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ABSTRACT: Double-Sided Flux Switching Permanent Magnet Linear (DLFSPM) motors are characterized by high efficiency and high
power density, which are more and more widely used in various fields, so the design of high-performance linear flux-switching PM
motors is of great significance to improving the efficiency of industrial applications. This study aims to achieve the improvement of
electromagnetic thrust of double-sided flux switching permanent magnet linear motor by optimizing the motor core structure. First, a
theoretical approach is used to construct the motor model and derive the electromagnetic thrust equation. Second, the finite element and
Bessel curve fitting methods are used to optimize the core structure to enhance the electromagnetic thrust. Subsequently, the conductive
bridge structure is increased to reduce the detent force and improve the performance. Then, the modular structure of primary iron core unit
is proposed based on the above two optimizations. Finally, finite element simulation of the proposed optimized structure is carried out
to compare the electromagnetic performance of the final comprehensively optimized DLFSPM motor with that of the motor of the initial
structure. It is found that the average electromagnetic thrust is increased by 57.85%, and the amplitude of the detent force is reduced by
48.34%, which verifies the effectiveness of the optimization method.

1. INTRODUCTION

With the advanced development of industrial technology,
the advantages of Double-Sided Flux Switching Perma-

nent Magnet Linear (DLFSPM) motor have become increas-
ingly prominent in related fields such as precision machine tool
feed systems, electromagnetic propulsion, and rail transporta-
tion [1, 2].
Double-sided flux switching permanent magnet linear motor

optimizes the flux path and improves the thrust density and effi-
ciency while reducing the size and weight of the motor through
its unique bilateral flux-switching technology [3–5]. This de-
sign not only improves the output electromagnetic thrust and
dynamic performance of the motor, but also reduces the end
effect and improves the overall performance of the motor [6].
The electromagnetic thrust of a linear motor, as a key per-

formance indicator, reflects the size of the motor output capac-
ity [7]; however, due to the unique double convex pole structure
and the coalescing effect of the DLFSPMmotor, this motor has
a higher magnetic flux density, and themagnetic saturation phe-
nomenon usually occurs in some parts of the primary-secondary
teeth [8], which results in the existence of the excessive pulsa-
tion of the output electromagnetic thrust, mechanical vibration,
and noise, greatly affecting the motor operating efficiency and
stability [9, 10]. In order to increase the electromagnetic thrust
generated by the motor and to reduce the detent force, the struc-
tural parameters of the DLFSPM motor must be rationally de-
signed.
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In this paper, the structure of a double-sided flux switch-
ing permanent magnet linear motor is optimized, and a two-
dimensional finite element model is established for analysis.
Firstly, the primary mover core structure of the motor is op-
timized, including the structure optimization of the permanent
magnet end core [11]. Secondly, the conductive bridge struc-
ture is added on the basis of the optimized permanent magnet
end core [12], and thirdly, the unit modular core structure is pro-
posed on the basis of the above two optimized structures [13].
Finally, the feasibility of the proposed method is verified by
finite element simulation analysis.

2. DLFSPM MOTOR INITIAL STRUCTURE AND PA-
RAMETERS

2.1. Modeling of DLFSPM Motor
The basic structure of double-sided flux switching permanent
magnet linear motor is shown in Fig. 1, which consists of two
identical long secondary stators and a primary mover. When
the motor is running, the middle short mover is driven by the
interaction between the armature magnetic field and perma-
nent magnet magnetic field, which has the advantages of simple
structure and large electromagnetic thrust.

2.2. Electromagnetic Properties of the Initial Model of DLFSPM
Motor
Finite element analysis, as a widely accepted method for mod-
eling electric motors, is mainly used for electromagnetic analy-
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FIGURE 1. Initial model of DLFSPM motor.

FIGURE 2. Mesh sections of DLFSPM motor.

