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Abstract 

Renewable energy has been the topic of much research 

over the years. Wind power generation, categorized as a 

direct drive application, requires a low-speed and          

high-power density generator. The permanent magnet 

Vernier machine is one of the flux modulation ones which 

can have both features simultaneously. The axial flux 

structure can be a better solution for this application 

instead of the radial counterpart with Having more power 

density, efficiency and compact structure. So,  in this 

paper, a 300W axial flux permanent magnet Vernier 

generator (AFPMVG) TORUS type for wind power 

generation is investigated. with NN type magnet 

structure, the toroidal winding configuration is used and 

consequently, end winding connection is descended. The 

no-load phase voltage and volume of the machine is 

formulated. Then, the proper decision variables and 

primary design considerations are discussed. Using 

genetic algorithm (GA), the volume of the machine is 

optimized subjected to the constant no-load phase 

voltage with MATLAB software. Finally, the 

optimization is simulated using 3D-FEM and flux 

density, no-load phase voltage with harmonic orders and 

cogging torque are analyzed. The final design power 

density reached 196kW/m3. In addition, a low value in 

THD and cogging torque resulted, which are desired for 

the wind turbine. 

Keywords: Axial flux permanent magnet vernier 

generator (AFPMVG), Genetic algorithm (GA), Power 

density, Finite element method (FEM). 

 

Introduction 

In recent years, direct-drive applications such as electric 

vehicles and wind turbines have become one of the most 

popular research fields [1]–[3]. Low speed and high 

power/torque density are needed in these applications. 

Mechanical gears were initially employed as a link 

between the machine and load or turbine as a viable 

option. Mechanical gears, however, have restricted 

reliability, high maintenance costs, and low efficiency [4]. 

To solve this problem, direct drive machines were 

proposed. These machines are coupled directly to the 

turbine or load, but due to the low speed of these 

applications, volume was increased enormously. 

Therefore, another type of machine was presented using a 

concept called magnetic gearing effect. These kinds of 

machines are also known as flux modulation ones. 

Magnetic gears, Flux switching, Flux reversal and Vernier 

are examples of flux modulation machines [5]. 

Permanent magnet vernier machine (PMVM) is one of 

the flux modulation types created following the evolution 

and integration of magnetic gears with permanent magnet 

machines [2]. Using the gear effect, rotor field of PMVM 

will rotate at speed much lower than that of armature. In 

this manner, the machine is capable of both working at 

low speed and having high power density. Many 

structures have been proposed for PMVM such as dual 

rotor, dual stator, Halbach array and so on [6]–[8]. 

Due to the use of integrated slot distributed winding, 

most of traditional PMVMs have long ending 

connections; as a result, volume will be increased. 

Toroidal winding with a high winding factor is suitable 

replacement for them because it reduces end winding 

connections and consequently, the effective diameter 

length. Moreover, toroidal winding can be used in 

machines with dual airgap and in addition to increasing 

the power density, for being exposed of the airgap, the 

cooling condition will be improved [9]. 

The radial flux PMVM has generally been the subject 

of numerous studies. However, axial flux permanent 

magnet vernier machines (AFPMVM) have also received 

interest recently. Benefiting from higher efficiency, more 

compact design and more significant aspect ratio, the 

AFPMVM is more suited for direct drive applications 

than the radial counterpart [10], [11]. Up to now, several 

AFPMVM topologies have been proposed and analyzed. 

In [12], the axial force between the rotor and stator of  a 

single stator-single rotor structure is optimized and 

reduced. In [13], a dual stator-single rotor structure is 

proposed to improve the power factor. In [14], a double 

rotor-triple stator structure is optimized via genetic 

algorithm (GA). In [15]–[18], alternative topologies 

including dual rotor-single stator with consequent pole, 

triple rotor, triple stator and MAGNUS type have been 

examined. 

Much research is conducted on the optimization of the 

pulsating torque and efficiency of the PM machines [19]. 

The PM machines have low working frequency and 

increase ripple of dc link capacitor in wind power 

generation system. Also, due to the same stator and rotor 

pole pairs, the rotor pole pairs can’t increase significantly.  

Thus, in this paper, as a solution and replacement for PM 

generator, an AFPMVG is studied. To reduce the length 

of the end winding connection and boost power density, 

the toroidal winding will be employed in an AFPMVG 

with dual rotor and single stator. First, the operation 

principles and structure of the machine will be discussed. 

