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ABSTRACT: In this paper, a novel double-sided flux-switching linear motor is proposed. The motor adopts the structure of primary
modularization and secondary segment. It has the advantages of high safety, high thrust density, and low thrust fluctuation. In this paper,
the detent force characteristics of the proposed motor are analyzed, and the influence of the end effect on the magnetic congregate effect
is discussed, which has reference value for the study of the permanent magnet linear motor with transverse magnetization. Moreover,
according to the above analysis, suitable and effective structural optimization and parameter optimization methods are designed for the
motor. After the optimization, the proposed motor achieves higher thrust output and significantly lower fluctuation. Finally, a prototype

is constructed for validation.

1. INTRODUCTION

he advancement of industrialization and urbanization has

led to increased demands for linear traction applications.
Traditional rotary motors, relying on transmission systems, face
challenges in meeting diverse application requirements. In con-
trast, linear motors, which eliminate the need for a transmission
mechanism, exhibit superior starting, acceleration, and braking
performance, thus presenting distinct advantages in the field of
traction [1,2]. The flux-switching linear motor, a novel type
of magnetic field modulation motor [3] known for its high effi-
ciency and excellent thrust density [4—6], has garnered signifi-
cant attention from scholars. It is widely regarded as the most
promising direction for the development of linear traction mo-
tors due to its consideration of electromagnetic effects and cost-
effectiveness in construction. The flux-switching linear motor
has been extensively researched across diverse fields such as
precision lathes, urban intelligent elevators, and rail transporta-
tion [7].

In 8], finite element analysis was employed to optimize the
parameters of a flux-switched linear motor utilized in rail tran-
sit, and a single-side flux-switched linear motor model with
excellent performance for rail transit was obtained. By com-
paring parameters such as thrust, efficiency, and construction
cost with those of the operational metro’s linear induction mo-
tor, it was demonstrated that the application of flux-switched
linear motors in rail transit is viable. Ref. [9] focused on opti-
mizing the motor structure of flux-switching motors by propos-
ing a new module structure. The findings indicate that modu-
lar linear motors can significantly enhance thrust performance,
alleviate end effects, and enhance motor reliability compared
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to traditional linear motors. In [10], a secondary segmented
single-side flux-switched linear motor was introduced; this seg-
mented secondary structure offers new insights into designing
and researching flux-switched motors. The single-sided perma-
nent magnet linear motors have been extensively studied but are
plagued by a common disadvantage — high normal force. To
address this challenge and adapt to more application scenarios,
scholars have proposed double-side linear motors [11].

The double-sided structure has evolved from the single-sided
linear motor and is widely regarded as the optimal solution for
reducing the normal force. In [12], a modular thin yoke flux-
switched permanent magnet linear motor was designed for ele-
vator applications, along with its corresponding control system.
The design scheme of the modular thin yoke has significantly
influenced the design of double-side linear motors. Addition-
ally, in [13], a double-side flux-switching linear motor for rail
transit was proposed, and its parameters were optimized using
a neural network algorithm to achieve optimal thrust perfor-
mance. Furthermore, [14] introduced a secondary segmented
double-side linear motor that achieved very high thrust den-
sity and proposed schemes to reduce thrust fluctuation; how-
ever, even after optimization, the thrust fluctuation remained at
a high level.

Despite extensive research in this field, the issue of high
thrust fluctuation in double-side flux-switched linear motors re-
mains unresolved. To solve this problem, this paper proposes a
novel type of segmented secondary modular double-sided flux-
switching linear motor based on the principle of flux-switching.
This innovative motor adopts a new modular primary struc-
ture that effectively reduces thrust fluctuation by minimizing
detent force. The sections are organized as follows. Section
2 describes the structure and operation mechanism of the pro-
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FIGURE 1. Motor structure.

posed motor and presents a finite element model. Section 3 an-
alyzes detent force characteristics and proposes structural op-
timization schemes; subsequently, parameter optimization is
conducted to obtain optimal motor parameters which are com-
pared with existing models to demonstrate superior thrust per-
formance. Section 4 involves building a prototype to verify no-
load back electromotive force (EMF) characteristics and vali-
date both motor design correctness and simulation. Finally, the
conclusion is drawn in Section 5.

2. MOTOR DESIGN

2.1. Motor Design Principle and Motor Structure

According to the existing model of flux-switching linear motor,
the following design principles are summarized:

(1) Primary modularity is advantageous for mitigating end
effects, reducing inter-module adverse interaction, and enhanc-
ing motor operation safety [9].