FIGURE 3. No-load reverse potential waveforms. FIGURE 4. Harmonic analysis of the opposite electromotive force of A.

sis and structural optimization design of electric motors by de-
composing complex geometrical shapes into simple small cells
(referred to as finite elements) and performing mathematical
analysis on each cell, and then summarizing the results to sim-
ulate the behavior of the whole structure. After finite element
analysis of the motor, the mesh section structure is shown in
Fig. 2.
Figure 3 shows the reverse electromotive force waveforms

of the designed DLFSPM motor under no-load condition. As
can be seen from the figure, the waveforms of the three re-
verse electromotive forces are distributed in a sinusoidal struc-
ture, and the peak values of the phases are Ema = 18.51V,
Emb = 20.22V, and Emc = 18.45V, respectively, which are
affected by the end openings, resulting in the magnitude of the
reversed electromotive forces of the two phases of A and C be-
ing slightly less than the magnitude of the opposite electromo-
tive force of B.

Figure 4 shows the harmonic analysis of the A opposite elec-
tromotive force, which yields the ratio of the 3rd harmonic
and 5th harmonic amplitudes to the fundamental electromotive
force in the A opposite electromotive force to be 2.07% and
7.34%, respectively, and the harmonic effects of the other or-
ders are small and negligible [14]. The total harmonic distor-
tion rate THD (Total Harmonics Distortion) is calculated to be
8.37%.
The distribution of magnetic lines of force has a significant

effect on the operation of the flux-switched permanent magnet
linear motor and the generation of electromagnetic thrust. As
shown in Fig. 5, it is found that there is a serious magnetic leak-
age problem between the air gaps at the end of the permanent
magnets (shown in the black ellipse), and the leakage flux does
not traverse the air gaps to participate in the conversion between
the electromagnetic energies, which reduces the magnitude of
the reaction potential and increases the number of fluctuations
in the detent force. The optimization of the motor structure to

160 www.jpier.org



Progress In Electromagnetics Research C, Vol. 153, 159–168, 2025

FIGURE 5. DLFSPM motor air gap leakage flux. FIGURE 6. Electromagnetic thrust of DLFSPM motor.

reduce the magnetic leakage inside the air gap and thus reduce
the detent force of the motor and increase the electromagnetic
thrust is the focus of this paper.
The output electromagnetic thrust of the DLFSPMmotor un-

der the initial structural parameters is shown in Fig. 6, and ac-
cording to the finite element analysis, the output average elec-
tromagnetic thrust of the motor is 374.36N with a thrust fluc-
tuation of 35.94%.

2.3. Electromagnetic Thrust Analysis of DLFSPM Motor
In this study, the electromagnetic thrust of the DLFSPM mo-
tor is used as the optimization objective, so it is very important
to determine the factors affecting the electromagnetic thrust of
the motor before proceeding with the optimization. The elec-
tromagnetic thrust of the DLFSPM motor can be determined
by combining the work done by the electromagnetic thrust, the
displacement of the primary actuator motion, and the magnetic
co-energetic method [15, 16]:

Fe =
dW

dx

∣∣∣
l
= Fr + Fpm + Fcog (1)

whereW is the work done by the motor electromagnetic thrust,
and x is the distance moved by the actuator. Fr is the motor re-
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Combining the analytical results of Eq. (2), Eq. (3), and
Eq. (4), the electromagnetic thrust Fe can be obtained as:
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From the analysis of Eq. (5), the main factors affecting the
electromagnetic thrust of the DLFSPMmotor include the arma-
ture current I , the dimensions of the motor structure (la, lm),
the air-gap magnetic density (Bg), and the number of turns of
windings per phaseNph. L is the inductance matrix; I is the ar-
mature current matrix; ψpm denotes the permanent magnet flux
matrix; ψpmi represents the permanent magnet flux per phase;
ia, ib, and ic are the three-phase armature currents; ψm is the
peak permanent magnet flux; Im is the peak armature current; α
denotes the phase difference between armature current and in-
duced electromotive force; Rg is the motor air-gap reluctance;
ϕm is the motor air-gap flux; τs is the motor secondary pole
pitch; and x is the motor mover displacement distance.
The inductance L reflects the responsiveness to changes

in current, and the electromagnetic thrust increases when the
change in the position of the inductance L is large. The air gap
flux ϕm is generated by the permanent magnets, and the elec-
tromagnetic thrust increases when its rate of change is large
because the change in flux induces an electromotive force in
the winding. The number of winding turns Nph affects the in-
ductance of the winding and its response to the magnetic field;
the more the winding turns are, the greater the electromagnetic
thrust is.
Define the motor thrust fluctuation Frip in percentage form

using Eq. (6):

