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Abstract

A new structure U-type permanent magnet linear synchronous motor is proposed and
analyzed. The secondary permanent magnet pole potential function and the air-gap
specific permeability function are established to find the analytical solution of the no-
load magnetic field of the motor by the method of the road, and the harmonic analysis of
the air-gap flux density (radial component) is carried out. The finite element method is
used to analyze the influence of some structural parameters of the motor on
electromagnetic thrust and thrust fluctuation, and the sensitivity analysis of structural
parameters is done by Taguchi's experimental design method to determine the
optimization variables. The response surface method is used to obtain the fitting
function between thrust, thrust fluctuation and optimization variables. With thrust and
thrust fluctuation as the optimization objectives, the multi-objective optimization design
of the motor is carried out using the White Heron algorithm. The finite element analysis
results verify the validity of the theoretical analysis.
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1. Introduction

Permanent magnet synchronous linear motors have become an important development direction for
linear motors due to their simple structure, flexible installation, good dynamic performance, high
efficiency and power factor[1-3]. Ironless core permanent magnet synchronous linear motors have
the advantages of fast response speed, low thrust fluctuation and high positioning accuracy, and are
widely used in high-precision fields such as CNC machine tools and semiconductor manufacturing
[4-7]. However, the primary of this motor does not have an iron core and has a low thrust density,
resulting in limited applications. Therefore, increasing thrust has become a research priority in the
field of coreless linear motors. Literature [8] optimized the motor parameters to improve the thrust of
the motor by performing electromagnetic-thermal coupling analysis of the motor. Literature [9]
prevented the air gap flux density from decreasing by studying the magnetic field distribution in the
back iron of the motor and reducing the magnetic saturation of the back iron. Literature [10] proposes
a Halbach-structured coreless permanent magnet synchronous linear motor, where the use of Halbach
arrays for the permanent magnets can increase the air-gap flux density and improve its distribution,
thus increasing the thrust of the motor. In addition, the climbing price of permanent magnet materials
has increased the manufacturing cost of motors, limiting the application of permanent magnet linear
motors[11]. Therefore, it is very important to improve the utilization rate of permanent magnet
materials and reduce the production cost.

The alternating pole motor model was proposed in 1985[12], which was favored for its low cost and
high utilization of permanent magnets by replacing some of the permanent magnet poles by using
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convex poles composed of ferromagnetic materials [13]. Scholars in the motor community at home
and abroad have studied the application of alternating pole structures to permanent magnet linear
motors. Literature

[14] compares alternating-pole permanent magnet synchronous linear motors with conventionally
constructed motors and shows that alternating-pole motors have higher permanent magnet utilization.
Literature [15] proposes a Halbach alternating pole permanent magnet linear motor to further improve
the thrust of the motor and reduce the thrust fluctuation. Literature [16] proposes a trapezoidal
Halbach alternating-pole permanent magnet synchronous linear motor, which has higher utilization
of trapezoidal-structured permanent magnets and lower thrust fluctuations compared to rectangular
Halbach permanent magnet arrays.

In this paper, a new structural form is proposed based on the coreless linear motor: (1) the fixed
secondary adopts alternating magnetic poles; (2) the moving primary is embedded with a magnetic
guide block. Such a structure improves the motor's thrust density and permanent magnet material
utilization.

2. Motor Structure

The structure of the motor is shown in Fig. 1, which is mainly composed of two parts: primary and
secondary. The motor adopts long secondary and short primary structure. The primary consists of
windings and magnetic conductor blocks molded in epoxy resin, and the secondary consists of
magnetic poles and back iron. The motor has a bilateral secondary structure and is “U” shaped. Each
pair of poles of the motor consists of a permanent magnet pole and a convex iron pole. The convex
iron poles are magnetized into anisotropic poles by adjacent permanent magnet poles, and the
permanent magnet poles and convex iron poles are arranged alternately. Fig. 1(b) represents the
magnetization direction and flux path of the permanent magnet pole. In addition, the magnetizing
block added in the primary can act as a magnetizer to increase the thrust of the motor. The motor
adopts 8-pole 9-slot centralized winding.

iu u

(b)2D structural diagram

1-Permanent magnetic pole 2-Air gap 3-Convex iron pole 4- Secondary iron ~ 5-Primary
winding 6-Magnetic guide block
Fig. 1 Consequent-Pole Linear Motor with Magnetically Conductive Blocks in the Primary Stage
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3. Air Gap Magnetic Density Analysis

In this paper, the no-load air-gap magnetic field is solved by the method of magnetic circuit, and the
no-load air-gap magnetic field of the motor is computationally analyzed by establishing the magnetic
potential function and specific permeability function of the motor [17]. The structural parameters of
the original prototype are shown in Table 1.

