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ABSTRACT

DEVELOPMENT AND EVALUATION OF DRONE BASED
SPRAYING SYSTEM FOR PRECISION AGRICULTURE
APPLICATIONS

EL YOUSFI, Ayoub

M.Sc., Mechanical Engineering, Altinbas University,
Supervisor: Asst. Prof. Dr. Yaser ALAIWI
Date: June / 2024

Pages: 103

Unmanned aerial vehicles (UAVS), also known as drones, are increasingly used for various
purposes such as photography, surveillance, mapping, inspection, and agriculture. This
research specifically focuses on agricultural drones, which have the potential to address
challenges encountered by farmers, ultimately positively affecting crop yields. Their ability
to apply pesticides accurately and autonomously, without direct human involvement, is
crucial for modern farming practices. This study aims to design and simulate a quadcopter
specifically tailored for pesticide spraying. The design process involves careful selection of
components and simulation using both SolidWorks and MATLAB Simulink. In SolidWorks,
forces are applied to the frame to assess its durability, while MATLAB Simulink is used to
simulate trajectory tracking using PID controllers. The drone is engineered for precision
agricultural applications, aiming to revolutionize spraying techniques by targeting specific
areas in the field based on data analysis. By pinpointing exact locations requiring treatment,
this approach minimizes pesticide and water usage while maximizing profitability. The
research focuses on evaluating the quadcopter's performance and trajectory accuracy,
offering valuable insights into its potential agricultural impact, and assisting farmers in

enhancing their profits.

Keywords: Quadcopter, UAV, PID Controller, Agricultural, Precision, Trajectory Tracking.
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OZET

HASSAS TARIM UYGULAMALARI iICIN DRONE TABANLI
PUSKURTME SISTEMININ GELISTIRILMESI VE
DEGERLENDIRILMESI

EL YOUSFI, Ayoub

Yiiksek Lisans, Mekanik Miihendisligi, Altinbas Universitesi,
Danisman: Yrd. Dog. Dr. Yaser ALAIWI
Date: Haziran / 2024
Sayfa: 103

Insansiz hava araglar1 (IHA) olarak da bilinen insansiz hava araglari, fotografcilik, gézetim,
haritalama, denetim ve tarim gibi ¢esitli amaglar i¢in giderek daha fazla kullanilmaktadir.
Bu aragtirma, ciftcilerin karsilastigi zorluklar1 ele alma potansiyeline sahip olan tarim
dronlarma odaklanmaktadir ve nihayetinde {iriin verimliligi {lizerinde olumlu etkiler
yaratmaktadir. Pestisitleri dogru ve otonom bir sekilde, dogrudan insan miidahalesi olmadan
uygulama yetenekleri, modern tarim uygulamalari i¢in ¢ok dnemlidir. Bu ¢alisma, 6zellikle
pestisit piiskiirtme amaciyla tasarlanmis bir dort rotorlu drone tasarlamayi ve simiile etmeyi
amaclamaktadir. Tasarim siireci, bilesenlerin dikkatli bir sekilde se¢ilmesini ve SolidWorks
ve MATLAB Simulink kullanilarak yapilan simiilasyonlari igerir. SolidWorks'te ¢ergeveye
kuvvetler uygulanarak dayanikliligi degerlendirilirken, MATLAB Simulink'te PID
kontrolorleri kullanilarak yoriinge takibi simiile edilir. Drone, hassas tarim uygulamalari i¢in
mihendislik yapilmistir ve veriye dayali olarak tarladaki belirli alanlar1 hedef alarak
puiskiirtme tekniklerini devrim niteliginde degistirmeyi amaglamaktadir. Bu yaklagim, tedavi
gerektiren alanlarin belirlenmesi yoluyla pestisit ve su kullanimini en aza indirirken, karlilig
maksimize eder. Arastirma, dort rotorlu dronun performansimi ve yoriinge dogrulugunu
degerlendirmeye odaklanarak, tarimsal etkisi hakkinda degerli bilgiler sunmakta ve ¢iftgilere

karlarini artirmada yardimer olmaktadir.

Anahtar Kelimeler: Drone, IHA, PID Kontrolér, Tarim, Hassasiyet, Yoriinge Takibi.
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1. INTRODUCTION

Nowadays, the world anticipates a population exceeding 9.5 billion by the year 2050 [1].
The swift population growth, increased consumption, and many signs of deteriorating the
global environment have destroyed the balance between food demand and food availability
[2]. Additionally, the statistics indicate an expansion in the number of people suffering from
chronic hunger due to these expectations. Consequently, meeting these challenges cannot be
done by using conventional farming methods. In today’s world technology has change the
way how the framers work in rural areas in all over the world, and that is make the gap
between the demand and the technology available growing during the time especially in
agriculture, that’s why farmers looking for more efficient equipment to increase the
productivity and meet the demand of the food. also looking for equipment that can protect
the health and safety of workers who handle the spraying of harmful pesticides and fertilizers
manually. The current method of manual spraying can lead to numerous adverse effects.
These effects range from mild skin irritation to more severe consequences such as birth
defects, tumors, genetic changes, blood and nerve disorders, endocrine disruption, and even
the risk of coma or death. The WHO (World Health Organization) has even predicted that
as many as one million people could be adversely affected by pesticide exposure in crop
fields and that’s paved the way for invention of century drones [3]. The global agriculture
faces big problems like Crop diseases and pests, those are the significant factors that affect
the quality and productivity of crops. To address these issues, chemical products such as
pesticides are commonly used to minimize losses and improve productivity. However, it is
crucial to select the appropriate equipment for the application of these chemicals. For
example, in China there are more 80% of manually operated sprayers like manual air sprayer,
knapsack sprayer but the quality of spraying depends on the skills of the sprayers [4]. Due
to these challenges, Japan developed the first prototype of unmanned aerial vehicles spraying
to cover hectares of forestry and crop in 1985. And in 1987 the first model was designed by
Yamaha R-50 can hold payload with capacity 15 Kg in order to dusting the crop [5].
Commercial version was introduced to the market in 1989, because of the weight the UAV’s
was subject to international arms regulations due to its weight [6]. Drones or unmanned
aerial vehicles are aircraft which can be autonomously piloted from a distance without the

need for direct contact with drone, this minimize any potential side effect on the pilot and



the farmers operating the controller [7]. All applications that assist farmers, such as spraying
drones, monitoring drones, mapping drones — all these applications are now readily available
in the market, equipped with all the necessary features, that’s opens the possibility for fierce
competition and ability for challenging the deteriorating global environment, mitigating the
side effects of manual spraying, and ultimately boosting productivity also faster 40 times
more than traditional farmers. As result, in 2010, the drone market was valued at
approximately 4.9 billion USD. According to analytical data, the valuation of business
services utilizing drones is projected to increase to roughly 127 billion USD, the agricultural
sector has adopted and integrated drone technology where these advance tools utilize to
modernize the way of farming [8]. The utilization of traditional farming methods has posed
numerous challenges for the farmers, incurring significant cost over the years. Conservative
estimates indicate that worldwide crop losses due to diseases, insects, and weeds amount to
$220 billion annually, comprising 31-42% of all losses. The statistics illustrate the
breakdown: diseases contribute 14.1%, insects 10.2%, and weeds 12.2% to the total average
losses of 36.5% [9]. According to the statistic of Global market studies site the using of crop
protection increased roughly between 2016 and 2024, the value of global market for crop
protection is estimated in 2016 around 54.89 billion USD $ and is projected to reach USD
65.21 billion by 2021, growing at a CAGR of 4.45% from 2019 to 2024 [10]. Spraying
drones are the latest and the most widely method used it with the crop protection among the
farmers, The increasing of spraying drones is a result high of demand and efficiency of this
tools also the benefit of protecting the farmers from the potential side effect of spraying
manually applying crop protection measures. In agriculture pest control, we need to use
methods more precision to improve the quality and increase the production rate. It’s
necessary to use precision pesticide spraying vehicles instead of the conventional spraying
method. Spraying method divide to old method old and new tools, the first olde method
dating back to the1850s in the USA in order to protect potatoes from the Colorado Beetle
involving using knapsack tank without pump, so the spray was fed by gravity to two
sprinklers. The first new method, initiated by Ray Hagie in 1947, marked his distinction as
the first person who invent the high clearance self-propeller sprayer. After that he expanded
to develop the first rear-wheel drive sprayer, which was the first to have mounted prayer
boom. Precision farming is a way of managing farming that focuses on using the right

number of inputs. This helps save money in crop production and reduces the impact of



harmful substances on the environment. The goal is to use resources efficiently, minimize
waste, and increase overall crop yield. In particular, precision farming seeks to cut down on
the costs of chemicals like fertilizers and pesticides, lessen their negative effects on the
environment, produce high-quality crops in large quantities, and improve the flow of
information for managing crops The plant protection is the process of safeguarding plants
from diseases and various pests to enhance crop yields and improve their quality [11]. To
achieve this, agricultural pesticide spraying is employed as a method to protect plants from
pests and diseases. In our country, plant diseases are a common factor that negatively
impacts crop yields, making it challenging to fully implement the precision farming
approach [12]. Developed countries use the UAV in agriculture to control agricultural lands.
That’s consequences big demand of this robots agricultural, The UAV usage cantered on
precision farming and remote sensing applications. The purpose of sensing it is to get
information about the land like growing rate diseases. For precision farming it’s important
to control the quality health of the crops and improve the pesticide spraying [13].

1.1 MOTIVATION

Motivation has been referred to as the single most important factor for success in research
work not having certainty in the product of research study is one of the major demotivators
for the researchers (Millat-e Mustafa 2005). As far as my thesis is concerned, the motivation
behind this research is continuous as it is embedded in personal and professional aims and
objectives. My primary motivation for this research comes from my strong desire to pursue
a Ph.D. in the field of UAVSs, which stands for Unmanned Aerial Vehicles. The UAV field
has experienced significant growth in recent years, and it's a dynamic source of innovative
ideas that keep me intellectually engaged. Before diving deep into this field, I aimed to take
my academic journey to the highest level and ensure that my work has a real-world impact
on both industry and the broader world. Our world relies heavily on agriculture to supply
food and meet the growing global demand for both food and bioenergy. For a long time,
traditional methods of crop spraying, which involved manual labour and the use of large,
cumbersome machinery, have been labour-intensive and harmful to the environment. The
strategies used for crop spraying have remained time-consuming and inefficient for many
centuries. The use of spraying drones in agriculture is gaining popularity and attention
because it promises more efficient, accurate, and environmentally friendly alternatives. |

have always been motivated in this area by a desire to contribute to the development of



sustainable agriculture and gain a better understanding of the challenges faced by modern
agriculture. In addition to this, coming from a background closely connected to agriculture,
I've had a firsthand and lively experience of its importance. | hold the well-being of farmers
and the improvement of agricultural practices for them in high regard, particularly through
the adoption of high-precision technology. The positive impacts of addressing these
concerns are numerous. Farmers could enjoy a more relaxed farming process because they
wouldn't need to work directly in the fields. This would also reduce their exposure to harmful
chemicals. Moreover, the yields from crops tend to be significantly higher when compared
to manual crop spraying. To sum it up, my motivation for studying drones in the agricultural
context stems from my clear goal of advancing my education in the safe use of drones for
farming, which is reflected in my dedication to this field. Additionally, our engagement in
agriculture in Morocco ignites my passion for this topic. Finally, my commitment to staying
updated with the latest information in my field of study further fuels my enthusiasm for this
research.

1.2 THESIS OBJECTIVES

Drones have become pivotal in various sectors due to their effectiveness and versatility.
Unmanned aerial vehicles applications are now divided into multiple sub-sectors, such as
photography, mapping, agriculture, and more. Each application calls for specific types of
drones. During this research | will focus on agricultural drones, starting with exploring the
various types of drones, and how the drone’s diversity plays roles in agriculture. This
research is focused on study of quad-copter aircraft, including explanation of their operation,
the requirement for selection the components based on task need such as the motor type and
the size of the propeller, design in SolidWorks, modelling, and visual ideation of the
agricultural drone. Each of the individual components of the agricultural drone was
measured, sketched, and designed, simulation using MATLAB to simulate the agricultural
drone after drawing all the component of Spraying drone in SolidWorks. Furthermore, the
integration of a multispectral camera adds a crucial dimension to the project. By analysing
data captured by this camera, the aim is to minimize pesticide usage while effectively
controlling crop health. This strategic approach not only optimizes agricultural practices but
also enhances overall profitability. The primary purpose of this agricultural drone is for
spraying applications. The main objective is to integrate a tube system that connects to a

large tank on the ground, facilitating an uninterrupted supply of pesticides or water to the



drone. The aim is to evaluate the drone's performance while operating with this integrated
tube system. Additionally, we will explore the most effective method to ensure maximum

crop coverage during the spraying process.

1.3 THESIS STRUCTURE
Chapter 1: Introduction

This chapter provides an overview of the research, highlighting the significance of drones in
agriculture and their potential to address challenges faced by farmers. It presents the main
objectives of the study, which include designing a quadcopter for pesticide spraying using
SolidWorks and MATLAB Simulink and integrating a multispectral camera for precision
agriculture. The chapter also outlines the motivation behind the research and the scope of

the study.
Chapter 2: Literature Review

In this chapter, a comprehensive review of relevant literature is presented, covering topics
such as the historical development of unmanned aerial vehicles (UAVSs), types of UAVS,
spraying farming methods, precision farming, remote sensing, plant disease detection, and
related work in the field of agricultural drones. The chapter aims to provide a solid
foundation for understanding the current state of research and identifying gaps that this study

aims to address.
Chapter 3: Methodology

This chapter describes the methodology employed in the research, including the design
process of the quadcopter using SolidWorks, the selection of components based on payload
estimation, and the integration of a multispectral camera. It also covers the mathematical
modelling, control system design using PID controllers, and the implementation of the
quadcopter in MATLAB Simulink. The chapter provides a detailed explanation of the

methods used to achieve the research objectives.
Chapter 4: Results and Discussion

In this chapter, the results obtained from the numerical simulations and data analysis are

presented and discussed. It includes the Simulink implementation and PID response analysis



for the quadcopter's trajectory tracking, as well as the utilization of advanced data analysis
and visualization tools like Pix4Dfields and Agremo for precision spraying in agriculture.
The chapter also demonstrates the integration of spray control mechanisms and drone
visualization in MATLAB. The results are interpreted in the context of the research

objectives, and their implications for precision agriculture are discussed.
Chapter 5: Conclusion and Future Work

The final chapter summarizes the main findings and conclusions of the research,
emphasizing the significance of the results in advancing the use of drones for precision
agriculture. It discusses the potential impact of the study on the agricultural industry and
highlights the advantages of integrating drones with multispectral cameras and advanced
data analysis tools. The chapter also presents recommendations for future research,
identifying areas that require further investigation to fully harness the potential of drones in

agriculture.



2. LITERATURE REVIEW
2.1 HISTORICAL DEVELOPMENT OF UNMANNED AERIAL VEHICLES UAV

In today’s transforming world, the need of new technologies is becoming a necessity for the
big global transformation and significant demand in sources like food, military, there’s many
types of technology involved in every sector and one of this sector is Unmanned aerial
vehicles that’s becoming one of the most important technology sector that significantly
contributed to time saving and enhanced productivity [15,16].

Drones are known as Unmanned aerial vehicle (UAVs) or unmanned aircraft as technical
terms, also known as robot flying [ 16].with capability to be controlled by a human operator
from a distance or operate independently, gathering data from sensors and external devices
while the drone following the instructions given by the operator [15].The drones is used for
application collecting data [17],military, agricultural, photography, shipping and delivery,
safety inspection [16],firefighting surveillance, aerial photography and others [18].Due to
their speed, accuracy and ability for carrying out different task’s [19],additionally their
ability for collecting data and store it until for later analysis contributes to improve
performance.

