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ABSTRACT

The increasing demand for renewable energy sources has led to a growing interest in
wind energy as a viable and sustainable option. Home built wind turbines offer a cost
effective and accessible way for individuals and small communities to generate their own
electricity. However, optimizing the performance of these turbines is crucial to maximize
their power output and ensure their efficiency and reliability Wind energy greatly reduces
the world’s dependence on fossil fuels (oil and natural gas) and is environmentally
friendly. One of the most cost-effective alternatives of energy sources is wind power.
This study used a horizontal axis wind turbine to investigate the optimal blade pitch angle
that can give maximum electrical output. Specific areas of studies will be to identify the
various pitch angles, then validate the pitch angels for the maximum power produced by
the turbine. A proportional integral derivative pitch controller was used to establish blade
pitch angles. Wind speeds of 3, 4, 5 and 6 m/s were run at every pitch angle respectively,
and a maximum electrical power output was 1124.7W at a blade pitch angle of 16.8°
when a wind speed of 6 m/s was used. Every wind speed had was run for 100 seconds. A
simulation, using Visual Basic 6 software, was done at the respective blade pitch angles,
and a wind speed of 6 m/s. The electricity produced was recorded. The simulated
electrical power produced yielded a relationship that predicted the electrical power
output with a coefficient of determination (R*) of 0.9752; this shows a very close
agreement with actual electric output values. It is recommended that a similar study be

conducted to investigate maximum power output for vertical wind turbines.
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CHAPTER ONE: INTRODUCTION

1.1. Background

Wind, like sunlight, moonlight, and rain, is an essential component of our daily lives. Life
on Earth depends heavily on the wind. In 2018, the global community was urged by the
Global Crisis Summit to look for new and renewable energy sources to replace traditional
energy sources. Petrusevska (2022) distinguished and categorized wind energy as a form
of renewable energy. In 2010, global wind turbine installation reached 30%, with a total
capacity of 160 GW, led by the United States with 39 GW, followed by Germany and
China with 26 GW (Dimitrov, 2010). For centuries, humanity has harnessed the energy of
the wind through the ingenious construction of windmills, crafted from materials such as
wood, cloth, and stone, primarily to facilitate the pumping of water or the grinding of
corn. In the 19th century, the antiquated designs, characterized by their substantial size,
weight, and inefficiency, were supplanted by fossil fuel engines and the establishment of
a nationally distributed power network. An enhanced comprehension of aerodynamics,
coupled with significant advancements in materials—especially polymers—has
facilitated the resurgence of wind energy extraction during the latter half of the 20th
century. Devices harnessing wind power are currently employed to generate electricity,
commonly referred to as wind turbines. The alignment of the shaft and the axis of rotation

serves as the primary criterion for categorizing wind turbines.

Wind power is an environmentally benign and sustainable energy source (T Ming et al.,
2016). It significantly reduces the world's reliance on oil and natural gas while not

damaging the environment (X Zhang et al., 2015). This study looked into the optimal



wind turbine pitch angle for maximum electrical power generation. The design

parameters were selected and adjusted for Kenya's specific environmental circumstances.

The way the air responds to varying pressures across the globe is known as wind. Wind is
the flow of air that equalizes these differing pressures. This phenomenon is explained by
the second rule of thermodynamics, which states that every system strives for the largest

entropy possible (Bergman, 2011; Eastop & McConkey, 1994).

Air pressure is often higher at the equator than it is at the poles. The warmer temperatures
in the tropical areas are the primary cause of this. Different wind speeds can be caused by
a variety of factors, such as the sun, clouds, temperature, humidity, and topography.
These criteria dictate that winds in the northern hemisphere should originate from the
south. But the wind from the south blows east because of coriolis force (Liu et al., 2019).
According to Burton et al. (2011), the Coriolis force is the inertia acting on moving

objects within a rotating frame of reference relative to an inertial frame.

Small horizontal-axis wind turbines (SHAWTSs) must be installed in areas with limited
wind resources. According to Culotta et al. (2015), SHAWTSs are defined as those that
produce a voltage of less than 1000V AC or 1500V DC and have a swept area of less than
200m2. A cut-in wind speed of 4 m/s is another characteristic of SHAWTs (Clarke and
Eng, 2018; El Zein, 2019). According to Davis et al. (2023), at a height of 10 meters
above the earth, the average wind speed over 50% of the planet is 6.04 meters per second.
Buildings, trees, and mountains all stand at this height and obstruct the wind's ability to
flow freely. Due to these characteristics, the wind speed is reduced and turbulence
increases, rising two to three times the height of the obstruction and two to ten times the

frontal contact section (Martén et al., 2021; Mart6n Lluch et al., 2019).



1.2. Problem Statement

From the analysis of gaps in literature, most commercialized wind turbines are designed
to operate efficiently at certain wind speeds; often-offshore wind speeds or wind speeds
on elevated ground. This has prompted wind turbine designers to incorporate turbine
kick-in and cut-off mechanism that ensure the blades do not operate at low wind speed. It
is expensive and not feasible to implement such operational envelope for small wind
turbines. Most wind turbines, however, are fitted with automatic pitch changing
mechanisms to try and cover lower wind speeds, and are applicable to huge commercial
turbines. This research aimed at filling this gap by systematically studying the
relationship between the blade pitch angle and the power output in home-built wind
turbines, and identifying the optimal pitch angle that maximizes power output. The aim of
this study was to therefore to answer the key questions of systematically identifying the

optimal pitch angle for max power output for a home built wind turbine.

1.3 Objectives
1.3.1 Broad objective
The broad objective was to optimize the blade pitch angle for a home-built wind turbine

that would give maximum electrical power output.

1.3.2 Specific objectives
1. To establish possible blade pitch angles of a wind turbine.
2. To determine the optimal blade pitch angle for maximum electric power output.

3. To validate the blade pitch angle and electrical power output.

1.4 Research Questions

1. How can various blade pitch angles be established?



2. Can an optimum pitch angle be determined for maximum electric power
production?
3. Can a relationship be established between the blade pitch angle and the electric

power output?