Table 1. Structural parameters of the original prototype

Parameter Value Parameter Value
Coil side width ¢;/mm 5.5 Permanent magnet width z,,/mm 14
Coil edge height #;/mm 7.21 Permanent magnet height /,/mm 6
Width of magnetic guide block #/mm 5 Current density J/A-mm™ 6
Height of magnetic guide block A>/mm 7.21 Height of air gap g/mm 0.84
Polar distance 7/mm 18 Motor width d/mm 50
Primary length //mm 144 Convex iron pole width #/mm 14
Secondary back iron thickness /4s,/mm 10 Convex iron pole height /z/mm 6

In order to simplify the analytical model, the following assumptions are made:

(1) the motor is extended infinitely along the x-axis direction and the longitudinal end effect is
neglected;

(2) Neglect the inter-pole leakage flux;
(3) The permeability of ferromagnetic material is taken as infinity;
(4) The relative permeability of the permanent magnet is taken as 1.

3.1 Permanent Magnetic Pole Potential

According to the arrangement order of the permanent magnets can be obtained the magnetic potential
distribution of the motor's permanent magnet poles as shown in Fig. 2.

| el ]

Fig. 2 Magnetic potential distribution of permanent magnetic poles

The potential distribution function F(x) of the motor can be obtained from the potential distribution.
The expression is:

0 kr—_m stkﬁr;;’“
F(x) - k T—T T+ ( 1 )
() & her—" <xehr——
F,=Hh_ (2)
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Hc is the coercivity, k=0, 1, £2,...
F(x) can be expanded from the Fourier series as:

F(x)= i(b sin ”’l”j (3)

n=1

2 ¢l . nmIX
bn Z7IOF(X)SlanX (4)

Integrating Eq. (4) yields

k
b, = (1) 45, sin (2K +211) M sin WZ‘“ (5)
nz

Substituting equation (5) into equation (3) yields

F(x)zZsinT sin 5 sin 5 (6)

3.2 Specific Permeability of a Magnetic Circuit

The secondary of the motor is constructed with alternating poles and a magnetizing block is added to
the primary, so the structure of the magnetic circuit changes along the x-axis. The specific
permeability function can be used to express the pattern of change:

ty _ B(x)

A= 50 " Fix) ()

no0 is the air permeability,5(x) is the air gap length function, B(x) is the air gap magnetic density
distribution function,F(x) is the magnetic potential function. Fig. 3 shows the specific permeability
of the primary and air-gap sections.

A

— - s J X

Fig. 3 Primary and air-gap specific permeability

At +kT <x<t +kT
/ll(x)= (8)
A t+kT<x<t +t,+kT
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A1=p0/(h1+2g),A2=p0/(2g + h1- h2), t1 and t2 are the width of the coil edges and the width of the
magnetic conductive block, T=2t1+t2,k=0,1,2,...

Fig 4 shows the secondary specific

n

43

Fig. 4 Secondary specific permeability

permeability.
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9)

A3=p0/(hm+hfe),Ad=p0/hm,t3=(t-t4)/2,t4 is the ferromagnetic pole width, T=2t3+t4,k=0,1,2,...
Obtained from the Fourier series expansion:

Organize and obtain:
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The specific permeability function is expressed as:

[

(10)

(11)

(12)

(13)

(14)



International Core Journal of Engineering Volume 11 Issue 4, 2025
ISSN: 2414-1895 DOI: 10.6919/ICJE.202504_11(4).0042

3.3 Calculation of Air Gap Magnetic Field
The unloaded air gap magnetization (radial component) can be obtained through Eq. (6) and Eq. (14).

