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A B S T R A C T  
 

 

The permanent magnet machine has attracted much attention due to its high torque density at low speed 
and simple configuration. This feature is due to many magnetic pole pairs that flux in the air gap can be 

significantly changed with the smallest motion of the moving. In this paper, a linear dual stator flux 

reversal permanent magnet machine (LDSFRPMM) with toroidal winding is presented, which magnets 
embedded with Halbach and simple array on the translator and stator, respectively. The innovation of 

this structure over a conventional machine is the addition of a magnet between the stator teeth with the 

appropriate magnetic orientation,and finding the best width of permanent magnet on the stator and a 
change of the type of winding from the concentrated to the toroidal. By implementing these changes on 

a conventional machine, the main parameters of the machine such as back electromotive force (EMF), 
thrust force, power factor and permanent magnetic (PM) flux are increased which improves the 

performance of the proposed machine. 

doi: 10.5829/ije.2021.34.08b.21
 

 
1. INTRODUCTION1    

 In recent years, linear flux reversal permanent magnet 

machine (LFRPMM) has received considerable research 

attention. Vernier machine is flag-bearer of this category 

due to generating high thrust force at the low speed [1, 

2]. This feature exists because of numerous magnetic 

poles which are known as magnetic gearing effect [3, 4]. 

Generating a high thrust force at the low speed is very 

efficient in direct drive applications such as wave energy 

conversion and linear transportation [5, 6]. However, the 

first linear permanent magnet Vernier machine suffered 

from poor power factor due to high leakage flux [7]. 

During the years, scientists have reduced the weakness of 

the permanent magnetic Vernier machine with a different 

design. Dual stator spoke array permanent magnet (PM) 

is one of the most popular designs which is very effective 

to achieve high power factor, high thrust force and low 

leakage flux [8]. Recently, engineers by using special 

material such as superconductor and soft magnetic 

composite (SMC) improve performance of proposed 

LDSFRPMM. High-temperature superconductor (HTS) 

material has been used in electric machines because of 
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high-current tolerance and property of the shield leakage 

flux [9-12]. Also, SMC material has been used in the 

structures of PM machine to improve performance of 

proposed LDSFRPMM in terms of losses and 

temperature [13, 14]. Copper loss is an important 

parameter in electrical machine and is significantly 

related to the type of winding. Based on literature[15, 

16], because of the particular type of winding, copper 

losses in the proposed LDSFRPMM remarkably reduced 

and thrust force increased. An increase in the volume of 

the PM and correct selection of the shape of magnet and 

magnetic direction can improve the performance of the 

proposed machine [17]. In the various types of structures, 

magnets are used in the form of simple [18], spoke array 

[19], skew [20], hybrid [21, 22] and Halbach array [23] 

to improve the main parameter of the proposed machine. 

A permanent magnet Vernier machine has been proposed 

shi et al. [24] and Fan et al. [25]. So that, with an increase 

in the volume of the PM, air-gap magnetic field, back-

EMF and power factor are increased in the proposed 

machine.  Liu et al. [26] by integrating Halbach array 

leakage flux and the efficiency of the proposed machine 

have reduced and increased, respectively. Zhao et al. [27] 
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by dividing the PM into the very small segment as 

Halbach array in various magnetic orientation back EMF, 

thrust force and flux density raised. Nematsaberi and Faiz 

[28] by changing the simple array to the spoke array PM 

and applying non-magnetic material the thrust force and 

PF have increased. The target of this paper is proposing 

a new LDSFRPMM with toroidal winding and a special 

arrangement of PM to improve the weaknesses of 

conventional LDSFRPMM. In the proposed 

LDSFRPMM magnet with Halbach array is mounted on 

the translator and simple magnet with correct width and 

effective orientation is embedded on the stator and 

winding has changed from concentrated to toroidal.  So 

that, the magnetic orientation of the PM mounted on the 

stator is the same as the magnetic orientation of the 

middle part of the magnet with the Halbach array on the 

translator. In this structure PM flux, air gap flux density, 

thrust force, power factor and back-EMF are increased 

which causes the increase of the performance of the 

proposed LDSFRPMM.  

