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Abstract

In this paper, the design and manufacturing process of axial flux permanent magnet (AFPM) generators using rectangular
neodymium ferrite boron (NdFeB) magnets are described to reduce magnet costs. Experimental studies are carried out by
measuring the output voltage based on the design that has been made. The process of making a generator is made by varying
the magnetic bars parallel and layered. Emphasis is placed on using commercially available rectangular magnetic teeth with
simple techniques to achieve lower costs, while the fabrication steps in the manufacturing process are described in more
detail. The design and prototype of the built AFPM generator are laboratories tested. The experimental study results
obtained by the number of stator windings as many as 324 turns with an arrangement of 4 rectangular magnetic layers
obtained an output voltage of 13.1 Volt at 1400 rpm. In addition, the structure of the generator design is simple and easy
to manufacture and is suitable for rural applications for small-scale energy turbine applications.
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1. Introduction

Currently, permanent magnet (PM) machines have replaced
other electric machines in various applications [1,2]. The
higher reliability of PM materials, higher energy density,
greater corrosion resistance, and the effect of demagnetization
were the main causes of the development of PM generators.
Many PM generators have been used and proposed to convert
wind energy, such as radial, axial and transverse flux. Several
researchers have conducted comparative studies of these
types based on technology and manufacturing; some work has
been done using different comparison procedures [3-5].
Transverse flux engines are known for their higher torque
density, but their electromagnetic structure is more
complicated than radial and axial flux engines. Axial flux
engines are known to have a higher torsion density than their
counterparts based on radial flux. While [6] has reported a
comparison procedure with consideration of heat at the same
volume size, surface losses per unit, air gap, magnetic gear,
yoke flux density and rotational speed of the two machine
structures, and the influence of pole numbers. The advantage
of the axial permanent magnet flux (AFPM) engine's torque
density becomes more pronounced in designs with a large
number of poles.

The technology of making stator slots in radial flux PM
machines is well known in the industry and is therefore
widely used by generator manufacturers. However, the
manufacture of stator slots will require special equipment to
manufacture, which may not be available in many developing
countries, especially in rural areas. Therefore, the process of
manufacturing such a special slot for the stator winding is not
suitable for building a generator in a small workshop. Slot
creation is even more difficult on AFPM machines,
potentially increasing the cost of creating them. For this
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reason, the AFPM type is not as popular as the radial flux type
but is increasingly in demand by researchers [7-10]. The
AFPM machine is formed by a rotor disc carrying magnet,
which produces an axial flux, and a stator disc containing the
phase windings. In recent years, several types of variations in
this basic design have been possible, including single-sided
with one rotor and one perforated stator [11], double-sided
with slot-less (coreless) cores [7, 8, 10, 12], torus [13-19],
AFIR-NS [20], AFIR-S [21-23], and multi-disk designs [24].
However, each design has its complexity in the prototype and
design of the magnet gear, especially for wind power
generation. Several parameters must be considered in
redesigning the generator for higher voltage output. It
includes the number of poles, the magnetic flux field density,
the number of turns of the coil, the resistance of the wire, the
maximum current, and the space available in the armature
coil.

On the other hand, the main requirements for designing
wind generators are simple construction, low cost, lighter
weight, low speed, and high output power. Small AFPM
generators can play an important role in domestic or small
business applications, especially in rural areas. Given the
limited access to start-up capital in most rural applications
worldwide, minimizing total application costs is critical. That
can be achieved by minimizing material costs and simplifying
the manufacturing process. Various design construction
manuals for small wind turbines with nominal power up to 3
kW can be found [25]. There is some literature on AFPM
generator prototypes for small wind turbine applications, such
as the use of coin magnets [1, 26], sectoral magnets [28], and
wood materials for stator disks [27]. Generally, sectoral-
shaped magnets are applied in the rotor of the AFPM
generator. In addition, there are inherent problems such as
high prices and supply shortages. Therefore, the main concern
of this design was the replacement of coin magnets and
sectoral magnets with rectangular magnets. In this case,
rectangular magnets are solutions in the fabrication of AFPM
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generators for small wind turbines. According to [29],
compared to sectoral magnets, rectangular magnets are
cheaper, and dimensional materials are available.
Geometrically, rectangular magnets have advantages, low
production costs, and easy magnetization [30].

