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This study investigates the performance of an elliptical Savonius turbine integrated with
an axial generator that operates a gearless transmission. The turbine's design has been
modified to an elliptical shape to enhance its efficiency and overall performance. The
system minimizes mechanical losses, thereby improving efficiency. Experimental
methods were employed to evaluate the turbine's performance at various wind speeds in a
wind tunnel under no-load and loaded conditions. A 5-watt/\VVAC Led lamp was used as
the load, connected through a joule thief circuit with a DC input voltage ranging from 1.5
to 12 volts. The results indicate that incorporating an end plate—a component attached to
the turbine rotor—allows the elliptical Savonius turbine to function effectively as an axial
generator rotor. Voltage measurements showed that at wind speeds of 4 to 12 m/s, the
turbine produced voltages ranging from 1.59 to 9.58 volts under no-load conditions. When
loaded, the average voltage supplied was 2.26 volts, with a load current of 0.44A. This
study demonstrates that the elliptical Savonius turbine integrated with an axial generator
without gear transmission is a promising, low-cost solution for generating electrical energy

from wind, offering both high efficiency and economic benefits.

1. INTRODUCTION

Renewable energy has been a major focus around the world
as people become more concerned about climate change and
the scarcity of fossil fuels [1]. Wind energy is one of the most
promising renewable sources [2, 3]. Wind turbines can
transform wind energy into electrical energy, and many types
of turbines have been designed to maximize wind energy
utilization. One interesting type of wind turbine is the
Savonius turbine [4, 5]. The Savonius turbine, a slow-rotating
wind turbine with two half-cylinder rotors connected by a
central shaft, is not only simple but also remarkably durable.
It can function in low wind conditions [6]. However, the
classic Savonius turbine's efficiency is compromised by its
variable torque, which reaches its maximum at specific rotor
angles. Several review studies have been conducted on the
Savonius turbine, mainly focusing on geometric design
parameters [7-10], twisted bladed [11, 12], multiple quarter
blades [13] various blade shapes [14], and number of blades
[15-22]. Kurniawan et al. [23] modified the traditional
Savonius turbine by adding multiple layers to the blade tips
with an overlap ratio (OR) of 10 and 15%, respectively. The
results revealed that the inclusion of numerous layers
enhanced the power coefficient (Cp) by 22.4% and 11.2%.

Furthermore, the efficiency of elliptical Savonius turbines,
as demonstrated by several researchers [24-27], is truly
impressive. These turbines offer a range of advantages over
conventional Savonius turbines, including a wider angle of
attack, higher starting torque, lower tensile strength, and
simplicity of design [28]. Their more streamlined shape allows
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for a more constant torque production. Numerous studies have
looked into the lower torque ratio of classical turbines
compared to elliptical turbines [29-31]. Kurniati et al. [32] also
discovered that typical elliptical turbines are acceptable for
usage in places with low wind speeds, demonstrating their
efficiency.

Traditional Savonius turbines, on the other hand, have a
higher CP capability at wind speeds | more significant than 10
m/s, indicating that they can be deployed and function better
in areas with medium to high wind speeds. In addition,
elliptical Savonius turbines have better rotational stability
[33], meaning they are less prone to sudden changes in wind
direction or speed, which can lead to more consistent energy
production. These advantages make the elliptical-blade
Savonius turbine an attractive option for a variety of renewable
energy applications. This turbine has two half-cylinder rotors
that rotate in opposite directions. The wind flowing around the
rotors produces a torque that can be used to turn a generator
and produce electricity.

In the energy conversion system, the DC generator is
designed to have a higher generator voltage (V) than the load
voltage (Vi). The generator must be rotated at that speed to
attain the nominal voltage. When the generator does not rotate
at the nominal speed, the output voltage is lower than the load
voltage (V6<VGnom). When Vg<Vgnom, N0 power is transferred
from the generator to the load, resulting in no energy
conversion. One way to overcome this problem is to increase
the generator rotor rotation by utilizing the energy transfer of
gears coupled to the generator shaft and rotor. Several energy
transfer techniques, such as pulleys, gearboxes, belts, and V
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transmissions, are used to increase rotation. However, using a
transmission system like this causes mechanical losses,
requires maintenance, and equipment costs are quite expensive
and cause noise [34]. In addition, using this transmission
reduces the efficiency of the wind power plants (WPP) [35,
36]. Therefore, developing more efficient and environmentally
friendly energy transfer technology, such as using a direct
drive system or magnetic technology, is increasingly in
demand to increase the efficiency of WPP. In addition, the use
of this technology can also reduce maintenance costs and
reduce noise generated.

Meanwhile, one turbine component (end plate) can be
utilized for axial rotors by installing NdFeB magnetic teeth for
axial generators without gear transmission. Integrating axial
generators with this elliptical Savonius turbine will produce an
innovative design that can increase the efficiency of wind
energy used to generate electricity. Thus, using magnetic
technology in WPP can provide dual benefits in terms of
efficiency and operational costs. This proves that innovation
in wind turbine design can positively contribute to renewable
energy development.