 

 

2. MACHINE CONFIGURATION AND OPERATION 
 

Ndfe35 PM with Halbach array is a specific arrangement 

that compound with several directions like vertical and 

horizontal. The conclusion of the combination of these 

two different magnetic directions, is that the intensity of 

the magnetic field on one side is highly stronger than the 

other side. All possible magnetic structures such as 

vertically, horizontally and Halbach are shown in Figure 

1. As can be seen, the magnetic field vectors produced by 

the magnets are symmetric in structures (a) and (b), but 

in structure (c), they are asymmetric and the magnetic 

field is stronger on one side than on the other which using 

this feature properly can improve machine performance 

By simultaneous use of magnets on stator and translator 

and proper combination of their magnetic orientation, the 

proposed LDSFRPMM can reach the ideal sinusoidal 

magnetic flux, which increases thrust force, PM flux and 

back-EMF. The proposed LDSFRPMM is designed 

based upon the conventional LDSFRPMM, which is 

shown in Figure 2. As can be seen, the main difference 

between conventional LDSFRPMM and the proposed 

LDSFRPMM is that there is no magnet on the stator of 

conventional LDSFRPMM and winding in the proposed 

LDSFRPMM turns into toroidal from concentrated. So 

that, in the toroidal winding, each phase consists of one 

coil, and in the concentrated winding, each phase 

comprises four coils. Translator is divided into three 

equal parts, which make the phases separated from each 

other, and each part consists of four major teeth which 

each of them are divided into three splits for modulation 

of the flux. The surface of the translator has been covered 

by a Halbach array composed of the same three magnets 

with different directions, the central one is vertically 

magnetized, and the two other sides are horizontally 

magnetized. PM applied between slots of the stator is 

magnetized in perpendicular upward and downward 

directions. The main operation of both machines is based 

on the effect of the magnetic gear. Because of this effect, 

with a small displacement of the translator, the flux in the 

air gap changes rapidly and causes at the low speed to be 

able to generate high thrust force. The teeth of the stator 

modulate the PM field to provide an effective magnetic 

field so that a higher velocity of the field than that of the 

translator, improves the thrust force. The relation is 

illustrated by Arish et al. [11] and Yao et al. [29]: 

p N p

pm s

=    
(1) 

where Ppm, P and Ns are the number of pole pairs on the 

translator, the number of winding pole pairs and the  
 

 

  
(a) 

  
(b) 

 
(c) 

Figure 1. Magnet Structure. (a) Horizontal array, (b) 

Vertical array, (c) Halbach array 
 

 

 
(a) 

 
(b) 

Figure 2. Machine structure. (a) Proposed LDSFRPMM, (b) 

Conventional LDSFRPMM 
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number of stator flux modulation teeth respectively in the 

proposed LDSFRPMM. Magnetic gear ratio is an 

important design index for the select of slot and pole 

combinations during the early stages of the machine 

design. Increasing gear ratio enhances thrust force and 

back-EMF capability. High thrust force can be achieved 

with the high number of poles, this typically causes 

higher leakage flux.  
 

 

3. PERFORMANCE EVALUATION  
 

In FEM for two machines, the permeability of the iron 

core is based on practical data, so iron core is laminated 

and the iron saturation is considered. Adding a magnet on 

the stator may cause the machine to saturate, which is 

why it is important to choose the correct magnet width 

added to the machine. Figure 3 shows the back-EMF and 

detent force variations based on the millimeter changes 

of the magnet's width. With magnet's width increases, the 

trend of detent force is increased too. The magnet width 

is chosen so that the proposed LDSFRPMM has the low 

detent force and the highest back-EMF. It should also be 

noted that the width of the selected magnet does not cause 

the saturation of the proposed LDSFRPMM. According 

to the description given, the best selection width is 7 mm. 

So that for high performance, the magnet width of the 

Halbach array should satisfy the following relation [3]: 

2w wv sh + 
 

(2) 

w wvh   (3) 

where wv , wh and τs are the width of the bigger part of 

Halbach PM, width of the smaller part of Halbach PM 

and pole pitch, respectively. To generate a sinusoidal 

magnetic field in the air-gap, the width of  horizontally 

magnetized PM should be smaller than  vertically 

magnetiz–ed PM. The corresponding mesh of the 

proposed LDSFRPMM is shown in Figure 4. In order to 

obtain precise accuracy, more than 10000 meshes in 

several layers were created and calculated. All the design 

parameters of the proposed LDSFRPMM and the 

conventional LDSFRPMM are the same, including 

current density, translator pole pairs, magnetic gear ratio, 

the material of the core and air gap length. Design 

parameter of the proposed LDSFRPMM is shown in 

Figure 5 and listed in Table 1. 

