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Abstract. In this paper a novel analytical design methodology 
for wind power permanent magnet synchronous generators is 
presented. This kind of electric generator plays a major role in 
small-scale wind energy conversion systems up to 10 kW. The 
proposed diameter-cubed sizing equation is based both on the 
generator requirements, imposed by the application, and the design 
parameters that rely on the designer criteria. The magnetic field 
waveforms of both the permanent magnets field and the armature 
field are considered from the first moment through the winding 
factors, as well as the slots effects given by the Carter factor. The 
analytical model of the permanent magnet synchronous generator 
is validated with the finite element method, showing good 
agreement, both with no load and under load. As the generator is 
unsaturated, the main source of divergence between the analytical 
and the finite element model are the iron losses, due to the non-
uniform magnetic field distribution. 
 
Keywords. Wind power, Permanent magnet synchronous 
generators, Analytical design, Finite element method 
 
1. Introduction 
 
Small-scale wind energy conversion systems (WECS) have 
a great potential to supply power in rural areas, as the 
availability of wind resources and land is usually higher in 
remote locations than in the vicinity of big cities. As WECS 
use only a small fraction of the land, their settlement is 
compatible with other uses such as agriculture or extensive 
farming.  
 
Fig. 1 illustrates a comparison between different wind 
turbines, according to their rated power and the rotor 
diameter. Large-scale wind farms and large-scale wind 
turbines seem to have an impact on climatic conditions, both 
on temperature [2] and precipitations [3], therefore small-
scale, decentralized WECS emerge as a more sustainable 
solution for renewable energy production. However, the 
optimization of the initial cost per watt and the unit cost per 
kilowatt-hour is a great challenge for small-scale WECS 
[4]. Both horizontal- and vertical-axis wind turbines can be 
used for this purpose. 

 

 
 
Fig. 1.  Representative size and power of wind turbines [1] 
 
WECS are mostly based on induction generators (IGs) and 
synchronous generators (SGs). IGs always require a multi-
stage gearbox to transform the rotation speed of the wind 
turbine into higher values. IGs are usually divided into 
squirrel-cage generators and doubly-fed generators: the 
former has a limited, non-controllable speed range and 
consume reactive power, whereas the latter requires 
brushes and expensive power converters that are very 
sensitive to over currents [5]. Besides, SGs can operate at 
variable speed, and even as direct-drive systems. They are 
divided into electrically-excited synchronous generators 
or permanent magnet synchronous generators (PMSGs). 
Permanent magnet generators are preferred for small-scale 
WECS up to 10 kW, as there is no need for commutators, 
slip rings or brushes [6], but the use of an AC-DC power 
converter becomes mandatory as the output voltage of the 
generator is variable both in amplitude and frequency. 
Then the resultant DC power can be either directly used 
(in a DC load or battery) or inverted with a DC-AC 
converter to feed AC loads or the utility grid. In [7] a 
discussion about the power converter schemes for small-
scale WECS is presented, and the power converter 
topologies are classified according to the isolation 
transformer and the generator side rectifier. 
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Among the PMSGs, different topologies haven been 
proposed in literature in the field of small-scale renewable 
energy generation. In addition to conventional radial flux 
machines (RFMs) with surface or inner magnets, axial flux 
machines (AFMs) and transverse flux machines (TFMs) are 
gaining wider attention due to their high power and/or 
torque density, at the cost of more cumbersome assembly 
and manufacturing. In [8] a single-phase, single-side, 1 kW 
axial flux permanent magnet generator (AFPMG) is 
proposed for the utilization of hydro energy in remote 
locations. A larger 20 kW, three-phase, double-sided 
version of the AFPMG is presented in [9]. Due to reports of 
corrosion in small-scale WECS with neodymium magnets, 
ferrite magnets are used in an 850 W AFPMG in [10]. Two 
case studies for local manufacturing of small-scale WECS 
based on AFPMGs are presented in [11]. Coreless AFPMGs 
based on additive manufacturing have been also 
investigated for local manufacturing, both in its double-
rotor [12] and single-rotor [13] versions. In [14] the RFM 
and AFM are compared for micro-wind-turbine applications 
and the analysis shows that the RFM exhibits lower active 
materials cost than the AFM. Besides, TFMs potentially 
enables higher torque than the RFMs in the low-kW range, 
but their scalability must be further investigated [15]. 
 
