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Abstract- Axial-flux permanent magnet (AFPM) machines have become an important subject of study because of the 
development of neodymium magnets over the past 20 years. Axial-flux machines have high power density and high torque. 
Axial-flux permanent magnet machines have many unique features. For being permanent magnet, they usually are more 
efficient, as field excitation losses are eliminated, reducing rotor losses significantly. Machine efficiency is thus greatly 
improved, and higher power density achieved. Axial-flux construction has less core material, so, high torque-to-weight ratio. 
The noise and vibration they produce are less than those of conventional machines. Their air gaps are planar and easily 
adjustable. The aim of this paper is to perform more accurate design calculation and analysis of an axial-flux permanent 
magnet synchronous generator, double-sided with external rotors and internal slotted stator. The evaluation is based on 
theoretical analysis by means of sizing equations and confirmed by finite-element analysis. Therefore, the AFPMSG topology 
considered in this paper is a three-phase double-rotor single-stator topology with 16 pole-pairs, 2kW rated power and 188 rpm 
rated speed. The performance of double-sided APMSG for slotted stator design is analyzed with finite element analysis (FEA). 
 
Keywords- Axial-Flux Permanent Magnet Synchronous Generator (AFPMSG), Double-Sided, Finite Element Analysis 
(FEA), Slotted Stator. 
 
I. INTRODUCTION 
 
Axial-flux permanent magnet synchronous machines 
have found many uses in high torque, low speed 
applications. Axial-flux PM machines have an 
excellent flexibility at a variety of rotational speeds. 
Good performance at different rotational speeds is 
obtained by changing the number of magnets on the 
rotor discs and varying the diameter of the machine; a 
large diameter with high number of permanent 
magnets is perfectly suitable for 
low-speed-high-torque applications. This makes the 
axial-flux PM machine perfectly suitable for electric 
vehicle propulsion and direct-drive wind energy 
systems (low-speed-high-torque) [1].  
 
Axial-flux PM machines are very compact. The axial 
length of the machine is much smaller compared to 
radial machines, which is very often crucial in built-in 
applications. The slim and light-weight structure 
results in a machine with a relatively high power 
density. Axial-flux PM machines have a good energy 
efficiency. As the magnetic field is generated by the 
permanent magnets, no field excitation current is 
necessary and the corresponding copper losses are 
absent. Axial-flux permanent magnet synchronous 
generator  have a number of distinct advantages, i.e. 
they can be designed to have (i) higher 
power-to-weight ratio, resulting in less core material, 
(ii) planar and easily adjustable air-gaps, (iii) reduced 
noise and vibration levels[2]. There are possible many 
variations in the AFPMSG basic design, including 
single-sided, double-sided, toroidal, and multi-disc 
designs. The AFPMSG topology considered in this 
paper is a three-phase double-sided slotted stator 

topology. The magnets are of high-energy 
NdFeB-type, and are glued on both sides of the two 
solid-iron disc-rotors. The stator is made of 
non-magnetic material. 

 

 
Fig. 1. Single-stator double-rotor axial flux PM machine 

topology (1) stator (2) rotor (3) permanent magnet 
 

II. AXIAL-FLUX PM GENERATOR 
 
Several axial-flux machine configurations can be 
found regarding the stators position with respect to the 
rotors positions and the winding arrangements giving 
freedoms to select the most suitable machine structure 
into the considered application. Among four possible 
configurations are structure with one rotor and one 
stator, structure, in which the stator is located between 
the rotors, structure, in which the rotor is located 
between the stators, multistage structure including 
several rotors and stators. 
 
The AFPMSG topology considered in this paper is a 
three-phase double-rotor one-stator topology. It is 
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more compact than the generator with internal rotor. 
The magnets are of high-energy NdFeB-type. Two 
main classes in the stator construction can be 
distinguished: slotted stator and coreless stator. In case 
of slotted stator, the stator is made of high permeable 
material (laminated silicon steel, soft magnetic 
composite, amorphous iron) and the winding is placed 
in the stator slots. 
 
