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ABSTRACT 

The demand for a more sustainable energy supply worldwide is constantly growing hence, leading to the 

exploration of various renewable energy sources in energy generation systems especially in the demand for power 

in homes, industrial sectors and other utilities. Hydro power, wave power, solar energy, biomass and wind power 

are only a few that are being harnessed in various capacities. With new advances in wind energy technologies and 

energy conversion systems, a perfect fit is found in the utilization of wind in developing direct drive energy 

conversion systems. In this work, a wind-powered, single-phase, permanent magnet alternator utilizing an axial 

flux distribution system is developed. Using analytical calculations, the design parameters of the alternator’s main 

dimensions were obtained in a similar procedure for conventional electrical machines. To prove the feasibility of 

the concept, a prototype was built and tested. The alternator was built using Neodymium Iron Boron (NdFeB), a 

permanent magnet, with high concentration of flux around its periphery. The stator is slot-less and carries a 

concentrated air-cored type of winding. The procedures leading to either the selections and/or calculations for the 

machine parameters were carried out from first principle and fundamental assumptions in electrical machines 

design were made accordingly. Tests were conducted to determine its voltage output and were found optimal 

giving the abound limitations as stated. 

 

Keywords: Wind-Power, Axial flux, Axial Flux Permanent Machines (AFPM), Axial Flux Permanent Magnet 

Alternator (AFPMA), Neodymium Iron Boron (NdFeB) 

 

1. INTRODUCTION 

As the demand for a more sustainable energy supply is 

ever-growing, renewable energy is found to play a 

vital role in power industry in fulfilling the growing 

demand for power in homes, industrial sectors, offices 

and other utilities. Clean, Green, Cheap and efficient 

renewable energy sources are top priorities. 

Hydro power, wave power, solar energy, biomass and 

wind power are being harnessed in various capacities. 

Wind energy plays a central role in most countries’ 

immediate and long term energy plans with total 

installed commercial capacity totaling 370 GW in 2014 

[1]. While in  Nigeria, wind energy remains largely 

untapped despite a bright prospect of wind power as 

one of the lowest cost renewable energy resources 

[2].Using wind power to produce electricity is a 

perfect choice for direct drive since maintenance 

requirement will be significantly reduced [3], low cost 

applications in the development of renewable energy 

and has been found largely reliable with new advances 

in wind energy technology[4]. In harnessing wind 

energy for power generation, a high constraint is the 

relatively low wind speed available and so, has 

become necessary to devise a means of better 

utilization of the available wind energy. Many types of 

alternator concepts have been proposed and in use for 

the conversion of wind power into electricity with the 

aim of achieving a configuration suitable for the low-

speed operation of a direct drive wind energy 

conversion system (DDWECS). DDWECS is generally 

employed as concise designs with notable decrease in 

the system size, weight and noise can be achieved 

while increasing overall efficiency and reliability [5].  
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Various direct drive wind powered generators have 

been explored in [6-8]. In this quest, Permanent-

magnet (PM) machines are chosen and increasingly 

becoming dominant with the cost competitiveness of 

high energy permanent magnets. Significant 

developments of permanent magnet materials have 

been achieved as well as improvements on their 

properties for various applications [9]. These 

machines offer many unique features. They are usually 

more efficient because of the fact that field excitation 

losses are eliminated resulting in significant rotor loss 

reduction, so PM machines with coreless stators are 

regarded as high efficiency machines for distributed 

power generation [10-12]. These have advantages of 

high efficiency and reliability, since there is no need of 

external excitation and conductor losses are absent 

from the rotor.  

Basically, PM machines can be divided into radial-flux 

machines (RFM) and axial-flux machines (AFM), 

according to the flux direction in the air gap [1, 13]. 

Transverse flux machines (TFM) exist, but do not 

seem to have gained a foothold in wind power 

generation [13] and hence, are rarely discussed. The 

availability of modern high energy density magnet 

materials, such as Neodymium Iron Boron (NdFeB), 

has made it possible to design special topologies such 

as toothless stators with air gap windings [7]. Because 

of the absence of core losses, a generator with this 

type of design can potentially operate at a higher 

efficiency than conventional machines [11]. The noise 

and vibration they produce are less than those of 

conventional machines [12].  

Axial-flux machines have now been adopted as the 

solution for certain applications such as electric 

traction or elevation [14] due to its advantages. 

