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Abstract: A novel dual-side primary permanent-magnet vernier linear (DS-PPMVL) motors is proposed. The novelty of the 

proposed motors is the design of asymmetric consequent poles on the mover, which can effectively enforce the flux-modulation 

effect and improve the thrust force performance. First, the topologies and operation principle are introduced. Subsequently, the 

structure relationships between the existing and proposed motors are discussed. Then, a unified analytical model is built. 

Accordingly, the magnetic field generated by the consequent pole is calculated. Meanwhile, the performance improvement 

mechanism with the asymmetric consequent pole is analyzed. To improve the efficiency of motor optimization, multi-objective 

optimization method is adopted to obtain the global optimal solution combination of structure parameters. The proposed motors 

exhibit higher thrust force, higher force density, less PM consumption, and better overload performance than the existing 

DS-PPMVL motor. Finally, experiments are conducted based on the existing prototype to verify the accuracy of the design and 

analysis. 
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1  Introduction  

Owing to the output power in the form of linear 
motion, linear motors exhibit remarkable application 
prospects in urban transit [1] and energy conversion 
systems [2]. Compared to conventional induction linear 
motors, permanent-magnet (PM) linear motors exhibit 
significant advantages in thrust force performance and 
efficiency. Among them, primary PM linear (PPML) 
motors have garnered significant attention for their 
low cost when adopted in long-stroke applications [3]. 
For PPML motors, the windings and PMs are 
relatively static because they are both placed on the 
primary side, while the secondary side solely 
comprises the salient pole. Therefore, the operation 
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principle of the PPML motor is based on the 
flux-modulation principle, which significantly differs 
from the conventional motor principle [4-5]. 

The dual-side primary PM vernier linear 
(DS-PPMVL) motor can offer better thrust force 
performance than single-side alternatives [6]. In Ref. 
[7], a DS-PPMVL motor was proposed, which 
combines the advantages of simple structure, strong 
robustness, high thrust force density, and high 
efficiency. However, compared with the conventional 
induction motor, this DS-PPMVL motor consumes 
more PM material, exhibits prominent contradiction in 
primary space, and eliminates defects in power factor 
and overload performances. In Ref. [8], a DS-PPMVL 
motor with PMs and windings separately placed on 
two relatively static primaries was proposed. The 
space contradiction between PMs and windings can be 
addressed. Therefore, the electromagnetic load can be 
increased to improve performance. However, it also 
exhibits a defect in power factor. To improve the power 
factor, a DS-PPMVL motor was proposed in Ref. [9]. The 
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PMs are inserted in the yoke of the primary (namely 
mover). The flux linkage can form an effective loop 
among two secondary sides and a primary side, which can 
reduce the flux leakage and improve the power factor. 
Based on the multi-objective optimization technique, the 
power factor of the motor can reach up to 0.945 [10]. 
Nevertheless, the contradiction between the slot area and 
PM triggers the low thrust force density and poor 
overload capability. 

In addition, it is important to improve the PM 
utilization ratio in industrial application for its high 
cost. Meanwhile, reducing the consumption of PM is 
also beneficial in minimizing the saturation degree and 
improving the overload capability of the motor. 
Adopting the consequent pole (CP) is an effective 
approach to reducing the consumption of PM while 
ensuring the output capacity of the motor [11-13]. In Ref. 
[14], a CP flux-reversal motor was analyzed based on the 
flux-modulation theory. Compared to the conventional 
flux-reversal motor, the proposed motor has merits in 
back electromotive force (back-EMF) and torque. 
Furthermore, a CP PM structure with a magnetic focusing 
effect is applied to flux switching the PM motor in Ref. 
[15]. Accordingly, the performances of the motor can be 
significantly improved. 

