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Abstract ─ This paper proposes three-phase 120° phase 

belt toroidal windings (120°-TW) and are applied in a 

double-sided permanent magnet linear synchronous 

motor (DSPMLSM), in which the incoming ends of all 

coils are on the same side and have the same incoming 

direction. First, the structure of the proposed motor is 

introduced and its operation principle is analyzed by 

describing the variation in the armature magnet field 

versus time. Second, based on the similar volume, 

magnetic load and electrical load, the initial parameters 

of the DSPMLSM with different winding arrangements 

are presented. Then, the finite-element models (FEMs) of 

the DSPMLSM with 120°-TW (120°-TWDSPMLSM) 

and traditional toroidal windings (TTW) are established 

to analyze the distribution of magnetic field, back 

electromotive force (back-EMF), detent force, thrust, 

efficiency and so on. Besides, the primary optimization 

of the detent force is designed. Finally, the results show 

that the thrust density and efficiency of the 120°-

TWDSPMLSM is higher than that of DSPMLSM with 

TTW (TTWDSPMLSM). 

 

Index Terms ─ Character analysis, double-sided 

permanent magnet linear synchronous motor, operation 

principle, three-phase 120° phase belt toroidal windings, 

thrust density. 
 

I. INTRODUCTION 
Double-sided permanent magnet (PM) linear 

synchronous motors (DSPMLSMs) are widely used in 

various industrial applications and daily life due to 

advantages of simple structure, high thrust density, low 

maintenance cost and unilateral magnetic force in recent 

years [1-4]. However, in limited space applications, the 

thrust density of the DSPMLSM is expected to be higher. 

Therefore, many researchers worldwide are pursuing the 

goal of improving the thrust density of the DSPMLSL 

[5-7]. 

Researchers have done much excellent work to 

improve the thrust density, which can be summarized 

four improvement techniques. The first technique adds 

magnetic field modulator blocks, the thrust density is 

improved by adopting the method magnetic field 

modulation in [8-9]. The second technique improve the 

thrust density by changing the PM arrangement, the 

thrust density is improved by adopting the structure of 

serial magnetic circuit [10-11]. The third technique is to 

change the cooling mode, the force-air cooling and water-

cooling method are adopted, which improves the thrust 

density [12-13]. The last technique changes the winding 

configurations, and changing winding configurations  

are more simple comparing with these alternatives.  

The concentrated and full-pitch windings are applied in 

[14], but the sinusoidal waveform of back electromotive 

force (back-EMF) is poor and has some higher-order 

harmonics. In [15] the DSPMLSM adopting distributed 

and short-pitch windings are designed and reduces the 

harmonic content of back-EMF, but it has great trouble 

to manufacture the motor. The DSPMLSM with 

fractional-slot concentrated windings is proposed and is 

suitable for limited space applications due to small size, 

high efficiency and easy manufacture [16-17]. However, 

the winding factor of the fractional-slot concentrated 

winding is relatively low, which has negative effects  

on the amplitude of back-EMF and thrust density.  

To improve the thrust density, the DSPMLSM with 

traditional toroidal windings (TTWDSPMLSM) is 

proposed in [18], and the thrust density of the 

TTWDSPMLSM is higher than the DSPMLSM with 

fractional-slot concentrated windings. In [19], the torque 

density of a direct-drive permanent magnet synchronous 

motor with 120° phase belt toroidal windings is higher 

than that with traditional toroidal windings. The 120°-

TW also can be applied to the DSPMLSM to improve 
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the thrust density. 

Summarized the above topology structures, this 

paper presents a double-sided permanent magnet linear 

synchronous motor with three-phase 120° phase belt 

toroidal windings (120°-TWDSPMLSM), in which the 

incoming ends of all coils are on the same side and have 

the same incoming direction. The structure and the 

winding connected method of the 120°-TWDSPMLSM 

is introduced in Section Ⅱ. Besides, its operating 

principle is analyzed. In Section Ⅲ, the design of the 

120°-TWDSPMLSM is illustrated in detail. Then, the 

finite element models (FEMs) of the two motors are 

established in Section Ⅳ. Comprehensive comparisons 

between the 120°-TWDSPMLSM and TTWDSPMLSM 

from the aspect of operating characteristic are presented, 

and the primary optimization of the detent force is 

designed. Finally, a brief summary of this paper as well 

as the directions for future research work are proposed in 

Section Ⅴ. 

