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Abstract

Accurate yield estimation during the heading stage of wheat production is pivotal for efficient
harvest planning and ensuring food security. However, traditional yield estimation technique
is labor-intensive and potentially harmful to the crop. Alternatively, the use of satellite
imagery for estimation is hindered by its poor resolution. Another approach involves employing
low-altitude quadcopters to capture high-resolution images. Yet, controlling flight of these

quadcopters presents challenges due to their nonlinear and underactuated characteristics.

This thesis aims to address these challenges by designing a flight controller capable of
controlling the quadcopter to track the desired trajectory using Fuzzy super twisting sliding
mode controller with PID surface to capture images and estimate wheat yield. The process
begins with modeling the quadcopter using the Newton Euler method, followed by designing a
flight controller. This controller is divided into inner and outer loops capable of automatically
adjusting its parameters, and the system is then simulated in MATLAB/Simulink. Wheat
head images acquired from the quadcopter are trained using transfer learning in YOLOVS.
Parameters such as kernel weight, the number of kernels per head, and sampled area are

extracted from the field.

The controller’s performance is rigorously assessed through various trajectory and disturbance
scenarios, comparing it with sliding mode controller both with and without parameter
variation. The results demonstrate the controller’s efficiency in guiding the quadcopter along
predefined trajectories, robustly rejecting disturbances, and effectively handling parameter
variations. In the realm of image processing, the system exhibited notable advancements in

both training and validation accuracy.

In summary, the proposed controller enhances robustness, the capacity to handle parameter
variations, disturbance rejection, chattering minimization, and controller effort reduction.
Utilizing the trained weight parameters, the system can accurately detect and count wheat

heads, ultimately providing an estimation of wheat yield.

Keywords: Quadcopter, Fuzzy Super twisting sliding mode controller, PID

surface, and Wheat yield estimation.
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Chapter One

Introduction

1.1 Background

Wheat is one of the most widely cultivated cereal grains globally, serving as a fundamental
crop with a crucial role. It acts as the primary source of nutrition, calories, and protein for
millions of people around the world [1|. Especially in the period preceding harvest, precise
yield prediction holds a critical role in ensuring a nation’s food security [2]. Wheat yield
assessments can be conducted on multiple levels, ranging from individual fields to regional
and national scales. On a field level, accurate yield forecasts enable farmers to adjust their
harvest planning [3|. Additionally, these predictions serve various organizational purposes,
including marketing and disaster response strategies [4]. Nevertheless, the laborious data
collection frequently pose difficulties in applying traditional yield prediction methods on a

regional scale [5].

Traditionally, yield estimation has relied heavily on field research, a laborious and less
effective process that has harmful effects on crops. The arrival of remote sensing techniques
has revolutionized crop yield estimation by offering a remote sensing platform [6,7]. Currently,
satellite-based remote sensing technology plays a significant role in large-scale crop prediction
[8]. Nevertheless, it has its limitations, including lengthy revisit intervals and imprecise
resolution [9,10]. In contrast, low-altitude unmanned aerial vehicles (UAVs) offer advantages
such as higher resolution, lower operational costs, flexibility, and repeatability [11,12]. UAVs
can quickly acquire centimeter-level remote sensing imagery over wide farmlands, assisting
agricultural decision-makers [13|. In this thesis, the study zone is a wheat farm located in
Yebokla, Ethiopia, as shown in Figure 1.1. The coordinates of the field are (10°2523.7084”
N, 37°53’17.4702” E).

Unmanned aerial vehicles have evolved into highly advanced robotic systems employed for
diverse purposes, including agricultural spraying, power line fault detection, and traffic
monitoring [14]. These UAVs fall into two main categories: fixed-wing and multi-copter
(rotary-wing) aircraft. Fixed-wing UAVs, which employ wings similar to traditional airplanes,
are highly efficient for forward motion but lack mobility crucial to multi-copter UAVs. Multi-

copter UAVs, characterized by three or more propellers, offer maneuverability and the ability
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to hover over targets. Among multi-copters, the quadcopter, featuring four motor-driven

rotors on a fixed frame, is the most widely used [15].

A quadcopter, with its six degrees of freedom (DOF), is capable of three directional translation
(X, Y, Z) and rotation (Roll, Pitch, Yaw) around three axes. The control of quadcopters
poses a significant challenge due to their highly nonlinear dynamics. Therefore, robust
controllers are essential, with sliding mode controllers being one such category [16,17].
However, sliding mode controllers often suffer from chattering, an undesirable phenomenon.
Various strategies have been employed to mitigate chattering, including the use of saturation
functions instead of discontinuous switching functions and the application of higher-order
SMC methods [18-20]. However, the former reduces resilience to disturbances, and the latter

presents challenges in gain tuning [21,22].

When dealing with matched perturbations, the high-order sliding mode control method can
be employed to drive the sliding variable and its subsequent derivatives to zero. Nonetheless,
a significant limitation of high-order SMC is its dependence on data from the high-order
time derivatives of the sliding variable [23-25]. Among the higher-order sliding mode control
methods, it’s essential to emphasize that second-order SMC, such as the super-twisting
algorithm, exclusively requires feedback from the sliding surface during the control process.

The super-twisting algorithm was first proposed by Dr. Levant in 1993 [26].

Remarkably, the super-twisting sliding mode controller utilizes fixed parameters, prompting
the use of a Fuzzy Logic Controller for automatic parameter adjustment in this research. The
research explores the control of a quadcopter using a Fuzzy Super Twisting Sliding Mode
Controller while simultaneously applying Al-based image processing techniques for wheat

yield estimation.

&£10°25'23.7084%.37°5317. 4702

o

®.

Figure 1.1: Study Area
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1.2 Problem Statement

In Ethiopia, the conventional method for estimating wheat yield involves collecting data
through field visits. However, this approach is subjective, time-consuming, and prone
to errors due to incomplete ground observations, ultimately leading to poor wheat yield
estimations. Furthermore, the crop weather model was used for crop estimation, but it often
did not consider critical factors such as soil quality and diseases, making its predictions less

accurate.

Remote sensing presents an alternative with the potential to significantly improve pre-harvest
crop yield estimation. Data from satellite-based sensors have been applied to estimate yields
at the national level in Ethiopia. Nevertheless, many of these studies relied on low-resolution
imagery, which led to suboptimal estimations. Recent advancements in image processing,
coupled with the utilization of unmanned aerial platforms, have created an opportunity for
faster and more accurate crop yield estimation techniques. In this study, an image processing

algorithm has been developed to address these challenges.

When considering the utilization of Unmanned Aerial Vehicles (UAVs) for wheat yield
estimation, it is essential to acknowledge that various physical parameters of quadcopter
are influenced by diverse operating conditions. This effect becomes particularly emphasized
in unpredictable outdoor environments. Traditional feedback controllers often struggle to
maintain stability in such conditions, presenting a significant challenge for trajectory tracking.
To tackle this problem, the suggested approach involves employing a robust control strategy
referred to as the sliding mode controller. Nonetheless, it’s crucial to emphasize that
traditional sliding mode controllers are susceptible to chattering. To reduce chattering and
improve control performance, the Super Twisting Sliding Mode Controller was introduced.
Notably, this controller exerts high control effort, leading to overshoot and requiring complex
parameter tuning. To overcome these challenges, Fuzzy Logic is incorporated to adjust
controller parameters online, resulting in the development of a Fuzzy Super Twisting Sliding

Mode Controller.

In summary, this study aims to transform wheat yield estimation practices in Ethiopia by
making use of advanced image processing techniques and controlling a quadcopter using the

Fuzzy Super Twisting Sliding Mode Controller.
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1.3 Objective

1.3.1 General Objective

The main objective of this thesis is to design and simulate Fuzzy super twisting sliding mode

controller with PID surface of quadcopter for wheat yield estimation.

1.3.2 Specific Objectives

To define a model for the Quadcopter.

To design a flight controller using Fuzzy Super Twisting SMC with PID surface.
To simulate the system’s controller using MATLAB.

To count wheat head using YOLOvS8

To estimate wheat yield on a Pycharm.

1.4 Methodology

The research follows a systematic approach composed of the following stages:

1.

Literature Review: Detailed review of relevant literature is conducted to establish

foundational knowledge in the research area.

. Mathematical Modeling and Verification: It is performed to describe quadrotor

dynamics using the Newton-Euler method. This involves formulating mathematical
relationships for translational dynamics to achieve desired positions and rotational
dynamics for desired Euler angles. Model verification is conducted using MATLAB.
Controller Design: The study proceeds to controller design, where a Fuzzy super
twisting sliding mode controller with PID surface is designed to control the quadcopter’s
motion, enabling precise trajectory tracking.

Image Processing and Yield Estimation: The next step involves the application
of image processing techniques for wheat yield estimation using YOLOvVS in Pycharm.
Automated detection and counting of wheat heads in images enable yield estimation

based on image captured by the quadcopter.

. Result and Discussion: The results consist of visual data generated from simulations

in MATLAB. These visual representations illustrate the system’s performance across
different scenarios. Following the presentation of these graphical results, the discussion
takes on the role of interpreting the findings.

Conclusion and Recommendation: The final stage entails drawing comprehensive

conclusions from the research outcomes. Additionally, recommendations are provided
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for potential enhancements or further investigations in the research domain, guiding

future research endeavors.

1.5 Scope

This thesis encompasses several key aspects of research. A rigorous mathematical model
is formulated for the quadcopter using the established Newton-Euler formulation. Building
upon this model, the thesis focuses on the design and implementation of a Fuzzy Super
Twisting Sliding Mode Controller to govern the quadcopter’s actions, particularly in terms
of tracking a predefined reference trajectory. Additionally, the study incorporates image
processing techniques to estimate wheat yield, with a specific emphasis on the automatic
detection and counting of wheat heads in images obtained from the quadcopter. All these
aspects are simulated and analyzed using MATLAB/Simulink for the controller’s performance

assessment, while the image processing is done using PyCharm.

However, it’s essential to acknowledge a limitation of this thesis. While it covers extensive
theoretical and simulation-based investigations, it does not involve the construction of a
physical prototype of the quadcopter. Instead, the research primarily focuses on modeling,
control design, and simulation, offering valuable insights into these aspects within the context

of wheat yield estimation and quadcopter control.

1.6 Significance

The thesis makes a significant contribution to the field by advancing wheat yield estimation
through the application of image-based artificial intelligence techniques. It introduces an
innovative approach that enables automatic detection and counting of wheat heads in images

captured by a quadcopter, ultimately leading to precise yield estimation.

This research holds importance in enhancing the agricultural forecasting capabilities of the
country. It represents a shift from the conventional approach of crop yield forecasting, which
relies on stakeholder assessments and expert opinions, a process that is time-consuming and
costly. Instead, it adopts an advanced remote sensing approach, which can provide more

accurate and efficient predictions.

In the academic world, this thesis is very important because it provides a strong basis for
future research on crop forecasting. It’s like a solid foundation that future studies can build

upon, helping to make new discoveries and improvements in this field.
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Additionally, concerning the control of the quadcopter, the thesis incorporates an integral
term into the sliding surface to reduce steady-state error. Furthermore, it employs a fuzzy
logic controller to automatically adjust the parameters of the Super Twisting Sliding Mode
Controller (STSMC) with PID surface. This control strategy leads to reduced chattering,
increased robustness, and decreased control effort, thus enhancing the overall performance

of the system.

1.7 Thesis Outline

The thesis is organized into seven chapters.

1. Introduction: Provides an introduction to the research topic and outlines the objectives
and significance of the thesis.

2. Literature Review: Presents a comprehensive review of relevant literature, discussing
previous research and findings related to quadcopters, control systems, image processing,
and wheat yield estimation.

3. Mathematical Modeling of the Quadcopter: Focuses on the mathematical modeling
of the quadcopter system.

4. Design of Fuzzy Super Twisting Sliding Mode Controllers: Details the design
of Fuzzy Super Twisting Sliding Mode Controllers for the quadcopter, highlighting the
control strategy employed to enhance stability and performance.

5. Image Recognition and Wheat Yield Estimation: Explores the application of
image processing techniques, specifically in PyCharm, for wheat yield estimation by
detecting and counting wheat heads in images captured by the quadcopter.

6. Presentation of Results and Discussion: Presents the results obtained from the
simulations and engages in a thorough discussion of these results.

7. Conclusion, Recommendations, and Future Work: Summarizes the findings
of the thesis, draws conclusions, and offers recommendations based on the research

outcomes. It also outlines potential areas for future research and development in the

field.
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Literature Review

2.1 Introduction

In the realm of research, numerous methodologies have emerged to address the control of
quadcopters and the estimation of wheat yields. Quadcopters have captured the attention
of researchers due to their complex operational dynamics, resulting in a wide range of
exploration possibilities. In parallel, wheat yield estimation has assumed importance, given
its pivotal role in ensuring food security and informing market strategies. This literature
review navigates through this multifaceted research landscape, encompassing three distinct

domains: quadcopter control, wheat yield estimation, and computer vision.

2.2 Quadcopter Control

Considerable research has been conducted in the field of multi-rotor control, particularly
in the context of guiding them along specific trajectory. In [27], a PID and LQ controller
was employed to stabilize the attitude of a quadcopter, achieved by linearizing the model
around its hover position. While the controller effectively maintains stability during hovering
(altitude control), it exhibits limited applicability for addressing sudden attitude perturbations,
lacking robustness in such scenarios. And also it does not provide control of quadcopter for

non-hovering operation.

To overcome these limitations, a nonlinear approach was employed in 28], utilizing integral
backstepping to manage quadcopter’s angular rotations and linear translations while dealing
with aerodynamic effects. This project offered the ability to avoid collisions. In another
study [29], a fractional-order backstepping SMC design was introduced for controlling the
altitude and orientation of the quadcopter. It track desired trajectories quickly and reject
wind disturbance. Notably, the discontinuous controller part within the SMC algorithm
contributes to its ability to handle matched disturbances [30]. However, in both projects,
there remains a challenge related to high-frequency oscillations that can impact system
performance [31]. In [32] introduced the concept of high-order sliding mode (HOSM), which
mitigates chattering phenomena [33|. This includes the development of the super twisting

sliding mode controller. It’s important to note that the effectiveness of the STSM relies
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on knowledge of perturbation bounds. In practical scenarios, drones face disturbances
and parameter variations that can diminish control efficiency, necessitating online tuning

of controller parameters.

In [34], the Adaptive Sliding Mode Controller is discussed, emphasizing its capacity to
eliminate altitude and attitude tracking errors while ensuring asymptotic convergence to
zero, even when faced with significant external disturbances. A comparison was conducted,
pitting the Adaptive SMC against LQR and active disturbance rejection control. The
controller demonstrated robustness against disruptions and unpredictable system behaviors
not accounted for in the model. Nevertheless, it’s important to note that in all these cases,

the controller gains were determined through a trial-and-error process.

In [35], a Fuzzy-PI controller was created to regulate the quadcopter’s position and orientation.
This controller automatically adjusts its control parameters, but it exhibits a persistent

steady-state error.

Inspired by prior research in the field, this paper suggests the creation of a Fuzzy super
twisting SMC with PID surface to oversee the trajectory tracking of quadcopters. The
paper includes simulation studies conducted in Matlab/Simulink to showcase the efficiency

and success of this approach.

2.3 Wheat Yield Estimation

Conventional techniques for predicting agricultural yields primarily consist of agronomic
forecasting methods [36], crop-growth models [37], and meteorological statistical methods
[38]. These methods are employed to construct crop yield models from varying viewpoints.

But these approaches require substantial human and material resources.

Satellite remote sensing technology has become a crucial asset in numerous fields such as
resource assessments [39], agricultural progress [40], and national security applications [41].
The utilization of satellite remote sensing has demonstrated its effectiveness in predicting
yields, offering advantages like easy data acquisition and broad geographical coverage [42].
However, it does have its constraints, including limited data availability, the requirement
for expertise in data interpretation, sensitivity to weather conditions, limitations in image

resolution, and difficulties in distinguishing between different crop types.

Over the last few decades, vegetation indices (VI) have been extensively employed for
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forecasting crop yields [43]. In many of these investigations, vegetation indices like the
Normalized Difference Vegetation Index (NDVI) [44] have been the primary choices. However,
these vegetation indices primarily convey information about the greenness of vegetation and
do not completely encompass the environmental challenges affecting crops. In this thesis,
wheat yield estimation is accomplished through the utilization of photos captured by a

quadcopter.

2.2.1 Image Processing

While recent research in agriculture has shown promise for deep learning techniques, the
fusion of image-based analytics and wheat-related applications remains relatively unexplored.
To encourage future researchers to address the challenge of wheat head detection, in [45]
released a comprehensive, publicly accessible dataset with annotations, facilitating further
investigations in this area. Leveraging this open-source dataset, in [46] applied the YOLOv4
object detection framework to localize wheat heads using bounding boxes. Despite their
successful results, their approach lacked a holistic end-to-end framework suitable for broad
adoption by agronomists and farmers, especially for achieving high-throughput phenotyping
in wheat head detection and counting. To address this need, this thesis focuses on automating

wheat head detection and counting using YOLOvVS.



Chapter Three
Modeling and Model Verification

3.1 Modeling

The mechanical structure of the quadcopter consists of four uniform arms that are evenly
spaced apart. At each end of these arms, there is a motor connected to a propeller through
a direct coupling mechanism. The propellers are grouped in pairs, with each pair rotating
in opposite directions. The motor and propeller system together generate both thrust and

torque.

3.1.1 Lift Generation

An airfoil refers to the cross-sectional shape of an object distinguished by its curved surface.
The presence of an airfoil causes the airflow to curve. To achieve this curvature, there must
be elevated pressure on the upper surface of the object compared to the lower surface. This
difference in pressure supplies the necessary centripetal force. The increased pressure pushes
the air particles downward, which is why the flow remains attached to the airfoil. This
phenomenon is commonly referred to as the Coanda effect. The Coanda effect describes the

inclination of a fluid jet’s motion to stick to a convex surface [47].

—
=1
=
“'\-\\_\_\-‘_“

Figure 3.1: Pressure Distribution around Airfoil [48]

The airflow also curves along the underside of the airfoil, as depicted in Figure 3.1. Far from
the airfoil, the pressure remains at atmospheric levels. However, in a curved flow, there is
a need for higher pressure on the outer side of the curve. Consequently, as approaching the
airfoil’s upper surface, the pressure decreases, while it increases on the lower surface due to
this curvature. This pressure disparity is the driving force behind the generation of lift. The
presence of the airfoil induces this curved flow, which in turn creates the pressure difference
responsible for lift. The magnitude of this lift is directly proportional to the square of the

propeller’s rotational speed.
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Figure 3.2: Propeller [49]

A propeller is a mechanical apparatus comprised of a rotating hub and blades extending
outward, positioned at an angle to create a helical spiral configuration. When this assembly

is set into motion, it imparts linear thrust to a working fluid [49].

