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a b s t r a c t

Renewable energy resources have attracted the attention of the power generation industry in recent
years as they have no pollution and the advantage of unlimited energy harvesting. One of these
resources is the wind that is available in most areas of the world. Electrical energy generation from
wind power requires suitable generators that different types and systems have been studied in the
literature. In this study, the design of a 1 kW, 50 Hz, and 500 RPM permanent magnet generator using
analytical electromagnetic fields analysis is presented that is based on the initial requirements of a
wind power generation system. Also, performance analysis of the designed generator of simulations
using the finite element approach has been investigated. The simulation results of the generator
characteristics including, output voltage and power verifies the initial design constraints and required
performances. The novelty of this study investigates the design and performance characteristic analysis
of a radial-flux PM generator for wind power generation application.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

As the conventional sources of energy are reducing, renewable
nergy has an important role in the future energy market. In
any regions of the world, the wind is powerful enough to
rovide the mechanical energy of wind generators. To extract
lectric energy from wind, it is first converted into kinetic of
urbines and then electrical energy by using different types of low
o medium power generators. The generator is connected to the
urbine and load. The operating speed range of the wind power
enerators for the average wind speed of 3–5 m/s, is 100–500
pm (Dobzhanskyi et al., 2019).

For the advancement of electrical machines, material tech-
ology is of great importance. For example, permanent magnets
PM) in electrical machines, and in particular rare-earth PMs with
igh energy densities, have greatly improved efficiency, reliabil-
ty, and power density. The high power density of PM machines
akes them potential candidates for direct-drive applications.
arious topologies of PM machines (PMM) with a large number
f poles are characterized as high torque density and efficiency
achines (Yang et al., 2020; Yazdanpanah and Mirsalim, 2014;
ieras, 2002; Zhao et al., 2019; Chen et al., 2020). So, PMMs are
sed in low-speed and high torque applications such as direct-
rive wind and hydropower turbines, long-stroke application,
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propulsion systems, and electric vehicles (Husain et al., 2018;
Dincer and Acar, 2015; Şahin et al., 2006; Elizondo et al., 2009; Li
et al., 2021a).

While reluctance motors may be alternatives to the PMM (Li
et al., 2021b), their performance in terms of high power den-
sity, high efficiency, and low torque pulsation is not as good
as the PMMs (Zhao et al., 2021). In spite of the fact that the
PM synchronous generator (PMSG) is a well-established solution
for wind power generation, the PM field in PMSG is difficult to
adjust, which limits its speed range. Compared to the mechanical
gear-down operation, this machine produces high torque at low
speeds, which is highly suitable for low-speed motoring and
generating applications. While the addition of PMs to the rotor
enhances torque and power density, lower power factor at the
stator terminal is still undesirable because of harmonic leakage
in the air gap (Du and Lipo, 2017).

PMM with hybrid PMs is proposed to increase the output
characteristics and reliability (Jeong et al., 2019). By utilizing
unused space within a machine structure, the hybrid excitation
structure can effectively increase torque density. Besides the PM,
the winding is an important part of the PMMs and plays a key
role in reliability (Li and Cheng, 2020). In recent developments of
PMMs, torque density has improved, but the choice of PM has yet
to be considered with an aim to reduce the material cost. More-
over, the issue of demagnetization for the PMs in cases of faults
has not been resolved. Another challenge is the unbalanced force
in the PMM, which causes bearing life to be shorter, vibrations,
icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.egyr.2022.01.121
https://www.elsevier.com/locate/egyr
http://www.elsevier.com/locate/egyr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egyr.2022.01.121&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:afroozeh@lar.ac.ir
https://doi.org/10.1016/j.egyr.2022.01.121
http://creativecommons.org/licenses/by/4.0/