In connection with the manufacture of a simple and
inexpensive AFPM machine, this paper proposes a new
structure of rotor magnet teeth using rectangular NdFeB
magnets. An engineering use of rectangular magnets arranged
in 4 layers aims to increase the magnetic flux. According to
[31], the arrangement of rectangular magnets in layers is the
same as that of parallel magnet circuits. Analytical
approximation, in a magnetic circuit, resistance (R) and
reluctance (R) are inversely proportional to area, showing
that increasing the surface area will result in a decrease in
value and will increase the desired results in terms of current
and flux [32].

2. Fundamentals of Machine Design

2.1 Rotor PM Design
The configuration of the AFPM machine consists of an
external rotor and an internal air-core stator (coreless). The
design calculations for AFPM engines with air-core stators
using the sizing equations are described in this section. The
magnetic design model is based on the single-disc eight-pole
AFPM shown in Fig. 1. It is used to calculate engine
parameters and further analyze and optimize engine
performance. The magnetic flux flows straight across the air
gap between the stator and rotor. The total flux through the
same magnetic surface area does not change, and the air-gap
flux density is flat and constant in the radial direction.
Considering a single-phase machine with eight windings
in a 360-degree section of electricity, the magnetic circuit of
a flux loop consists of one winding on each side of the stator,
facing two parallel permanent magnets embedded in the rotor.
The magnetic circuit model for one electric period for the
motor half is expressed in air gap reluctance, stator magnetic
force, and flux through the magnetic circuit. The area of the
rotor circumference based on the rectangular magnetic
arrangement as a source of magnetic flux excited by PMs per
pole is defined as follows:

Fig. 1. Rotor disc
The distance between the same pole magnets is obtained:

af =(2xa)+rf; (1)

178

while the distance between the magnets with different poles
is:

tf =(Sinpxb) +rf2, ¢=45° @)
Thus, the circumference of the rotor is obtained by Eq.

3):

Cf =(Tfxp)+(af xp) 3)
The inner radius (ri) and outer radius (ro) of the rotor

disk are obtained:

=1 4)

r,=1,—b 5)

where:

a = width of the magnet, and

b = length of magnet

rf= the air gap between the poles of the same magnet
af = distance between the same pole magnets

tf = distance between the magnets with different poles
p=number of poles

Cf= circumference of the rotor

ro= outer radius

ri= inner radius

2.2 Design Equation for AFPMSG with Slotless Stator
The calculation of the air-core stator design of the AFPM
generator is shown in Fig. 2.
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Fig. 2. Geometry and flux path in air-gap

The effective air gap (lg) for the machine can be
calculated by the following Eq. (6).

Lyes = 5;—’:+ ty (6)

To determine the maximum magnetic flux, it is
determined by Eq. (7):

Im

Brnaks = Br I+ 7
where:

Br = flux density (T)

Im = thickness of magnet (m)

§ = width of air gap (m)

In determining the area of the magnet (4m), where the
rotor and stator disk areas are the same, Eq. (8) is used.

A, =T (€ —Tiz)—prf (ro=79)p

®)

Based on Egs. (7) and (8) it can be calculated the
maximum flux value using Eq. (9) as follows,
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Binax = Am X Bmax

Furthermore, for the number of turns on the generator
stator, Egs. (10) and (11):

E

= 4,44 x f X Ky1x ¢ (10)
Number of turns/poles,
P

ZNP ~ Number of turn (11)
where:
2N, =number pf turns/poles
P = number of poles
E = phase voltage (V)
f = frequency (Hz)
k.1 = winding factor (0,8)
¢  =magnetic flux (Wb)

The generator output power can be calculated by,
P, = E.l.cos® (12)

The input power of the generator is given by the following
equation,
P, = Py, + Losses

(13)

The efficiency of the generator can be calculated by,

N ="2x100% (14)

m

The mechanical design parameters of the slotless AFPM
generator are shown in Table 1.

Table 1. Main parameters of the AFPM Generator prototype

Parameters Symbol | Value
PM axial length, mm b 20
PM width, mm a 10
PM thickness, mm Im 1
The air gap distance between the rf) 10
poles of the same PM, mm
The air gap distance between the rf 20
poles of the different PM, mm
Distance between the same pole PM, Af 25
mm
Distance between the poles of the Tf 28.28
different PM, mm
The circumference of the rotor, mm Cf 513.12
Outer radius of rotor, mm Ro 81.7
Inner radius of rotor, mm Ri 61.7
Number of poles P 8
Air gap distance between rotor and ) 1-4
stator (Adjustable), mm
Frequency, Hz F 50
The maximum magnetic flux, T Brmax 1.8
The number of turns per coil, turns N 117

