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ABSTRACT

In this study, transverse flux generator design for micro-wind turbines has been realized. In parallel with the
developments in telecommunications in recent years, the use of cell phones and satellite internet has increased.
Renewable energy sources are an important candidate to provide energy access and sustainability in rural areas. In this
respect, a low-cost, easy-to-build generator that can be produced with 3D printers has been designed. The generator
produced has a simple coil and core structure and is a low-cost design. In addition, ANSYS magnetic analyzes were
performed together with the 3D solid model of the design. In addition, the core width was optimized and the cogging
torque had been improved by 18.29 %.
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1. INTRODUCTION

The last 20 years have seen rapid changes in the field of telecommunications. The reflections of
global communication and the internet on daily life have shaped life and trade in human life. With
the Internet, the perspective on trade, communication and professions between countries has
developed. Today, many professions can be done by accessing the internet from any location in
the world. In this context, access to energy in rural areas has become very important. The most
ideal way to provide energy in areas far from the grid is the use of renewable energy sources.
Renewable energy sources can be listed as wind energy, solar energy [1], hydroelectric energy,
biogas energy [2], thermal energy, wave energy [3-4]. Two of the most important renewable
energy sources are wind and solar energy [5] The production of solar energy is based on panels
produced by utilizing semiconductor technology [6]. Solar panels are important for energy
generation in rural areas due to their semi-flexible and flexible structure and power density.
However, weather conditions (e.g. cloudy weather) negatively affect power generation. Therefore,

wind turbines are also important for power generation in rural areas [7].

Wind turbines can range from portable structures with a few watts of power to very large-scale
mega-watt turbines. As the power of wind turbines increases, production costs and installation
costs increase. However, long-term feasibility studies are required for the installation of high-
power wind turbines [8-9]. The basis of wind turbine feasibility studies is the collection of long-
term wind data for at least one year from the location deemed appropriate. Therefore, both the
initial investment cost of energy is high and connecting the generated energy to transmission lines

is a costly process.

Wind turbines consist of two basic parts: blades and generators. Generators to be used in wind
turbines can be listed as permanent magnet or electric energy-excited due to their excitation
structures. In addition, radial or axial flux structures can be applied in terms of flux directions. The
generator structure to be designed for small power energy requirement in rural areas can be
various. In the literature, small power generators proposed are radial and axial flux permanent
magnet DC generators, respectively. In recent years, optimization studies on axial flux permanent
magnet (AFPM) generators, methods to reduce the cogging torque, and studies on prototype
productions have been intensive. The generators prototyped are multi-rotor and stator PM
generators [10], transverse-flux PM generator design with natural cooling and fall back [11], dual

rotor VV-shaped magnetic pole [12], hybrid excitation claw-pole generator [13], a novel axial-
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transverse flux PM synchronous machine [14]. When the techniques to reduce the cogging torque
are examined, some studies have mentioned Halbach array [15], using magnet segmentation
method [16], influence of the magnetic shape on the cogging torque [17], sinusoidal shaped rotor
to reduce torque ripple [18]. However, optimization methods are related to the application of
genetic algorithms to open slot AFPM generator [19], a new artificial neural network model with
variable air gaps [20], determination of the optimum rotor/stator diameter ratio [21], respectively.

In addition, small power permanent magnet generator structures are generally direct drive [22].

In this study, a transverse flux permanent magnet generator is designed for a micro-scale wind
turbine using 3D solid modeling. The design is simple and suitable for 3D printer manufacturing.
In addition, magnetic analysis of the designed generator was performed with ANSYS Maxwell
using the finite element method. The main objectives of the design are low-cost, high-power
density and suitable for 3D manufacturing.

2. MATERIAL AND METHOD

The main purpose of the design can be listed as simple structure, cheap cost, and suitability for
production with 3D printer. Because the easiest way to access energy in rural areas is to utilize
renewable energy sources. In this respect, it is important to obtain electrical energy from wind
energy. In this study, a permanent magnet transverse flux generator is proposed for a micro wind
turbine with the proposed design. The proposed generator structure is simple with one coil. In
transverse flux generators, the flux moves along the magnetic circuit. Therefore, the magnetic flux

around the coil moves through the iron core.

