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Abstract: In this paper, we present a design model of permanent magnet generator dedicated to generate renewable energy, 
taking in account of several systemic and physical constraints. Being couple to a model of the losses of the power chain and to a 
model of the mass of the generator, this analytic model puts a problem of conjoined optimization of the recovered energy and the 
cost of the generator. This problem is solved by genetic algorithms method. 
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1. Introduction 

A modular axial generator structure with permanent 
magnet reducing the cost of manufacture is chosen to 
generate renewable energy [1], [2], [3], [4] and [5].  

We choice the analytic method to conceive the permanent 
magnet generator seen its compatibility to optimization 
approaches. Indeed, it’s fast and product results quickly and 
without iterations.  

The coupling of power chain losses model and the model 
of the generator mass to the program dimensioning the 
generator, pose an optimization problem. This last is solved 
by the software of optimization based on the Genetic 
Algorithm method.  

2. Renewable Energy System 

The system generating renewable energy comprises: 
� A propeller attached to the rotor transmitting the 

mechanical energy caused by the movement of the air to 
the stator. 

� A synchronous generator with permanents magnets to 
convert mechanical energy from the rotor in an 
alternating electrical energy. 

� AC-DC converter to convert the alternative energy into 
continuous energy. 

� DC-DC converter to elevate voltage loading batteries to 
optimize the recovered energy. 

� An energy accumulator for energy storage. 

3. Structures of the Electric Generator 

3.1. Manufacturing Cost Reduction 

The electric generator structure is modular i.e. it can be with 
several stages. This technology allows the reduction of the 
production cost of these generators types. The slots are right 
and open what facilitates the coils insertion and reduces the 
generator manufacturing cost. The concentrated winding is 
used because of its advantages: 

� Reduction of the manufacturing time of this generator 
(insertion of coils in one block). 

� Reduction of the end-windings. 
� Reduction of the generator bulk. 

 

Figure 1. 5 pairs of poles, 6 main teeth, axial flux and trapezoidal 

configuration. 
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Figure 1 illustrates the first trapezoidal configuration (n=1) 
with axial flux only one stage [6]. 

Five configurations with a trapezoidal wave-form are found 
while being based on optimization rules of the ripple torque and 
cost. Each configuration is characterized by a variation law of 
the pole pairs number (p) according to an integer number n 
varying from one to infinity, the ratio (r) of the number of main 
teeth (Nt) by the number of pole pairs, the ratio (ν) between the 
angular width between two main teeth and that of a principal 
tooth, the ratio (α) between the angular width of a principal 
tooth and that of a magnet and the ratio (β) between the angular 
width of a magnet and the polar step. Table .1 gives these ratios 
for these configurations [6], [7], [8], [9]. 

Table 1. Found configurations. 

Trapezoidal configurations  p r νννν αααα ββββ 

1 2.n 1.5 1/3 1 1 
2 5.n 1.2 2/3 1 1 
3 7.n 6/7 4/3 1 1 
4 4.n 0.75 5/3 1 1 
5 5.n 0.6 7/3 1 1 

3.2. Design Methodology 

We choose the analytic modelling of the generator, because 
it’s compatible to the optimizations approaches [10], [11], [12], 
[13].  

The worksheet computes the geometrical dimensions of 
rotor and stator as well as windings, temperature, inductance, 
leakages and efficiency for different operating points. 

A sizing program is developed with equations detailed 
below. The program inputs are: 

1. Generator specifications. 
2. Materials properties. 
3. Configuration, i.e. magnet number and teeth number. 
4. Inner and outer diameter of the motor. 
5. Notebook data. 
6. Current density in coils δ. 
7. Rotor yoke Bry, stator yoke Bsy, flux density in the 

air-gap Bg and number of phase turn Ns. 
When inputs 3. and 4. are set, magnet shapes, teeth and slots 

are fixed. Then, the area of one tooth At and the average length 
of a spire Lsp are calculated from geometric equations. 

This model is validated by finite elements method. Indeed, 
the generator is drawn according to its geometrical 
magnitudes extracted from analytical model with the software 
Maxwell-2d, and is simulated in dynamic and static in order to 
compare the results obtained with those found by the 
analytical method.  

The coupling of this model to a model evaluating the power 
train losses and generator mass, poses an optimization 
problem with several variables and constraints. This latter is 
solved by the genetic algorithms (GAs) method [10], [11], 
[12], [13]. 

4. Dimensioning Torque 

The generator constant is defined by [10], [11], [12], [13]: 

gse BBAN2K ××××=             (1) 

For the axial flux structures A and B are given by: 

2

DD
A ie −=                      (2) 

2

DD
B ie +=                     (3) 

The dimensioning torque is given by the following relation: 
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3
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where Vmax is the maximum air velocity, r is the radius of the 
rotor and Ωmax is the maximum angular speed of the generator. 

The dimensioning current is expressed as follows: 
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dim
dim
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5. Generator Sizing 

The air-gap flux density is calculated for a maximal 
recovery position, or the magnet is in front of a main tooth. At 
this position the air-gap flux density is maximal. The 
distribution of the field lines to the level of a pole is illustrated 
by the figure 2: 

 

Figure 2. Flux lines distribution at maximal recovery position. 

The flux decomposes itself in main flux and in leakages flux 
between magnets.  

As applying the Ampere theorem to the level of a stator pole, 
we can deduct the flux density due to the stator current. 