 

II. STRUCTRE AND OPERATION 

PRINCIPLE OF THE 120°-TWDSPMLSM 

A. Structure of the 120°-TWDSPMLSM 

The structure sketches of the 120°-TWDSPMLSM 

and TTWDSPMLSM are shown in Fig. 1 and Fig. 2, 

respectively. It can be seen from Fig. 1 and Fig. 2 that 

both the two motors consist of one primary and two 

secondary components. Besides, in the secondary, the 

permanent magnets of the two motors are arranged 

alternately along the moving direction. The prominent 

advantage for the double-sided secondary topology is 

that the toroidal windings can be adopted. 
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Fig. 1. Structure sketch of the 120°-TWDSPMLSM. 
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Fig. 2. Structure sketch of the TTWDSPMLSM. 
 

Moreover, it could be also seen that the 120°-

TWDSPMLSM is different with the TTWDSPMLSM, 

and the differences between the two motors are found as 

following. 

(1) The unit motor of the 120°-TWDSPMLSM has 

three slots and two poles, as shown in Fig. 1, However, 

it can be found from Fig. 2 that the unit motor of the 

TTWDSPMLSM has six slots and four poles. 

(2) It should be noted that all incoming line ends of 

the 120°-TW are on the same side and have the same 

incoming direction, however, the incoming line ends of 

the TTW are on both side of the motor. 

 

B. Operation principle of the 120°-TWDSPMLSM 

A three-slot unit motor is selected as an example  

to clearly clarify the operation principle of the 120°-

TWDSPMLSM in this subsection. Three-phase current 

supplied to the three-phase windings are shown in Fig. 3. 

The current directions of the three-phase winding coils 

at different time are shown in Table 1, where ‘ + ’ and ‘− ’ 

represent that the current flows into and out the windings, 

respectively. Based on the distributions of the three-

phase winding currents at different times and the faraday 

law of electromagnetic induction, the armature magnetic 

field distribution in each moment is described in detail, 

as shown in Fig. 4, where ‘ + ’ and ‘ • ’ represent that the 

current flows into and out the windings, respectively. 
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Fig. 3. Current waveforms supplied to three-phase 

windings. 

 

Table 1: Current directions of three-phase winding coils 

versus time 

Phase 
Time 

1 2 3 4 5 6 

A +  +  +  −  −  −  

B −  −  +  +  +  −  

C +  −  −  −  +  +  

 
The variation of the magnetic poles can be found 

from Fig. 4 as following. 

(1) Compared with the magnetic fields at Time 1, 
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Time 2 shows that the N pole of the armature magnetic 

fields has no movement, but the S pole moves 120° in 

the left direction. 

(2) The N pole of the armature magnetic fields at 

Time 3 has moved by 120° in the left direction, while the 

S pole has no movement compared with that at Time 2. 

(3) Compared with the magnetic fields at Time 3, 

Time 4 shows that the N pole of the armature magnetic 

fields does not move, but the S pole moves 120° in the 

left direction. 

(4) The N pole of the armature magnetic fields at 

Time 5 has moved by 120° in the left direction, while the 

S pole does not move compared with that at Time 4. 

(5) Compared with the magnetic fields at Time 5, 

Time 6 shows that the N pole of the armature magnetic 

fields has no movement, but the S pole moves 120° in 

the left direction. 

As a result, it can be concluded that the armature 

magnetic field of the three-slot unit motor forms a pair 

of poles and changes periodically. 
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Fig. 4. Armature magnetic field versus time. 