2.1. 3D Model of Design

The stator, rotor dimensions and air gap between stator-rotor are calculated by using dimensioning
methods based on analytical expressions commonly known in the literature. The rated torque value
(T) going to generator consumption, taking into account the parameters rated power (P), efficiency

(n) and rated revolutions per second (n) of the targeted generator design;

T=(P/h)/(2.m.n) 1)

According to the tangential stress value (cFtan) and T parameters allowed in the design, the

volume of the rotor (Vr);
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Vr=T/2. gFtan

Nominal frequency (f) and number of pole pairs (p), in terms of n;
P=f/n

dimensional ratio x depending on p;

X = (\[p) | (4.p)

rotor diameter (Dr ) depending on y and Vr ;

3 [4.Vr
Dr = /—
TC.X

The equivalent length of the kernel in y and Dr (1");

l'"=yx.Dr

The length of the air gap between the stator and the rotor, which is a function of p (6);
6 =(0,18+0,006.P0,4 ) / 1000

In Dr and &, the stator inside diameter (Ds );

Ds=Dr+2.6

From the values of [ and &, the net length of the rotor core (1);

[=1"-2.6

is calculated. Parameter values were determined according to the formulas in Table 1.
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The stator and rotor parameters of the transverse flux generator are given in table 1.

Table 1. Physical dimension of transverse flux generator

Parameter

Stator outer diameter

Stator inner diameter

Coil section area

Coil dimension

Iron core number

Winding type

Pole number

Maximum flux density in the
stator core

Magnet dimension

Magnet type

Inner diameter (Fixed magnet)
Outer diameter (Fixed magnet)
outer

Inner diameter to

diameter (A) for magnet

Value

190 mm

70 mm

64 mm?
8x8x14 mm
18

Toroidal

18

1.8 Tesla

30x10x5 mm
NdFeBr

70 mm

130 mm
0,538

The ' stator of the generator proposed in this study is given in Figure 1. The stator consists of a

total of 18 iron cores. The dimensions of each iron core are given in figure 1. The core structure

consists of two parts and each iron core is composed of 0.35 mm siliceous sheets. Thanks to its

iron core structure, it is suitable for mass production and has a low-cost structure.

Iron core (C type)

14

C type iron coil

Figure 1. Stator of transverse flux generator
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Figure 2 shows the % solid model of the transverse flux generator. The rotor of the generator is
designed to be produced from PLA material with a 3D printer and has an 18-pole structure. In

the design of the generator, the number of poles and the number of cores is equal to each other.
The poles consist of rectangular neodymium magnets. Therefore, the permanent magnet rotor is

also designed as low cost.

Poles Rotor

Figure 2. Transverse flux generator 4 solid model

2.2. Magnetic Equilavent Circuit of the Design
The magnetic equivalent circuit of the transverse flux generator is given in Figure 3. As shown in
Figure 3, the magnetic equivalent circuit consists of the magneto motor force generated by the

poles, air gap reluctance, iron core reluctance and winding magneto motor force.

i
Rg
‘ (DFpu ‘ Fup
Ry []
Re, |

Figure 3. Magnetic equivalent circuit of the transverse flux generator

Considering the equivalent circuit given in Figure 3, the reluctances are given in equations 1, 2,
and 3 respectively. In Equations 1, 2, and 3; R, /;, pu, S, R, [, u( S, R, are given as core
reluctance, core length, core permeability, cross section, air gap reluctance, air gap length, air gap
permeability, air gap cross section, and equivalent reluctance, respectively.
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R“lz fi..S 1)

R = s )
£ uyS,

R,=2.R_+2.R 3)

1

Equations 4 and 5 are the magneto-motor forces generated by the magnet and the winding.
Forp B Lpnp #,, s e B o Nove d, are the magnet magneto motor force of the magnet, the
magnetic flux value of the magnet, the thickness of the magnet, the relative permeability of the

magnet, the permeability of the gap, the magneto motor force of the winding, the number of turns

and the current value, respectively.

(4)

F =N.i (5)

2.3. Maxwell Model of the Design

The magnetic analysis of the generator designed to meet the micro-scale energy needs in rural
areas was carried out with ANSYS Maxwell. ANSYS Maxwell is a program that uses the finite
element method. The 3D model of the generator to be designed in ANSYS Maxwell is given in
Figure 4. The transverse flux generator shown in Figure 4 has a single rotor structure between two
stators. There is a single toroidal winding in the generator.

Figure 4. ANSYS Maxwell model
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2.4. Magnetic Analyses

Magnetic analysis of the designed TF generator was performed with ANSYS Maxwell 3D. In the
design, the rotor is rotated at equal angles and the values of the cogging torque on the rotor are
obtained. In addition, the variation of the magnetic flux in the air gap was analyzed.

Figure 5 shows the variation of the cogging torque in the rotor as a result of the interaction of the
core and magnets when there is no energy in the winding. The maximum and minimum points of

the cogging torque are m1=11.66 Nm and m2=12.33 Nm, respectively.

Name X [deg] Y [NewtonMeter]

mi 14.0000 11.6633 B

m2 7.0000 -12.3366

Figure 5. Torque of the proposed TF generator

In Figure 6, the magnetic flux distribution in the rotor iron core of the proposed design is given for
the start (0°), near maximum points (6°-8°), zero point (10°), positive maximum point (14°), and
end point (20°). When Figure 5 and Figure 6 are examined, it is seen that the maximum cogging
torque is at 7°-14° points. The points where the cogging torque is maximum are the points where

the magnets are separated from the stator legs and aligned to the other stator leg.