(2) Proper adjustment of spacing between primary modules
enables mutual cancellation of detent forces, thereby minimiz-
ing thrust fluctuations [9].

(3) Segmenting the secondary simplifies the magnetic circuit
and significantly reduces the occupied area of the secondary
part [10, 11].

(4) Appropriate dislocation of the two secondary stators can
strengthen the air gap magnetic field and thrust while diminish-
ing thrust fluctuations [12].

Under the guidance of the above design principles and based
on the principle of flux-switching [3,7], a new structure of
flux-switching linear motor is proposed in this paper to achieve
lower thrust fluctuation. This motor has a novel modular struc-
ture, which is completely different from the existing structure.
Fig. 1 illustrates the overall structure. The motor consists of a
primary and two secondary. The secondary is fixed, and the
primary moves in a straight line between the two secondary.
The secondary is composed of segmented iron cores, and the
distance between adjacent iron cores is the secondary pole dis-
tance, denoted as 7. There is a 7,/2 horizontal position gap be-
tween the upper and lower secondary. This plays an important
role in realizing the principle of magnetic flux switching and
minimizing thrust fluctuations. The primary comprises six indi-

vidual modules with each divided into two sub-modules. Each
sub-module contains two iron cores sandwiched by transversely
magnetized permanent magnets. The magnetizing direction of
the permanent magnet is shown by the arrow in Fig. 1. Two
windings with matching directions are installed on both the up-
per and lower sides of each pair of permanent magnets within
every sub-module. The six modules supply three-phase cur-
rent alternately, with spacing between individual modules set
at (n+1/6)7, or (n & 1/3)7, (n is an arbitrary integer, and 7
represents the secondary pole distance). This ensures that there
is a phase difference equivalent to 1/3 or 1/6 secondary pole
distance between adjacent modules to facilitate the generation
of no-load back EMF corresponding to the three-phase current
phase, while the time to run through a secondary pole distance
T, corresponds to an electrical period 7.

2.2. Principle of Operation

The proposed secondary segmented flux-switched linear motor
operates based on the principle of flux-switching [15-17] as il-
lustrated in Fig. 2. In position (a), the left permanent magnet
and lower segmented iron core create a closed magnetic cir-
cuit with minimal reluctance, while the right permanent mag-
net and upper segmented iron core form another closed mag-
netic circuit, resulting in maximum forward magnetic flux in

FIGURE 2. Diagram of the principle of flux-switching. (a) Forward
magnetic flux, (b) reverse magnetic flux.
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the winding. When in position (b), the left permanent magnet
and upper segmented iron core form a closed magnetic circuit,
and similarly, the right permanent magnet and lower segmented
iron core form another closed magnetic circuit, leading to max-
imum reverse magnetic flux in the winding. It is evident that as
the secondary moves, it switches between position (a) and posi-
tion (b) relative to the primary, creating an alternating magnetic
circuit within the winding which generates back electromotive
force. The no-load back EMF is zero at positions (a) and (b)
and peaks at their midpoint.

The motor proposed in this paper operates on the flux-
switching principle, which is consistent with the conventional
flux-switched motor. On the premise of linear simplification
of magnetic circuit, the simplified equation of motor thrust de-
rived by magnetic coenergy method is shown in Equation (1).
Please refer to [18] for detailed derivation.

aw d [1 ¢ T
== [21 LI—|—<pme} +Fpy (D)
where z represents the actuator displacement, ¢,,,, the perma-
nent magnet flux vector, I the current vector, L the inductance
matrix, and Fi,4 the detent force.

2.3. The Finite Element Analysis

Under the design principle outlined in Section 2, the initial fi-
nite element model of the motor is constructed according to the
labels in Fig. 3 and the data in Table 1.
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FIGURE 3. Diagram of the motor module.

The permanent magnets in the flux-switched motor typically
utilize an arrangement of alternating magnetic poles [21]. This
arrangement can achieve a higher air gap magnetic density. In
this paper, the permanent magnet alternating arrangement is
also adopted. The thrust performance calculated according to
the finite element model is shown in Fig. 4.

As shown in Fig. 4, the average thrust is 782.9 N, and the
thrust fluctuation is 159.8 N. The initial motor model has a high
thrust fluctuation. Thrust fluctuation is an important index to
measure motor performance, and the initial motor model will
be optimized to solve this problem.

TABLE 1. Main parameters.