Second, the volume and objective function of a 300W 

machine will be formulated. Third, the decision variables 
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will be chosen and then, optimization will be performed 

using GA. At last, the results will be confirmed by 3D-

FEM simulation. 

 

Operation principles and structure 

PMVM shares the same operating principles as permanent 

magnetic-geared machines [2]. The sum or difference of 

the number of rotor and stator pole pairs determines the 

number of stator teeth. As a result, the number of rotor 

pole pairs is more than that of armature. So, unlike 

 

 
 

 

permanent magnet synchronous machines, PMVMs don’t 

adhere to the condition that the number of rotor and stator 

pole pairs must be equal. Due to the magnetic gearing 

effect, the produced MMF of rotor magnets is modulated 

by the stator teeth, then it is synchronized with the stator 

field and generates electromagnetic torque. The basic 

equation of PMVM is explained as (1) [1]: 

 

r s sP P Z =                                 (1) 

"Figure 1" shows the exploded view of AFPMVG. 

Overall, the structure resembles the AFPM machine, 

albeit with a different number of rotor poles. Magnets are 

designed in a trapezoidal shape to maintain constant pole 

arc and, as a result, a uniform flux density distribution 

over their surface. Utilizing the TORUS NN type 

machine, the toroidal winding can be used to reduce the        

end winding connection. It’s proposed for stator design to 

use trapezoidal slots to mitigate cogging torque, but 

rectangular one is favored due to some production limits 

[19]. 

 

Formulating optimization problem 

A. Back-EMF 

The design procedure of PMVM is quite different from 

other types of machines because of flux modulation 

concept. A series flux tube between the magnet and airgap 

is considered. Then, the airgap flux density can be written: 
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where the P0 and P1 are calculated using conformal 

mapping [9]. It was supposed that the Fpm1, the 

fundamental harmonic component of magnet, is replaced 

the Fourier series of magnet MMF. 

Using airgap flux density, the flux linkage per phase can 

be calculated: 
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replacing (2) in (3), λph can be calculated as: 
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According to the Faraday law, the back-EMF is expressed 

as:          
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it should be noted that it was supposed there is no 

saturation point in cores. 

 

B. Sizing equations 

The sizing equation of AFPMVM is the same as the 

AFPM machine [20]. The total diameter is given as: 

 

2tot o cuD D W= +                              (6) 

Where for the slotted TORUS machines, the radial 

thickness of winding is also considered as slot depth. This 

thickness can be calculated as: 
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The axial length of machine is given by: 

 

2 2tot s rL L L g= + +                                                        (8) 

The stator axial length will be: 

 

2s cs ssL L L= +                            (9)                               

The axial length of stator yoke can be calculated as: 
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The axial rotor length is expressed as: 

 

= +r cr pmL L L                                                               (11)                         

the axial length of rotor yoke is given by: 
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For the surface permanent magnets, Bu=Bg. The magnet 

axial thickness can be written as: 

Figure 1. Exploded model of AFPMVM
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                                                           (13)  

For the AFPM machines, if the number of rotor pole 

pairs were high,  an empirical factor would be considered 

for axial length of rotor and stator yoke to maintain their 

reliability [11]. 

 

Optimization 

A. Decision variables and primary design 

The first step for primary design is choosing a good 

combination of stator and rotor pole pairs. For the direct-

drive applications, the operation speed is low. For this 

reason, the number of rotor pole pairs should be high. 

conversely, a proper combination of stator teeth number 

and rotor pole pair should be chosen to mitigate cogging 

torque at low speeds. Besides, to weaken the armature 

effect, a high number of stator pole pairs should be 

selected [6] and the most important one is that equation 

(1) should be satisfied. To earn all these aims, the number 

of stator and rotor pole pairs are chosen to be 2 and 22, 

respectively. The number of stator slots or teeth can be 

either 20 or 24, according to equation (1). Due to having 

low cogging torque, higher back-EMF with lower 

winding turns and improvement of voltage regulation,  24 

is chosen [1]. "Table 1" shows the specifications of 

AFPMVG.  