As the propeller revolves around the motor’s shaft, it undergoes a phenomenon where the
blade’s tip covers a significantly greater distance compared to the blade root within the same
time frame. Consequently, the speed of the propeller blade varies, being highest at the tip
and slowest at the root. This speed differentiation occurs because as the angular distance
(Af) increases, so does the angular velocity (w = Af8/At). To address this speed difference,
the blade is designed with a twist: it maintains a high angle of attack at the root and a low

angle of attack at the tip. This twist ensures uniform thrust generation.

3.1.2 Types of Configuration

Depending on how a vehicle’s blades are oriented relative to its body coordinates, there are
two primary configurations commonly used in quadcopter designs, denoted as the "Plus’ and
'Cross’ configurations, as depicted in Figure 3.3. In the Plus configuration, a single rotor
serves as the leader for the aircraft, whereas in the Cross configuration, two rotors take the

lead.

“I” Configuration X Configuration
z 1
Right Direction of
Flight
Front Front X
X 1
"
S 3
&  Rear

B High Speed

Left

Figure 3.3: Two Types of Configuration

In the case of the Cross configuration, in pitch movement, when the two rear rotors accelerate
while the two front rotors decelerate, it results in a nose-down pitching motion. Among the

two rear rotors that speed up, one rotates in a clockwise (CW) direction, while the other
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rotates in a counterclockwise (CCW) direction, and the torques they generate cancel each
other out. Similarly, when the two front rotors slow down, one turns in a CW direction, and
the other in a CCW direction, once again cancelling out the torque effects. Consequently,
pitch movement does not introduce a net yaw moment. Likewise, in roll movement, involving
a decrease in speed for the two right rotors and an increase in speed for the two left rotors,
it leads to a roll-right motion. Among the two right rotors that slow down, one rotates in a
CW direction, while the other in a CCW direction, and their torques cancel out. The same
holds true for the left rotors that speed up, preventing the introduction of a net yaw moment

in the Cross configuration.

In the Plus configuration, during pitch movement, where a single rear rotor accelerates while a
single front rotor decelerates, it results in a nose-down pitching motion. Unlike linear changes
in torque with rotor speed 7 = k,w?, the increase in torque from the clockwise (CW) spinning
rear rotor doesn’t perfectly offset the torque reduction from the clockwise (CW) spinning
front rotor, leading to a net yaw moment. Consequently, the Plus configuration requires
compensation through a yaw control input. Similarly, when examining roll movement in the
Plus configuration, which involves an increase in speed for a single left rotor and a decrease

in speed for a single right rotor, it generates a roll-right moment.

While researchers and designers commonly use both configurations, the Cross configuration
is preferred for its improved stability compared to the Plus configuration. In the Cross
configuration, two rotors play a primary role in propelling the quadcopter, while the Plus
configuration relies on a single rotor. Furthermore, the Plus configuration may pose challenges

in terms of camera placement as it could potentially obstruct the camera with its frame.

3.1.3 Working Principle of Quadcopter

Attaining the six degrees of freedom (DOF) in a quadcopter is achieved by adjusting the

speed of its four motors.

Throttle: Achieving vertical take-off and landing is made possible through throttling, a
process where all propeller speeds are simultaneously set to equal values. This enables the
generation of vertical thrust in relation to the vehicle’s body reference frame. When the
vehicle is in a horizontal, untilted position, this command results in the generation of purely
vertical forces. Figure 3.4 provides a visual representation of a quadcopter responding to a

throttle command.
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4] Downward
motion

Upward
motion

BN g Speed = Low Speed

Figure 3.4: Throttle

Roll: Roll torque can be produced by either reducing the speed of the two left-side propellers
while increasing the speed of the remaining right-side propellers or vice versa. This action
generates torque around the X-axis of the vehicle. When executing a roll command, it’s
essential to maintain the overall effective thrust to ensure that only roll acceleration occurs,
enabling the vehicle to maneuver along the Y-axis of the body reference frame, as depicted

in Figure 3.5.

B High Speed B High Speed

=1 Low Speed = Low Speed

Figure 3.5: Roll

Pitch: The process of generating pitching movement is similar to that of rolling, with the
difference being the axis of moment generation. In pitching, the movement is achieved by
either reducing the speed of the two front propellers while increasing the speed of the rear
ones or vice versa. This action results in torque being generated along the Y-axis of the
body reference frame, causing the quadcopter to move in the X direction, as illustrated in
Figure 3.6. Similar to the roll command, maintaining a constant effective upward thrust

ensures that only pitch acceleration is produced.

Front

Yp
Left
B High Speed
3 Low Speed =3 Low Speed

Figure 3.6: Pitch
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Yaw: Yaw movement is accomplished by adjusting the rotation of each pair of propellers,
with one pair spinning counterclockwise while the other spins clockwise. As a result of the
imbalance in overall torque, the quadcopter rotates around the Z-axis of its body reference
frame, as depicted in Figure 3.7. It’s worth noting that a clockwise-rotating propeller
generates torque in the same direction as its rotation, not in the opposite direction. This
means that, when viewed from above, a clockwise-rotating propeller induces counterclockwise
torque (referred to as 'positive torque’) on the quadcopter. Conversely, a counterclockwise-
rotating propeller creates clockwise torque (termed 'negative torque’) when observed from

above.

B High Speed B figh Speed

=3 Low Speed =3 Low Speed

Figure 3.7: Yaw

3.1.4 Kinematics of Quadcopter

Kinematics, a subfield within mechanics, is concerned with the study of an object or
system’s motion in isolation from the forces and torques acting upon it. In the context of
describing the motion of a rigid body with six degrees of freedom (6 DOF), it is advantageous

to define two reference frames.
¢ Reference Frame Alignment

To comprehensively describe the behavior of a quadcopter, it is crucial to establish two key
reference frames: the Body reference frame and the Inertial reference frame. The need for
these two frames arises from the diverse sensors equipped on the quadcopter. Sensors like
accelerometer and gyroscope provide measurement in relation to the body frame, aiding in
the assessment of linear and angular velocity. On the other hand, sensors such as GPS and
magnetometer deliver readings relative to the inertial frame, facilitating the determination of
linear and angular position. As a result, a method of transformation is required to formulate

system equations consistently within a single reference frame.

The Body reference frame is linked to the quadcopter itself, with its origin situated at the
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center of gravity (COG) of the vehicle. Given the quadcopter’s symmetrical design, featuring
a central core and four identical rotors mounted on its arms, the COG naturally aligns with
the core’s center. In contrast, the Inertial reference frame is typically represented using
North-East-Up coordinate systems. The inertial frame’s origin is selected as a fixed point on

the Earth’s surface, accounting for all the forces and torques acting upon the quadcopter.

Z1

Figure 3.8: Reference Frame

A quadcopter possesses six degrees of freedom, which implies that six variables are required
to define its position and orientation in three-dimensional space. To explain the quadcopter’s
motion, two distinct reference frames are established:

1. Body Reference Frame (Og; Z5;Yp; Xp):

- Op coincides with the center of the quadcopter.

- Linear Velocity (V' = [v,;vy;v,]7)

- Angular Velocity (w? = [Qg; Qg; Qy]T)

- Force (FB)

- Torque (75)

2. Inertial Reference Frame (O;; X;;Y7; Z;):

- This frame is used to define the linear position (n! = [X;Y; Z]T) and the angular position
(¢" =g, 0,9]").

- ny is determined by coordinates of the vector between Op and O; with respect to the

Inertial frame.
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- (7 is the orientation of the body frame with respect to the Inertial frame.

The right-hand rule is used to determine the direction of the coordinate systems.
Thumb: Positive direction of Z-axis
Index Finger: Positive direction of X-axis

Middle Finger: Positive direction of Y-axis

In the subsequent analysis, Euler angle parametrization is employed for representing the
rotation of the rigid body. Euler angles, consisting of three angles (¢, 6, 1), are utilized to
describe the orientation of a rigid body in relation to a fixed coordinate system. The chosen

convention is the Z-Y-X convention.

Assumptions:
— The quadcopter is considered a solid and unyielding structure.
It possesses axis-symmetrical characteristics.

The analysis does not account for aerodynamic effects such as blade-flapping.

L4

Thrust and torque are directly proportional to the square of rotor speed, represented

as F; = kyw? and 7; = k,w?, respectively.

1

The center of mass of the quadcopter coincides with the origin of the body frame.
e Rotation Matrix

Rotation matrices are 3 x 3 matrices characterized by orthogonality and a determinant of
one. While Euler angles are commonly used to depict rotations, alternative methods like
quaternions exist. Quaternions provide an attitude representation without singularities. In
contrast to Euler angles, which involve three angles, quaternionic attitude representation
utilizes a single axis and a rotation angle. It’s important to note that quaternions lack
the straightforward physical interpretation that Euler angles offer. For the purposes of this
thesis, Euler angle representation is adopted because the application of this thesis doesn’t

require acrobatic movements.

Euler angles are defined by a composition of rotations, where elemental rotations around
specific axes of a coordinate system suffice to attain any desired orientation. In the forthcoming
analysis, the rotation of a rigid body in 3-dimensional space is expressed through the
composition of three consecutive rotations. Following the Z-Y-X convention, these rotations
begin with a rotation around the Z axis (¢,Yaw), followed by a rotation around the Y axis

(0, Pitch), and lastly, a rotation around the X axis (¢, Roll).
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The rotation from the body frame to the inertial frame, denoted as LR, can be expressed
as:
(¥) s(@)s(0)c(v) — c(@)s(¥)  s(¢)s(¥) + c(¢)s(0)c(v)
BR={c(0)s(v) c($)c(th) +5(0)s(0)s(v) c(d)s(0)s(¥)) — s(d)c(w) (3.1)
—s(0) s(¢)c(0) c(¢)c(0)
Where: ¢(6) corresponds to cos(6), s(f) corresponds to sin(f), and similar notation is used

for ¢ and .

The rotation matrix LR is employed to transform linear quantities from the body (rotating
frame) to the Inertial frame. To obtain the transformation from the Inertial reference frame
to the Body reference frame, it is achieved by transposing the Body reference frame into
the Inertial reference frame, denoted as (PR) = (5R)T. Details regarding the successive

rotations from the rotating frame to the Inertial frame are provided in Appendix A.1.
e Transfer Matrix

The angular position vector in the Inertial frame is represented as ¢! = [6,0,9]", while the
angular velocity vector in the Body frame is denoted as w? = [Qy, Qp, Q4]". To establish a
connection between these two vectors, a transfer matrix denoted as T is required, which can

1
be expressed as { = Tw?’.

¢ Qg
6| =T [Q (3.2)
0 Ly
Where:
1 0 —sinf 1 singtanf cos¢tanf
T '=10 cos¢ singcosf|, T=10 cos ¢ —sin ¢ (3.3)
0 —sing cos¢cosh 0 sing/cos@ cos¢/ cosd

The details about the derivation of the transfer matrix are provided in Appendix A.2.

3.1.5 Dynamics of Quadcopter

Dynamics is a field within mechanics that explores the influence of forces and torques on
the movement of an object or system. Various methodologies exist for deriving equations
governing the motion of a rigid body with 6 degrees of freedom. In this thesis, the Newton-

Euler method is employed.
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Newton-Euler Approach

The modeling of quadcopter flight dynamics is achieved through the application of the
Newton-Euler method. The equations governing the motion are formulated by combining the
translational and rotational characteristics of the six-degree-of-freedom system, encompassing
three positional variables and three angular orientations. These equations are derived based
on Euler’s fundamental principles of motion, which encompass Newton’s second law and

Newton’s first law, also known as the law of inertia.
e Analysis of Forces

Force plays a role in influencing the translational motion of a quadcopter. According to
Newton’s second law, the forces acting upon a quadcopter can be represented as: Zﬁ =
Fr + ﬁg = mda, where Fr signifies the thrust force, and ﬁg denotes the gravitational force.
Examination of the quadcopter’s translational dynamics can be conducted using reference

frames in both Inertial and Body perspective.
1. Body Reference Frame:

Thrust Force: The thrust force (ﬁT) encompasses the cumulative thrust produced by the
quadcopter’s propellers. This force exhibits a quadratic relationship with angular velocity,
as expressed by F’Z = k,w?, where k; denotes the propeller thrust coefficient. This coefficient
remains constant and is influenced by various factors, including air density, the propeller’s
swept area, and more. Its determination is typically derived through empirical experimentation

and observations, with w representing angular velocity.

Ff = Fry+ Fro + Frs + Fry (3.4)

Gravitational Force: The gravitational force (ﬁg) represents the influence of gravity
upon the quadcopter. It exclusively operates in the Z-direction and is more effectively
described within the Inertial frame. To express it in relation to the Body frame, a coordinate

transformation from the Inertial frame to the Body frame is required.

0 mgsin(6)
F’gB = (IBR)F’QI =({R)| 0 | = |—mgcos(8)sin(e) (3.6)
—mg —mgcos(0)cos()
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Utilizing Newton’s second law, which states F= ma, within the Body frame:

—

B, d
ZFB:md—::, V=1, + 0, + U, (3.7)

To compute acceleration by finding the derivative of ¢ in the Inertial frame:

dv  du, dv, dw di, djy dk,

— = —i, + — —k,+—u v+ —w 3.8
T e T A T T (38)
Since the coordinate axes are in the inertial frame and remain constant, thus: ddlgf = %, =

dk, _ . .
& =0 So it results:

dﬁ_du, +dv, +dwk
dat @t wrT a

When dealing with a rotating body, it’s important to consider the application of the chain

rule, as explained in Appendix B. Applying the chain rule yields the following outcomes:

@—%i+%'+dvz
i at T a T w

k+ (w x1)v, + (w X jlu, + (w x k)v, (3.9)

The force acting within the Body frame is:

dv dv dv dv
B __ e T Y z . .
g F =m— m(dt1+—dtj+ dtk)—i—m((wx1)v$+(w><3)vy+(w><k)vz)
(3.10)

Where: m ((w x i)v, + (w X j)v, + (w x k)v,) denotes the Coriolis force, which is a pseudo-
force experienced by objects in motion within a reference frame that rotates relative to an

inertial frame[50|. It can be mathematically expressed as:
Coriolis force = m(w x (v,i + v,j + v.k)) (3.11)

After performing the cross multiplication:

Ff m(a, + (Qpv, — Qwvy))
S FP = |FB| = m(a, + (v, — Qo)) (3.12)
FB m(a. + (v, — Qv,))

SCFB_FBLF 5 = md, where EB represents the thrust force within the Body frame, and

F gB represents the gravitational force within the Body frame.

0 mg sin(0) m(a; + (Qov, — Qyuy))
0 + | —mgcos(0) sin(¢) | = |m(ay + (Qpvs — Qp.))
FTl + FT2 + FT3 + FT4 —mg COS(Q) COS(¢) m(az + (Q¢Uy - Qg’l)z))
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Now, by dividing both sides by mass and reorganizing the equation:
a; = gsin(f) — Qov, + Qyv,
a, = —gcos(f) sin(¢) — Qypv, + Qv (3.13)

a, = —gcos(f) cos(¢) — Qyv, + Qov,

d . . . . .
Where: a, = 22 q, = Z¢ and a, = %, This constitutes the dynamic equation describing

translational motion within the Body reference frame.

2. Inertial Reference Frame:

Thrust Force: The thrust force is initially expressed within the Body frame, and its

description in the Inertial frame can be obtained through the rotation matrix LR.
Fl=(LR)FP (3.14)

(cos(¢) sin(6) cos(1) + sin(¢) sin(v)) F2
Fl = (cos(¢) sin(6) sin(¢p) — sin(¢) cos(v)) FB (3.15)
cos(¢) cos(0) FB

Gravitational Force: The gravitational force is described within the Inertial frame.

0
il
Fl=1| o (3.16)

—

Applying Newton’s second law, which states F' = ma, within the Inertial reference frame,

the equation becomes:

Y F'=Fl+F =ma (3.17)
(cos(¢) sin(6) cos()) + sin(¢) sin(v)) B 0 X

Z Fl = (cos(¢) sin(f) sin(¥) — sin(@) cos(W)) EE| + | 0 | =m |V (3.18)
cos(¢) cos(0) FB —mg Z

After dividing both sides by mass and rearranging the equation:

X (cos(¢) sin(#) cos(1)) + sin(¢) Sln(w))%B 0
Y| = |(cos(¢)sin(f) sin(y) — sinﬁ ¢) cos()) L | + | 0 (3.19)
Z cos(9) cos(@)% —g
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Defining U; as ﬁf, the equation is structured as:

X = (cos(¢) sin(f) cos(1)) + sin(¢) Sin(l/’))%

Y = (cos(¢) sin(f) sin(1)) — sin(¢) Cos(w))% (3.20)
Z = cos(¢) COS(&)% -9

This constitutes the dynamic equation describing translational motion within the Inertial

reference frame.
e Analysis of Torque

Torque plays a crucial role in influencing the rotational motion of a quadcopter. Similar
to the previously derived translational dynamics, the rotational dynamics can be expressed
as follows, taking into account the net torque and reaction forces: ) 7 = 7p + 7,. Here,
7 represents thrust torque, and 7, signifies gyroscopic torque. The quadcopter’s rotational

dynamics can be analyzed from both reference frames:
1. Body Reference Frame:

Moments of trust forces: > (r; X ﬁl) These reaction moments demonstrate a quadratic
relationship with angular velocity, described as: 77; = k,w? Here, k, is a constant influenced
by propeller characteristics such as the number of blades, diameter, material, and air viscosity.

The torque analysis derivation is presented in Appendix C.1.

Front

E=3 Propeller rotation direction

B Reaction torque

Figure 3.9: Moments of Trust Forces

— — — — l 2 — — — —
> 72 = Filcos45°— Fyl cos 45° — Fl cos 45°+ Fyl cos 45° = T\/_(Fl—FQ—F3+F4) (3.21)
(—F, — Fy+ Fy+ F))
(3.22)
Z =t n-—mtny (3.23)

. . . . l
> 7P = —Filsin45° — Fylsin45° + Fylsin45° + Fylsin 45° = 7
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In this thesis, counterclockwise (CCW) direction is considered positive, while clockwise (CW)

direction is regarded as negative.

lk
ZTf = 7%@1% + wa — wi — wl) (3.24)
B_lhi, o 5 5 5
ZTy = E(wl + wy —wsy — w;) (3.25)
ZTZB =k (—w? — W] + wi + wi) (3.26)
Let:
B_lh o 5 5 5
Uy=1, = E(wl + w; — wj; — wj) (3.27)
Ik
Ué:ﬁ?:;é@f—wg—W§+W@ (3.28)
Uy =72 =~k (W} + w2 — wi —w?) (3.29)

Gyroscopic effect: When the propeller’s plane of rotation experiences a change in angular
velocity (£2), it gives rise to the generation of torque. Conversely, when the plane of rotation
remains constant, there is no torque induced. This means that during yaw movements of
the quadcopter, there are no gyroscopic effects. However, during pitch or roll maneuvers,
which involve frequent changes in the plane of rotation, torque is generated. This resulting
torque is referred to as gyroscopic torque and represents the force applied to the rotating

body, causing a shift in its axis of rotation.