B(x)=F(x)4(x) (15)

For different relative positions between the primary and secondary of the motor, the analytical results
of the analytical method are compared with those of the finite element method, as shown in Figures
5 and 6.
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(a) Relative position of primary and secondary 1

Air gap magnetic flux density/T

(b) No-load air gap magnetization
Fig. 5 Airborne air gap magnetic density distribution at primary and secondary relative position 1

Air gap magnetic flux density/T
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x/mm

(a) Relative position of primary and secondary 2 (b) No-load air gap magnetization

Fig. 6 Airborne air gap magnetic density distribution at primary and secondary relative position 2

From Figs. 5 and 6, it can be seen that the unloaded air gap magnetization obtained by the analytical
method is similar to the finite element simulation results.

3.4 Harmonic Analysis of the Air Gap Magnetization
The harmonic analysis of the no-load air gap magnetism of the motor is shown in Fig. 7.
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Fig. 7 Harmonic analysis of no-load air gap flux density

The motor used is an 8-pole, 9-slot structure with pole pair number p=4, whose 4th harmonic is the
fundamental wave of the motor. From Fig. 7, it can be seen that the N-S-pole motor has the largest
amplitude of fundamental magnetic density, which is 0.76T. In addition, the motor has high 3rd and
5th harmonic amplitudes of 0.11 T and 0.02 T, respectively. Alternating pole ironless core motors
also have the largest amplitude of fundamental density with an amplitude of 0.511 T, while the 2nd,
3rd, 4th, and 5th harmonic magnetization amplitudes of the motor are relatively high. The amplitude
of the fundamental-wave magnetic density of the alternating-pole ironless core motor increases to
0.78 T with the addition of a magnetic-conducting block to the primary, and the 2nd, 3rd, 4th, and
5th harmonics remain essentially unchanged, but the other higher harmonic components are elevated
significantly. According to Fig. 7, it can be seen that the decrease in the amount of permanent magnets
for the alternating pole motor leads to a decrease in the amplitude of the fundamental magnetization
of the motor and also to a significant increase in the amplitude of the even harmonic magnetization
of the motor. A comparison of motor performance is shown in Table 2.

Table 2. Comparison of motor performance

Motor Average Thrust fluctuation /%
thrust /N
No iron core 48.87 0.16
Alternating poles without iron core 33.56 0.18
Alternating poles with magnetizing block 75.46 8.07
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As can be seen from Table 2, the thrust of the alternating-pole ironless core motor does not halve with
the halving of the amount of permanent magnets, indicating that the alternating-pole structure
improves the utilization of permanent magnets. The thrust of the alternating-pole motor is improved
considerably with the addition of a magnetic-conducting block to the primary, but the thrust
fluctuation is also increased from 0.18% to 8.07%. The incorporation of the magnetic guide block
results in a large increase in the amplitude of the base wave magnetic density of the motor, thereby
increasing the thrust of the motor. The addition of the magnetically conductive block simultaneously
leads to an increase in the higher harmonic components of the air gap magnetic field, which makes
the thrust fluctuation of the motor larger.

4. Optimized Design of the Motor

The average thrust Favg and thrust fluctuation Frip are the main measures of motor performance. In
this paper, the average thrust and thrust fluctuation are used as the optimization objectives to optimize
the structural parameters of the motor, and the permanent magnet pole width tm, the ferromagnetic
pole width tfe, the magnetization height of the permanent magnet pole hm, the height coefficient of
the magnetic conductor block kh, the width of the magnetic conductor block t2, the fillet radius of
the magnetic conductor block r are selected as the optimization variables. Before motor optimization,
it is necessary to understand the impact of different parameters on motor performance to lay a good
foundation for the optimization work.

4.1 Influence of Structural Parameters on Motor Performance

The primary winding and current are kept constant during the following analysis.
4.1.1 Influence of the radius of the fillet of the magnetic guide block on the motor
The primary guide block is rounded as in Fig. 8.

hgT XX—A Aﬁz_
7

v

Primary winding Magnetic block

Fig. 8 Rounding of the magnetic block

Keeping the other parameters of the motor unchanged, change the fillet radius r of the magnetic guide
block alone. The relationship between r and thrust and thrust fluctuation is shown in Fig. 9.
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Fig. 9 Effect of the radius of the fillet of the magnetic guide block on the thrust and thrust
fluctuation
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From Fig. 9, it can be seen that the thrust of the motor tends to decrease as the radius of the fillet of
the magnetic guide block, r, increases. This is because an increase in the radius of the fillet reduces

the amount of conductor block, which affects the magnetizing effect of the conductor block and
reduces the thrust of the motor.