Items Specifications
Primary iron core width, w (mm) 150
Air gap length, g (mm) 0.8
PM height, hpm, (mm) 16
Primary height, A, (mm) 50
Primary tooth width, wy,: (mm) 6.1
Primary slot width, w;,s (mm) 8.5
PM width, wpy, (mm) 6.1

distance between segments, ds (mm) 1

Secondary pole pitch, 75 (mm) 35
Secondary tooth width, ws; (mm) 28
Secondary height, hs (mm) 6.5
Rated speed, v (m/s) 0.5
Turns of coils per slot, N 53
Rated current, I (A) 15

3. MOTOR OPTIMIZATION

3.1. Detent Force Analysis

As shown in Fig. 4, thrust fluctuation is mainly generated by
detent force, which is consistent with a large number of studies
on double-sided motors [14,21]. This paper will reduce thrust
fluctuation by reducing detent force.
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FIGURE 4. Thrust.

In order to study the causes of high detent force fluctuation,
the detent force of a single ABC module and the whole motor
(including two ABC modules) were compared and analyzed in
this paper. The thrust curve and fast Fourier transform (FFT)
results are shown in Fig. 5.

It can be seen from Fig. 5 that the main harmonic order of the
detent force of the single ABC module and the whole motor (in-
cluding two single ABC modules) is 2nd and 6th, of which the
6th-order components have a relatively obvious superposition
relationship, and the amplitude of the 2nd-order components is
basically the same.
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FIGURE 5. Detent force. (a) Detent force, (b) FFT of detent force.

This is an interesting result. It is usually thought that each
module operates independently, and the time phase of the two
modules is the same, so the 2nd order detent force of the whole
motor should also be geometric sum of two single modules,
just like the 6th order detent force in Fig. 5. However, this is
not the case, so we speculate that the magnetic congregate ef-
fect between the two ABC modules affects the superposition of
the 2nd-order detent forces of the two modules. The following
paragraphs of this section will analyze the causes of the above
2nd order detent force in detail.

In this section, the single ABC module with the permanent
magnet in the same direction (NNN) is set up for comparative
analysis to study the influence of the concentrated magnetic ef-
fect on the detent force. Maxwell stress tensor method was used
for analysis [22-25].

The motor thrust expression under the same direction ar-
rangement (NNN) can be seen in Equation (2).

Favn(t) = == fL Bu(t)B,(t)dL @)

where ¢ represents the time, w the motor width, p the air per-
meability, L the motor length, and B,, and B; represent the
normal and tangential magnetic densities of the air gap

The permanent magnet alternating arrangement (NSN) can
be achieved by reversing the direction of module B’s permanent
magnet arrangement in NNN arrangement. Therefore, based on
B,, and By, the corresponding air gap magnetic density of mod-
ule B should be replaced by the negative value of the original
air gap magnetic density B. The change in air gap magnetic
density caused by accumulated magnetic effects is denoted as
AB.

The expression for motor thrust under the permanent magnet
alternating arrangement (NSN) is shown in Equation (3).

Frvs(t) = § (B, (ABL(0)-(B, (1) + AB()AL 3)

By subtracting Equation (2) from Equation (3), it is deduced
that the detent force produced by magnetic congregate effect
can be calculated by Equation (4).

w

Fa(t)=
®) HoJy

(AB, (t)B,(t)+AB:(t)Bn(t)+AB:(t)AB, (t))dl

“4)
where [ denotes the length of the motor involved in generating
the magnetic aggregation effect of the detent force.

According to Formula (4), the detent force generated by the
magnetic congregate effect between module A and module B
and the detent force generated by the magnetic congregate ef-
fect between module B and module C can be calculated respec-
tively, as shown in Fig. 6. The FFT results of Fig. 6 are shown
in Fig. 7.

It can be seen that the concentrated magnetic effect will pro-
duce a significant 2nd-order detent force component. The mo-
tor proposed in this paper has six modules, and the transverse-
arranged permanent magnets installed in adjacent modules have
opposite magnetic directions, that is, there are five magnetizing
positions in the motor, as shown in Fig. 8(a). The phase differ-
ence of the detent force generated by the magnetic congregate
effect in the time phase is 1/3 electrical period and 2/3 electrical
period for the 2nd-order harmonic. The detent force generated
by the concentrated magnetic effect at position 1 is denoted as
detent force 1, and the other positions are the same. The time
vector diagram is shown in Fig. 8(b). Therefore, the direction
of the resultant detent force generated by the five concentrated
magnetic effect positions of the whole motor is the same as the
detent force 3, and the phase is opposite. Under a single ABC
module, there exists a concentrated magnetic effect at positions
1 and 2, which also synthesizes detent forces of equal amplitude
in reverse with that of detent force 3. Therefore, the amplitude
of the 2nd-order detent forces of the single ABC module and
the whole motor in Fig. 5 are similar.