This paper proposes the application of a CP PM 
structure to the DS-PPMVL motor to improve the 
thrust force performance. The topologies and operation 
principle of the proposed motors are discussed in 
Section 2. In Section 3, the structure relationships 
between the existing and proposed motors are clarified. 
Furthermore, the unified analytical model and 
performance improvement mechanism of the proposed 
motors are discussed. In addition, the adoption of the 
multi-objective optimization method to obtain the 
optimum combination of structure parameters is 
described in Section 4. Compared to conventional 
optimization processes, this method can significantly 
improve the efficiency of motor optimization. Based 
on the optimization results, the electromagnetic 
performance of the proposed motors can be predicted 
using the finite element method (FEM). The 
performance comparisons between the proposed 
motors and the existing motor is presented in Section 5. 
Finally, the experiments on the existing prototype are 
described in Section 6. The results verify the accuracy 

of the motor design and analysis. 

2  Configurations and operation principle 

2.1  Configurations 

Fig. 1 compares the topologies of the proposed 
DS-PPMVL and existing motors. These motors share 
the similar salient teeth in the stator. Meanwhile, 
windings and PMs are all positioned in the mover. 
The difference is that the salient teeth of the proposed 
motor I are faced with each other, while those in the 
existing motor and proposed motor II are staggered 
half of the pitch of the stator salient teeth. In addition, 
the CP PMs are placed on the top of the armature 
teeth in motor I, while they are placed on the opening 
of armature slots in motor II. Unlike the proposed 
motors, the PMs are inserted in the yoke of the mover 
in the existing motor. In addition, taking the proposed 
motor I as an example, a few important design 
dimensions and their definitions are illustrated in 
Fig. 2. 

 

Fig. 1  Structures of DS-PPMVL motors 

In addition, it is necessary to point out the 
difference of the PM magnetization direction. For the 
existing motor, the magnetization direction of the PMs 
is parallel to the motion direction of the mover, and 
that of the two adjacent PMs is opposite. For the 
proposed motors, the magnetization direction of PMs 
is perpendicular to the motion direction of the mover. 
The magnetization direction of PMs on the adjacent 
armature teeth of the proposed motor I is opposite, 
while that of the proposed motor II is the same. 
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Fig. 2  Design dimensions 

2.2  Operation principle 

The operation principle of the DS-PPMVL motor is 
the flux-modulation effect. For the proposed motors, 
the initial PM magnetomotive force (MMF) can be 
expressed as 

 max
,

2π( )( , ) cosi PM
i odd m

x vtF x t F ip
l

⎡ ⎤−
= ⎢ ⎥

⎣ ⎦
∑   (1) 

where Fimax, pPM, v, and lm denote the amplitude of the 
ith MMF harmonic, pole pair of PMs, velocity, and 
length of the mover, respectively. 

For the permeance variation, only the slotting effect 
of the stator should be considered and it can be 
expressed as 

 0 0 0
1

2π( ) cos ( )k s
k m

x A kZ x x
l

Λ Λ Λ
∞
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= + −⎢ ⎥
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where Λ0, Ak, Zs, and x0 represent the DC component 
of permeance, amplitude of the relative specific 
permeance harmonic, number of the modulator, and 
initial position of the stator, respectively. 

According to Eqs. (1) and (2), the flux density of the 
air gap can be expressed as 
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   (3) 
The first item represents the no-modulated harmonic, 

which is generated by the PM MMF and DC 
component of permeance. The second item is the 
modulated harmonic, which is generated by the PM 
MMF and AC component of permeance. Therefore, 
the harmonic pole pair of air-gap magnetic field can be 
summarized as 

 , 1,3,5, 0,1,2,i k PM sp ip kZ i k= ± = =  (4) 

To improve the thrust force performance, the 
quantitative relationship among the pole pair numbers 
of armature winding (pPM), number of modulator, and 
pole pair number of PM should be satisfied as 

 w s PMp Z p= −      (5) 

Meanwhile, the modulation ratio Gr can be defined 
as 

 PM PM
r

w s PM

p pG
p Z p

= =
−   (6) 