4.1.2 Effect of the Height Coefficient of the Magnetic Guide Block on the Motor

The height coefficient of the guide block kh represents the ratio of the height of the guide block to
the height of the primary winding, h2/h1. Keeping other parameters constant, only kh is changed.The
curves of thrust and thrust fluctuation versus kh are shown in Fig. 10.
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Fig. 10 Effect of the height coefficient of the magnetic guide block on thrust and thrust fluctuation

From Fig. 10, it can be seen that the output thrust of the motor increases significantly with the increase
in the height factor kh of the primary magnetizing block. This is due to the fact that when the height
coefficient of the magnetic guide block is increased, the amount of magnetic guide block is
subsequently increased, and the gathering capacity of the primary winding is enhanced, thus boosting
the thrust of the motor. Increasing the height coefficient of the magnetic guide block increases the
magnetizing ability of the block, but the thrust fluctuation of the motor also increases.

4.1.3 Effect of the Width of the Magnetic Guide Block on the Motor

Keeping the electrical load constant, the cross-sectional area of the coil is unchanged, the height of
the magnetic guide block h2 is equal to the height of the coil hl, and adjusting the dimensional
parameter of the width of the primary magnetic guide block t2, the effect of the width of the magnetic
guide block t2 on the thrust and the fluctuation of the thrust is shown in Fig. 11.

Average thrust F, /N
Thrust fluctuation Fﬁp/%

3 4 5 6 7
Width of the magnetic guide block #,/mm

Fig. 11 Effect of the width of the magnetic guide block on thrust and thrust fluctuation
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The thrust of the motor tends to increase as the width of the magnetic guide block t2 increases. This
is because when the cross-sectional area of the coil is kept constant, an increase in the width of the
magnetic guide block, t2, decreases the width of the coil, t1, and the height of the coil, hl, increases,
and the overall volume of the magnetic guide block becomes larger, which enhances the magnetizing
ability of the block and thus increases the thrust of the motor. However, a change in the width of the
permeable block t2 also causes a change in the motor flux, which in turn affects the thrust fluctuation
of the motor.

4.2 Obtaining Optimization Variables based on Taguchi Method

According to the actual engineering experience and the influence of some parameters on the motor,
the range of values of the optimization variables is shown in Table 3, and the height of the permanent
magnet hm is always equal to the height of the convex iron pole hfe.

Table 3. Optimization variable value ranges

Variable Tm/Mm t/mm h/mm kn f/mm 7/mm
Level 1 12 12 5.0 0.6 4.0 0.0
Level 2 13 13 5.5 0.7 4.5 0.25
Level 3 14 14 6.0 0.8 5.0 0.5
Level 4 15 15 6.5 0.9 5.5 0.75
Level 5 16 16 7.0 1.0 6.0 1.0

Preliminary optimization of the motor is carried out according to Taguchi's method, an orthogonal
test matrix is established and the test results are obtained by finite element simulation. In order to
analyze the effect of each optimization variable on the average thrust and thrust fluctuation, the finite
element test results were averaged, and the average values of the optimization variables for the
optimization objectives at different levels are shown in Fig. 12.
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(a) Average thrust (b) Thrust fluctuation
Fig. 12 Mean values of optimization variables at different levels of the optimization objective

From Fig. 12, it can be seen that the influence of the height coefficient kh of the guide block, the
width of the permanent magnet pole tm and the height of the permanent magnet hm on the thrust is
large, while the height coefficient kh of the guide block, the radius of the rounding angle of the guide
block r and the height of the permanent magnet pole hm have a significant effect on the fluctuation
of the thrust. Under comprehensive consideration, the height coefficient of the guide block kh, the
width of the permanent magnet pole tm and the radius of the rounded corner of the guide block r are
selected as the main optimization variables, while other optimization variables are taken as fixed
values on the basis of the results of Taguchi's experimental design, with the width of the ferrous pole
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tfe taken as 14mm, the height of the permanent magnet body hm taken as 6mm, and the width of the

guide block t2 taken as Smm.
4.3 Response Surface Methodology

Response surface method is mainly a method to find the mathematical law between the test target and
each influence factor[18,19], and to find the optimal value of each factor level. The values taken for
the optimization variables are classified as high level 1, central value 0, and low level -1, and the
range of values for the remaining optimization variables are selected according to Taguchi's method,

as shown in Table 4.