 
Table 1. Specifications of generator 

Number Pout 300(W) 

Mechanical speed ωm 136.36(rpm) 

load voltage RMS 

value 
Eph 30(V) 

Number of stator 

pole pairs 
Pr 22 

Number of rotor 

pole pairs 
Ps 2 

Number of stator 

slots 
Zs 24 

 

To optimize with evolutionary algorithms, the 

variables should be selected somehow which have the 

most effect on the objective function. Moreover, if there 

were any relationship among decision variables, it should 

be clearly specified for the algorithm. The determined 

cost function in this paper is: 

 

Cost function=Volume                                                (14)                     

 

Subjected to: Eph=30 V                                               (15) 

 

B. genetic algorithm 

Considering the cost function, six parameters are 

chosen for optimization. The outer diameter (Do), 

diameter ratio (k), airgap flux density (Bg), pole arc 

coefficient (αp), maximum flux density of stator (Bcs) and 

rotor (Bcr). Due to the nonlinearity of the equations and 

high number of decision variables, manual design can’t 

reach the optimum point. So, optimization algorithms are 

needed to get to the minimum volume and indirectly, the 

maximum power density. GA is one of the optimization 

algorithms which originates in natural selection and 

genetic manners. GA  Benefits from parallel computation, 

solving nonlinear equations and independency of the 

derivations [21]. To optimize with GA, every decision 

variable should have an acceptable range, so that it should 

be neither small to limit the search zone nor large to reach 

a local optimization. "Table 2" shows the boundary of 

every variable for GA. 

The range of every variable is specified around 

primary designed machine. Besides, some other 

constraints like having low cogging torque are taken into 

the consideration, too. 

 
Table 2. Boundary of optimization variables 

Dimension constraints 

Outer diameter (Do) 0.22m<Do<0.24m 

Diameter ratio (k) 0.4<k<0.75 

Airgap flux density (Bg) 0.4T<Bg<1.2T 

Pole arc coefficient (αp) 0.65<αp<0.85 

Material constraints 

Stator and rotor maximum 
flux density 

BcsBcr<1.5T 

Magnet remanence 1.21 T 

Magnet permeability 1.05 

Core material M19-24G 

 

Every variable plays the role of a gene in GA and it 

considers every combination of variables as a 

chromosome. At first, a primary population is created. 

Then, the reproduction process (mutation, crossover and 

selection) is performed and finally the superior 

chromosomes with the lowest cost function will be 

selected. This process will be continued until the stopping 

criteria are satisfied. The optimization is usually repeated 

a couple of times to make sure that it is global, not a local 

one.  

 

 
Figure 2. Convergence process of GA 

"Figure 2" shows the convergence process of genetic 

algorithm. The population for every generation is 

considered to be 400. The simulation is repeated for 300 

generations to reach the global optimization. After 170 

generations, the GA has reached the optimum point.     
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The parameters of the optimized and primary machines 

are summarized in "Table 3". 

 
Table 3. Final specification of AFPMVG 

Parameter Primary design Optimized design 

Outer diameter (Do) 230 (mm) 221.2 (mm) 

Diameter ratio (k) 0.6 0.51 

Airgap flux density 

(Bg) 
0.73 (T) 0.66 (T) 

Pole arc (αp) 0.83 0.72 

Stator maximum 

flux density (Bcs) 
1 (T) 1.22 (T) 

Rotor maximum 

flux density (Bcs) 
1.15 (T) 1.32 (T) 

Slot opening(C) 0.5 0.5 

Slot pitch (Wp) 23 21.8 

Slot width (Ws) 11.5 10.9 

Number of turns 

per phase (Nph) 
200 224 

Slot depth (Lss) 3.5(mm) 4.5(mm) 

Winding radial 

thickness (Wcu) 
3.5 (mm) 4.5 (mm) 

Magnet axial length 

(hm) 
3 (mm) 2.2 (mm) 

Stator yoke 

thickness (Lcs) 
16.5 (mm) 9.4 (mm) 

Rotor yoke 

thickness (Lcr) 
8.6 (mm) 6 (mm) 

Airgap length (g) 1 (mm) 1 (mm) 

Power density (ζ) 144 (kW/m3) 196.4 (kW/m3) 

 

Results 

The final design is processed according to GA.  The 3D- 

FEM simulation is conducted on Ansys Electronics  

Desktop 2022 R1. Airgap flux density, no load voltage, 

harmonic orders and cogging torque are investigated. 

