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Abstract—A novel structure of axial flux stator and rotor dual 

PMs Vernier machine is presented as an effective option for high 

torque-density direct-driven applications. The key is to locate 

PMs on both sides of rotor and stator. With dual PMs, this 

proposed machine with a novel structure generates an improved 

torque per armature current at low speed. It is very suitable for 

direct drive applications with limited space such as the in-wheel 

electric vehicle (EV) motors. The theory of the structure with 

PMs on both sides is analyzed theoretically. The structure and 

operation principle of machine are introduced and the steady and 

steady performance of machine is analyzed and verified with 

time-stepping finite element method (TS-FEM).  

 
Index Terms—Direct-drive, finite element method, flux 

modulation, high torque density, permanent magnets 

 

I. . INTRODUCTION 

UE to the dramatical improvement of the performence of 

permanent magnet (PM) materials, PM machines have 

been applied in more and more application fields, ranging 

from industrial field such as wind power generator, electrical 

vehicles to domestic appliances [1-3]. PM machines owns 

many obvious merits including high efficiency and high power 

density, over many other electric-excited machines. PM 

machines can be classified as gear box based type and direct-

drive type. For the former one, a reduction gear is always 

essential for traditional drive systems because of the 

mismatching between the drive system and the load. However, 

the mechanical reduction gears bring some additional 

problems such as mechanical vibration, noise and maintenance 

cost. To get rid of the reduction gears, direct-drive PM 

machine is one of the research directions for morden drive 

systems. Various topologies of the PM machines have been 

proposed in the past decades years to be desgined as direct-

drive machines [4-7]. PM vernier machines as one special case 

of flux modulation machines are extremely suitable for the 

low-speed high-torque-density direct-drive system.  
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Vernier motor structure was proposed firstly by Lee [8] in 

1963. Since the PM machine was not popular, the first Vernier 

motor is a reluctance-type inductor synchronous motor. The 

PM Vernier machine (PMVM) with high performance PM 

materials has the feature of high torque at low speed [9-12].  

PMVM is also one type of magnetic geared machine 

machines or flux modulating machines due to the inherent 

magnetic gear effect. The Vernier structure of PMVM 

amplifies several specific space harmonics of magnetic field 

with modulation of uneven air-gap permeance in the air-gap. 

With the interaction between these specific harmonics and 

magnetic field excited with rotor PMs, the PMVM produces 

large torque at low speed. For the conventional PM 

synchronous machines (PMSM), the stator windings and rotor 

PM have same poles number. However, in the PMVM, the 

pole number of stator windings and the rotor PMs are different. 

The gear ratio of the PMVM is dependent on the selection of 

the poles number of the rotor PMs (Zr) and poles number of 

the stator windings (p). The gear radio is always much greater 

than one which means p is always designed much smaller than 

Zr. 

Axial-flux permanent-magnet machines (AFPMM) have 

been studied for several decades [13-15]. The extreme axial 

compactness of the AFPMM is its major advantage, which 

make it very suitable for the space limited applications, such 

as used as in-wheel motors for the electrical vehicles (EV) and 

wind power generators. Based on the structure, AFPMMs can 

be divided into single-stator, single-rotor, double-stator, 

single-rotor, single-stator, double-rotor and multi-stack 

structures. For the single-stator, double-rotor machines, the 

windings can be wounded as ring windings which are also 

known as back to back or core-wound windings. Compared 

with traditional tooth-wound windings, the ring windings have 

excellent performance since the end connection is shorter and 

the winding utilization is higher. Fig. 1(a) shows the single-

stator, double-rotor topology with core-wound windings and 

NN PMs. The NN indicates that opposing magnets are of same 

polarity. Fig. 1(b) shows the single-stator, double-rotor 

topology with core-wound windings and NS PMs. The NS 

indicates that opposing magnets are of opposite polarity. 

In this paper, a novel axial flux dual permanent magnets 

(AFDPM) machine is proposed. The AFDPM machine adapts 

single-stator, double-rotor NN structure and core-wound 

windings as shown in Fig. 2. The basic operating theory of the 

AFMPMM is that it employs flux modulating effect to 

integrate the magnetic gear and permanent magnet 

synchronous machine (PMSM) compactly. With 3d finite 
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element method (FEM), the theory is verified and the 

performance of the novel structure is analyzed. A conventional 

axial flux vernier PM machine (AFVPM) with similar rated 

speed and volume is studied to compare with the AFDPM 

machine in term of the torque density. With PMs on both sides 

of the air-gap, the torque density of the AFDPM machine is 

improved dramatically when compared with conventional 

direct-drive machines.  
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Fig. 1.  The structure of single stator-double rotor. (a) core-wounding with NN 
PMs. (b) core-wounding with NS PMs. 
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Fig. 2.  The structure of the AFMPMM. 