 

III. INITIAL PARAMETER OF THE 120°-

TWDSPMLSM AND TTWDSPMLSM  
To verify the feasibility of the proposed motor, 

the120°-TWDSPMLSM is designed and compared with 

the TTWDSPMLSM. In [18], the main dimensional 

parameters of two motors are presented in detail. The 

design needs to meet the following criteria to ensure a 

fair comparison. 

(1) The two motors have the similar air-gap flux 

density. 

(2) The wire diameter of the 120°-TWDSPMLSM 

must be consistent with that of TTWDSPMLSM. 

(3) The two motors have the same moving speed. 

(4) The two motors are excited by a current source 

and has the same electrical load. 

(5) The same materials are adopted in the 

corresponding parts of the two motors. 

(6) The same mesh refine is adopted. 

Based on the principles above, the initial parameters 

of the 120°-TWDSPMLSM and TTWDSPMLSM are 

summarized in Table 2.  

 

Table 2: Initial parameters of the 120°-TWDSPMLSM 

and TTWDSPMLSM 

Items 
120°-TW 

DSPMLSM 

TTWDS

PMLSM 

Pole numbers 8 8 

Slot numbers 12 12 

Pole pitch (mm) 16.5 16.5 

PM width (mm) 12.4 12.4 

PM thickness (mm) 3 3 

Air-gap length (mm) 1 1 

Slot pitch (mm) 11 11 

Slot width (mm) 6 6 

Teeth width (mm) 5 5 

Coil number/phase 4 4 

Turns/coil 135 135 

Primary width (mm) 60 60 

synchronous speed (m/s) 0.33 0.33 

 

IV. CHARACTERISTIC ANALYSIS OF THE 

120°-TWDSPMLSM AND TTWDSPMLSM  
With the parameters reported in Table 2, the Finite 

Element Models (FEMs) of the two motors are 

established to compare and analyze the electromagnetic 

characteristics under no-load and on load conditions.  

 

A. No-load characteristic 

To analyze the internal magnetic field intuitively 

and effectively, the magnetic flux distribution, air-gap 

flux density, back-EMF and detent force under no-load 

condition of the two motors are compared and analyzed. 

The no-load magnet flux distributions of the two 

motors are same, because the flux generated by the 

permanent magnet is independent of the winding 

arrangements. Figure 5 shows the no-load magnetic flux 
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distribution and the approximate closed loops in the 1/4 

model of the two motors. 

The two motors can generate parallel magnetic 

circuits due to the corresponding magnets on the two 

sides that have the same polarity facing the primary. In 

addition, it can be seen that there are three types of paths 

in 120°-TWDSPMLSM and TTWDSPMSLM, which 

are called the long loop, middle loop, and short loop  

in this paper, respectively. The magnetic flux lines of  

the long loop and middle loop are close through the 

secondary yoke, the air gap, the primary teeth and the 

primary yoke along the magnetization direction to form 

a loop, which is called effective magnet flux. By 

contrast, the magnetic flux lines of the short loop do  

not pass through the primary yoke, which is called 

ineffective magnet flux. 
 

Middle loopLong loop Short loop

 
 

Fig. 5. The no-load magnetic flux distribution and the 

approximate closed loops in 120°-TWDSPMLSM and 

TTWDSPMSLM (1/4 model). 
 

The no-load air-gap flux density waveforms and the 

corresponding harmonics distribution of the two motors 

within two pole pitches are presented in Fig. 6.  

It can be seen that the air-gap flux density waveforms 

of the 120°-TWDSPMLSM is consistent with the air-gap 

flux density waveforms of the TTWDSPMLSM. By 

Fourier analysis, the amplitudes of the fundamental 

component of the air-gap flux density in the 120°-

TWDSPMLSM and TTWDSPMLSM both are 0.78T. 
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Fig. 6. No-load air-gap flux density waveforms of the 

120°-TWDSPMLSM and TTWDSPMLSM. 
 

The no-load back-EMF waveforms and the 

corresponding harmonics distribution of the 120°-

TWDSPMLSM and TTWDSPMLSM at the same speed 

are presented in Fig. 7. 