Recycling of electrical machines is progressively becoming 
more important when designing an electrical generator for 
small-scale WECS. In [16] the feasibility of using an 
automotive claw-pole alternator for small wind turbines is 
demonstrated, comparing both the energy yield and the 
energy cost with some commercial systems. In [17] the rotor 
of a claw-pole alternator is used together with a 
conventional stator to build a small PMSG for wind energy 
harvesting. It is shown that different PM arrangements on 
the rotor lead to different torques and efficiencies [18]. 
 
In this paper a design methodology for a PMSGs intended 
for small-scale WECS is proposed. The radial flux topology 
has been chosen because, according to literature, it shows 
the lowest cost of active materials, better mechanical 
stability and easier recycling due to higher availability. 
Furthermore, the sizing equations proposed here could be 
adapted to axial and transverse flux topologies changing 
only a few design parameters. In Section 2 the specifications 
and design parameters of the PMSG are shown. In Section 
3 the analytical sizing equations are presented, and a 
parametric study is conducted both on the stator outer 
diameter and power density. Finally, in Section 4 the 
analytical model is validated with the finite element method 
(FEM) using FluxMotor from Altair. 
 
2. PMSG Main Specifications and Design 

Parameters 
 
Table I shows the main specifications, or rated values, of 
the PMSG, imposed by the small-scale wind power 
application requirements. Besides, Table II shows the 
design parameters that are needed for the machine sizing 
according to the designer criteria, grouped by their location 
and their effect on the machine geometry (overall geometry, 
rotor and stator). Only the fundamental harmonics will be 
considered in this work. 

Table I. - Main specifications of the PMSG 
 

SPECIFICATION SYMBOL VALUE 
Power (kW) 𝑃 10 
Frequency (Hz) 𝑓 50 
Number of phases 𝑚 3 
Wind turbine speed (rpm) 𝑛%& 20 
Gearbox steps  3 
Line voltage (V) 𝑈()*+  400 
Power factor cos𝜑 0.80 

 
Table II. - Design parameters of the PMSG 

 
GROUP PARAMETER SYMBOL VALUE 

Overall 
geometry 
and 
loads 

Number of pole pairs 𝑝 5 
Axial length to gap 
diameter ratio 𝑘( 1.50 

Current load (A/m) 𝐴 20000 
Back-EMF to voltage 
ratio 𝜀 1.3 

Rotor 
PMs 

PM span 𝜃5 150° 
Remanence of PMs (T) 𝐵5 1.11 
Relative permeability of 
PMs 𝜇85 1.10 

PM to air gap height 
ratio 𝑘95 4 

Stator 
winding 
and slots 

Pitch shortage angle  0 
Slots per pole and phase 𝑞 2 
Slot opening to slot 
pitch ratio 𝑘;<= 0.10 

Air gap to slot opening 
ratio 𝑘;<> 0.60 

Current density 
(A/mm2) 𝐽 6 

Conductors per turn 𝑍& 2 
Fill factor 𝑘A)((  0.4 

 
The generator power (𝑃) follows (1), where 𝐸C= is the 
RMS value of the first harmonic of the phase-to-neutral 
back electromotive force (back-EMF) and 𝐼E is the RMS 
sinusoidal q-axis current (therefore the 𝐼E and 𝐸C= phasors 
are aligned). 
 

𝑃 = 𝑚𝐸C=𝐼E          (1) 
 
On the one hand, the phase back-EMF is related to the 
phase voltage (𝑈) through the back-EMF to voltage ratio 
(2,3). On the other hand, the back-EMF is a function of the 
RMS value of the first harmonic of the no-load flux 
linkage (𝜓C=) (4). 𝜔 is the electrical speed of the machine 
in radians per second (5) and 𝜓C=  depends on the PMs 
remanence, waveform and section, as shown in Section 3. 
 

𝑈 = IJKLM
√O

          (2) 
 

𝜀 = PQR
I

           (3) 
 

𝐸C= = 𝜔𝜓C=          (4)  

https://doi.org/10.24084/repqj21.418 607 RE&PQJ, Volume No.21, July 2023



𝜔 = 2	𝜋𝑓          (5) 
 
The q-axis current in (1) can be expressed as a function of 
the current load (6), where 𝑁5 is the number of turns per 
phase and 𝐷9 is the air gap diameter. 
 

𝐴 = >5XYZ[
\]^

          (6) 

 
Finally, if the copper loses are neglected, the rated current 
(𝐼) of the machine can be obtained by (7). 
 