II. OPERATING PRINCIPLE OF DUAL PM FLUX MODULATION 

MACHINE  
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Fig. 3. Portion of axial flux stator and rotor dual PM machine.  

To illuminate the theory of the AFDPM machine, a portion 

of the cross section of the axial flux stator and rotor dual PM 

machine is shown in Fig. 3. To simplify the 3d model to a 2d 

diagram, the arc is shown as straight line. The fundamental 

component of the magnetic motive force (MMF) developed by 

the rotor PMs is expressed in Eq. (1) and the air-gap 

permeance is expressed in Eq. (2) below.  
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where, N1 is the pole pair numbers of the rotor PMs, Zs is the 

stator slot number, qmis the rotor position and q is the angular 

position in the air gap. hm1 is the thickness of the rotor PM. 

From Eq. (1) and Eq. (2), the air-gap flux density developed 

by rotor PMs is given by Eq. (3). 
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The flux linkage within one stator pole range due to the ro-

tor PM is given as: 
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where, P is the pole pair number of the stator windings, r1 and 

r2 are the outer radius and inner radius of the rotor PMs, re-

spectively. When the pole-pair number of rotor PMs equals to 

the pole-pair number of the stator windings, namely N1 = p, 

the flux density due to the flux modulation effect with N1 ± Ns 

is negligible and there is no gear effect. To employ the flux 

modulation effect, the pole pair numbers should satisfy the 

relationship N1 -Zs = ±p. Eq. (4) can be rewritten as: 
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where, 1  is the amplitude of windings flux linkage devel-

oped by the rotor PMs: 
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The magnetic field of the rotor PMs is modulated by the sta-

tor slots. The rotor PMs and the stator slots consist of the first 
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set of flux modulation group. The rotor slots and the stator 

PMs inserted into the stator slots consist of the second modu-

lation group. In the same way, the magnetic field excited by 

the stator PMs is modulated by the rotor iron segments. The 

pole pair number of the stator PMs is Zs and the rotor pole 

number is N1, the MMF developed by the stator PMs is ex-

pressed in Eq. (7) and the relevant air-gap permeance is ex-

pressed in Eq. (8). 
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The additional  in (8) is the angle difference between the 

rotor PMs and the rotor slots, and hm2 is the thickness of the 

stator PM. The air-gap flux density developed by stator PMs is 

expressed as: 
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The flux linkage within one pole range of the stator wind-

ings due to the stator PMs is given as: 
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The flux linkage of the stator winding is the superposition 

of these two fields and can be expressed as: 
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where, PM1 is the flux linkage excited by the rotor PMs and 

PM2 is the flux linkage excited by the stator PMs.  

III. PERFORMANCE ANALYSIS WITH FEM 

TABLE I 
PARAMETERS OF the proposed machine 

Parameters AFDPM machine 

Rated Power(kW) 3 
Rated Speed (rpm) 600 

Number of winding poles 4 

Stator Outer diameter (mm)  200  
Stator Inner diameter (mm) 80 

Stator PM thickness (mm) 5 

Number of stator slots 18 
Number of stator small slots 5 

Rotor outer diameter (mm) 205 

Number of rotor poles 20 
Rotor PM thickness (mm) 4.5 

Remanence of magnets (T) 1.24 

Rated speed (rpm) 600 
Air gap length (mm) 0.5 

Stack length (mm) 45 

 

TABLE I shows the specification of the models. With 3d-

FEM, the machine performance is analyzed. The flux density 

distribution of the AFDPM machine is shown in Fig. 4. To 

illuminate the flux density distribution clearly, the top part of 

the rotor is concealed. Fig. 5 shows the flux linkage of one 

phase of stator windings. To verify the Vernier theory 

conducted in Part II, the flux linkage developed by the rotor 

PMs, stator PMs and the superposition flux linkage are shown 

respectively. The solid line is the superposition flux linkage, 

the broken line is the flux linkage developed by the stator PMs 

and the dotted line is the flux linkage developed by the rotor. 

As seen from Fig. 5, the flux linkage developed by the stator 

PMs and rotor PMs have the same phase and the superposition 

flux linkage is their linear summation. 