By the Fourier analysis, it can be seen that the  

no-load back-EMF of the two motors have little even 

harmonics. Moreover, the amplitudes of the fundamental 

component of the no-load back-EMF of the 120°-

TWDSPMLSM (17.24V) is higher 18.98% than that of 

TTWDSPMLSM (14.49V). The total harmonic distortions 

(THDs) of back-EMF of the 120°-TWDSPMLSM and 

TTWDSPMLSM are 2.63% and 1.80%, respectively. 

And the THDs of back-EMF of the 120°-TWDSPMLSM 

is a little higher than that of the TTWDSPMLSM. 

 

0 120 240 360

-15

0

15

30

1 2 3 4 5 6 7 8 9 10
0

4

8

12

16

A
m

p
li

tu
d

e 
(V

)

Harmonic

 120°-TWDSPMLSM

 TTWDSPMLSM

B
ac

k
-E

M
F

 (
V

)

Primary position (elec. deg.)

 120°-TWDSPMLSM            TTWDSPMLSM

 
 

Fig. 7. No-load back-EMF waveforms of the 120°-

TWDSPMLSM and TTWDSPMLSM. 

 

The fundamental harmonic amplitude of no-load 

back-EMF of one side of a coil of the 120°-

TWDSPMLSM can be expressed as [20]: 
 

1E NBlv= , (1) 

where, N is the number of the conductor, B is the 

fundamental harmonic amplitude of the air gap flux 

density, l is conductor effective length, v is the speed of 

the motor. 

Since each E1 is superposition the same direction. 

Therefore, the fundamental harmonic amplitude of  

no-load back-EMF of the 120°-TWDSPMLSM can be 

further expressed as: 
 

1E zE zNBlv= = , (2) 

where, z is the slot number. 

According to formula (2) and the parameters of the 

120°-TWDSPMLSM in Table 2, it is can be calculated 

that the E is equal to 16.68 V. The result has small 

deviation comparing with simulation result (17.24 V), 

but the error (3.35%) is less than 5%. Thus, the EFA is 

credible. 

The detent force, which can be divided into the end 

force and cogging force, can cause vibration and noise  

of DSPMLSM. therefore, it is a key problem to be 

considered and solved in the design and manufacture of 

high performance DSPMLSM. The detent force Fdent is 

shown in formulas (3-5) [21]: 
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where Kc is the carter’s coefficient, δ is the length of air-

gap, Φm is the maximum flux amplitude across the end 

of primary, μ0 is the permeability of vacuum, k1 is the 

flux compression coefficient, τ is the pole pitch, Bnz/2p is 

the nz/2p-th harmonic of residual magnetism. Gn is the 

n-th harmonic of permeance, Fend is the detent force, Fslot 

is the cogging force. 

Based on the finite element models and formulas  

(3-5), the detent force values of the two motors are 

calculated, as shown in Fig. 8. It can be seen that the 

peak-to-peak values of detent force of the two motors 

both are 100.84 N. According to the formulas (3-5), since 

all parameters are the same, the detent forces of the  

two motors are equal. The detent force is large, and it  

is important to minimize the detent force in a later 

subsection. 
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Fig. 8. Detent force waveforms of the 120°-

TWDSPMLSM and TTWDSPMLSM under no load. 

 

B. Load characteristic 

The average thrust F is shown in formula (6) [22]: 

 3 cos
=

2

EI
F

v


, (6) 

where, I is the average value of phase current, cosφ is the 

power factor. 

The thrust waveforms of the two motors at the same 

current density (6.0 A/mm2) are shown in Fig. 9. It can 

be seen that the average thrust of the 120°-TWDSPMLSM 

and TTWDSPMLSM are respectively 250.40 N and 

205.88 N. Besides, the thrust density of the 120°-

TWDSPMLSM (4.84×102 kN/m3) is 21.62% higher 

than that of the TTWDSPMLSM (3.98×102 kN/m3).  
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Fig. 9. Thrust waveforms of the 120°-TWDSPMLSM 

and TTWDSPMLSM on load. 
 