𝑃 = 𝑚𝑈𝐼 cos𝜑          (7) 
 
3. Analytical Sizing Equations 
 
The analytical design methodology proposed in this paper 
is formed by several sequential steps. First, the PMs 
magnetomotive force (MMF) and the armature MMF are 
characterized through the PMs/winding factors. After that, 
a diameter-cubed sizing equation is proposed for the air gap 
diameter calculation, then the no-load MMF and the no-load 
flux linkage can be fully characterized. Then the stator 
winding (slots and coils) is designed, checking the magnetic 
saturation, and the overall diameters are obtained. Finally, 
the efficiency of the machine is evaluated calculating 
copper and iron losses. 
 
A. PMs and Armature Field 
 
Permanent magnets are equivalent to DC field-windings, as 
both create a static, constant MMF. Therefore, the winding 
factor concept can be equally applied to PMs and coils. 
 
The PMs span (𝜃5) is usually lower than 180 electrical 
degrees in order to reduce the leakage flux between adjacent 
magnets, so the pitch factor of PMs (𝜉A`) follows (8). The 
PMs factor (𝜉A) equals the PMs pitch factor. Besides, in this 
work a full-pitch, distributed winding is proposed for the 
stator armature winding, so the pitch factor of the armature 
winding equals 1 and the distribution factor (𝜉ab) follows 
(9,10). Finally, the armature winding factor (𝜉a) is 
calculated as the product of the pitch factor and the 
distribution factor.  
 

𝜉A` = cos =cC°efY
>

   (8) 
 

𝛾+ =
=cC°
5E

    (9) 
 

𝜉ab =
hij[kMl
E hijkMl

    (10) 

 
When applying the Ampère’s Law to a symmetrical 
magnetic path that crosses the air gap, the peak value of the 
no-load flux density (𝐵m9) produced by PMs can be obtained 
from the rotor PMs design parameters and the Carter factor 
(11,12,13). 𝑔5 is the PMs radial length and 𝑔a is the air gap 
length. 
 

𝑘95 = 𝑔5/𝑔a          (11) 
 

𝑘p =
qrsRtR

qrsRtR e
ursl
tR

vwursl
tR

          (12) 

 

𝐵m9 = 𝐵5
u^Y
xyY

u^Y
xyY

zq{
          (13) 

 
If the no-load flux density waveform is assumed to be 
rectangular, the peak value of its first harmonic (𝐵m9=) 
follows (14), and the mean value (𝐵|9=) follows (15). 
 

 
𝐵m9= =

}
\
𝐵m9𝜉A          (14) 

 
𝐵|9= =

>
\
𝐵m9=          (15) 

 
Finally, the RMS value of the no-load flux linkage is given 
by (16,17), where 𝑆` is the pole surface. 

 

𝑆` =
\]^lqJ
>`

          (16) 
 

𝜓C= =
=
√>
𝑁5𝐵|9=𝑆`𝜉a         (17) 

 
B. Diameter-cubed Sizing Equation 
 
Putting together (1), (4-6) and (14-17), the diameter-cubed 
sizing equation is obtained (18). Results are shown in 
Table III. 
 

𝐷9 =
�

1
2𝜋√2

	𝑃	𝑝

𝑓	𝜉A	𝐵m9	𝜉a	𝐴	𝑘(

�

	

 
(18) 

 
Table III. - Results of the PMs field, the armature field and the 

diameter-cubed equation calculations 
 

MAGNITUDE SYMBOL VALUE 
PMs factor 𝜉A 0.966 
Armature winding factor 𝜉a 0.966 
Carter factor 𝑘p  1.026 
No-load air gap B, peak (T) 𝐵m9 0.866 
No-load air gap B, 1st harmonic, 
peak (T) 𝐵m9=  1.065 

No-load air gap B, mean (T) 𝐵|9=  0.678 
Air gap diameter (mm) 𝐷9 167.1 
Axial length (mm) 𝐿a�)a(  250.6 
No-load flux linkage, RMS (Wb) 𝜓C=  0.9556 
Number of turns per phase 𝑁5 160 

 
Besides, from the definition of the number of slots per pole 
and phase (19) and the slot pitch 𝜏� (20), the slot opening 
width (𝑤;<), the tooth shoe width (𝑤&;), the air gap length 
and the PMs length can be obtained (21,22,23,24). 
 