In the history of drones the United states, the United kingdom, Russia, Germany were the
countries that led the way in drones research’s, the first time an unmanned flying vehicles
was used by the Austrians was in August of 1849, during this siege, they launched the first
air raids in history, by unmanned balloons which floated over Venice carrying bomb [20].
Charles Kettering collaborated with Elmer Sperrym, Orvill Wright and Robert Milikanem
are develop the first Pilot-less aircraft, known as Kettering Aerial Torpedo “Kettering Bug”
around 1915,it operated automatically ,based on sensors like a barometer for altitude
measurement and engine’s revolution for distance calculations [21]. Furthermore, drones
have a historical presence, with examples like the Gipsy Moth in 1929, DH.82 Queen Bee
in 1935, and Radio plan in 1939, reflecting the evolution of drone technology over different
eras.

Drones have evolved significantly over time offering a range of features and capabilities that
make them suitable for various tasks. This increased functionality is also a result of
competition, which has led to prices making drones more accessible to a larger audience. as

instance Military drones Predator MQ-9, Agricultural Drone, Photography Drone.



According to a study in February 2013, unmanned aircraft vehicles (UAVs) were utilized by
over 50 countries, including Iran, China, and Turkey, which have developed their own
UAVs. The United States is the sole country that has acquired over 11,000 drones
specifically for military purposes. Aviation companies, academic institutions, and
government researchers are eagerly working on the development of advanced aircraft, which
vary in size from small robotic insects like moths and hummingbirds to larger models like
Boeing's Phantom Eye [22].

The current drone market is rapidly growing up and has positive economic impact over the
world, a report published by Goldman Sachs revealed that the drone market reached 100$
Billion USD in 2020, 70 billion USD represent military activity. Furthermore, the worldwide
drone population is projected to grow from 5 million in 2020 to an estimated 9.6 million by
2030 [23].

Actually, the use of drone has risen over the last few decades due to their rapidly involving
and divers application [24].For using the drone like disaster management provide security,
application in agriculture sector (pesticide, fertilizer, monitoring..), construction sector and
photography sector [25].The variety of drones application due to multiplicity of drone types,
with each type designed to perform specific task’s according to its form. for instance,
spraying drones have multi-rotor designed to support the heavy payload they carry. This
diversity is why various types of drones exist.

2.1.1 Unmanned Aerial Vehicles

A UAV, or Unmanned Aerial Vehicle, is an aircraft that operates without a human pilot on
board. Utilizing inertial sensors and navigation technology, it possesses the potential to fly
either remotely or independently, while taking into account predetermined flight destinations
[26].

In 1915, Tesla initiated the concept of pilotless flying by proposing the employment of an
armed, unmanned aircraft as a means of aerial defense for a nation. The path of flight is
mainly monitored from a remote location by a ground flight control system. to quickly react
in an instance of an emergency. The term UAVs (Unmanned Aerial Vehicle System)
includes fixed-wing and rotary-wing UAVS, lighter-than-air UAVs such as balloons and
airships, deadly aerial vehicles, decoys and targets, alternatively piloted aircraft, and

uninhabited combat aerial vehicles [27].



Unmanned aircraft can be classified based on various criteria like MTOW (Maximum Take
Off Weight), size, features of aerodynamics ,and number of the rotor [28]. In this section we
will focus on the type of rotor, because of its importance in the agriculture sector, as it holds
particular significance in the agriculture sector.

To differentiate these robot aircraft from other types of ballistic missiles, balloons, blimps,
and projectiles, the term "Unmanned Aerial Vehicle" (UAV) became popular in the 1990s.
Since then, the UAV has gone by many different names: UAS, RPV (for the United States
Air Force), RPAS (for the United Kingdom), and drones [29].EUROCONTROL, EASA,
and FAA, which are important international organizations, have recently embraced the term
unmanned aircraft system (UAS) as the appropriate official terminology. The alterations in
the acronym are attributed to the following factors. UAS stands for Unmanned Vehicles
Systems, and the expression unmanned indicates that these vehicles operate without a pilot
physically present on board. The term aircraft refers to a type of vehicle that is capable of
being deemed airworthy. The term system refers to a comprehensive entity that encompasses
not only the flying aircraft itself, but also includes a Ground Control System (GCS),
communication units, and take-off and landing systems. A typical Unmanned Aircraft
System (UAS) consists of system components divided into three main divisions.

2.2 UAS PLATFORM TYPE AND CLASSIFICATION

2.2.1 UAV Platform

UAV Platform is an aircraft which can flight without human intervention, and can be
controlled distantly with radio channel, UAV can be categorized according to the number of
the rotor in integrated into their platform, and those are the type of model’s UAV aircraft are
used in last two decade, there’s three main type of UAVs platforms, Fixed wing, Helicopter
and Multi-copter [30].

2.2.2 Fixed Wing

The term fixed wing is frequently used in the aviation industry to refer to specific types of
aircraft. These planes have wings. To fly, you must have enough forward airspeed to provide
the necessary lift. The wings of fixed wing aircraft are stationary, in contrast to rotating wing
helicopters or drones.

2.2.3 Single Rotor

Single-rotor helicopter drones are equipped with a solitary rotor to maintain flight and a tail

rotor to manage its direction. The advantages of this aircraft are its ability to do VTOL



(Vertical Take-off and Landing) and hover flying, its extended endurance (which may be
achieved by using gas as a power source), and its higher payload capacity. Drawbacks
encompass increased complexity in piloting and the requirement for further training. These
devices are commonly employed for conducting airborne LiDAR laser scanning [34,35].
2.2.4 Multi-Rotor

Multirotor systems fall under the category of rotorcraft which refers to aircraft that use

rotating wings for lift. It’s popular because of their mechanical simplicity when compared

to the helicopter [33]. Rotorcraft can have one or multiple rotors. Drones, with systems
typically have small rotors to ensure stability hence they are called multirotor systems. These
drones are commonly utilized at four rotors, for flight. For instance, a multirotor system that
consists of more than two rotors with configurations like quadcopters, hexacopters, and

octocopters [34].

2.3 TYPES OF UNMANNED AERIAL SYSTEMS

Six distinct categories of UAS platforms are classed based on their flying altitude and

endurance limitations. The following are the types of Unmanned Aerial Systems (UAS) [35].

a. MAV (Micro or Nano Air Vehicles) Military aircraft, renowned for their compact
dimensions, are commonly brought in backpacks and operate at low altitudes (330), with
brief flight durations ranging from 5 to 30 minutes.

b. VTOL (Vertical Take-Off & Landing) Unmanned aerial vehicles (VTOLs) are
specialized aircraft used in situations where terrain limitations require specialized
capability. They operate at low altitudes and have high power requirements for hovering
flight, except in larger sizes.

c. LASE (Low Altitude, Short-Endurance) Small unmanned aircraft systems (SUAS)
eliminate runways and require lightweight, wingless aircraft for easy field deployment,
recovery, and transport. However, these systems often have limited endurance and

communication ranges.

d. LALE (Low Altitude, Long Endurance) UAS, typically at the upper end of the FAA's
"UAS" weight designation, can hold many kgs at altitudes of a few thousand meters for
extended periods.

e. MALE (Medium Altitude, Long Endurance) Aircraft are typically larger than low-
altitude UAVs. They operate at altitudes of up to 9,000 m and may fly hundreds of

kilometres away from their base stations for extended durations.
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f. HALE (High Altitude, Long Endurance) HALE aircraft are the largest and most complex
UAS, capable of flying at altitudes of 20,000m on thousands of km missions, with some
lasting over 30 hours [36].

In the realm of diverse UAV classifications, the significance of Vertical Take-Off & Landing

(VTOL) systems stands out notably. VTOL UAVSs, specialized for terrain-restricted

operations, offer crucial capabilities for missions requiring flexible manoeuvrability and

accessibility. These UAVs, particularly efficient in overcoming terrain limitations and
operating at low altitudes, accommodate high power demands, especially during hovering.

Their adaptability and ability to navigate confined spaces make VTOL systems an asset in

various fields, including agriculture, military, logistics, Etc.

2.4 SPRAYING FARMING METHOD

In order to protect plants, using non-chemical methods there are alternative solutions such

as cultivation for pest and weed control, biological applications for pest control, mechanical

and laser cutting applications for weed control [37]. Currently, pesticide spraying has
become the primary method used in plant protection applications. Conventional methods for
pesticide spraying are commonly adopted in agriculture. The spraying methods may be
classified into three categories: ground vehicles, aerial vehicles, and hand spray machines

[38].

2.4.1 Ground Vehicles

Ground vehicles are often preferred for pesticide spraying due to their significant carrying

capacity and extensive spraying ranges. However, the average weight of modern agricultural

machinery, which can exceed 80,000 pounds, surpasses even that of the heaviest living
terrestrial animals. While this extra weight enhances the power and efficiency of machines,
it also leads to soil compaction, squeezing out air and compressing the land. This compaction
impedes root development, nutrient uptake, and renders the land more susceptible to
flooding and erosion. The intensification of modern food production, coupled with efficient
agrotechnical practices, poses a growing threat to soil structure and the long-term
productivity of arable land. Researchers Thomas Keller of the Swedish University of

Agricultural Sciences and Dani of the Desert Research Institute modelled the forces exerted

by tires on the soil at various depths, considering the varying weights of agricultural

machinery. They observed that subsoil stresses under farm vehicles have affected

progressively deeper soil layers over the past six decades, potentially encroaching upon
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untilled crop root zones. The increasing weight of agricultural machinery suggests that an
emphasis on efficiency, floatation, and traction may have overlooked intrinsic soil limits. It
is imperative that future agricultural vehicles be designed with these intrinsic soil mechanical
limits in mind to mitigate chronic soil compaction [39].

2.4.2 Hand Spray

Conventional farmers commonly resort to hand spray equipment for pesticide application,
but this method proves inefficient when dealing with extensive farmland. Research reveals
that pesticide exposure and a lack of protective gear significantly contribute to illnesses
among over 75% of Cambodian migrant labourers in Thailand. Shockingly, more than 80%
of surveyed workers were found to be wearing inadequate attire, offering insufficient
protection against chemical exposure. The use of backpack sprayers, which emit exceedingly
fine particles, exacerbates the risk. Additionally, migrant laborers in Thailand who encounter
pesticides may lack health-screening measures and often forego protective gear due to
language barriers. The authors of the study recommend familiarizing workers with Thailand
before their relocation and providing comprehensive health education to address these
challenges [40].

2.4.3 Aerial Vehicles

An alternate method for long-distance pesticide spraying is the use of a piloted aerial vehicle.
Due to their required safe flying altitude, these vehicles are unable to spray pesticides closer
to the plant. Drift induced by airplanes due to flying height and wind reduces the efficacy of
pesticide treatments. It is expensive since it requires highly trained pilots. While spraying is
an essential element of farming, doing it by hand requires a lot of time and energy and uses
chemicals that may be harmful to humans. Drones offer more precision than human workers
for treating diseased plants. Farmers may plot flight paths over the regions that need
spraying, and doses can be programmed to predetermined values, eliminating waste and
keeping farmland free of excessive chemical residue, hence lowering pollution levels and
improving the safety of the food produced there [41]. Traditional methods for preventing the
propagation of pests and illnesses in agricultural areas are insufficient. It's apparent that
utilizing traditional spraying methods reduces crop output efficiency [42]. Particularly, the
excessive use of chemicals in these approaches has a deleterious effect on soil, plants, and
plant roots in agricultural areas. Additionally, traditional approaches are not viable options

for precision farming.
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2.5 PRECISION FRAMING
To enhance resource usage efficiency, productivity, quality, profitability, and sustainability
in agricultural production, precision agriculture is a management method that makes use of
data. To make judgments based on estimated variability, it is necessary to combine data at
the temporal, geographical, and individual levels. In order to control the amount of water,
seed, and fertilizer used in a crop, precision farmers implement techniques such as site-
specific nutrient management, remote sensing, global information systems, and variable rate
applications. By tailoring inputs and procedures to specific crops and agro-climatic
conditions, this method strives to boost yield, quality, profit, decrease waste, and become
environmentally friendly [43]. The fundamental principle behind precision farming is the
application of different technological resources that reduce potential risks to soil,
environment, and human health. Finding, measuring, and controlling variables are essential
for precision farming [44]. Advanced agricultural utilization rates vary widely across
countries and regions. In a survey from 1998, just 15% of British farmers reported using
precision agricultural technologies [45]. Daberkow and McBride (2000) analysed the results
of the USDA's 1998 Agricultural Resource Management Study survey and found that the
Midwest (heartland) had the highest adoption rate for corn and soybeans and the South had
the lowest. While 1.6% of animal farmers have adopted precision farming techniques, 13.7%
of grain and oil seed farmers have. At 5.8 percent, the Northern Great Plains area was the
second-fastest in the United States to embrace precision agricultural technology. Some of
the country's early adopters are said to call this area home because of its enormous farm sizes
and very short producing seasons.
2.5.1 Advantages Of Precision Farming
PF has several benefits, including the ones listed below [46].
a. In the precision farming concept, all potential growth-related issues are figured out by
regular, one-by-one inspections of crop plants and data management.
b. This method of crop improvement is far more efficient, straightforward, and precise.
Precision farming makes soil mapping and analysis simple.
c. Precision farming is an innovative technique used in agriculture that helps farmers save
money by reducing the number of resources wasted.

d. Data management allows for the accurate utilization of necessary requirements.
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2.5.2 Disadvantages Of Precision Farming

Precision farming has many advantages but also some problems including expensive startup
costs, the need for specialized knowledge, and technological reliance. Disruptions to farming
activities caused by technical problems can be costly. Unauthorized access to confidential
information is another major security risk. Furthermore, the rural-urban gap may be
exacerbated since not all farmers have access to or can afford sophisticated technologies.
Consequently, there are advantages and disadvantages to precision farming [47].

2.6 REMOTE SENSING

By mapping crop and soil variability, remote sensing facilitates effective monitoring of
environmental factors that impact plant health, production, and quality. It's utilized in GIS
analysis to help direct field samplings, make sense of trends, and decide how to manage
things now and in the future. Remote sensing may be used in tandem with other management
tools such as crop simulation models to shed light on the past and foretell the future. Since
NIR reflectance is closely connected with yield, a field's behaviour in yield terms may be
seen by a temporal study of RS data [48].

Since the debut of soil organic matter sensors, remote sensing applications in precision
agriculture have evolved to include satellite, aerial, and handheld sensors. Light detection
and ranging (LIDAR), fluorescence spectroscopy, and thermal spectroscopy are just a few
examples of the cutting-edge applications made possible by the widespread usage of
electromagnetic radiation across a wider range of wavelengths. Improved study of individual
chemicals, molecular interactions, crop stress, and biophysical features is now possible with
hyper-spectral remote sensing because of its narrower spectral bandwidth. The field of
precision agriculture now has access to a wide range of spectral indices. With the
improvement in spatial resolution of aerial and satellite photography from hundreds of
meters to sub-meter accuracy, soil and crop attributes can now be evaluated with high
precision. Similarly, the temporal frequency has increased [49].