7, = Jay (3.30)

Where: 7, = gyroscopic torque, J = moment of inertia about propeller axis, o, = gyroscopic

acceleration.
7y = J(w x Q) (3.31)
0 Qy
Where: w= |0| and Q= [,

w Qw

In the horizontal plane of the quadcopter, four propellers are present, and each of them
contributes to this gyroscopic torque. The derivation of the gyroscopic effect is provided in
Appendix C.2.

Tg total = Tgl 1 Tg2 + Tg3 + Tga (3.32)
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Qg(—wl + Wy — W3 + (U4)

Tg total — Q¢<W1 — Wy + W3 — w4) (333)
0
Let w, = —wy + ws — w3 + wy, so:
B T
Tg total = J [Qewr —Q¢(JJT 0:| (334)

In summary, torque is generated when the propeller’s plane of rotation undergoes angular
changes at a rate (£2), resulting in torque induction during the quadcopter’s rolling and
pitching maneuvers. Conversely, when the plane of rotation remains constant, gyroscopic
effects are absent. During pitch or roll maneuvers of the quadcopter, which involve frequent
changes in the plane of rotation, torque is induced, known as gyroscopic torque. This
gyroscopic torque is combined with the torque produced by the propeller, as it has components

in both the X and Y directions.

Euler’s rotation equations represent a set of first-order ordinary differential equations that
describe the rotation of a rigid body. These equations are formulated in a reference frame

that rotates along with the body and has fixed axes attached to it. The equation is:

B—Jw+wx (Iw) (3.35)

Inertia Tensor: serves as a convenient method to consolidate all the moments of inertia of

an object into a single quantity. The inertia tensor of a rigid body can be represented as:

Ia:ac _I:vy _].Z’Z

I=|-I, I, -I, (3.36)
_sz _[zy [zz

I..: Represents the moment of inertia about X-axis when objects are rotated about the
X-axis.

I,: Represents the Y-axis moment of inertia for objects rotated about the X-axis.

Iy = 1yz, I, = 1., and I, = I,.. In the case of objects with geometric symmetry like a

standard multi-copter, I,,, I,., and I, are all equal to zero. So equation 3.35 becomes:

L. 0 0| |Q Qy L 0 0|9 Lo (Q4) + Q0Quy(Ls — Iyy)
=10 I, 0| ||+ x|0 Ly, 0[] =Ly %) +202% L. —I.)
0 0 I, Q¢ Qw 0 0 I, Qw Izz(Q¢)+Q¢QQ yy Ix)

(3.37)
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The derivation is in the appendix C.3

Yor=mrATy =10 +wx ([w) (3.38)
Us QG(‘W) sz(Q¢) + QOQw(Izz - Iyy)
Us| +J | Qu(—w.)| = |1y (Q) + QQu(Lon — L) (3.39)
U, 0 L. () + (1, — L)

By rearranging equation (3.39)

_ U2 + JQQ((JJT) — Qngp([zz — [yy)

Qy 7
. JQ(—wr) — Qe (e — 1,
vy
0O, = U4_Q¢Q9([yy_fm)
P =

IZZ

2. Inertial Reference Frame:

The description of dynamics in the inertial reference frame is achieved through the use of

the transfer matrix:
T

[éé 0 &}TZT[% o Qw] (3.41)

1 singtanf cos¢tané

T=10 cos ¢ —sin ¢ (3.42)
0 s
b= Q¢ + Qysingtanb + Qw cos ¢ tan (3.43)
0 = Qg cosd — Qysin d (3.44)
) = Qg sin psec d 4 2, cos psec (3.45)

Under the small angle approximation, for angles 6 that are small, sin(f) and tan(f) become
nearly zero, while cos(f) approximates to one. The same is true for ¢ and 1. Consequently,

the transfer matrices simplify to the identity matrix.

. . 7T . . . T
66 9 =la, 9
Quadcopter Characteristics: The quadcopter is influenced by four control inputs denoted as
the vector U = [Uy, Uy, Us, Uy)T. Specifically, U; controls altitude, governing the lift force.
Us impacts the roll angle, Us influences the pitch angle, and Uy plays a role in adjusting the
yaw angle of the quadcopter.
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Chapter Three 3.1.5 Dynamics of Quadcopter

X = (cos ¢sin B cos tp + sin ¢ sin 1)) <%) (3.46)
Y = (cos ¢sin fsin ) — sin ¢ cos 1)) (%) (3.47)
Z = (cos ¢ cos ) (%) —g (3.48)

b= % + %W - ‘]Zj (3.50)

) = g—“ + (L”I—;Iyy)éé (3.51)

The control inputs influence the rotor’s angular velocity, and this connection is described

inversely as:

YL \/4kt 4kt + \/—4kt 4[24 (3:52)
Wy = 4% N \/_4/ft 4%?5 4[{{:4 (3.53)
w3 = 4kt %l - 2% - g; (3.54)
Wy = 4kt f4kt + \f4kt 4% (3.55)

Since the quadcopter is an underactuated system, it is controlled by four input variables
denoted as Uy, Us,, Us, and Uy, while it exhibits six degrees of freedom (DOF) represented
as X, Y, Z, ¢, 0, and 1. To achieve independent control, it becomes necessary to transform
the underactuated system into a fully actuated one. Assuming no external forces act on the
quadcopter, only the thrust force and gravitational force are considered. In the body frame,
the thrust force ﬁf is denoted as U;. To transition from the body frame to the inertial

frame, a rotational matrix is employed.

Consider the virtual control inputs in the X, Y, and Z directions, denoted as U,, U,, and U..

U, c(0)c(v) s(@)s(O)c() — c(@)s(v)  s()s(¥) +c(d)s(B)e(¢) | | O 0
(

Uy| = [c(0)s(v) c(O)c(d) +s(0)s(0)s()  —s(d)e(y) +c(@)s(@)s(y)| |0 =] 0
U, —s(0) s(¢)c(0) c(@)e(0) Uy mg
(3.56)
Uy (s(9)s() + c(@)s(0)c(¥))Ur 0
Uy| = [(=s(@)e(@) +c(d)s(0)s())Ur| — | 0 (3.57)
U. (c(¢)e(0)Un mg
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Chapter Three 3.1.6 State Space Representation

Finding the magnitude of the vector:

Uy = /U2 + U2 + (U. + mg)?

U, = (sin(¢) sin(¢)) + cos(¢) sin(#) cos(y))Uy
U, = (—sin(¢) cos(¢) + cos(¢) sin(#) sin(v)) Uy
U, = (cos(¢) cos(0))U; —mg

So,
.. U,
X =—
m
_Uy
_m
. Uz+m UZ m z UZ
7 = g_ __+_g_ =—+4+g—9g=—
m m m m

To find the desired Roll (¢) and Pitch (#) angles:

U, cos(9) cos(v))
¢g = sin! (%(X sin(y) — Ycos(w)))

1

0; =sin™* [@ — sin(¢) sin(v)) L ]

The derivation is in the appendix D.

3.1.6 State Space Representation

(3.58)

(3.59)
(3.60)

(3.61)

(3.62)

(3.63)

A state-space representation is a method for characterizing the dynamics of a physical system

using state variables and first-order differential equations. The state of a quadcopter is a

collection of variables that define its status at a specific time, encompassing attributes like

position, velocity, orientation, and angular velocity. These state variables constitute the

quadcopter’s state, including parameters like the X, Y, and Z coordinates of its position,

the roll, pitch, and yaw angles of its orientation, and their respective derivatives [51].

Let the state variables be: X, X, Y,Y, Z, Z, o, gﬁ, 0, 9, 1, and ¢, denoted as X1, Xo, X3, X4,

X5, X¢, X7, X3, Xo, X190, X171, Xi2:

L, —1.. J W, 1
a; = —yy]m , Gy = T by = I
1., — I, J W, b 1
as — y ay = s > = —
Ly Ly Ly
Ly — 1, 1
_ by = —
R S



Chapter Three

3.2 Modeling Verification

The state-space representation for the quadcopter is as follows:

X, =X,
. U,
X, = -2

m
X3 =X,
. U,
X, =Y

m
X5:X6
. U,
Xg = —=

m
X; = Xy

Xs = b1Us + a1 X0 X12 + a2 X9

XQ = XlO

XlD = boUs + a3 Xg X12 — as X

Xll = X12

X12 = b3U, + a5 Xs X9

3.2 Modeling Verification

L ><:
A

U,, U3 |U, ‘
> Propellers Dynamic I
= W, i x Dynamic
resultant T, | equation of A
» 3 equation of
U, angular rotational 3
d % translational
spee system
P i - system
7z
v 'y
_ . sl U U O U+ (wr )=y (L= 1y)
TV T Ve T Ak T Ak, e T
p=i P 5l s U Yy, | = [ Yt e(wr) =08y (lzemlsz) i oz I a
Vg "Cu,: TS {2 T [o [ ,..} :T[QG 0 K_?L}
A _ple sl T : U= (T =Tz
LTV, \/:11.‘.1‘ (i Qy - ..

sy T
Ak Ak,

1 singtanf cosdtan®
T= |0 cos & —sing

0 sing/cos® cosdfcosl

Figure 3.10: Quadcopter Mathematical Model

Z= [l().\HEUSHl(

lg— lN:
@ A4

- i e U
X = (cos¢sinfl cos1 + sindsiny) ( L
T

3 U
Y = (cos ¢sinfsin ¢ — sin d cos ) (—t)

L '1)
g
m

Parameter Symbol | Value (Unit)
Quadcopter mass m 0.650 kg
Inertia constants Iy =1y, | 7.5 %x107% kg-m?

L. 1.3 %1072
Thrust coefficient kr 3.13 x 107° N-s?
Drag coefficient k, 7.5 x 107" N-m-s2
Inertia about propeller axis J 6 x 10~ kg-m?
Arm length [ 0.23 m

Table 3.1: Parameters of the Quadcopter Used for Simulation [52]
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Chapter Three 3.2 Modeling Verification

Throttle (Movement along Z-axis): This is accomplished by utilizing the altitude control

signal Uy, resulting in uniform motor rotation speeds.

Hovering Condition: If the thrust value (T' = mg) is maintained, the quadcopter remains
at a constant altitude above the ground. In the given scenario where U; = mg = 6.3765 N,
Uy = U3 = Uy = 0 N-m, and the initial state of the quadcopter is 5 meters above the ground
in a hovering condition, the observed angular velocities are w; = wy = w3 = wy = 225.7

rad/s. All angles remain in their zero state.
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Figure 3.11: Positions and Euler Angles at Hovering Condition

Rising Action: In cases where the thrust (7') surpasses the gravitational force (mg), the
vehicle undergoes an upward movement along the positive Z-axis. For instance, with U; = 8
N, Uy = U3 = Uy = 0 N-m, and the quadcopter initially positioned at ground level (0 meters),
the recorded angular velocities are w; = wy = wy = wy = 252.8 rad/s. All angles maintain

their zero-degree orientation.
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Figure 3.12: Positions and Euler Angles at Rising Action

Descending Action: When the thrust value (7") falls below the gravitational force (mg),

the vehicle moves in a downward direction along the negative Z-axis. For instance, with
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Chapter Three 3.2 Modeling Verification

U =5N, U, =U; =U,; =0N.m, and the initial quadcopter altitude set at 5 meters above
the ground, the recorded angular velocities are w; = wy = w3z = wy = 199.8 rad/s. All

angles remain at their zero-degree orientation.
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Figure 3.13: Positions and Euler Angles at Descending Action

Roll Movement: This describes the quadcopter’s motion along both the Y-axis and Z-
axis. When applying specific control signals, with values like Uy = 0.0001 N-m, U; = 6.3765
N, and U3 = Uy = 0 N-m, and considering the initial quadcopter state at an elevation of 5
meters above the ground, it leads to changes in rotational speeds: w; and ws become 225.690
rad/s, while w3 and wy reach 225.695 rad/s. These alterations result in a modification of the
quadcopter’s roll angle. Consequently, the quadcopter descends along the negative Z-axis

and moves towards the negative Y-axis, while the X-axis remains at a standstill.
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Figure 3.14: Positions and Euler Angles at Roll Movement

Pitch Movement: This corresponds to the quadcopter’s motion along both the X-axis and
Z-axis. When applying specific control signals, such as Uz = 0.0001 N-m, U; = 6.3765 N,
and Uy = U, = 0 N-m, with the initial state of the quadcopter positioned 5 meters above

the ground, it results in an increase in speed (W; = Wy = 225.69 rad/s) and a simultaneous
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Chapter Three 3.2 Modeling Verification

decrease in speed (W, = W3 = 225.665 rad/s), leading to a change in the quadcopter’s pitch
angle. As a consequence, the quadcopter descends along the negative Z-axis and moves
towards the positive X-axis, while the Y-axis remains unchanged, resulting in a modification

of the pitch angle.
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Figure 3.15: Positions and Euler Angles at Pitch Movement

Yaw Movement: In the scenario where Uy = 0.0001 N-m, Uy = U3 = 0 N-m, and U; =
6.3765 N, and considering the initial state of the quadcopter positioned 5 meters above
the ground, an increase in rotational speed (W; = W3 = 225.76 rad/s) occurs alongside a
simultaneous decrease in speed (Wo = W, = 225.6 rad/s). Importantly, this change in speed
doesn’t affect the quadcopter’s positions but causes the quadcopter to rotate in a counter

clockwise direction.
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Figure 3.16: Positions and Euler Angles at Yaw Movement
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Chapter Four

Controller Design

4.1 Introduction

In the field of control systems engineering, creating effective controllers is essential to achieve
desired performance and uphold the stability of dynamic systems. In aerospace systems,
controllers have a pivotal role in ensuring that a system responds appropriately to inputs and
fulfills its intended objectives. This chapter intends to explore the design of fuzzy STSMC
with PID surface. The block diagram illustrating the overall control system is depicted in

the figure below.

Outer loop (X,Y,Z)
PDsliding | S | Fusy T -
g T g | S | Fuezy
ALK ky K, | Ky, K
Fuzzy =
3 uzrzy
logic || Togic
Xd,Yd,Z% y_ s ¥ VELE §y ¥
+ € Calculation
Ay : .0
Position U, U,U, of desired ¢'d d e Ly e Xl Z=a
Desired Controller ~ |————| 2neles and Xy
s etars altitude Controller
controller
¢'a' ecu Y.
Ya 5 L

Inner loop ($,0.y)

Figure 4.1: Block Diagram of Overall Control System

The process begins with a predefined desired trajectory. The system calculates the error
by comparing this trajectory with the actual position and sends this error to a fuzzy logic
controller. The fuzzy logic controller uses the error to determine the appropriate values
for the control parameters (K,, K;, K;). These parameters are then applied to the sliding
surface, which computes additional values. Subsequently, this sliding surface data enters
another fuzzy logic controller, where it influences parameters k; and ky. These values, K,
K;, K4, ki, and ko, are then integrated into the position controller, which, in turn, generates
virtual control inputs (U,, Uy, U,). These virtual control inputs are further transformed into
desired angles (¢ and 0), and attitude controller. These angles serve as inputs to an inner
loop controller, where they are subtracted from the actual orientation to produce an error

signal. To tune the parameters of the inner loop controller, like the outer loop controller,
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Chapter Four 4.2 Sliding Mode Control

Fuzzy logic is employed. The resulting parameters are sent to the attitude controller, which
outputs Us, Us, and Uy inputs. The control inputs (Uy, Us, Us, and Uy) are then applied to
the quadcopter model, which delivers the actual position (X, Y, Z) and orientation (¢, 6, 1))

of the quadcopter, as shown in Figure 4.1.

4.2 Sliding Mode Control

A sliding mode controller (SMC) is a robust control technique employed for managing
dynamic systems in the presence of parameter variation and disturbances. It finds particular
utility in systems exhibiting nonlinear dynamics. The control strategy is created to direct the
system’s state variables to a predetermined sliding surface and then keep them on it. As the
system state trajectory approaches this sliding surface, it is designed in a way that ensures
the system state trajectory converges towards an equilibrium point, which represents the
desired behavior of the controlled system. This capability allows the controller to effectively
mitigate disturbances and variations in the system’s dynamics. To achieve this, the controller

employs discontinuous control signals based on the system’s error and its derivatives [53].

Sliding mode control is a suitable algorithm for addressing the challenges posed by intricate
high-order systems operating in uncertain conditions. It possesses several advantageous
features, including the ability to reduce system order, reject disturbances effectively, and
remain resilient in the face of parameter variations [16]. However, it suffers from a drawback
known as chattering. Chattering manifests as a rapid, high-frequency switching motion
between two control laws, occurring in the nearby area of the sliding surface. In an effort to
keep the state trajectory on this surface, the switching functions switch at a high frequency.
Regrettably, this unwanted chattering effect generates heat due to the rapid and continuous
transitions between the switching functions when the control is applied to electronic or
mechanical systems. This heat can potentially lead to electronic systems overheating and
sustaining damage, while mechanical components can wear out prematurely and suffer

eventual damage as a consequence of the abrupt shifts between the control laws.

Variable-structure control systems encompass a set of distinct but typically straightforward
feedback control laws and a decision rule. This decision rule, often referred to as the switching
function, determines which of the control laws should be active or "online" at any given
moment based on the system’s status. On the other hand, sliding mode control systems are

composed of two primary modes: a "reaching mode" (or "no sliding mode") followed by a
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Chapter Four 4.2.1 Sliding Surface

"sliding mode." Therefore, the design process for SMC involves two main aspects. First,
it involves designing an appropriate switching function to achieve the desired sliding mode
dynamics. Second, it involves coming up with a control strategy for the reaching mode,
ensuring that a reaching condition is satisfied. In the context of sliding mode dynamics,
the desired response typically aims for a rapid and stable convergence to the desired state,
characterized by asymptotic convergence during the sliding mode phase. In contrast, for
the reaching mode, the objective typically revolves around reaching the switching manifold

within a finite time frame [54].

4.2.1 Sliding Surface

A sliding surface is a mathematical concept that clearly defines a portion within the state
space of a system. Within this defined region, the control action switches and operates
in a prescribed manner to achieve the desired system performance. Essentially, it serves
as a representation of the intended error behavior that the controller strives to attain. The
primary purpose of the sliding surface is to guide the system’s state towards a predetermined
trajectory or a specified reference input, facilitating the controller in achieving its control

objectives [55].

When the system’s states enter the sliding mode, the system’s behavior is solely determined
by the properties of the sliding surface. As a result, the design of the sliding surface is
a critical step in achieving specific system characteristics during sliding mode operation.
In accordance with the principles of the sliding mode controller, the primary focus in
designing this controller lies in creating an effective sliding surface. This sliding surface
is characterized by the time-varying function S(¢) within the n-dimensional state space R",

and its formulation is expressed as follows [55].