𝑞 = �
>5`

          (19)  

https://doi.org/10.24084/repqj21.418 608 RE&PQJ, Volume No.21, July 2023



𝜏� =
\]^
�

          (20) 
 

𝑤;< = 𝑘;<=𝜏�          (21) 
 

𝑤&; = 𝜏� − 𝑤;<          (22) 
 

𝑔a = 𝑘;<=𝑘;<>𝜏�         (23) 
 

𝑔5 = 𝑘95𝑔a          (24) 
 
Some of the most representative dimensions of the PMSM 
have been depicted in Fig. 2 and Fig. 3. In the proposed 
PMSM the slots have parallel sides, so the slot width is 
constant. 
 

 
 
Fig. 2.  Main dimensions of the rotor and the air gap 
 

 
 
Fig. 3.  Main dimensions of the stator 
 
C. Stator Winding Design 

 
The turn section (𝑆&) is given by the rated current and the 
current density (25). The wire diameter (𝐷%) follows (26), 
the number of turns per coil (𝑁�) follows (27) and the slot 
section (𝑆;) follows (28). 

 
𝑆& =

Z
�
           (25) 

 

𝐷% = �}	��
\	��

          (26) 

 
𝑁� =

XY
`E

          (27) 
 

𝑆; =
X�	��
q�KJJ

          (28) 

 
Then the slot width (𝑤;) and the tooth width (𝑤&) are set 
as half of the slot pitch (29) and the slot opening height 
(ℎ;<) is set as equal to the air gap length. Finally, the slot 
height (ℎ;) is calculated (30). 

 
𝑤; = 𝑤& =

��
>

          (29) 
 

ℎ; =
�r
%r
+ ℎ;<          (30) 

 
 
D. Overall Diameters 

 
Once the main dimensions of the rotor, air gap and stator 
are obtained, the rotor and stator yoke give the overall 
diameters. The rotor yoke (ℎ8�) and the stator yoke (ℎ;�) 
can be calculated regarding the magnetic saturation (31). 
In this work, the maximum flux density before saturation 
(𝐵()5)  has been chosen as 1.0 T, according to the magnetic 
curves of the lamination material (M300-35A).  
 

ℎ8� = ℎ;� =
�QR/XY

>	�JKY	���K�J
          (31) 

 
Then the stator outer diameter (𝐷;<) and the rotor inner 
diameter (𝐷8)) can be calculated (32,33). 
 

𝐷;< = 𝐷9 + 𝑔a + 2(ℎ; + ℎ;�)         (32) 
 

𝐷8) = 𝐷9 − 𝑔a − 2(𝑔5 + ℎ8�)         (33) 
 
Results are shown in Table IV. 
 

Table IV. - Results of the stator winding design and overall 
diameters 

 
MAGNITUDE SYMBOL VALUE 

Slot pitch (mm) 𝜏� 8.8 
Slot opening width (mm) 𝑤;< 0.9 
Tooth shoe width (mm) 𝑤&;  7.9 
Air gap length (mm) 𝑔a 0.52 
PMs radial length (mm) 𝑔5 2.1 
Wire diameter (mm) 𝐷% 1.4 
Slot width (mm) 𝑤; 4.4 
Tooth width (mm) 𝑤&  4.4 
Slot height (mm) ℎ; 28.0 
Rotor yoke height (mm) ℎ8� 11.9 
Stator yoke height (mm) ℎ;� 11.9 
Stator outer diameter (mm) 𝐷;< 247.5 
Rotor inner diameter (mm) 𝐷8) 138.5 
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E. Losses and Efficiency 

 
Electrical machines losses are usually divided into copper 
losses and iron losses. Given the machine dimensions, the 
resistance per phase (𝑅) is given by (34) and the copper 
losses (𝑃p�) due to Joule effect follow (35). The length of 
one turn (𝐿&) must consider the end-winding length, that in 
this work has assumed as a semi-circumference. 𝜌p� is the 
copper resistivity. 
 

𝑅 = 𝜌p�
XY��
��

          (34) 
 

𝑃p� = 𝑚𝑅𝐼>          (35) 
 
Besides, iron losses (𝑃�+ ) are the sum of hysteresis losses 
𝑃�+,¡ (36) and eddy current losses 𝑃�+,+  (37). The main input 
data are: the iron volume (𝑉�+), the frequency, the flux 
density and the lamination thickness (𝑎). In this work the 
flux density has been assumed as equal to 𝐵()5 because the 
rotor and stator yoke fields will be close to this value. The 
material constants (𝑘¡,	𝛼¡,	𝑘+) have been taken from the 
FluxMotor materials library for M300-35A. 
 