3  Structure relationships, analytical model, 
and performance improvement mechanism 

3.1  Structure relationships 

The PMs of the existing motor are inserted in the yoke 
of the mover. For the air gap, the MMF can be 
considered on the surface of the mover teeth. 
Therefore, the magnetic source of the existing motor 
can be considered the surface mounted on the mover. 
To ensure the air-gap length of the motor, the thickness 
of the equivalent magnetic source is zero. Meanwhile, 
the MMF amplitude value of the equivalent magnetic 
source is related to the magnetization thickness, PM 
length, and teeth top width. The evolution process is 
presented in Fig. 3. Evidently, the magnetization 
direction is opposite the corresponding tooth. In the 
equivalent model, the yoke of the mover is 
indispensable; this limits the slot area and eventually 
affect the motor performance. 

To eliminate the influence of the mover yoke, two 
yokeless DS-PPMVL motors can be obtained by the 
equivalent model, as illustrated in Fig. 3. For the 
yokeless motor I, PMs are all surface mounted on top 
of the mover teeth. The stators are faced with each 
other. For the yokeless motor II, the PMs are surface 
mounted on the slot opening. The stators are staggered 
half of the stator teeth pitch. When the CP PM 
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structure is applied, the yokeless motor I can be 
transformed into the proposed motor I, and the 
yokeless motor II can be transformed into the 
proposed motor II. 

 

Fig. 3  Evolution processes 

3.2  Analytical model 

To explain the difference between magnetic fields, a 
black box model (BBM) is applied to develop the 
unified analytical model. The saturation effect and 
end effect are ignored in this part. For the proposed 
motors and the existing motor, they exhibit similar 
topology with two secondary cores and one primary 
sandwiched part. The main difference among the 
three motors lies in the primary structure. The 
equivalent models of MMF differ for the different 
PM arrangements; hence, it is difficult to establish a 
unified analytical model. In the BBM, the entire 
primary part can be equivalent to a magnetic source, 
which can unify the three motors into one 
equivalent model. Therefore, using BBM is 
convenient for comparative studies. 

First, the magnetic sources are all positioned on the 
mover. Hence, the mover can be regarded as a black 
box emitting magnetic field. Second, the effective 
modulation harmonics of the three motors form a 
series circuit between the two stators. A stator on one 
side can be considered as providing a magnetic field 
path for another one. Therefore, the magnetic field 
difference of the three motors is primarily triggered by 
the change in MMF. The unified simplified magnetic 
field model of the three motors is illustrated by Fig. 4. 

The mover can be equivalent to the combination of the 
magnetic source and its internal reluctance. In addition, 
the stator can be equivalent to a reluctance function. 

 

Fig. 4  Unified simplified magnetic field model 

Taking the proposed motor I as an example, Fig. 5 
presents its equivalent magnetic circuit. The amplitude 
value of PM MMF can be expressed as 

 PM F PMF C H=   (7) 

where CF and HPM are coercive force and 
magnetization length of PM material, respectively. 

 

Fig. 5  Equivalent magnetic circuit of the  

proposed motor I 

Therefore, the MMF of points A and B can be 
expressed as follows 

 1 2 3 4

1 2 3 4

                                   point
2 2 2
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4 2 2

A PM

B PM
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R R R R

F F B
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⎪
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  (8) 

where R1, R2, R3, and R4 denote the reluctance of air 
gap, stator iron core, mover iron core, and PM, 
respectively. The reluctance of the iron core was 
assumed to be zero in this study. The permeability of 
PM is equal to that of vacuum. Therefore, R1, R2, R3, 
and R4 can be respectively expressed as follows 
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Substituting Eqs. (7) and (9) into Eq. (8), the MMF 
of points A and B can be obtained as 

 1 4

1 4

2 2
=

4 2 2
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⎪

+ +⎨ =⎪ + +⎩

  (10) 

It should be noted that MMF is equal on the surface 
of the PM, which is also satisfied on the surface of the 
iron core. Therefore, the MMF waveform of the mover 
is illustrated in Fig. 6. Via Fourier analysis, the MMF 
function can be expressed as 
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where τm and LPM denote the pole pitch of the mover 
and PM length, respectively. In addition, λ can be 
defined as 

 2
PM

PM

g H
g H

λ
+

=
+

  (12) 

Meanwhile, the air-gap permeance function of the 
stator can be expressed as [16] 
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where Λ0 and Λ1 can be obtained by adopting the 
conformal mapping method as follows [17] 
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where μ0 denotes the permeability of vacuum. It 
should be mentioned that the mover permeance is not 
considered separately, as it has been considered for the 
distribution of the MMF [18-19]. 