R. Yazdanpanah, A. Afroozeh and M. Eslami Energy Reports 8 (2022) 3011–3017

a
a
n
s
o
S
h
p
m
d
a
c
a
e
t
s
t
i
2
t
f
p
i
s
c
t
a
t
d
f
2

d
b
a
2
w
r
d
m
e
a
c

e
t
p
b
e
d
a

a
a
r
T
t
c
S

2

b
t
p
t

nd noise to occur. PM materials have different characteristics
nd properties that could be summarized as follows. Ferrite mag-
ets have a low cost, but low energy product and mechanical
trength. The mechanical strength and cost of Alnico are high
n the other hand, its energy product is low. The advantage of
mCo is its high energy produced while the disadvantages are
igh cost and low mechanical strength. Finally, NdFeB is the most
owerful in terms of energy nevertheless, its cost is high and
echanical strength is low. Various topologies are introduced and
iscussed in relation to the machine structure for direct-drive
pplications. Axial-flux PM machines have the advantages such as
ompact structure, high aspect ratio, planar structure, and short
xial length (Li et al., 2019). The PM linear machines have been
xtensively researched and applied to linear direct-drive applica-
ions and to high-precision servo motors (Gao et al., 2017). They
eparate armature winding and magnetic poles, respectively, into
he primary and secondary. Due to the high use of rare earth PMs
n long-stroke applications, the cost is extremely high (Shen et al.,
021). Transverse flux PM machines have become popular due to
he use of lower strength ferrite magnets. However, they suffer
rom high leakage flux and high inductance, which lead to low
ower factor, high core loss, and saturation, and on top of that,
t is difficult to construct (Chowdhury and Sozer, 2020). Rotating
tructures of both axial and transverse flux PM machines have
omplex 3-dimensional magnetic flux paths, compared to the
raditional radial flux machines (Feng et al., 2018). Additionally,
s these topologies are difficult to construct from lamination iron,
heir core material has a lower permeability and saturation flux
ensity. As a result, radial flux PM machines are more suitable
or analytical design studies in which the field variables are
-dimensional.
Due to higher efficiency and lower noise and vibration, direct-

rive wind turbines are preferred, where by eliminating the gear
ox, turbine maintenance reduces which is important for offshore
pplications (Nasiri-Zarandi et al., 2020; Alhmoud and Wang,
018; Zhang et al., 2017). In other words, higher power rating
ind turbines work at lower speeds. In this paper, a 1 kW, 500
pm radial flux PM generator is designed to be used in a direct-
rive wind power generation. The design and analysis of electrical
achines are based on analytical and numerical calculations of
lectromagnetic field variables. The performance analysis can be
chieved by the numerical methods, but the analytical equations
an facilitate the design procedure (Hong et al., 2018).
The novel aspect of this study pertains to the design and

valuation of a radial-flux PM generator that can be applied
o wind power generation. Contributions of this study include
resenting a new analytical model of the radial-flux PMM with
uried PMs as well as sizing and design equations based on the
lectromagnetic field analysis. This approach is applicable for
esign and manufacturing the PMM of other specifications and
pplications.
The rest of the paper is organized as follows: Section 2 presents

description of the wind power generator design. The analysis
nd analytical design equations of the generator considering the
equirements and design constraints are included in this section.
he simulation results of the generator performance and charac-
eristics, including magnetic flux analysis and voltage and power
haracteristics in no load and loading conditions are presented in
ection 3. Finally, the conclusions are drawn in Section 4.

. Generator design

Synchronous generators are the main source of electricity
y converting the mechanical output power of steam and gas
urbines, reciprocating engines, and water turbines into electrical
ower. Some wind turbine designs also, use this type of genera-
or. In terms of energy use, a high-power wind power generator
3012
Fig. 1. Direct drive wind power generation system.

Table 1
Wind power generator initial parameters.
Parameter Value

Output power 1000 watt
Output voltage 220 V
Speed 500 RPM
Frequency 50 Hz

connected to the grid is currently one of the most effective ways
to use wind energy. This system converts wind energy into me-
chanical energy by wind turbines and then into electrical energy
by the generator. Therefore, direct-drive power technology with
the ability to track the maximum wind PowerPoint at wind speed
has become one of the hot spots in the studies. The direct-drive
wind power generation system is shown in Fig. 1. The nominal
power of the wind turbine and its speed are related as shown in
(1) (Nasiri-Zarandi et al., 2020).

ωr ∝ P−0.5 (1)

That is, higher power wind turbines have lower speeds.

2.1. Generator topology and specifications

The inner rotor radial flux PM generator is designed and an-
alyzed in this study with the topology and elements shown in
Fig. 2. The stator is composed of laminated core and windings.
The rotor is made of a laminated core in which the PMs are
inserted. Based on the wind generator requirements and (1), the
specifications of the generator are reported in Table 1.

2.2. Rotor and stator design

The generator power and main geometrical parameters are
related to each other as:

P = C0D2
oLω (2)

Where, P is the power, D0 and L are the diameter and axial length,
respectively, ω is the rotational speed and C0 is (Pyrhonen et al.,
2013; Hanselman, 2003):

C0 = 10.9624 × Bav × ac × ksw (3)

Where, Bav and are ac the magnetic and electrical loadings and
ksw is the winding factor.