1.5 Justification
A home-based wind turbine can be used in homes to generate power for domestic use.
wind energy is a clean source of fuel, which means it does not produce environmental

emissions of greenhouse gases (Kalyani et al., 2015).

Wind energy is sustainable and reliable. This means as long as the sun rises and heats the
earth surface and the earth will rotate, the movement of heating the earth surface and the
earth rotation generate wind (Kazimierczuk, 2019; Mukulo et al., 2014; Takase et al.,

2021).

Wind energy is cost effective; materials used to fabricate a domestic wind turbine were
readily and cheaply available thus making power cheaper by four to six cents per
kilowatt-hour as compared to the electricity from the grid (Council, 2017; Kanyako and

Baker, 2021; Rajesh Karki and Roy Billinton, 2004).

Over the past few years, there has been a 35% annual average growth in the use of wind
energy worldwide. The main wind energy investors are from Europe, China, the United
States, Germany, and India. The demand for solutions to combat global warming,
combined with technological advancements and economies of scale, has made wind
energy the most likely alternative to replace nuclear and fossil fuels (Long et al., 2023;

Tingzhen Ming et al., 2016; Saidur et al., 2010).



An optimal pitch angle allows the blades to capture wind energy efficiency and convert it
into mechanical power maximizing the turbine output. Incorrect pitch angles can lead to
inefficiencies, reduced power generation and increase mechanical stress resulting in
higher maintenance cost and shorter turbine life span. Furthermore this study contributed

knowledge in the field of renewable energy, especially wind energy.

1.6 Scope and Limitations

This study concentrated on small horizontal axis wind turbines. they have blades that are
shaped aerodynamically to allow the wind to flow over and under the blade; thereby
creating different pressures on the top and bottom causing a force that pushes the blade

upward and a drag that slows down the blade (Burton et al., 2011).

The main constraint was extraneous. It is impossible to effectively control natural
variables such as wind speed and humidity. Other limitations included lack of accurate
equipment for measuring the speed of wind, difficulties in calibrating equipment to
ascertain their precision because there were no benchmarks, the high cost of leasing the

equipment for research.

1.7 Conceptual Framework

Independent variable

. Process
Wind Speed Dependent variable
Alternator | I
Electrical power
. Generator
Pitch Angles . —_—> Power efficiency
Gearing system . .
Revolution per min
Length of blade




Figure 1. 1: Conceptual Framework

CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction
One environmentally beneficial energy source is wind power. There is no soil, water, or

air pollution produced by wind turbines. There will be no release of dangerous gases into the

air, unlike fossil fuels. It is these fossil fuels that are responsible for the greenhouse effect and the

warming of the planet (Mathew, 2022; Todorov and Vukov, 2010). According to some

estimates, one 750 kW wind turbine keeps as much carbon dioxide from going into the air as 500
acres of forest could soak up. (Long et al., 2023; Sherman, 2007). Wind power is a form of
renewable energy. Wind is the primary source of energys; it is accessible everywhere and
provides no cost. Outside, one can perceive the forces of the wind by standing, walking
against the wind, or riding a bicycle. The force of a strong wind is demonstrated by the
objects it moves. Recent years have witnessed an increase in interest in wind energy
power systems due to the economic and environmental benefits associated with fuel
savings (Tingzhen Ming et al., 2016; Senjyu et al., 2007). Wind energy will never require
importation. The anticipated lifespan of oil and natural gas reserves is around sixty years
(Sijmons and Van Dorst, 2012). 88% of the world's electricity is currently derived from
fossil fuels, whereas coal reserves can endure for around 200 years (Jacobson et al.,

2017).

Our predecessors were among the first to see the immense potential of wind energy.



Throughout antiquity, wind was utilized for a multitude of reasons. Wind power to utilize
for sailing ships. This occurred because powerful winds would blow from the coast to the
sea and occasionally the winds would blow from the sea to the coast. The first sail ship
was by the Egyptians. it was built in 1500 B.C. and it initially sailed in the Nile river

(Jacobson et al., 2017) (Jacobson et al., 2017) .

Plate 2.1: Egyptian ship (Tremblay, 1975)

The first ship having a horizontal rotation axis was constructed in Europe during the 12th
century. In ancient times, wind was used to power windmills. Grain grinding was
accomplished using windmills. Grain grinding was extremely difficult prior to the
development of windmills (Tremblay, 1975). With the creation of the wind, people no
longer had to work as long for their daily food, allowing them to devote more time to

other household activities such as handcrafting or gardening.

Philo of Byzantium created the watermill in the third century B.C. using the windmill
concept, which advanced humankind (Burton et al., 2011). In addition to milling grain,

windmills were also utilized for drilling, sawing, and pumping.

In 3000 B.C., the Egyptians developed and sailed boats using wind power for the first

time (Burton et al., 2011). The first windmill was constructed in Persia, or modern-day

7



Iran, around 900 A.D. Throughout Europe, windmills were being utilized for grain
grinding and water pumping by 1100 (Schébel-Rutschmann, 2008). Eventually,
windmills were changed to cut lumber (Riziotis et al., 2004). Charles F. Bush invented
the first wind turbine in Ohio in 1888, and it produced electricity. In 1891, Danish

inventor Poul la Cour invented the modern wind turbine (Burton et al., 2011).

Plate 2.2: Windmills in the Netherlands

Adopted from Sherman (2007)

2.2 Types of wind turbines
Wind turbines are divided into two main categories. Vertical turbines can be horizontal or
vertical. Every class has its own variations, benefits, and drawbacks. The following is the

outline.

2.2.1 Vertical axis wind turbines
The primary feature of vertical axis wind turbines, or VAWTSs, is a rotor shaft oriented

perpendicular to the direction of the wind.