According to the MMF and permeance, the air gap 
flux density of the proposed motor I can be expressed 
as 
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  (17) 
Therefore, for the proposed motors, the harmonic 

pole pair of the air-gap magnetic field in Eq. (4) 
should be revised as 
 1, 2,3,i PM sp ip Z i= + =   (18) 

 

Fig. 6  MMF waveform of the mover 

The slotless air-gap flux density waveform and its 
harmonic analysis of the proposed motor I are 
presented in Fig. 7. The slotless flux density waveform 
is revealed to be unsymmetrical. The ratio of the 
absolute value of the peak to the valley is 
approximately equal to 1/λ, which agrees well with the 
results of the analytical model. In addition, even 
harmonic orders can be generated in air gap by the 
PMs with CP PM structure. 

 

Fig. 7  Slotless flux density of motor I 
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When stators are slotted, the air-gap flux density of 
the slotless motor would be modulated by the variation 
of permeance. Fig. 8 presents the slotted air-gap flux 
density waveform and its harmonic analysis of the 
proposed motor I. The obtained results verify the 
existence of even harmonic orders generated by PMs, 
and thus verify the correct of the presented analysis. 
All the results of the analytical method agree well with 
those calculated by FEM. 

 

 

Fig. 8  Slotted flux density of motor I 

3.3  Performance improvement mechanism 

Under the condition of the same magnetization length 
of PM, the MMF increment (ΔFn) is introduced to 
analyze the performance improvement mechanism. 
ΔFn can be expressed as 

[ ] ( )2 2
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  (20) 

Because λ＜1 in the proposed motors as expressed 
in Eq. (12), the coefficient of Cn is less than zero. 
Therefore, the sign of ΔFn is determined by the second 
term. 

For the flux-modulation motor, the low-order MMF 
harmonics significantly influence the motor 
performance. Therefore, only the first-, second-, and 
third-order MMF harmonics are considered in this 
study. The variation of the second term with LPM is 
presented in Fig. 9, where n represents the order of the 
MMF harmonic. Evidently, when n=1, the value of the 
second term is almost zero, which implies that the 
value of the fundamental MMF of the proposed motor 
I is equal to that of the existing one. The sign of the 
second term of n=2 is ‘−’ and that of n = 3 is ‘+,’ 
which implies that the proposed motor I exhibits 
higher second and lower third MMF harmonics. 
However, with the increase in LPM, the disadvantage of 
the third MMF harmonic of the proposed motor I is 
compensated, and the advantage of the second MMF 

harmonic is amplified. Therefore, the performance of 
the proposed motor I can be improved by increasing 
LPM. 

 

Fig. 9  Second term varies with LPM 

4  Motor optimization 

For the conventional FEM optimization, the number of 
samples is the product of the number of optimization 
parameters, which implies that the optimization 
requires excessive computing resources and time. In 
this study, a multi-objective optimization method was 
adopted to obtain the global optimal solution of the 
motor. The optimization method is primarily based on 
the response surface method for its low computational 
complexity, nonlinear applicability, and high 
optimization accuracy [10, 20]. The optimization process 
is illustrated in Fig. 10. It should be point out that the 
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analytical model is adopted as the base model for 
motor optimization. Using the model, the sample 
points were calculated by FEM. 