3. Basics on Design Procedure

The dimensioning of the machine prototype is carried out
iteratively through an analytical approach based on several
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simplifying assumptions. The prototype design is made under
the geometric constraints imposed by the rectangular NdFeB
magnet material, which is available in 20mm x 10mm x Imm.
This geometric constraint becomes the benchmark for
selecting the size of the rotor and stator diameters. The single-
phase stator winding is installed between 2 slotless and
coreless acrylic discs with eight poles. The two acrylic discs
used have different diameters, where the first disc with a
diameter of Smm is used as a place to install the windings,
and the second disc with a diameter of 1mm is used as a cover.
Both are reinforced with several bolts to attach the stator
winding firmly. The use of acrylic instead of copper
eliminates eddy current losses. In addition, the cost of making
stator slots, heat losses, and linear current density can be
considered as design inputs.

The analytical procedure for designing a layered
rectangular magnet is based on the equivalent approximation
of a magnetic circuit to an electric circuit. Fig. 3 shows the
equivalent of "electrical circuit" and "magnetic circuit,"
which is one approach method that can help provide an
overview of magnetic phenomena. This circuit diagram
shows that "electrical circuit" and "magnetic circuit" are
equivalent. Therefore the mathematical relationship of the
two circuits is also the same.

(@) (®)

Fig. 3. (a) Electric circuit equivalent and (b) Magnetic circuit analog

Based on Fig. 3, there are some similarities/equivalence
parameters between electric circuits and magnetic circuits as
given in Table 2.

Table 2. The analogy of quantity of electric circuit and
magnetic circuit

Circuit Units
Electric Magnetic Electric Magnetic
Voltage (v) Magnetic force Volt Amp-turns
(F=Ni)
Current (i) Magnetic flux (¢) Ampere Webers,
Wb
Resistance (R) Reluctance (R) Ohm Amp-
turns/Wb
Conductivity Permeability (1) Mho Wb/A.t.m
(1/p)
Current Magnetic flux density A/m? 'Wb/m? = teslas
density (J) (B) T
Electric field |Magnetic field intensity | Newton/Coulomb | Amp-turn/m
(E) (H) INC)

Equation (1) is identical to Ohm's Law:

(15)

For a magnetic circuit, the desired effect is flux (), while
the cause of the magnetic force (&) is the external force
(pressure) required to determine the magnetic flux lines in a
magnetic material. The resistance to flux determination (¢) is
reluctance (R), the value of the above equation is given by:

(16)

F
=5
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Using Kirchhoff's voltage law "cause" analogy, the
equation can be obtained:
YoF =0 (Untuk rangkaian listrik) (17)

This equation states that the sum of the algebraic increases
and decreases in the magnetic force around a closed loop in a
magnetic circuit is zero. The increase in the magnetic force is
equal to the amount of decrease in the magnetic force around
the closed-loop. This condition is expressed in an equation
called Ampere's Circuit Law. If this equation is applied to a
magnetic circuit, then the magnetic force is denoted by:

F=NI (At) (18)

4. Configuration of the AFPM Generator

Fig. 4 shows a prototype AFPM generator configuration with
a simple design consisting of one rotor disk (Fig. 4a) and one
stator disk (Fig. 4c) separated by an air gap (). The total
turbine cost is perhaps the most important criterion for rural
electrification applications in developing countries.

o
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Fig. 4. The AFPM generator prototype: (a) Rotor disc; (b) The proposed AFPM generator; (c) Stator disc

Experimentally, this research aims to optimize the low-
cost design of the acrylic stator and rectangular magnet rotor.
For consideration, the acrylic material is used to assemble the
stator and rotor of the AFPM generator. In addition to
eliminating the effects of iron loss, the acrylic material is
strong and resistant to heat exposure. As discussed in [33]
regarding studies of ironless couplings, acrylic has very small
inertia and can be useful in many applications. The material
can eliminate the magnetic saturation effect on the yoke iron.
Acrylic is a smooth form with a refractive index of 1.49 and
is malleable by heat without losing optical clarity. Acrylic is
easy to saw, drill, grind, engrave and cut with a sharp carbide
tool.