Agricultural remote sensing employs various tools, including satellites, airplanes, tractors,
and handheld sensors, to capture reflected radiation from soil or plants without directly
interfering with them. This technique allows for the measurement of radiation levels in
farmland. Apart from analysing reflectance, transmission, and absorption, it also considers

the release of energy through fluorescence from plant leaves [50], and thermal emission [51].
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2.6.1 Remote Sensing Platforms

Data for Earth Observation is collected by satellites and aerial platforms, with satellites
providing multispectral imagery but with short revisit times. Multispectral and hyperspectral
photos may be captured on demand by airborne vehicles, giving more freedom but also
greater expenses. UAVs (drones) are rapidly gaining popularity for remote sensing due to
their decreased price and increased availability. High-resolution digital elevation models are
only one example of the many technological advances made in the UAV industry since its
inception in the late 1970s. The usage of unmanned aerial vehicles (UAVSs) has increased in
recent years, with these vehicles collecting EO data for a wide range of purposes, including
agriculture, environmental monitoring, disaster management, and scientific study [52].
Integrating Unmanned Aerial Vehicles (UAVs) with remote sensing technology is a strategic
approach for collecting spatial data on land cover, natural resources, and the environment.
UAVs have exceptional frequency and resolution capabilities, allowing for multiple
deployments and high-definition data collection. These technologies enhance Earth's surface
understanding, aiding in land administration, farming, ecological preservation, and
emergency response. The use of D-GPS for precise geolocation is crucial for monitoring
environmental changes over time. [57,58] Unmanned Aerial Vehicles (UAVS) present
several advantages due to their lack of human pilot constraints, ability for real-time
operations, and rapid data acquisition. They find utility across various sectors, including
remote sensing, aerial photography, NDVI analysis, thermal imaging, pest control, and
disease surveillance in precision agriculture. However, it's important to acknowledge that
UAVs come with both benefits and drawbacks across different applications, including NDVI
analysis, thermal imaging, pest control, and disease surveillance.

2.7 PLANT DISEASE DETECTION

Most commercially available solutions for detecting plant diseases use a combination of light
emitting diodes (LED) and photodiodes in an electronic circuit, but they often lack efficiency
in detecting plant diseases. These LED-based sensors struggle to differentiate between
healthy and diseased plants, limiting their usefulness in precision farming [55]. However,
emerging technologies such as multispectral cameras offer promise in overcoming these
limitations. By capturing images of plants across multiple wavelengths, multispectral
cameras can provide more detailed information about plant health, allowing for better

disease detection and management. Plants exhibit varying reflectance patterns across the
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electromagnetic spectrum, with different bands showing significant differences in reflected
light intensity. This variation allows for more accurate discrimination between plants. In a
study, hyperspectral analysis of weeds and crops was conducted using satellite and aerial
platforms. The results showed that by increasing the number of wavelength bands from 3 to
22, the overall accuracy of classifying 6 crop species improved from 56% to 90%. Utilizing
more wavelength bands in the electromagnetic spectrum, where plants exhibit distinct
optical reflectance characteristics, can lead to more precise plant disease discrimination [56].
2.8 MULTISPECTRAL CAMERA

Multispectral imaging (MSI) is essentially using a full spectrum of light to get clearer
distinctions between different elements in tissues. It takes pictures at different wavelengths,
linking specific spectral patterns with chemical components through light absorption. MSI
isn't just limited to one field; it's being used in various areas like precision farming, restoring
artwork, environmental surveillance, and biochemical research. Multispectral imaging relies
on a system that uses light emitting diodes (LEDs) to capture images. These LEDs emit
specific narrow band spectrum lights, resulting in a series of grayscale images [57].
Multispectral imaging combines two or more spectral imaging bands within a single optical
system. Contrary to hyperspectral imaging, which involves narrower bandwidths,
multispectral imaging covers broader ranges. Typically, these systems combine various

bands into one setup, including:

a. The visible spectrum, encompassing blue, green, and red bands (400 - 760nm).
b. Near Infrared (NIR) band (0.7 - 1 um).

c. Short-Wave Infrared (SWIR) band (1 - 1.7 um).

d. Mid-Wave Infrared (MWIR) band (3.5 - 5 um).

e. Long-Wave Infrared (LWIR) band (8 - 12 um).

2.9 CROP MONITORING

Monitoring the crop condition especially during the growth stages is essential to farmers.
The details they get help them decide what to do next to make sure they get the best harvest
possible. Cameras are an immense help here, and there are a few types they use a lot: digital,
thermal, and multispectral. Thermal ones, with infrared sensors, make maps showing the
crop's temperatures. Digital cameras give colour info by processing images, and
multispectral ones take both visible and invisible pics using different light types to take a
detailed picture of the crop [58].
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The multispectral camera sent data through telemetry, and that information was looked at by
a Geographic indicator. This indicator used something called the Normalized Difference
Vegetation Index (NDVI) to analyse the data. Its method formula is utilized to assess the
level of greenness in plants, as indicated by Eq 1. When calculating NDVI for a particular
pixel, the resulting value always falls within the range of minus one (-1) to plus one (+1).
However, values close to zero suggest an absence of greenery, while those closer to +1
(around 0.8 - 0.9) indicate the highest density of green leaves. one of the equations Used to
fin [59].

2.10 ROBOTIC

Lately, there have been big advancements in robotics across various fields. It's expected that
in the coming years, robotics will take over a lot of everyday and industrial tasks. This tech
is super useful because it gives more movement, makes services better, and boosts how well
products work. Plus, it has the power to make life and work easier, bringing a lot more
comfort and changing how things get done. These days, robotics is a major force driving
competitiveness and adaptability in big manufacturing industries. While service robots in
fields like agriculture, transport, healthcare, security, and utilities aren't as developed yet,

they're predicted to become the biggest area for robot sales worldwide [60].

A lot of economic experts think that the robotics industry could be the next big thing, just
like how IT was booming in 2000. Japan figures it could hit $13.2 billion soon, and South
Korea is really pushing to grow its robot industry, aiming for a huge $39.4 billion market.
Both governments are betting big on robotics.

As definition of robot, A robot is like a flexible, multi-use arm that can be programmed to
handle different jobs by moving things — materials, tools, or specific gadgets — in specific
ways. It's a versatile machine that can do lots of different tasks based on the instructions it's
given [61]. Additionally, A robot is an automatic, servo-controlled, freely programmable,
multi-purpose manipulator with several degrees of freedom. Variably programmed
operations make possible execution of a multiplicity of tasks [62].

Robots are great for certain jobs because they do not get tired like we do. They can manage
tough or risky conditions that might be uncomfortable or unsafe for people. They work
simply fine in places where there is no air. Plus, they don't get bored doing the same thing

over and over, and they stay focused on the job without any distractions [63].
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Robots come in different forms based on how they move around—Iike staying still, using
wheels, legs, flying, and other types. For instance, Unmanned Ground Vehicles (UGV)
belong to the wheeled robot category, while Unmanned Aerial Vehicles fall into the flying
robot group.

2.11 RELATED WORK

According to the information in reference [64], Sadhana B and her team made even more
improvements to the methods that were already stated. They created a quadcopter UAV with
a spraying module that was made to make the use of pesticides in agricultural areas more
efficient. It was the goal of this new idea to increase crop production and keep important
resources safe. The quadcopter used in this project can carry up to 1 kg of cargo and is set
up to spray pesticides from low altitudes. It works with Brushless Direct Current (BLDC)
motors, an Electronic Speed Control (ESC) system, an MPU-6050 unit with a MEMS sensor
and a MEMS gyro, a radio receiver, a LIPO battery, and the pesticides spraying module. The
Arduino UNO AT mega328 controls it all. Additionally, according to reference [65], Tejas
S. Kabra and a few others created a cheap and light quadcopter with the main goal of
improving the arm design to make it more useful in farming. The quadcopter has a body
made of lightweight metal and streamlined parts that make it easier to use and more accurate
in farming. Notably, these innovative ideas also help lower the health risks that come with
spraying pesticides by hand. The paper talks about important parts of the quadcopter, such
as its stand, sprayer, pipe system, pesticide container, and special propellers that are all made
to make spraying time better and the quadcopter lighter overall. Furthermore, Yallappa D.
and his fellow students made a sprayer that can be attached to a drone. It has six Brushless
Direct Current motors, a hexacopter frame, and can carry 5 kg. LiPo batteries, a pesticide
tank, a pump, and a frame for support make up the set. The weight of the drone was carefully
estimated by looking at things like the frame design, landing gear, fluid tank design, motor
choice, battery, propellers, flight controller, transmitter, and receiver. This sprayer works
well to put chemicals on rice fields and garden crops, which lowers the cost of using
pesticides and protects the environment [66]. Lastly, using a GPS module and different
devices, Munmun Ghosal and his team created a system that can track the amount of
pollution in different places. The system, which is run by an Arduino board, figures out the
air quality score by looking at data about smoke levels, CO2 levels, temperature, light

intensity, and humidity. This data is shown on an online server using Apache software, which
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lets people act quickly to lower health risks. The device is both efficient and cost-effective,
so it can be used to check the air quality in smaller settings [67].

2.12 SPRAYING SYSTEM

A spraying drone is an autonomous aircraft utilized for accurate dispensation of chemicals
such as insecticides and fertilizers in agricultural areas. The technology provides enhanced
accuracy, less reliance on pesticides, and superior distribution, thereby improving the well-
being and efficiency of crops. To exemplify the significance of utilizing spraying
technologies, we can examine their influence in stationary scenarios. This emphasizes the
importance of these instruments in different situations. According to the World Health
Organization, more than 220,000 people die each year from pesticide poisoning, which
affects poor countries the most. It is known that some pesticides, like organophosphates and
carbonates, are bad for the nervous system [68]. Some pesticides may also irritate the skin
or eyes, and some have been found to possibly cause cancer or mess up the body's hormone
and hormonal systems. Pesticides can cause neurological problems in children and other
young animals, such as memory loss, coordination issues, mood swings, changes in
behaviour, and problems with movement skills [69]. This is why spraying tools are crucial

in addressing these issues and enhancing productivity quickly when necessary [70].

The sprinkler system has two main parts: the actual system that does the spraying and a
controller. In the spraying system, you've got the stuff that's being sprayed, like pesticides
or fertilizers, and a nozzle that does the spraying. The controller, on the other hand, is what
triggers the nozzle to start spraying. Inside the sprinkler system, there's a pressure pump that
pushes the pesticides or fertilizers through the nozzle. To control this pump and keep the
pressure right, they use something called a motor driver integrated circuit. This circuit makes
sure the pump gives out the right pressure as needed [71].

Spraying systems have different nozzles, each with its own way of working. They're usually
found at the bottom of UAVS, and they're used to spray pesticides on crops. The system has
two parts: one for controlling the spraying and the other for the nozzles. A pressure pump
pushes the insecticide through the nozzle, and a special circuit helps control the pump's
pressure. When it comes to utilizing spraying tools, there are two distinct methods for their
use. The first kind of spraying UAV is equipped with spraying tools located on the underside
of the drones [72]. The second type has the sprayer positioned under the propeller rotor. The
following figures display the respective positions of the sprayer for each example [73].
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2.13 QUADCOPTER MOVEMENT AND MANEUVERABILITY

Unmanned Aerial Vehicles (UAVS), specifically the Vertical Take-Off and Landing (VTOL)
Quadrotors, are pilotless flying robots capable of handling missions in challenging and
turbulent environments. These quadrotors have rotors positioned upwards in a square
arrangement at an equal distance from the centre of the craft. Their movement is controlled
by adjusting the rotational speeds of these rotors, which are powered by electric motors.
Quadrotors are a common design for smaller UAVs due to their uncomplicated structure.
Because of this simplicity, they find use in various tasks like surveillance, search and rescue
missions, construction inspections, and more [74].

The quadrotor is a type of Vertical Take-Off and Landing (VTOL) aircraft. It's made up of
four propellers arranged in either an X or + shape, with each arm carrying a rotor (made of
a motor and a propeller) at its end, as depicted in the diagram. Controlling the quadrotor's
movement involves adjusting the speed of the propellers, which allows it to perform various
motions, including:

Roll: This movement is achieved by increasing (or decreasing) the speed of motor 1 while
decreasing (or increasing) the speed of motor 3.

Pitch: It refers to the rotation around the Y axis and can be executed by increasing (or
decreasing) the speed of motor 2 while decreasing (or increasing) the speed of motor 4.
Yaw: To rotate the quadrotor around the Z axis, this is accomplished by increasing or
decreasing the speeds of both motors 2 and 4, or motors 1 and 3.

Forward/backward: This motion is produced by adjusting the pitch angle.

Right/left motion: It's achieved by adjusting the roll angle.

Take-off/landing: To make the quadrotor rise or descend, all motors' speeds are increased
(or decreased) with the same average, resulting in an increase (or decrease) in vertical forces
(thrust).

Hovering: By keeping the motors at speeds that generate thrust equal to the gravitational
force, the quadrotor maintains a constant altitude and hovers in place [75].

The quadrotor is designed with its propellers and motors installed in a specific configuration:
the propellers on opposing arms (1 and 3) spin in a clockwise direction (CW), while the
propellers on the other set of opposing arms (2 and 4) spin in a counterclockwise direction
(CCW).
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Figure 2.1: Type of drone + and x.

2.14 ARTIFICIAL INTELLIGENCE

Artificial intelligence (Al) involves teaching machines to bring in human intelligence,
enabling them to think and behave like people. This includes abilities such as learning,
problem-solving, reasoning, understanding language, and perception. Essentially, Al aims
to copy computers, robots, or software with intelligence like that of humans. Achieving Al
involves studying human brain patterns and thinking processes. By understanding how
humans think, Al researchers develop smart software and systems that can copy human-like
intelligence [76]. In recent years, the use of Al in the agricultural sector has surged, driven
by new innovations aimed at modernizing the industry and improving crop yields. The
importance of this technology has become more pronounced, especially in response to major
challenges like climate change and population growth. Traditional farming relies heavily on
manual labour. Introducing Al into this process can offer several benefits. By working
alongside existing technologies, smart farming systems can streamline numerous tasks. Al
has the capability to gather and analyse vast amounts of data, enabling it to identify and
implement optimal strategies [77]. Here are some typical examples of how Al is utilized in
agriculture: enhancing automated irrigation systems, identifying leaks or damage in

irrigation systems, and monitoring crops and soil conditions.
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3. METHODOLOGY
3.1 DRONE FRAME AND COMPONENT DESIGNED IN SOLIDWORKS

designed for complex missions. They feature four rotors arranged in a square formation,
each powered by electric motors. The quadrotor's straightforward design makes it a popular
choice for small UAVs. Its performance depends on motor and propeller selection, which
impact agility and payload capacity. Additionally, the frame material is critical for durability
and strength, especially when carrying heavier payloads. Proper frame dimensions ensure
stability and structural integrity, accommodating equipment for heavier loads.
Understanding these factors aids in designing and selecting components for a drone that
meets its intended tasks and payload requirements.

3.1.1 Agricultural Drone Frame

The frame of a drone is one of its most important parts; it gives the drone the stability and
structure it needs to function well. This study will concentrate on the construction and
composition of the type of Tarot Frame Ironman 650 drone's carbon fibre frame using the
same idea. We will discuss the components of the frame and their significance in ensuring
the drone's performance and durability.

The drone frame is a high-quality made of fabricated carbon, a material known for its
lightweight, strong, and corrosion-resistant properties. This material makes the drone frame
more durable and reduces its overall weight, allowing for longer flight times and improved
stability. This frame is designed to accommodate a Tube and sprayer tube and Multispectral
camera for gathering the data during the flight. The frame will be built to carry additional
equipment, incorporating a crucial component for our research—an advanced sprayer
capable of dispersing pesticides or water for agricultural purposes. To achieve this, we'll
connect the sprayer to a land-based pump and use a tube system to transport water across
substantial distances.

In the initial phase, the planning, modelling, and visual conceptualization of the agricultural
drone were conducted using SolidWorks. Specifically, SolidWorks Premium 2022 was
employed for these simulations. Each element comprising the quadcopter frame underwent
meticulous measurement, sketching, and design within SolidWorks, ensuring precise and

detailed planning of individual components.
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3.1.2 Component Of the Drone

All components of the drone were exclusively drafted and designed a new within
SolidWorks. Advancements in miniature sensor technology have facilitated advancements
in creating smaller UAVs, such as the quadcopter [78]. Quadcopter comprises four extended
arms connected to a framework that houses all the electronic components onboard. The
primary section consists of the top main plate, which doubles as the bottom main plate,
serving as the central housing for all electronic components. These two parts, measuring
14x15cm, play a pivotal role in accommodating the entirety of electronics.