 

Fig. 10  Optimization process 

4.1  Sensitivity analysis 

Taking the proposed motor I as an example, its 
structure parameters are presented in Fig. 2, in which τ, 
g, and τm are fixed values. Meanwhile, LPM and bs0, Hs0 
and Hs have a specific quantitative relationship. Only 
one of them needs to be considered as the optimization 
variable. Therefore, there are five independent initial 
design variables, namely, bs0, ws, HPM, e1, and Hs0. 
Owing to the large number of variables, direct 
multi-objective optimization would increase the 
number of sample points to be calculated. However, 
some of the parameters negligibly influence motor 
performance. Therefore, the sensitivity of design 
variables should be analyzed before multi-objective 
optimization, which can effectively reduce the number 
of sample points. The sensitivity of design variables to 
optimization objectives is represented by the 
sensitivity index, and the sensitivity index can be 
expressed as 

 i

i
n

i

n f
S

f n
Δ

=
Δ

  (21) 

where ni and f denote the optimization variable and 
optimization objective, respectively. 

For the proposed motors, the optimization 
objectives are selected as average thrust force (TFavg), 
thrust force ripple (TFr), and power factor (PF), in 
which TFavg and PF represent the forward 
optimization objectives, while TFr denotes the 

negative optimization objective. TFr is defined as 

 max min

avg

100%r
TF TF

TF
TF

−
= ×   (22) 

where TFmax and TFmin represent the maximum and 
minimum values of thrust force, respectively. 

According to Eq. (21), the sensitivity index of each 
design variable to the three optimization objectives 
can be calculated, as presented in Tab. 1. Taking the 
TFavg sensitivity calculation process of bs0 as an 
example, the corresponding sensitivity values are 
calculated by simulating TFavg under different bs0, and 
then the average value is considered the sensitivity of 
bs0 to TFavg. The calculation results are presented in 
Tab. 2. Tab. 1 indicates that there is no regularity in 
sensitivity of the variables to each optimization 
objective. Therefore, the sensitivity to the optimization 
objectives should be assessed by a comprehensive 
sensitivity index. Here, the comprehensive sensitivity 
index is given as 

 
avg1 2 3rc TF TF PFS a S a S a S= + +   (23) 

where a1, a2, and a3 are the sensitivity coefficients of 
each optimization objective. The average thrust force 
is considered the performance index, which takes 
precedence over thrust force ripple and power factor, 
while the thrust force ripple and power factor are of 
the same importance. Therefore, the values of a1, a2, 
and a3 are set as 0.5, 0.25, and 0.25, respectively. The 
comprehensive sensitivity of the variables is layered, 
and the comprehensive sensitivity value is considered 
the index of selecting the optimization variable. The 
higher the comprehensive sensitivity value, the greater 
the influence of the variable on the motor performance. 
For the proposed motor I, HPM is categorized into the 
first level, and its comprehensive sensitivity is 
significantly higher than other variables. bs0 and e1 are 
categorized into the second level, and finally ws and 
Hs0 are categorized into the third level. Therefore, the 
first and second level variables are selected as 
multi-objective optimization variables, namely, the 
three parameters of HPM, bs0, and e1 are optimized. 
Similarly, for the proposed motor II, the results are 
similar to those of the proposed motor I and are not 
described herein. 
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Tab. 1  Sensitivity index calculation 

Optimization 
objectives 

Optimization variables 

bs0 ws HPM e1 Hs0 

TFavg −0.006 −0.021 5 0.245 0.017 0.022 5

TFr −0.051 −0.029 0.036 0.091 0.019 

PF 0.071 0 0.395 −0.014 0.013 7

Sc 0.033 5 0.025 3 0.230 0.034 8 0.019 4

Tab. 2  TFavg sensitivity index calculation with bs0 

Items 
bs0/mm 

0 1 2 3 4 

TFavg/N 763.5 756.9 769.5 738.1 742.1 

Sbs0 — −0.009 0.004 −0.011 −0.007 

STFavg (−0.009+0.004−0.011−0.007)/4=0.033 5 

4.2  Multi-objective optimization 

In this study, the Box-Behnken design (BBD) was 
adopted to select sample points for the response 
surface model. The distribution of sample points in 
BBD can be presented in Fig. 11. Evidently, only 13 
samples are required because there are three 
independent variables of the proposed DS-PPMVL 
motors. In the optimization process, the variation 
ranges of bs0, HPM, and e1 are 0-4 mm, 1-4 mm, and 
0.2-0.5, respectively. bs0 and HPM determine the 
consumption of PM. The variation range of each 
variable is determined by the constraints of motor size 
parameters. Therefore, the sample points can be listed as 