On the other hand, in the study [37], an axial generator was
designed for WPP needs. This study obtained the generator
output voltage of 12-24 Volts with a rotation of 350-600 Rpm.
With a unique design, this turbine can generate electricity
without needing gear transmissions that require more intensive
care and maintenance. The application of axial generators can
be integrated directly with wind turbines without the need for
additional complicated components to increase the efficiency
and reliability of the wind power generation system. This
integration will eliminate heat and friction losses usually
occurring in conventional systems, thereby increasing energy
efficiency. Using axial generators also allows wind turbines to
operate at low speeds, generating electricity even when the
wind blows slowly. In addition, this generator does not require
lubrication, making it easier to maintain and ensuring its long-
term viability. Integrating the Savonius turbine with an axial
generator without gear transmission is expected to increase its
efficiency and make it more economical for various
applications.

This paper aims to develop the design of an elliptical
Savonius turbine integrated with a gearless axial generator.
The results of this experiment are expected to demonstrate that
combining a Savonius turbine with a gearless axial generator
can significantly enhance the efficiency and reliability of a
wind power generation system. This integration will create
opportunities for the development of more efficient and
environmentally friendly renewable energy technologies.

2. MATERIALS AND METHODS
2.1 NdFeB coin magnet

NdFeB offers superior magnetic torque compared to other
permanent magnets such as ferrite, AINiCo, and Sm—Co. This
magnet type contains the most energy of any permanent
magnet. NdFeB magnets are the most common form of rare
earth magnet due to their high magnetic strength relative to
their physical size. Their coin-like or disc-like shape makes
them suitable for a variety of applications. Their composition
and structure consist of (1) neodymium (Nd), a rare earth
element that provides strong magnetic properties; (2) iron (Fe),
which contributes to magnetic strength; (3) boron (B), which
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plays an important role in the formation of the crystal structure
responsible for superior magnetic properties; (4) tetragonal
crystal structure which is the key to the strength of neodymium
magnets [38].

NdFeB magnets, with their superior magnetic strength, are
versatile and adaptable to a wide range of applications. Their
remanence values range from 1.0 to 1.4 Tesla (T), and
coercivity values (Hci) range from 750 to 2000 kA/m. The
maximum energy product (BHmax) of NdFeB magnets ranges
from 200 to 440 kJ/m?, and they have a curie temperature (Tc)
ranging from 310°C to 400°C. These properties make NdFeB
coin magnets ideal for applications requiring limited space but
significant magnetic strength. They are available in various
diameters and thicknesses, allowing for adjustments to the
needs of various applications, from everyday use to industrial
and high-tech applications. In this study, coin magnets with a
diameter of 25 mm and a thickness of 3 mm were used to
manufacture generator rotor magnets (Figure 1).

Figure 1. NdFeB coin magnet

2.2 Acrilyc material

Acrylic is a moisture-resistant, optically transparent
thermoplastic with a high strength-to-weight ratio. Its
lightweight nature, compared to metals like aluminum [39,
40], can significantly reduce the load on the turbine shaft,
simplify assembly, and lessen the burden on the supporting
structure. Acrylic's ease of cutting and shaping, using various
methods, allows for the creation of endplates with intricate
designs. With its excellent resistance to weather and ultraviolet
(UV) light, it can withstand extreme conditions, providing
reassurance in outdoor applications. Moreover, its impact
resistance, which is about 17 times stronger than glass [41],
makes it a safer and less prone to shattering material.
According to Jung et al. [42], when a constant load of 1 kN is
applied, increasing the exposure time to UV radiation initially
leads to an increase in the mechanical properties of the acrylic
material, followed by a gradual decrease. In contrast, when
tests are conducted with a higher load of 3 kN, the material's
mechanical properties show a significant increase with longer
exposure times.

Figure 2. Acrylic discs: (a) End-plate of turbine or rotor disc;
(b) Stator disc



In this paper, we specifically address the materials used for
the second plate of the elliptical turbine and the stator winding
installation place of the axial generator. Particularly, we focus
on the stator plate where the winding is positioned (Figure 2a)
and the turbine end plate or bottom plate (Figure 2b) as a site
for the coin magnet installation, each component being
discussed in detail.

2.3 Testing procedure

The experimental setup, designed with meticulous attention
to detail, is illustrated in Figure 3. The main components of a
subsonic wind tunnel consist of five parts:

1) Settling chamber: Also known as a calming chamber, this
section reduces turbulence in the airflow. It contains
components such as a hanger and a screen.

2) Diffuser: This wind tunnel part features a gradually
widening cross-sectional area. The diffuser increases air
pressure as the air passes through it. According to Bernoulli's
Principle, when fluid speed increases, pressure decreases, and
vice versa. Therefore, as air moves through the diffuser, its
speed decreases while its pressure increases.