A. Double-Rotor Single-Slotted Stator Structure  
Fig. 2 is a double-rotor single-stator AFPM machine. 
Torus concept AFPM machines are external rotors and 
internal stator structures. The stator has a slotted 
structure with strip wound stator steel. Polyphase 
windings are placed into slots. Slotted stator increases 
remarkably the amplitude of the air gap flux density 
due to shorter air gap. This reduces the required 
amount of permanent magnets, which yields saving in 
the generator price [3].  
 
The two disc shape rotors carry the axially magnetized 
arch-shaped permanent magnets mounted on the inner 
surfaces of the rotor discs. Two different Torus 
machines, Torus NN and Torus NS, can be derived 
based on the direction of the flux using this structure. 
In this paper, the NS magnet type topology is used for 
AFPMSG. 

 

 
Fig. 2.  Concentrated winding or lap winding configuration is 

used in Torus NS type 
 

III. PROPOSED MACHINE TOPOLOGY 
 
Double-sided dual rotor AFPM machines provides 
better winding utilization, increased power density 
with reduced copper and iron losses. The flux return 
paths are in the rotor discs. Cooling is much easier for 
this type of machine since the rotors with surface 
mounted permanent magnets rotating next to the sides 
of the windings, act as a fan. The generator consists of 
16 pole pairs permanent magnet. The stator and rotor 
core are made of lamination steel. 
A. Types of Rotor Construction 
The permanent magnets can either be mounted on the 
surface of the rotor disk or they can be embedded into 
the rotor disk. The AFPMG discussed in this study is 
of the surface-mounted topology. Advantage is that 
the surface-mounted permanent magnets naturally act 
as fans which have a ventilation effect on the stator 
windings at higher rotational speeds. Moreover, there 
are two types of rotor construction for an AFPMSG. 

They are the NN magnet type rotor structure and NS 
magnet type rotor structure. 
 
1)   NN Type Rotor:  In the NN type machine as shown 
in Fig. 3(a), magnet driven flux enters the stator and 
travels circumferentially along the stator core. 
Moreover, while a back-to-back wrapped winding 
configuration is used in NN type machine in order to 
produce torque. 
2)  NS Type Rotor:  In the Torus NS type machine as 
shown in Fig. 3(b), the flux enters the stator and 
travels axially along the machine axis of rotation 
resulting in theoretically no thick stator yoke. 
Moreover, concentrate winding configuration is used 
in Torus NS type machine in order to produce torque. 

 
                                     (a)                                               (b) 

Fig. 3. Flux paths in 2D plane for slotted stator of 
single-stator double-rotor AFPM machine. (a) NN 

magnet arrangement and (b) NS magnet arrangement 
 

 By comparison of the NS and NN structure, the 
shorter stator yoke in the NS topology results in a 
increasing power density and lower stator core loss 
compared to the NN topology[4]. The axial thickness 
of the stator can be less than NN type machine. The 
NS feature results in less weight, less iron loss and 
higher efficiency than NN type machine[5]. Here, NS 
construction has been selected because as stator core 
loss is less than NN type. 
B. Type of Stator Construction 
In a slotted AFPM machine the stator is located 
between the two opposing rotor discs. The stator 
lamination is made of non-magnetic material. Slotted 
stators in the AFPMSG machine increase notably the 
amplitude of the air gap flux density due to shorter air 
gap. This reduces the required amount of rotor PMs, 
thus leading to savings in the slotless stator 
counterpart [6]. The machine winding type is a 
conventional double layer lap winding for which the 
number of slots per pole and phase is equal to one. The 
assigned value parameters of the AFPMSG for slotted 
stator are shown in Table I. 

Table I. Specifications of AFPMSG 

Parameters Units Assigned 
Value 

Number of phases  3 
Number of pole pairs  16 
Frequency Hz 50 
Air gap distance mm 1.5 
Air gap flux density T 1.24 
Specific electromagnetic A/m 12000 
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loading 
Connection of stator 
winding  star 

 
 C.   Design Equation for AFPMSG 
The axial-flux permanent magnet machine 
configuration consists of the following components. 
They are external double-rotor and internal slotted 
stator. Design calculation of 2kW AFPMSG with 
slotted stator by using sizing equations is described in 
this section of the paper. 
The stator outer diameter for AFPMSG can be 
calculated by the following equation, 