 

( ) ( ) ( )
( ) ( ) ( )

( ) ( ) ( )
( ) ( ) ( )

( )

0 1( , , ) 0,1,0.35 , 4,1,0.35 , 0,4,0.35 ,

4,4,0.35 , 0,2.5,0.2 , 4,2.5,0.2 ,

 0,2.5,0.5 , 4,2.5,0.5 , 2,1,0.2 ,

2,4,0.2 , 2,1,0.5 , 2,4,0.5

and 2,2.5,0.35

s PMb H e =

  

  (24) 

 

Fig. 11  Distribution of sample points in BBD 

All the samples are calculated by FEM. Via 

parameter fitting, the second-order model is used for 
TFavg and TFr, while the linear model is adopted for 
PF. Taking the proposed motor I as an example, based 
on the FEM results, the response surface of each 
optimization objective of the proposed motors can be 
expressed as Eq. (25). The multiple correlation 
coefficients (R2) are presented in Tab. 3. Notably, the 
closer R2 is to 1, the higher the fitting accuracy. It can 
be inferred that all the values of R2 are above 0.95. 
Therefore, the fitting models exhibit high correlation 
and optimal suitability. 

avg 0 1

0 0 1 1

2 2 2
0 1

0 1

0 0 1 1

814.1 15.16 82.52 23.81

           0.5 6.97 34.25

           15.26 124.99 86.16
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 (25) 

Tab. 3  Multiple correlation coefficients of proposed motors 

R2 Proposed motor I Proposed motor II 

TFavg 0.99 1 

TFr 0.98 0.97 

PF 0.96 0.96 

Because the size parameters corresponding to the 
optimal solutions of the three optimization objectives 
are inconsistent, a compromise method is adopted to 
select the optimal solution. The relationship between 
the compromise objective and the three optimization 
objectives can be expressed as 
 1 avg 2 3rCo w TF w TF w PF= − +   (26) 

where w1, w2, and w3 represent the weight ratios of the 
optimization objectives. They satisfy w1 + w2 + w3 = 1. 
In addition, the value of TFr is negatively correlated with 
motor performance. Therefore, the coefficient of TFr in 
Eq. (26) is negative. The weight ratios of TFavg, TFr, and 
PF are selected to be 0.6, 0.2, and 0.2, respectively. 
Taking TFavg as an example, the results calculated by 
multi-objective optimization are presented in Figs. 12 
and 13. The prediction results of TFavg of the proposed 
motors can be found to be approximately 801.3 N and 
874.8 N, respectively. The general optimization 
prediction results are presented in Tab. 4. 
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Fig. 12  Optimization results of TFavg of proposed motor I 

 

Fig. 13  Optimization results of TFavg of proposed motor II 

Tab. 4  Optimization prediction results 

Parameter Proposed motor I Proposed motor II 

bs0/mm 0 2.48 

HPM /mm 3.2 3.2 

e1 0.22 0.29 

TFavg/N 801.4 874.8 

TFr (%) 13.2 11.5 

PF 0.66 0.69 

According to the aforementioned results, the 
structure parameters are applied to the motor models. 
The FEM prediction results of the proposed motors are 
presented in Figs. 14 and 15. For the proposed motor I, 
the values calculated by the FEM of TFavg, TFr, and 
PF are 784.6 N, 20.6% and 0.67, respectively. The 
error ratios of TFavg and PF are approximately 2.1% 
and 1.5%; this implies that the TFavg and PF results of 
multi-objective optimization agree well with those of 
FEM. Nevertheless, the TFr of multi-objective 
optimization is significantly less than it of FEM. For 
the proposed motor II, the values calculated by FEM 
of TFavg, TFr, and PF are 848 N, 11.4% and 0.75, 
respectively. The result indicates that the errors 
between the multi-objective optimization and FEM of 
thrust force and thrust force ripple are also negligible. 
In summary, the designed response surface exhibits 

high fitting accuracy. 