Plate 2.3: VAWTs in a building rooftop

Adopted from Sherman (2007)

The primary benefit of this kind of turbine, according to Kumar et al. (2018), is that it
does not need to be oriented into the direction of the wind. In regions where the wind is
erratic, this kind of wind turbine is appropriate. In order to reduce weight on the tower
and facilitate maintenance, the generator and the other parts are positioned close to the
ground. When a wind turbine is installed on a rooftop, the wind is directed over the roof
by the building, which doubles the wind speed, bringing the wind turbine close to
maximum wind energy and lowest wind turbulence. The fact that a yawing system is not
required is an additional benefit (Bhutta et al., 2012). It starts at a substantially slower
pace than a wind turbine that is horizontal (Ragheb, 2011). VAWTs depend more on
whether there is any wind at all than on the direction of the wind (Johari et al., 2018; Pope
et al., 2010). It is possible to construct VAWTSs near the ground (Mollerstrom et al.,

2019).

Howell et al. (2010) noted that VAWTSs can be extremely unstable, making it impossible to place

them on towers; as a result, the only options available to them are to mount them close to the

9



ground or on a rooftop. They are situated at lower altitudes than HAWTs, thus they produce less
energy (R. Kumar et al., 2018). Extremely turbulent wind can create vibrations and noise at low
altitudes, which can harm turbine components and reduce their lifespan (Kinzel et al., 2012).
They are unstable and require a lot of upkeep (Tjiu et al., 2015). Because of theft, they also pose a

security risk.

2.2.2 Horizontal axis wind turbines

Horizontal axis wind turbines (HAWTSs) account for the majority of wind turbines
produced worldwide (Hansen and Butterfield, 1993). Their design is akin to a
windmill's; their propeller-like blades create a rotor that revolves around a horizontal axis

(Johari et al., 2018).

Plate 2.4: Classic HAWTs wind turbine with three blades

Adopted from Jacobson et al. (2017)

The primary drawback of HAWTs is the requirement to construct a sturdy tower in order
to support the component weight (Rehman et al., 2018). This wind turbine's height can
degrade the surrounding area, and the locals frequently object about it. Turbulence-
induced wear and structural failure are problems for downwind kinds (Sgrensen, 2016).

In order to prevent the turbine from turning under strong winds, HAWT needs a brake

10



system in addition to a mechanism to orient the rotor (Lignarolo et al., 2014). The cost of
installation and shipping is high. It may account for up to 20% of the cost of the materials

and equipment.

However, it is possible to capture power from greater winds by positioning the rotor near
the top of the tower (Xu and Sankar, 2000). The available power increases by 34% and
the wind speed by 20% for every 10 meters of height gain (Burton et al., 2011).
According to Sgrensen (2016), HAWT turbines are highly efficient due to the fact that
they obtain electricity from the entire blade revolution. Optimal blade angle of attack is
determined by varying the pitch angle of the blade (Chavero-Navarrete et al., 2019).

They are powerful and generate more energy (R. Kumar et al., 2018).

Although fiberglass is the most common material used to make wind turbine blades, steel
or wood can also be used. The blade is referred to as an airfoil because of its similar form
to that of an airplane. The aerodynamic design of the blades allows wind to pass over and
under them, resulting in differential pressures at the top and bottom that provide lift. The
blade is forced upward by this force. The force that slows the blade down is called drag.

The blade is pushed downward by this force (Burton et al., 2011).

Certain wind turbines can have their blade pitch angle changed to increase their energy
output. According to studies, the most variable energy will be produced at a blade angle
of 8° and a wind speed of roughly 13 miles per hour (mph) (Chavero-Navarrete et al.,
2019). The study found that further investigation is necessary to determine the maximum
power production and the relationship between power output and wind speed.
Additionally, it was mentioned that the wind will not always blow at 13 mph. Wind

turbines may adjust the angle of their blades to suit the surrounding conditions, as

11



demonstrated by Liu et al. (2019). The blade angle at 15° is another angle that studies
have discovered to be effective (Savino et al.,, 2017).  This indicates that opinions
regarding which angle yields the most energy are divided. Research has indicated that the
wind turbine's energy output is contingent upon both its position and the speed of the

wind at that specific area (Karthikeyan et al., 2015).

2.3 Wind turbine evaluations

It was evident which sort of wind turbine to use after reading the explanation of the
several varieties above. The parameters utilized to narrow down to the type of wind
turbine used in this study were identified by Chian et al. (2018) in a comparative analysis.
The requirements include affordability and high efficiency, design flexibility,

information accessibility, resilience to the environment, and ease of manufacturing.

Table 2.1: Summary of different models of wind turbines

Wind turbine type Main characteristics
HAWT 0 High efficiency
0 Most used.
Darrieus o] High robust
0 Good efficiency
Savonius o Simple design
o Small-scale applications
Giromill 0 Cheap
0 Simple design
0 Only suitable for small power requirements

Source: Chian et al. (2018)
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Table 2.2: Decision-table with the evaluation criteria

Item HAWTSs VAWTSs
Efficiency 4 3
Global cost of installation and2 4
transportation

Flexibility of the design 4 1

Ease of manufacture 4 3

Cost of materials 3 3
Weather resistance 4 1

Total 21 15

Source: Chian et al. (2018)

2.3.1Axial stream around the wind turbine

Burton et al. (2011) describe the wind turbine blade calculation approach in Plate 2.5
below; this method is utilized for both the analysis of current machines and the design of
new ones. The design technique can be accomplished by utilizing blade element
momentum theory, together with a spreadsheet and the lift and drag curves specific to the
chosen airfoil. Based on the study shown in Table 1, it was concluded that the HAWT

wind turbine design was the most suitable choice for the project.

As seen in Table 2.2, the HAWT performed better than the VAWT in nearly every
category. The versatility of the design is the main benefit of utilizing a horizontal axis
wind turbine. The models used in VAWTs are extremely accurate and do not permit

significant changes.
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Figure 2. 1: Axial stream around a wind turbine

Adopted from Burton et al. (2011)

Figure 2.1 displays the dispersion of wind patterns. It provides us with information on
both the average wind speed and the frequency at which various wind speeds occur. Wind
pattern is significant because it was used to calculate the ideal rotor motor diameter, wind
turbine generator profiles to get the desired power, and the greatest feasible relationship
between turbine costs and captured wind (Karthikeyan et al., 2015). The wind's direction
is another crucial factor regarding the wind turbine. This is crucial since the wind is
influenced by the topography and other natural elements. When developing a wind park
with multiple turbines, shadowing is an important factor to take into account (Zou et al.,
2020). Because the turbine removes energy from the wind, the wind moves more slowly
behind a turbine than in front of one. Additionally revolving is the air behind the turbine.
For a turbine to operate efficiently, it is therefore not a good idea to place one turbine
behind another. Consequently, the wind turbine's placement is crucial. When the wind is
blowing from this main direction, the turbines should be placed in a wind park where they

can be exposed to the least amount of shadowing.