23 ( cos )out out w s g mD P k n B A                                      

(1)                          
wk       = stator winding factor 

outP    =output power rating 
        = the ratio of EMF to phase voltage 

mA     = specific electromagnetic loading 
    The stator inner diameter for the AFPMSG, 

in out dD D K                                                                           
(2) 

dK    = ratio of inner and outer diameter of machine 
    The average radius of the stator winding can be 
calculated by, 

( ) 2e o inr r r                                                                            
(3) 
    Active length of stator winding is the following 
equation, 

s o inl r r                                                                                    
(4) 

or      = outer radius of the stator  

inr     = inner radius of the stator 
The peak value of air-gap flux density, 

(2 3 )p gB B                                             
      (5) 
The number of slot per pole per phase can be 
calculated by the following equation, 

1 1 (2 )q Z pm                                                                            
(6) 

1Z      = the number of slot 
     The average slot pitch can be calculated by the 
following equation, 

1( )s avgD Z                                                                          
(7) 
      The average pole pitch can be calculated by, 

)( 2p avgD p                                                                        
(8) 
     The relative magnet width can be calculated by the 
following equation, 

p p pb                                                                                 
(9) 
 The stator winding factor is defined as, 

1 12sin( 2 )sin( 2 ) ( )sin( )w c pk n n m Z mp m p Z         
  (10)            

1Z       = the number of slot 
m        = the number of phases 

cw      = the coil span 
 The RMS value of the induced back-EMF of the 
winding can be calculated by the following equation, 

(4 ) 2ph w ph g p sE f k N B l                             
(11) 

sl       = the active length of stator winding 

wk      = the stator winding factor 

gB      = the air gap flux density 

p       = the average pole pitch 
 The total length of the phase coil turn is calculated 
based on the following equation, 

(2 (0.083 1.217) 0.02 )Cu ph s pl N l p m                        
(12) 

p hN   = the number of coil turns per phase 
 The phase DC resistance is calculated based on the 
equation, 

, (1 ( 20)) ( )ph DC Cu Cu Cu CuR l k T S a                            
(13) 

Cuk     = the temperature coefficient of copper 
resistivity 
T          = the average temperature of the coil  

Cu     = the electric conductivity of the copper  

CuS      = the cross-sectional area of copper in one coil 
turn 
 For the AC  current  the  resistance is larger than for 
the 
DC current because of the effects caused by the 
alternating 
current[7].    
 The phase resistance is further increased and may 
be approximated as, 

2 2
, 1 (1 9)( ) ( )ph ph DC wR R y d                                  

(14) 
y       = the depth of the slot 

wd    = the diameter of the single conductor 
      = the skin depth of the conductor in free space 
 The skin depth of the conductor in free space can 
be calculated by the following equation, 

2 ( )Cu                                                                       
(15) 
       = the angular frequency 
 Based on the calculated phase current and phase 
resistance, the copper losses in a stator winding can be 
calculated as, 

2
Cu ph phP mR I                                                                       

(16) 
m       = the number of phases 

phI     = the RMS value of the phase current 
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 In the analytical approach the axial-flux PM 
machine is subdivided into yoke and teeth parts and 
the iron losses are calculated as, 

2 1.5 2 1.5( (, 1.0 , 1.050) 50)Fe Fe y y y Fe t t tf fP k P G B k P G B 
  

          (17) 
,Fe yk = the loss coefficient for the yoke 

,Fe tk   = the loss coefficient for the teeth 

1.0P     = the loss value of the steel grade at 50 Hz and at 
flux  
     density of 1.0 T 

yG     = the masses of the yoke  

tG      = the masses of the teeth 

yB     = the peak flux density value of the yoke 

tB       = the peak flux density value of the teeth 
 The peak flux density value of tooth is defined as, 

( )t g s tB B b                
   (18) 

tb         = the width of the tooth 
 The peak flux density of the yoke can be calculated 
by the following equation, 