The tracking error can be defined as follows. Let e = Xy—X, = [e, ¢, ¢, ..., e™ D] represents

the tracking error vector. Moreover, a time-varying surface can be defined as follows.

S(t) = (% + c) " e (4.1)

According to Equation (4.1), ¢ represents the coefficient governing the slope of the sliding
surface, maintaining a positive constant value. It’s essential to note that during the sliding
mode, when state trajectories align with the sliding surface, the system’s behavior remains

unaffected by variations in plant parameters or disturbances. This property, known as
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Chapter Four 4.2.2 Control Law

invariance, is promising for designing feedback control systems, particularly for dynamic

plants operating under uncertainty conditions [56, 16].

The sliding surface can be characterized by three distinct formulations, which are known as
Proportional Derivative (PD), Proportional Integral (PI), and Proportional Integral Derivative
(PID). These three groups can be represented by the following formulations [55]:

SPD = k:de + k‘pe (42)
Sp[ = kpe -+ kz / (& (43)
SPID = kdé + k:pe + ]{32 / (& (44)

Considering the persistent nature of static error that cannot be entirely eliminated, especially
when dealing with disturbance and variations in parameters, the inclusion of an integral term
in the error expressions is a deliberate choice. In the context of this thesis, the PID surface is

selected because it improves the tracking performance by eliminating the steady-state error.

4.2.2 Control Law

The primary objective of the control law is to guide the system trajectories onto the sliding
surface and subsequently keep them within the sliding surface. There are two distinct control
laws utilized in the design of sliding mode controllers. The first one is known as the equivalent
control law. The equivalent control law represents the control action required to maintain
the desired sliding motion on the sliding surface within the sliding mode control framework.
It should be noted that this isn’t the actual control input but rather reflects the cumulative
effect of the discontinuous control input [57]. The second control law is referred to as the
reaching law. The reaching condition signifies the circumstances under which the system’s
state moves toward and reaches the sliding surface. When the system follows this condition,

it operates in what’s known as the reaching mode.

4.2.3 SMC with PID Surface Design

The sliding mode controller is the summation of the equivalent and discontinuous controller,

given as:

Usmc = Ueq + Udis (45)
Where:

Usme @ Sliding mode controller, Ue, : Equivalent controller, Uy;s : Discontinuous controller
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4.2.3 SMC with PID Surface Design

e Design for X

For the first translational subsystem:

X =X, (4.6)
. U,
Xy =— 4.7
)= (17)
Define the tracking error variable for Xj:
€1 = Xl - Xd (48)
Taking the derivative of e;:
é1=X,— Xg=Xo— Xy (4.9)
€1 :XQ—Xd: ——Xd (410)
m
Now, select sliding surface Si:
Sl == Kmel + Km / €1 dt + deél (411)
Substitute equation (4.9) into (4.11):
Sl = prel + Kw / €1 dt + de(XQ — Xd) (412)
Taking the derivative of S;:
Sl = szél + Kmel + Kdzél (413)
Substitute equation (4.10) into (4.13):
: . U, -
Sl = prel + Kmel + Kdz (— - Xd) (414)
m
The equivalent control law is found by recognizing that S; at Ueq 1 0. Let S =0:
—dUeq(z) = deXd - prel - Kmel (415)
m
Rearranging equation (4.15):
m : )
Unae) = (deXd — Kpuéy — Kmel) (4.16)
Kd:c
Choosing constant rate reaching:
S = —Q,Sign(S;) (4.17)
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Si = S so equating equation (4.14) and (4.17):

—QmSIgH(Sl) = prel -+ Kixel + d - Kded (418)
Rearranging equation (4.18), the entire control law is:
m . . '
U, = (-stlgn(sl) t Kyp Xy — Koty — qu) (4.19)
dzx
To find Uy, since:
U, = Ueq(:p) + Udis(:p) (420)

Where: U, is the sliding mode controller for X, Ueyq(s) is the equivalent controller for X, and

Ulis(z) is the discontinuous controller for X.

Rearranging equation (4.20) and substituting equations (4.16) and (4.19):

Udis(a;) =U, — U

A =5 <—Qx Sign(S1) + KguXq — Kpef1 — Kz'mel>

m
Kd:c

(KdQCXd — Kpuéy — Kmq) (4.21)

The discontinuous controller is:

m

de(—QzSign(Sl)) (4.22)

Udis(a:) =
e Design for Y

Let us consider the second translational subsystem:

X3 =X, (4.23)
. U.
X, = (4.24)
m
Taking error variable for Xj:
€3 = X3 - Yd (425)
Taking derivative of es:
b5 =Xs—Y; =X, - Y, (4.26)
. .U, .
E3 =X, —Yy=-"2-Y, (4.27)
m
Now select sliding surface Sj:
53 = preg + Kiy / €3 dt + Kdyég (428)
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Substitute equation (4.26) into (4.28):
Sg = preg + Kiy / €3 dt + Kdy <X4 — Yvd) (429)

Taking derivative of S:

Sy = Kpyés + Kiyes + Kgyés (4.30)
Substitute equation (4.27) into (4.30):
: ' U, -
83 = preg + Kiyeg + Kdy E — Y:i (431)

The equivalent control law is found by recognizing that: Sy at Ueq is 0. Let Sy = 0:

Ka, Veatw) _ Ka, Yy — Kpyés — Kiyes (4.32)
Rearranging equation (4.32):
Unty) = Kﬁdy (Kdyi'/d — K5 — Kiyeg) (4.33)
Choosing constant rate reaching:
Sy = —Q,Sign(Ss) : (4.34)

Sy = S3 so equating equation (4.31) and (4.34) :

—Q,Sign(Ss) = K,yés + Kiyes + Kayly _ K, Yy (4.35)
By rearranging equation (4.35), the entire control law is:
U, = Kﬂdy (—@QuSign(Ss) + Kay¥a = Kpyés — Kiges) (4.36)
To find Uy, since:
Uy = Ueq(y) + Ulis(y) (4.37)

Where: U, is the sliding mode controller for Y, Uy, is the equivalent controller for Y, and

Udis(y) 1s the discontinuous controller for Y.

Rearranging equation (4.37) and substituting equations (4.33) and (4.36):

m . . .
Udis(y) = Uy — Ueqy) = Koy (—Qy Sign(S3) + KayYq — Kpyés — Kiye3>
- Ki (Kded - preg — Kz‘y63> (4.38)
dy
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The discontinuous controller is:

m

Koy (—Q,Sign(Ss)) (4.39)

Uais(y) =

e Design for Z

Let us consider the third translational subsystem:

X5 =X, (4.40)
. U
Xe = — 4.41
o= (1.41)
Taking error variable for Xj:
€y — X5 - Zd (442)
Taking derivative of es:
b5 = X5 — Zg = X¢ — Zy (4.43)
) . U
bs=X¢—Zyg=—— 4y (4.44)
m
Now select sliding surface Sj:
S5 = sz€5 + Kiz / €5 dt + Kdzé5 (445)
Substitute equation (4.43) into (4.45):
S5 == sz€5 + Kiz/€5 dt + Kdz <X6 - Zd> (446)
Taking derivative of Sj:
S5 = szég, + Kiz€5 -+ Kdzég) (447)
Substitute equation (4.47) into (4.44):
: ' U, .
55 = sze5 + Kizeg) -+ Kdz <— - Zd> (448)
m

The equivalent control law is found by recognizing that: 55 at Uey(z) 1s 0. Let 55 =0:

U€ z > .
Ki—2 = Ky 2 — Kp.é5 — K.e5 (4.49)
m
Rearranging equation (4.49):
UEQ(Z) = K, (Kdde - sze5 - Kiz€5> (450)

Choosing constant rate reaching:
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Ss = —Q.Sign(Ss) (4.51)

S5 = S5 so equating equation (4.48) and (4.51)

—Q.Sign(Ss) = Ky.é5 + Kizes + L K. 24 (4.52)
By rearranging equation (4.52), the entire control law is:
U.= 2 (—Q:Sien(S5) + KuoZu — Ky — Kizes) (4.53)
To find Ugg.), since:
U, = Ueqtz) + Udis(2) (4.54)

Where: U, is the sliding mode controller for Z, Uey.) is the equivalent controller for Z, and

Ulis(z) 1s the discontinuous controller for Z.

Rearranging equation (4.54) and substituting equation (4.50) and (4.53)

Udis(z) =U, — Ueq(z) = Ko <_Qz Sign(Ss) + Kq.Zq — Ky.é5 — Kize5>

dz

- (Kdde — Kpués — Kize5> (4.55)
The discontinuous controller is:
m .
Udis(z) = I (—QZ81gn(S5)) (456)
dz
e Design for Phi
Let us consider the first rotational subsystem:
X = X (4.57)
Xg = b1U2 + CL1X10X12 + CL2X10 (458)
Taking error variable for X;:
€7 = X7 — (bd (459)
Taking derivative of e;:
ér = X7 — g = Xs — da (4.60)
ér = Xs — ¢pa = iUz + a1 X10X12 + a2X10 — ¢u (4.61)

Now select sliding surface S7:
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Sy = Kp¢€7 + Ki¢> / er dt + Kd¢é7 (4.62)

Substitute equation (4.60) into (4.62):

57 = Kp¢€7 + Ki¢/€7 dt + Kd¢ <X8 - de) (463)

Taking derivative of S7:

Sy = Kppér + Kiger + Kapér (4.64)
Substitute equation (4.61) into (4.64):
St = Kpoér + Kiger + Kag (U + a1 X10 X1z + aX1o — 6a) (4.65)
The equivalent control law is found by recognizing that: S at Ueq(2) is 0. Let Sy =0:
K301 Ueq(2) = quﬁéd — Kpger — Kiger — Kgga1 X10X12 — Kgqgpa2X10 (4.66)

Rearranging equation (4.66):

1
Kagb

Ueqg(2) (deﬁd — Kpger — Kiger — Kgpa1 X10X12 — Kd¢a2X1o> (4.67)
Choosing constant rate reaching:

$ = —Q, Sign(s) (4.68)
S; = S7 so equating equation (4.65) and (4.68)

—Qy Sign(S7) = Kpeér + Kiger + Kap (51U2 + a1 X0 X12 + as X9 — 95(1) (4.69)

Rearranging equation (4.69), the entire control law is:

1 | ) ‘
h Kg4b <_Q¢ Sign(S7) + Kappa — Kpeer — Kiger — Kaga1 X10X12 — a2X10Kd¢>
deb1
(4.70)
To find Ugiy(2), since:
Uz = Ueq(z) + Uais(2) (4.71)

Where: U, is sliding mode controller for ¢, Ugy2) is equivalent controller for ¢, and Uys(o) is

discontinuous controller for ¢.
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Rearranging equation (4.71) and substituting equation (4.67) and (4.70):

Udis2) = Uz — Ueq2)

1 , . .
= Kaghn <_Q¢ Sign(S7) + Kqppa — Kppér — Kiger — Kgpa1 X10X12 — a2X1oKd¢>
1 - .
- <Kd¢¢d — Kppér — Kiger — Kgpa1 X10X12 — Kd¢a2X10> (4.72)
Kqpb1

The discontinuous controller is :

1
Ka4b1

Udis(2) = (—Qy Sign(S7)) (4.73)
e Design for Theta

Let us consider the second rotational subsystem:

Xy = Xy (4.74)
Xl() = b2U3 + CL3X8X12 — (I4X8 (475)
Taking error variable for Xo:
€9 = Xg - 9d (476)
Taking derivative of eg:
ég = Xg - éd - X10 - éd (477)
89 = X1o — 0a = b2Us + a3 Xs X12 — a4 Xs — 04 (4.78)
Now select sliding surface Soy:
Sy = Kpgeg + K / eg dt + Kgpég (479)
Substitute equation (4.77) into (4.79):
Sg = Kpgeg + Kig / €9 dt + Kdg (Xl() - Qd> (480)
Taking derivative of Sy:
Sg = Kpgég + Kigeg + Kdgég (481)
Substitute equation (4.78) into (4.81):
Sg = Kpgég + Kigeg + Kd9 <b2U3 + a3X8X12 - CL4X8 — 9d> (482)

The equivalent control law is found by recognizing that: Sy at Ueq 1 0. Let Sy = 0:

KagbaUeqy(3y = Kd@(‘g'a.l) — Kpo(éy) — Kigeg — KagasXs Xio + Kapas Xy (4.83)
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Rearranging equation (4.83):

1 . _
Vet = gz, (Baofa = Kyt — Kt — Kapas XoXoo + Kagni X (4.84)

Choosing constant rate reaching:
So = —QySign(Sy) (4.85)
Sy = Sy, s0 equating equation (4.82) and (4.85):
~QuSign(Ss) = Kpoéo + Kigeo + Kao (boUs + a3 Xs X1z — a1 Xs — i) (4.86)

Rearranging equation (4.86), the entire control law is:

B 1
K i9by

U3 <—QgSign(Sg) + Kdgéd — Kp9é9 — Kigeg — Kdgag,XgXlQ -+ a4X8Kd¢> (487)

To find Uyg;s, since:

Us = Ueq(g) + Udis(S) (4.88)

Where: Us is sliding mode controller for 8, Uy, is equivalent controller for 8, and Ugiy(.) is

discontinuous controller for 6.
Rearranging equation (4.88) and substituting equation (4.84) and (4.87):

Ugis(3) = Us — Ueq(3)

1 ‘ ) '
= %t (—Qe Sign(Sg) + Kagp(04) — Kpo(ég) — Kipeg — KgpazXsX12 + a4X8KdG)
1

 Kaoby

<Kd9(éd) — Kpp(é9) — Kipeg — Kapas XgX12 + Kd9a4X8> (4.89)

The discontinuous controller is:

1 )
Udis(3) = m(—QGSIgH(SQ)) (4.90)

e Design for Psi

Let us consider the third rotational subsystem:

X = X (4.91)
X1 = bsUy + a5 X5 X1 (4.92)

Taking error variable for Xi;:
e1n = X1 — Y (4‘93)
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Taking derivative of eq;:

€11 = Xn - &d = X9 — @bd (4-94)
1 = Xig — g = bsUs + a5 Xs X10 — ¥g (4.95)

Now select sliding surface Sy:
511 = qupell + Kup / €11 dt + Kd¢é11 (496)

Substitute equation (4.94) into (4.96):
S = Kppen + Kiy / e dt + Kap(X12 — ta) (4.97)
Taking derivative of Si;:
S = Kpyén + Kigen + Kagén (4.98)
Substitute equation (4.95) into (4.98):
Siy = K,péq1 + Kiperr + Kay(bsUy + a5 Xs X109 — &d) (4.99)
The equivalent control law is found by recognizing that: Si; at Ueq 15 0. Let Sy = 0:
KaypbsUeqa) = Kay(¥a) — Kpy(eir) — Kigenn — Kapas Xz X1o (4.100)

Rearranging equation (4.100):

1
Kaybs

Ueq(4) (Kddﬂ%d — préll — Kiwell — deag,XgXl()) (4101)

Choosing constant rate reaching:
S11 = —QySign(Sy;) (4.102)
Sy = 5'11, so equating equations (4.99) and (4.102)
—Qy Sign(S11) = Kppén + Kigenr + Kay(bsUs + a5 X X1 — @d) (4.103)

Rearranging equation (4.103), the entire control law is:

1
Kaybs

Us (—szSign(Sn) + Kaytha — Kpyéns — Kiyen — de%xgxm) (4.104)

To find Uyg;s, since:
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Us = Ueqay + Udis(a) (4.105)

Where: Uy is the sliding mode controller for 1, U2 is the equivalent controller for ¢, and

Ulis(z) is the discontinuous controller for .
Rearranging equation (4.105) and substituting equation (4.101) and (4.104):

Udis(a) = Us — Ueqa)

1 . . .
= Kd¢bg <_Q'¢; SlgH(Sll) + Kddﬂbd - Kp¢€11 - KZ’¢611 — Kd¢a5X8X10) (4106)
1 - .
S (ded — Kpypéi1 — Kiyperr — de%Xleo)
awb3

The discontinuous controller is:

1
Kaypb3

Uit (~QuSign(Su)) (4.107)

The stability analysis is in Appendix F.1.

4.3 Super Twisting Sliding Mode Controller

The Super Twisting Sliding Mode Controller (STSMC) is a specific approach within sliding
mode control used for controlling dynamic systems. It elevates the conventional sliding
mode control by introducing a super twisting algorithm. This algorithm enables rapid and
finite-time convergence to the sliding surface, even in the presence of parameter variations
and disturbances. It accomplishes this by utilizing a continuous control law that minimizes
chattering. As in the case with any control method, it comes with its own set of advantages

and disadvantages [58].

Advantages:

1. Robustness: STSMC is robust in dealing with disturbances and parameter variations.

It can effectively handle variations in system parameters and disturbances.

2. Fast Response: The super twisting algorithm enables fast convergence towards the
sliding surface. This leads to a quick response and reduced settling time, which is beneficial

in dynamic processes.

3. Chattering Reduction: It reduces chattering by smoothing control signal transitions

near the sliding surface.
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Disadvantages:

1. High Control Effort: The control effort in STSMC is determined by the parameters
chosen for the controller. If the parameters are set too aggressively, the control action can

become excessively large, causing the system to overshoot the desired trajectory.

2. Tuning Complexity: Tuning the controller parameters is a challenging task. Selecting

appropriate parameters requires expertise and understanding of the controlled system dynamics.

In the context of the super twisting algorithm, an additional nonlinear term is introduced
into the sliding mode control law to improve control performance. This extra component is
referred to as the ’super twisting term.” The primary control objective is to guide the system
trajectory to attain the sliding manifold condition, represented as S = S = 0, within a finite

time. The super twisting algorithm is formulated as follows:
$ = —ky |S|F sign(S) — ks / sign(S) dt

Super twisting algorithm has two terms. The first term is primarily responsible for achieving
finite-time convergence. It is designed to guide the system’s state onto the sliding surface
within a finite time. This term introduces a continuous function that is proportional to the
rate of change of the sliding variable. The second term contributes to chattering reduction
and enhances the control system’s performance. It introduces a continuous function that acts
to attenuate high-frequency oscillations in the control signal. This function helps smooth
the control action further and reduces the amplification of high-frequency components that
can lead to chattering. Both terms in the super twisting algorithm work together to mitigate
chattering and improve the performance of sliding mode control systems. The continuous
nature of these terms aids in achieving smoother convergence, reducing oscillations, and

enhancing control accuracy [59.

Through computer simulations and careful selection of suitable constants, denoted as k; and
ko, the controller guides the sliding variable S and its derivative to converge to zero within a
finite time frame. The design of the equivalent control within the controller follows a similar

procedure as that used for the conventional sliding mode controller.

