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Abstract

This thesis focuses on the tracking of trajectories for fixed-wing unmanned aerial vehicles.
(FWUAVs) using Fractional Order Sliding Mode Controller (FOSMC) . FWUAVs are widely
utilized in both military and civilian sectors due to their ability to perform risky or inacces-
sible operations. However, controlling FWUAVs is challenging due to their nonlinear and
coupled nature. The mathematical model of FWUAVs is complex, incorporating physical
laws, Newton and Euler formulations, and coordinate systems with transformation matri-
ces. To solve this complexity, a FOSMC ,which combines the robustness of conventional
Sliding Mode Controller (SMC) with flexible fractional calculus, is applied. Particle Swarm
Optimization (PSO) is used for tuning the control gains of FOSMC. The Integral Time Ab-
solute Error (ITAE) is employed as a performance metric, aiming to minimize both settling
time and overshoot. External disturbances and parameter variation is added to evaluate
the performance of the controller. Comparison is done between Linear Quadratic Regulator
(LQR), Fractional Order PID (FOPID), SMC and FOSMC for pitch angle using step input.
FOSMC performs better than LQR, FOPID and SMC in terms of tracking accuracy, speed of
response and overshoot. Open loop model verification and overall control system of FWUAV
is done by MATLAB/Simulink software.

Keywords: fixed-wing, MATLAB, FOSMC, UAV, trajectory tracking, PSO, LQR, FOPID
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Chapter 1

Introduction

1.1 Background of the Thesis

Unmanned aerial vehicles (UAVs) have experienced a surge in popularity and find extensive
utilization in both military and civilian sectors, providing unparalleled benefits in executing
hazardous or hard-to-reach missions. There are two main categories of UAVs: multi-rotor
UAVs and fixed-wing UAVs, each possessing unique attributes and serving specific applica-
tions. A FWUAYV is an unmanned aircraft that is designed to fly with fixed wings, similar
to traditional airplanes. Unlike rotary-wing UAVs (such as helicopters or quadcopters),
fixed-wing UAVs generate lift through the shape of their wings and rely on forward mo-
tion for flight. They typically have a more efficient endurance and range compared to their
rotary-wing counterparts [1].

FWUAVSs excel in missions requiring high speed endurance and altitude, possessing fea-
tures such as rapid flight, the ability to operate at high altitudes, and adaptability in atti-
tude control. However, controlling FWUAVs can be challenging due to their complex model,
which entails numerous state variables, strong coupling, nonlinearity, and various interfer-
ence factors. Properly modeling fixed-wing UAVs is a demanding and time-consuming task,
as it necessitates addressing the intricate design and behavior of these UAVs. Developing
an accurate model is crucial for designing effective control systems and ensuring the safe
and efficient operation of fixed-wing UAVs. Researchers and engineers in the UAV field
devote significant effort to modeling and control development to overcome these challenges.
The process requires a multidisciplinary approach, combining knowledge from fields such as
aerodynamics, control theory, and robotics. Ongoing research and development endeavors

aim to optimize the performance and capabilities of FWUAVS, expanding their applications
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across various disciplines and driving advancements in unmanned aerial technology [1].

In recent years, there has been notable interest in the application of nonlinear control the-
ory to UAVs. This is mainly due to the nonlinear characteristics exhibited by UAV systems
and the wide range of applications they offer. These applications include monitoring disaster
areas, localizing victims, inspecting inaccessible infrastructure, and conducting surveillance
and photography. To enable these applications, various control strategies are employed, such
as UAV formation control, path following, and trajectory tracking. By leveraging nonlinear
control theory, researchers and engineers strive to develop robust control algorithms capable
of managing the complex dynamics and uncertainties inherent in UAV operations. This, in
turn, enables safe and reliable autonomous flight, even in challenging conditions character-
ized by low visibility or adverse weather. Overall, the integration of UAV technology with
advanced control techniques paves the way for a broad spectrum of applications that can
enhance efficiency, safety, and accessibility across various industries and sectors[2].