3) Contraction section: This area has a gradually narrowing
cross-section, serving the opposite function of the diffuser by
increasing fluid velocity and decreasing pressure.

4) Test section: This is the wind tunnel area where the model
or object to be tested is placed.

5) Fan: The fan generates airflow by creating suction or
wind thrust. It is powered by a 2 HP AC motor and is equipped
with a ventilation cover to control the wind speed. Overall, the
wind tunnel has dimensions of 2.42 m %< 1.11 m %0.61 m.

Component name Quantity
Setiling chamber 1
Contraction

Test section

Load control
7 |Diffuser
Fan room

Blower
Air flow segulator
Pulley

2 |Dynamemeter

[ 1% I [ S PO Y N P g PO

3
1 \ /
Description:
l 4 L. Pulley
¥y / 2. Frame
A / 3. Top plate
| _— 5
4.Blade
Ar/ |6 5 Endplate (Rotor disc)
f 6. Stator disc
- 7. Shaft

(b)

Figure 3. Experimental set up: (a) Schematic of the testing;
(b) Photograph of the test rig

Load setting
Spring balance

Rope

Turbine|

(b)

Figure 4. Test scheme: (a) Turbine force measurement
(mechanical power / input power); (b) Electrical power
measurement (output power)

In addition, the elliptical Savonius turbine prototype is
equipped with NdFeB coin magnets mounted on the turbine
end plate with eight poles and a stator disc with eight stator
windings.

In this study, we conducted two tests: the mechanical
system test, which measures the input power (Figure 4a), and
the electrical system test, which measures the output power
(Figure 4b). The mechanical system was assessed using a
dynamometer to determine the turbine torque. The connection
between power and torque in a turbine is illustrated in Figure

5.
xN Rpm

F

Figure 5. Pulley

Consider a pulley of radius r meter acting upon a
circumferential force F Newton which makes it rotating at N
Rpm. According to the definition of torque.

T =F X r(N-m) (mechanical) (1)



Work done per revolution = Force xdistance = F %X2xr Joule
Power developed:

P=F X 2nr N (Watt)

=(FXr) X(2rN)= 1 X o (Watt) 2)
where,
7= Torque (N-m);
F = Driving force (N);
r = Radius (m);
o = Angular velocity or 2nf N / 60 (Rad/s);
N = Rotational speed (Rpm);
P =Power (W).
Next, the electrical system applies:
P=V x 1 (Watt) (Electrical) 3)
where,
P = Power (Watt);
I = Current (Ampere).
To calculate efficiency, Eq. (4) is used:
P,
=2 % 100% 4)
P in

where,

P, = Output power (Electrical power);

P;, = Input power (Mechanical power).

Therefore, several precision instruments have been
integrated into the setup to ensure accurate measurements,
including a Voltmeter, Anemometer, Dynamometer, and
Tachometer. Before the experiment, the Savonius turbine and
axial generator are installed in the wind tunnel's test section.
The tests are performed with wind speeds ranging from 4 to 12
m/s. A Tachometer is used to measure the turbine's rotation,
while an Anemometer measures the wind speed. The DC
generator's output voltage is measured through the diode
rectifier (bridge) attached to the end of the stator winding, and
a DC Voltmeter is used to examine fluctuations in output
voltage when wind speed changes.

2.4 Calculating the number of turns

The first step is to calculate the maximum magnetic flux
using Eq. (5).

!
B =B.—=
max T lm+ 5 (5)
where,
B, = flux density, T;
0 = air gap width, m;
L,, = magnet diameter, m;
Binax = maximum magnetic flux, T.
For the magnetic area using Eq. (6).
A, = (g~ —rf (ro=T))Np ©)

Np

where,
A, = magnetic area, m?;
r, = outer radius of magnet, m;
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r; = inner radius of magnet, m;
N, = number of poles;
rf = distance between magnets, m.
Then the maximum flux is obtained according to Eq. (7).
Dmax = Am X Bmax (7
where,
A, = magnetic area, m?;
Omax = Mmaximum flux, Wb.
Next, Eq. (8) is used to design the number of stators turns.

E
T 444X f X Ky X @ ()
where,

N = number of turns;

E = phase voltage, volt;

f= frequency, Hz;

K1 = winding factor (0.8);

@ = magnetic flux, Wb.

The winding factor (K1) is an important parameter that
measures the efficiency of the stator winding in generating
induced voltage compared to an ideal winding. Typically, the
value of K is less than 1 due to various factors, including the
distribution factor (kq) and the pitch factor (kp) [43]. In simpler
terms, the winding factor (K1) reflects the effectiveness of the
stator winding in producing electromotive force (EMF)
compared to an ideal winding setup. The distribution factor
(kq) suggests that the stator winding is not entirely
concentrated in a single slot but is spread across multiple slots.
This distribution reduces the induced EMF compared to a
concentrated winding configuration. On the other hand, the
pitch factor (k,) indicates that the winding often does not
utilize the entire length of the magnetic pole. Instead, the
winding is typically shorter than the entire pole length to
minimize harmonics and enhance the efficiency of the
generator or transformer. The implications of a winding factor
of 0.8 are as follows: (1) It reduces the number of turns
required, as the windings do not fully contribute to the
generation of electromotive force (EMF); thus, the number of
turns needs to be adjusted accordingly. (2) There is an impact
on efficiency, as a winding factor of less than 1 indicates a
slight decrease in the efficiency of converting electromagnetic
energy.