 
Fig. 4 Flux density distribution of the AFDPM machine 

A. Airgap Flux Density Distribution 

Fig. 5 and fig.6 show the computed flux distribution in the 

airgap. The axial flux density due to the stator PMs, as well as 

their space harmonic spectra, are shown respectively in figs. 

5(a) and figs. 5(b). The axial flux density due to the outer 

winding in the airgap, as well as their space harmonic spectra, 

are shown in Figs. 6(a) and 6(b), respectively. It is easy to see 

that the 2 pole-pair harmonic is smaller than the 18 pole-pair 

harmonic but larger than other harmonics because of the 

vernier effect. The 2 pole-pair harmonic is the functional 

harmonic to couple with the stator winding. The axial flux 

density due to the inner stator PMs, as well as their space 

harmonic spectra, are shown respectively in Figs. 6(a) and 

figs.6(b) show the axial flux density due to the rotor stator 

PMs and its space harmonic spectra. 

 
(a) 
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(b) 

Fig. 5 Flux density distribution of the AFDPM machine 

 
(a) 

 
(b) 

Fig. 6 Flux density distribution of the AFDPM machine 

B. Benefit of the Dual PM structure 

The no-load back EMF is simulated at 600 rpm and shown 

in Fig. 7. In accordance with the flux linkage waveform, the 

solid line is the total no-load back EMF of the AFDPM 

machine. The broken line is the back EMF excited by the 

stator PMs and the rotor PMs are considered as vacuum. The 

back EMF excited by stator PMs is a little larger than the back 

EMF excited by the rotor PMs. It is because that the stator 

PMs is thicker than the rotor PMs as shown in TABLE I. The 

dotted line is the back EMF excited by the rotor PMs and the 

stator PMs are considered as vacuum. The additional broken 

dot line is the back EMF of a conventional AFVPM machine. 

The structure of the conventional AFVPM machine is shown 

in Fig. 8. With same rotor pole pair number, and stator slot 

number, the major peripheral dimensions of the AFVPM 

machine are the same as the AFDPM machine, except the PMs 

are only mounted on the rotor without slots. The no load back 

EMF of the novel stator and rotor dual PM structure is much 

larger the conventional Vernier structure in the same size as 

shown in Fig. 9. It indicates the novel structure has higher 

power density and torque density than the conventional 

AFVPM machine with the same electric loading and magnetic 

loading. The no load back EMF is increased from 80V of the 

AFVPM machine to 120V of the AFDPM machine.  
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Fig. 7 Flux linkage of the stator windings with different rotor position 

 
Fig. 8. Structure of a conventional axial flux vernier PM machine. 
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Fig. 9. No-load back EMF of the stator windings with different rotor position. 
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Fig.10 shows the maximum torque with different armature 

current. The torque-current characteristic is not a straight line 

for both AFDPM machine and AFVPM machine. The reason is 

that the armature reaction cause the magnetic satuation when 

the current density is high. Same as the no-load back EMF, the  

torque of the AFDPM machine is also higher than the AFVPM 

machine with the same winding current. 
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Fig. 10. Maximum torque with different armature current density. 

C. Transient Torque and Efficiency 
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Fig. 11. Transient torque at 600 rpm. 

 

Fig. 11 shows the steady torque waveform of AFDPM 

machine with 7 A current density and 600 rpm rotation speed. 

The torque ripple is 5Nm (peak to peak). Due to the dual PM 

structure, it is lager than the torque ripple of convention AFPM 

machines. This is a major drawback of the AFDPM machine. 

Using the multilayer structure, the torque ripple of the AFDPM 

machine can be suppressed. Fig. 12 shows the core loss of the 

AFDPM machine with full load condition. In full load 

condition, the copper loss of the AFDPM machine is 72W and 

the core loss 139W. Considering the stray loss is 1%, the 

efficiency of the AFDPM machine is 92.4% in the full load 

condition.  

 
Fig. 12. Core loss with full condition. 

 

IV. CONCLUSION 

In this paper, a novel structure of axial flux stator and rotor 

dual PM machine is proposed. The novel machine has the 

merits of high power density and torque density at low speed. 

It is suitable for direct drive applications with limited space 

such as in-wheel electrical propulsion system. The flux 

modulation effect is formulated and working principle is 

explained. 3d-FEM is employed to prove the accuracy of the 

model and the transient and static performance of machine is 

analyzed. Compared with conventional axial flux PM 

machines, the torque density is improved by around 20% as 

shown in the simulation result.  
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