amplitude of the air gap is slow, that is, the growth rate of the
magnetic density amplitude of the air gap gradually decreases with the increase of the pole pitch.

The magnetic density amplitude after Fourier decomposition is shown in Fig. 3(b). Without
considering the saturation of the yoke, the larger the pole pitch, the larger the amplitude of the second
harmonic. The amplitudes of the 6th and 14th harmonics both increase with the increase of the pole
pitch, while the amplitudes of the 10th harmonics are close to 0 and do not change with the change
of the pole pitch.

3.2. Magnetic Field Analysis of 2D Permanent Magnets Considering Yoke Saturation

At present, most analyses of air gap magnetic field in literature are carried out without considering
the influence of yoke saturation on the air gap magnetic field of motor [13-15]. These studies assume
that the permeability of the yoke is infinite, and do not take into account the magnetic pressure drop
on the flux path of the part of the yoke, which will cause calculation errors, and the errors will increase
with the increase of the saturation degree of the yoke. In addition, when the pole pitch is large, the
amount of permanent magnet under one pole pitch is large, and the thickness of the yoke has to be
increased to make the yoke partially unsaturated, resulting in a significant increase in the volume and
weight of the motor, but the increase in the magnetic density amplitude of the air gap is small.

The magnetic yoke is a ferromagnetic material, with saturation phenomenon, nonlinear permeability,
uneven distribution of magnetic density in the yoke, and different parts of the saturation degree are
different, so it is difficult to use the analytical method to accurately solve, so the finite element method
is combined to make a comparative analysis. The influence of yoke saturation on permanent magnet
field under different pole pitch is discussed. Fig. 4(a) shows the motor air gap magnetic density
comparison considering saturation (H=6 mm).
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Figure 4. Comparison of magnetic flux density considering saturation air gap of magnetic yoke

At this yoke thickness, the yoke of group 1 motor with a larger pole pitch is saturated, and the
magnetic density amplitude of the same group is nearly halved compared with that of Fig. 3(a), and
the waveform is distorted. Because the yoke is saturated, the magnetoresistance increases, the total
magnetic flux decreases, and the effective magnetic flux of the air gap also decreases. However, the
yoke of groups 5, 9 and 13 with small pole pitch is not saturated, and the magnetic density of the air
gap is less affected.

In group 1, the second harmonic amplitude of the air gap flux density is greatly affected by saturation,
and the sixth harmonic amplitude decreases slightly, the 10th harmonic amplitude increases slightly,
and the 14th harmonic amplitude remains basically unchanged. The comparison of each harmonic
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amplitude is shown in Fig. 4(b). Compared with the yoke unsaturated condition discussed in 2.1, the
corresponding amplitude of the second harmonic decreases and the proportion of the higher harmonic
increases, resulting in the decrease of the magnetic density amplitude of the first group and the
waveform distortion. The remaining three groups of motors are less affected by saturation, and the
amplitude of each harmonic is basically unchanged.

3.3. Magnetic Field Analysis of 3D Permanent Magnet Considering Yoke Saturation

In the analytical method and 2D finite element analysis, it is assumed that the transverse (along the z
axis) air gap magnetic density distribution is uniform. In fact, due to the lateral edge effect, the
magnetic density is gradually attenuated from the transverse middle of the motor to the two edges. A
3D finite element model is established to compare the actual air gap magnetic density distribution of
different groups of motors. Fig. 5 shows the 3D distribution diagram of the normal component By of
the air gap magnetic density at one pole pitch for different groups of motors.
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Figure 5. 3D distribution of air gap by under one pole pitch

In the3D finite element analysis, the attenuation of the magnetic density of the air gap is considered
laterally, that is, the lateral edge effect. The magnetic density of the air gap gradually decreases from
the transverse middle of the motor to the two edges, and the magnetic density of the air gap in the
center of the motor is the highest, and the magnetic density decreases rapidly near the edge of the
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motor. When the pole pitch is large, the amount of permanent magnet under one pole is large, the
magnetic density waveform is flat-top, and the magnetic density amplitude is low, as shown in Fig. 5
(a). When the pole pitch is small, the proportion of magnetic leakage between electrodes in the total
magnetic flux increases, and the magnetic density amplitude in the air gap decreases, as shown in Fig.
5 (c¢) and Fig. 5 (d). Therefore, when the pole pitch is large but the yoke saturation degree is not high,
and the magnetic leakage between the poles is small, the magnetic density amplitude of the air gap is
large, as shown in Fig. 5(b).