The rotating motor has a sixth magnetic congregate position
between module A on the left and module C on the right, which
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FIGURE 6. The detent force generated by the magnetic congregate ef-
fect.
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FIGURE 8. Schematic diagram of detent force generated by the mag-
netic congregate effect. (a) Concentrated magnetic effect position. (b)
The time vector diagram.

makes the detent forces generated by the six magnetic congre-
gate positions cancel each other out. It can be seen that although
the primary modularization can reduce the end effect caused by
the different end reluctance, the asymmetric magnetic congre-
gate effect of permanent magnets caused by the linear structure
also brings obvious end effect. This finding has reference value
for the design of other types of permanent magnet linear motors.

To solve this problem, this paper will reduce the spacing be-
tween two ABC modules appropriately to increase the magnetic
congregate effect between the two ABC modules to offset the
detent force caused by the magnetic congregate effect.

Corresponding to Fig. 8, reinforce the 3rd branches for better
offset. The implementation of motor structure optimization will
be analyzed in the next section.

3.2. Motor Structure Optimization

It is evident from Fig. 5 that, in addition to the second-order de-
tent force harmonic caused by the magnetic congregate effect,
the fourth and sixth-order primary fluctuations are also present
in both modules. Due to the higher amplitude and shorter cy-
cle length of the sixth-order detent force, subsequent optimiza-
tion primarily focuses on this harmonic: We move the left ABC
module 7,/24 to the right and the right ABC module 74/24 to
the left, and the initial phase of the input current remains un-
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FIGURE 7. The FFT of the generated detent force.

changed, as shown in Fig. 9. Consequently, there is a separa-
tion of the electrical phase between the left and right parts by
Ts/12, resulting in a T/2 displacement in the 6th-order detent
forces generated by these modules. The optimized detent forces
for each module individually and their overall detent forces are
depicted in Fig. 10. It can be observed that this optimization
scheme yields excellent results, leading to an obvious offset
phenomenon in detent forces between the left and right mod-
ules. On the other hand, due to the enhancement of the magnetic
congregate effect between the two ABC modules, the 2nd-order
detent force is also reduced well. As a result of these structure
optimizations, a successful reduction of detent forces for the

proposed motor has been achieved.
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FIGURE 9. Structure optimization diagram.
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The thrust at the armature current of 15 A is calculated as
shown in Fig. 11.

It is clear from Fig. 11 that this optimization scheme has
played a significant role. Thrust fluctuation decreased from
160N to 46N, and the average thrust value decreased from
783N to 767 N. The mean thrust is slightly reduced, but the
thrust fluctuation is significantly reduced.
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FIGURE 10. Detent force offset diagram.

3.3. Motor Parameter Optimization

To improve the electromagnetic performance, the main param-
eters of the initially designed motor were optimized. The key
optimization parameters include primary tooth width w,,,;, sec-
ondary pole pitch wg;, and secondary height, h,. The optimiza-
tion objective is greater thrust and smaller thrust fluctuation,
and the optimization method adopts Taguchi method.

Following parameter optimization, this paper presents the
relatively optimal motor model. The optimization results are
presented in Table 2, and the model parameters are detailed in
Table 3. In addition, it is worth mentioning that the motor pro-
posed in this paper has a number of parameters that affect the
performance of the motor. Only the main parameters are opti-
mized in this paper, and there is still the possibility of further
optimization and improvement of the motor performance.

To evaluate the robustness of this parameter in practical ap-
plications, this study quantifies the sensitivity of motor perfor-

TABLE 2. The main parameters after optimization.

Items Specifications
Primary iron core width, w (mm) 150
Air gap length, g (mm) 0.8
PM height, hpm, (mm) 16
Primary height, A, (mm) 50
Primary tooth width, w,+(mm) 6.3
Primary slot width, w,,,s (mm) 8.5
PM width, wpy, (mm) 6.1
distance between segments, ds (mm) 1
Secondary pole pitch, 75 (mm) 35
Secondary tooth width, ws: (mm) 26.5
Secondary height, hs (mm) 6.4
Rated speed, v (m/s) 0.5
Turns of coils per slot, N 53
Rated current, I (A) 15

Time(ms)

FIGURE 11. Comparison of motor thrust before and after structure opti-
mization.

mance to key parameters within a +0.1 mm manufacturing tol-
erance range. The computational procedure is formulated in
Equation (5)

V(E(y;/xi))
V(ys)

where x; represents the ith design variable, which refers to
Wy, Wst, and hg in this paper; y; represents the jth optimiza-
tion objective, which refers to Fy,4 and Fi;, in this paper;
E(y;/x;) represents the mean value of y; when x; is constant;
V(E(y;j/x;)) represents the variance of E(y;/x;); V (y;) rep-
resents the variance of y;; and .S (;) is the sensitivity index of
the ith design variable to the jth optimization objective.