( )y g p yB B b                  

   (19) 
yb        = the height of the stator yoke 

 The stray load losses are often considered to be a 
fraction of the output power, 

str str outP k P                                                                            
(20) 

strk     = the coefficient for stray load losses 
 The stray loss coefficient may to vary between 0.03 
and 0.05 for machines rated up to 10kW [8].  
 The leakage inductance can be evaluated based on 
the leakage coefficients, which are slot leakage 
permeance coefficient slot , end connection leakage 
permeance coefficient end , differential leakage 
permeance coefficient  

dif , tooth-tip leakage coefficient tt [9]. 
 Based on the calculated leakage coefficients the 
leakage  
inductance can be calculated by the following 
equation, 

2
02 ( ) ( ) ( ) ttslot end eff end difph effL N l pq l l        
     

             

(21) 
endl     = the average length of the end connection 

effl      = the effective length of stator stack 
 The electromagnetic torque for axial- flux 
permanent magnet machine can be calculated by the 
following equation, 

( 2 ) 2d ph w f phT m p N k I                                 
(22) 
 The magnetic flux per pole pitch can be calculated 
by the following equation, 

2 2(1 8) ( ) (1 )f p p out dp B D K                      
(23) 
 The output power of the machine can be calculated 
by the following equation, 

 cosout ph phP mE I                                                               
(24) 

phE     = the RMS Value of the phase voltage 

phI      = the phase current 
 The input power of AFPMSG for slotted stator can 
be calculated by the following equation, 

in out Cu Fe strP P P P P                                                       
(25) 
 The machine efficiency is obtained by using the 
input power and output power as, 

out

in

P
P

                                                                                     

(26) 
 D.    Design Results for AFPMSG 
The mechanical design parameters of the axial-flux 
permanent magnet synchronous generator consist of 
the two parts. They are the rotor part and the stator part. 
The mechanical design parameters for rotor are shown 
in Table II. 
Table II. Mechanical Design Parameters for Rotor 

Parameters Units Value 
The outer diameter of machine cm 52.8 
The inner diameter of machine cm 30.5 
The outer radius of machine cm 26.4 
The inner radius of machine cm 15.3 
The average radius of machine cm 20.9 
The average pole pitch cm 8.2 
The length of PM cm 1.3 
The width of PM cm 6 
The air gap flux density T 1.24 
The peak value of air gap flux 
density T 1.37 

 
 The mechanical design parameters of the AFPMSG 
for slotted stator are shown in Table III. 

Table III. Mechanical Design Parameters for Stator 
Parameters Units Value 

The number of slot per pole 
per phase  1 

The number of total slot  96 
The number of coil turns per 
phase turns 96 

The number of coil per phase  32 
The number of turns per coil turns 3 
The axial length of the stator cm 3.8 
The yoke of the stator cm 1.7 
The depth of slot cm 1.05 
The width of tooth cm 1.82 
The average slot pitch cm 2.72 
The width of slot cm 0.9 
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The output results of the axial-flux permanent magnet 
synchronous generator for slotted stator are shown in 
Table IV.  
 

Table IV. Electrical Design Results for AFPMSG 
Parameters Units Value 

The RMS value of the 
induced phase voltage V 56 

The phase current A 14 
The per phase stator 
resistance Ω 0.109 

The stator leakage 
inductance mH 0.49 

The copper losses W 64.09 
The iron losses W 93.14 
The stray load losses W 80 
The input power kW 2.24 
The output power kW 2 
The torque of the machine Nm 112 
The machine efficiency % 89 

 
IV. PERFORMANCE ANALYSIS OF AFPMSG 
 
For accurately solving original problems containing 
partial differential equations or integral equations an 
effective computer program based on the finite 
element method (FEM) is a useful tool. At present, 
several commercial 2D/3D finite element packages are 
available and may be applied also to permanent 
magnet machine design[10]. 
 
With the 2D FEA modelling axial-flux machines is 
possible in a similar way as it is with the analytical 
computation, i.e. by using the average radius of the 
machine as a design plane. In this study, the 
performance of 2kW AFPMSG with slotted stator is 
calculated with 2D finite element analysis.  
 