3. RESULTS
3.1 Magnetic flux measurement

Magnetic flux measurements were carried out on each
magnet arranged into eight poles using a Tesla meter. The
measurement of magnetic flux was conducted three times.
Based on the data presented in Table 1, the average magnetic
flux measurements for the eight magnetic poles are as follows:
172.3 mT, 170.7 mT, 170.3 mT, 167.7 mT, 171.0 mT, 170.0
mT, 171.0 mT, and 173.3 mT. The average magnetic flux
measurement for the eight magnetic poles is 170.8 mT,
equivalent to 0.171 T, with a standard error of 1.3%. This
average serves as the basis for designing the stator winding.



Table 1. NdFeB coin magnet measurements

Magnetic Flux (mT)

Measurementto v <S5y N@) S@) NGB) S6 NG S@)
1 175 172 175 173 165 170 175 173
2 160 169 166 167 173 171 169 174
3 173 171 170 163 175 169 169 173
s 517 512 511 503 513 510 513 520
% 1723 1707 1703 1677 1710 1700 1710 1733
5% 170.8
d 154 013 046 313 -021 079 021 -254
D 2.5
Error 1.3%

Note: 2= Total amount; x = Average; 2x = Average amount
d = Deviation (di=x;— 2x ; dy=x,— 2% ; d3=x5— 2X;...... dn=xn— 2x)
D = Average deviation (D= | d1|+| d2|+| d3|. . .|dn|n)
% Error in measurement = D/x < 100%

3.2 Design development

3.2.1 Elliptical Savonius turbine design

Figure 6b illustrates the design of an elliptical Savonius
turbine. The working principle of this turbine is similar to that
of a conventional Savonius turbine in general (Figure 6a), with
the key difference lying in the blade's shape. When the wind
blows, the concave blade experiences a greater thrust than the
convex blade, leading to the production of torque and the
rotation of the turbine shaft. An elliptical Savonius turbine
blade has a smoother and more curved profile compared to the
conventional half-cylinder shape.

This elliptical shape offers several advantages, including
better interaction between the blade and the wind flow,
potentially resulting in greater torque and higher efficiency
than conventional shapes [32]. The smoother shape also
reduces turbulence and noise generated during rotation.
Furthermore, the more even pressure distribution on the
elliptical blade reduces the structural load on the turbine,
making it a highly efficient and reliable choice in renewable
energy.

200 mm

(@)

200 mm

(b)

Figure 6. Savonius turbine design: (a) Conventional; (b)
Elliptical
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3.2.2 Axial generator design

A permanent magnet axial generator has a stator and rotor
with a flux flow direction that cuts the stator axially
(perpendicular). This generator produces alternating current
(AC) electrical energy, as shown in Figure 7. One of the axial-
type generators developed is the Axial Field Permanent
Magnetic (AFPM), which is very well integrated with the
Savonius turbine (Figure 7b). AFPM-type generators are
gaining popularity due to their competitive pricing,
particularly in high-energy permanent magnets.

This machine has various unique features or models and is
extremely efficient since field excitation losses are minimized,
resulting in significantly lower rotor losses [44]. This increases
motor efficiency and allows for better power production [45].
Furthermore, AFPM is thinly thick and uses small magnets,
resulting in compact generator dimensions and sizes [46].
AFPM can be built to take advantage of the increased power
ratio coreless materials offer. Furthermore, AFPM's planar
structure allows for easy air gap adjustment. Noise and
vibration levels are lower than for typical machines (RFPM).

In this paper, we present a generator design that is both
innovative and remarkably simple. The design features a
single rotor, formed by utilizing the turbine end plate, which
is circular in shape and houses a permanent magnet resembling
a coin at its base. A stator disc, equipped with several wire
coils, is also positioned at the end plate's base. An iron shaft is
then installed between the rotor and stator, with both ends of
the shaft connected to a pulley system, ensuring the smooth
rotation of the rotor.