Because the turbine removes energy from the wind, the wind moves more slowly behind
a turbine than in front of one. Additionally revolving is the air behind the turbine. For a
turbine to operate efficiently, it is therefore not a good idea to place one turbine behind

another. Consequently, the wind turbine's placement is crucial. When the wind is blowing
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from this main direction, the turbines should be placed in a wind park where they can be

exposed to the least amount of shadowing.

2.3.2 Weibull curve
The most popular mathematical representation of the distribution of the various wind

speeds is a Weibull curve (Elmahdy, 2015).

Figure 2. 2: Distribution of the wind direction

Adopted from Biegel et al. (2011)

Ernst Hjalmar Waloddi Weibull is honored in the curve, which depicts the pattern of wind
distribution. When characterizing the drop out ratio over a wind turbine’s lifetime using
the distribution of wind power, the Weibull curve is employed (Pedrosa et al., 2020).
Knowing the location's shape factor (k) and average wind speed (a) is necessary to
calculate the likelihood of a given wind speed (Kohout, 2022). The wind speed

variability is described by the form factor, k, which is comparable to the terrain's
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roughness. This is often different from consistent wind speeds observed on an open sea
from varying wind speeds found in mountainous areas. According to Hadiana et al.
(2017)'s study, the wind data collected at the research site facilitated the design of a low-
cost, user-friendly 500W wind turbine that can be utilized in places without grid power.
The Kinangop area, where the majority of the population lacks access to the national grid

for electricity, was a good fit for the concept.

Table 2.3: Average wind speed

Place/ station Country Wind speed
Alger-port Algeria 6.68
Bahrain-Airport Bahrain 5.14
Hurghada Egypt 8.23
Cairo-Airport Egypt 7.20
Aqgaba Jordan 5.14
Homs Libya 8.23
Alhoceima Morocco 6.17
Tanger-Airport Morocco 5.65
Tetouan Morocco 5.14
Walvisbay-Airport Namibia 6.68
Dakar Senegal 4.62
Mtwara Tanzania 6.17
Dar es salaam Tanzania 5.14
Bizerte Tunisia 6.17
Kelibia Tunisia 5.14
Average 6.10

Source: Chian et al. (2018)
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CHAPTER THREE: MATERIALS AND METHODS

3.1 Introduction
In this study, power was produced using an existing model of a horizontal axis micro

wind turbine. The turbine's parameters are displayed in Table 3.1 below:

The wind turbine operated effectively under the above conditions and specifications. The
material used to make the blade was fiberglass, the pole was made of a hollow steel rod,
the turbine consisted of an alternator, and the tail wing was made of cardboard laminated
with fiberglass. All these materials were affordable and readily available. The setup was
done in Kinangop area, where there was no access to electricity from the power grid. the
wind speed/ velocity was between on average 3m/s, 4m/s, 5m/s and 6m/s as per the
meteorological department as shown in Table A1.1. An alternator was used to generate
current. The alternator was connected to a battery. The battery converted the alternating

current (AC) to direct current (DC).

3.2. Materials

Plate 3.2 show the main components of a horizontal axis wind turbine.

Blade

Motor

Tower

Plate 3. 1: Main components of the wind turbine.

17



3.3 Equipment

Table 3. 1: Wind turbine specifications

Item Value Item Value
Rated power at 500 W Generator type Plda50.pma
S5m/s

Blade diameter 1m Power rating 0.5 kW
Hub height 10 m Voltage rating 14/28 V
Swept area of blade 0.785 m? Ampere rating 1.79/3,57 A
Rotor speed 20-500 rpm Torque <0.15 Nm
Tower type Tubular Power efficiency > 65%

The wind turbine comprises of the following parts:

Wind turbine blades

A rotor has three blades attached to it, and a motor shaft connects the rotor to the

alternator. The wind causes the blades to revolve. The primary shaft that is attached to the

rotor is rotated by the blades. The rotor generates power as it turns.

Plate 3. 2: Wind turbine blades size and profiles (Biegel et al., 2011)

i.  Nacelle/ gear housing/alternator

The nacelle/ gear housing carries the gear box which is connected to the main

shaft, and the transmission axle which is connected to the alternator.

ii. Tower
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The pole/ tower supported the nacelle. The pole was elevated to 6m height. The
pole supported the whole housing of the blades, nacelle and the alternator.

ili.  Voltmeter

The voltmeter was used to measure the output voltage from the turbine and also

from the battery.

Plate 3. 3: Voltmeter.

iv.  Anemometers are weather instruments that measure wind direction and speed.
The wind's direction and speed were determined using the anemometer. It was

positioned adjacent to the wind turbine and used to determine the wind's direction

and speed. .

Set screw holes

st be covered
with labels
¢ [ 1

Shoulder

Serew

Alignment

Screw Bushing

N ——

T 3/4 x 1 inch No-Rail

019ALL Crossarm

Plate 3. 4: Anemometer.

Adopted from Burton et al. (2011)

v.  Ammeter: this device was used to gauge how much current the turbine was

producing.
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Plate 3. 5: Ammeter.

vi.  Ohmmeter: it was used to measure output resistance from the alternator and the

battery.

Plate 3. 6: Ohmmeter.

3.4 Site Study

The project was done in Kinangop area, Nyandarua County. the average speed of wind in
this location is 6.2 m/s according to Porté-Agel et al. (2011). However, at the time of this
study, the average wind speed was 6.3 m/s in the south-west direction. The area did not
have tall buildings that would obstruct wind flow. The sky was clear and with an average

temperature of 22°C. Geographical coordinates for Kinangop are 37° 40’ E, 36° 42’ N.