 
Fig. 4. Completed model running condition by NdFeB 40 MOGe 

 
To run the FEA software, the first step is to draw the 
machine geometry with the calculated design 
parameters on the working plane. And then, material 
selection for each and every portion is made as shown 
in Fig. 4. The next step, mesh presentation is running 
condition which can be adjusted the mesh size defined 
in the properties of each material. 

 
Fig. 5. The magnetic flux density for AFPMSG 

 
Fig. 5 shows the magnetic flux density values for 
AFPMSG by using FEM software. After running, 
these model display FEM result output, flux density 
which can be plotted as a colour density plot.  
 

 
Fig. 6. The magnetic flux density plot for teeth and yoke 

 
Fig. 6 illustrates the magnetic flux density plot for 
stator teeth and stator yoke by using the finite-element 
analysis. In this figure, the flux density in the teeth 
(which appears at 075 cm and the value is 1.55T) is 
slightly higher than the flux density in the stator yoke 
section (which appears at 0.4 cm and the value is 
1.5T). 

 

 
Fig. 7. The air gap flux density plot for AFPMSG 

 
Fig. 7 is the air gap flux density plot for axial-flux 
permanent magnet synchronous generator by using the 
finite-element analysis. 
 

 
Fig. 8. The peak value of air gap flux density plot for AFPMSG 
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Fig. 8 is running result that is the peak value of air gap 
flux density plot for AFPMSG by using the 
finite-element analysis. In this figure, the peak value 
of air gap flux density is 1.238 T. 
 

 
Fig. 9. The magnitude of magnetic flux density plot for one pole 

pairs 
 
Fig. 9 shows the magnitude of magnetic flux density 
plot for one pole pairs of AFPMSG by using FEA 
software. In this figure, the flux density in the magnet 
will be higher than the air gap flux density and flux 
density in the stator section. 
 
V. COMPARISON OF LOSSES AND 
EFFICIENCY 
 
Table V shows the comparison of losses and efficiency 
between sizing equation based output and finite 
element analysis results for slotted stator of 
double-sided AFPMSG. According to the comparison 
results, it can be seen that the air-gap flux density is 
over estimated than the actual value in the sizing 
method and this leads to a higher losses in the machine. 
By applying the FEA method, the exact data of air-gap 
flux density is obtained and machine efficiency is 
recalculated by means of corrected data. Here, the 
efficiency of machine is higher than the theoretical 
sizing equation values. Finite element analysis leads to 
much more accurate magnetic fields solutions. 
Compare to the results i.e., the analytical result of 
copper losses, iron losses and the machine efficiency 
which is based on the initial assumed flux density data 
to the result getting from the FEA software. 
 

Table V. Comparison of Losses and Efficiency 
between Sizing Equation and FEA Software 

Specifications 
Sizing 

Equation 
(AFPMSG) 

2D FEA 
(AFPMSG) 

Peak value of air gap 
flux density, T 1.37 1.238 

The peak value of 
flux density for 
yoke, T 

1.903 1.5 

The peak value of 
flux density for 
teeth, T 

1.85 1.55 

Inductance, mH 0.49 0.00735 
Resistance, Ω 0.109 0.088 
Copper losses, W 64.09 51.744 
Eddy current losses, 93.14 60.21 

W 
Efficiency, % 89 91.3 

 
CONCLUSION 
 
The design and performance of double-sided 
axial-flux permanent magnet synchronous generator 
with slotted stator is mainly emphasized in this paper. 
Moreover, the finite element method was used to 
evaluate the accurate flux density in the generator 
components. The copper losses, iron losses and the 
efficiency values for AFPMSG are compared between 
analytical sizing equation and FEA software. In this 
paper, the air gap flux density from FEA software is 
lower than that of the initial assumed value. The yoke 
and teeth flux density values are lower that of the 
initial sizing equation. According to the FEA software 
the peak value of air gap flux density and the 
resistance are lower than the analytical sizing data. 
When the phase resistance is decreased for AFPMSG, 
it causes the copper losses also decrease. By reducing 
the yoke and teeth flux density are produced the iron 
losses also reduced. Because of the comparison results, 
the machine efficiency is higher than that of the 
analytical sizing equation. Therefore, it can be 
concluded that application of FEA can perform a great 
effort to get a more accurate machine designing 
process than using sizing equations only. 
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