 

3. 1. Magnetic Field and Air Gap Flux Distribution       
The air gap magnetic flux density is directly 

commensurate to the PM pole pairs in the Vernier 

machine and generate at the no load state. It is the 

interaction of the magnetic field generation with the teeth 

of stator and translator. Figure 6 depicts the waveforms 

of the air gap magnetic flux, the maximum of magnetic 

 
(a) 

 
(b) 

Figure 3. Variation of the back-EMF and detent force 

respect to width of PM. (a) Back-EMF. (b) Detent force 
 

 

 
Figure 4. The corresponding mesh of the proposed 

LDSFRPMM 
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Figure 5. Design parameters of proposed LDSFRPMM 

 

 

TABLE 1. The design parameter of the proposed LDSFRPMM 

Items Unit LDSFRPMM 

Speed m/s 1.5 

wh mm 3 

wv mm 6 

g mm 2 

wy mm 10 

wm mm 26 

wst mm 6 

hst mm 6 

hr mm 10 

ht mm 32 

ws mm 9 

wcoil mm 14 

hcoil mm 17 

whalbach mm 12 

τs mm 15 

0 mm

3 mm

4 mm

5 mm

6 mm

7 mm
8 mm

9 mm

0

100 Back- EMF (V)

0 mm

3 mm

4 mm

5 mm
6 mm

7 mm 8 mm

9 mm

0

200 Detent force (N)
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Figure 6. Comparison of the arigap magnetic flux 

 

 

flux in the air gap for the proposed LDSFRPMM and 

conventional LDSFRPMM is 1.26 T and 0.81 T, 

respectively. Hence, the air gap magnetic flux in the 

proposed LDSFRPMM is 55% higher than the 

conventional LDSFRPMM. This increase is due to the 

increased volume of magnets used in the proposed 

LDSFRPMM. The air gap flux density waveform shows 

that there is 360 mm effective length, so it contains 24 

numbers of the active teeth of the stator. Flux line 

distribution at the no-load is generated only by PM, and 

it is shown in Figures 7(a) and 7(b) for two models. It 

expresses that the flux lines of the three modules in the 

two models are autonomous. Thus, the field distributions 

in one phase do not affect relatively on the other phase, 

therefore the LDSFRPMM possess the excellent fault-

tolerant capability. Density of the flux line due to adding 

the magnet on the stator and changing the type of winding 

in the proposed LDSFRPMM is higher magnetic flux 

distribution at full load for the two models generated by 

PM and armature current simultaneously. Figures 7(c) 

and 7(d) show magnetic flux distribution at full load for 

two models. It is evident that the magnetic flux 

distribution in the proposed LDSFRPMM is higher than 

conventional LDSFRPMM and maximum magnetic flux 

density for both models is less than 2. Figure 8 shows the 

PM flux of two models. PM flux in the proposed 

LDSFRPMM is generated by PM at the no-load. It is 

clear that the peak of the PM flux in the proposed 

LDSFRPMM is higher than the conventional 

LDSFRPMM, so RMS of the PM flux in the proposed 

LDSFRPMM and conventional LDSFRPMM are 0.057 

Wb and 0.014 Wb, respectively. With an increase in PM 

flux, the back-EMF also increases accordingly and this 

improves the power factor and output power of the 

proposed LDSFRPMM. 

 

3. 2. Back-EMF        The relative motion between the 

translator and stator is caused by the external vibration 

and magnetic flux through in the air gap will change. 

Base on the Faraday’s law of the electromagnetic 

induction, the back-EMF will be generated in the coil. 