So, for the selected diameter to length ratio, these parameters
are calculated using (2) and Table 1.
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Fig. 2. Radial flux PM generator structure, (a) 2D view, (b) 3D structure.
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Fig. 3. Geometrical parameters.

Fig. 3 shows a section of rotor and stator. Assuming no flux
eakage when the flux crossing the air-gap to the stator teeth:

.AtBt = AgBg → s.twKstLBt = 2πRgLBg → tw =
2πRgBg

s.KstBt
(4)

Where, At , Ag , Bt and Bg are the tooth and air-gap area and
magnetic flux density, respectively. Rg is the average air-gap
radius and Kst is the lamination fill factor of the core, and s is
the slot number.

Assuming the half of magnetic flux crossing the stator yoke:

s.BsyKstL.yd = πRgLBg → yd =
πRgBg

s.KstBsy
(5)

In (4) and (5), Bt and Bsy are the maximum permissible flux
density of the core that depends on the used magnetic material.

Similar method is used to find the rotor yoke depth.
The magnetic equivalent circuit (MEC) of the flux path is

shown in Fig. 4a (Yazdanpanah, 2020). In this figure, Rg , Rm and
l are the air-gap, PM and leakage reluctances, respectively. φr

s the PM residual flux. As the leakage reluctances are large, this
EC could be simplified to Fig. 4b.
3013
From Fig. 4:

φg =
Rm

Rm + Rg
φr (6)

Where:

Rm =
lm

µ0µrhmL
, Rg =

lg
2µ0πRg L

p

(7)

Where,
p is number of poles.
(6) Results in:

AgBg =
Rm

Rm + Rg
AmBr → Bg =

Rm

Rm + Rg

Am

Ag
Br (8)

Selecting the air-gap flux density and the fringing effect factor
( AmAg = Cφ), hm is calculated as:

Am

Ag
=

hmL
2πRg L

p

= Cφ → hm = Cφ

2πRg

p
(9)

And considering Fig. 4b:

lm =
φg

(
Rm + Rg

)
µ0

Br
(10)

.3. Winding design

The induced voltage could be calculated by Jeong et al. (2019),
i and Cheng (2020):

= 4.44Nf φg (11)

here, N is number of turns, f is frequency and φg is the per pole
flux that is calculated by:

φg =
AgBg

p
=

2πRgLBg

p
(12)

Considering the rated power, rated current is:

I =
P

(13)

3.η.V . cosϕ
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Fig. 4. MEC, (a) detailed, (b) simplified.
Fig. 5. Winding configuration.
So, based on the cooling system and the selected current
density (J), the conductor area and diameter are calculated:

Aw =
I
J

(14)

dw =

√
4Aw

π
(15)

.4. Designed generator

Considering design equations and selected design parameters,
he designed generator has the parameters reported in Table 2.

. Simulation results

In this section, the designed generator is simulated by the
inite element analysis (FEA) to investigate the output character-
stics. The core material is M-400 and the PM residual flux density
s 1.08 T. Fig. 5 shows the winding configuration and the mesh
rid is shown in Fig. 6.
To reduce the simulation cost and time, master and slave

oundary condition is used to simulate only one pole of the
achine structure. So, the mesh structure shown in Fig. 6a is
pplied to overall geometry including the air-gap.
3014
Table 2
Designed generator parameters.

Parameter Symbol Value

Number of phase N 3
Number of poles p 12
Number of stator slots s 36
Air-gap length lg 0.5 mm
Air-gap mean radius Rg 55.75
Outer diameter Do 200 mm
Axial length L 100 mm
PM length lm 5 mm
PM height hm 20 mm
Tooth width tw 5.5 mm
Tooth length tl 32 mm
Stator yoke length yd 10 mm
Fill factor Kst 0.43
Current density J 3.5 A/mm2

Rated torque T 19.1 N m

To enhance the calculation accuracy, mesh of the geometry is
refined especially in the narrow parts and where the flux path
and direction change. The refinement is divided into 3 different
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Fig. 6. Mesh grid, (a) a section of the generator, (b) air-gap mesh.
Fig. 7. Magnetic flux density in the air-gap.

sections: the stator and rotor cores, the PMs, and the coils. Con-
sidering the geometry, maximum element lengths of the sections
are selected as 3 mm, 1 mm, and 2 mm, respectively. The air-gap
mesh is shown separately in Fig. 6b.