The computational results are presented in Fig. 12. Over-
all, variations in key parameters within a small range exhibit
low sensitivity to motor performance, indicating robust char-
acteristics suitable for practical applications. Notably, the pri-
mary tooth width w,,,; demonstrates the highest sensitivity to
motor performance, requiring tighter manufacturing tolerances
that are both achievable in practical manufacturing and consis-
tent with established process requirements.
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FIGURE 12. Parameter sensitivity index.
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TABLE 3. Parameter optimization results.

Items Initial (After structural optimization)  Parameter Optimization
Fovg (N) 767 774.75
Frip (N) 46 42.61
Frip/Fauvg 6% 5.5%

* Experiment
FEA

Back-EMF (mV)

10 20 30 40 50 60
Time (ms)

FIGURE 15. No-load back electromotive force experiment.

3.4. Performance Comparison

We compared the proposed motor with other state-of-the-art de-
signs under the same air gap width, motor size, current ampli-
tude, and current density, as shown in Table 4.

TABLE 4. Comparison of the proposed design with the existing design.

Items Proposed Ref.[14] Ref. [26] Ref. [13]

Favg (N) 550 565 349.4 4027
Frp N) 3025 99.82 19.46 180
FriplFavg  5.5% 177%  557%  44.7%

Compared with [14], the average thrust of the motor pro-
posed in this paper is slightly lower, but the thrust fluctua-
tion is significantly reduced. Compared with [26], the average
thrust value is increased by 57.4% under similar thrust fluctu-
ation. Compared with [13], both thrust fluctuation and thrust
mean have been significantly improved. The secondary sec-

tional modular bilateral flux switching linear motor proposed
in this paper achieves a very low thrust fluctuation and a high
mean thrust.

4. PROTOTYPE AND EXPERIMENT

The prototype has been constructed to validate the efficacy of
the proposed model, as depicted in Fig. 13 and Fig. 14. The
magnetic barrier material is aluminum, and all the core mate-
rials are silicon steel sheets. More detailed experimental pa-
rameters are shown in Table 5. The no-load back EMF was
measured by back-driven method. The comparison of the test
no-load back EMF with the simulation results is illustrated in
Fig. 15.

The results indicate that the no-load back EMF exhibits fa-
vorable sinusoidal characteristics. However, there is a dis-
crepancy in the amplitude of the back electromotive force be-
tween the experimental and simulation results. The experimen-

TABLE 5. Experimental parameters.

Items Specifications

Primary iron core width, w (mm) 40
Air gap length, g (mm) 35

PM height, hpm, (mm) 19.4
Primary height, h,, (mm) 50
Primary tooth width, w.,: (mm) 6
Primary slot width, w;,s (mm) 8
PM width, wpy, (mm) 6
distance between segments, ds(mm) 2
Secondary pole pitch, 75 (mm) 36
Secondary tooth width, ws: (mm) 31
Secondary height, hs (mm) 6

Rated speed, v (m/s) 0.53
Turns of coils per slot, N 16

Remanence, B, (tesla) 0.52

WWwWw.jpier.org



PIER C

Zhu et al.

tal result is 75 mV, while the simulation result is 77.5 mV. This
difference is attributed to experimental errors and the simula-
tion’s neglect of end leakage flux. Consequently, the amplitude
difference of the no-load back electromagnetic force remains
within acceptable limits. In conclusion, the experimental re-
sults demonstrate good agreement with simulation outcomes,
thereby validating the effectiveness of both the motor design
methodology and finite element simulation approach.

5. CONCLUSION

This paper presents a novel segmented secondary modular
double-sided flux-switching linear motor tailored for long-
stroke linear traction applications. In comparison to existing
double-side flux-switched linear motors, the proposed motor
delivers higher thrust and lower thrust fluctuation in the same
motor size, current amplitude, and current density. This supe-
rior thrust performance is attributed to a new primary structure,
modular composition, and an effective structural optimization
method based on the harmonic component of the detent force.
Finally, a prototype is constructed to validate the efficacy of the
proposed motor.
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