Varieties of Axial Flux Permanent Magnet (AFPM) 

Machines have been presented in [1, 13, 15] with 

some notable advantages such as compact machine 

construction and short frame, hence, smaller in size 

than their radial flux counterparts [15]; high power 

density; high efficiency [16] since there is no rotor 

copper losses due to the permanent-magnet 

excitations; more robust structure than cylindrical 

type; can be designed to have a higher power-to-

weight ratio resulting in less core material and higher 

efficiency[7, 15-18], the compactness and disk-shaped 

profile make these type of machines particularly 

suitable for mechanical integration with wind 

turbines[11]. It has also got its drawbacks which 

include the existence of complicated machine topology 

with two air gaps[19]and high windage losses at high-

speed applications which can be decreased to some 

extent by placing the machine in a vacuum seal, 

especially when combined with a flywheel[20]. A 

design of a high speed AFPM generator was presented 

in [21]. 

This paper presents a single stator, double rotor AFPM 

developed by analytical procedures aimed at 

achieving a simple construction for the main 

dimensions. From first principle, the main machine’s 

dimensions are determined; reasonable estimates 

within theoretical fundamentals are made and 

applicable assumptions were also noted in selecting 

some parameters needed for a detailed design as 

applicable in electrical machines. 

 

2. THE MACHINE STRUCTURE 

AFM is comprised of at least one rotor disc carrying 

either a slot-less or slotted stator winding and utilizes 

PM. The stator may be magnetic or non-magnetic 

depending on the machine topology adopted[22]. In 

most designs, coreless stator configurations are 

considered since the associated eddy and hysteresis 

losses will be eliminated due to absence of 

ferromagnetic materials[16]. Usually, AFPM machines 

are formed by a rotor disc carrying magnets that 

produce an axial flux and a stator disc containing the 

phase windings[5], Fig.1[23] shows a typical example 

of an Axial Flux Permanent Magnet (AFPM) alternator. 

Magnets are positioned circumferentially around each 

rotor disc with the armature winding positioned 

circumferentially around each stator disc[15], and are 

lied side by side. Axial flux machines are different 

from the conventional radial machine types in that the 

direction of the flux runs parallel with the mechanical 

shaft of the machine. The current flowing through 

each stator coil interacts with the flux created by the 

magnets on the rotor, producing a force tangential to 

the rotor circumference[19] which consequently aid 

the driving of the rotor. For slotted stator, the 

interaction between rotor magnets and stator teeth 

can produce torque ripple in the machine [24]. A cross 

section of a typical AFPM Machine is shown in Fig. 2 

[8] with   indicating the length of air gap,    and    , 

the outer and internal radius respectively. 

Based on these concepts, a large number of AFPM 

topologies are explored including single-sided, 

double-sided or multistage designs[22]. AFPM 

machines can be classified in terms of its stator-rotor 

arrangements as Single-Rotor Single-Stator Structure 

or Double-Sided Structure [8, 18]. 
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Fig.1: Axial-Flux Permanent-Magnet Alternator 

 

 
Fig. 2: A cross section of an Axial Flux Permanent Magnet 

Machine 

 
Fig.3: Simplified Representation of an AFPM Machine. 

 

The Single-Rotor Single-Stator structure is the easiest 

and the cheapest but associated with relatively low 

torque production and large magnetic pull between 

the two parts and so, it is not very popular[19]. 

In the double-sided structure, the high attractive 

forces between the stator and the rotor is 

counterbalanced by the use of a second stator or rotor 

mounted as a mirror image of the other with either 

the rotor or the stator positioned internally. The 

Double sided structures are the most promising and 

widely used types. A multiple configuration consisting 

of multiple stator-multiple rotor cascades have also 

been developed. This helps to eliminate the 

mechanical stress that may exist between the stator 

and the rotor [3], therefore, boosting the torque 

production and increases its efficiency but with the 

drawbacks of the associated complicated machine 

topology with as many air-gaps as the number of 

faces. It could also be classified in terms of its 

arrangement of permanent magnets on the rotor. The 

magnets could be of the surface mounted types or 

interior PM type machines having its magnets 

embedded in the iron, the classification could be based 

on the arrangement of the armature slots as toroidally 

wound slot-less stator or slotted stator[5, 8, 23].Low 

speed AFPMs are designed for use with inverter 

systems. In this design, single-stator double-rotor is 

developed. General limitations abound which 

determines finally, the topology one settles for with 

optimum trade-off. 