The magnetic density amplitudes of z=50 mm and z=25 mm are used to compare and analyze the
effect of changing the pole pitch on the magnetic density amplitudes of the air gap at the center and
the transverse edge of the motor. The comparison results of the magnetic density of the air gap in
different groups are shown in Fig. 6:
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Figure 6. Comparison of magnetic density amplitudes at different positions
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Figure 7. Comparison of 2D and 3D magnetic density distribution

With the change of pole pitch, the variation trend of the magnetic density amplitude of the air gap at
the two positions of different groups of motors is basically the same, which increases first and then
decreases gradually. The magnetic density in the center of the motor is higher, about 2 times that of
the magnetic density at the edge of the motor, and it can be seen that the magnetic density of the air
gap decreases faster at the edge of the motor. The magnetic density amplitude of the air gap in the 3D
middle (z=25 mm) of each group of motors is close to that of the 2D magnetic density, and the 2D
magnetic density does not consider the transverse attenuation of the air gap magnetic density. As
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shown in Fig. 7, the 2D and 3D magnetic density amplitude of the air gap center is basically the same,
and the closer the two edges are, the greater the gap between the magnetic density amplitude values.

3.4. Magnetic Leakage Comparison at Different Pole Pitch

The magnetic flux leakage coefficient of motor is quantitatively analyzed to reflect the leakage flux
of different groups of motors. The magnetic leakage coefficient of the motor is defined as:

4
, = 7
o g, (7)

Where, ¢m is the total magnetic flux and ¢, is the effective magnetic flux of the air gap. In Fig. 8, the
magnetic leakage coefficient gradually increases as the pole pitch decreases. The polar arc coefficient
remains unchanged, the pole pitch decreases, the distance between two adjacent permanent magnets
on the same side decreases, the magnetic leakage between the poles increases, and the leakage flux
ratio increases.
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Figure 8. Comparison of leakage magnetic flux coefficients between different groups

4. COMPARATIVE ANALYSIS OF MOTOR THRUST
4.1. Motor Thrust Analysis without Considering Yoke Saturation

Expression of electromagnetic thrust generated by each phase winding of the motor [16]:

4 by
Fo =7 |3, 1 (B, dxdy

hy “m

2
4t h,

Fa = J-o7 J.i [AA (X)Byldxdy ®)

2
4t h,

F;C - J.O? J-%'zu lm‘]c (X)Byldxdy

In the formula, Im is the effective side length of the winding, and Ja(x), Ju(x) and Jc(x) are the current
density functions of the three-phase winding respectively. The resultant thrust of the three-phase
winding is:

F;(:F;(A_'_F;(B_'—F;(C )
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The pole pitch changes, the corresponding unit motor length is different, solid can not directly
compare the motor thrust size. In this paper, the transverse width of each motor is equal to the normal
thickness of each part of the motor, so the linear thrust density of the motor is used to compare. Thrust
linear density is expressed as the ratio of the average thrust of the motor to the longitudinal length of
the unit motor:

Fy (10)
L

Klf =

Where,F.y represents the average thrust of the motor.

The variation trend of the linear density of the motor thrust with the pole pitch is shown in Fig. 9:
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Figure 9. Curve of thrust line density with pole pitch variation

Without considering the saturation of the yoke, the thrust line density of the motor gradually increases
with the increase of the pole pitch, and the growth rate gradually slows down. It can be seen that the
pole pitch is within 40 mm, and the linear density of the motor thrust is greatly improved by reducing
the frequency and increasing the pole pitch. However, when the pole pitch is greater than 40 mm,
with the increase of the pole pitch, the increase of the thrust linear density of the motor is slow, and
the effect of increasing the pole pitch by reducing the frequency is not obvious.