3.2.3 Proposed design

Figure 8 shows the design of an elliptical-type Savonius
turbine integrated with an axial generator proposed in this
study. Based on the engineering of the integration of the axial
generator to the elliptical-type Savonius turbine, the main
objective of this study is to develop an elliptical-type Savonius
turbine topology by utilizing the turbine endplate as a
generator rotor and adding one stator disc at the bottom of the
turbine endplate. The number of stators turns installed in the
stator disc groove is calculated based on the magnitude of the
rotor coin magnetic flux. The magnitude of the rotor coin
magnetic flux is measured using a Tesla meter. The
installation of the stator disc with the turbine endplate disc has
aspace, which is an air gap or energy gap (). Permeability (1)
describes the magnetic force line effect in this air gap.
Permeability is an object's ability to pass through magnetic
force lines [47].
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Figure 7. Axial generator design: (a) Rotor; (b) Rotor and Stator; (c) Stator
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Note: 1. Elliptical type blade; 2. Top plate; 3. Endplate (Rotor plate); 4. Coin rotor magnet; 5. Rotor and stator plate cover (5a, 5b); 6. Rotor and stator plate
groove (6a, 6b); 7. Bolts and nuts (7a, 7b); 8. Stator plate; 9. Stator winding; 10. Bearing; 11. Shaft.

Figure 8. Proposed design: (a) Design components; (b) Front view

The rotor designed in this study is made of a circular acrylic
board with a diameter of 20 cm and a thickness of 8 mm. In
this rotor section, the NdFeb coin magnet is installed on as
many as eight poles, with a distance between magnets (rf) of
3.5 cm. Furthermore, the stator is a stationary part of the
generator placed at the turbine endplate's bottom. The
generator specifications can be seen in Table 2.

Table 2. Parameters of the integrated axial generator turbine

studied
No. Symbol Parameter Value
1 D Disc diameter, (mm) 200
2 fo Magnet outer radius, (mm) 165
3 ri Magnet inner radius, (mm) 145
4 re Distance between magnets (mm) 40
5 o Air gap distance, (mm) 10
6 Im Magnet diameter, (mm) 25
7 tm Magnet thickness, (mm) 3
8 Br Flux density, (T) 0.171
9 Nc Number of coils 8
10 Nph Number of phases 1
11 Np Number of poles 8

3.3 Stator winding calculation

The calculation of the number of stator windings is done
based on the total amount of rotor magnetic flux using Egs.
(5)-(8), as follows:

0.25
0.25+ 0.001

Bppay = 0.171 X =0.170T
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Next, the magnetic area on the rotor is obtained:

3.14 x (0.1652-0.1452)—0.04 X 8 X (0.165—0.145)

A, = 5
= 0.001633 m?

and,
Bmax = 0.001633 x 0.170 = 2.77 x 10~*

Then, planning a voltage of 12 Volts, we get:

N = 12 =243.93 turns (rounded to 250

T 444 x50x0.8X2.77x10~4
turns)

In this design, the stator is constructed using robust acrylic
material, providing a sturdy base for the winding of coils
arranged in series. Each of the eight wire coils is made from
durable copper, with a diameter of 0.3 mm. In total, there are
250 turns in each coil, as shown in Figure 9.

Figure 9. Stator disc with a number of 8-pole windings



3.4 Experimental results

3.4.1 Wind speed and turbine rotation measurements

Turbine testing was carried out to assess the performance of
the elliptical Savonius turbine at various wind speeds. The first
test in this study was wind speed measurement, a process that
was carried out with meticulous attention to detail. The wind
speed measurement was conducted using an anemometer.
When blown by the wind, the propellers on the anemometer
will move according to the wind direction. The wind source in
this test used a blower, causing the wind to flow in only one
direction. The wind speed data obtained after measuring using
an anemometer was 4-12 m/s. The subsequent measurement is
the measurement of turbine rotation (Rpm) against wind speed
variations. A Tachometer measuring an advanced instrument
is used for the turbine rotation test. Before the measurement is
carried out, a mark is given, for example, by giving a plain
white sticker on the pulley surface to make it easier to
determine the turbine rotation value (Rpm). The infrared or
laser from the tachometer works by using a light sensor that is
very sensitive to rotating elements. Figure 10 shows the results
of wind speed and turbine rotation measurements without load.
This measurement shows that at the lowest speed of 4 m/s, the
turbine rotation is 57 Rpm, while at the highest wind speed,
the turbine rotation is 546 Rpm.

600 546

= 500 — 81 1
L% ,‘r'//' 10 =
i / 8
£ 300 4 ° 3
g 7 @
2 - 6 &
2 200 4_e s g
) L Turbine rotation (Rpm) =
2 100 57 2
#— Wind speed (m/s)
0 0

0 1 2 3 4 5 6 7 8 9
Measurement to-

10

Figure 10. Wind speed measurement and turbine rotation
without load

3.4.2 Output voltage measurement of axial generator

The primary purpose of output voltage measurement is to
determine the magnitude of voltage produced by the generator
at various operating conditions, such as at variations in rotor
rotation speed. This information compares measurement
results with theoretical values or calculated data. More
importantly, it guides us in improving the generator design to
produce a voltage that meets application needs. The output
voltage measurement on axial generators is crucial in
evaluating generator performance and obtaining data needed
for design optimization. By conducting systematic
measurements and analyzing the data obtained, we can
understand the electrical characteristics of the generator and
ensure that the generator operates as expected. Figure 11
shows the results of the output voltage vs. wind speed test. It
can be seen that the highest output voltage is 9.80 volts at a
wind speed of 12 m/s, while the lowest output voltage is 1.30
volts at a wind speed of 5 m/s. The output voltage consumed
by the lamp load ranges from 2.24 to 2.27 volts. The average
current consumed by the lamp load is 0.44 A. The changes in
the light intensity vary. The light is bright at wind speeds of 7-
12 m/s, while the wind speeds of 5-6 m/s (voltage below 1.41
volts).