4.3.1 STSMC with PID Surface Design

The Super twisting sliding mode controller is the summation of equivalent and continuous

controller, given as:
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USTsmc = Ueq + UST (4108>

Where: Ugrgme: Super twisting sliding mode controller, Usq: Equivalent controller, and Ugr:

Continuous controller

e Design for X

The equivalent controller Ueq(,) is the same as equation (4.16), which is done in the design

of SMC.
Reaching law: Based on STA, the closed-loop sliding dynamics for X, set as follows:
Sy = —ky|Sh|2 sign(S;) — ko / sign(9) dt (4.109)
Where: ky and ks are positive constant numbers.
Si = S, So equating equation (4.14) and (4.109) yields:

Ky,U, .
B2E KXy (4.110)

—k1|81|% Sign(51> — k‘g / Sign(Sl) dt = prél + Kwel +
Rearranging equation (4.110), the entire control law is:

m

U, =
de

(—k:1|51|§ sign(Sl) — ]{32 / Sign(Sl) dt + deXd — Kpa:él — Kmel) (4111)
To find Ugr, since:
Ur = Ueq(a) + Ust(a) (4.112)

Where: U,: Super twisting sliding mode controller for X, Ueyy): Equivalent controller for

X, Usr(z): Continuous controller for X

Rearranging equation (4.112) and substituting equation (4.16) and (4.111) yields:

Ust(z) = Uy — Ueq()

= Ko <—k1|51‘1/251gn(51) — kg/Slgn(S&) dt> + Ky, (Kded . szel — Kimel)
T K (deXd — Kp.é1— Kim) (4.113)
The continuous controller is:
m 1, .
Ust(z) = e (—k‘1|Sl|2 sign(Sy) — kg/Slgn(Sl) dt) (4.114)
dx
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e Design for Y

The equivalent controller Uey, is the same as equation (4.33), which is done in the design

of SMC.
Reaching law: Based on STA, the closed-loop sliding dynamics for Y, set as follows:

Sy = —ki|Ss|Y%sign(Ss) — ko / sign(Ss) dt (4.115)
Where: k; and ko are positive constant numbers.

Sy = S3, s0 equating equation (4.31) and (4.115) yields:

Kq,U
— k1| S5/ %sign(Ss) — ko / sign(Ss) dt = Kpyé3 + Kiyes + ﬁi; Y — Kaylia (4.116)
Rearranging equation (4.116), the entire control law is:

U, = Kﬂdy (—kl\Ssll/Qsign(Ss) — ko / sign(.S3) dt + Kded — Kpyés — Kiye?)) (4.117)

To find Ugry,), since:
Uy = Ueqty) + Usr(y) (4.118)

Where: U, is the Super twisting sliding mode controller for Y, Uy, is the equivalent

controller for Y, and Ugr(y) is the continuous controller for Y.

Rearranging equation (4.118) and substituting equations (4.33) and (4.117) yields:

UST(y) = Uy - Ueq(y)

= E (—k‘1|S3|1/251gn(S3) — k‘Q /81gn(53) dt + Kded — preg — Kiy€3> (4'119)
Y
- Ki (Kdyyd — preg — Kiy€3>
dy

The continuous controller is:

m

Usr(y) = X,
Y

<—k:1|53|1/281gn(53) — ky / sign(Sg)dt) (4.120)
e Design for Z

The equivalent controller Ug.) is the same as equation (4.50), which is done in the design

of SMC.
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Reaching law: Based on STA, the closed-loop sliding dynamics for Z is set as follows:
S5 = —ki|S5|"2sign(S5) — kg/sign(Sg,) dt (4.121)
Where: k; and ko are positive constant numbers.

S5 = S5, so equating equation (4.48) and (4.121) yields:

KdzUz

—k1|S5|1/QSign(S5) — ]{?2 / sign(S5) dt = szé5 + Kiz65 + — Kdde (4122)

Rearranging equation (4.122), the entire control law is:

m

U, =
Kdz

(_k1’85‘1/281gn<55) — ko / sign(5'5) dt + Kdde — szég, — Kizef)) (4123)
To find Ugr(.), since:
U. = Ueq(z) + Ust(z) (4.124)

Where: U, is the Super twisting sliding mode controller for Z, Uy, is the equivalent

controller for Z, and Ugr(.) is the continuous controller for Z.
Rearranging equation (4.124) and substituting equations (4.50) and (4.123) yields:

UST(z) =U, — Ueq(z)

= X, (_k1\55|1/281gn(55) — ko / sign(Ss) dt + Ka:Zg — Kpsé5 — Ki2€5> (4.125)
- Kdz (Kdde - sze5 - Kz‘ze5)

The continuous controller is:

m

UST(z) = Kdz (—k1|55|1/251gn(55) — kﬁg/Sign(Sg,) dt) (4126)

e Design for Phi

The equivalent controller Uegqg) is the same as equation (4.67), which is done in the design

of SMC.
Reaching law: Based on STA, the closed-loop sliding dynamics for ¢ is set as follows:
57 = —k,’1|S7|1/QSigH(S7) — k’g /81gn(57) dt (4127)

Where: k; and ks are positive constant numbers.
S7 = S7, So equating equation (4.65) and (4.127):
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—k1|S7|"/*sign(S7) — ks / sign(S7) dt = Kppér + Kiger + Kag(b1Us + a1 X10X12 + a2 X10 — da)

(4.128)
Rearranging equation (4.128), the entire control law is:
1 ..
U2 = K b (—k1|57|1/2sign(57) — ]{72 / SigIl(S7) dt + qu&ébd — Kp¢é7 — Ki¢€7
ao01 (4.129)
—Kd¢>a1X1oX12 - CL2X10Kd¢>
To find Ugr(a), since:
Uy = Ueqr2) + Ust(2) (4.130)

Where: U, is the Super Twisting Sliding Mode Controller for ¢, Ue2) is the equivalent

controller for ¢, and Ugsr(g) is the continuous controller for ¢.

Rearranging equation (4.130) and substituting equations (4.67) and (4.129):

1 . . " )
UST(?) = U2 - Ueq(2) = Kd¢bl (—k1\5’7]1/281gn(5’7) - k‘g / 51gn(S7) dt + Kd¢¢d - Kp¢€7
— Kiger — Kgga1 X10X12 — a2X10Kd¢> - (Kd¢€5d — Kpper — Kiger (4.131)
Ki4b1
— Kgpa1X10X12 — Kd¢a2X10)
The continuous controller is:
1 ) .
Usr(2) = 7 (—k:1|57|1/251gn(57) — k2/51gn(57) dt) (4.132)
b1

e Design for Theta

The equivalent controller Ueqg) is the same as equation (4.84), which is done in the design

of SMC.
Reaching law: Based on STA, the closed-loop sliding dynamics is set as follows:
S = k| So[2sign(S5) — ko / sign(Sy) dt (4.133)
Where: k; and ko are positive constant numbers.
Sy = Sy, s0 equating equation (4.82) and (4.133) yields:
—F1|So|/?sign(So) — k2 / sign(Sy) dt = Kpgég + Kipeg + Kag (b2U3 + a3 XsX12 — as Xg — éd)
(4.134)
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Rearranging equation (4.134), the entire control law is:

1 .
U3 = K b (—k1|89|1/281gn(39) — k‘z/Sign(Sg) dt —I—Kd99d — Kpgég — Kigeg
dob2 (4.135)
— Kgpaz X X2 + G4X8Kd¢>
To find Ugr, Since:
Us = Ueq(s) + Ust(s) (4.136)

Where: Us is Super twisting sliding mode controller for 6, Usqs) is equivalent controller for

¢, and Ust(s) is continuous controller for 6.

Rearranging equation (4.136) and substituting equation (4.84) and (4.135):

1 . . - )
Ust3) = Us — Ueq3) = —k1|So|*/?sign(Sy) — k2 [ sign(Se) dt + Kaefq — Kpoéo
Kgpb2

— Kipeg — Kgpa3z Xg X12 + a4X8Kd¢> - (Kdeéd — Kppeg — Kigeg (4.137)
K 49bo
— Kgpa3 XgX12 + Kd9a4X8)
The continuous controller is:
1 . .
Uste) = (—k1]59\1/251gn(59) - k2/51gn(5’9) dt) (4.138)
K 49bs

e Design for Psi

The equivalent controller Uegq(y is the same as equation (4.101), which is done in the design

of SMC.

Reaching law: Based on STA, the closed-loop sliding dynamics are set as follows:
SH = —/{71|511|% sign(SH) — k;g/sign(SH) dt (4139)
Where: ky and ks are positive constant numbers.

So Si; = Si1, equating equation (4.99) and (4.139) yields:

1 .
—]ﬁ’SH’E sign(Sn) — ko / sign(SH) dt = préll + Kizpen + Kd¢(b3U4 + a5 Xs X109 — wd) (4.140)

Rearranging equation (4.140), the entire control law is:

_ 1
Kgyb3

- Kd¢a5X8X10>

U4 <—k1\511|1/281gn(5'11) — kg / sign(Sn) dt +Kd1/ﬂl}d — préu — Kiweu

(4.141)
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To find Ugr, since:

Us = Ueqa) + Usr(a) (4.142)
Where: Uyg: Super twisting sliding mode controller for 9, Ugq): Equivalent controller for ¢ and
Ust(4): Continuous controller for 1
Rearranging equation (4.142) and substituting equation (4.101) and (4.141) yields:

1 . . ; .
UST(4) = U4 — Ueq(4) = —k1]511]1/231gn(511) — kg 81gn(511) dt + dewd — preu
debg

1 - .
— Kiyeir — dea5X8X10> " Kaobs <ded — Kpyé11 — Kiyerr — Kd¢a5X8X1o> (4.143)
The continuous controller is:

1 : .
UST(4) = debg (—kl\SH\é Slgn(Su) - kQ/Slgn(SH)dt) (4.144)

The stability analysis is in the Appendix F.2.

The position and attitude Super Twisting SMC of the quadcopter is summarized as:

U, = [zn (_k;“ / |Sl| Sign(Sl) — kQ/Sign(Sl) dt +Kdchd - prél - Kixel)
dx

Uy = E <—]{31 \ |S3| 81gn(53) — kg/SlgH<Sg> dt +Kdy}/d — preg — Kiy63>
Y

m

Uz = K (_kl\/ |S5’ SigH<S5> — kz/Sign<S5) dt +Kdz2d — szég, — Kizeg,)
dz

1

U2 = Kd¢b ( — kl AV |S7‘ Sign(87) — kQ / sign(57) dt + Kdd)éd — Kp¢é7 — Ki¢€7
1

- Kd¢a1X1oX12 - GzXloKd¢>>

1 | | o
s = ( ~ v/ [Silsign(So) — ko [ sign(S0) e + Kbl ~ Konéo ~ Kiney
2

— Kapaz Xg X2 + G4X8Kd¢>

1 . . . )
U4 = Kd b ( — k}l \ |SH| SlgH(SH) — ]{32 / 51gn(511) dt + de¢d — Kp¢611 — Kiweu
pU3

— de%Xleo)
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4.4 Parameters Tuning

Since STSMC has high control effort and complexity in parameter twining problem then a
careful selection of the control parameters is crucial to strike a balance between achieving

fast convergence and minimizing overshoot.
Using fixed PID sliding surface parameters in a sliding mode controller has:

Low Performance: The fixed parameters do not provide the best control performance

when the system characteristics change, leading to reduced overall control performance.

Sensitivity to Parameter Selection: Selecting appropriate fixed parameters is challenging.
This sensitivity to parameter selection makes it difficult to achieve the desired control

performance consistently.

Tuning parameters using fuzzy logic enable the automatic adjustment of the controller
parameters based on the system’s dynamics, parameter variation, and perturbations encountered

during operation.

4.4.1 Fuzzy Logic Control

Fuzzy logic control is a control system approach that employs fuzzy logic to make decisions.
Fuzzy logic is a mathematical system for making choices and thinking in situations where
the information is not very clear, so it helps create more detailed results. In contrast to
traditional binary logic, which confines options to either true or false values, fuzzy logic
accommodates degrees of truth, thus offering a more flexible way to express knowledge and

information [60].

Fuzzy logic, pioneered by Lotfi Zadeh in the 1960s as an extension of classical logic, recognizes
that real-world problems often lack clear-cut distinctions and instead involve various shades
of interpretation. Fuzzy logic offers a means to model imprecision and ambiguity by assigning
membership degrees to different categories. The foundation of fuzzy logic is built upon fuzzy
sets, which consist of elements with varying degrees of membership. Each element can possess
a membership value ranging from 0 to 1, representing the degree of association with that
specific set. By employing linguistic variables such as "high" and "low," and formulating
fuzzy rules that define the relationships between these variables, fuzzy logic can effectively

capture the subjective nature of human reasoning [61].
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Fuzzy logic is applied in a range of fields, including control systems and decision-making,
due to its capability to manage uncertainty. This feature makes it well-suited for modeling

complex systems where conventional logic is not effective [60].

Fuzzy logic offers a significant advantage in its capacity to effectively manage non-linear
systems. Through the utilization of fuzzy rules, fuzzy logic controllers can attain robust
control, even in scenarios involving parameter variation. Additionally, fuzzy logic provides
interpretability, enabling experts to readily grasp the decision-making process. The linguistic
labels, membership functions, and rule sets employed in fuzzy logic offer a clear representation

of the fundamental reasoning process [62].

4.4.2 Fuzzy Logic-Based Gain Tuning

e Fuzzy Logic-Based Gain Tuning for PID Sliding Surfaces

Using large PID sliding surface parameters in STSMC for controlling a quadcopter when the

error is small have disadvantages, such as:

1. Overshoot: Large sliding surface parameters causes the control action to be more

aggressive, leading to overshoot.

2. Increased Control Effort: Large sliding surface parameters increases the control effort

required to stabilize the system. This leads to higher motor torque or thrust inputs.

Using small PID sliding surface parameters in STSMC for controlling a quadcopter when

the error is large have slower convergence problem.

Slower Convergence: Small sliding surface parameters limit the controller’s ability to
quickly converge the system states to the desired sliding surface. This results longer settling

time.

A large value K, K;, and K, can be selected when |e| is large, to make the control input high
and able to converge fast. A small value of K,, K;, and K, can be selected when |e] is small,
to decrease overshoot and control effort. Therefore, if the parameters can be tuned based on
the above argument, a more acceptable performance (fast convergence, small control effort,
and eliminate overshoot) can be achieved. Thus, to have a value of K,,, K;, and K, which
can maintain a balance between the two facts, a fuzzy controller rule base is used for tuning
K,, K;, and K, based on |e| value. A one-input three-output fuzzy system is designed for

this application. Input taken is |e| while the output is K, K;, and K,. The rule base used
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Chapter Four 4.4.2 Fuzzy Logic-Based Gain Tuning

is given in Table 4.1. Input |e| has four membership functions, and output K, K;, and K,

also have four membership functions for each.

Four fuzzy sets named ZR, PS, PM, and PB respectively for Zero, Positive small, Positive
medium, and Positive big are chosen to fuzzify the error. Similarly, the parameters K, K,
and K are fuzzified into four fuzzy sets named ZR, PS, PM, and PB respectively for Zero,

Positive small, Positive medium, and Positive big.

el [ZR [ PS [ PM | PB
K, | ZR | PS | PM | PB
K; | ZR | PS | PM | PB
K, | ZR | PS| PM | PB

Table 4.1: Fuzzy Rules for Error and PID Sliding Surface Parameters

The rules used to map the input and output fuzzy sets are as follows:
Rulel: if |e| is ZR, then K,, K;, and K, is ZR.

Rule2: if |e| is PS, then K, K;, and K, is PS.

Rule3: if |e| is PM, then K),, K;, and K, is PM.

Rule4: if |e| is PB, then K, K;, and K, is PB.

e Fuzzy Logic-Based Gain Tuning for %k, and k,

Using a large super twisting algorithm parameter in STSMC for controlling a quadcopter

when the sliding surface is small leads to the following disadvantages:

1. High Control Effort: A large super twisting algorithm parameter results in high
control efforts being applied by the system. This high control effort leads to increased power

consumption.

2. Reduced Precision: The large parameter value causes a reduction in the precision of
the control system. As the sliding surface becomes smaller, the high control effort make it
challenging to achieve control over the quadcopter’s motion. This leads to decreased tracking

precision.

Using small super twisting algorithm parameters in STSMC for controlling a quadcopter

when the sliding surface is large have disadvantages:

1. Slow Convergence: A slower convergence delays the quadcopter’s ability to stabilize

and correct the error, leading to reduced performance.
2. Reduced Control Authority: Small super twisting algorithm parameters limit the
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Chapter Four 4.4.2 Fuzzy Logic-Based Gain Tuning

control authority of the system. With a large sliding surface, the quadcopter requires more
control effort to bring it back to the desired state. In such cases, having small parameters

reduces the effectiveness of the control action.

A large value k; and ko can be selected when |S| is large, to increase control authority and
able to converge fast. A small value of k; and ks can be selected when |S] is small, to decrease
control effort and increase precision. Therefore, if the parameters can be tuned based on the
above argument, a more acceptable performance (fast convergence, small control effort, best
precision, and increased control authority) can be achieved. Thus, to have a value of k; and
ko which can maintain a balance between the two facts, a fuzzy controller rule base is used
for tuning k; and ko based on |S| value. A one-input two-output fuzzy system is designed
for this application. Input taken is |S| while the output is k; and ks. The rule base used is
given in Table 4.2. Input |S| has five membership functions, and output k; and ks also have

five membership functions for each.

Five fuzzy sets named VS, S, M, L, and VL respectively for Very small, small, medium,
large, and very large are chosen to fuzzify the error. Similarly, the parameters k; and ks are
fuzzified into five fuzzy sets named VS, S, M, L, and VL respectively for Very small, small,

medium, large, and very large.

IS|TVS[S[M[L[VL
ki | VS|S|[M|L|VL
ky | VS|S|M|L|VL

Table 4.2: Fuzzy Rules for Sliding Surface and Super Twisting Algorithm Parameters

The rules used to map the input and output fuzzy sets are as follows [63]:
Rule 1: if | S| is VS, then k; and ky are VS.

Rule 2: if |S] is S, then ky and ky are S.

Rule 3: if |S] is M, then k; and ky are M.

Rule 4: if | S| is L, then k; and ky are L.

Rule 5: if |S| is VL, then k; and ks are VL.

The membership function used here is Triangular function because of its:

1. Simplicity: Triangular membership functions are straightforward and easy to implement.
They exhibit a basic triangular configuration defined by three parameters: the lower limit,

upper limit, and peak value. This simplicity makes them more understandable compared to
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Chapter Four 4.4.2 Fuzzy Logic-Based Gain Tuning

other complex membership functions.

2. Interpretability: The triangular membership functions provide a clear and interpretable
representation of linguistic terms. Each vertex of the triangle corresponds to a specific

nn

linguistic term, such as "low," "medium," or "high," which makes it easier to understand

the fuzzy logic system and its decision-making process.

3. Reduced Computational Complexity: Computational operations is relatively simpler
when using triangular membership functions. The calculations involved in determining the
centroid or center of gravity of a triangular shape are less computationally intensive compared

to other membership functions with more complex shapes.