 

Fig. 14  FEM results of proposed motor I 

 

Fig. 15  FEM results of proposed motor II 

5  Performance analysis 

In this section, the electromagnetic performances are 
comprehensively compared among the two proposed 
motors and the existing one. The performances were 
calculated by time-step FEM simulation with 
movements in the mover. Some important parameters 
are presented in Tab. 5. Evidently, the proposed motors 
have a larger slot area and lesser consumption of PM 
than the existing alternatives. 
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Tab. 5  Motor parameters 

Item Motor I Motor II Existing 

e1 0.3 0.35 0.4 

bs0/mm 0 1 8 

HPM /mm 3.2 3.2 4.5 

Area of slot/mm2 266.4 266.4 216 

Turns number per slot 102 102 84 

Volume of PM/cm3 162 162 190 

5.1  No-load condition 

Fig. 16 compares the back-EMFs and detent forces of 
the proposed motor I, proposed motor II, and existing 
motor. The fundamental amplitude values of the 
back-EMF of the three motors are 191 V, 206.6 V, and 
169.2 V, respectively. It can be inferred that the 
back-EMFs of the proposed motors can be improved 
by 12.9% and 22.1% based on that of existing one, 
respectively. In addition, the peak-to-peak values of 
the detent force of the three motors are 125.7 N, 50.1 
N, and 54.7 N, respectively. Evidently, the detent force 
of the proposed motor I is the largest, followed by that 
of the proposed motor II and the existing one. 
Therefore, the proposed motor II has merits both in 
terms of back-EMF and detent force. 

 

Fig. 16  Comparisons of back-EMFs and detent forces 

5.2  Load condition 

Important loading performance parameters, including 
thrust force, thrust force ripple, power factor, loss, and 
efficiency are compared herein. The comparison of the 
above performances is presented in Tab. 6. The 
average thrust force of the existing motor is 683.3 N, 
while those of the proposed motors are 784.6 N and 
848 N. Therefore, the proposed motors provide higher 
thrust force in the case of less PM consumption. The 
thrust force ripples of the three motors are 20.6%, 
11.4%, and 11.6%, respectively. The proposed motor II 

has the maximum thrust force and minimum thrust 
force ripple among the three motors. Fig. 17 depicts a 
comparison of the overload performances of the three 
motors. Evidently, the proposed motors share the same 
linear range, namely 0-6 A, while that of the existing 
alternative is in the range of 0-3 A. It primarily 
triggered by the saturation effect. When the rated 
current is 2 A, the proposed motors have three times 
overload capacity, while the existing motor is only 1.5 
times. Therefore, the proposed motors exhibit better 
overload performance. In addition, the power factors 
of the three motors are compared in Tab. 6, which 
indicates that the power factor of the existing motor is 
the highest, followed by the proposed motor II, and 
then the proposed motor I.  

Tab. 6  Performance comparison 

Item Motor I Motor II Existing 

Thrust force/N 784.6 848.0 683.3 

Thrust force ripple(%) 20.6 11.4 11.6 

Power factor 0.67 0.75 0.82 

Core loss/W 10.1 11.9 17.7 

PM loss/W 1.55 1.46 0.015 

Copper loss/W 169.5 169.5 139.6 

Efficiency(%) 81.2 82.2 81.6 

 