( ) gHtH2I
2

N
dlH

linesflux

rimrimax
s∫ ×+××=×=×     (6) 

where Imax is the stator maximal current, H is the magnetic 
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field, Hri is the air-gap magnetic field, tm is the magnet 
thickness and µ0 is the air permeability. 

ri0ri HB ×µ=                 (7) 

where Bri is the flux density in the air-gap due to the stator 
current. 
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×
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=             (8) 

 

While applying the Ampere theorem, we can deduct the 
magnet thickness imposing a fixed flux density in the different 
zones of the motor while disregarding the flux density due to 
the stator current circulation, since the flux must cross two 
times the air-gap thickness and magnet with permeability very 
close to the air permeability.

 ( )∫ ×+××==×
linesflux

gmm gHtH20dlH      (9) 

The air-gap flux density is linear according to the magnetic 
field for this working regime: 

g0g HB ×µ=                 (10) 

While applying the flux conservation theorem to the level 
of the air-gap, we deduct the value of the air-gap flux density 
in function of the magnet flux density and the coefficient of 
the leakages flux. 

mgfumm SBKSB ×=××             (11) 

The magnet flux density becomes: 

fu

g
m K

B
B =                    (12) 

The magnet flux density is approached by the following 
linear equation:  

rmm0m BHB +×µ×µ=             (13) 

where µm is the magnet’s relative permeability, Br is the 
remanence. 

From the equation (10), (11), (12) and (13), we deduct the 
magnet thickness fixing the air-gap flux density equal to Bg: 
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where Kfu < 1 is the magnet’s leakage coefficient and g is the 
air-gap thickness. To avoid demagnetization, the phase 
currents must be lower then the demagnetization current Id [8]: 

s0
fuminm

m

minr
d N2

p
gKBt

BB
I

×µ×
×







××−×

µ
−

=   (15) 

where Bmin is the minimum flux density allowed in the 
magnets and µ0 is the air permeability. The rotor yoke 
thickness try and stator yoke thickness tsy derive from the flux 
conservation [9]: 
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where At is the tooth area, Am is the area of one magnet, Bry 
and Bsy are respectively the flux densities in rotor and stator 
yokes. For the axial flux and trapezoidal wave-form motor 
configurations the slot height is [9]: 
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where Nt is the number of principal teeth, δ is the current 
density in slots, Kf is the slot filling factor, As is the slot width 
and Idim is the dimensioning current: 
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The slot width is expressed as follows: 
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where rdid is the ratio between the angular width of the inserted 
tooth and that of the principal tooth. This ratio is optimized by 
finite elements simulations in order to reduce the flux leakages 
and to improve the electromotive force wave-form.  

6. Optimization Problem 

The optimization problem consists on the determination of 
the generator sizes minimizing its mass and the power train 
losses, while respecting the technological constraints of the 
application.  

The generator weight is expressed as follows: 

mryctsym WWWWWW ++++=      (21) 

For the axial flux configurations the weight of stator yoke 
Wsy, tooth Wt, copper Wc, rotor yoke Wry, and magnets Wm are 
expressed as follows: 
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where d is the density of the metal sheet, dc is the density of 
copper, dm is the magnet density, Aa is the magnet angular 
width, Ad is the angular width of principal teeth and Ae is the 
slot angular width. 

For the trapezoidal wave-form configurations, the copper 
losses are expressed by the following relation: 

2
c IR2P ××=                 (27) 

The phase resistance is given by the following expression: 
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c
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where rcu is the copper receptivity, Lsp is the average length of 
spire, Tb is the copper temperature and Sc is the active section 
of one conductor: 

δ
= dim

c
I
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The iron losses are expressed by the following relation [14], 
[15], [16], [17], [18], [19]: 

( )2
sysy
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fer BWnBWnfCP ××+××××=    (30) 

where c is the core loss, f is the motor supplying frequency, Wt 

is the teeth weight, Wsy is the stator yoke weight, Bg is the 
ai-rgap flux density and Bsy is the flux density in stator yoke. 
The mechanical losses are expressed by the following relation 
[11]: 

( ) Ω×++= frvbbm TTTP           (31) 

where Ω is the angular speed of the electric generator. 
The losses in the static converter are nearly hopeless, they 

are not held in account in the model of power train losses 
calculation.  

mfercptl PPPP ++=             (32) 

7. Genetic Algorithms Optimization of 

the Generator Mass and the Power 

Train Losses 

The function to optimize is expressed by the following 
expression: 

ptlmo PaWF +=              (33) 

Where “a” is a coefficient fixing the influence degree of Pptl 
at the global objective function compared to Wm. Indeed, “a” 

brings closer the value of (a Pptl) to the value of Wm.  
The optimization problem consists in optimizing the Fo with 

respect to the problem constraints. In fact, Genetic Algorithms 
(GAs) are used to find optimal values of the internal diameter 
Di, the external diameter De, the flux density in the air-gap Bg, 
the current density in the coils δ, the flux density in the rotor 
yoke Bry , the flux density in the stator yoke Bsy and the 
number of phase spires Ns [14], [15], [16], [17], [18], [19].  

The beach of variation of each parameter xi ∈ ( Di, De, Bg, 
δ, Bry , Bsy, Ns) must respect the following constraint: ximin 
≤ x i ≤ x imax. The values of the lower limit ximin and the 
upper limit ximax are established following technological, 
physical and expert considerations. 

The Fo model is coupled to a program of optimization by the 
method of the genetic algorithm. The progress of the program 
of optimization of the Fo with constraints is described by this 
organization diagram (figure 3) [14], [15], [16], [17], [18]: 

 

Figure 3. Progress of the optimization program. 

8. Conclusion 

An analytical model dimensioning the renewable energy 
generator is developed. This model is coupled to an 
optimization program in order to find the design prameters of 
the generator minimizing the power train energy losses and the 
generator cost. This study encourages the manufacture 
procedure the studied generator [9], [14], [15], [16], [17], [18], 
[19]. 
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