Table 4. Optimization variable level values

Optimization variables -1 0 1
Tw/Mm 13 14 15
kn 0.8 0.9 1
r/mm 0.25 0.5 0.75

Based on the BOX-Behnken design, the designed orthogonal test matrix is shown in Table 5.

Table 5. Orthogonal test table and test results

Number of tests Tw/Mm kn r/mm Favo/N Fip/%
1 15 0.9 0.25 68.88 4.50
2 14 1.0 0.25 75.34 6.57
3 14 1.0 0.75 73.77 6.33
4 13 1.0 0.5 71.46 7.09
5 14 0.9 0.5 65.89 4.22
6 14 0.8 0.25 59.05 3.44
7 14 0.9 0.5 65.89 4.22
8 14 0.9 0.5 65.89 4.22
9 15 0.9 0.75 67.68 2.77
10 13 0.8 0.5 56.04 3.84
11 15 0.8 0.5 61.01 3.34
12 13 0.9 0.75 62.14 3.66
13 15 1.0 0.5 77.94 7.03
14 14 0.8 0.75 58.31 2.24
15 14 0.9 0.5 65.89 4.22
16 14 0.9 0.5 65.89 4.22
17 13 0.9 0.25 63.21 4.71

The response surface method was used to find the fitting function:
F,, =31.7579+535547, ~136.1226k, +10.3354
+3.7802r -k, —0.13357, - r—83077k. - r (16)

~020922, +93.0478k> —3.2737+°
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F, =114712—6.04857, ~ 1684661k, ++6.6564
+1.09597_ -k —0.68147 -r+9.6182% -7 (17)
+0.185677. +92.2049% —7.88457°

4.4 Optimization of Motor Parameters based on Egret Swarm Optimization Algorithm

The egret flock optimization algorithm is a heuristic algorithm that combines the feeding behavior of
snowy egrets and great egrets[20]. It mainly consists of three parts: sitting strategy, aggressive

strategy and discriminant condition. Before applying the egret swarm optimization algorithm, it needs
to be set up with variables.

The population size of the optimization algorithm is first set to 200 and the maximum number of
iterations is 500. Next, the fitted functions (16) and (17) derived from the response surface method
are used as objective functions, and the optimized variables and their constraints are shown in Table
4. In order to ensure that the motor thrust at the same time, its thrust fluctuations should be minimized,
the resulting Pareto front plot and the selection of points as shown in Fig. 13.
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Fig. 13 Pareto Frontier Diagram

Comparison of parameters before and after optimization is shown in Table 6. After optimizing the

motor parameters using the Egret swarm optimization algorithm, its average thrust is slightly reduced
and the thrust fluctuation is significantly reduced.

Table 6. Comparison of parameters before and after optimization

Before S
Parameter L After optimization
Optimization
Tm/Mm 14 13.99
kn 1.0 0.97
r/mm 0.0 0.59
Fae/N 75.46 71.55

The thrust waveforms of the motor in 50ms before and after optimization are obtained through finite
element simulation, as shown in Fig. 14. The average thrust of the motor after optimization is 71.49N,

and the thrust fluctuation is 4.96%, which is basically consistent with the results of the egret swarm
optimization algorithm.
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Fig. 14 Comparison of motor thrust before and after optimization

5. Conclusion

This paper proposes a permanent magnet synchronous linear motor with the addition of a magnetic
guide block in the primary and an alternating pole structure in the secondary, and the following
conclusions are obtained from the analysis of the motor:

(1) The no-load air-gap magnetic field of the motor is calculated by the potential distribution function
of the motor as well as the specific permeability function, and the results of its analytical calculation
are basically consistent with those of the finite element simulation.

(2) For the alternating-pole ironless core linear motor, the output thrust can reach 68.67% of the N-
S-pole linear motor with half of the amount of permanent magnets, and its utilization of permanent
magnets is higher. The addition of a magnetizing block to the primary of the motor increased its
output thrust by 124.85% compared to the original, but the thrust fluctuation also increased to 8.07%.

(3) Using the egret swarm optimization algorithm for multi-objective optimization of the motor, its
thrust fluctuation can be controlled at 4.87% with an average thrust reduction of 3.91N. The motor
has some practical value in applications that require a certain amount of thrust and not too much
precision.
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