 

3. MATHEMATICAL FORMULATION  

General purpose voltage equations for axial flux 

machines have been provided in[19].The alternator is 

designed utilizing axial flux distribution system with 

the configuration known as “Double-Rotor Single-

Stator” topology. Axial flux machines can well be 

modeled using FEA [14], however, the analytical 

solution presented fares well in understanding the 

basic principle of the design approach. 

Consider an axial flux machine whose simplified 

representation is as given in Fig. 3 [19]. 
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In Fig. 3,    is the effective length of the stator core in 

radial direction,    is the outer diameter with radius 

  ,    is the internal diameter with radius        is the 

air gap length,     is the average diameter of the 

stator given in equation (1). That is: 

    
      

 
                                                        

 

3.1Specific Electric Loading 

This is the number of ampere-conductors per meter of 

the armature (stator) periphery, and it can be 

expressed as[19] the specific electric loading, k1 given 

by: 

    
         .                  

                      

 
 √       

    
                                      

In (2),      is the stator phase current and     the 

number of turns per phase. Therefore, 

     
      

 √    

                                                             

The amplitude of the surface current density   ranges 

from 10,000 A/m for small machines to 40,000 A/m 

for medium power machines [19]. In this design, 

          is selected since the developed prototype 

is a very small machine and hence should be lightly 

loaded. This selection also has direct impact on the 

size of conductor that will be used for the winding. 

 

3.2 Specific Magnetic Loading 

This refers to the average flux density over the air-gap 

of a machine. Mathematically, it is given by [25] as: 

    
                             

                                

  
  

      
    esla                                    

In (4),   and   being the number of poles and the 

value of flux per pole.  

In some designs, where PM are not used, the value of 

   can be calculated using equation (4) but in this case 

it is the value of the field intensity of the PM. Specific 

loadings. Therefore, its value depends on the choice of 

PM employed. 

 

3.3 Choice of Permanent Magnet, Number of Poles and 

the Speed 

The performance and the cost of the machine largely 

depend on the dimensions of the PM used. The choice 

of the PM’s width to pole pitch ratio  
  

  
⁄ ) is a very 

vital criterion. For higher values of this ratio; 1 for 

instance, flux linkage is assumed maximum, but also 

flux leakage due to adjacent permanent magnets is 

high. By decreasing the permanent magnet width, 

linkage and leakage fluxes are both decreased though 

not proportionally.  

In this configuration, permanent magnet known as 

Neodymium-Iron-Boron (NdFeB) is utilized. This 

selection is due to its high flux density and its high 

corrosive resistance. Depending on the number of 

poles and the geometry of the surface, emphasis is laid 

on ensuring sufficient value of flux that will be linked 

with the coils during operation. Although, the design 

of the prototype given in this work was made under 

geometrical constraints imposed by the available 

ferromagnetic material, due to its wind application 

purpose, i.e. low speed consideration of the direct 

driven alternator, a large number of poles should be 

chosen. The stochastic nature of the direct wind drive 

is a noted factor; the speed was to be assumed at a 

safe range of 200 to 250 rpm with the mechanical 

design to take care of the required inertia and driving 

torque, hence requiring between 24 to 30 poles. But 

for this work, only 8 poles of the NdFeB were 

available. 

 

3.4 EMF Equations 

For an axial flux permanent magnet generator, the 

waveform of the air-gap flux are sinusoidal by 

ensuring alternate arrangements of the magnetic 

poles on the rotor, consequently giving a sinusoidal 

emf waveforms whose rms phase equation can be 

expressed as in [9]: 

    
√ 

 
                                            

In (5),    is the air-gap flux density. The fundamental 

component of the air-gap flux density due to the 

permanent magnets is normally used;   is the 

mechanical speed of the rotor in r.p. sand   , the 

winding factor. 

 

3.5 Power Output Equations and the Main Dimensions 

The main dimensions of machines is comprised 

basically, the axial length,    and the stator bore,    . 

In some books, the length of air gap,    is thought to be 

part of the machines’ main dimension.  

The inside apparent power of the machine with an m-

phase stator-system can be calculated, from first 

principle, using equation (6). 
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with   being the number of stator faces and   the 

number of winding phases. In this design, the number 

of stator faces,  , equals 2. 