According to the formula (6), it can be calculated 

that the average thrust F of the 120°-TWDSPMLSM is 

equal to 254.12 N. The simulation result broadly concurs 

with (6), with the small deviation which can be attributed 

to the harmonic which is ignored in (6), whereas is 

considered in the FEM simulation model. 

Additionally, the thrust ripple Fripple is shown in 

formal (7) [18]: 

 max min
ripple

av

F F
F

F

−
= , (7) 

where Fmax, Fmin, and Fav are the maximum, minimum 

and average value of the thrust, respectively. 

The thrust ripples of the 120°-TWDSPMLSM and 

TTWDSPMLSM are 37.60% and 48.70%, respectively. 

Based on the above of detent force, it can be known that 

the main cause of thrust ripple is too large detent force. 

Therefore, in the next work, to reduced thrust ripple, it is 

important to minimize the detent force. 

The Table 3 presents the losses and efficiency of the 

two motors. 
 

Table 3: Losses and efficiency 

Items 
120°-TW 

DSPMLSM 

TTW 

DSPMLSM 

Output power (W) 82.63 67.94 

Iron loss (W) 0.37 0.37 

Copper loss (W) 81.89 81.89 

Efficiency 50.11% 45.23% 

 

It can be found that the output power of the 120°-

TWDSPMLSM and TTWDSPMLSM are 82.63 W  

and 67.94 W, respectively. The copper losses of the two 

motors are same (81.89 W), because the number of 

conductors and the wire diameter are same in the two 

motors. Besides, the iron losses of the 120°-

TWDSPMLSM and TTWDSPMLSM are both 0.37 W. 

the iron losses are lower than the copper losses of the  

two motors, which is negligible due to the frequency  

is 10 Hz. Therefore, the losses of the two motors are 
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mainly copper losses. The efficiency of the 120°-

TWDSPMLSM and TTWDSPMLSM is 50.11% and 

45.23%, respectively. Therefore, the efficiency of the 

120°-TWDSPMLSM increases by 4.88%. 

Figure 10 shows the thrust-current angle characteristic 

of the 120°-TWDSPMLSM and TWDSPMLSM. 

It should be noted that the current angle indicates the 

relative angle between the current phasor and the d-axis. 

The change of current angle affects the amplitude of  

q-axis current (Iq). Then increasing Iq can lead to the 

increasement of the average thrust. If the current angle is 

between 0 and 90 elec. deg., Iq increases with the current 

angle. On the contrary, if the it is between 90 and 180 

elec. deg., Iq decreases as the current angle increases. 

When it is 90 elec. deg., Iq is injected only, i.e., the 

amplitude of d-axis current (Id) is equal to 0 A. The 

motors achieve maximum thrust. 

Therefore, when the current angle is between 0 and 

180 elec. deg., the average thrust increases first and then 

decreases. 
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Fig. 10. Thrust-current angle characteristic of the 120°-

TWDSPMLSM and TWDSPMLSM. 

 

Figure 11 shows the waveforms of the average 

thrust versus current density in two motors. 
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Fig. 11. Thrust versus current density. 

 

It can be found that the average thrust of the 120°-

TWDSPMLSM is always larger than that of 

TTWDSPMLSM. Moreover, the average thrust of the 

two motors both increase linearly with the armature 

current density. 

The waveforms of the loss versus frequency in the 

two motors are shown in Fig. 12. 
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Fig. 12. Loss versus frequency. 

 

It can be seen the losses of the two motors increase 

with frequency. Moreover, it can be found that the losses 

of the 120°-TWDSPMLSM and TTWDSPMLSM are 

same in various frequencies.  

Figure 13 shows the waveforms of the efficiency 

versus frequency in the two motors. 

It can be seen that the efficiencies of the two motors 

increase with the frequency and tend to be stable, finally. 

Besides, the efficiency of the 120°-TWDSPMLSM is 

higher than that of TTWDSPMLSM in various 

frequencies. 
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Fig. 13. Efficiency versus frequency. 