 

 
Figure 3. Flux density distribution of AFPMVG at no-load 

condition 

"Figure 3" illustrates the flux density distribution of 

the optimized machine. Utilizing the TORUS NN slotted 

machine, the flux density closes path through the stator 

yoke and for the mentioned reason, the flux density is 

more than the other parts. The maximum flux density is 

1.8T, which is less than the saturation point of the 

material. 

 

 
(a) 

 
(b)  

Figure 4. Flux density distribution in air gaps (a) Upper air gap 

(b) Lower air gap 

"Figure 4" presents the flux density distribution of 

both airgaps. The shapes are almost the same but due to 

the flux direction, they are inverse. The maximum flux 

density of airgap is 1T, which is lower than the 

remanence of the magnet because of high flux leakage of 

surface permanent magnets.  

 

 
Figure 5. Harmonic order of airgap flux density 

Using FFT, the harmonic spectrum of air gap flux 

density is plotted in "Figure 5". The prominent harmonics 

are 2nd, 22nd and 44th, which are the multiple of stator 

teeth and rotor pole pairs. The main harmonics are the 

22nd and 2nd. Other harmonics with low amplitude will 

contribute to no-load voltage distortion, torque ripple and 

core loss.  
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(a)  

 
(b) 

Figure 6. No-load voltage of machine (a)Voltage waveform 

(b)Harmonic order 

"Figure 6" represents harmonic order and no-load 

EMF waveform. The lower total harmonic distortion 

(THD), the more sinusoidal waveform will be got and 

consequently, the stress over the dc link capacitor for 

wind power generation will be decreased [6]. As it can be 

seen in "Figure 6(b)", the amplitude of the disturbance 

harmonics is not comparable with the fundamental 

component. The calculated THD is 1.75%, which satisfies 

the requirements for wind power generation. 

 

 
Figure 7. Cogging torque waveform 

Cogging torque, already known as pulsating torque 

accompanied with torque ripple, is defined as result of 

interaction between magnets and stator teeth. Therefore, a 

good combination of rotor pole pairs and stator teeth will 

be led to the low cogging torque [19]. As shown                   

in "Figure 7", the peak-to-peak cogging torque is 

0.75N.m, which makes the machine work with low noise. 

 

Conclusion 

In this paper, an axial flux permanent magnet vernier 

generator with TORUS structure was analyzed. 

Benefiting from NN type magnet, a toroidal 

configuration was used to decrease the effective diameter 

and the volume of the machine, consequently. Using GA, 

the volume of the machine was optimized provided to 

constant no-load phase voltage. Then, the optimized 

generator performance was analyzed using 3D-FEM. The 

results of the simulation confirmed optimization. The 

AFPMVG showed low cogging torque and voltage THD, 

which is suitable for wind power generation. Besides, 

volume optimization was led to power density 

optimization, too. Despite low power, the power density 

reached about 196.4 kW/m3, which shows the potential 

of this kind of machine as a good replacement for PM 

machine for wind power generation. 

 

Nomenclatures 

Bcr        Maximum flux density of rotor core 

Bcs        Maximum flux density of stator core 

Bg Airgap flux density 

Br Permanent magnet remanence 

Bu              Attainable flux density on surface of magnet 

C           Slot opening 

Do         Outer diameter 

Dtot        Total diameter 

e Amplitude of no-load phase voltage 

Eph Phase voltage rms value 

Fpm1 Magnet fundamental component 

g            Airgap length 

Irms Phase Current rms value 

J Current density 

k Diameter ratio 

kcu Slot filling factor 

kw Winding factor 

Lc Axial length of stator core 

Lcr Rotor yoke thickness 

Lcs Stator yoke thickness 

Lpm Magnet axial length 

Lr Axial length of rotor 

Lss Slot depth 

Ltot Total length of the machine 

Nph Number of phase winding turns 

P1 fundamental component of airgap permeance 

Po Constant component of airgap permeance 

Pout        Output power 

Pr          Rotor pole pairs 

Ps          Stator pole pairs 

q Slot per pole per phase 

V Volume 

Wcu Radial thickness of winding 

Wp         Slot pitch 

Ws         Slot width 

Zs Stator slots number 

αp Pole arc coefficient 

αs               Stator teeth portion to stator pole pitch portion  

ζ Power density 

θs Relative angle to stator axis 

  λph           Flux linkage per phase 

σ Magnetic flux leakage coefficient 

ω Electrical rotor speed 

  ωm Mechanical rotor speed 
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