244



Int J Energy Studies 2023; 8(2): 237-250

HH I T T

HITHHTHITHT

Figure 6. Magnetic flux density on the core a) 0° b) 6° ¢) 8° d) 10° ¢) 14° f) 20°

Figure 7 shows the variation of the air gap magnetic flux for the points where the cogging torque
is maximum. At the points where the cogging torque is maximum in the negative direction, the

maximum values of the air gap are m1=648.1 mT, m2=792.7 mT, respectively.

Name | X{mm] | Y[mTesla] || Calculator Expressions Plot 1 MaxweliODesignt  Aosys
m | 139016 | 6481106 [ —
: P EROsELeA Curve Info
m2 | 128021 | 7927623 f w2
L m2 -
750 Setup1 : LastAdaptive
! degz=6deg’
1 #)mi — MagB
625 Setup1 : LastAdaptive
1 / degz="8deg"
= 500
H N %
H 375 - :
250 / |
125 | \ \ / :
| \ 4 A /-
0 T T T T
10 20 30 40 50 60 70 80

Dutance |

Figure 7. Airgap flux density of the proposed TF generator

2.5. Optimization of Core Width
Optimization of the core width of the designed TF generator was performed with ANSY'S Maxwell

3D. Optimization values for core widths of 5, 6, 7, 8, 9, and 10 mm are given in Figure 8.
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Name | X[deg] | Y [NewtonMeter] Torque Plot 1 MsawelCDOesignd Ansyr
m1 6.0000 -116119 Curve Info
= Torquel.Torque

m2 8 129515 Setup - LastAdaptive
m3 6.0000 -13.9595 cl=5mm’

0000 Torgquel.Torque|
m = e Setup1 : Lastadaptive
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0000 —— Torquel Torque,
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Figure 8. Optimization of core width

In Figure 8, maximum cogging torque values were obtained at 6 degrees. These values are given
in Table 2. The obtained values were compared with the percentage changes according to the 5
mm core width. As given in Table 2, the percentage changes relative to 5 mm for 6, 7, 8, 9, and 10
mm core widths are 4.29, 2.82, -1.76, -8.87, and -18.29, respectively. Therefore, the minimum

cogging torque was obtained for the 10 mm core width.

Table 2. The effect of core width on cogging torque

Core width Cogging torque (Nm) | Variation (%)

5 mm (m4) 14.21 Compared value
6 mm (m6) 14.82 4.29

7 mm (m5) 14.61 2.82

8 mm (m3) 13.96 -1.76

9 mm (m2) 12.95 -8.87

10 mm (m1) 11.61 -18.29

3. CONCLUSION

In this study, a transverse flux generator is proposed to generate electricity from wind energy in
rural areas. The proposed generator has a simple structure and low cost with its single winding and
C-shaped core compared to conventional generators. Core-less stator structures are at the forefront
in low-cost generator types. However, generators made without iron core have low air gap flux.
This has a negative effect on the energy produced. In the proposed generator, the C-shaped legs
used in the stator are low-cost to manufacture and allow the magnetic flux to complete the circuit

in a way with lower reluctance.
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As a result of the magnetic analysis, the cogging torque and air gap magnetic flux values of the
proposed TF generator were obtained. In order to obtain energy in the TF generator, it is sufficient
for the air gap flux to be higher than 0.5 Tesla. In addition, since the maximum value of the cogging
torque is 14.21 Nm for 5 mm (core leg width). Many methods have been given in the literature to
reduce the cogging torque. Analysis was performed by changing the core width parameter value.
Optimization has been made for the core width with ANSYS Maxwell. As a result of the
optimization, an improvement of 18.29 % was achieved. In addition, one of the prominent features
of this study is that it is flexible enough to be produced with a 3D printer.

In future studies, the C-shaped core structure can be optimized with different methods ( Genetic,
Taguchi experimental design method, etc.). In addition, different combinations of magnet and
number of core legs can be compared.

NOMENCLATURE
AFPM Axial flux permanent magnet
PM Permanent magnet
PLA Poliaktik asit
Re1 Core reluctance
l1 Core length
e Core permeability
S Cross section
Ry Air gap reluctance
Iy Air gap length
Lo Air gap permeability
So Aiir gap cross section
Re Equivalent reluctance
Fpm The magnet magneto motor force
Br The magnetic flux value of the magnet
Ipm Thickness of the magnet
LrPM The relative permeability of the magnet
Fw The magneto motor force of the winding
N The number of turns
TF Transverse flux
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