FWUAVs, propelled by aerodynamic forces acting on a fixed surface, are commonly
utilized for tasks demanding high altitude and speed due to their rapid flight capability,
extensive range, and robust payload capacity. Despite their advantageous features, devising
control systems ensuring optimal performance poses significant challenges. This is primarily
attributed to the intricate nature of fixed-wing UAV models, characterized by uncertainty,
nonlinearity, and the interplay of multiple state variables. In this thesis, an analysis of a
fixed-wing UAV is conducted under numerous assumptions, including treating the UAV as
a rigid body and assuming constant ground acceleration. These assumptions highlight the
disparity between the actual and ideal models, contributing to the uncertainty in system
parameters. [3].

In this thesis, the mathematical modeling of FWUAV is analyzed based on different
assumptions. The control surfaces of the FWUAV, such as the elevator, rudder, and two
ailerons, are considered in controlling the UAV to achieve the desired flight trajectory. Flight
control systems are essential to ensure accurate tracking of the designated flight path. In this
study, FOSMC is developed as the chosen control strategy. FOSMC is recognized for its best
and powerful control capabilities, making it well-suited for tracking the desired trajectories
of both the positions and attitudes of the FWUAV. This control technique combines the
principles of sliding mode control and fractional calculus.Through the implementation of
FOSMC, the control system endeavors to govern the positions and attitudes of the FWUAV,

allowing it to precisely adhere to the desired trajectories. [11].
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1.2 Problem Statement

Fixed-Wing Unmanned Aerial Vehicles (FWUAVs) are frequently employed for tasks requir-
ing high-speed endurance and altitude due to their characteristics such as rapid flying speed,
high altitude capabilities, and flexible attitude. The mathematical model of FWUAVSs is in-
tricate owing to the system’s nonlinearity, coupled dynamics, and uncertainty stemming from
numerous internal and external interference factors [3]. Consequently, devising a control law
to achieve desired performance poses a significant challenge. To tackle these complexities,
various control strategies have been proposed and explored in the realm of FWUAV control,
including the Linear Quadratic Regulator (LQR) [5], Proportional-Integral-Derivative (PID)
Control [6], Model Predictive Control (MPC) [12], and Sliding Mode Control (SMC) [9]. In
this thesis, a FOSMC scheme is used for stabilizing and tracking references in FWUAVs.
FOSMC combines the robustness of SMC with the flexibility of fractional calculus. By uti-
lizing fractional order differentiation and integration, this control scheme can handle the

complex dynamics, uncertainties, and disturbances encountered in FWUAVSs.

1.3 Objectives

1.3.1 General objectives

Enhancing the trajectory tracking performance of fixed-wing UAVs through the design of a
fractional order sliding mode controller(FOSMC).

1.3.2 Specific Objectives

The particular aims of the thesis include:
e To derive the mathematical representation of a FWUAV.
e To develop a fractional order sliding mode controller for trajectory tracking of FWUAVs.

e To assess the effectiveness of the designed controller in terms of trajectory tracking

and stabilization amid disturbances.
e To contrast the tracking performance of FOSMC with traditional SMC methods.

e To conduct simulations of the mathematical models utilizing the proposed controller

through MATLAB.

Addis Ababa University, AAiT,SECE 3
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1.4 Methodology

To fulfill the outlined objectives, the study progresses through the following procedures:

Procedure 1 e Surveying related works
|' Procedure 2 ® Assume the system is a rigid body in space with six degrees of freedom
\ e Modelling the system using the Newton-Euler Formulation

e Designing conventional SMC

e Designing FOSMC

Procedure 3

e Setting up the controller in the model

e Analyzing the findings with MATLAB.

Procedure 4

1.5 Significance of the Thesis

There is a huge significant of this thesis especially for our country in countless areas of
applications and create motivation on this field of study. FWUAVs have many useful ap-
plications such as for agricultural sector, in air missions that are dangerous and impractical
for a human pilot, surveillance, border patrol monitoring and materials delivery. Generally,
the main significant of this thesis is to create awareness about FWUAVs through modelling,
designing a controller providing better tracking accuracy, which is crucial for FWUAVs to
perform different tasks with reduced chattering. As a result, companies, governments, and
whole societies may benefit from more dependable, efficient, and safe operations in a variety

of applications.