20



Sangialo Cheptiret
Mosoriot Karaba

Ehangach

(s

Rumuruti

Cheberen ! Nyalilpuch

Kimngorom
Emening

Na 5 3 o3 Mugerin

NandiHills ; ; N4, Mugerin

Kaptumo

Ngubreti/
|

ne
Esageri, £
Sublikia yahururu
meteorological..
d

Kasuku:

Londiaii s Bahati
Mirangine
Kipkelion \ Dondori
g .- N
Mool Sobea—__ ’\N/Ialéuru ik :
i eteorol OgIC? K ollkalou ‘
Elburgon ® t
Paplonditi

Gathanje Y
Kerehog ) d RN Kaho
i < { ° < _ N *-0leolondo.
5 ; e [ E -0.054846, 36.353931 L 4

Karunga Miharati
< Layers
ngo.

Figure 3. 1: Study site map

3.5 Experimental Set up

Blade

Square Flat Aluminimum
Plate 2m by 2m base plate

> Rechargeable

Batteries

T

Wooden

Figure 3. 2: Wind turbine assembly.
3.6 Experimental Procedure

The blades were casted with fiberglass and mounted into a mound the shape of a wind
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turbine. After 3 hours the mound was removed. Sharp edges were removed, and the blade
was measured 2m and cut to the right length. Three holes were drilled on the blade and
bolted to the shaft. The shaft was connected to the hub that was carrying the 3 blades. The
alternator was then mounted to the housing and supported by the base plate. The housing
was then screwed firmly the turbine tail (aluminium square plate) on the other end. The
platform was then mounted to the tower. Using anemometer, the wind turbine was
correctly positioned in the direction of the wind. The tower was installed into the ground

firmly. Steel nails were used to secure the tower into the ground.

3.5 Methods
3.5.1 Specific objective one

To establish possible blade pitch angles of a wind turbine

i. The pitch angle controller software was based on proportional integral

derivative (PID). The software was mounted onto the wind turbine set-up.

ii. An in-coming lowest wind speed of 3 m/s (herein called cut-in, c;,) was input

into the software.

iii. An out-going maximum wind speed of 7 m/s (herein called cut-out, c..) was
input.

iv. The 3 m/s wind speed was run against the blades for 100 seconds.

V. A mathematical algorithm done by D. Kumar and Chatterjee (2016) in the

software established the probable pitch angles.

Figure 3.2 shows a schematic diagram that explains the principle of working of a PID

controller.
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10

Figure 3. 3: Schematic diagram of a wind turbine coupled with a pitch angle controller.

Adopted from J. Zhang et al. (2008).

Key:
1. Wind speed
2. Wind turbine + generator.
3. Active power
4. Reactive power
5. Power converter
6. Blade pitch angle
7. Rotor speed
8. Power set point
9. Pitch angle controller.
10. Cross coupling
11. Speed controller.

Refer to figure 3.2 for the description.
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The wind turbine's blades are driven by the force of the wind (1). 2. The power converter
transforms the wind's kinetic energy into electrical energy by harnessing the movement
of the blades, which in turn rotates the rotor connected to the generator (5). Active and
reactive power are present between the generator and the power converter. A signal
indicating the rotor speed is delivered to the PID controller and the speed controller (11)
as the wind rotates the blades (9). A reaction through the cross coupling (10) activates the
actuator in the PID controller that uses a mathematical algorithm to tilt the blades at a

pitch angle (6).

3.5.2 Specific objective two
To determine the optimal pitch angle for maximum electric power output
i.  The lowest pitch angle of 0.0° was set in the software to enable the blades to tilt at

that angle when the wind blows.

ii. ~ Wind speeds of 3, 4, 5, and 6 m/s were blown respectively against the blades for
100 seconds.

iii.  The electrical power produced in every wind speed at a pitch angle of 0.0° was
recorded.

iv.  Steps 1, 2 and 3 were done for pitch angles of 5.6°, 11.2° 16.8°, 22.4° 28.0°,

33.6°, 39.2° 44.8°, 50.4° 56.0°, 61.6°, 67.2°, 72.8°, 78.4°, 84.0°, and 89.6".

3.5.3 Specific objective three
To validate the blade pitch angle and electrical power output
i.  Visual Basic 6 software was attached to the horizontal axis wind turbine
(HAWT) to control and simulate blade pitch angle.

ii. ~ The HAWT was run using a wind speed of 6 m/s for 100 seconds at every blade
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pitch angle to produce electric power.
iii. ~ The measured data were presented in real time.
Note: Additionally, a recording data system based on Microsoft Office Excel linked

with Visual Basic 6 was installed in the monitoring system.
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CHAPTER FOUR: RESULTS AND DISCUSSION

In this chapter, the results are discussed exhaustively, and appropriate interpretations are

made regarding the specific objectives of the research.

4.1 Effects of Blade Pitch Angle on Power Output.

The turbulent motion and variable speed of wind might hinder the optimal functioning of
a wind turbine, potentially leading to its failure and severe repercussions (Ouyang et al.,
2017). Measuring the angle at which the blade meets the wind helps in regulating the
wind's impact on the rotor. This is why it is important to operate a wind turbine with
adjustable speed (Menezes et al., 2018). Proportional integral derivative (PID) control is
a recommended approach for adjusting the blade pitch angle of a wind turbine. The
system operates by employing a mathematical algorithm that incorporates feedback from
the regulated variable. This algorithm calculates the discrepancy between the desired and
measured values (D. Kumar and Chatterjee, 2016). According to Noton (2014), the
weights assigned to the integral time, derivative time, and proportional constant have an
impact on the adjustment of the PID controller gains. The objective of fine-tuning
optimal gains is to attain the desired control response. However, it is important to keep in
mind that the appropriate response in a wind turbine with changing speeds depends on the
extent to which the wind speed fluctuates. According to Chavero-Navarrete et al. (2019)
and Sruthi et al. (2017), the fluctuation of wind speed can lead to instability in a PID

controller.