Substituting equations (3) and (5) in (6), the apparent 

power,   can then be expressed as 

    
 

 
           

 
                                            

Equation (7) can be re-written as  

  ( 
 

 
        )  

                                            

and 

      
 
                                                                

In (9),    is the output coefficient of the AFPM 

alternator. From Eqn. (7), the main dimensions can be 

determined using the ratio of length to pole pitch, 

       , as a separating parameter for     and   . 

This ratio is taken as 1 for the design of this machine 

because lower values may lead to lower average 

diameter of the stator since larger diameter is 

required to accommodate the high number of poles. 

The winding factor,   is also taken as 1 for single 

phase winding, as employed in this work. 

Therefore, 

      
    

 ⁄                                                      

Substituting equation (10) in (9), the average 

diameter of the stator is modeled as: 

    √
  

     

 

 √
   

           

 

                             

Other separating or limiting factors such as Peripheral 

speed limitation and moment of inertia can be 

considered in arriving at the required values of   and 

   . 

The length of air-gap,    is often expressed as  

    .  √                                                      

With the values of     and    used in metres. 

Using the designed AFPM parameters, the expected 

emf equation given in (5) in term of speed,   , is  

            .                                            

And the apparent power,  , is 

   .                                                                

 

4. SIZING OF THE CONDUCTORS AND WINDING 

ARRANGEMENT 

Using eqn. (3), the nominal stator phase current is 

evaluated choosing a suitable value for electrical 

loading,   ,           as stated earlier. The 

appropriate cable size is then determined with a 

suitable selection of current density,   using equation 

4. The current density,   ranges from 3 to 5       for 

normal electrical loadings of machines[25]. 

  
   

 
                                                            

Where   is the area of the conductor in    .  The 

developed winding is as shown in Fig. 5 

 

5. CONSTRUCTION, TESTING AND RESULTS 

Using the developed equations and choosing suitable 

values as applicable, a prototype was developed. It 

was test-driven by a dc motor (rather than direct 

driven, for the purpose of testing) with variable speed 

regulations.  

The diagrammatic arrangement of the single phase, 

air-cored and slot-less stator winding for the 

constructed axial flux, surface mounted, slot-less 

permanent magnet alternator is as shown in Fig.4. It is 

important to note that there are as many coils as the 

number of poles, for this machine. Here the coils 1 to 8 

are linked together by end to end connections forming 

a series end winding. Fig. 6 presents the arrangement 

of the PM on the rotor. 

The no load measured characteristics of the developed 

machine and its general characteristics are as 

presented in Table 1. Fig.7 and 8 show the permanent 

magnet mounted on the rotor and the test set-up for 

the developed AFPMA respectively. The measured 

results from the tests compared fairly with results 

from analytical calculations. 

 

 
Fig.4: Single-phase Winding Arrangement on the slotless 

stator for the AFPM 
 

 
Fig.5: The developed Concentrated Air- Cored Stator 

Winding 
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 Fig. 6: Arrangement of PMs on the rotor 

 

                   
Fig. 7: Permanent magnets as mounted on the rotor plate 

 

 
Fig. 8: Test Set-Up for the developed AFPMA 

 
Table 1: The Machine Data 

Parameters Value 

Inner Diameter,          
Outer Diameter,          
No. of Poles,   8 
No. of faces,   2 
Length of stator in radial direction,     .     
Diameter of the permanent magnet       
Length of air gap per face  .     
No. of turns/coils 8 
Diameter of the conductor  .      
Assumed Specific Electric Loading,              
Air gap flux density,     .    

Rated speed         
Calculated no-load phase voltage (at rated 
Speed) 

 .     

Measured no-load phase voltage (at rated 
Speed) 

 .      

Rated Power (Calculated)  .         

 

 

 
Fig. 9: Measured no load voltage of the developed 

machine 

 
Fig. 10: Expected values of the no load voltage 

 

6. CONCLUSION AND RECOMMENDATIONS 

A test axial flux alternator has been developed in this 

paper, though measured values deviate from the 

predicted analytical results (Fig. 9 and 10) largely, 

with the validation of additional studies and 

application of proper optimization technique,a bigger 

and more refined prototype can be simulated and built 

for extensive field testing and applications, with the 

great promise it holds for low‐speed wind generator 

applications 

To scale up the output power of the alternator, the 

design can be readily improved such as the number of 

poles in one unit increased and/or incorporating more 

number of unit modules stacked in the axial direction 

i.e. to increase the number of faces, h. The rotor iron 

plate carrying the magnets should also be well coated 

to reduce the heavy iron losses. 
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