Frip =
Fmax − Fmin

Favg
× 100% (6)

Through the electromagnetic characterization of the analyt-
ical model of the DLFSPM motor, it is found that the electro-
magnetic thrust of the motor is closely related to the dimen-
sions of the structural parameters, so it is feasible to optimize
the structural parameters of the motor in order to improve the
performance of the motor.
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3. OPTIMIZED DESIGN OF DLFSPM MOTOR CORE
STRUCTURE
In actual operation, the detent force and electromagnetic thrust
will act on the motor simultaneously. Periodic fluctuations in
the detent force are superimposed on the electromagnetic thrust,
resulting in fluctuations in the electromagnetic thrust. There-
fore, reducing the detent force can effectively reduce the fluc-
tuation of the electromagnetic thrust, improve the stability of
the electromagnetic thrust, and also reduce the energy loss and
improve the efficiency of the motor. The core structure is op-
timized for the leakage flux problem between the permanent
magnet end and air gap of the DLFSPMmotor, and the finite el-
ement simulation is used to calculate and change the core struc-
ture of the DLFSPM motor to reduce the detent force and in-
crease the electromagnetic thrust.
The basic flow of the motor core structure optimization pro-

cess is shown in Fig. 7, which describes the process of obtaining
a comprehensive optimized structure and comparing its perfor-
mance by continuously performing structural optimization.

StartStart

Optimization of permanent 

magnet end core structure

Conductive bridge 

structure 

Unit modular core structure

Integrated optimized structural 

performance is better than initial 

structural performance?

StartEnd

YES

NO

FIGURE 7. Optimization process flowchart.

3.1. Structural Optimization of Permanent Magnet End Cores
for DLFSPM Motor
The presence of flux leakage at the end of the permanent mag-
net, at the end of the kinematic core, and at the stator teeth re-
sults in uneven distribution of flux in the air gap, which in turn
leads to increased torque pulsation and reduced counter electro-
motive force magnitude, which is due to the increase in reluc-
tance due to the sharp edges of the iron core. For this reason,
Bessel curve is used to change the edges of the magnetically
conductive teeth into circular arcs and optimize the dimensions
to increase the effective magnetic flux.
In order to reduce the leakage flux at the end of the perma-

nent magnet, a combination of finite element and second-order

Bessel curves is used to fit the arc of the flux lines circulating
inside the core to design the most favorable path for the flux
circulation. Finally, the curve is used to optimize the structure
of the primary core, and the fitting process is shown in Fig. 8.

FIGURE 8. Bessel curve fitted flux arc curve.

The Bessel curve is utilized to fit the core curvature, which
is implemented as follows:

(1) Obtain the magnetic flux line distribution. Using finite el-
ement simulation to obtain the motor flux line distribution,
three non-collinear points A, B, and C are selected inside
the core, where A is located at the flux line without curva-
ture and C located on the surface of the permanent magnet,
and the line segments AC and CB are generated.

(2) Determine the proportionality. Choose any point D on the
line segment AC and calculate the ratio of AD to AC.

(3) Corresponding Point Mapping. Based on the AD:AC ra-
tio, find the corresponding point E on line segment CB
such that CE : CB = AD : AC.

(4) Fitting Curve. Connect DE such that t = AD/AC =
CE/CB = DF/DE, t ∈ [0, 1], obtain the best-fit curve
by adjusting the value of t, and generalize it to N th-order
Bessel curves to find the optimal t value.

(5) Optimization Verification. The fitted curves are used as
the optimized shapes of the permanent magnet end cores,
and their effectiveness is verified by the finite element
method.

where the second-order Bessel curve formula is satisfied:

B2(t) = (1− t)2A+ 2t(1− t)C + t2B, t ∈ [0, 1] (7)

B(t) denotes the trajectory of the Bessel curve, and higher order
Bessel curves can be expressed as:

Bi,n(t) =C
i
nt

i(1−t)n−i=
n!

i!(n−i)!
(1−t)n−i, i ∈ [0, n] (8)

As more orders are obtained, the curve is fitted more accu-
rately. In order to further determine the curve parameters, the
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(a) (b)

FIGURE 9. Comparison of structure and magnetic leakage of permanent magnet end core before and after optimization. (a) Initial model permanent
magnet end core structure. (b) Optimized end core structure of permanent magnet.