1.6 Thesis Scope

This thesis concentrates on the comprehensive procedure of formulating a mathematical
model for a FWUAV, devising a Fractional Order Sliding Mode Controller (FOSMC) for
it, and conducting simulations utilizing MATLAB/Simulink software. The entirety of the
investigation is executed within a simulated setting, omitting practical implementation of

the developed system.
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1.7 Thesis Outline

The thesis comprises six chapters, which are structured in the following manner: chapter 1:
The introduction provides an overview of FWUAVs, detailing their operational principles,
applications, and significance. Furthermore, it outlines the focus of this thesis, highlighting
its emphasis on specific aspects related to FWUAVs. chapter 2: Describes the work of
others witch is review of literature’s(past work done by others)about Overview of FWUAV
trajectory tracking, the basic structure and flight principles of FWUAV and different con-
trollers used for trajectory tracking of FWUAV . chapter 3: Describes the mathematical
modelling of FWUAV with different assumptions and coordinate frames and the model is
verified using different scenarios. chapter 4: Describes Decoupling the model of FWUAV
and FOSMC design and the parameters are tuned using PSO. chapter 5: Describes the
results obtained using the model with its designed controller for trajectory tracking and
discussions are done for each results. chapter 6: The conclusion drawn from the research

conducted in this thesis incorporates recommendations and suggestions for future endeavors.
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Chapter 2

Overview of Fixed-wing UAVs

2.1 Review of Existing Literature

The term ”Unmanned Aerial Vehicles” (UAVs) has indeed sparked significant curiosity and
interest in recent decades. Initially, UAVs emerged primarily in the military sector, where
they found important applications for reconnaissance, surveillance, and combat operations.
However, as electronic components became smaller and more affordable, there was a sig-
nificant shift that allowed UAVs to be utilized in civilian settings as well. This transition
created opportunity for a variety of parties, including corporations, research organizations,
and hobbyists, to investigate and identify civic applications for UAV technology. The word
"UAVs” refers to a vast range of vehicle kinds and sizes that cater to a variety of applica-
tions and requirements. Fixed-wing and multi-rotor UAVs are the two most common forms
of UAVs. FWUAVSs, as the name implies, have a fixed-wing configuration comparable to
regular airplanes. They are distinguished by their capacity to fly effectively over longer dis-
tances, at higher speeds, and at higher altitudes. Fixed-wing UAVs are frequently selected
for applications requiring quick and long-range flights, such as aerial mapping, surveillance,
freight delivery, and environmental monitoring [4].

In [5] the studied work on the trajectory control system for a FWUAV, the LQR method
is used. LQR is a control methodology that entails designing the controller by linearizing the
nonlinear dynamic models of the system. However, due to assumptions and approximations
made during the linearization process, the linearized model may not precisely represent
the actual system. Therefore, LQR may not be suitable for highly nonlinear systems, as
its efficacy depends on the precision of the linearized model. In cases where the system

exhibits strong nonlinearities, uncertainties, or disturbances, alternative control methods
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that can handle these complexities may be more appropriate. The FOSMC is designed
as an alternative to LQR in this thesis. The FOSMC is well-known for its resistance to
uncertainties and shocks, making it an excellent choice for nonlinear systems.
In [6], This study introduces the deployment of a PID controller for flight path regulation
in a FWUAV with 3-DOF. The controller comprises three PID loops, each dedicated to
altitude control, turn and turn-rate control, and airspeed control, These control loops are
designed to stabilize and control the UAV’s flight path. The system is characterized using
the 6-DOF fixed-wing equations of motion, which effectively capture the dynamics of the
aircraft. Layered PID loops are utilized within the flight controller to address longitudinal
and lateral instabilities. Simulations are carried out to evaluate the system’s performance.
The findings indicate that the PID controller adeptly follows the desired flight path, even
when subjected to minor wind disturbances. This underscores the controller’s capability
to stabilize and regulate the UAV’s flight. However, the authors acknowledge that there
is room for further development and improvement of the system. One potential area for
enhancement is the incorporation of adaptive approaches for controller parameter tuning.
By utilizing FOSMC techniques, parameter tuning is introduced, enhancing the controller’s
capability to handle various operating conditions, disturbances, and uncertainties. This
improvement can ultimately lead to better flight path tracking and stability for the UAV.