As shown in Fig. 4, both the stator coil positions and the
rotor magnets are slotless. They are held together by two
acrylic plates that are secured with long bolts. The rotor
position, slot or slotless stator, and winding arrangement
provide benefits to machine assembly without creating coil
slots and rotor magnet slots. In addition, the easy
manufacturing process, the simple structure also provides free
air to cool the stator windings and rotor magnets. The choice
of using rectangular NdFeB magnets arranged in layers is also
a low-cost consideration. Fig. 5 shows a rectangular type of
magnet with 20 mm x 10 mm x 1 mm as the magnetic field
source in the rotor.

.
1 mm

Fig. 5. Rectangular NdFeB magnet

5. Frequency Selection, Number of Poles, Magnetic
Type, and Magnetic Flux Measurement
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Here, the generator output voltage will be the main concern;
the nominal frequency selection will be more relevant
considering the total cost of the generator than its operational
characteristics. Therefore, the nominal frequency, fuom
(frequency at nominal wind speed), determines the number of
pole pairs p given by Eq. (1).

_ 120fnom
Nan

(18)

where:
- P =number of poles
From = nominal frequency

Niom = nominal speed

In the nominal frequency design approach, 50 Hz with a
nominal rotation of 750 Rpm, the 8 number of poles is
obtained. The permanent magnets used in this design are
rectangular NdFeB magnets, the cheapest and available
material on the market. In general, wind generator rotor
fabrication uses coin magnets, requiring a special installation
slot. Rectangular NdFeB magnets are preferred because they
are easy to install, appear suitable for this application, and are
cheaper than coin magnets.

Even though it has the same volume, the value of
rectangular magnetic flux sold in the market is different, so
measuring the certainty of the magnetic flux value is to design
the stator coil. The use of magnetic teeth on the rotor is carried
out in various ways starting from the arrangement of 1 - 4
layers. A Teslameter type WT 110A was used in measuring
the average magnetic flux value with 3 repetitions. As seen in
Table 3, the measurement results of the overall magnetic flux
value for 8 poles are 1.89 T (1 layer), 2.5 T (2 layers), 29 T
(3 layers), and 3.2 T (4 layers), respectively.
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Table 3. Magnetic layer flux measurements

1 Layer 2 Layers 3 Layers 4 Layers
Measurement to- Measurement to- Measurement to- Measurement to-
No (mT) (mT) (mT) (mT) Notes
1 2 3 X 1 2 3 X, 1 2 3 X3 1 2 3 X,
1 95 | 85| 90 90 167|176 | 177 173.3 165 | 169 171 168.3 191 179 180 183.3 a
115 115|114 114.7 125|129 | 126 126.7 159 | 155| 161 158.3 185 187 | 191 187.7 b
2 120 | 120 115 118.3 156 | 156 | 151 154.3 184 | 183| 184 183.7 190 195( 200 195 a
75 | 80 | 80 78.3 122 121 | 118 120.3 149 | 147| 151 149 198 195( 195 196 b
3 165 | 170 | 165 166.7 178 | 178 | 181 179 213 | 213| 215 214.3 230 | 230 233 231 a
145 | 153 | 145 147.7 160| 162 | 167 163 195 | 190 194 193 211 | 219] 220 216.7 b
4 110 | 110 109 109.7 150| 150 | 154 151.3 193 | 189 193 191.7 235 | 241 | 240 238.7 a
165 | 175 165 168.3 178|175 | 179 177.3 200 | 200| 201 200.3 219 |215| 215 216.3 b
5 135 133|133 133.7 153|150 | 153 152 193 | 187 190 190 209 |217| 219 215 a
115 120 115 116.7 154|152 | 156 154 180 | 177 180 179 189 189 | 190 189.3 b
6 110 | 105|109 108 147| 145 | 148 146.7 175 | 169 169 171 195 | 193 | 195 194.3 a
110 95| 99 98 134|137 | 142 137.7 184 | 177 189 183.3 205 199 | 204 202.7 b
7 110 | 115|114 113 147| 145 | 151 147.7 165 | 167 165 165.7 189 184 185 186 a
115 110 113 112.7 140| 140 | 143 141 173 { 171 173 172.3 191 185 190 188.7 b
8 110 | 107 | 105 107.3 141|141 | 136 139.3 180 | 180 179 179.7 193 | 193 | 193 193 a
105 ] 105 104 104.7 130 130 133 131 203 | 195] 203 200.3 203 [209| 209 207 b
DES XiF 1,887 Xo= 2,494 X5= 2,899 X4= 3,241

6. Design of Generator Coils

When the generator rotates, it will cause magnetic flux due to
changes in the generator's magnetic field. The maximum
magnetic flux or maximum magnetic flux density can be
determined by Eq. (7). The basis for designing the stator
windings of the AFPM generator is 8 poles, the number of
turns per pole is calculated using Eq. (11). By using the
maximum flux value of 8 rectangular magnetic poles of 1.89
T, the length of the magnet is 20 mm, and the air gap distance
of 1 mm is obtained:

0.02
0.02+0.01

Boax = 1.89 x =18T

With Eq. (8) and (9), the maximum flux value of the
magnetic area in the rotor is obtained:

3.14 (0.08% — 0.062) — 0.035 (0.08 — 0.06) x 8
m =
8
=3.99x 10*m?