The PID controller gave the following blade pitch angles: 0.0° 5.6°, 11.2° 16.8°, 22.4°,
28.0° 33.6° 39.2° 44.8° 50.4° 56.0° 61.6° 67.2°, 72.8° 78.4°% 84.0° and 89.6°. The
mathematical method is based on an indirect power control (IPC) model and applies the
maximum power point tracking (MPPT) system, which uses the optimal torque (Merabet
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et al., 2011). According to several studies (Abdullah et al., 2012; Ganjefar et al., 2014;
Nasiri et al., 2014), this case involves controlling the generator's torque to reach an
optimal torque (OT) reference curve. All of the studies that support the IPC model follow
the same pattern: Bianchini et al. (2015), Molina and Mercado (2011), Neammanee et al.

(2010), Schinas et al. (2007), and Muljadi and Butterfield (2001).

One further way to manage the pitch angle of a wind turbine so that it is less affected by
wind speed is via a fuzzy logic controller (Xiao et al., 2015). After deciding whether the
gains for the error are big, positive, or negative, the fuzzy logic controller (FLC) controls
the desired pitch angle (Baburajan, 2018; Civelek et al., 2016). The controller's use of
ANNSs allows for the determination of the gain values (Kang et al., 2014). Alternatively,
Taher et al. (2013) showed that, in "differential evolution," an optimization method can
be used to update the PID gain values in reaction to changes in operating points.In order
to change the proportional and integral gains of a proportional integral derivative
controller, Behera et al. (2016) and Hodzic and Tai (2016) found that a "particle swarm"
optimization method can be utilized. The PID parameters of the "flame-moth"
optimization approach were the moth's position in a 3D search space, according to
research by Ebrahim et al. (2018). Using an optimization strategy grounded in the
classroom's teaching-learning paradigm, Chavero-Navarrete et al. (2019) calculated a

PID controller's gains.

Each of these wind speed ranges requires a different controller modification, thus all of
the above observations were taken to improve the control signal's response throughout
those ranges. The fundamental problem with these approaches is the mechanical
rotational speed of the pitch angle (Ouyang et al., 2017). D. Kumar and Chatterjee (2016)

described a PID controller, but it was sufficient for the purpose of this study.
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4.2 Identification of optimal Pitch angle for the Maximum Power output

The principle of working of a wind turbine is to capture kinetic energy from the wind,
convert it into mechanical energy, and lastly avail it to the point of utilization. the theory

behind this is outlined in the work done by Sudhamshu et al. (2016).

Table 5 shows the data that was recorded during this study. It involved the rotor rotational

speed () with wind speed (v) and pitch angle ([3).

Table 4. 1: Rotational speed vs Pitch angle

Pitch angle (degrees) Wind speed

3m/s 4m/s Sm/s 6m/s
0 0 0 0 0
5.6 0 92 142 202
11.2 0 124 182 252
16.8 20 135 202 282
22.4 0 117 162 218
28.0 0 106 146 195
33.6 0 96 117 145
39.2 0 81 99 123
44.8 0 45 78 117
50.4 0 38 63 93
56.0 0 18 47 81
61.6 0 2 27 57
67.2 0 0 18 39
72.8 0 0 2 6
78.4 0 0 0 1
84.0 0 0 0 0
89.6 0 0 0 0

The corresponding graph given by excel is as shown in Figure 4.1
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Figure 4. 1: Rotor speed vs Pitch angle

The rotor speed rose gradually as the pitch angle increased in all wind speed scenarios,
peaking at a pitch angle of 16.80. After that, the rotor speed decreased to zero rpm for
pitch angles of 22.40, 61.60, and 72.80 at wind speeds of 3 m/s, 4 m/s, 5 m/s, and 6 m/s,
respectively. At 16.80 of the pitch angle, the swept area of blades in contact with the wind

had the lowest drag force and produced the most torque (Merabet et al., 2011).

After achieving the highest rotor speed at a pitch angle of 16.8°, the rotor speed declines
steadily to zero. This behaviour is explained by the Weibull curve as articulated by
Pedrosa et al. (2020), Kohout (2022), and Elmahdy (2015); that as the blade pitch angle
increases above 16.8° the wind imparts a decreasing torque to the blades and hence the

fall in rotor speed.

The site of this research (Kinangop area) has an average wind speed of 6 m/s.
consequently, a further analysis is based on this wind speed. Table 4.2 shows the data
collected on electricity generated for 100 seconds. the duration of 100 seconds was
chosen as an average value because the steady wind speed varies between 90 seconds to
110 seconds (Biegel et al., 2011).
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Table 6 shows the data that collected with regard to the variation of the blade pitch angle

versus the electric power generated.

Table 4. 2: Pitch angle vs Electric power output

Pitch angle (°C) Electric power output (W)
0.0 0.00

5.6 850.77
11.2 1008.09
16.8 1124.70
224 961.86
28.0 862.50
33.6 685.86
39.2 536.13
44.8 500.94
50.4 415.38
56.0 353.28
61.6 233.22
67.2 214.59
72.8 61.41
78.4 0.00
84.0 0.00
89.6 0.00
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Figure 4. 2: Electric power output vs Pitch angle
Figure 4.2 shows a graphical representation of the data in Table 4.2

The wind power equation (4.1) as given by Eisa (2019) is as follows:

where:

P = Wind power (W)

¢, = Coefficient of power

= Density of air (kg/m?)

A = Swept area of the rotor (m?)

V = Wind speed (m/s)
The rotor speed increases with increasing wind speed. This suggests that when wind
speed increases, so does the output of electric power. This is due to the fact that wind
power is directly correlated with the wind speed cube (Chavero-Navarrete et al., 2021;
Eisa, 2019; Zou et al., 2020). It was observed that the highest electric power output of

1124.7W was attained when the blade pitch angle was 16.8°.
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Another way of identifying the optimal pitch angle is to analyse the power conversion
efficiency recorded by the power conversion unit (an alternator in this study) in the wind

turbine assembly. Table 4.3 shows the data.