The phase’s back-EMF can be defined as:  

d d
EMF v

dt dx

 
= =  (4) 

where, ψ and x are PM flux and displacement, 
respectively. It is obvious that back-EMF is derivation of 

PM flux relative to time or derivation of PM flux relative 

to displacement multiply to velocity. Thus, the back-

EMF is only affiliated to the change of PM flux. Figure 9 

shows no load back-EMF waveforms for two models. It 

is obvious which waveform of the back-EMF is purely 

sinusoidal and acceptable. Because back-EMF is 

derivation of PM flux, DC part of the PM flux is entirely  

 

 

 

 
Figure 7. Comparison of the flux density distribution. (a) 

Flux line distribution in the conventional LDSFRPMM at no 

load, (b) Flux line distribution in the proposed LDSFRPMM 

at no load, (c) Magnetic flux distribution in the conventional 

LDSFRPMM at full load, (d) Magnetic flux distribution in 

the proposed LDSFRPMM at full load 

 

 

 
Figure 8. Comparison of the PM flux 
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Figure 9. Comparison of the back-EMF 

 

 

omitted in the waveforms of back-EMF. The maximum   

of the back-EMF at no load for the proposed 

LDSFRPMM and conventional LDSFRPMM is 61 V and 

17 V, respectively. 

In other words, maximum of the back-EMF for the 

proposed LDSFRPMM is significantly higher than the 

conventional LDSFRPMM, since the PM volume 

increases. 
 

3. 3. Self-inductance and Mutual-inductance        
Self inductance and mutual inductance of the proposed 

LDSFRPMM and conventional LDSFRPMM are shown 

in Figure 10. It is obvious that the self-inductance 

depends on the translator's position and type of winding. 

The average of three phases self inductance in the 

proposed LDSFRPMM and conventional is 35 mH and 8 

mH, respectively. As can be seen, the average of three 

phases self inductance in conventional LDSFRPMM is 

much less than the proposed LDSFRPMM. Mutual 

inductance in the proposed LDSFRPMM and 

conventional LDSFRPMM is approximately equal to 

zero and mutual inductance between phase a and phase c 

is lower than two other phases. This is due to the distance 

between phase a and phase c is longer than two other 

phases. Because, three phases in both machines are 

separated and they do not have much impact on each 

others. 

3. 4. Power Factor       The classical approach of 

computing power factor is using phasor diagram which is 

employed in this paper with irrespective of the stator 

resistance. Power factor (PF) in LPMVM is given by with 

assuming that the current id is zero [8]: 

0.5(1 )
LsI

PF


−= + (5) 

where 𝐼 is the RMS of the phase current and 𝐿s is the 

synchronous inductance. As can be seen, the major 

reason for low power factor according to the Equation (5) 

is high synchronous inductance and low PM flux. The 

proposed LDSFRPMM can reach high PM flux, because 

of the increase of volume of the PM and correct magnetic 

direction of PM. It is true that by converting the winding 

from the concentrated to the toroidal, the inductance  
 

 
(a) 

 
(b) 

Figure 10. Comparison of inductance. (a) Self inductance. 

(b) Mutual inductance 

 
 
increases and this reduces the power factor. But, an 

increase in the PM flux is much greater than the 

inductance increase, which according to Equation (5), 

since the flux is in the denominator of the fraction; 

generally the power factor is improved. 
 
3. 5. Thrust Force and Detent Force        The 

electromagnetic force for all phases can be defined as 

follows [3]: 

1 12 2
( )

2 2

d dL d
F i i i L

dx dx dxele


= + +  (6) 

The first term in Equation (6) is the force generation by 

PM field and other terms are the forces arising from the 

position dependent inductances. Hence, the inductance 

variations with translator position in the proposed 

LDSFRPMM  may give increase to fluctuating force.  For 

both models, the thrust force can be given by Botha et al. 

[31]:  

thrust ele detent

F F F= +   (7) 

Detent force is a drawback for the linear machine which 

leads to mechanical vibration and noise for the machine. 

Then, minimizing detent force is an important 

requirement for linear machine design. Detent force in 

linear permanent magnet machine is appeared by two 

main reasons: 1- slot effect 2- end effect. Slot effect in 

the linear machine is caused by the interaction of PMs 

and the iron teeth. Also, the end effect is caused by the 

finite stator core length and has an impact on phase a and 
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phase c. Therefore, the electromagnetic parameters of 

phase b are higher than other phases. Figures 11(a) and 

11(b) depict the detent force and thrust force for both 

models at the no-load and full load, respectively.  As can 

be seen, the value of the detent force in the proposed 

LDSFRPMM is higher than conventional LDSFRPMM, 

but the average of thrust force in the proposed 

LDSFRPMM is higher than conventional LDSFRPMM 

and average of the thrust force for the proposed 

LDSFRPMM and conventional LDSFRPMM is 415 N 

and 50 N, respectively. High thrust force density of the 

proposed LDSFRPMM is due to the increase of volume 

of the PM and type of winding which causes flux density 

in yoke of the proposed LDSFRPMM be higher than 

yoke of conventional LDSFRPMM. High ripple force 

reduces machine performance, when the d-axis current is 

zero, the ripple of thrust force is obtained [32]: 