Membership functions of input (|e| and |S|) and output for (X, Y, Z, ¢, 0, ¢, ki, and k)

are shown in Appendix G.

Motor Selection: For this thesis DX2205 2300KV Brushless DC Motor is selected. The

specification are in Table 4.3

Specification Value

Brand FancyWhoop
Speed 2000 RPM
Voltage 7.4 Volts
Horsepower 408 Watts

Item Dimensions (L x W x H) | 31 x 31 x 25 mm
[tem Weight 28 grams

Table 4.3: Specifications of DX2205 2300KV Brushless DC Motor [64]
The maximum torque is calculated as follows:

P 408 W
T=—

= — =0.204N
w 2000 rpm 0-204 Nm

Where: P = Power, w = Angular velocity, and 7 = Torque
Since the radius of propeller is 0.15m,;
1/3 1/3
Thrust force = (g « D% % p P2> - (g (0.09) (1.225) (408)2> = 55N

Where:
D: represents the diameter of the object.
p : denotes the fluid density in which the object is moving.

P: represents Power.
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Chapter Five
Wheat Yield Estimation

5.1 Introduction

The application of this thesis is to estimate the wheat yield. Introducing an advanced system
for wheat yield estimation that utilizes YOLOvS for the detection and counting of wheat
heads. This state of the art technology revolutionizes crop assessment, providing farmers

with real-time data for data driven decisions and enhanced harvest predictions.

5.2 System Description

Figure 5.1: Quadcopter Movement in a Wheat Farm and Camera’s Capture Range

Assumptions:
— The terrain of the farm is level, and it exhibits uniform elevation throughout.

— The entirety of the farm is devoid of obstacles.

The process of estimating wheat yield begins with a quadcopter equipped with an imaging
system that captures images along a predetermined trajectory, as discussed in the previous
chapter. These images are then stitched together to eliminate any overlapping regions. The
stitched image is subsequently divided into smaller segments, typically measuring 1 square

meter each, and fed into a specially trained system for analysis.

This intelligent system excels at its first task: detecting and counting wheat heads within
each image segment. It iterates through all the image segments, summing up the total
number of heads detected. To calculate yield estimation, the system requests input for the
following parameters: the average number of kernels per wheat head, the weight of one

kernel, and the area of the ground, which is generally derived from ground samples.
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Chapter Five 5.2. System Description

With all the essential inputs collected, the system generates a wheat yield estimation. It
combines the head count, kernels per head, weight, and area, thus providing an assessment of
the wheat yield. In this manner, the integration of quadcopter technology, image processing,

and ground-based data collection ensures a reliable approach to wheat yield estimation.

Take picture —» Picture stitth —»

Manual sample
collection

Yield calculation

v

Figure 5.2: Flow Chart for Wheat Yield Estimation

For this thesis, the GoPro HERO9 Black camera with a 155 degree field of view (FOV) has
been selected. With this camera’s wide FOV, it can capture an area of 1296 square meters
from a distance of 4 meters. To minimize overlapping regions in the photos, the camera will
be adjusted to capture an image every 72 seconds. This 72-second interval is chosen because
the quadcopter’s speed is 0.5 meters per second. In 72 seconds, it can move 36 meters, which
is the distance needed to capture a photo. The reason for selecting 36 meters is that the
camera’s field of view (FOV) is 155 degrees, and at a height of 4 meters, it can cover an area
of 36 meters by 36 meters. With this capture rate, it captures 10 photos in one hectare of

land, as depicted in Figure 5.3, with an overlap of 0.04m.

083 (29,90

g0 (@354 (43.54)

30 uomis)
20 4318 (438 338

X (m)

Figure 5.3: Quadcopter Camera Capturing Points and Overlap Regions

Specification Value

Weight 158¢g

Wide-Angle Lens | 155° FOV (field of view)

Photo Resolutions | 20 Megapixel

Size 71.0 x 55.0 x 33.6 mm

Equipped with a timer feature that enables users to capture photos
with a preset delay.

Timer

Table 5.1: GoPro HERO9 Black Camera Specifications [65]
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Chapter Five 5.3 Image Recognition

5.3 Image Recognition

Image recognition is a computer vision process where a computer system analyzes and
identifies objects, patterns, or features within images. It enables the categorization and
understanding of visual content, which is a critical capability with applications ranging
from facial recognition and autonomous vehicles to medical diagnostics. It has witnessed
remarkable advancement in recent years [66]. YOLOv8 (You Only Look Once version8) is
at the forefront of this progress, offering state of the art capabilities in real-time detection

of objects |67].

YOLO is groundbreaking object detection algorithm developed by Joseph Redmon and
Santosh Divvala in 2016. It is widely utilized for purposes such as object recognition,
tracking, and counting in images and videos. YOLO’s key characteristic is its ability to
detect objects in an image frame using a single deep neural network pass [67]. For this thesis

training is done using YOLOvVS in PyCharm software.

PyCharm is a software created with a specific focus on Python programming. It is developed

by JetBrains and is widely used by Python developers for coding [68|.

5.3.1 The Training Process of YOLOvVS

Training YOLOVS involves:

1. Data Collection and Annotation: The first step in training any object detection
model is to collect a diverse dataset that represents the types of objects the model will
detect. These images must be annotated with bounding boxes indicating the location
of objects and their corresponding class labels. High-quality annotations are crucial
for training a robust model. For this thesis data is taken from the global wheat head
dataset [45], totaling 3530 images. From these images, 3000 are used for training, 500
for validation, and 30 for testing. Data annotation for YOLOvS format is done by using

makesense.al.

MakeSense.ai is an online annotation tool created for computer vision applications, including
tasks like object detection. It provides an interface for annotating and labeling datasets,

making it easier to generate training data [69].

2. Loss Function: YOLOVS utilizes a mix of loss functions during training. These functions

primarily assess the precision of bounding box predictions (localization loss) and object
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Chapter Five 5.3.1 The Training Process of YOLOv8

presence (confidence loss). These losses guide the model to make accurate predictions.

3. Training: Training YOLOvVS involves optimizing the model’s parameters using a large
dataset. Training continues until the model converges, meaning it achieves satisfactory

object detection performance on the validation dataset.

In the realm of YOLOVS, transfer learning is a pivotal technique that empowers object
detection tasks. Transfer learning involves the initialization of a YOLOvS8 model using the
weights and architecture of a pretrained neural network. These pretrained models have

undergone extensive training on vast image datasets for tasks like image recognition.

By initializing with pretrained models, YOLOvVS inherits valuable feature representations,
allowing it to grasp essential patterns within images. Fine-tuning this initialized model
with specific datasets related to object detection tasks, such as wheat head counting,
enables the model to adapt efficiently. This approach not only speed up the model’s
training but also substantially enhances its performance, demonstrating the central role of
transfer learning and pretrained models in achieving precise and efficient object detection

within the YOLOvVS framework.

4. Evaluation: After the training phase, the model’s ability to detect objects is assessed
using metrics like Mean Average Precision (mAP) on a separate test dataset. The model

undergoes several iterations of training and evaluation to achieve the desired performance.

Wheat Train for
ea _p Image . | » Annotated = !
head annotation dataset cEramn
image v
data set Trained model
evaluation

v

No Training
objective
achieved

v Yes
Number of heads

Figure 5.4: Flow Chart of Wheat Head Count

Working Steps of YOLO:

1. Input Image: YOLO takes an input image, and it divides the image into a grid.
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2. Grid Division: The image is partitioned into a grid of cells, and each cells role is to

predict objects present within its assigned region.

3. Feature Extraction: YOLO uses a deep convolutional neural network to extract features

from the entire image.

A Convolutional Neural Network (CNN) is a specialized deep learning model created for
the analysis of visual data, like images. It employs a layered structure, incorporating
convolutional layers to extract features from the input data, pooling layers to reduce
spatial dimensions while retaining crucial information, and fully connected layers for
integrating extracted features and making high-level decisions. These fully connected
layers utilize the extracted features to generate predictions, making CNNs effective in

tasks like image recognition and object detection.

4. Bounding Box Prediction: YOLO predicts bounding boxes for each cell in the grid,
with each bounding box characterized by:
a. Center coordinates (z,y) of bounding box.
b. The bounding box’s width (w) and height (h) .
c. Confidence score, which indicates how likely it is that an object exists in the bounding

box.

5. Class Prediction: For each cell, YOLO predicts class probabilities for the objects
detected within that cell.

6. Non-Maximum Suppression: Following predictions, YOLO employs non-maximum

suppression to eliminate redundant bounding boxes.

7. Output: The ultimate result from YOLO comprises the remaining bounding boxes, along

with their corresponding class labels and confidence scores.
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Chapter Six

Simulation Result and Discussion

6.1 Introduction

This chapter is structured into two distinct sections. The first part explores the test
results obtained from employing the Fuzzy STSMC with PID surface for controlling the
quadcopter across various trajectory scenarios. The second section provides a comprehensive
explanation of the outcomes of image processing and how the trained system derives wheat

yield estimates, along with the resulting findings.

6.2 Controller Outcome

Graphical representations of simulation results, created using MATLAB/SIMULINK, provide
insights into the performance of the Fuzzy STSMC with PID surface. This controller
integrates the adaptability of fuzzy logic with the robustness of STSMC. Testing covers spiral
infinity trajectories without disturbances and square wave trajectories with and without
disturbances. Furthermore, Comparison is made in spiral cylindrical trajectory with and

without variations in parameters.

6.2.1 Spiral Infinity Trajectory

In the context of space navigation, a Spiral infinity trajectory was utilized as the tracking
reference, with sinusoidal input trajectories applied to both the X and Y axes, and ramp
input to Z axes which is: Xy = 1 — cos(t), Yy = 0.5sin(2t), Z; = t and ¢4y = 0. The gains

are automatically tuned using fuzzy logic, which is provided in Appendix G.

0 5 10 15 20 25 30 o 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (seconds) Time (seconds) Time (seconds)

0.05

Theta (rad)
o

-0.05

0 5 10 15 20 25 30 0 5 10 15 20 25 30 "o 5 10 15 20 25 30
Time (seconds) Time (seconds) Time (seconds)

Figure 6.1: Spiral Infinity Trajectory Tracking of Position and Attitude
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Figure 6.2: 3D Plot of Spiral Infinity Trajectory Tracking

The figures showcase the tracked positions in the X, Y, Z axes and the orientations in
¢, 0, and v angles, as depicted in Figure 6.1. Additionally, Figure 6.2 illustrates the
resulting 3D trajectory tracking response. The acquired responses indicate that the proposed
Fuzzy STSMC with PID sliding surface controller effectively ensures both accurate reference

tracking and fast convergence while maintaining stability.

6.2.2 Application Based Trajectory (Square Wave)
Area Coverage

The square wave serves as a simple path to ensure complete area coverage. In this thesis, the
waypoints are manually defined. A navigation speed of 0.5 m/s is selected for the creation of
the flight time table, which is provided in Table 6.1. First, the Quadcopter moves from the
ground to 5 meters in the Z-direction. Then it moves 18 meters in the Y-direction, followed
by moving 100 meters in the X-direction. The plant height is 1 meters at the heading stage,
so the photo will be taken from 4 meters from the tip of the plant. To calculate the trajectory

tracking reference, polynomials are employed. For this thesis, a 3" order polynomial is used.

The calculation and code of input trajectories are written in Appendix E.1. The gains are

automatically tuned using fuzzy logic, which is provided in Appendix G.

Time (sec) | X (m) | Y (m) | Z (m)

0 0 0 0
2.5 0 0 b}
11.5 0 18 5
61.5 100 18 )
79.5 100 54 )
129.5 0 o4 )
147.5 0 90 bt
197.5 100 90 5
200 100 90 0

Table 6.1: Flight Time Table
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Figure 6.3: Square Wave Tracking of Position and Attitude
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Figure 6.6: Altitude and Attitude Controllers Effort of Quadcopter
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Figure 6.7: Parameters of Square Wave
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It can be noticeably observed from Figure 6.3 that the proposed controllers have good

performances (reduced errors) for positions (X, Y, Z) control.

And the control scheme

ensures that the quadrotor maintains its attitude angles to allow it to perform tracking of
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the target configuration. Figure 6.4 shows the 3D response of the system obtained by the

proposed method, so the controller makes the quadcopter track the desired input.

The outer loop or virtual controller signals U,, U,, and U,, which are used to determine
the desired roll ¢, and pitch 6, and attitude controller Uy, are shown in Figure 6.5. The
amplitude of the controller signal fluctuates in response to the input trajectory to determine

the necessary force required to sustain the desired trajectory.

The altitude controller U; and yaw angle controller U, are responsible for controlling the
specified altitude and yaw angle provided by the task manager, respectively. Conversely, the
attitude roll angle controller U; and pitch angle controller Us control the reference trajectory

generated from outer loop controller.

6.2.3 Disturbance Rejection Capacity

In order to show the efficiency and robustness of Fuzzy STSMC with PID surface scheme
in tracking trajectory, bounded disturbance is applied to utilized in real life applications
tracking response for a square wave reference trajectory. The external disturbance is represented
by a random signal exhibiting differing force amplitudes along U1, U2, and U3 at different

time intervals shown in Figure 6.8.

Disturbance along U1 Disturbance along U2 Disturbance along U3

- 0 01

0 20 @ 6 80 00 D ¥ et Mm 0 0 & 6 & 100 120 W K 1B 20 0 2 4 & % M0 1 W B0 180 A0
Time (seconds) Time (seconds) Time (seconds)

Figure 6.8: Applied Disturbance along U1, U2 and U3
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Figure 6.9: Effect of Disturbance
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Figure 6.10: Square Wave Response with Disturbance

Figure. 6.9 illustrates the quadcopter’s trajectory during the experiment. It commences
its ascent from ground level, reaching an altitude of 5 meters within a mere 2.5 seconds.
This trajectory persists for the next 15 seconds, during which the quadcopter maintains its
position at the 5 meter. However, at the 15" second, it encounters a 0.7 N force in the
negative 7Z direction, causing a temporary descent of 0.2 meters from its initial position. It
travels with this height from 15™ to 22" second. Remarkably, within a mere 2.5 seconds,
it ascends back to its original altitude of 5 meters, displaying the controller’s remarkable

disturbance rejection capability.

Subsequently, from the 65™ to the 70" second, the quadcopter contends with a 0.099 Nm
torque in the negative pitch, which constitutes almost half of the maximum torque the
motor can generate. This disturbance leads to a 0.02 meter displacement in the negative X
direction. Once the disturbance ceases, the quadcopter promptly retraces its trajectory to

the 100 meter and continues its journey.

Between the 90" and 98" seconds, it confronts a 0.1 Nm torque in the negative roll. This

disturbance causes a consequential displacement of 0.1 meters in the positive Y direction.

Nevertheless, upon the removal of the disturbance, the quadcopter promptly reverts to its
previous position at the 54 meter and seamlessly continues its trajectory. The controller
gives control input to counteract the disturbance. These remarkable control outcomes
underscore the system’s ability to efficiently reject disturbances and maintain the desired
flight trajectory, emphasizing the robustness and reliability of the Fuzzy STSMC with PID

control strategy.

The system response of the proposed controllers under disturbances in 3D is presented in
Figure 6.10. From the simulation result, it is observed that the suggested controller by
automatically tuning its parameters and give the amount of appropriate force and torque

to the quadcopter, it achieves better performance of the desired trajectory tracking in the
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presence of disturbances.

6.2.4 Comparison of Fuzzy STSMC with SMC

To demonstrate the performance of FUZZY STSMC with PID surface compared to SMC, a
spiral cylindrical trajectory is employed. This trajectory is complex; therefore, achieving the
best controller performance is essential. The input is Xy = 1 — cos(t), Yy = sin(t), Z; = t,

and 4 = sin(?).
e Based on Tracking Performance and Chattering Reduction Capacity

The simulation result for the Fuzzy STSMC with PID sliding surface shows good tracking
performance with fast convergence of the states to the desired reference signals. Whereas
the sliding mode controller gives low performance and slow convergence as shown in Figure
6.11 and 6.12. The proposed controller reduces chattering that occurs in the control inputs

of SMC as shown in Figure 6.13 and 6.14.
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Figure 6.12: 3D Plot of Fuzzy STSMC with SMC in Spiral Cylindrical Trajectory
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Figure 6.14: Altitude and Attitude Controllers Effort of Quadcopter

Performance Index

Integral Time Absolute Error (ITAE) is used for this thesis as a performance index because
ITAE is a useful metric for comparing different control strategies by quantifying the error
magnitude over time in a specific way and it tells which control setup results in better error

reduction and tracking performance.

SMC | Fuzzy STSMC
X 10.43 3.495
Y 10.3 1.868
Z 1.981 0.583
Phi | 5.469 4.354
Theta | 1.702 1.162
Psi 9.33 3.023

Table 6.2: ITAE for ¢ = 30 seconds

Table 6.2 shows the proposed controller reduces the error in the X, Y, Z, Roll(¢), Pitch(6),
and Yaw(1) direction by 66, 49%, 81.86%, 70.57%, 20.38%, 31.72%, 67.59% compared to SMC.
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e Based on Parameter Variation Handling Capacity
In order to show the efficiency and robustness of the Fuzzy STSMC scheme in tracking
trajectory when there is a parameter variation in the quadcopter mass, 0.35 kg that means
53.84% of quadcopter mass is added to the quadcopter, so the mass of the quadcopter

becomes 1kg.
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Figure 6.16: 3D Plot of Parameter Variation in Spiral Cylindrical Trajectory

As seen in Figures 6.15 and 6.16, the proposed controller perfectly handles the parameter

variation on the mass of the quadcopter.

6.3 Wheat Yield Estimation Outcome

This part consists of two main components: the training and validation of a wheat head
detection and count system using YOLOVS for precise wheat yield estimation and on-ground
case studies conducted for comparison. This section presents the outcomes of these efforts,
revealing the performance and implications of the YOLOvS8-based wheat head detection

system in real-world scenarios.

6.3.1 Image Processing

Training is done for 70 epochs and it is completed in 123.783 hr. Training mean average

precision is 97.1% and validation mean average precision 96.9%.
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Figure 6.17: Training and Validation Loss and Precision

Train/box loss and Validation/box loss:

Train/box loss and Validation/box loss are metrics that evaluate the model’s precision in
detecting objects within images during training and validation, respectively. These gauges
how accurately the model identifies object presence, which is crucial for object detection

tasks.

Throughout the 70-epoch training of the YOLOv8 model, the “train/box loss” displayed a
notable trend. It initiated at 2.0 in the first epoch, reflecting the model’s initial learning
phase. Over subsequent epochs, there was a consistent decrease, reaching 1.7 by the 70
epoch. This decline signifies the model’s growing proficiency in accurately detecting objects

within images, a fundamental aspect of object detection tasks.