Furthermore, Figure 12 illustrates the conditions of turbine
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rotation under both loaded and unloaded scenarios. When the
turbine is loaded, its rotation speed decreases from 464.33
Rpm to 344.33 Rpm at a wind speed of 12 m/s. In the no-load
condition, the lowest voltage output is recorded at 74 Rpm,
which drops to 69 Rpm when the speed decreases to 5 m/s.
This reduction in rotation speed is attributed to the low output
current from the generator, which utilizes a wire diameter of
only 0.3 mm.

12.00

10.00

4.00

Output voltage (Volt)

2.00
0.00

Wind speed (m/s)

—&—No load Load

Figure 11. Measuring generator output voltage

500.00
450.00
400.00
350.00
300.00
250.00
200.00
150.00 74.00
100.00

50.00

/’ 69.00
0.00

4 6 8 10
Wind speed (m/s)

464.33

344.33

—8— No Load
Load

Turbine rotation (RPM)

14

Figure 12. Measurement of turbine rotation ratio under no-
load and loaded conditions

To maintain the stability of the generator's rotation when it
is loaded, it is essential to consider both the amount of load
and the nominal output current of the generator. Additionally,
the lamp load employs a joule thief circuit, which operates at
a DC voltage between 1.5 and 12 volts. The joule thief is a
modified inverter circuit that converts direct current (DC)
voltage to alternating current (AC) voltage [48, 49]. It is an
electrical circuit that increases or amplifies the voltage by
utilizing the operational principles of an inductor. This
inductor, a passive electronic component, serves as a crucial
energy conservation tool by storing energy in a magnetic field
created by the electric current.

3.4.3 Efficiency analysis

The efficiency of a wind turbine is usually measured using
the Cp, which indicates how much wind energy can be
converted into electrical power. Theoretically, the maximum
efficiency of a wind turbine is bound by the Betz Limit, which
is approximately 59.3% of the total available wind kinetic
energy [50].

Savonius turbines have lower efficiency than other turbines,
with the Cp values ranging from 0.15 to 0.35 (15% to 35%).
Several factors influence this efficiency, including wind speed,



the turbine's aspect ratio, and the turbine blades' design [4, 50].
This paper employs a modified elliptical blade design with an
axis angle of 50°. According to Kurniati et al. [32], Savonius
turbines modified with a 50°-axis angle demonstrate the
highest Cp among elliptical blade modifications with 40°, 45°,
and 55° axis modifications. However, these modified elliptical
blades with a 50° angle cannot withstand wind speeds
exceeding 9 m/s.

Additionally, the efficiency of a WPP is also influenced by
the use of transmission systems such as belts and gearboxes.
Theoretical efficiency for belt transmissions typically ranges
from 90% to 98%, depending on the design and material used.
In contrast, gearboxes tend to be more efficient, with
efficiencies between 97% and 99%; however, they require
lubrication and can be more costly to maintain.

In practical applications, the efficiency of both transmission
types may be lower due to factors like friction, slippage, belt
deformation, heat loss, and wear. The type of generator used
also affects overall efficiency. Permanent magnet synchronous
generators (PMSG) generally have an efficiency of 85% to
95%. In contrast, AFPM generators can achieve 95% to 98%
efficiencies, as they benefit from shorter magnetic flux paths
and reduced core losses. To calculate the total efficiency of the
WPP system, refer to Eq. (9).

)

ntotal = nturbin X ntransmisi X ngenerator

To compare efficiencies, let's assume the following: the
efficiency of the Savonius turbine (Cp) is 30%, the efficiency
of the belt transmission is 95%, and the efficiency of the
PMSG is also 95%. In this scenario, the total efficiency of the
system would be 27.01%. This means that only about 27.01%
of the incoming wind energy is converted into electricity. In
this innovation, the belt transmission is eliminated and
replaced with an AFPM generator. As a result, we can expect

an increase in overall efficiency:

Utotal = nturbin X nAFPM generator =30 x98= (10)
29.4% (there was an increase of about 2%)

Table 3 presents the results of mechanical power testing
conducted at wind speeds ranging from 4 to 12 m/s. This data
was collected through testing, as illustrated in the scheme
shown in Figure 4(a). The data was then processed using Egs.
(1) and (2). Additionally, Table 4 displays the results of
electrical power testing, which includes measurements of
current and voltage. The output power was calculated using Eq.
(3).