(a) (b)

FIGURE 10. Comparison of electromagnetic thrust and detent force before and after core optimization. (a) Comparison of electromagnetic thrust
waveforms. (b) Comparison of detent force waveforms.

TABLE 1. Simulation experiment results for optimizing Bessel curve
parameters in DLFSPM motor.

Order t value range Step size
Optimum
t-value

Mean
electromagnetic

force (N)
2 [0.60, 1.0] 0.10 0.80 402.7315
3 [0.75, 1.0] 0.05 0.85 406.2165
4 [0.82, 1.0] 0.02 0.86 411.0356
5 [0.85, 1.0] 0.01 0.86 415.9143

following simulation experiment is designed, and the optimal
t-value and its range are shown in Table 1.
Table 1 shows the fitting process for the best t-value of Bessel

curves with different steps. The step size refers to the incremen-
tal size of the parameter t in the Bessel curve fitting process,
and a smaller step size can improve the fitting accuracy. The
optimal t-value is the parameter value that can make the Bessel
curve closest to the target shape. From the data in the table, it
can be seen that as the step size of the t-value takes a smaller
and smaller value, the t-value of the best fitting curve tends to
a constant value, and finally the Bessel curve with a preferred
order of 5 and an optimal t-value of 0.86 is preferred to be the
shape of the core of the end of the movable permanent magnet.
The optimized core structure is shown in Fig. 9.
The flux line distribution obtained from the simulation shows

that optimizing the shape of the side edges of the primary mag-

netizing teeth using Bessel curves effectively reduces the leak-
age flux at the end of the permanent magnet, and thus the struc-
ture makes the rate of change of the flux reluctance between the
air gaps decrease. The simulation results are shown in Fig. 10,
and the average electromagnetic thrust force after optimization
is 400.61N, which is increased by 6.83% compared with that
before optimization. In addition, the amplitude of the detent
force is also reduced to a certain extent, thus proving the feasi-
bility of the method.

3.2. DLFSPM Motor Added Magnetic Bridge Structure
In order to further reduce the leakage flux at the primary per-
manent magnet end, a conductive bridge structure is added to
the optimization, as shown in Fig. 11.

FIGURE 11. Conducting flux bridge structure.
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(a) (b)

FIGURE 12. Comparison of electromagnetic performance of DLFSPMmotor with different thickness of magnetic bridge. (a) Detent force for different
bridge thicknesses. (b) Electromagnetic thrust for different bridge thicknesses.

(a) (b)

FIGURE 13. Leakage flux distribution between air gaps of magnetic bridge structures. (a) Non-magnetic bridge structure. (b) Structure with magnetic
bridge.

In order to compare the detent force under different magnetic
bridge thicknesses, the thicknesses of the magnetic bridge are
set to 0mm, 0.5mm, 1.5mm, and 2mm. As the thickness of
the magnetic bridge increases, the flux path at the end of the
permanentmagnets forms a loop, and hence the detent force and
electromagnetic thrust of the motor decreases. The simulation
results of detent force and electromagnetic thrust for different
magnetic bridge thicknesses are compared in Fig. 12.
From Figs. 12(a) and (b), it can be found that when the thick-

ness of the magnetic bridge is increased from 0mm to 2mm,
the detent force decreases significantly, but at the same time,
it leads to the loss of electromagnetic thrust, and the larger the
thickness of the magnetic bridge is, the more the output electro-
magnetic thrust decreases. When the thickness of the magnetic
bridge is increased to 1mm, the amplitude of the detent force
decreases significantly, decreasing to 34% of the structure with-
out magnetic bridge; when the thickness of the magnetic bridge
is increased to 1.5mm, the detent force decreases only slightly;
and when the thickness is increased to 2mm, the peak of the
detent force continues to decrease, but at this time, the electro-
magnetic thrust force will decrease sharply, while the electro-
magnetic thrust force continues to decrease in the process of
increasing the thickness of the magnetic bridge.
Therefore, a comprehensive consideration is given to min-