Simultaneously, the “Validation/box loss” followed a similar pattern, commencing at 1.75
and concluding at 1.55. While minor fluctuations occurred in the middle epochs, the
overall trajectory indicated gradual improvement. The convergence in both training and
validation losses suggests that the model effectively learned to detect objects within images

and consistently improved its accuracy throughout training.

The final “train/box_loss” of 1.7 and “Validation/box loss” of 1.55 reflect the model’s

optimization in object detection, specifically in object presence detection.

Train/cls_loss (Training Classification Loss): This measures the model’s proficiency

in classifying objects during the training process. The recorded values show a consistent
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decline, starting at 1.6 in the first epoch and reaching 0.8 by the 70*" epoch. This indicates

that the model steadily improved its classification accuracy as training progressed.

Val/cls_loss (Validation Classification Loss): This quantify the model’s ability to
classify objects. It notably decreased from 1.01 in the first epoch to 0.61 by the 70" epoch,
demonstrating consistent improvement in object classification accuracy during training. A
lower value at the 70" epoch indicates the model’s enhanced ability to accurately classify

objects in the validation dataset.

Train/dfl loss (Training Detection Focal Loss): This assesses how effectively the
model distinguishes objects from the background and accurately detects them during the
training phase. A decreasing train/dfl loss indicates improved object detection performance
during training. The "train/dfl loss" metric exhibited consistent improvement during the
70" epoch YOLOVS training, decreasing from 1.45 to 1.25, indicating the model’s effective

learning for object detection.

Val/dfl loss (Validation Detection Focal Loss): This evaluates the model’s ability to
generalize its object detection capabilities to new, unseen data during the validation process.
A consistent or decreasing val/dfl loss suggests the model’s capacity to apply its object

" while

detection skills to previously unencountered scenarios. In the case of "val/dfl loss,'
it displayed minor fluctuations in the middle epochs, the overall trend remained smooth,
moving from 1.29 to 1.27. This suggests the model’s capability to generalize its object

detection skills to new data, with minor variations during validation.

Matrics/precision(B): This serves as a measure of precision in object detection, indicating
how accurately objects are identified within images. Over the training duration, exhibited a
steady increase from 0.84 in the first epoch to 0.93 by the 70*® epoch, indicating improved

precision in object detection without significant fluctuations.

Matrics/mAP50(B): This evaluates the mean average precision of the model at a 50%
intersection-over-union threshold, a critical aspect of object detection tasks. Throughout
training, it maintained a consistent upward trajectory, starting at 0.89 and reaching 0.971 by
the 70" epoch, without notable fluctuations. This pattern highlights the model’s enhanced

overall detection accuracy, particularly at a critical 50% intersection-over-union threshold.

Matrics/recall(B): This measures the recall or sensitivity of the model in object detection,

indicating how effectively it identifies all relevant objects within images. Over the training
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duration, indicated a consistent increase in recall from 0.81 in the first epoch to 0.93 by
the 70'® epoch. This signifies the model’s effectiveness in identifying relevant objects within

images, with stable performance throughout training.

Matrics/mAP50-95(B): This evaluates the mean average precision over a range of IoU
thresholds (from 50% to 95%), a crucial aspect of object detection tasks. Throughout
training, showed steady improvement, starting at 0.43 and reaching 0.54 by the 70" epoch,
with minimal fluctuations. This highlights the model’s enhanced overall performance in

object detection tasks across various IoU thresholds.
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Figure 6.18: Wheat Head After Detection

As shown in figure 6.18 each wheat heads are labled and detected with high confidence. The

number on the box is confidence score and the wheat head is the label.

6.3.2 Case Study

Wheat crops in a field were studied in Yebokla, located near Debre Markos, Ethiopia. Manual
counting of heads in a 0.16 m? area is 60 heads, with the number of kernels per head being

28 and the weight of 150 kernels being 5.1 grams.

Wheat Yield  Number of wheat heads x Number of kernels per head x Weight of each kernel
Estimation =

Area

So:
60 x 28 x 0.000034 kg
0.16 m?2

Wheat Yield Estimation = = 0.357kg/m?
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Estimating wheat yield using image processing

Estimating wheat yield using image processing for the same area results in 52 wheat head count

and a wheat yield estimation of 0.3094 kg/m?.
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Figure 6.19: Wheat Head Before and After Detection

For the 0.16 square meter area, manual calculation from field data of wheat yield estimation
produced a result of 0.357 kg/m?, while image processing resulted in 0.3094 kg/m?. It’s evident

that the image processing result for this smaller area is slightly lower than the manual estimation.

The true advantage of the image processing method becomes apparent when considering larger areas,
such as entire farms. Here, the Al system excels by meticulously counting each wheat head across
expansive fields, ensuring a comprehensive assessment. The scalability and consistent accuracy of
image processing make it a powerful tool for large-scale wheat yield estimation, offering the potential

for the most reliable and precise results.
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Chapter Seven

Conclusion and Recommendation

7.1 Conclusion

This thesis has encompassed a multifaceted exploration, ranging from the modeling of quadcopters
using the Newton Euler method to the design and simulation of a Fuzzy STSMC with PID sliding
surface in MATLAB/Simulink, and the innovative application of image processing for wheat yield

estimation in PyCharm.

The integration of a Fuzzy logic controller has proven to be a pivotal solution to the inherent
complexity of tuning STSMC parameters with PID sliding surfaces. By incorporating the super
twisting algorithm, Successfully reduced the chattering problem often associated with sliding mode
control. Furthermore, the automatic tuning of STSMC parameters considerably lightened the
control’s computational load, while the addition of an integral term sliding surface substantially
reduced steady-state errors. Rigorous testing under various conditions, including different trajectories,
disturbances, and parameter variations, demonstrated the exceptional control performance. This
system not only adeptly tracked desired trajectories but also rejected disturbance and maintained

stability even in the face of parameter variation.

In the realm of image processing, the utilization of 3530 drone-captured images, paired with pre-
trained weights through YOLOvVS training, provided outstanding results. With a training mean
average precision of 97.1% and a validation mean average precision of 96.9%, this model showed
impressive ability in automating wheat head detection and counting, a crucial element in estimating
wheat yield. By using this data, in conjunction with kernel weight and the number of kernel heads
from the ground, the thesis has presented an efficient approach to estimating wheat yield. This
innovation not only drastically reduces the time and effort required for manual counting but also
mitigates the potential errors associated with human counting. Moreover, it resolves the challenges
posed by low-resolution satellite images, thereby enhancing the accuracy and efficiency of wheat

yield estimation.

In summary, this thesis has contributed significantly to the fields of control systems and agricultural
technology. The fusion of Fuzzy logic and STSMC with PID sliding surfaces has enhance robustness,
reduced chattering, and accelerated state convergence while maintaining stability. Simultaneously,
the application of image processing has revolutionized wheat yield estimation, making it faster,

more accurate, and less labor-intensive. These findings hold immense promise for future research
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and practical applications in both control engineering and agriculture, underscoring the potential

for innovation in these domains.

7.2 Recommendation

The thesis primarily focuses on the examination and evaluation of a quadcopter designed specifically
for wheat yield estimation. Emphasis is placed on assessing the robustness and effectiveness of the
controller, with the primary goal of minimizing tracking errors for desired trajectories. Additionally,
the thesis explores automatic controller gain tuning methods through the implementation of various

flight trajectories.

Fellow researchers are strongly encouraged to proactively implement the quadcopter model and
control system on physical hardware. Furthermore, by capturing images using the quadcopter and
using the trained system for wheat yield estimation, substantial contributions to the advancement
and relevance of agricultural technology can be achieved. This will ultimately benefit both the

agricultural industry and the research community.

7.3 Future Work

To enhance the quadcopter’s capabilities by adding an autonomous path planning mechanism, which
involves the integration of advanced sensors and optimization for energy efficiency. Additionally,
extending the system to automate the counting of kernels per wheat head represents a significant
advancement, enhancing the precision of crop yield estimation. This development aligns with the
main goal of automating wheat yield estimation, thereby making the process more efficient and

accurate.
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Appendices

A Euler Angle Operations

A.1 Rotation Matrix Derivation
The rotation matrix is found by calculating the projection of one axis on the other.

Rotation about the Z-axis

XoXr YoXr ZoXi
Rotation matrix about the Z-axis: | X(Y; YoYr ZoY7

XoZr YoZi ZoZp

Where: XoX7 is the Projection of Xg on X, XY is the Projection of Xy on Y;, XoZ5 is the
Projection of Xy on Zj, YpX7 is the Projection of Yy on X7, YpY7 is the Projection of Yy on Y7,
Yy Z1 is the Projection of Yy on Zj, ZyX; is the Projection of Zy on Xj, ZyY7 is the Projection of
Zyon Yy, ZoZy is the Projection of Zy on Zj.

X1 Cos (W)
sin (W) ’
vy,
XoX1 = cos(v) Yo X1 = —sin(v)
XoY; = sin(1)) YoY7 = cos(1))
XoZr =0 YoZr =0

Zo X1 = ZoYr =0 and ZpZ; = 1 because Z; is perpendicular to X; and Y7 so the projection of Z;
on X7 and Y7 are zero. The length of Zj is one, and it lines up exactly with Z;. The projection of

Zp on Z is one.
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cos(yp) —sin(yp) 0
[RZ,w] = |sin(y)  cos(yp) 0
0 0 1

X v 2] =Rzl [0 Yo 2]

Rotation about Y axis

Figure A.2: Rotation about Y axis

Zy
%, Cos(O)

T
< X Cos (@) . Z,] Sin (B)
L e C e
-Sin (B)
Xi

-Zy

X1Xo = cos(0) Z1 X = sin(6)
X1Yp =0 Z1Yp=0

X1Zy = —sin(0) Z1Zy = cos(0)
YiXo=Y1Zy =0and V1Y =1

cosf 0 sinb
[Ry,p] = 0 1 0

—sinf 0 cosf

[Xo Yo ZO}T:[RYﬂ] [X1 Y1 Zl}T

Rotation about X axis

Y1

Figure A.3: Rotation about X axis
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cos(®)

Yi g 7,
YpXi =0 ZpX1 =0
YgY1 = cos(¢) ZpY1 = —sin(¢)
YpZ; = sin(¢) ZpZy = cos(o)

XpY1 =XpZ; =0and XpX; =1

1 0 0
[Reg] = |0 cos(¢) —sin(¢)
0 sin(¢) cos(¢)

X0 vioz] =Beel[X5 ve Zs]

Multiplying the 3 rotation matrices: IBR =R, Ry 9R; ¢

cosy —siny 0 cosf 0 sinf]| |1 0 0
7R=|singy cosyp O 0 1 0 0 cos¢ —sing
0 0 1| [—sinf 0 cosf| |0 sin¢ cos¢
(B)e(s) (B)s() ~5(0)
PR ={s(8)s(0)c(e) — c@)s()  clB)e(w) + s()s®)s()  5(8)c(®)
s(9)s(¥) + c(9)s(0)c(v) —s(d)c(¥) + c(d)s(0)s(v)  c(d)c(0)

c(B)c(w) s(9)s(O)c(y) — c(@)s(®)  s()s(¥) + c(¢)s(@)c()
(TR =5 R= |c(0)s(¥) c()cw)+s(0)s(0)s(v) —s(d)c(v) + c(¢)s(8)s(¥)
~5(0) s(¢)c(8) c(¢)c(8)

(
(

A.2 Transfer Matrix Derivation

The rotation is first rotation about the Z axis, then about the Y axis, and then about the X axis.
Since the last rotation is about the X axis, Xp and X; line up exactly, so the roll rate vector is

T
[qb 0 ()] . To calculate the pitch rate vector, the X axis rotation must be rotated back, so pitch
rate vector is R)_(1¢ {0 6 0} . To find yaw rate vector, X axis rotation and Y axis rotation must

AT
be rotated back, so yaw rate vector is R)_(1¢R;19 [0 0 w} .
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Qy 0 0 P
Q ¢ 10 0 |10 1 0 0 | |cos® 0 —sing| |0
Qo| = [0+ 1|0 cos¢ sing| |0] + |0 cos¢ sing 0 1 0 0
Qy 0 0 —sing cos¢| |0 0 —sing cos¢| |sinf 0 cosé ¥
Q ¢ 10 0 |0 cos 0 —sind | |0
Q| =10+ 1|0 cos¢ sing| || + |sinfsing coséd singcosf| |0
Qy, 0 0 —sing cos¢| |0 cospsinfd —sing cosgpceos| |v
o — sin 69 0 E
Qg | = [sin¢cos ¢9¢ + | cos gi)é + {0
Qy cos ¢ cos 0t — sin ¢f 0
o [t o —sie | [d
Q| =10 cos¢ sindcosf| |0
Qy 0 —sing cos¢pcost ¢

1 0 —sinf 1 sin¢gtanf cos¢ptanf
T'= 1o cos¢ singcosf|,T = |0 cos ¢ —sin ¢
; in ¢ ¢
0 —sin¢g cos¢cost 0 7 Py
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B Derivation of Coriolis Force

Using Newton-Euler method, Euler’s 15 axiom of Newton’s 2"4 law F' = ma, in the body reference

frame:
ZFB —mdt, vV = vgi+v,j+ vk
Let v = wuix + vjy + wk, represent linear velocity in the inertial frame of reference, and v =

vzi + vyj + vk represent linear velocity in the body reference frame.

The derivative of v in the inertial frame of reference is:

dv_duy Aoy By, Yy By O
dat - at>x T aY T a a T a T a

; & . . . .
‘%@” = % = dftz = 0 because the coordinate axes are in the inertial frame so they are constant.

There fore:

dv  du, dv . dw

7, T X 7. 7kz
ar  dr + dtJy+ dt

The derivative of v in the body frame of reference is:

dv  dvg, +dvy +dvzkde +dv+d
dt - dt dt dt at T a v a Y

Equating the linear velocity in the two frames of reference:

du, v +d—w Qozy ) dvye | dvay di A +@
P TE AP TR P T T TR E AL TA P TS

du,  dv dw, dvog dvyo dve N (di o d e
acr T a T T a YT w TR T T

d d d d d d
(uix + ljy + wkz> (vz + & + Uz k) + Effect of rotation
I-frame B-frame

dt dt dt dt at?) "t

Since, linear velocity v is equal to angular velocity w times the position vector r, i.e., v = w X r,
and linear velocity is the derivative of position with respect to time, v = %. In this case, r =1,j,k

and w = 4, Qp, . So,v—m—wxr Thus:

@— X ﬁ— X 7 d—— X k
7 TRt A A T

k—|—(w>< vy + (W x j)vy + (w x k)v,
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. d dv,, d dv, . .
ZFB_mV_m<CZi+;;’j+ CZk)+m((w><1)vm+(w><_])vy+(w><k)vz)

m(w X i)vg + (w X j)vy + (w x k)v, is the Coriolis force.
Coriolis force = m(w? x (vzi + vyj + v.k))

Q¢ Vg
Coriolis force = m| [ Qg | x vy

Qy, Vs

The cross product w? x VB is calculated as:

w? x VB = i(Qgv, — Quuy) — §(Qpvs — Qpus) + k(Quvy — Qo)

. dv,

FB=m (c;)t + Qpv, Qwvy>
5B dvy

Fy =m T + Qyuy — Qgu,
-, dv,

FB=m < (Zf + Qyuy Q(ﬂ’x)

m(a + Qyvy — Qgvz)
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C Torque Analysis

C.1 Torque Derivation

71: Analysis

lcos45°
Tyl — FllCOS45O, Tyl = —Fllsin45°, Tz1 — —T1

T9: Analysis

450 ! 5in 45°

/ X
[ cos 45° s

Tpo = —Flcos45°, Ty = —Fblsindb®, T =1

73: Analysis

lcos 45°

Tx3 = —F3l COS45O, Ty3 = F3lSiIl45o, T23 = —7T3

74: Analysis

! cos45°

Tea = Fylcos4b®,  7y4 = Fylsindb®, 71,4 =14

]

B = Tl + Tes 4 Tus + Taa = Filcos(45°) — Fylcos(45°) — Fylcos(45°) + Fylcos(45°) =
l\;i(ﬁl — Fy — F3 + Fy)

ZTf = Tyl + Typ + Tys + Ty = —F11sin(45°) — Fylsin(45°) 4+ Fylsin(45°) + Fylsin(45°)
ﬁ(—ﬁl — Fy + F3 + Fy)

TEZ—T1+T2—T3+T4

]
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C.2 Gyroscopic Effect Derivation

To find gyroscopic acceleration

New axis of rotation N
x O
i w
X e / \ag
5]
0~ »F G
—

U » 7 axis —
) w? wq Z axis

From point E to point F there is change in velocity so there is angular acceleration. Assume at

point G there is zero angular acceleration.

oy = limgro ( (w+bw );tm do ,0) = limg_0 (w sin dy §f“ sin dp )

Since sin of very small angle is the angle itself sin(66) — 6.

. wdg+0wdg
0y = limgy g (205752

By neglecting 9,09 because it is a very small number, o, = limg;_o “’6—‘1“) = w% = w(). Where:
Q2 is the angular rate of change of the plane of rotation of the propeller and w is the propeller
angular velocity.
7, =Ja, = J(w x Q)
T T
Where w = [() 0 w] and 2 = [Q¢ Qp Qw]
In the horizontal plane of quadcopter there is four propellers and each of them contributes

this gyroscopic torque.