The drone arm serves as the support structure for housing the motors, electronic speed
controllers, and propellers, consisting of three integral parts. The base frame is assembled
using all the components mentioned previously. The result of this assembly is illustrated.
Highlighting this assembly is crucial for understanding the subsequent analysis and
discussions, as it visually consolidates the integration of various elements into a cohesive
system. This figure serves as a key reference point, demonstrating how each component fits
together within the overall structure, thereby facilitating a deeper comprehension of the
system's design and functionality.

The Frame has a 650 mm diagonal distance between the motors defines the drone's size and
affects its stability, agility, and payload capacity. And can depend on the payload capacity.
This measurement is crucial, as a larger diagonal implies better stability in flight and
potentially allows for larger payloads or specialized equipment. Conversely, smaller
diagonals often result in more agile drones suited for precise manoeuvres in confined spaces.
This dimension plays a key role in determining the drone's capabilities and suitability for

various tasks.
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Figure 3.1: The Frame of Drone.

3.1.3 Payload Design

The payload is like a multitasking tool. It’s designed to hold pipes, help with spraying, and
even can carry sensors and cameras. It is a smart system that works seamlessly with the
drone and spray gear, making spraying crops efficient.

Including a pipe in the drone's design brings some important benefits for spraying. First off,
it makes everything much more stable. By giving a strong base for the spray gear, it stops
vibrations, making sure the spraying is super accurate. Plus, this pipe helps spread out the
weight of all the spraying stuff across the drone, making it easier to fly and control in the
air. Having this balanced weight is a big deal for keeping the drone steady and making sure

it moves exactly how we want it to during spraying.

Figure 3.2: The Payload of Drone.
Figure 3.3 depicts the fully assembled main frame of a drone, which is the result of
integrating all the components detailed in the previous figures. This main frame constitutes
the core structure of the drone, designed to support various subsystems, including the tubing
and piping necessary for its operational role in precision agriculture. Constructed from high-
strength, lightweight materials, the frame is engineered to offer both durability and agility.
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The central hub, which houses the drone's critical electronics such as the flight controller,
navigation systems, and power units, also serves as the anchoring point for the arms that
extend outward to hold the motors and rotors. These arms are key to the drone's flight
capabilities, providing the necessary lift and thrust. Attached to the lower section of the
frame is the specialized holder designed to carry the tubing and piping system. This part of
the assembly is crucial for the drone's primary function of spraying pesticides. The design
of the holder suggests a modular approach, allowing for easy attachment and removal, which
facilitates maintenance and adaptability to different types of spraying tasks.

The pipes are strategically positioned to ensure optimal distribution of the spray, maximizing
coverage while maintaining precision to avoid waste and minimize environmental impact.
The nozzles at the tips of the pipes are likely calibrated to produce droplets of a specific size,

ensuring effective application of the pesticides to the crops.

Figure 3.3: Drone Frame Assembled with Payload.

3.2 THE MATERIAL NEEDED FOR THE AGRICULTURAL DRONES

3.2.1 Drone Components

Drones rely on key components like propellers, motors, and electronic speed controllers
(ESCs) to perform a variety of tasks and fly smoothly. Selecting the right combination of
these components hinges upon the specific functions a drone is meant to fulfil. To determine
the ideal setup, the initial step involves estimating the weight and dimensions of the payload
the drone will carry. Once this payload information is known, the subsequent task involves
matching the drone with the most suitable motors, propellers, and frame dimensions tailored
precisely for its intended duties. A pivotal aspect governing the drone's performance is the
calculation of thrust requirements. This entails ensuring that the generated thrust at
maximum power (100% RPM) is at least twice the weight of the entire drone. This deliberate

overestimation is essential as it empowers the drone with enhanced manoeuvrability and the
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capability to ascend to higher altitudes swiftly. It’s important to pick the right motors,
propellers, and frame size based on what we want the drone to do and how heavy the payload
is. Choosing these parts carefully ensures the drone works well and does its job effectively,
no matter what it's doing or where it's flying. This way, the drone can manage different tasks
smoothly and perform reliably in various situations.

3.2.2 Estimation Payload

To get a precise estimation, we first need to list all the tasks that need to be done and figure
out what parts or components are necessary for each task. This process helps us understand
exactly what is involved in the project and allows us to calculate the estimation accurately.
The drone is designed to spray pesticides or water for agricultural needs. One of the major
challenges faced by drones is their limited flight duration due to battery capacity constraints.
Additionally, their payload capacity might also be an obstacle leading to shorter operational
times. The concept behind this payload aims to address these challenges. By utilizing a large
tank on the ground as a base, the drone won't face limitations regarding payload capacity.
This approach eliminates the need for frequent recharging as it can continuously access a
full supply of water or pesticides from the base via a tube connected to a pump, ensuring
uninterrupted spraying operations.

Determining the weight of the payload involves a comprehensive calculation. We consider
not only the weight of the tube through which the liquid (whether it's pesticide or
disinfectant) will flow, but also the weight of the pump and nozzles involved in the
dispensing process. This comprehensive approach ensures an accurate assessment of the
entire payload's weight, factoring in all components integral to the liquid dispersal system.
The tube weight could be found in the specification sheet that the manufacture offered for

the buyer my choose is the tube high pressure that used for agricultural spraying.

Figure 3.4: Tube Chooses for Agriculture.
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The tube weight it is dependent the inner diameter and outer diameter and it’s given for
Kg/m, the choosing tube as 12 mm as inner diameter and 15.4 mm for outer diameter the
weight in kilogram for each meter depending on specific sheet it’s 0.09 Kg/m then for taking
20 meters for our tasks so Total weight= 20 * 0.09= 1.8 Kilograms.

The total weight of a tube with water passing through it depends on both the inner and outer
diameters of the tube. The inner diameter, which determines the space available for the water
flow, and the outer diameter, which encapsulates the inner space, collectively influence the
overall weight of the tube when filled with water.

Additionally, the weight of the water within the tube is directly related to its volume, which
Is calculated based on the cross-sectional area of the tube and the length of the water column.
The density of water and the gravitational force acting on it also contribute to the overall
weight of the water within the tube.

Considering these factors—inner and outer diameters, water volume, density, gravitational
force, and tube material—determines the total weight of the tube when it contains water.
Inner Diameter: ID=12 mm.

As Outer Diameter: OD =15.4 mm

To calculate the volume of water passing through a tube with a length of 20 meters and an
inner diameter of 12 millimetres, we first need to determine the cross-sectional area of the
tube. The formula for the cross-sectional area of a hollow tube (annulus) is A and it is:

A =mx (R3—R? (3.1)

Outer diameter__15.4
Ry = —————=—-=77mm

inner diameter_12

where Ro is the outer radius and Ri is the inner radius.

Now we can find the cross-sectional area (A):
A=mx (7.7 - 62)
=3.14 x(59.29-36)
=73.161 mm?

The volume of water passing through the tube:
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Volume = A X Lengh (3.2)
= 73.161 X 20000mm
= 1,456,220 mm3
Converting the volume from cubic millimetres to Liters:

1,456,220 mm?3
1,000,000

Volume in litters = = 1.463 Liters

The estimated weight of water, assuming a density of approximately 1kg/L, would be
approximately 1.463 kg for a length of 20 meters passing through the tube.

The total weight (WT) of the tube is determined based on a specified tube length of 20
meters.
WT= Weight of the tube +Weight of water

=1.463+1.8
=3.263 Kg

This calculation assumes the tube is filled with water, and the weight is an approximation
based on the volume of water considering its density.

The estimated weight of the payload will rely on approximations of the component values,
aiding in the determination of the overall drone weight.

3.3 THE COMPONENT OF DRONE

Successful drone flight relies on essential electronic components. The flight controller serves
as the drone's brain ensuring stability and movement by processing data from sensors like
gyroscopes and accelerometers. These sensors provide crucial information about the drone's
orientation and speed, enabling precise control. Additionally, electronic speed controllers
(ESCs) regulate the speed of the drone's motors, translating signals from the flight controller
into motor outputs. Batteries power the entire system, supplying energy to the motors and
electronics. GPS modules enhance navigational capabilities, enabling accurate positioning
and autonomous flight. Together, these components form the foundational electronic
framework necessary for safe and efficient drone operations.

In the realm of drone design, the careful selection of motors and propellers stands as a pivotal
aspect, directly influencing flight performance. Motors drive propellers, determining the

drone's lift capability and manoeuvrability. Matching the right motor with an appropriate
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propeller ensures an optimal balance between thrust and efficiency, crucial for stable flight
and payload capacity.

The component selection process considers the essential elements for our drone, such as
batteries, ESCs, motors, propellers, payload (tube and pump fan nozzle), connectors, and
cables. The table details these components and their respective masses in grams, guiding our
decision-making based on specific needs and the importance of each component in the

drone's operation.

Table 3.1: Main Dimensions and Geometry Parameters of the Model.

Components Mass(g)
1 Tube + the mass of water passes through it 3263
2 Frame (body of drone) 500
3 4xMotors T-MototsM5212 420KV 1000
4 4xPropellers 15*5 164
5 Battery max1600
6 ECS 104
7 Other components (cables-screw-.etc.) 100
8 Pump and nozzle 500
9 Total 7231-MAX 8000

Determination of the suitable motors and propellers for your drone, needs to calculate the
thrust generated at 100% RPM based on the total weight carried. This calculation is crucial
for selecting components that can handle your specific payload requirements and the
demands of your mission. At 100% RPM, the thrust generated by the motors can typically
exceed the total weight of the drone tow time at least. The adding thrust offers several
advantages, notably enhancing the drone's manoeuvrability and enabling it to achieve higher
altitudes at an increased rate of climb. This additional thrust-to-weight ratio ensures the
drone's capability to navigate more effectively and ascend swiftly, factors crucial in
optimizing its performance during various operational conditions. Based on our estimated
weight, the thrust calculation will be conducted to determine the necessary propulsion force,

based on the formula for how the calculate the Thrust will be suitable for better hovering.

The total weigh X2
Thrust = £

(3.3)

The numebr of rotors
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To achieve the desired weight parameters, it's crucial to calculate the necessary thrust that
each motor and propeller combination must generate at 100% RPM. This calculation ensures
that the propulsion system can effectively support and lift the drone according to the
specified weight requirements.

7231 X 2
4

= 3615.5 grams

Thrust =

The total thrust generated is 14,465 grams, indicating that each motor needs to produce an
additional 3615.5 grams of thrust to meet the required total thrust.

The motor selection will be determined based on the derived results indicating the required
thrust specifications.

3.3.1 Motor Selection

For the motors of a drone, two primary choices exist: brushless motors and DC motors.
Because of their permanent magnet rotor and advanced electronic commutation system,
brushless motors have low maintenance needs, great efficiency, and less noise. They are the
go-to option for drones because of their excellent efficiency and accurate control, which
guarantee longer flying periods and superior overall performance [79].

However, because they depend on brushes and commutators, DC motors have a simpler
design but frequently need more frequent maintenance because of brush wear. They are less
desirable for drone propulsion systems even if they are appropriate for some applications
because of their lower efficiency and precision when compared to brushless motors.

The motors chosen for the UAV were intended to constitute virtually the entire weight of
the aircraft. These brushless motors were specifically designed to meet the additional
demands for acceleration and environmental factors. Their selection was critical, as
neglecting this consideration could result in difficulties controlling the UAV during take-
off. Additionally, the motors were meticulously chosen not only for their ability to
accommodate the weight requirements but also for their efficiency and responsiveness in
adjusting to environmental influences. Their brushless design not only enhances durability
but also ensures smoother and more precise operations, contributing significantly to the
overall control and stability of the UAV.

According to the available data, an additional weight of 7231 units was introduced, doubling

the initial weight, and resulting in a selection weight of approximately 14462 g. The table
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presents details about the chosen motors: specifically, the brushless DC motor identified as
T-MOTOR MN5212 with a 420 KV rating. When paired with a propeller measuring 381

mm by 127 mm, each of these motors theoretically generates a lifting force of 4157 g.

Figure 3.5: T-Motor MN5212 420 KV.

Table 3.2: T-Motor MN5212 420KV Table.

With a total of 4 of these motors on the UAV, their combined lifting capacity reaches around
16700 g. This capacity appears to be advantageous as it exceeds the total selected weight of
14462 g, ensuring a comfortable margin for transport capabilities. This table presents a
detailed comparison, and specifications of motors choose, and propellers utilized 15*5 CF
in drone technology, highlighting their performance characteristics and suit ability for the
drone.

3.3.2 Propeller Selection

Propellers play a pivotal role in drone functionality, as they are responsible for generating
lift essential for flight. Their physical characteristics such as diameter, pitch, and design
directly influence how efficiently a drone can generate thrust, affecting its flight dynamics,
endurance, and handling. Optimal propeller balance significantly contributes to the drone's
stability and manoeuvrability. Some propeller designs prioritize minimizing noise and

vibrations, leading to a smoother and more enjoyable flight experience.
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Choosing a 15-inch diameter with a 5-inch pitch for the propeller involves a careful balance
of factors crucial to our drone's performance. These parameters are tailored to meet specific
requirements, aiming to optimize thrust generation, overall efficiency, and manoeuvring
capability based on the drone's objectives.

Selecting the right propeller involves meticulous attention to the compatibility between the
motor and propeller specifications. In this case, the propeller's specification sheet indicates
its ability to achieve over 9000 rotations per minute (RPM) at maximum motor performance.
This RPM capacity aligns precisely with the thrust requirements essential for our drone's
intended application, ensuring the propeller operates within its optimal performance range.

Furthermore, our propeller's dimensions of 15 inches in diameter and 5 inches in pitch match
the intended use of our drone. This choice finds a compromise between mobility, effective
power usage, and the requirement for enough push. The precise pitch enhances the motor's
performance and ensures the best possible balance between power consumption and lift
creation, while the greater diameter helps to maximize thrust production. Taking these
factors into account when choosing a propeller is essential to getting the performance and
efficiency we want from our drone.

3.3.3 Electronic Speed Controllers

To manage and adapt the motor's speed according to specific requirements, we employed an
electronic speed controller (ESC). Electronic speed controllers (ESCs) constitute a critical
element within drones, particularly in medium- to high-range models outfitted with brushless
DC motors. These ESCs play a pivotal role in governing both the speed and direction of the
motors. They generally consist of several components, including a power supply stage, a
current detection circuit, a microcontroller, and a communication interface linked to the

flight controller. Implementation of electronic speed controller.
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Figure 3.6: Implementation of Electronic Speed Controller.
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Integrating an Electronic Speed Controller (ESC) with a brushless motor involves
connecting the ESC's three output wires to the three wires of the brushless motor, ensuring
a proper match of wire phases. The ESC acts as a mediator between the power source and
the motor, modulating the power supply to control the motor's speed and direction. Through
precise electronic commutation, the ESC determines the optimal timing and sequence to
energize the motor's phases, ensuring smooth and efficient operation. This connection allows
for seamless speed regulation and directional changes by adjusting the signals sent from a
microcontroller or control system to the ESC. Overall, the ESC facilitates precise control
and seamless integration of brushless motors into a variety of applications, such as drones,
electric vehicles, and industrial machinery.

The ECS AIR 40A ESC (Electronic Speed Controller) was chosen to work in tandem with
the T-Motor MN5212 due to its compatibility and appropriateness for the motor and
propeller combination. The T-Motor MN5212 brushless motor and the selected propeller
have certain power requirements, and the ECS air 40A ESC is designed to meet those needs.
The power requirements of the motor and the ESC are in line, which guarantees optimal
performance and effective power delivery to operate the propeller system and improves
overall stability and performance in the intended application—Ilikely an aerial platform or
drone.