imize the detent force while maintaining the maximized elec-
tromagnetic thrust to enhance the dynamic performance of the

motor. When the thickness of the magnetic bridge is 1mm, it is
the relatively optimal size to balance the detent force and elec-
tromagnetic thrust of the DLFSPM motor.
As shown in the blue elliptical coil in Fig. 13(b), themagnetic

bridge structure is an effective way to improve the performance
of the DLFSPM motor because the permanent magnet (PM) is
inside the primary core and will not be directly exposed to the
variations of the reluctance of the convex poles, and it has a bet-
ter anti-demagnetization performance and lower eddy current
loss than the surface-mounted PM in the non-magnetic bridge
structure.
As shown in Fig. 14, the magnetic bridge structure causes

only a very small amount of partial magnetic saturation in the
primary core, which does not cause any significant adverse ef-
fect on the operation of the motor, and effectively reduces the
detent force of the motor with only a 4.54% loss of electromag-
netic thrust compared to the performance of the motor without
the magnetic bridge structure.

3.3. DLFSPM Motor Adding Unit Modular Core Structure

On the basis of the above optimization, by finite element anal-
ysis of the distribution map of the magnetic flux density of the
DLFSPM motor in the core of the mover, as shown in the red
elliptical coil in Fig. 15, the adjacent permanent magnets (from
left to right) are not necessary for the circulation of magnetic
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FIGURE 14. Magnetic density distribution with magnetic bridge struc-
ture.

FIGURE 15. Magnetic density cloud of DLFSPM motor.
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FIGURE 16. Flux line distribution of the modular structure of the mover core. (a) Pre-optimization model. (b) Optimized model.

inductance due to the opposite direction of the magnetization,
so a part of the core within the primary mover adjacent to each
other is unnecessary for the circulation of magnetic inductance
and is not conducive to the generation of electromagnetic thrust,
so that in order to satisfy mechanical strength, these regions can
be minimized.
As shown in Fig. 16, the two magnetic circuits of the adja-

cent phases are separated to form the structure of the primary
kinetochore unitization. As shown by the arrowmarkings of the
primary in Fig. 16(b), the design of the primary core unitization
improves the thrust density per unit permanent magnet dosage,
and the magnetic inductance circulating between the primary
and secondary is denser than the initial structure, Fig. 16(a),
which improves the fault-tolerant performance of the DLFSPM
motor.
Through the finite element parametric modeling method, the

appropriate distance between adjacent units is analytically de-
termined; the adjacent module spacingλc and circular magnetic
barrier radius Ø are set as scanning variables, see Fig. 16(b); the
optimal module spacing of 2.85mm is obtained; and the mag-
netic flux density within the optimized primary magnetic guide
teeth is 1.07 T, which has not reached magnetic saturation at a
relatively high degree. The optimum magnetic barrier radius
is also obtained as 4.84mm, and the optimized primary core
usage is reduced by 22.39% compared to the initial motor.
On the basis of the optimized structure in the previous sec-

tion, the waveform of electromagnetic thrust with the addition
of kinetic unitization is shown in Fig. 17, and the average elec-
tromagnetic thrust is increased by 19.38%, which verifies that
the unit modular core structure is a more effective method to
increase the output electromagnetic thrust of the motor.

FIGURE 17. Comparison of thrust waveforms for modular structure of
actuator core.

3.4. Comparison of Electromagnetic Performance before and
after Optimized Structure
Through the above optimization method and finite element
simulation, the performance of the comprehensively optimized
DLFSPM motor is compared with that of the initial motor, and
the reduction of the detent force and the increase of the average
electromagnetic thrust are selected as the main comparison ob-
jectives. The initial motor structure and the comprehensively
optimized structure of the primary core are represented by A1
and A2, as shown in Figs. 18 and 19, respectively.
From the comparative analysis of waveforms of detent force

in Fig. 20, it can be concluded that the method of optimizing
the iron core for the purpose of reducing the leakage flux of the
motor can effectively reduce the magnitude of the detent force,
and the magnitude of the detent force of the comprehensive op-
timized structure has been reduced by 48.34% compared with
the initial structure.
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FIGURE 18. Initial structure of DLFSPM motor (A1).