The cross product of w and (2 is calculated as:
T

w X Q=—(Qw)i — (—Qw)j + 0k = | -Qpw Quw 0

7-91:1] —ngl Q¢W1 0]

0 Qy Qoo
T2 = J 0 | X |Q = J | =Quwo
—Wy Qy 0
0 Q4 —Qpws
T3 = J 0] X | =J | Quws
ws Qy 0
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0 Q¢> Qg(,d4
Tg4a = J 0 X | Qy =J —Q¢w4
—Wy Qw 0

Tg total = Tg1 + Tg2 + Tg3 + Tg4

Qg(—wl + Wy — w3 + (,4)4)
Tg total — J Q¢(w1 — Wy + W3 — w4)
0

T
Tgtotal = J |Qp(w,) Qy(—w,) 0| Let w, = —wi +ws — w3 +wy

C.3 Euler Equation

P=lotwx(w)=|0 I, 0] Q|+ |Q%|x|0 I, 0] |

LS Qy L
TB = Iny‘g + Qg X InyQ
1.0y, Qy 1.9y,

The cross product of w and [w is calculated as:

wXx ITw= (Qelzzsz; — InyQQu))i — (qulzzQw — waQ¢Q¢)_] + (Qd)fyyﬁg — Ixxg(bﬁg)k

T L.y Qo (L. — 1) Lo + Q0 (L. — 1)
Tl = [ 1y | + [0 (L — L) | = | 1,y + Q0 (L — I..)
T, L.y QsQo(1,y — L) L.y + QQ0 (1, — L)
Yr=mr+17,=lw+wx ({w)
Us Qg (wr) Lo () + Qo (L, — I,)
Yo =|Us| + T [ Qul—wn) | = |1y () + 2 (Le — L.2)
U, 0 L.(Q) + Q0 (1, — L)
Q¢ (U2 + JQ@(WT) - (Qﬁgw(lzz - ]yy))/]xw)
Qo | = | (Us + JU(—wr) — (24 (Lew — L.2)) /1)
Qw (U4 - (Q¢QG(]yy - Im))/IZZ)
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D Desired Roll and Pitch Angles

Define:
X = (cos(¢) sin(f) cos(v)) + sin(¢) sin(v))) (%)
Yy = (cos(¢) sin(@) sin(¢)) — sin(¢) cos(v))) (%)
Z = (cos(¢) cos(0)) (£2) — g
From X: ..
)2_—7171 — sin(¢) sin(y)) = cos(¢) sin(f) cos(v))
Xm . . 1 .
( oo sin(¢) 51n(¢)) o sin(0)
0, =sin! ();_Tln — sin(¢) sin(@/})) chcm(@b)]
From X and Y:

X_m — sin(¢) sin(¢)> L = cos(¢) sin(0)

m o
<7 + sin(¢) COS(i/))) @) cos(¢) sin(0)

1

Equating the two equations above:

i i 1 = Vm sin(¢) cos
<Tl - Sln(¢> Sln(¢)) COS(@/)) - ( U1 + (¢) (¢)> Sln<¢)

Multiply by cos(¢) sin(2)):

Xmsin(1))
U

— sin(¢) sin®(1p) = Ym ;zs(w + sin(¢) cos®(¢))

Xm sin (1)) Ym cos(i) . 9 ) 9
i — i = sin(¢) sin“(¢)) + sin(¢) cos” ()

[ sinv) ~ ¥ cos(w) = sin0)

b =sin (T sin(u) - ¥ cos(0)
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E Square Wave Trajectory

E.1 Optimal Trajectory Generation

The problem of minimum distance trajectory generation is formulated as a constrained
optimization problem. For Z-trajectory:
Cost function: Z(t) = ag + a;t + ast® + ast®
Boundary condition: Z(tg) = given, Z(ts) = given, (Z(to)) =0, and (Z(ts))' =0
Given: tg = 0 sec, t; = 10 sec, Z(tp) = 0 m, and Z(tf) = 20 m.

Z(ty) = ag + arto + asts + asty
(Z(to))/ =a1 + 2a2t0 + 3(13753
Z(ts) = ag + arty + ast + ast}

(Z(tf))/ =a; + 2a2tf + 3@31&?

-1 r -

ao 1ty 3 & Z(to)
ay 0 1 2t0 Btg (Z(to)),
s Loty 5t} Z(ty)
a3 | 0 1 2t 3t§c_ (Z(ty))]

By the same method, X and Y trajectories are generated.

%% square wave trajectory code

function [Xd,Yd,Zd,psi_d] = fcn(t)

if t<2.5

Xd=0;

Yd=0;

Zd=2.4%t"2-0.64xt"3;

psi_d=0;

elseif (2.5<=t)&&(t<=11.5)

Xd=0;

Yd=4.9382716049382717-4.2592592592592596*t+1.03703703703703712%¢t
~2-0.0493827160493827116*xt"~3;

psi_d=0;
elseif (11.5<=t)&&(t<=61.5)
Xd=18.3034-3.3948*%t+0.1752*xt~2-0.0016*t"~3;
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Yd=18;

Zd=5;

psi_d=0;

elseif (61.5<t)&&(t<=79.5)

Xd=100;

Yd=4150.458333333333-181.083333333333348*t+2.61111111111111132%¢
~2-0.0123456790123456788%*t"~3;

Zd=5;

psi_d=0;

elseif (79.5<t)&&(t<=129.5)

Xd=-1462.3658+49.4172%xt-0.5016*t~2+0.0016*%xt"3;

Yd=54;

Zd=5;

psi_d=0;

elseif (129.5<t)&&(t<=147.5)

Xd=0;

Yd=32455.7793209876544 -707.453703703703664*xt+5.12962962962962968x*t
~2-0.0123456790123456788*t"~3;

Zd=5;

psi_d=0;

elseif (147.5<t)&&(t<=197.5)

Xd=7745.225-139.83*t+0.828*xt~2-0.0016*t"~3;

Yd=90;

Zd=5;

psi_d=0;

elseif (197.5<t)&&(t<=200)

Xd=100;

Yd=90;

Zd=-5024000+75840%t-381.6*xt~2+0.64%*t"~3;

psi_d=0;

else

Xd=100;

Yd=90;

Zd=0;

psi_d=0;

end
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F Stability Analysis
F.1 For SMC with PID Surface

Stability analysis for X

Defining Lyapunov candidate
1., . o .
V(Sy) = 551, since V(0) = 0 and V(S;) > 0, it is positive definite.

Taking the derivative
V(Sl) = 5151 <0

m . . .
<_Qx81gn(sl) + Kded - prel - Kimel) )

V(Sl) = Sl(Kpmél + Kmel — deXd + Kdz/m K
dx

V(Sl) = Sl(—QJCSlgH(Sl)) = —SlQ;USlgIl(Sl)
IfsS; >0,Q,>0
If 1 <0,Q, >0, So ), must be positive to be stable.

Stability analysis for Y

Defining Lyapunov candidate
1
V(Ss) = §S§, since V(0) = 0 and V(S3) > 0, it is positive definite.

Taking the derivative
V(Sg) = 5333 <0

V(Sg) = Sg(preg + Kiyeg — Kded + Kdy/m _K (—QySIgH(Sg) + Kdyyd — preg — Kiyeg) )
dy

V(Ss) = S3(—@Q,Sign(S3)) = —S5Q,Sign(Ss)
If 55>0,Q, >0

If S5 <0,Q, >0, So @, must be positive to be stable.

Stability analysis for Z

Defining Lyapunov candidate

1
V(Ss) = §S§, since V(0) = 0 and V(S5) > 0, it is positive definite.

Taking the derivative
V(S5) = 5555 <0

(—Q281gn(S5) + Kdde - Kp265 - Kize5) )

V(SB) - SB(széS + Kize5 - Kdde + Kdz/m K
dz

V(Ss5) = S5(—Q.Sign(Ss)) = —55Q.Sign(Ss)
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IfS5;>0,0Q,.>0
If S5 <0,Q. >0, So ., must be positive to be stable.

Stability analysis for Phi

Defining Lyapunov candidate
1
V(S;) = 55?, since V' (0) = 0 and V(S;) > 0, it is positive definite.

Taking the derivative
V(S7) = 5737 <0

V(S7) = Se(Kppér + Kiger + Kapa1 X10X12 + Kapas X1 — qubﬁgd
1
Kd¢b1

V(S7) = S7(—Q,Sign(Sy)) = —S7Q,Sign(S)
It S; >0, Q¢ >0
If S7 <0,Q4 >0, So Q, must be positive to be stable.

+ Kd¢b1 ( (—Q¢Sign(57) + Kd¢>95d - Kmé? - Kme? - Kd¢>a1X10X12 - CL2X1oKd¢>)>)

Stability analysis for Theta

Defining Lyapunov candidate
1
V(Sy) = 553, since V(0) = 0 and V' (Sg) > 0, it is positive definite.

Taking the derivative
V(Sg) = Sggg <0

V(Sg) = So(Kppéo + Kigeo + KapasXsX12 — KapasXs — Kaobg

+ Kby ( (—QpSign(Sy) + Kapfy — Kppéo — Kigeg — Kapaz X X120 + a4X8Kd¢>>)

Kapbs
V(S5) = So(—QsSign(Ss)) = —SoQsSign(So)
If Sg > 0,Q9 >0
If Sg < 0,Q > 0, So @y must be positive to be stable.

Stability analysis for Psi

Defining Lyapunov candidate
1
V(Snh) = 55121, since V(0) = 0 and V(S11) > 0, it is positive definite.

Taking the derivative
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V(SH) = SH . (S’ll) <0

V(Sy) = Sh - (Kpp(é11) + Kivvern + Kagpas Xs X0 — Kt

+ Kb < (—QySign(S11) + Kdi/ﬂﬁ — Kp(é11) — Kieyy — Kd¢a5X8X10)>)

Kqbs

V(Su) = —511Q¢Sign(511)
If 511 >0, Qw >0
If 511 <0, @y >0, So @y must be positive to be stable

F.2 For STSMC with PID Surface

Stability analysis for X

Defining Lyapunov candidate
1
V(S) = 58%, since V(0) = 0 and V(S1) > 0, it is positive definite.
Taking the derivative,

V(Sl) = 8151 <0

.. Koy [ m
V(Sl) = Sl (szél + Kixel - Kdach + TrdL (

de (—k’l |Sl |1/28ign(51)

— ]{?2 / sign(Sl) dt + deXd — prél — Kmel)>)

V(51) =5 <—k1151‘1/251gn(51) - kQ/Sign(Sl) dt)
V(0) =0 and V(S;) <0
If S; > 0, to make V(Sl) < 0, k1 and ko must be positive. If S; < 0, to make V(Sl) <0, ky

and ks must be positive.

Stability analysis for Y

Defining Lyapunov candidate
1
V(S3) = 53%, since V(0) = 0 and V(S3) > 0, it is positive definite.
Taking the derivative,

V(Sg) = 5353 <0

. K
V(S;3) = S3 (pré3 + Kiyes — Kqy Yy + ﬁ (

m

o (—kﬂssfl/QSign(S:s) - kz/Sign(Ss) dt
K,

+Kdyyd - pré3 - szez’))))
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v<53> = 53 <—k1|53\1/281gn(53) — kg /s1gn(53) dt>
V(0) =0 and V(Ss) < 0

If S5 > 0, to make V(Sg) < 0, ky and ks must be positive. If S3 < 0, to make V(Sg) <0, k;

and ks must be positive.

Stability analysis for Z

Defining Lyapunov candidate
V(S5) = 352, since V(0) = 0 and V/(S5) > 0, it is positive definite.
Taking the derivative

V(S5) =S5 '35 <0

. LKy ' _
V(Ss) = Ss (szé5 + Kj.es — Kq.Zg + nj, (; (—kl |55/ sign(Ss) — ks / sign(Ss) dt
dz

+Kdde - széS - Kiz€5)>>

V(Ss) = S5 (—k1 95| */% sign(S5) — kg/sign(Sg,) dt)

If S5 > 0, to make V(S5) < 0, ky and ks must be positive. If S5 < 0, to make V(Sg,) <0, k;
and ks must be positive.

Stability analysis for Phi

Defining Lyapunov candidate

V(S7) = 352, since V(0) = 0 and V/(S7) > 0, it is positive definite.

Taking the derivative

V(S7) = 57 . S7 <0

V(S7) = 57 <Kp¢é7 + Kiger + Kqpa1 X10X12 + Kqga2 X190 — Kd¢¢5d

+ Kb ( (—kl\Sﬂl/zsign(Sﬁ — ko /sign(S7)dt

Ki4b1
+Kd¢éd — Kpper — Kiger — Kgga1 X190 X2 — a2X1oKd¢)))

V(S7) = S7 <—k51|5'7\1/281gn(57) — ]{32 /s1gn(57) dt)

If S; > 0, to make V(S7) < 0, k; and k, must be positive. If S; < 0, to make V(S7) < 0, k

and ko must be positive.
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Stability analysis for Theta

Defining Lyapunov candidate

V(Sy) = 353, since V(0) = 0 and V(Sy) > 0, it is positive definite.

Taking the derivative
V(Sg) = 5959 <0

V(Sy) = Sy (Kpoéo + Kigeg + Kapas Xs X12 — Kgpas Xs

(— 1| So|/2sign(So) — ks / sign(Sy) dt)

_Kdeéd + Kapbo (Kdng

+ Kag(6a) — Kpo(€y) — Kigeg — Kqgaz Xs X2 + CL4X8Kd¢>>

V(50) = 5o (Sl Psiga(sa) ~ [ sign(si)at )

If Sy > 0, to make V(Sy) < 0, k; and k, must be positive. If Sy < 0, to make V(Sy) < 0, k;

and ke must be positive.

Stability analysis for Psi

Defining Lyapunov candidate

V(S11) = 5%, since V(0) =0 and V(S11) > 0, it is positive definite.
Taking the derivative
V(SH) = 3115’11 <0

V(S11) = Su <Kp’t/}é11 + Kigen + Kgypas Xg X0 — de@bd

1 . .
—Fdebg (m(-kl‘sll‘l/QSIgn(Sn> — kz Slgn(SH)dt

+Kayptha — Kppérn — Kiperr — Kdzpa5X8X10)))

V(SH) = 511 <—k1|511\1/281gn(511) — kg/sign(Sn) dt)

If S;; > 0, to make V(Sll) < 0, k1 and ko must be positive. If S;; < 0, to make V(SH) <0,

k1 and ks must be positive.
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G Fuzzy Membership Functions

Flgure G 1 Input Membershlp Function for X-PID

XK DO XXX

output vasiable “kpx" Output variablo " ot vatisto Tix"

Figure G.2: Output Membership Function for X-PID

input variable "e3"

Fi igure G.3: Input Membership Function for Y-PID

XK DO XXX

output variable “kpy" utpul variable “ky" output variable "Hy"

Figure G.4: Output Membership Function for Y-PID

ps PM PE

input variable *e5™

Figure G.5: Input Membershlp Functlon for Z-PID

OO XK XX

outout vaiable "z cutpul vasable iz~ output variablo 2"

Figure G.6: Output Membership Function for Z-PID

put variable’

Figure G.7: Input Membership Function for Phi-PID

output variabie "kpphl” output variablo “kdphi® ‘cutpul variabla "Wph™

Figure G.8: Output Membership Function for Phi-PID
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ingut variale "eg"™

Flgure G. 9 Input Membershlp Functlon for Theta—PID

Figure G.10: Output Membership Function for Theta-PID

Figure G.11: Input Membership Function for Psi-PID

DK DOO XXX

outpul variabie ksl output variable “kipsi™ output vaiabl "kpsT

Figure G.12: Output Membership Function for Psi-PID

input variable *e7"

Figure G.13: Input Membership Function for Phi-PID (Spiral Infinity and Square Wave)

DK OO PXOXX

‘outpul variable kpph™ ‘Cutpul variable “kdphi” ‘output variable "Wphi™

Figure G.14: Output Membership Function for Phi-PID (Spiral Infinity Square Wave)

PS PM Pe

wwwww iable "ed”

Figure G.15: Input Membership Function for Theta-PID (Spiral Inﬁnlty and Square Wave)

XXX XK XXX

cutput variabie “kpteta’ ‘cutput variabie “idthets® outpul variabie "itheta™

Figure G.16: Output Membership Function for Theta-PID (Spiral Infinity and Square Wave)

ZR PS PM PB

XXX

Input variable 611"

Figure G.17: Input Membership Function for Psi-PID (Spiral Cylindrical Trajectory)
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XK OO XXX

output variable ppsi® culput vadabls ipsi® Culut vadiabe ks

Figure G. 18 Output Membership Funetion for P51 PID (Spiral Oylmdrical Trajectory)

Vs s L s

i K1 ‘output variable “k2x"

Figure G.19: Input and Output Membership Function for X-ST

WWW

a— outpat vadable k2"

Figure G.20: Input and Output Membership Function for Y-ST

DK DK XXX

nput varioble "s5° P outpul variable "i22"

Figure G.21: Input and Output Membership Function for Z-ST

gt vasiabie "S7" output variable Kiphi" outpul variable “Kzphi”

Figure G.22: Input and Output Membership Function for Phi-ST

DK XXXX XXX

outpal vadabla ithata® cutpul vadatis Wahata”

Figure G.23: Input and Output Membership Function for T heta—ST

DO R XXX

input varitio 11 output varabia Kips” oulput vadable “K2psi*

Figure G.24: Input and Output Membership Function for Psi-ST

XXX XXX IXXXX

input variable "1 outout varobia “Klge” cuitput variable "K2ps®

Figure G.25: Input and Output Membership Function for Psi-ST (Spiral Cylindrical)
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H Wheat Yield Estimation

H.1 Wheat Head Training Code

Main code

from ultralytics import YOLO

# Load a model

model = YOLO("yolov8n.pt") # load a pretrained model

# Use the model

results = model.train(data="path.yaml", epochs=70) # train the model

metrics = model.val()
Path

path: C:\Users\elisa\Desktop\Image ProcessingFinal\New folder\WheatHeadTraining # dataset location
train: images\train # train images (relative to 'path')

val: images\val # val images (relative to 'path')

predict: images\test

# Classes

names :

0: wheat_head

H.2 Wheat Head Count Code

from ultralytics import YOLO
import cv2
import glob
# Load a model
model = YOLO('best.pt') # pretrained YOLOv8n model
images_folder = glob.glob("images/*.png") # Load images from a folder
WheatHead_folder_count = 0
for path in images_folder:
print("Img path", path)
results = model(path)
for result in results:
boxes = result.boxes
WheatHead_count = len(boxes)
WheatHead_folder_count += WheatHead_count
results_plotted = results[0].plot()
cv2.imshow("result", results_plotted)
cv2.waitKey (1)

print(“Total current count", WheatHead_folder_count)

H.3 Wheat Yield Estimation Code

For one image

from ultralytics import YOLO
import cv2

model = YOLO('best.pt')
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WheatHead_folder_count = 0

results = model('yeboklawheat.jpg')

for result in results:
boxes = result.boxes
WheatHead_count = len(boxes)
WheatHead_folder_count += WheatHead_count
results_plotted = results[0].plot()
cv2.imshow("result", results_plotted)
cv2.waitKey (1)

print("Total current count", WheatHead_folder_count)

A = input('Enter Kernels Per Head ')

B

input ('Enter Weight of Kernel in Kg ')

C = input('Enter the Area in meter square')

KernelsPerHead = int(A)

WeightOfKernel = float(B)

Area = float(C)

WheatYield = ((WheatHead_folder_count) * (KernelsPerHead) * (WeightOfKernel)) / (Area)
print("wheat yield estimation ", WheatYield, "Kg/m2")

For more than one image

from ultralytics import YOLO
import cv2
import glob
# Load a model
model = YOLO('best.pt') # pretrained YOLOv8n model
images_folder = glob.glob("images/*.png") # Load images from a folder
WheatHead_folder_count = 0
for path in images_folder:
print ("Img path", path)
results = model(path)
for result in results:
boxes = result.boxes
WheatHead_count = len(boxes)
WheatHead_folder_count += WheatHead_count
results_plotted = results[0].plot()
cv2.imshow("result", results_plotted)
cv2.waitKey (1)
print("Total current count", WheatHead_folder_count)

A = input('Enter Kernels Per Head ')

B

input ('Enter Weight of Kernel in Kg ')

C = input('Enter the Area in in meter square')

KernelsPerHead = int(A)

WeightOfKernel = float(B)

Area = float(C)

WheatYield = ((WheatHead_folder_count)*(KernelsPerHead)*(WeightOfKernel))/(Area)

print("wheat yield estimation ", WheatYield, "Kg/m2")
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