In [7] the Newton-Euler method is utilized to develop a comprehensive 6-DOF nonlinear
dynamic model for the UAV. This model captures the complex dynamics and kinematics
of the UAV system. A proposed method for regulating the altitude of the UAV involves
employing an adaptive PID control technique. This control approach employs parameter
optimization techniques and a system of fuzzy inference to adaptively alter the settings of the
PID controller depending on the UAV’s performance and feedback.The suggested adaptive
PID control is compared with fuzzy logic control and genetically-tuned PID control in terms
of efficiency, performance, and robustness. The performance evaluation considers various
factors such as tracking accuracy, stability, response time, and disturbance rejection. But
the paper focuses on height control only, it should also explore how the suggested control
algorithms might be used to regulate other UAV states or trajectories. The approach’s
flexibility to various control goals should be addressed.

In [3], a new control method is introduced for a FWUAV, which utilizes a learning-
based approach grounded in Sliding Mode Control (SMC) theory to effectively manage wind
disturbances. The suggested control system comprises a P-controller and a Fuzzy Neural

Network (FNN) that can adapt and learn the opposite dynamics of the UAV’s system model
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in real-time. The research highlights that the suggested approach offers both reliability
and simplicity. By combining SMC theory with the adaptive capabilities of the FNN, the
control system effectively manages the uncertainties and disturbances caused by wind. The
simplicity of this approach makes it straightforward to implement and practical for real-
world applications. The control system’s ability to learn and adapt to the UAV’s dynamics
in real-time enhances its reliability and effectiveness, particularly when dealing with wind
disturbances.

In [9], focuses on developing an observer-based control system for a fixed-wing UAV
(FWUAV) aimed at precisely following desired trajectories. The control system incorpo-
rates an extended observer, which is responsible for estimating crucial information about
the UAV’s state vector and external disturbances affecting its performance. The extended
observer plays a vital role in estimating the UAV’s state vector, which includes variables such
as attitude (orientation) and airspeed. By accurately estimating these states, the controller
can make informed decisions and adjust the control inputs to ensure the UAV closely adheres
to the intended trajectory. The adaptive Second-Order Sliding Mode (SOSM) control law
is employed to steer the UAV along specified trajectories. This control law is designed to
adapt and adjust its parameters in response to varying conditions, enabling the control sys-
tem to robustly handle external disturbances. By counteracting the effects of disturbances,
the control system maintains accurate trajectory tracking performance.

In [10], the author intends to simulate and compare a linear PID control approach with a
non-linear SMC technique known as STW-SMC for stabilizing a UAV’s attitude and height.
The purpose of this comparison is to demonstrate that, in certain situations, a linear control
method like PID is deemed adequate for stabilizing the UAV, and the energy demand for
control is comparable for both approaches.

The linear PID control method is widely utilized for its ability to ensure stability and
enhance performance through adjustments in control inputs based on the disparity between
desired and actual system states. It is commonly employed in various applications, includ-
ing UAV control. On the other hand, the non-linear STW-SMC technique, which stands for
Sliding Mode Control with Second-Order Terminal Sliding Surface, is a more advanced con-
trol approach that is capable of dealing with non-linearities and uncertainties in the system.
It achieves stability by driving the system state onto a predefined sliding surface. By simu-
lating both control techniques, the author aims to compare their performance in stabilizing
the UAV’s attitude and height.

In [11], researchers employ a Nonlinear Model Predictive Controller (NMPC) enhanced
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by Particle Swarm Optimization (PSO) to track the trajectory of a Fixed-Wing Unmanned
Aerial Vehicle (FWUAYV). The primary objective is to evaluate the controller’s performance
with and without wind adjustment. The NMPC strategy entails forecasting the future
actions of the UAV using a nonlinear model and optimizing control inputs to minimize a
predefined cost function associated with trajectory tracking. The control inputs of the NMPC
are tuned to increase trajectory tracking performance by adding PSO, which is inspired by
the behavior of a swarm of particles. The research is particularly dedicated to evaluating how
well the NMPC with PSO performs when wind compensation is applied. Wind adjustment
involves a method for considering the influence of wind on the course of the UAV trajectory.
By considering wind disturbances and compensating for them, the controller aims to enhance
trajectory tracking accuracy and stability. By comparing the controller’s performance in the
presence and absence of wind compensation, the study aims to evaluate its effectiveness,
limitations, and potential for real-world applications in fixed-wing UAV systems.