Furthermore, Figure 13 displays the wind energy
conversion efficiency of the design proposed in this paper. The
highest efficiency, measured at 28.83%, occurs at a wind
speed of 9 m/s. However, as the speed increases to 10-12 m/s,
the efficiency decreases due to the characteristics of the
elliptical turbine modification, which has an axis angle of 50
degrees. This decrease is also affected by the small diameter
of the stator coil, which measures only 0.3 mm.

According to Table 5, the current-carrying capacity of a 0.3
mm copper wire ranges from 0.141 to 0.212 A. Consequently,
the current output from the axial generator remains relatively
low. As a result, the 0.3 mm diameter wire can only conduct
current within a limited range, and excessive heating occurs
due to the wire’s high resistance when the axial generator is
loaded with 5 Watts. Suppose the current flowing through the
wire exceeds it carrying capacity. In that case, significant IR
power loss can occur, leading to decreased generator
efficiency and the risk of damaging the wire due to
overheating. Given these limitations, the generator struggles
to handle larger loads effectively, which can cause a
substantial drop in output voltage, as illustrated in Figure 10.

Table 3. Results of mechanical power measurements (input power) with varying wind conditions

Wind Turbine Angular Force 1 Force2  Total Force Pulley Torque Mechanical
Speed (m/s)  Rotation (Rpm) Speed (®) (F1) (F2) (F2-F1) Radius (r) (v) Power (Pin)

4 50 5.23 0.1 0.3 0.2 0.1 0.02 0.52
5 78 8.16 0.1 0.2 0.1 0.1 0.01 0.82
6 114 11.93 0.1 0.3 0.2 0.1 0.02 1.19
7 150 15.70 0.1 0.4 0.3 0.1 0.03 157

8 200 20.93 0.2 0.6 0.4 0.1 0.04 2.09
9 267 27.95 0.2 0.7 0.5 0.1 0.05 2.79

10 328 34.33 0.3 0.8 0.5 0.1 0.05 3.43

1 340 35.59 0.3 0.9 0.6 0.1 0.06 3.56

12 344 36.01 0.4 1 0.6 0.1 0.06 3.60

Table 4. Results of testing current, voltage, and output power at varying wind speed conditions
Wind Speed Turbine Rotation Output Voltage Output Current Power Output Light Conditions

(m/s) (Average) (Rpm) (Average) (Volts) (Average) (Amps) (Watts) 9
4 0.00 0.00 0.00 0.000 Off
5 74.00 0.85 0.00 0.000 Off
6 114.33 1.14 0.00 0.005 Off
7 155.67 1.41 0.09 0.122 Off
8 213.33 1.97 0.16 0.309 Dim
9 270.67 2.12 0.38 0.806 On
10 321.00 2.23 0.44 0.980 On
11 340.00 2.26 0.44 0.994 On
12 344.33 2.27 0.44 0.997 On
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Table 5. Copper wire diameter

Wire Diameter Current Carrying Capacity

(mm) (Ampere)
0.1 0.016 — 0.024
0.2 0.064 — 0.094
0.3 0.141-0.212
0.4 0.251 - 0.377
0.5 0.390 - 0.588
0.6 0.566 — 0.849
0.7 0.770-1.160
0.8 1.010 - 1.510
0.9 1.270 - 1.910
1.0 1.570 —2.360
15 3.530 - 5.300
2.0 6.280 — 9.420
35.00
3000 2883
- 25.00
£
P 20.00
;g 15.00
H 10.00
5.00
0.00
4 5 6 7 8 9 10 11 12

Wind speed (m/s)

Figure 13. Energy conversion efficiency for wind speeds of
4-12 m/s

4. DISCUSSION

Experimental research on Savonius-type elliptical turbines
with axial rotor generators without gear transmission is a field
of study focused on developing small-scale energy. This
technology offers a lightweight, compact, and easy-to-use
energy source, especially in areas with high energy efficiency.
Unlike using gear transmissions in wind power plants, this
design produces friction and heat losses [51, 52]. The
technology offered has higher efficiency and lower operating
costs. In addition, this technology can provide smaller but
effective turbines for energy generation, with the potential to
significantly contribute to the global energy supply. Compared
to gear or belt transmissions, this design can eliminate friction-

related power losses, thereby increasing operational efficiency.

In addition, the use of this technology also allows for a
reduction in the size and weight of the turbine, making the
installation and maintenance process more manageable.

Experimental studies of elliptical Savonius turbines with
axial generators, a promising research area for future energy
development, have shown their potential to provide a clean,
cost-effective, and easily manufacturable source of electrical
energy, especially in areas with low wind speeds. These
turbines, which eliminate gear transmission, offer higher
energy efficiency and operational reliability. The elimination
of gear transmission significantly reduces energy losses due to
friction and wear, ensuring these turbines' long-term reliability
and durability.