FIGURE 19. DLFSPM motor primary core integrated optimized structure (A2).

FIGURE 20. Detent force waveform comparison before and after opti-
mization.

FIGURE 21. Electromagnetic thrust waveform comparison before and
after optimization.

Figure 21 shows the comparison of the thrust performances
of the DLFSPM motor before and after the optimization, and
it can be seen from the simulation result plots that the electro-
magnetic thrust of the motor is significantly increased after the
comprehensive optimization of the primary core of the motor
under the same secondary pole spacing, the same air gap, and
the same current excitation conditions.
A comprehensive comparison of electromagnetic thrust per-

formances before and after optimization is given in Table 2,
which includes a comparative analysis of thrust density, i.e.,
the electromagnetic thrust generated per unit volume of perma-
nent magnets in linear motors under rated conditions, and also
reflects the material utilization.
As can be seen from Fig. 22(a), the comprehensive optimiza-

tionmethod adopted in this paper increases themagnitude of the
counterpotential, which is 19.46V for the initial (A1), and the
magnitude of the counterpotential is 22.58V for the optimized

(A2), which is an increase of 16.07%; the harmonic analysis of
the counterpotentials before and after the optimization is carried
out in Fig. 22(b), which shows that the counterpotential of the
initial structure (A1) contains a high number of harmonic com-
ponents, and the harmonic distortion rate is 7.84%, of which
the 3rd, 5th, and other odd harmonics are the main components.
After the comprehensive optimization of the primary core struc-
ture of the motor (A2), the THD is reduced to 5.63%, which has
a significant suppression effect.
In optimizing the core structure at the end of the mover’s

permanent magnet, the amount of permanent magnets and the
armature excitation are kept constant. The addition of a con-
ductive bridge structure changes the permanent magnet to an
insertion type and reduces the complexity of fabrication. The
proposed method of modular structure optimization of the kine-
matic core unit minimizes the structure that is unfavorable to the
magnetic inductance flow, while separating the adjacent phase
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TABLE 2. Thrust performance comparison before and after optimization.

Project
Mean

electromagnetic
thrust (N)

Thrust ripple
Tr (%)

Thrust density
(N/mm3)

Detent force
ratio (%)

Initial structure (A1) 374.363 39.145 0.207 21.436
Core comprehensive
optimization (A2)

590.915 21.680 0.328 7.492

(a)

(b)

FIGURE 22. Comparison of reverse electromotive force before and after optimization. (a) Comparison of reverse electromotive force waveforms
before and after optimization. (b) FFT analysis of the inverse electromotive force before and after optimization.

magnetic circuits to form the primary kinematic unit structure,
which is conducive to the heat dissipation of the motor, and the
optimized primary core dosage is reduced by 22.39%, which
reduces the material cost.

4. CONCLUSION
In this paper, the purpose of increasing the motor output
electromagnetic thrust and reducing the thrust fluctuation
is achieved by comprehensively optimizing the structure of
the movable iron core of the DLFSPM motor. The method
utilizes Bessel curves to optimize the shape of the side edges
of the primary magnet-conducting teeth, increases the magnet-
conducting bridge structure based on the optimization of the
permanent magnet end cores, and carries out the unit modular
design of the primary iron core on the basis of the above
two optimization methods, which is experimentally verified
by finite element analysis. This comprehensive optimization
method aims to increase the average electromagnetic thrust, re-
duce the detent force amplitude, decrease the thrust fluctuation,
and increase the thrust density. The results show that compared
with the initial structure, the average electromagnetic thrust
increases by 57.85%; the ratio of detent force amplitude to
average electromagnetic thrust decreases by 13.94%; the
thrust fluctuation decreases by 17.47%; and the thrust density
increases by 0.121N/mm3. This comprehensive optimization
method realizes the optimization of the output electromagnetic
thrust of the motor and improves the stability of the operation
of the motor and the output performance.
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