In addition to the previously mentioned components, the final assembly encompasses
essential elements reflective of the actual drone setup, including components like Pixhawk
and GPS. Additionally, critical to the drone's functionality is the battery, serving as the power
source for components such as motors, propellers, and ECS. To ensure compatibility and
optimal performance, the selected battery must operate within the voltage range of 4 to 6
cells (4-6s). Accordingly, the chosen power solution comprises a 12000mAh Lithium
Polymer (LiPo) Battery, boasting a voltage rating of 22.2V. This battery configuration aligns
with the operational needs of the motors, propellers, and ECS, delivering the necessary
power for sustained and efficient drone operation.

The Assembly final of the spraying quadcopter drone contains all previous components
mentioned Motors, propeller and electronic speed controller plus Flight controller that serves
as the brains of the operation. Its primary role is to manage and control the vehicle's flight
dynamics, ensuring stability, responsiveness, and control throughout the flight. Additionally,
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the inclusion of the "Blue tube™ within this setup is critical, serving a specific purpose that
justifies its placement within the overall system.

Figure 3.7: The Final Assembly of Quadcopter Drone.
Centre of mass and Moment of inertia of the drone
The calculated centre of mass for the drone, considering all integral components, provides
insight into the centroid's position without considering the tubing and associated mass of
water. This comprehensive analysis yields a precise understanding of the drone's balance
and stability characteristics. Mass Properties of Drone.
Mass = 7231 grams
In the context of drone dynamics, particularly for a quadcopter or similar multi-rotor drone,
the moments of inertia about the three principal axes (X, Y, Z) are indeed important.
The moment in kg*m? after conversion from Kg* mm?:

-Iyx = 0.09 kg*m?
-lyy = 0.09 kg*m?
-lyy = 0.15 kg*m?

3.4 MULTISPECTRAL CAMERA

For more precise agriculture, utilizing multispectral imaging is an optimal strategy for
gathering data to identify the areas requiring pesticide application. Multispectral cameras are
adept at capturing images of plants in both field settings and controlled environments. They
operate by capturing images at distinct wavelengths spanning the electromagnetic spectrum,
including near-infrared (NIR), red-edge, and visible light bands.

The drone will be outfitted with a Parrot Sequoia + multispectral camera, serving the primary

purpose of vegetation characterization. This advanced camera offers a range of spectral
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bands, each capturing light at specific wavelengths. The variations in the number of bands,
spectral range, and resolution provide a comprehensive view of the vegetation and its

surrounding environment.

Figure 3.8: Parrot Sequoia + Design.

The Parrot Sequoia + is designed to capture multispectral imagery with high precision and
accuracy. Its ability to detect light across multiple spectral bands allows for detailed analysis
of vegetation health, stress levels, and growth patterns. By leveraging the unique
characteristics of each band, the camera provides valuable insights into the composition and
condition of the vegetation.

Our research integrates the Parrot Sequoia + multispectral camera into the drone, enhancing
our understanding of vegetation and ecosystem health. This technology will help advance
precision agriculture, environmental monitoring, and land management.

The drone serves as a bridge between the multispectral camera for sensing and the
mechanisms for acting, facilitated by a personal computer (PC) and an RF transceiver. This
setup is aimed at overcoming spraying challenges, such as cost reduction, time efficiency,
and minimizing the environmental impact of chemicals. The drone collects data from the
camera and transfers it to the PC for analysis to detect vegetation. The main processes
involve obtaining raw data from the sensing unit, analysing the data to identify diseases and
determine where to spray, and then transmitting target locations to the mechanisms for
initiating spraying.

3.4.1 Data Analysis

In natural daylight, a healthy plant typically reflects only about 10% of the green colour
band, with even lower reflectance in the red and blue bands due to chlorophyll absorbance.
However, beyond the red edge, these plants reflect near-infrared (NIR) wavelengths close to
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50%. This study employs a widely used measurement method called NDVI (Normalized
Difference Vegetation Index) to assess the green density of farming fields, instead of relying
on image-processing techniques in the visible spectrum. An NDVI device measures reflected
light at two specific wavelengths: one close to 660 nm (in the dark red range) and another
above 740 nm (in the red edge range).

NDVI, a widely recognized method in farming applications, calculates vegetation indices
using electromagnetic radiation reflected from the surface of a target object. Typically, plant
disease detection devices utilize two specific wavelengths: the red and near-infrared bands,
to determine these indices.

The data collected and transmitted from the drone to the computer plays a pivotal role in the
entire process. This data undergoes meticulous analysis to identify plant diseases and assess
the overall field condition. To facilitate this analysis, various software programs and libraries
for computer vision and machine learning are available. These tools aid in obtaining
insightful analytics for vegetation indices.

Pix4Dfields is a specialized software designed specifically for image processing in
agriculture, setting it apart from other tools. It allows users to analyse both multispectral and
RGB (visible light) imagery captured by drones or other aerial platforms. With its array of
features tailored for vegetation analysis, crop monitoring, and field mapping, Pix4Dfields
empowers farmers and agronomists to make well-informed decisions regarding crop health,

management practices, and resource allocation.

Figure 3.9: Result Analysis in Pix4Dfields.

Pix4Dfields is a unique computer program designed for farmers and field caretakers. It helps

them examine pictures taken by special cameras mounted on flying machines like drones.
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These images display various colours of the fields, indicating the health of plants. By using
Pix4Dfields, farmers can gain deeper insights into their fields and make informed decisions

about how to care for them more effectively.

Figure 3.10: Pix4Dfield for Image Processing and Analysis.
Pix4Dfields is a software that provides a comprehensive platform for agricultural mapping,
monitoring, and analysis using drone imagery. However, utilizing this software may require
more knowledge to obtain precise information and may take more time to tailor solutions for
various agricultural applications, such as crop health monitoring, weed detection, and yield
estimation. Therefore, it is recommended to use the Agremo tool, which utilizes advanced
algorithms and artificial intelligence to process multispectral and RGB imagery, providing
actionable insights to farmers and agronomists. Agremo is a tool that provides farmers with
more accurate solutions and a broader view of crop and vegetation health. Based on
advanced algorithms and artificial intelligence, Agremo processes multispectral imagery to

provide valuable statistics.
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3.5 ADVANCING DRONE UTILIZATION FOR LONG-TERM YIELD
OPTIMIZATION
In the pursuit of agricultural efficiency and crop management, drones have taken centre
stage, offering innovative solutions for crop spraying. Yet, these advancements do not come
without their own set of intricate challenges. There are two primary Obstacles that must be
surmounted to harness the full potential of drone technology in agriculture: stability during
the spraying process and the ability to manage substantial payloads over considerable
distances. The accompanying brings these challenges into focus, showcasing a drone
designed for agricultural use and hinting at the complexity of its operation. As we delve
deeper into the specifics, it becomes evident that these obstacles are not merely technical but
are also pivotal in determining the practicality and effectiveness of drone use in large-scale
farming.
In precision farming, drones are becoming essential for tasks like spraying crops. However,
keeping these drones stable while they work is a big challenge, particularly when they don't
have extra support. The picture shows a drone that is made to carry up to 4 kg. But to do the
job well and keep the drone easy to control, it turns out we need a motor strong enough to
lift 16 kg when it's running at full power. This isn't just about carrying more weight; it's
crucial for keeping up with the demands of large-scale farming. The image also shows a
drone with a tube for spraying. This tube is important for spreading the spray evenly over
large areas. The trouble is, the drone can get unsteady because of the forces pulling on it,
making it hard to stay level in the air as shown in figure 3.12.
The challenges amplify when the drone is required to operate over extensive distances.
Stability transcends being a mere operational preference to a non-negotiable necessity. The
drone must not only accommodate the heft of the spraying payload but must also counteract
the dynamic forces encountered during flight—forces that are intensified by the extended
reach of the spraying tube. The illustration captures the drone in a moment of operation,
highlighting the potential for instability due to the extended application apparatus. For
drones to be viable for long-term, large-scale agricultural use, their design must prioritize a
delicate equilibrium. This equilibrium involves the drone's payload capacity, energy
efficiency, and the aerodynamics of sustained flight, ensuring that the drone can navigate the
complexities of large field spraying while maintaining the precision and stability necessary

for optimal crop yield.
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Figure 3.12: Drone Equipped with Tubing for Spraying Operations.

A novel approach to increasing precision and ensuring stability in drones used for large-area
crop spraying involves the incorporation of a support system. The addition of a 2.5-meter
support, as depicted in the figure, provides an innovative solution to the stability challenges
previously discussed. This support system securely holds the water tube, which is a critical
component of the spraying mechanism. By employing this support at intervals of every 20
meters, the drone gains enhanced steadiness during operation.

The support system functions not only as a physical stabilizer but also aids in the precise
application of water or other treatment fluids over vast agricultural spaces. It enables the
drone to maintain an even keel, thereby ensuring that the spray is uniformly distributed, even
in windy conditions or when the drone is carrying the full capacity of its payload. This
method is a leap forward in addressing the twin issues of payload management and stability,
which are essential for the effective utilization of drones in modern precision agriculture.
By integrating such structural enhancements, the drones can operate over larger fields with
greater efficiency and less risk of drift or operational instability. This innovation underscores
the intersection of agricultural know-how and technological advancement, marking a

significant stride in the evolution of farming practices.
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Figure 3.13: The Implementation of Support System.

3.6 MODELING, CONTROL SYSTEM DESIGN, AND SIMULINK

IMPLEMENTATION: ANALYZING OUTCOMES
Quadcopters are complicated devices that function using elaborate mathematics. They are
also known as four-rotor UAVs (Unmanned Aerial Vehicles). To comprehend their
movement and make sure they can travel from one place to another with ease, these
mathematical foundations are essential. We will explore the mathematical theories that
explain the dynamics and behaviour of the quadcopter in this chapter. Additionally, we'll
cover a particular kind of controller known for its proficiency in controlling the drone's
orientation along the x (roll), y (pitch), and z (yaw) axes: the PID (Proportional-Integral-
Derivative) controller. After laying the theoretical foundation, we will demonstrate how
these ideas are really used in a Simulink design and talk about the outcomes that come from
this implementation. We will gain a better understanding of the functionality and control
potential of the quadcopter in real-world scenarios.
3.6.1 Mathematical Modelling
The 6 degrees of freedom model is a series of equations that captures the dynamics and
whole system of the quadrotor. Every excitation or control input produces a dynamic
reaction. It is possible for this dynamic response to contain one or more frequency
components. We require mathematical modelling to examine that dynamic reaction. This
will enable us to comprehend the dynamics of actual issues and depict the physical system
in terms of governing equations. Although the non-linear equations produced by
mathematical modelling will help us in controller design, this model will nonetheless be

useful. These sets of equations are linearized before being used to the controller design
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process. Next, complicated dynamics will be controlled by the simplified dynamics
controller.

3.6.2 Quadrotor Coordinate Frames

It is necessary to first present the reference coordinate systems in which the orientation,
position, and transformation between these coordinate systems of the quadrotor are
described as an introduction before going into detail about the mathematical model of the
quadrotor. Two coordinate systems are employed for a quadrotor: the aircraft body centre
frame (ABC) and the inertial (fixed) reference frame. Newton's laws hold true in an inertial
frame, where the axes are oriented in the direction of North-East-Up, or ONEU. The
quadrotor OABC's centre of gravity (Cog) is anchored to the body frame, which is where
aerodynamic forces and torques are imparted [80].

3.6.3 Inertial Reference Frame

Earth fixed reference frame is non-accelerating, so newton’s laws are valid in this frame.
The origin of this reference frame serves as the starting position for the quadcopter [81].

a. The Positive x Axis is towards North.

b. The Positive y Axis is towards the East.

c. The Positive x Axis is towards the Centre of the earth.

3.6.4 Body Axis System

The body axis system is fixed with the body of the quadrotor. The centre of gravity of the
quadrotor serves as the origin of the body axis system [82].

a. The Positive x Axis is towards the Forwarding direction.

b. The Positive y Axis is in the Right Direction.

c. The Positive z Axis is in a downward direction.

E

Figure 3.14: Body Axis and Inertial Axis System.
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The {X,Y,Z} denotes the body axis and {ey, ey, e,} denotes the inertial axis system. F;
denotes the forces of different motors.
3.6.5 Assumptions
To simplify our mathematical modelling and analysis, we will introduce specific
assumptions to better reflect real-world conditions. In practice, certain variables have a
negligible effect, and we can thus exclude these effects from our analysis. On the other hand,
there are variables that introduce considerable complexity, making them difficult to address
analytically. To overcome these problems, we will apply well-considered assumptions that
do not significantly deviate from the reality, ensuring that our results approximate those of
real-world situations closely. Despite the external mechanical simplicity of a drone,
incorporating all variables into a mathematical model is a complex task. The following are
the assumptions we will implement for our analysis:

a. We consider the drone as a rigid body, assuming symmetry across all axes due to its
uniform structure. This assumption of rigidity is justified as the relative distances
between any two points on the drone remain constant.

b. The quadrotor's propellers are likewise regarded as rigid entities since the distance
between any two propellers is fixed and unchanging.

c. We will overlook complex fluid dynamic effects in our model. Accounting for these
effects would complicate our ability to independently control the thrust, pitch, yaw, and
roll of the quadrotor.

3.6.6 Transformation Between Reference Frames

The body-fixed frame is connected to the quadrotor's body. The frame in the body is

considered an accelerating frame since it moves in conjunction with the quadrotor's motion.

Newton's laws do not apply in this frame. The inertial frame is stationary relative to the

centre of the earth and is considered to be a frame that does not accelerate. To apply Newton's

laws, linear position and angular orientation must be converted from the body frame to the
inertial frame. This translation may be achieved using methods such as Euler angles,
direction cosine, and quaternions. Euler angles are straightforward to comprehend.

Singularity is a condition that occurs at 90 degrees. In our situation, the Euler Angles

employees follow a ZY X order of rotation.

a. 1st Rotation is about Z-axis Psi (y).

b. 2nd Rotation is about Y-axis Theta (0).
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c. 3rd Rotation is about X-axis Phi (o).
Let us define the linear and angular position vectors in the inertial frame as shown in

equations. The rotation matrices for each axis are written below:

"

A=Y (3.4)
7]
.

n=|6 (3.5)
[ ]

Where A represents the linear position in the inertial frame and n represents the angular
position in terms of the Euler angles (¢, 6, ) in the inertial frame. Euler angles are three
angles that represent the orientation of a vector in three-dimensional space [83].

In the study of quadrotor dynamics, rotating the body frame along its three principal axes-
typically referred to as roll, pitch, and yaw-is essential for orientation control. This rotation
process allows the definition of linear and angular velocities in the inertial frame, crucial for
flight navigation and control. The linear and angular velocities are represented by vectors in
the inertial frame, enabling the application of Newton's laws for motion prediction and

control system design in quadrotors.

X

Vi=ly (3.6)
7
[ ¢

wg=| 6 (3.7)
(W

Where V; represents the linear velocities and wg represents the Euler angle rates in the inertial

frame. Now let us define the velocity vectors in the body frame.

u

Vg :lv l (3.8)
W
P

o= [ql (3.9)
r

Where Vj is the linear and wg is the angular velocity vector in the body frame. At this point,
every position and velocity vector required for the inertial and body frames has been
specified. The next sections will comprise the definition of matrices that establish

relationships between vectors in distinct frames.
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To rotate a vector in three-dimensional space, it indeed needs to be multiplied by a rotation
matrix. This matrix is constructed based on the angle and axis of rotation, following specific
mathematical rules [84].

The rotation matrix for rotation about Z-Axis is,

cosy siny O
R,(y) = |—siny cosy 0] (3.10)
0 0 1
The rotation matrix for rotation about Y-AXis is,
cosf 0 —sinf
R, =| 0 1 0 (3.11)
sin@ 0 cosé@
The rotation matrix for rotation about X-AXis is,
1 0 0
R.(p) =|0 cose sing (3.12)
0 —sing cose

Hence, the transformation from Inertial to body and body to inertial frame becomes (T),

Tf = R(@)R(OIR(Y) (3.13)
1 0 0 J[cos® 0 —sin@][ cosyp sinyp O
TE=|0 cosgp sing|l 0 1 0 —siny cosyp O (3.14)
0 —sing cosellsind 0 cos® 0 0 1
cos@cosy —cosfsiny —sinf
T8 = [sin@sinq)coszp + sinycosd sinysinfsing + cosypcosp  singch |(3.15)
sinfcos@cosy + sinysing sinysinfcosg — cosysing cos@cosd

Since the three matrices above are orthogonal, the resulting rotation matrix is likewise
orthogonal. According to this fact, we understand that given an orthonormal matrix, the

inverse of the matrix is equal to its transpose [85].