Bmax = 3.99. 107 x 1.8=7.182 x 10 weber

E
T 444xfxK,x®

N

15
N = — = 117 turns
4,44 x 50 x 0.8x 7.182 x 10™%

Based on these results, 117 stator coils were assembled
per pole using copper wire with a diameter of 0.3 mm. The
characteristics of the generator output voltage are also tested
based on variations in the number of stator windings and
magnetic layers. In this paper, we have tested the addition of
2 times the initial design with 324 turns. Fig. 6 shows the
design of the stator coil mounted on an acrylic material.

7. Disc of the Rotor Magnet

The disc magnet rotor is made of acrylic material with a
thickness of 8 mm with a diameter of 20 mm, as shown in Fig.
7. Great attention is paid to the magnetic installation
composition different from the existing magnetic rotor
models. After selecting the most cost-effective commercial
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magnets suitable for this application, the magnets are aligned
and layered. There are 2 magnets installed parallel with a
distance of 3.5 cm on one pole. The experiment is carried out
by arranging magnets in layers (parallel) starting from 1 - 4
layers from each 8 poles magnet placement. The goal is to see
the effect of the output voltage characteristics of the APFM
generator. It can be seen that the use of rectangular magnets
is 16 pieces (1 layer), 32 pieces (2 layers), 48 pieces (3 layers),
and 56 layers (4 layers), respectively. Keep in mind that once
the magnets are attached, the rotor discs will face each other
with the stator windings, and in this position, each magnet
will be facing a magnet of opposite polarity. The two discs
attract each other and thus create the necessary magnetic
circuit. Adjustment of the air gap between 1 to 4 mm is also
carried out to determine the flux effect's characteristics that
interact between the stator and rotor.

Fig. 6. Stator coils design
8. Experimental results

As mentioned earlier, some of the main problems encountered
during the manufacturing and design process are cost, rotor
disc material, rotor magnet type. This latter problem has
replaced the coin sectoral type magnet with a rectangular
magnet that is properly aligned in a single disc rotor magnet.
In addition, the placement of the stator coil without a slot
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around the acrylic disc. The clear facts show AFPM generator
fabrication is easy to manufacture and simple construction.
The construction results mentioned above and design
problems and their influence on the overall generator
performance were tested under laboratory conditions (Fig. 8).
The generator is driven by a variable speed DC motor from
100 - 1500 Rpm. Measurement of the output voltage of a no-
load APFM generator to determine the voltage characteristics.
The 1 - 4 mm air gap variation is regulated and regulates the
magnetic flux interaction between the rotor and stator.

Fig. 8. Prototype machine in the test bench

The no-load generator output voltage (V, vs. RPM) test
results are plotted in the graph, as shown in Fig. 9. By
adjusting the rotation from 400 - 1400 Rpm, the maximum
output voltage for each magnetic layer variation is 2.68 Volts
(1 layer), 3.4 volts. (2 layers), 4.2 Volt (3 layers) and 5.6 Volt
(4 layers). An increase in the output voltage is obtained at the
change in the number of stator windings by increasing 2 times
from 117 turns to 234 turns, as shown in Fig. 10. The result is
a voltage of 4.24 Volt (1 layer), 8.4 Volt (2 layers), 11.7 Volt
(3) layers) and 13.1 Volt (4 layers).

6.00 56
* Layer 1
500 | ] Layers 2 42
2 400 ‘ké 3.4
@ e
£ 300 A F’ Iy 2.68
> ° &
2 2.00 . ﬁo‘" ‘
3 ot
1.00 ’ ......
0.00
0 200 400 600 800 1000 1200 1400
Speed (RPM)
Fig. 9. Output voltage vs speed (117 turns)
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Fig. 10. Output voltage vs speed (234 turns)

This experiment was also carried out to determine the
effect of the air gap on the APFM generator output voltage.
As already mentioned, the air gap variation is set from 1 - 4
mm, and the resulting graph plot is shown in Fig. 11. It can be
seen that the air gap setting affects the output voltage.
According to Yao et al. [34], the 1 mm distance between the
two magnetic gears is ideal for transferring high torque
rotations. The torque will decrease in proportion to the
increase in the air gap distance, and when the air gap increases
to a certain level, the torque decreases [35].