Table 4. 3: Power conversion efficiency

Pitch angle (°c) Power conversion efficiency
(%)
0 0
5.6 24
11.2 27
16.8 31
22.4 28
28.0 25
33.6 21
39.2 19
44.8 15
50.4 14
56.0 12
61.6 10
67.2 7
72.8 6
78.4 4
84.0 0
89.6 0

A graphical presentation of the data in Table 4.3 is shown in Figure 4.3

32



Power Conversion Efficiency (%)

35
20 ~
e 25
5 20
E, 15 Efficiency (%)
& 10
M5
0

0 10 20 30 40 5 60 70 8 9
Pitch angle (0C)

Figure 4. 3: Power conversion efficiency vs Pitch angle

A blade pitch angle of 16.80 resulted in a high-power conversion efficiency of 31%.
Giordano et al. (2020) state that the wind turbine's performance is determined by the
speed at which wind enters its rotor. However, since wind speed is measured at the rear of
the turbine, where a lower value is typically found, achieving this quantity is seldom
possible. The turbine's efficiency is defined as the ratio of the electrical power generated
by a wind turbine to the aerodynamic power of the wind at the entrance of the rotor. The
efficiency can be calculated by dividing the electrical energy generated by the wind
energy during a specific time period. (Carullo et al., 2021; El-Ahmar et al., 2017). This
low power conversion efficiency is attributed to the losses incurred in the transmission

system from the rotor to the alternator (Chavero-Navarrete et al., 2021).

4.3 Validation of the blade pitch angle and electrical power output

Simulation is the act of replicating a situation or process. To determine the connection
between wind speed, pitch angle, and electric power production, wind turbine
simulations were conducted. The wind speed that was utilized was 6 m/s. The study's

location has an average wind speed of 6 m/s, thus that's the wind speed that was used
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(Burton et al., 2011). This wind speed was used to determine all blade pitch angles. Table

8 displays results.

Table 4.4: Actual vs Simulated power output

Pitch angle Actual electric Simulated electric
(°C) power output (w) power output (w)
0.0 0.00 0.00

5.6 850.77 621.63

11.2 1008.09 809.95

16.8 1124.7 914.74

224 961.86 947.99

28.0 862.50 921.73

33.6 685.86 847.97

39.2 536.13 738.71

44.8 500.94 605.98

50.4 415.38 461.78

56.0 353.28 318.12

61.6 233.22 187.01

67.2 214.59 80.48

72.8 61.41 10.53

78.4 0.00 0.00

84.0 0.00 0.00

89.6 0.00 0.00

Figure 4.4 is a graphical representation of the data in Table 4.4.
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Figure 4. 4: Actual vs Simulated power output

The simulated values relate to the actual values by equation 4.2 with a coefficient of

determination (R?) of 0.9752.

where:

y = power output (W)

x = blade pitch angle (°C)
The variation in the actual response values that a prediction model with specified
independent parameters can explain is measured by R? (Eterkin and Firat, 2015; Hossain
et al., 2007; Mukhopadhyay et al., 2013a). In this instance, the R? value was 0.9752,
indicating that the model can account for 97.52 percent of the variation in the sample.
According to Niladevi et al. (2009) and Sen (2008), an excellent statistical model has an

R? between 0.75 and 1.0; the results of this investigation show that the model fits the data
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well. Therefore equation 4.2 may be used to predict the power output of a horizontal axis

wind turbine at the various blade pitch angles with a constant wind speed of 6 m/s.

An aeroelastic simulation tool for horizontal axis wind turbines is made with Visual Basic
6. It can endure a range of aerodynamic loads that could be harmful to the wind turbine's
mechanical parts, structures, and output of power (Ahlstrom, 2005). The performance of
Visual Basic 6 is quite similar to the computational fluid dynamics (CFD) simulations
performed by Nguyen et al. (2021) to ascertain the impact of various blade pitch angles

on the forecast of power production of a horizontal axis wind turbine at diverse loadings.

When producing wind electricity, a thorough dependability and cost-evaluation method
is crucial. It should be noted that the Visual Basic 6 Simulator was developed using both
analytical methods (Abouzahr and Ramakumar, 1991; Giorsetto and Utsurogi, 1983;
Wang et al., 1984) and Monte Carlo simulation (Billinton and Bai, 2004; R Karki and R
Billinton, 2004) for evaluating the suitability of power generation systems. These
simulation techniques identify the wind variation's chronology and how it affects a power
system (Abouzahr and Ramakumar, 1991). Additionally, Billinton et al. (1996) provided
an approach that used a time-series auto regressive and moving average (ARMA) model
to mimic the hourly wind speed. Karki and Hu also provided experimental backing for

this idea (2005).

36



CHAPTER FIVE: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

This chapter deals with the overall conclusion of the research in line with the initial

objectives of the study.

5.1 Summary & Key findings

A proportional integral derivative (PID) controller was applied on a horizontal axis wind
turbine (HAWT) to help in varying the blade pitch angles. A cut-in and cut-out wind
speed of 3 m/s and 6 m/s were input in the software. The following blade pitch angles
were established: 0.0° 5.6°, 11.2° 16.8°, 22.4° 28.0° 33.6°, 39.2° 44.8°, 50.4° 56.0°,

61.6°, 67.2° 72.8° 78.4° 84.0°, and 89.6°.

An optimal blade pitch angle for generating maximum electrical power was 16.8°. A
wind speed of 6 m/s yielded 1127.4W at this angle. The highest power conversion

efficiency of 31% was also recorded at this blade pitch angle.

Visual Basic 6 Simulator was used to determine a relationship between blade pitch angles
and the electric power production. A constant wind speed of 6 m/s was used. An equation

for predicting electric power output (with an R? value of 0.9752) is shown below:

where:

y = electric power output (W)

x = blade pitch angle (°C)
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5.2 Conclusion

The study has led to three main conclusions as follows. Firstly, based on the findings of
identifying various pitch angles, it islogical to conclude that a turbine can have a range of
5.60, 11.20, 16.80, 22.40, 28.00, 33.60, 39.20, 44.80, 50.40, 56.00, 61.60, 67.20, 72.80,
78.40, 84.00, and 89.60 pitch angle which will produce power. Secondly it is evidently
and scientifically to conclude that at 16.80 the turbine will maximum power output of
1124.7w, rotation of the rotor will be 282rpm and power efficiency will be 31%. Thirdly
is the validation of blade pitch angle and electrical power output gave a coefficient of

determination R2 of 0.972.