[TF]" =T; (3.16)
Ty = [TF]7!
(771" = [RF]7}

cosycosO sinbcosysing — sinycose cosOsinpcosp — sinysing
T} = |sincosd  sinbBsinpsing + cosypcose sinbsincose — cosypsing | (3.17)
—sinf cosOsing cosOsing

T}, The transformation from body to inertial frame becomes.
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3.6.7 Kinematics

Kinematics is a branch of mechanics that deals with the movement of objects in a robotic
system without considering the forces or torques responsible for the movement. Robot
design, analysis, control, and simulation are fundamentally based on kinematics due to the
nature of robotic systems being intended for motion. The robotics community has
concentrated on effectively utilizing various forms of position and orientation
representations and their time derivatives to address fundamental kinematics issues [86].

In the context of quadrotor dynamics, kinematics is crucial for describing the translational
and rotational motions of the vehicle. This involves using linear position vectors and Euler
angles or quaternions to express the quadrotor's orientation and position in space. These
kinematic descriptions enable the translation of motion from the body-fixed frame to the
inertial frame, essential for accurately applying Newton's laws and controlling the
quadrotor's flight path.

3.6.8 Translation Motion

The transformation matrix is a crucial kinematics tool for converting quadrotor position and
velocities from the body frame to the earth frame, enabling accurate description of the
vehicle's motion and enabling effective navigation and control strategies, the equations can
be expressed as:

X u
y] = [14]|v (3.18)
7z w
X cosyPcosO sinBcosyPsing — sinPcose cosOsinycosp — sinysing|ru
H = [sim/)cose sin@sinysing + cosypcosp sinbBsinypcosp — cosyPsing [v]
y/ —sin0 cosOsing cosOsing w
(3.19)

The linear velocity equations in the inertial frame are:
X = (cosyPcosB)u + (sinBcosPse — sinPcos®) + (cosBsinPcep — sinPsing)w.
y = (sinyicosB)u + (sinBsinPsing + cosPcos)v + (sinBsinPicosq — cosPsing)w.
z = —(sin®)u + (cosBsing)v + (cosBsing)w

The T2 matrix is instrumental in analyzing how earth-related forces, such as gravity, affect

the body frame, while the T} matrix facilitates the representation of forces and linear
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velocities existing on the body frame within the inertial frame. This establishes a connection
between the linear velocities across both reference frames, which can be illustrated as
follows:
V,=T} Vg (3.20)
Ve=TE V, (3.22)
3.6.9 Angular Velocity Transformation
To maintain continuity between the Body and Earth frames, a transformation matrix links
vehicle angular velocities with Euler angles' time derivatives, enabling navigation and
control calculations. Equation 3.22 explains this relationship, though specific formulations
provide more details:
wp= TP Xwg (3.22)
p 1 0 —sinf 2
[ql = [0 cosy sinycose |x 0
T 0 —siny cosycoshl [
The matrix referred to as Tg is the angular velocity transformation matrix. It converts the
rates of change of Euler angles into body angular velocities. This pivotal matrix helps
understand how changes in the vehicle's orientation, described by Euler angles, translate into
angular velocities in the body frame, enabling precise control and navigation.
1 0 —sin@
TP=|0 cosy sinpcosO (3.23)
0 —siny cosycosO
The transformation of the angular velocities from the body frame to the Euler rates could also

be achieved the same way as in the previous section by the inverse of the TiB matrix.
TE = T3 ! (3.24)

The TE matrix is given as in the equation:
1 sinptan® —cos@tand
Ty 1 =10 cos@ —sineg (3.25)
0 sing/cos® cose/cosO
The T} matrix invers can be used to represent the angular velocities obtained from the sensors
on the quadrotor, as the Euler angle rates in the inertial frame. Likewise, the T matrix can be
used to transfer the angular velocities that exist on earth, to the body frame. Finally, the relation

between the angular velocities can be shown as:
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wg=Ti Ixwg (3.26)
wp=TE xwg (3.27)

With the definition of all rotation and transformation matrices which show the linear and angular
relations, The set of angular equations of motion in the inertial frame can be written as

() p + q(sinptan®) + r(cosptand)
6= q(cos@ — 1 X sing)
P q(sin@/cosO + r x cos@/cosO

3.6.10 Dynamic Model of The Quadrotor
Dynamics in the context of a quadrotor refers to studying how forces and torques, generated
primarily by the spinning rotor propellers to produce thrust, influence the vehicle's motion.
Utilizing Newton's second law, these forces and moments are calculated within an inertial
frame to understand and predict the quadrotor's behaviour under various conditions, enabling
precise control over its flight [87].
3.6.11 Newton — Euler Equations
The current study utilizes the Newton-Euler representations of dynamical equations, as they
are extensively documented in the literature concerning quadrotor analysis. In the inertial
frame, the most comprehensive form of these equations is depicted. Additional correction
terms need to be included when presenting these equations in the body frame. The Newton-
Euler equations are mathematically represented in the body frame as follows [88].
mVg+ Mwg X V=Y Fpg (3.28)

lwg + wg X I wg ==Y Mg (3.29)
M : The mass of rigid body.
I : The inertia matrix.
>'Fg : The external Forces.
Y Mg : The external moments.
The inertia matrix and external forces and moments acting on the rigid body represented in
the body frame. We can see in the equation 3.30 and 3.31 the elements matrix of inertia and
external forces and moments.

F
Fp=|by (3.30)

&

N
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M,
S My =|My (3.31)
M,

Ly Ly I
=l Ly Ly (3.32)
Ly lpy I

Considering the assumptions we have established; the matrix can be represented as:

Ly 0 0
I=|0 I, O (3.33)
0 0 I,

3.6.11.1 Forces equations
The forces are described with the help of the equations below.
F=2 (mV)g (3.34)

F, p u
Bl =mx + lql Xmlv] (3.35)
E T w

After the mathematical expression, the result for the matrix of forces is presented, as

K

u
v
w
indicated by the equations.

[FX] m(0 + wq — rv)

Fyl =|m( + ru—pw) (3.36)
F, m(W + pv — qu)

To express the linear motion equations in terms of the linear accelerations in the body frame,
one can rearrange the dynamical equations that describe the motion of a rigid body. By
focusing on the accelerations u, v, w and along the body's x, y, and z axes respectively, and
how they relate to the forces F, F, and F, a more direct representation of the body's
acceleration due to these forces can be achieved. which represents the forces acting on the
body as the formula.

can be reformulated to focus on acceleration, resulting in Equation 3.37:

l[k+rv—qw]

a m |
H =2+ (pw - ru)‘ (3.37)
Y2+ (qu-pw
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This reformulation provides a clear view of how the accelerations in the body frame (i, v, w)
are influenced not only by the applied forces ( F, F,, F;) normalized by the mass m, but also
by the interplay of rotational velocities (p, g, r) and linear velocities (u, v, w). This
perspective is particularly useful in the design and analysis of control systems for rigid
bodies, such as quadrotors and other flying vehicles, where understanding the relationship
between forces, accelerations, and the body's orientation and velocity is crucial for stability
and manoeuvrability.

3.6.11.2 Moment equations

The equations of moments are derived by taking the mathematical derivative of angular
momentum, a key concept in classical mechanics. These equations are crucial in
understanding and analysing the dynamics of rotating systems, as they describe how the
moment affects an object's rotational motion. The resulting equation is a cornerstone in

rotational dynamics study.

M| [Lex O  Ofpp p1llx 0 O fru
Myl=|0 I, O [q] + [ql 0 I, Offv (3.38)
M, 0 0 [,|lr ril0 0 I,|'w

Considering the assumptions we have established; the result can be represented as:

M, L Lxp + (Izz_lyy)qr
My =[M|= Iyyq + (L —17)7Tp (3.39)
MZ N IZZ‘,; + (Iyy— xx)pq

To express the equations with a focus on angular accelerations, it is essential to isolate the
angular accelerations on the left side of the equation. This approach yields the equations, as

illustrated in the equations provided below.

pzi[(lyy - Izz)qr + MX] (3-40)
qzi[(lzz - Ixx)rp + My] (3-41)
.1

r:E[(IXX - Iyy)qp + MZ] (3-42)

3.6.11.3 External forces

Various external forces impact the flight dynamics of a quadrotor. The collective effect of

these forces determines the overall net force exerted on the quadrotor. Equation 3.41 below

outlines the components that make up the total external forces acting on the quadrotor.
YFg=Fy + Fg + Fy, (3.43)
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Where Fy, represents the force generated by the motors, F; is the gravitational force acting
upon the quadrotor, and F,, denotes the force exerted by the wind.

The forces produced by the motors specifically influence the Zgs axis within the body frame.
As mentioned earlier, the motors can generate forces exclusively in the negative Z direction.
This limitation arises from the aerodynamic design of the propellers, which are constructed
to exert substantial force only in one direction. Given that the motors exert no influence over
the other two primary axes of the body frame, the motor-generated forces are represented as

in the matrix below:

0
Fy = [0] (3.44)
fim

Where the f,, is the sum of generated by the four motors:

fn = fn1 + fng + fing + fing (3.45)
Gravity represents another pivotal source of external force, consistently directed towards the
Earth's centre, a direction previously established as +zi within the inertial frame. To
accurately account for external forces within the body frame of reference, it's essential to
translate the gravitational force from the inertial frame. This translation is straight forwardly
accomplished through the application of the rotation matrix RE, which has been previously
defined. Consequently, the representation of gravitational force within the body frame can
be articulated as per equation 3.46.

0
Fo = TP [ 0 ] (3.46)
mg

Lastly the external force affecting the quadrotor comes from wind F,,, which can exert its
influence across all three principal axes of the body frame. This wind force is variable and

can be represented as follows:
fWX
Fo = |fwy (3.47)
fWZ

Finally, the equation for the external force is presented as shown in equation 3.43, before

detailing each type of external force impacting the drone:

0 0 fwx
YFp=|0|+TF| 0 |+ |fwy (3.48)
fm mg fwz
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It's important to recognize that accurately predicting or measuring the wind force impacting
the quadrotor is a complex challenge, which consequently complicates the dynamic model
of the aircraft. Considering that this study focuses on a nano-quadrotor, which is
predominantly intended for indoor use, it is reasonable for the sake of simplification to
assume the absence of wind forces acting on the quadrotor in our scenario.

Therefore, by eliminating the wind force from our considerations and applying the rotation
matrix to the gravity vector, we can derive a simplified expression for the external forces.
This streamlined formula is explicitly presented in the following equation:

E, —mg(Sin@)
E|=| mg(sinpcosh) (3.49)
F, m(cospcosO) — f,

3.6.11.4 External moments
Similar to external forces, various sources of external moments also exist, with their sum
constituting the total external moments acting on the body frame. The composition of these
total external moments is outlined in the equation below.

Y>Mp=My + Mg + M,, (3.50)
With My, denotes the moments produced by the motors, Mg represents the gyroscopic
moments affecting the quadrotor, and M,,, refers to the moments generated by the wind. Each
motor within the quadrotor system is designed to generate a moment in a specific direction,
either clockwise (CW) or counterclockwise (CCW), along the Zs axis of the body frame.
While a motor's torque is confined to a single axis, the forces it exerts can induce torques
across the other principal axes of the body frame, as explained in section before.
Consequently, the torques generated by the motors are defined in vector form, as presented

in equation below.

MM=

mmx
mmy] (3.51)

My

Gyroscopic moments are caused by an object's tendency to maintain its angular momentum.
When rotating along an axis, a torque applied to another axis creates a torque in a third axis,
creating a gyroscopic effect. This phenomenon is present in quadrotor systems, as shown in

equation below.

(3.52)




Where j is the inertia of the motors and Qs the sum of propeller speed:
QG == _Ql + QZ - Qg + Q4 (353)

The final source of external moment to account for is the moments induced by the wind.
Given the wind's capability to flow in any direction, it has the potential to generate torques
along all three axes of the body frame. Therefore, the vector representing the moments
attributed to wind forces is depicted as follows.

mWX
M,, = |Myy (3.54)
I’nWZ
The total external moments acting on the quadrotor Y Mg can be shown as in equation below:
mmx 0 mwx
YMg = |Mmy |+ wg | 0 |+ |Mwy (3.55)
mmz ]'Q'G mWZ

Given the assumption of operating within an indoor environment, as outlined in the previous
section, we can disregard the moments produced by wind. This allows for a simplified
representation of the total external moments acting on the body frame. Consequently, this

simplified form of total external moments is explicitly presented in equation 3.56.

My My + qj-QG
> Mg = My [=my, — pjQe (3.56)
my My,

3.6.12 Input Dynamics

The study identifies four key inputs for quadrotor control: Thrust', 'Roll Torque', 'Pitch
Torque', and "Yaw Torque'. These inputs are crucial for altitude, orientation, and position
adjustments, enabling desired flight dynamics.

The input vector contains the inputs to the quadrotor given by:

U =[U, Uy U3 Uy]" (3.57)
U, =b(Q%+ Q%+ 0% +03) (3.58)
U, = bl(—Q2% + 02) (3.59)
Us = bl(—02 + 02) (3.60)
U, =d(—0% + Q% — Q3 + Q%) (3.61)

Where Q1, 02, Q3 and Q4 are the propeller speeds that are based on the configuration chosen

which is specified in section.

In the above equation the first input Uz consists of the total thrust of all the four actuators,
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while Uz is the pitch moment, Uz represents the roll moment and U4 represents the yaw
moment. b represents the thrust factor; d represents the drag factor and | represents the length

of the moment arm. The above set of equations is also known as the motor mixing algorithm.

In our specific scenario, it is crucial to note that we do not require the direct calculation of
these input vectors since we have access to detailed motor specifications provided in the
motor datasheets. These specifications offer precise values for the thrust, pitch, roll, and yaw
moments based on the motor's performance characteristics. As such, the necessity to manually
compute these inputs through the motor mixing algorithm is bypassed, allowing for a more
streamlined integration and implementation of the motor's operational parameters into the
quadrotor's control system. This approach significantly simplifies the design and
optimization process, ensuring that the quadrotor's performance closely aligns with the
expected outcomes based on the motor manufacturer's specifications.

3.6.13 State Equations

State-space representation serves as a highly effective method for depicting dynamical
systems. As these systems increase in complexity, the traditional transfer function approach
struggles to accurately represent them. In contrast, the state-space model facilitates the
observation and control of specific system states concurrently. This feature makes it
especially suited for managing multiple input-multiple output (MIMO) systems, providing a
more practical framework for handling such systems. Essentially, the state-space

representation is composed of two primary equations [89].

X = Ax + Bu (3.62)
y = Cx+ Du (3.63)

where:

u: Control input vector
x: State Victor.

y: Output Victor.

A: System matrix

B : Input matrix.

C : Output matrix.
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D: Feedforward matrix.

Typically, a quadcopter system encompasses twelve state variables and four control inputs.
both the state variables and the control inputs can be described using the following
representation:

The state variables are commonly chosen to include both linear and angular positions and
velocities within the inertial frame, as these are directly related to the Earth. Meanwhile, the
control input variables are determined based on the forces and moments produced by the
motors, over which we have direct control. Consequently, the state and control input vectors,
incorporating these actual variables, can be outlined as follows:

X vector can be written as:

x=[xy2iy29 0 ¢pqr] (3.64)
u : Input vector:
Uy
_|U2
u= U, (3.65)
Uy

From equation 3.62, It becomes necessary to define the derivatives of all state variables.
Thus, we need to specify the V; and & vectors, which include the derivatives of the linear
and angular velocities, respectively.