The findings in this study are that the elliptical Savonius
turbine with an axial generator without gear transmission can
be a better choice for optimizing energy performance and
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durability. Thus, the development of this technology can make
a positive contribution to the development of renewable
energy in the future. Wind turbines can work more efficiently
and last longer by eliminating friction and heat losses usually
occurring in gear transmission. Technology without gear
transmission can be a better solution for optimally producing
electrical energy. In addition, the integration of this axial
generator does not use an iron core. According to Leong et al.
[53], a coreless AFPM generator has a smaller opposing EMF
than a cored electric generator. The AFPM arrangement also
offers zero cogging torque and a low starting torque.
Eliminating ferrite material in the coreless electric generator
will increase power generation.

Furthermore, the elliptical Savonius turbine, a key
innovation in this study, offers a significant contrast to
conventional designs. Its unique elliptical shape is designed to
reduce drag and increase lift, particularly at specific wind
angles, leading to higher torque and improved energy
conversion efficiency. In contrast to conventional Savonius
turbines, which often produce fluctuating torque, the elliptical
shape is expected to mitigate this issue, resulting in smoother
rotation and reduced system vibration. Thus, the elliptical
form allows for more effective wind energy capture over a
broader range of wind speeds, including low wind speeds.

In addition, as shown in Figure 12, there is a decrease in
turbine speed under load conditions. This reduction in the
speed of the axial generator occurs because the
electromagnetic torque works against the aerodynamic torque
generated by the wind. Although wind speed may increase, the
rise in electrical load causes a larger current in the generator,
which enhances the magnetic field's holding force.
Consequently, the rotor speed remains lower than when
operating under no-load conditions. This indicates that the
balance between aerodynamic and electromagnetic torque
largely determines the system's operating speed in a loaded
wind turbine system. When the generator is subjected to an
electrical load, an electric current flows through the stator
winding. This current produces a magnetic field that opposes
the rotor's main magnetic field, by Lenz's law. This creates an
electromagnetic torque that counteracts the aerodynamic
torque generated by the wind. In contrast, under no-load
conditions (open circuit), the generator does not produce an
electric current, resulting in minimal electromagnetic force
(back EMF) to resist the rotor's movement. Under these
conditions, the turbine rotor can rotate faster, as it only
encounters relatively small aerodynamic resistance and
mechanical friction.

5. CONCLUSIONS

Using elliptical shapes on Savonius turbine blades and their
integration with gearless axial generators is an effective
solution to increase the efficiency and performance of
Savonius turbines. This innovation opens up new optimal wind
energy utilisation opportunities, especially at low wind speeds.
The use of gearless axial generators has several advantages:

1. Higher efficiency: Eliminating gears reduces energy
losses due to mechanical friction, thereby increasing the
efficiency of converting wind energy into electricity.

2. Easier maintenance: The absence of gears reduces
mechanical complexity and maintenance requirements.

3. More compact design: directly integrating the turbine
with the generator results in a more compact and lightweight



design.

4. Improved performance: Combining elliptical shapes on
the blades and gearless axial generators results in improved
overall Savonius turbine performance, especially at low wind
speeds. This is important because most wind energy potential
is at low wind speeds.

5. Potential applications: This innovation has the potential
for small to medium-scale applications, such as wind power
plants for households, offices, or remote areas.

6. Elliptical shape on turbine blades: Using an elliptical
shape on Savonius turbine blades aims to optimize wind
energy capture. This shape can reduce drag on blades that
rotate against the wind and increase lift on blades that receive
the wind, thus producing greater torque.

Some challenges and future research areas include:

1. Structure and material strength: The elliptical shape
may require special considerations in material selection and
structural design to ensure strength and resistance to wind
loads.

2. Scale effects: The performance of the turbine and
generator may vary depending on their size. Research is
needed to understand the effect of scale on system efficiency
and reliability.

3. Cost analysis: A comprehensive cost analysis is needed
to evaluate the system's economic viability compared to other
wind turbine technologies.
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NOMENCLATURE

AC
AFPM
An

B
BHmax
Br

Cp
DC

E
EMF
F

Fe

Hci

kd

kp
Kw

N
NdFeB
Np
OR
PMSG
RFPM
Rf

T

Io
Rpm
T

Tc

uv
VG
VL
WPP

Greek symbols

)

()

%]
0l'Ila.X
K

(O]

alternating current, Vac

axial field permanent magnetic
magnetic area, m?

boron

maximum energy product
flux density, T

power coefficient

direct current, Vdc

phase voltage, volt
electromotive force
frequency, Hz

iron

coercivity values

distribution factor (kd)

pitch factor

winding factor

number of turns

neodymium iron boron
number of poles

overlap ratio

permanent magnet synchronous generators
radial flux permanent magnet
distance between magnets, m
inner radius of magnet, m
outer radius of magnet, m
revolutions per minute

Tesla

curie temperature

ultraviolet

generator voltage

load voltage

wind power plants

air gap disance, m
magnetic flux, Wb
magnetic flux, Wb
maximum flux, Wb
permeability
angular velocity