5.3 Recommendation

Small vertical axis wind turbines can be investigated with the aim of producing electricity
for domestic use. Further research should be done to enable horizontal wind turbine work

where there are high wind speeds of over 6m/s or below 3m/s.
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APPENDICES

APPENDIX ONE: KINANGOP WEATHER

Table A1.1: Real-time Wind & Weather Report for Kinangop area

Month Ja. Fe Ma Ap Ma Ju Ju Au Se Oc No De Ave/

n b r r y n |1 g p t v C year

Wind

probabilit 54 31 41 42 17 8 12 18 22 31 39 49 30
y

Average
wind 6.
speed
(m/s)

55 56 63 63 65 . 61 62 54 61 66 6.2

No
[epIN|

Average
24 23 23 23 22 20 21 21 22 22 23 22 22
temp (°C)

Source: (https://www.timeanddate.com/weather/@183225/historic?

month=8&year=2017)

Table A1.1 shows real-time observations from the weather station located in Kinangop
station. This area was chosen because the average wind temperate was 6 m/s. the average
temperature of the area was around 22°C which was conducive for the wind turbine. High
temperature above 25°C or temperature below 20°C generates a lot of friction, which is

not good for the motor.

Table A1.2 shows the k value of the different terrains. The higher the k values the better

for the wind turbine. Kinangop area has a k value of 3.5
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Table A1.2: Value of k for different terrains

Terrain Value of k
Mountains 2.0
Hills 2.5
Coast 3.0
Plain 3.5

Islands, Open sea 4.0

Source: Biegel et al. (2011)

From the tables, Kinangop area wind distribution has an average wind speed of 6 m/s and
k of 3.5. Wind shear was not considered because the wind turbine was only 5 metres high.
Direction of the wind was not a consideration because the area was plain; thus wind from
any direction was able to rotate the blade. There were no high buildings or high
mountains in the area. high buildings or mountains affect the wind direction and speed of

the wind (Porté-Agel et al., 2011).
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APPENDIX TWO: THEORY OF A BLADE PITCH ANGLE

The wind turbine functions by transforming the kinetic energy produced by the wind into

mechanical energy. Figure A2.1 depicts a wind turbine blade's cross section and the

forces operating on it.
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Figure A2.1: Cross section of the wind turbine blade

Adopted from Sethi and Ravichandran (2011).

The turbines are three-bladed, rotating on a horizontal axis, and pitch controlled, as
illustrated in Figure 8. While the wind speed fluctuates over the region the blades sweep,

it remains constant over time. The rotor's numbering system consisted of 1, 2, and 3

blades, and its position was determined by the angle 8 = [0*2m/3].
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Figure A2.2: Three bladed HAWT

These pitch angles have an impact on the net force, f € r, acting on the entire structure as

well as the torque, 1 = (tx, Ty, 12) € 13, generated around the three primary axes.

The pitch and pitch angle have the following relationship:

Drag
Thrust Lift

Direction of Torque Rotational Speed

translation

Free stream

Relative Wind velocity

wind velocity

Figure A2.3: Blade pitch angle and related forces
Adopted from Sethi and Ravichandran (2011).

Drag and lift force

Lift refers to the force exerted on an object in a direction perpendicular to the flow
direction. Lift can only occur when there is a circulating flow of fluid around an object,
such as the flow around a revolving cylinder. Both the static pressure and the velocity
above the object are reduced. Due to the decrease in velocity, the static pressure
increases. The lift force, also known as the upward force, is the force that acts in an

upward direction. The force exerted on an object in the same direction as the incoming
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flow is referred to as drag. In order to operate effectively, a wind turbine requires a
significant amount of lift force and minimal drag force. At tiny angles of attack, the lift
force exceeds the drag force. As the angles of attack () increase beyond a certain
threshold, the lift force decreases and the drag force increases. The event demonstrates
the crucial role that the blade pitch angle plays (Grant, 2011). Any change in the velocity
of the wind or the rotational speed of the rotor leads to a corresponding adjustment in the
ratio of the speed at the tip of the rotor to the wind speed, which subsequently impacts the
efficiency of power conversion and the average power generated. The blade rotates due to
the aerodynamic forces generated by the resulting relative velocity, resulting in the
release of mechanical energy. Isaac Newton The third law of motion states that the forces
exerted by two objects on one other, known as the action and response forces, are equal in
magnitude and opposing in direction. This suggests that the lift force and the draft force

are antithetical and equivalent.
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APPENDIX THREE: CALCULATIONS

A3.1 Calculations of Input Power

To calculate input power,

Power = (A3.1)

This means that,

(A3.2)

Therefore,

Power =

Thus,

Power = (A3.3)

where:

Source: Sethi and Ravichandran (2011)
If,

r = is the radius from centre of the shaft

Then,
tan (A3.49)

and,

2
Therefore,

Pitch =
Thus
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(A3.5)
Power pax = (A3.6)

A3.2 Tip speed ratio.
Tip speed of the blade enables to find tip speed ratio (

Therefore, calculating available power in the wind turbine;

t = (A3.7)

where:
ts = speed of the blade
Knowing the tip speed of the blade allows us to find the tip speed ratio, that is;
A= (A3.8)

where:
T, is the tip speed

v is speed of the wind
A is the tip speed ratio
Source: Eisa (2019).

Optimal A (tip speed ratio) can also be found by,
Rope = (A3.9)

where:
n is the number of blades
A3.3 Power coefficient of a wind turbine
Power coefficient of wind energy, c,
=

Pmax = (A3.10)

Source: Riziotis et al. (2004)

where:
cp- power coefficient

A = tip speed ratio
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O = pitch angle

Power coefficient is a function of the pitch angle and the tip speed.
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