𝑃�+,¡ = 𝑉�+	𝑘¡	𝑓	𝐵()5¥¦          (36) 
 

𝑃�+,+ = 𝑉�+	𝑘+	(𝑎	𝑓	𝐵()5)>         (37) 
 

Finally, the generator efficiency follows (38). Results are 
shown in Table V. 
 

𝜂 = 100 ©e©{ªe©«M
©

          (38) 
 

Table V. - Results of the losses and efficiency calculation 
 

MAGNITUDE SYMBOL VALUE 
Resistance per phase (ohm) 𝑅 0.69 
Copper losses (W) 𝑃p� 673 
Iron losses (W) 𝑃�+  85 
Efficiency (%) 𝜂 92.4 

 
F. Parametric Study 

 
As the PMs remanence and current load are the most 
influent parameters on the machine sizing, their effects on 
the stator outer diameter and power density 𝑃b  (39) have 
been further investigated. 
 

𝑃b =
©

\	]rsl /}	���K�J
          (39) 

 
According to Fig. 4, the proposed PMSG (current load 200 
A/cm) is near the minimum outer diameter point, however 
this point is not coincident with the maximum power 
density point (Fig. 5). It should be noted that, as stated in 
Table II, the axial length of the generator is proportional to 
the gap diameter, instead of the outer diameter, so 
minimizing the outer volume (or maximizing power 
density) is not the same as minimizing the outer diameter. 
In any case, both points are close to each other. 
 

 

 
 
Fig. 4.  Parametric study on the stator outer diameter 
 

 
 
Fig. 5.  Parametric study on the power density 
 
 
4. Finite Element Model 
 
The PMSG has been simulated with the finite element 
method using FluxMotor from Altair. Table VI shows a 
comparison of some of the calculated values, and it is 
shown that the FEM results are in accordance with the 
analytical calculations. The no-load air gap flux density is 
shown in Fig. 6, it is close to a rectangular waveform under 
PMs. The main source of divergence between analytical 
and FEM results are the iron losses, as the analytical 
formulae are only a rude approximation and the flux 
density distribution is nor uniform (Fig. 7). Furthermore, 
the stator and rotor yokes are not saturated, nor the stator 
teeth, as the flux density is lower than the limit value. The 
working point at the rated speed is defined as shown in 
Fig. 8, being 𝐽 the rated current and 𝜓 is the control angle. 
The rated current is 18 A, according to (7) and the control 
angle has been set as 50°.  
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Table VI. - Comparison between the analytical and FEM results 

 

SIMULATION SYMBOL ANALYTICAL 
VALUE 

FEM 
VALUE 

Design 
𝑆; (mm2) 120.28 120.36 
𝑘A)((  (%) 40 40.92 
𝑅 (ohm) 0.689 0.685 

Open circuit 

𝐸C= (V) 300.22 283.61 
𝐵m9 (T) 0.8658 0.8429 
𝐵m9=  (T) 1.0648 1.037 
𝜓mC=  (T) 1.352 1.394 

Working point 

𝑃p� (W) 673 668 
𝑃�+  (W/kg) 1.31 1.43 
𝑃�+  (W) 84.89 64.34 
𝜂 (%) 92.42 92.14 

 

 
 
Fig. 6.  No-load air gap flux density versus rotor angular position 
 

 
 
Fig. 7.  Flux density map 
 

 

 
 
Fig. 8.  Working point scheme of the generator, as shown in 
FluxMotor 

 
5. Conclusion 
 
This paper focuses on permanent magnet synchronous 
generators for small-scale wind power applications. A 
design methodology based on sizing equations is 
presented, and then the analytical model is validated using 
the finite element method.  
 
The diameter-cubed sizing equation considers the effects 
of the magnetic field waveforms through the permanent 
magnets or winding factor. The effects of the stator slots 
are also included by use of the Carter factor.  
 
The analytical and finite element models show good 
agreement, both with no load and under load. The 
generator is unsaturated and the iron losses are only a 
small fraction of the losses, so the non uniform distribution 
of the magnetic flux density can be neglected for the 
efficiency calculation. 
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