Fig. 17  Comparison of overload performance 

In addition, it can be inferred that the copper loss of 
the proposed motors is higher than that of the existing 
one. Meanwhile, core losses of the proposed motors 
are smaller than those of the existing motor. 
Meanwhile, because the PMs of the proposed motors 
are adjacent to the air gap, and those of the existing 
motor are embedded in the iron core, the PM loss of 
the proposed motors is also larger than that of the 
existing one. However, the loss of PM accounts for the 
smallest proportion of the total loss. According to the 
output power and loss, the efficiencies of the proposed 
motor I, proposed motor II, and existing motor can be 
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calculated as 81.2%, 82.2%, and 81.6%, respectively. 
It should be explained that under the same electrical 
load, the proposed motor II exhibits the largest output 
thrust force, resulting in the largest output power. 
Although the loss is larger than the existing motor, the 
overall efficiency is the highest. Meanwhile, the output 
power of the proposed motor I is higher than that of 
the existing motor. However, its loss is higher than the 
existing motor, which implies that the efficiency is a 
litter lower than the existing motor. 

6  Experimental verification 

The existing DS-PPMVL motor has been processed. 
Owing to the similar structures and magnetic field 
analysis models of the proposed motors and existing 
motor, the prototype based on the existing motor can 
be utilized to verify the accuracy of motor design and 
analysis. The prototype and experimental setup are 
illustrated in Fig. 18. The experimental setup includes 
a prototype, dSPace 1005 controller, tension sensor, 
magnetic powder brake, connecting wire rope, and an 
oscilloscope. During the test, the magnetic powder 
brake was adopted as the load and connected with the 
prototype using a wire rope. The tension sensor was 
installed on the wire rope to measure the thrust force. 
It should be noted that the length of the air gap is 
1.5 mm instead of 1 mm of the original design owing 
to processing error. To verify the accuracy of the 
aforementioned design, the FEM air gap length of the 

 

Fig. 18  Prototype of the existing motor 

existing motor has been adjusted to 1.5 mm. 
Meanwhile, owing to the limitation of stator length, 
the experimental speed is less than 1 m/s. 

Fig. 19a presents the back-EMF of experimental 
measured by 0.35 m/s. The waveforms of back-EMF 
are sinusoidal and symmetrical, while the amplitude is 
approximately 39 V, which agrees well with FEM 
results, as illustrated in Fig. 19b. Fig. 20 compares the 
static thrust forces between the experimental and FEM 
results. The thrust force varies linearly with the current 
owing to the unsaturation under low-load conditions. 
The maximum difference of thrust forces between 
FEM and experimental is approximately 5.7%. 

 

Fig. 19  Back-EMF at 0.35 m/s 

 

Fig. 20  Simulated and measured thrust forces versus current 

7  Conclusions 

Two DS-PPMVL motors with asymmetric CP PM 
structure were developed in this study. Based on the 
analytical and experimental investigations, the 
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following conclusions can be drawn. 
(1) The operation principle was analyzed considering 

the proposed motor I as an example. The analysis of 
the thrust force mechanism revealed that the low-order 
MMF harmonics significantly influence the 
performance. 

(2) The relationship between the proposed motors 
and the existing motor was clarified. A BBM was 
adopted to develop the unified analytical model. Based 
on the unified analytical model, the air-gap flux 
density of the proposed motor I was calculated, and 
the results agreed well with the FEM results. 

(3) By analyzing the difference in MMF, the internal 
performance improvement mechanism with the CP 
PM structure was elucidated. 

(4) To improve the optimization efficiency, the 
multi-objective optimization method was adopted and 
the global optimal solutions were determined. 

(5) Compared with the existing motor, the proposed 
motors have the merits of larger slot area, less PM 
usage, higher thrust forces, and better overload 
performance. Therefore, the utilization rate of the PM 
can be significantly improved, which is suitable for the 
long-stroke applications. However, certain demerits 
also exist in the proposed motors, such as lower power 
factor, higher copper and PM losses. 

Finally, the experiments based on the prototype 
were completed. All the experiment results agreed well 
with FEM results, thereby verifying the effectiveness 
of the theoretical analysis. 
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