Newton's equation of motion, initially formulated in the body frame as presented in equation
3.26, can be transposed to the inertial frame in the following manner.

mV,=>F, (3.66)
Will be converted from the body frame to the inertial frame by using the transformation
matrix T/
mVI:TéZFI
:TéFM + TéFG

From equations 3.42 and 3.43, we can continue in terms of the control input vector.

0 0
mV,=T4| 0 |+TiTE| O (3.67)
—U; mg
Ty x TB=1 (3.68)
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0 0
—U,l Img

0
V=T O |+

1

Dividing both sides with m yields:

0
0

ml Y9

By doing the calculation we can finally write the in explicit form as in equation:

(3.69)

{_TUl (cos sinB cosy + sing sintb)]l

X

y]:i_TUl (cosw sinB siny — sing cosy) | (3.70)
Z | g — % (cos cosB) ]

To define, additional assumptions can be made regarding the quadrotor's manoeuvring

VI=

capabilities. Specifically, it is not necessary for the quadrotor to undergo significant tilting
to move left-right or forward-backward while airborne. Consequently, we can assume that
the two tilt angles, ¢ and 8, are approximately zero. This assumption simplifies the T2 matrix
presented in equation 3.17 to an identity matrix, thereby establishing a direct relationship

between the body's angular rates and Euler rates as follows:

wg = Iz.3wp (3.71)
WB=WEg (372)
Taking the derivative of both sides’ yields:

W = Qg (3.73)
ol
0= q] (3.74)
y iy

Through the process of substituting equations 3.74 into equation 3.40, 3.41and 3.42, and by
referring to the notations for the control input vector as defined in equation previously , we

can construct the final form of the derivative of the Euler rates vector, wg.

i [(Ixx - Izz)qr + Mx]
1
= @ [(IZZ - Ixx)rp + My] (375)

i [(IXX - Iyy)qp + MZ]

G
0
U
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The following represents the comprehensive set of equations derived from the dynamic and
kinematic modelling of the quadrotor within a 6DOF (six degrees of freedom) environment.
These equations encompass the twelve state variables as determined through the application

of the state-space equations 3.76, with the outcomes illustrated below:

x = (cpchd)u + (sOcPsp — sycp)v + (cOsPce — sPsp)w (3.76)
y = (cO)u + (sOsyYse + cpcp)v + (sOspcp — cPsp)w (3.77)
z=—(s0)u+ (cOsp)v + (cOsp)w (3.78)

X = %1 (cep sO cy + s sy) (3.79)

y = —7111 (cp sO sy — s cy) (3.80)

Z=g-— % (cp cO) (3.81)

Y =p +to(qsp + rce) (3.82)

0 = qcp —rse (3.83)

@ =1/cO(gsp + rce) (3.84)

p= é [(Ixx — I,)qr + M, ] (3.85)

q= i [(Izz — Lo)rp + My] (3.86)

= Ii [(Lex = Ly )qp + My (3.87)

3.7 CONTROLLER DESIGNE AND IMPLEMENTATION

The controllers play a pivotal role in the simulation, serving as the critical components that
enable the quadrotor to accurately follow the specified commands. Their importance cannot
be overstated, as they directly influence the stability, responsiveness, and overall
performance of the quadrotor during flight. A variety of controllers are available for use with
quadrotors, each offering distinct advantages and suited for different operational
requirements. These include the Linear Quadratic Regulator (LQR), which optimizes
performance based on a set of predefined criteria; the Linear Quadratic Gaussian (LQG),
which addresses the presence of noise within the system; the Proportional-Integral-
Derivative (PID) controller, renowned for its simplicity and effectiveness in a wide range of
applications; the H-Infinity controller, designed to achieve robust performance under model
uncertainties and external disturbances; and the Sliding Mode Control (SMC), known for its

ability to deal with nonlinear dynamics and uncertainties. The selection of a specific
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controller is crucial, as it must align with the quadrotor's operational context and the
objectives of the simulation, ensuring that the quadrotor can achieve the desired performance
outcomes with reliability and precision [90].

Utilizing a suitable controller is fundamental, given their critical role in ensuring the
effective operation of flight. In this context, the choice to base flight control on a
Proportional-Integral-Derivative (PID) controller is strategic. PID controllers stand out for
their versatility and robustness, making them an excellent choice for regulating the dynamic
behaviours of a quadrotor. This approach enables precise adjustment of flight parameters,
such as altitude, orientation, and position, ensuring the quadrotor responds accurately to
commands and navigates effectively through its environment. The PID controller's ability to
balance the proportional, integral, and derivative components of the flight control system
allows for fine-tuned corrections and improvements in stability and responsiveness. This
makes it an indispensable tool in the arsenal of flight control techniques, providing a reliable
means to achieve enhanced flight performance.

In this part of chapter, we design a control system tailored to the quadrotor's mathematical
model, which was elaborated upon in the preceding part of this chapter. Given our objective
to track an object accurately, developing a high-performance controller for managing both
the attitude and position of the quadrotor is paramount. The designed control system must
enable the quadrotor to react swiftly to input commands while minimizing overshoots to
maintain precise control. This rapid and controlled response is crucial; without it, the
quadrotor could struggle to follow the object's swift movements, potentially resulting in the
loss of tracking. Thus, the controller's ability to ensure the quadrotor's agility and precision
in its movements is fundamental to achieving successful object tracking.

3.7.1 PID Controller.

The Proportional-Integral-Derivative (PID) controller is a fundamental element in control
system engineering, offering a simple yet efficient method for adjusting a system's output to
achieve desired performance. This type of controller relies on three key components to
modulate the system's behaviour effectively. The Proportional (P) component acts upon the
current discrepancy, adjusting the system's output in direct proportion to the gap between
the target and actual outputs, ensuring a quick response to changes. The Integral (1)
component addresses the cumulative total of past errors, targeting the eradication of any
residual steady-state error by integrating the error over time, thus enhancing accuracy.
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Lastly, the Derivative (D) component focuses on the error's rate of change, predicting the
system's future trajectory. This predictive action aids in mitigating oscillations and
enhancing the system's overall stability, making the PID controller a versatile and
indispensable tool in the realm of system control [91].

The single proportional controller minimizes the error term by multiplying it with a specific
number, but it does not eliminate the steady-state error. To remove this error, past
information is needed, and the desired value is generated. An integrator is used to track the
past and remove the steady-state error by summarizing the error signal over time. The
derivative path predicts future errors and minimizes them, increasing damping in overshoot.
Noise, caused by tiny voltage fluctuations, can affect sensor measurements. The derivative
gain amplifies high-frequency signals and removes tiny wiggles that impact the system. To
do this, a filter is used along with the derivative term to remove these wiggles. The integral
and derivative paths work together to minimize the system's overshot and noise [92].

3.7.2 PID Controller for Quadrotor

The PID control system plays a critical role in regulating both the position and orientation
of the quadcopter. Central to this setup is the Plant block, which encapsulates a
comprehensive mathematical model of the entire system, including the motor mixing
algorithm. This crucial block processes input commands to produce the necessary thrust for
various operations. Inputs to the motor mixing block are derived from six distinct PID
controllers. These controllers receive feedback on the quadcopter's position and orientation
directly from the Plant model. They then compare this feedback with the predefined input
commands concerning position and altitude. Based on this comparison, the PID controllers
adjust and fine-tune the output, generating the precise thrust required to achieve the desired
operational state. This sophisticated feedback loop ensures that the quadcopter maintains
accurate control over its flight dynamics, enabling it to respond effectively to a wide range
of commands and environmental conditions [93].

The proposed model uses six PID controllers in an intelligent way to improve the flight
control of the quadcopter. In particular, the altitude controller is committed to reducing any
discrepancy in altitude, thus reducing the occurrence of altitude error. In between, the
responsibility of fixing errors in roll, pitch, and yaw for the orientation controllers is to
guarantee that the quadcopter preserves its specified orientation. Furthermore, the position

controller assumes a pivotal function in minimizing the disparity between the intended and
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realized positions by changing the quadcopter's location with extreme precision in
accordance with the target coordinates. The extensive utilization of numerous PID
controllers enables precise regulation of the quadcopter's position, orientation, and altitude,
which promotes a steady and precise trajectory.

The control system architecture illustrated will serve as the fundamental model for executing
our simulations within MATLAB's Simulink environment. This model is composed of six
PID controllers that are intricately designed to manage both position and altitude control.
The desired trajectory inputs (x4, y4, z4) are processed by the Position Controller to compute
the necessary force (F;), while the orientation inputs (¢4, 64, Y4) are managed by the

Attitude Controller to determine the appropriate torques (z,, g, Tg). These forces and

torques are then passed through the Control Mixing block, which translates them into the
individual motor speed commands (w; w, w; w,) required to achieve the desired motion.
This system effectively integrates the quadrotor's kinematic and dynamic behaviours into a
cohesive simulation, enabling precise control over the quadrotor's flight path in response to
a predefined trajectory.

Within the Altitude Control block, the target altitude is inputted, prompting the controller to
identify any discrepancies between this target and the current altitude, thus creating an error
signal. This error signal is then used to adjust the motor thrust accordingly to reach the
specified altitude. The control strategy for attitude employs a dual-loop cascade structure.
The external loop manages position, while the internal loop regulates the quadcopter's
orientation. This strategy is initiated by accepting the preferred position and yaw angle.
Initially, any errors in direction are rectified by the yaw controller before these corrections,
along with the position inputs, are channelled through the external loop. In the Position
block, inputs of yaw and position are utilized to formulate the necessary roll and pitch
commands to achieve the target location. These position errors are continuously monitored
and corrected to minimize the error to nil. The Attitude Control loop, forming the inner
circuit, receives roll and pitch angles from the Position Control as reference signals. These
angles are then compared against actual roll and pitch data within the Attitude Controller to
address and rectify any deviations from the desired orientation.

As mentioned before, the PID controller features a straightforward structure. displays the
block diagram of a basic PID controller within the time domain, we can formulate the
controller's equations, which are detailed in equation 3.86.
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u(t) = K, e(t)+ K, f e()d T+Kp < e(t) 3.88)

K, Proportional Gain.
K;: Integral Gain.

Kp: Derivative gain.
e(t): The Error Term.

u(t): The Control Input.

Figure 3.15: Block Diagram of a System with a PID Controller.

Tuning the PID controller involves the adjustment of the K, K; and K, parameters to
achieve the desired transient response characteristics of the system's closed-loop transfer
function to a unit step input. This ability to finely tune its response based on these three
parameters endows the PID controller with a significant advantage, making it a powerful
and often preferred choice over other controllers that require more computational resources
in many applications. Block diagram of a system with a PID controller

3.7.3 Linearization

The PID control design requires a linear model for tuning purposes. The linearized models
help design the controllers via the root locus method and frequency response which gives a
better intuition in the control design process. The linearization is done on the principles of
small perturbation theory. Additional assumptions need to be made to facilitate the
linearization process. Employing the small oscillations assumption proves beneficial in
linearizing the quadrotor model. Under this assumption, the sine function simplifies to its
argument and the cosine function simplifies to one.

Sabatino (2015) suggests that due to the intricate trigonometric relationships among states,
the small angle approximation is employed. This approximation remains valid when the

argument is small, aligning with the quadrotor in hover state.

sin(,0,¥) = (0,0,¥) (3.87)
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cos(p,0,¥) = (1,1,1) (3.88)

Neglecting the angles is justified because the product of small angles is close to zero so:

pp=0; Y =0

This assumption will replace them in the linear accelerations below:

. [ ~%4 (cosg sinb cosy + sing sip) l
X m
[y’ ]:[% (cos¢ sin@ siny — sing cosy)

(3.89)
z g-— % (cospcosB) J
Since g represents the offset for the hover point, we can disregard it in control design and

model it in the simulation.

i=— % (cosgcosB) (3.90)
The result will be after replacing the assumption that we established:
—_111
#me
y =| 29 | (3.91)
Z l il ﬁ
m

Designating an equilibrium point, often the hovering state where the quadrotor exerts thrust
equal to its weight, is crucial for conducting the linearization process. This process simplifies
the quadcopter's dynamic equations for control using a PID controller to manage roll, pitch,
and yaw movements. Neglecting certain terms reduces modelling complexity during hover,
aligning with the small angle approximation's validity for the quadrotor in this state.
Now that we have all the linearized equations of motions about hover point, we can derive a
state space model. Let’s first define the state vector of 6 DOF quadcopter system, which can
be written as:

x=[xyzuvwpqre¥]’ (3.92)

And input vector can be defined as:
u=[FM M,M,] (3.93)

Now, the state equations can be written as:

X =Ax+ Bu (3.94)
y=Cx+Du (3.95)
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And finally, A and B matrices can be constructed as in equations, the state space matrices for

A and B can be states as:

(3.96)
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4. RESULTS AND DISCUSSION

This section delves into the outcomes obtained through the utilization of PID controllers in
MATLAB and Simulink. Additionally, it elaborates on the application of software and Al
tools to analyse data collected from drones, thereby facilitating a comprehensive
understanding of our field's health.
4.1 SIMULINK IMPLEMENTATION AND PID RESPONSE ANALYSIS FOR

QUADROTOR DRONE TRAJECTORY
4.1.1 Simulink Implementation
The drone's dynamics are analysed by defining its fundamental parameters like weight and
moments of inertia, which are crucial for determining its behaviour and control
requirements. A detailed table provides all necessary information about the drone's
specifications for clarity and reference.

Table 4.1: Parameters of the Quadcopter Designed.

Parameters Value
IXx 0.09 Kg/m?
lyy 0.09 Kg/m?
Izz 0.15 Kg/m?
m 8 kg
K 0.0191
Ts 0.01s

The Simulink diagram representing the quadrotor's design, as depicted in Figure 4.1, is a
comprehensive visualization of its control system. It incorporates six PID controllers
strategically positioned to regulate various aspects of the quadrotor's behaviour, ensuring
stability and responsiveness during flight. Additionally, the trajectory to be followed serves
as a crucial reference for the drone's navigation, providing a predefined path for it to track.

Utilizing the mathematical model elucidated in Figure 4.1, the Simulink schematic integrates
both position and altitude controllers. These controllers play pivotal roles in guiding the
quadrotor along the desired trajectory while maintaining a steady altitude. The position
controller governs the drone's lateral movement, ensuring it adheres to the prescribed path
accurately. Meanwhile, the altitude controller is responsible for adjusting the drone's vertical
position, allowing it to maintain a consistent height above ground level throughout the flight.
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The Simulink framework integrates various components to create a robust and versatile
quadrotor control system. This approach allows for comprehensive analysis and
optimization of the drone's performance, enabling engineers to fine-tune its behaviour and

responsiveness to meet specific mission objectives.
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Ty e 1rme e et agwer [vemmacy

Figure 4.1: Schema of Quadcopter in Simulink.

The trajectory provided is a crucial element in simulating a drone's behaviour, providing
insights into its performance in real-world scenarios, especially in agricultural missions. The
drone is programmed to ascend to an altitude of 5 meters and navigate along a predefined
path, dictating its movement in both x and y directions. The trajectory is defined by the
drone's intended flight path, with designated coordinates indicating its movement. For
example, the drone is directed to travel 30 meters horizontally along the x-axis for each step
and 100 meters along the y-axis, providing a clear trajectory for its mission. This trajectory

is essential for understanding the drone's performance in agricultural missions.

o —————— -

Figure 4.2: Trajectbl;y Given to Follow.
4.1.1.1 Position controllers

The position controller is a critical component of the drone's control system, responsible for
maintaining precise positioning in three dimensions: altitude (Z), lateral movement (), and

forward/backward motion (X). It receives reference inputs, denoted as "Ref Z," "Ref Y," and
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"Ref X," representing the desired positions for each dimension. By comparing these
reference inputs with the actual positions measured by onboard sensors, the controller
calculates deviations, or errors. Utilizing these errors, the position controller generates
control signals to adjust the drone's actuators, such as motors and servos, ensuring that the

drone manoeuvres effectively to achieve the desired positions.
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Figure 4.3: Schema Position Controller.