14.0

[} Air gap 1 mm .* 11.8
12.0 rd
] AN 10.4
= o A Air gap 2 mm “‘ 4 96
5 10 ’ " :
El VoAt
@ 80
=
s .
> 6.0 .
- R
a A
5 40 ;
3 .
2.0
0.0
0 200 400 600 800 1000 1200 1400 1600
Speed (Rpm)
Fig. 11. Effects of air gap on output voltage
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.-®
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Fig. 12. Load current vs. speed
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Fig 13. Output voltage (no load vs. load)

The rated load current and the ratio of the no-load and load
output voltages according to speed change (RPM) are
reported in Fig. 12 and Fig. 13, respectively. Due to the load
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applied to the generator, the speed change is proportional to
the decrease in the output voltage. Laboratory testing shows
the satisfactory thermal operation of the generator while
producing nominal power for a long time. Regarding the
operation of the generator, it turned out that the EMF voltage
was lower than expected. That is due to poor transmission belt
systems used, such as slips. As a result, there are heat and
friction losses, which cause a decrease in the generator's
output power. The generator runs smoothly when measured
in open circuit operation without producing sound or acoustic
vibrations. The same thing is observed when the generator is
connected to a DC lamp load. Some deviations from the
theoretical equations describe the diode bridge rectifier's
uncontrolled operation and thus some deviations from the
measured output voltage. In the unloaded condition, the
output voltage is 13.1 volts, and in different conditions, using
a diode bridge rectifier has a voltage drop of 7.04 volts.

9. Discussion

AFPM machines have been used for several years in various
applications, the most prominent of which are wind
generators and electric vehicles. The AFPM generator is
particularly suited for such an application since it can be
designed with a large pole number and a high torque density.
According to [36], in terms of energy yield, reliability, and
maintenance, the direct-drive generator system for wind
turbines is better than the geared generator system. Direct
drive generators operate at low speeds, so a generator with
high tangential forces and large air gap diameters is required
for sizeable direct-drive wind turbines [37]. These
requirements make large direct-drive wind generators heavy
and expensive [38, 39]. Therefore, the cost-effectiveness of
large direct-drive generators for wind turbines is essential.

This problem was overcome by designing a more
straightforward AFPM generator with rectangular magnets
and cheaper stator and rotor materials. In this paper, the
design of this generator has been made simpler, without an
iron core, lighter because it uses acrylic material instead of
iron. In addition, experimental tests have been carried out on
air gaps 1-4 mm wider as a condition for operating low-speed
wind generators. Changes in the wider air gap cause a
decrease in the generator output voltage. That requires an
optimal air gap setting to obtain the maximum output voltage
from the AFPM generator. In contrast, adding the stator
winding allows increasing the voltage for more significant
output power requirements.

On the other hand, Cavagnino et al. [40] have reported
that axial flux engines have higher torque densities than their
counterparts based on radial flux. The comparison procedure
uses simple thermal considerations for the same overall
volume. The actual losses per unit surface wasted, the same
air gap, gears, yoke flux density, and rotational speed of the
two machine structures, which gave rise to the influence of
pole number, were also considered. The advantages of AFPM
engine torque density are increasingly visible in designs with
many poles.

10. Conclusions

Overview of the design and manufacturing process of the slot-
less AFPM generator with carefully arranged rectangular
magnets for small-scale wind turbines with direct models.
These processes have proven to be easy to implement while
enabling the transfer of technology applications in the context
of rural electrification. This locally produced small wind
turbine features a proven design and robust manufacturing
process using acrylic materials in the stator and rotor
fabrication. This process can be easily understood with just
basic scientific knowledge. They can also be modified by
users and the technicians who set them up to meet local needs
and use local materials. These facts form the basis for building
open-source small wind turbine hardware that can provide
electrification to rural communities at lower costs and
empower local communities with the technical know-how on
creating renewable energy sources. This work can be
extended by adjusting the magnet gear using a longer or wider
magnet size with a higher flux value to obtain a larger output
voltage.
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