 

C. Optimization of the detent force  

The primary optimization of the detent force of the 

two motor is shown in Table 4. 

As shown in the Table 4, the different length of the 

end tooth corresponds to the different value of the detent 

force. While the length of the end tooth is 6.0mm, the 

detent force is 100.84N. After optimization, it drops to 
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51.50N, when the length of end tooth is 8.0mm, which 

means that 48.92% of detent force can be reduced by 

changing the length of end tooth. 

 

Table 4: Length of end tooth 

Length of end 

tooth (mm) 
5.5 6.0 6.5 7.0 

Detent force (N) 103.77 100.84 92.25 79.46 

Length of end 

tooth (mm) 
7.5 8.0 8.5 9.0 

Detent force (N) 67.64 51.49 69.10 83.40 
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Fig. 14. Thrust waveforms of the 120°-TWDSPMLSM 

and TTWDSPMLSM on load. 

 

The primary optimization waveforms of the thrust 

of the two motors are shown in Fig. 14. By primary 

optimization, it can be seen that the thrust ripples of the 

120°-TWDSPMLSM and TTWDSPMLSM are 25.32% 

and 23.73%, respectively. Therefore, the thrust ripples  

of the 120°-TWDSPMLSM and TTWDSPMLSM can 

reduced by are 12.28% and 24.97% by changing the 

length of the end tooth, respectively. 

 

D. FEA credibility and 120°-TW reasonableness 

validation 

In order to verify the credible finite element analysis 

method and the reason of the proposed winding 

configuration (120°-TW), a permanent magnet rotation 

motor (PMRM)with the same 120°-TW can be used in 

the experiment. Figure 15 shows the prototype of the 

PMRM with 120°-TW (120°-TWPMRG), which includes 

the pedestal, rotor, stator yoke and 120°-TW. Figure 16 

shows the corresponding test platform for the motor. 

Figure 17 shows the comparison of the no-load 

back-EMF between EFA and the experiment at the 

constant linear velocity of 1 krpm. Figure 18 shows  

the comparison of the torque between FEA and the 

experiment at different current. 
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Fig. 15. Prototype of the 120°-TWPMRM. 
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Fig. 16 Test platform. 
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Fig. 17. Comparison of the no-load back-EMF between 

FEA and experiment. 
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Fig. 18. Comparison of the torque between FEA and 

experiment at different current. 

 

 

ACES JOURNAL, Vol. 36, No. 8, August 20211105



It can be seen that the no-load back-EMF obtained 

by FEA agrees with the experimental ones, which 

demonstrated the FEA method used to analyze the 

performance is accurate. Therefore, the analysis results 

obtained by the same analysis method (FEA) are credible 

in this paper. 

 

V. CONCLUSION 
This paper presented a 120°-TWDSPMLSM, which 

has simple structure, high thrust density. The main work 

is focused on the characteristic analysis and comparison 

of the 120°-TWDSPMLSM and TTWDSPMLSM. The 

structure of the proposed motor is introduced and 

operation principle is clarified. Additionally, the key 

operating characteristics of the two motors are analyzed 

and compared. Moreover, the detent forces of two motors 

are preliminarily optimized. The comparison results 

validate the reasonability of the 120°-TWDSPMLSM and 

exhibit the proposed motor possesses some advantages 

which can be concluded as below. 

(1) The back-EMFs of the 120°-TWDSPMLSM is 

higher 18.98% than that of the TTWDSPMLSM on the 

same moving speed. 

(2) Compared with that of the TTWDSPMLSM, the 

thrust density of the 120°-TWDSPMLSM is increased by 

21.62% on the similar magnetic load and electrical load.  

(3) The efficiency of the 120°-TWDSPMLSM is 

higher than that of TTWDSPMLSM in various 

frequencies. 

The primary drawback of the 120°-TWDSPMLSM 

is the high detent force and thrust ripple. Therefore, the 

further optimization of the 120°-TWDSPMLSM will be 

a future investigation and shall be reported soon. 
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