4.1.1.2 Altitude controller

The altitude controller plays a crucial role in maintaining the drone's vertical position,
alongside lateral and forward/backward movements. It receives reference inputs for desired
positions in each dimension and calculates errors between these desired positions and actual
measurements. Utilizing these errors, the controller adjusts the drone's actuators to achieve
the desired altitude and ensure stability during flight. Inputs such as thrust and angular
adjustments guide the controller's actions, resulting in precise altitude control. Fine-tuning
the controller's gains is essential for stable performance and accurate position tracking,
optimizing the drone's responsiveness and effectiveness in maintaining altitude and position

during flight.
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Figure 4.4: Altitude Controller.

4.1.1.3 Motor mixing

Motor mixing is a critical process in multi-rotor drone control, determining the distribution
of power among individual motors to achieve desired flight behavior. In drones like
quadcopters or hexacopters, motor mixing ensures stability by adjusting motor speeds based
on control inputs such as roll, pitch, and yaw. By modulating motor speeds, the drone can
execute manoeuvres like tilting, rotating, and maintaining balance. Inputs including desired
roll, pitch, and yaw angles influence motor outputs, where each motor receives a specific
fraction of the total thrust. For instance, to roll left, motors on the right side accelerate while
those on the left side decelerate, facilitating controlled movement. Various motor mixing
algorithms, such as "X configuration" or "H configuration", "+ configuration,” dictate how
motor speeds adjust in response to control inputs and can be customized within flight
controllers or firmware. Proper tuning and calibration of motor outputs are essential for
stable flight and optimal performance, ensuring level flight and precise control

responsiveness.

Figure 4.5: Motor Mixing.
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4.1.1.4 Quadcopter dynamics

This section, intricately linked to the mathematical model provided earlier, delves into the
dynamics of a quadcopter. Input processing, highlighted in red, manages crucial input forces
and moments, aligning with parameters outlined in the mathematical model.

The purple section represents the six degrees of freedom (6DOF), encompassing parameters
such as velocity, displacement, and Euler angles, all fundamental aspects of the
mathematical model. Additionally, output processing, highlighted in red, refines outputs
from the 6DOF calculations for integration into control algorithms derived from the
mathematical model. This concise depiction underscores the direct relationship between the
quadcopter's dynamics and the earlier mathematical model, highlighting its importance in

understanding and controlling the quadcopter's flight behaviour.

Input Processing GINIF (Euler Angles) Ouput Processing Outpars

Figure 4.6: Quadcopter Dynamics.
4.1.2 Discussion And Result

In the initial section, we present the results of trajectory tracking for the quadrotor system
along the X, Y, and Z axes. This analysis provides insight into how well the quadrotor
follows the desired path over time. By comparing the actual trajectory with the reference
trajectory, we assess the accuracy and effectiveness of the control system in maintaining the
desired flight path. Figures depicting the trajectory tracking performance in each dimension
are provided, offering a visual representation of the system's behaviour.

Through this examination, we aim to evaluate the overall performance of the quadrotor
system in adhering to the prescribed trajectory and achieving stable flight. The drone

trajectory, as depicted in Figure 4.7, outlines the path for the drone’s flight.

67



This trajectory was chosen for simulation, conducted using MATLAB. Figure 4.7 displays
the trajectory tracking results, illustrating the comparison between the desired path (in blue)

and the actual path followed by the drone (in red).
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Figure 4.7: The Provided Trajectory is Followed Utilizing a PID Controller.
Figure 4.8 below illustrates the comparison between the reference (in red) and actual (in

blue) positions of X, Y, and Z, as well as the yaw pitch and roll angle Figure 4-9, when

employing a PID controller.
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Figure 4.8: Displays the Drone's Trajectory Along the X, Y, and Z axes.
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Figure 4.9: Displays the Drone's Trajectory Along the Roll, Pitch, and yaw Angles.

The figure includes three graphs displaying the quadrotor's X, Y, and Z positions over time.
Each graph features a solid blue line for the actual position and a dashed red line for the
reference position. In the X Position graph, the actual position increases steadily, while the
reference position follows a smooth trajectory. Both actual and reference positions in the Y
Position graph exhibit oscillatory behaviour. The Z Position graph shows rapid initial growth
in the actual position, stabilizing thereafter, contrasting with the constant reference position.
These results likely demonstrate the accuracy of the proposed system in comparing the
quadrotor's actual trajectory with the desired reference trajectory.

4.1.3 PID Controller Response Analysis

In this section, we delve into the performance evaluation of the PID controllers implemented
for trajectory tracking in the quadrotor system. We present the results of trajectory tracking
in the X, Y, and Z dimensions, showcasing the effectiveness of the PID controllers in
maintaining the desired path. Furthermore, we analyse the performance of each individual
controller, highlighting their contributions to the overall trajectory tracking accuracy.
Figures are provided to visually demonstrate the performance of the PID controllers,
showcasing how the actual trajectory closely follows the desired trajectory. Through this
analysis, we aim to assess the efficacy of the PID control scheme in achieving precise

trajectory tracking and stable flight behaviour.
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Table 4.2: PID Controller Gain Values.

Gain K, K, K,
X -0.2 -0.01 -04
Y 0.2 0.01 0.4
Z 45 10 60
@ 5 15 35
0 5 1.5 35
P 35 15 2.5
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Figure 4.10: Position Step Input Results
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Figure 4.11: Angle Step Input Results.
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The tuning of the six parameters—X, Y, and Z for position control, as well as yaw, pitch,
and roll for orientation control—aims to ensure stability for the drone throughout its
trajectory and flight. By carefully adjusting these parameters within the PID controllers, the
system can effectively regulate the drone's position and orientation, minimizing oscillations
and deviations from the desired trajectory.
4.2 UTILIZING ADVANCED DATA ANALYSIS AND VISUALIZATION TOOLS
FOR PRECISION SPRAYING IN AGRICULTURE
Minimizing the cost of spraying fields poses a significant challenge for farmers in
agriculture. The division of costs between chemical products and the expenses incurred in
spraying consumes a considerable portion of the budget. Moreover, controlling the field and
detecting plant diseases add further complexities. To address these challenges, drones
equipped with multispectral cameras are employed to detect plant diseases and transmit the
data for analysis. The data is then analysed using Pix4Dfields and Agremo to
comprehensively assess the field and explore potential solutions. This study focuses on
detecting diseases in crop yields, emphasizing the need for suitable methods in plant disease
detection. Additionally, achieving precision in spraying without excessive resource
utilization is a key objective of this research. Hence, | have employed Pix4Dfields and
Agremo software to demonstrate how they analyse fields and extract results, aiming to
enhance precision in agricultural practices.
4.2.1 Analysis Field in Pix4dfield
Pix4Dfields offers a comprehensive platform for agricultural mapping, monitoring, and
analysis, but it typically demands more manual input and interaction from the user. While
providing extensive capabilities, this software may necessitate additional user intervention
and expertise to effectively analyse data. The next stage of our research entails a thorough
examination of the field to pinpoint areas needing treatment and to evaluate the general
health of the crops. This involves analysing the data captured by the multispectral imagery
or RGB camera to identify any potential problems and assess the overall crop condition. For
instance, we will focus on identifying weeds and determining where herbicides should be

applied to maintain crop health and maximize yield.
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Figure 4.12: Example Field Under Examination.

Figure 4.13: Utilizing Pix4Dfields for Weed Detection.
The weed detection process using Pix4Dfields relies on a sophisticated tool that allows users
to identify weeds and automatically select all instances of them within the imagery. This tool
facilitates the identification of areas requiring herbicide application to maintain crop health
and optimize yield.
The final outcome of the weed detection process is illustrated in the figure below,
highlighting the specific areas where herbicide application is deemed necessary.

Figure 4.14: Areas Requiring Herbicide Application.

The final crucial step involves achieving pinpoint accuracy in spot spraying. Pix4Dfields
facilitates this by enabling you to load your files directly onto the drone within its operational

interface. You can save these files in a compatible format for seamless transfer to your
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drone's SD card, streamlining the process of importing and implementing them for spot
spraying tasks. This capability ensures meticulous precision in your agricultural operations,
allowing you to target specific areas with utmost accuracy and efficiency.

4.2.2 Analysis Field in Agremo

Agremo is an advanced Al-powered software designed to harness the potential of cutting-
edge algorithms and sophisticated image processing techniques. It specializes in the analysis
of aerial imagery, enabling users to derive valuable insights and generate precise spraying
maps. These maps play a pivotal role in optimizing pesticide application and enhancing
overall crop management strategies. In the subsequent steps, we will explore Agremo's
capabilities further, with a focus on its effectiveness in Crop Monitoring: Sugar beet field as
a prime example of its utility in agricultural applications.

Upon uploading the field data, Agremo's Al-driven platform conducts a comprehensive
analysis of the images, leveraging advanced algorithms to detect and identify weeds. The
resulting insights provide valuable information necessary for assessing crop health and
optimizing agricultural practices. This example underscores the significance of employing
advanced tools for precision agriculture, highlighting Agremo's accuracy and efficacy in

serving the needs of farmers.

a

Figure 4.15: Agremo Example.
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Figure 4.16: Excess Green Index.

Some of the key results that can be obtained from the analysis include identifying stressed
plants, assessing plant Vigor, and detecting waterlogging. These outcomes provide valuable
insights into the overall health and status of the crop. By leveraging this information, we can
accurately pinpoint areas that require intervention, whether it be for watering or pesticide
application. This proactive approach allows for targeted and efficient management of

agricultural resources, leading to optimized crop health and yield.
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Figure 4.17: Agremo Result of field analysis using.
One of the key results obtained from the analysis using advanced software is the stand count,
which provides valuable insights into the density of crops in the field. The figures below

illustrate the results obtained from this analysis.
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Figure 4.18: Stand Count Result Obtained from Agremo.

Spraying the field after analysing with the Agremo tool provides valuable assistance to users.
This tool allows users to identify field variability and stress through plant health monitoring
analyses. Additionally, it enables users to create management zones for more targeted
spraying operations. By assigning rates and generating prescription files for variable-rate
applications, users can optimize their spraying operations. These files are then imported into
the controller, allowing the drone to spray only the areas that require treatment, thus
minimizing the use of herbicides and ensuring more efficient application.

Demonstrating the impact of this tool in agriculture can be done by comparing the budget
costs based on the analysis of the field. We can compare the use of drones versus the use of
driving cars for spraying. Additionally, we can compare the area that will be covered using
the tools mentioned before and integrate the cost of herbicides or pesticides for spraying.

The following table covers this comparison:
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Table 4.3: Cost Comparison: Flat Spraying vs. Al and Drone Spraying.

Coste of spraying
Flat spraying | DronePix4dfield Agremo

Area sprayed(acres) 65

Herbicide used per acre 100% 58%
Herbicide cost per acre 7.00% 4.06%

Total herbicide cost 455.00$ 263.00$

Yield losses from driving through the field per acre 15.00% 0.00%

Total yield losses from driving through the field 975.00% 0.00%

Total cost 1430.00% 263.00$

The diagram illustrates a comparison of the area required for spraying using conventional
flat spraying methods versus drone spraying integrated with Al for analysis. Farmers address
fields where drones are unavailable or crops are unhealthy across the entire field, contrary
to when utilizing advanced tools.

FLAT SPRAYING DRONE SPRAYING AND 1A

Flgure 4.19: Comparlson of The Area Reqwred for Spraying.

As farmers | have 500 litter of herbicide need to use it for spraying the field the diagram

below shows the usage od herbicides for each case:

Usage Of Pesticide

Herbicide Usage with Flat Spraying Herbicide Usage with Drone Spraying
(liters) implemented with IA (liters)

600
500
400
300
200
100

M Herbicide Used Herbicide Saved

Figure 4.20: Usage of Pesticides for Each Case.
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After employing a total of 500 litters of herbicide sprayed using drones integrated with 1A
technology, there is a reduction of 210 litters compared to the standard herbicide pesticides

usage with traditional flat spraying methods.

Cost per acre

25

20

15
; . ] ]

Herbicide cost per acre Yield losses from driving Total cost
through the field per acre

€]

M Flat Spraying B DronePix4dfield Agremo

Figure 4.21: Cost Per Acre.

By utilizing drones and advanced tools for weed detection and pinpointing areas requiring
spraying, farmers can significantly reduce their costs. For example, the cost per acre
decreases from $22 to $4.05. This substantial cost reduction is attributed to the precision
targeting enabled by the technology, which minimizes the use of herbicides or pesticides and
optimizes resource allocation.
4.3 INTEGRATING SPRAY CONTROL MECHANISMS AND DRONE
VISUALIZATION IN MATLAB
After analysing the collected data and identifying areas requiring spraying, the drone
requires a mechanism to apply the chemical product or water accurately to specific locations.
To achieve this precision, an Arduino and pump system can be utilized. These components
will spray the substance based on coordinates received from the controller, ensuring targeted
application without wastage.
The pump will receive commands from the Arduino, which in turn receives signals from the
flight controller for each predefined point. As the drone navigates to these points, the flight
controller instructs the sprayer system to initiate spraying. | have created a small simulation

using MATLAB to demonstrate how this process will function.
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Drone Flight Path and Spray Areas
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Figure 4.22: Drone Flight Path and Spray Areas.
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5. CONCLUSIONS AND FUTURE WORK

In conclusion, this research sheds light on the significance of quadcopter technology in
various fields, including agriculture. Drones have revolutionized farming practices by
offering efficient solutions to challenges faced by farmers. Specifically, drones designed for
agricultural missions provide invaluable assistance by offering precise monitoring, crop
spraying, and data collection capabilities. Furthermore, the integration of a multispectral
camera will enable data collection regarding the field's health. This data will be analysed
using software tools such as Pix4Dfields and Agremo, providing insights into the specific
areas requiring spraying.

To address the specific need for a drone capable of spraying pesticides and water over large
areas, a quadcopter was meticulously designed using SolidWorks 2022. The quadcopter
features a robust frame capable of carrying heavy loads, ensuring durability and reliability
during operation. The choice of components, including the TM5212 motor and 15*5CF
propeller, was determined through careful consideration of weight-bearing capacity and
efficiency. Furthermore, simulations conducted in SolidWorks affirmed the frame's
durability and its ability to withstand the demands of agricultural missions. To further
validate the performance of this specialized drone, simulations were carried out in MATLAB
Simulink, employing PID controllers to assess trajectory tracking and component
responsiveness. These simulations provide valuable insights into the drone's capabilities and
the effectiveness of the selected components for agricultural missions. Additionally, to
further optimize pesticide usage and boost farmers' profits, the drone will utilize a
multispectral camera for mapping purposes. This camera will capture data during flight,
which will then be analysed using software like PIX4D and AGREMO. These advanced
tools enable precise analysis of the collected data, allowing us to identify specific areas in
the field that require spraying. By integrating this technology with the drone's capabilities,
we can ensure targeted and efficient pesticide application, minimizing waste while
maximizing crop health and profitability for farmers.

As the next step, designing a drone capable of continuously accessing pesticides from a
ground-based source via a tube presents an innovative solution for agricultural missions.
This concept eliminates the need for the drone to return to a central location for refuelling,
enhancing its operational efficiency and effectiveness. However, future challenges lie in

addressing the issue of flight time, which may become a significant obstacle. To overcome
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this challenge, a careful balance between an unlimited source of pesticides and extended
flight time needs to be achieved. Additionally, integrating swarm drones into the field can
further enhance coverage and efficiency, as multiple drones can work simultaneously to
cover larger areas and compensate for any individual drone's downtime, ultimately

maximizing the utility and impact in the agricultural sector.
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