4.2. Motor Thrust Analysis Considering Yoke Saturation

4.2.1. Thrust Line Density Comparison

Through finite element simulation, 2D and 3D simulation results of each group of motors considering
yoke saturation were compared, as shown in Fig. 10.
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Figure 10. Comparison of thrust line density between different groups
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Under the condition of yoke saturation, the thrust linear density in 2D and 3D increases first and then
decreases with the decreasing of pole pitch, and reaches the maximum value in group 4. As the pole
pitch decreases, the difference between 2D and 3D thrust line density gradually increases, as shown
in the shaded part in Fig. 10. As the pole pitch decreases, the magnetic flux in one pole pitch length
is less, the leakage flux ratio of the 3D magnetic field increases compared with the 2D magnetic field,
and the thrust decreases. The difference of thrust linear density gradually increases after the thrust is
unitized.

4.2.2. Comparative Analysis of Thrust Fluctuation

Thrust fluctuation is expressed as follows:

T~ — _ max min (11)

av

In the formula, Finax and Fin are the maximum and minimum values of thrust respectively. As shown
in Fig. 11, the finite element results of thrust fluctuation of each group of motors at different
frequencies are compared.
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Figure 11. Comparison of torce ripple of different groups of motors

In the magnetic field analysis, the pole pitch is large, the air gap magnetic density harmonic content
is high, and the waveform sinusoidal property is poor. For motors with small pole pitch, the thrust
fluctuation also tends to rise as the pole pitch decreases. It can be seen that the choice of pole pitch is
too large or too small, will cause the motor thrust fluctuation to a certain extent.

4.2.3. Comparative Analysis of Different Yoke Thicknesses

Through the above analysis, it can be seen that the choice of yoke thickness in the design process will
affect the air gap magnetic density of the motor. When the yoke is not saturated, the increase of the
thickness has little effect on the magnetic density of the air gap, which not only causes the overall
weight of the motor to increase, but also causes the waste of materials and space, and the thrust is less
increased. If the yoke is too thin, it is easy to supersaturate, the magnetic density amplitude of the air
gap decreases rapidly, and the saturation of the yoke will cause the thrust fluctuation of the motor to
increase. Keep the thickness of permanent magnet, air gap and coil the same, only change the yoke
thickness, and compare the thrust linear density of each motor with different pole pitch. The results
are shown in Fig. 12.
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Figure 12. Comparison of thrust linear density of motor groups with different yoke thicknesses

It can be seen that with the increase of the yoke thickness, the corresponding pole pitch of the
maximum thrust group motor increases gradually. That is, in the case of the same height of permanent
magnets, with the increase of the thickness of the yoke, a motor with a larger pole pitch can be
appropriately selected to achieve a greater thrust line density. And the maximum thrust line density
increases with the increase of yoke thickness. However, when the yoke is not saturated, the yoke
thickness increases and the thrust is not significantly increased. Therefore, in the design process, the
yoke thickness should be selected reasonably, which can not cause saturation and decrease the thrust
line density. Also can not be too thick, thrust line density does not increase and cause material and
space waste.

5. SUMMARY

After the above discussion and analysis, the following conclusions can be drawn:

1) Without considering yoke saturation, the magnetic density increases gradually with the increase of
pole pitch, but the growth rate decreases gradually. When the yoke is saturated, the magnetoresistance
increases, and with the increase of the pole pitch, the magnetic density of the air gap first increases
and then decreases, and there is a maximum value.

2) Without considering yoke saturation, thrust linear density increases gradually with the increase of
pole distance, and the growth rate decreases gradually. When the yoke is saturated, the thrust line
density of both 2D and 3D has a maximum value with the increase of the pole pitch. The smaller the
pole pitch is, the more magnetic leakage is, and the larger the difference between the 3D thrust line
density and the 2D thrust line density is.
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