-

max min
100%

F F

F
Fthrust
avg

=              (8) 

where, Fmax is maximum thrust force, Fmin is minimum 

thrust force, and Favg is average thrust force. The ripple 

of thrust force in the proposed LDSFRPMM is a little 

higher than conventional LDSFRPMM which it is non-

important at the low speed. It should be noted that with 

the increase of the PM volume, PM flux, back-EMF, 

thrust force, power factor and air gap flux density 

increase too. For a better comparison, the 

electromagnetic parameters of the proposed 

LDSFRPMM and conventional LDSFRPMM are 

presented in Table 2. 

 

 

 
(a) 

 
(b) 

Figure 11. Comparison of force. (a) Detent force, (b) Thrust 

force 

TABLE 2. Electromagnetic performance comparison 

Item 
Proposed 

LDSFRPMM 
Conventional 

LDSFRPMM 

Air gap flux density (T) 1.26 0.81 

PM flux linkage (Wb) 0.057 0.014 

Back-EMF (V) 61 17 

Self-inductance (mH) 35 8 

Thrust force (N) 415 50 

 

 

4. CONCLUSION 
 

This paper proposes a new LDSFRPMM topology with 

toroidal winding which simple PM with correct 

orientation and width is mounted on the stator and 

Halbach array PM is mounted on the translator. This 

paper shows the importance of width of magnet and 

winding arrangement. Electromagnetic performance of 

the proposed LDSFRPMM was compared to 

conventional LDSFRPMM by FEM in terms of back-

EMF, thrust force, detent force, inductance, power factor, 

air gap flux density and PM flux. According to the 

obtained results of FEM, the novelty improved the 

performance of the proposed LDSFRPMM compared to 

conventional LDSFRPMM. So that, airgap flux density 

in the proposed LDSFRPMM and conventional 

LDSFRPMM is 1.26 T and 0.81 T, respectively. PM flux 

in the proposed LDSFRPMM and conventional 

LDSFRPMM is 0.057 Wb and 0.014 Wb, respectively. 

Back-EMF in the proposed LDSFRPMM and 

conventional LDSFRPMM is 61 V and 17 V, 

respectively. Inductance in the proposed LDSFRPMM 

and conventional LDSFRPMM is 35 mH and 8 mH, 

respectively. Thrust force, in the proposed LDSFRPMM 

and conventional LDSFRPMM, is 415 N and 50 N, 

respectively. In addition, the thrust force of the proposed 

LDSFRPMM has a significant increase compared to the 

conventional LDSFRPMM.  
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Persian Abstract 

 چکیده 

 قطب جفت یادیز تعداد یلدل به یژگیو ینا .است کرده جلب خود به را یاریبس توجه ساده یکربندیپ و کم سرعت در باال گشتاور  تراکم یلدل به یدائم یآهنربا ینماش

 استاتور برگشت شار یدائم یآهنربا ینماش یک ، قالهم ینا  در .کند ییرتغ  یتوجه قابل صورت  به متحرک حرکت ینکوچکتر با تواند یم هوا شکاف در شار که است یسیمغناط

 یک یرو بر ساختار ینا ینوآور .است شده نصب استاتور و متحرک ی رو ساده و هالباخ  یشآرا با یبترت به ها  ربا آهن که است شده ارائه یدالتوروئ یچپ یمس با یخط دوبل

 یک یرو بر ییرات تغ  ینا یاجرا با .است یدالتوروئ به متمرکز از یچپ یمس نوع ییرتغ  و مناسب یسیمغناط یریگ جهت با استاتور یدندانها ینب آهنربا افزودن یمعمول ینماش

 ین ماش عملکرد بهبود باعث که یابد یم یشافزا ی دائم یسیمغناط شار  و توان یبضر  ، رانش یروین  الکتروموتور، یروین مانند دستگاه یاصل یپارامترها ، یمعمول ینماش

 .شود یم یشنهادیپ

 

 

 

 

 