To compare the analytical and numerical calculations of air-
gap magnetic flux density, the results are shown in Fig. 7. The
discrepancy between the results is caused by the stator teeth and
slot openings that their actual shapes are not considered in the
analytical model.

3.1. No load test

The generator is simulated in no load condition at the rated
speed, where the flux distribution in different parts is shown in
Fig. 8. The flux density in the core is about 1.7 T that is lower than
the saturation limit.

Fig. 8a shows the magnetic flux density distribution in dif-
ferent part of the stator and rotor core to ensure the saturation
prevention. It shows one fourth of the machine’s structure (3
poles) and the same applies to the rest of it. Moreover, the flux
lines and the flux paths are illustrated in Fig. 8b as well as the
magnetic vector potential.

In PM rotors, short circuiting flux is the main problem. The
flux barriers in the rotor structure improve the flux lines passing
through the air-gap due to decreasing the short circuiting flux. In
other words, the placement of the flux barrier at the rotor, results
in a more uniform distribution of flux density as shown in Fig. 8c.

The cogging torque of the generator is an important parameter
that is due to the interaction between PMs and the teeth. In the
designed generator, Fig. 9 shows that the cogging torque is about
1.8 N m and less than the 10% of the rated torque. As a result
of nonlinear characteristics of the machine, torque ripple varies
at different operating conditions that results in complexity in
computation and analysis. The cogging torque could be decreased
3015
Table 3
Generator Loss.
Loss component Value

Copper loss 78 watt
Core loss 15 watt
Total 93 watt

by techniques like rotor or stator skewing, slot opening adjust-
ment, fractional slot windings, bifilar teeth, etc. (Yazdanpanah
and Farjah, 2021; Liang et al., 2019).

Back-EMF and its harmonics content are shown in Fig. 10. It
is clear that only the 7th and 11th component have considerable
magnitude.

3.2. Loading test

The output power at different speeds is shown in Fig. 11
varying load impedance. In this figure, the output power at rated
speed is about 1 kW that is specified in Table 1.

Fig. 12 Compares the no load and loading voltages of the
generator. The RMS value of the voltage is 220 V as specified in
Table 1.

3.3. Losses and efficiency

In this generator, loss is composed of copper, core and me-
chanical losses. Ignoring the mechanical loss, the copper and core
losses could be calculated based on the FEA of the generator at the
rated speed and power as presented in Table 3.

So, the efficiency is calculated as the output power to the sum
of output and loss power as:

η =
P

P + loss
≃ 92%

3.4. Sensitivity analysis

The output line voltage for different air-gap length and PM
thickness is shown in Figs. 13 and 14, respectively. Fig. 13 shows
that the smaller air-gap length increases the produced output
voltage. Nevertheless, this length is limited by mechanical con-
siderations.

From Fig. 14 it can be concluded that the PM thickness has no
significant effect on the output characteristics. This is due to the
negligible effect of this parameter on the air-gap flux.
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Fig. 8. Flux distribution and flux lines in different parts, (a) flux density, (b) flux lines, (c) effect of flux barrier on the flux distribution.
D

c

Fig. 9. Cogging torque.

4. Conclusion

The analytical design equations are suitable to find different
design variants based on the specific output parameters. In this
paper, the magnetic equivalent circuit has been used to extract
the design equation for a radial flux PM generator that is used
in direct drive wind power generation system. PM generators
are one of the most interesting candidates for direct drive and
high power density applications. The design method and equa-
tions could be extended to similar topologies and applications.
Moreover, finite element analysis is used as the simulation tool
for performance analysis of the designed generator. The peak to
peak value of the output voltage is 640 V and the output torque
is 19.1 N.m. as specified in the initial generator specifications.
Sensitivity analysis shows that the smaller air-gap length in-
creases the produced output voltage but, the PM thickness has no
significant effect on the output characteristics. Simulation results
show that the final design can satisfy the initial requirements that
are determined based on the wind power generation system.
 t

3016
Fig. 10. No load induced voltage, (a) line voltages, (b) harmonics content.
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Fig. 11. Output power characteristics.

Fig. 12. Output voltage.

Fig. 13. Output line voltage for different air-gap lengths (mm).

Fig. 14. Output line voltage for different PM thickness (mm).
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