[12] This research introduces a novel approach for creating a guidance controller specifi-
cally tailored for small UAVs to achieve accurate path following when there are wind disrup-
tions. Traditional guidance controllers for UAVs often rely on predefined trajectories or way
points to guide the aircraft along a desired path. However, these controllers may struggle to
maintain precise path following when wind disturbances are present, as wind can significantly
impact the UAV’s dynamics and trajectory. To overcome this challenge, the study proposes
an alternative method of designing a guidance controller that can effectively handle wind
disturbances and ensure accurate path following. The specific details and techniques utilized
in this alternative approach should be provided for a more comprehensive understanding.
The suggested guidance controller’s performance under wind disturbances would most likely
be compared to that of standard controllers. Path tracking accuracy, stability, resilience to
wind disturbances, energy efficiency, and reaction time are likely to be utilized to analyze
and compare the proposed controller’s efficacy to previous systems.

Research [13], this study describes a control system for trajectory tracking that was cre-
ated primarily to give FWUAVs with crucial spatial-temporal feedback control capabilities.
The main aim of this control design is to ensure that UAVs can carry out time-sensitive mis-
sions with dependability. In time-critical missions, it is crucial for UAVs to accurately track
desired trajectories while considering both spatial and temporal aspects. The study’s trajec-
tory tracking control approach meets these objectives by adding spatial-temporal feedback
control capabilities. The effectiveness of the control design is probably assessed using differ-

ent measures, such as trajectory tracking precision, resilience to disturbances, and adherence
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to time constraints.

In [14], this work provides a tracking control method that is fault-tolerant for a FWUAV
with specified performance, with the goal of allowing the UAV to track desired trajecto-
ries even in the presence of an actuator defects. The control scheme incorporates several
key components and techniques. Firstly, the outer-loop position dynamics of the UAV are
transformed into a second-order nonlinear model. This transformation allows for the appli-
cation of control techniques suitable for handling nonlinear systems. Neural networks play a
crucial role in the control scheme by identifying unknown nonlinear functions that may con-
tain information about actuator faults. The neural networks learn and approximate these
functions, enabling the detection and compensation of actuator faults during the control
process. Notably, the paper offers a minimal learning parameter for neural networks, which
reduces computing cost and improves the control method’s practicability and efficiency. The
proposed control strategy attempts to offer robust trajectory tracking capabilities for the
FWUAV, even in the face of actuator defects, by integrating FOSMC, fault detection and
compensation, and neural network approximation. The study focuses on achieving pre-
scribed performance, ensuring that the UAV maintains accurate trajectory tracking and

satisfies specific performance criteria.
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Chapter 3

Mathematical Modelling of FWUAV

Developing a mathematical model of an FWUAV is an important step in understanding its
kinematics and dynamic motion. The mathematical model represents the FWUAV’s behav-
ior mathematically, allowing for analysis, simulation, and controller design. The mathemat-
ical model typically involves formulating equations that describe the FWUAV’s kinematics
(motion description) and dynamics (forces and torques acting on the FWUAV). The kine-
matic equations define the connection between the location, velocity, and orientation of the
UAV.The dynamic equations consider the forces and torques acting on the FWUAV, which

encompass aerodynamic forces, gravity, and control inputs [14].

3.1 Modelling Assumptions

Certain assumptions are typically used while constructing a mathematical model for a
FWUAV to simplify the modeling process and make it more tractable. These assumptions
aid in capturing the UAV’s core dynamics and behaviors while decreasing complexity. This

thesis makes the following assumptions:

e The UAV is represented in the model as a rigid body, with aerodynamic forces gener-

ated by both the propeller and wing.
e [t is assumed that the center of mass aligns with the origin of the body-fixed frame.

e The UAV’s mass is considered constant during flight, without accounting for changes

due to fuel consumption or variations in payload.

e Wind is seen as an external disturbance.
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3.1.1 FWUAYV Coordinate Frames

Before driving the FWUAV mathematical model, it is vital to grasp distinct coordinate

frames and transformations between them.There are two fundamental operations: rotation

and translation convert one coordinate frame into another coordinate frame [15]. A FWUAV

uses a rotation matrix to transform from one coordinate to another, how these rotation

matrices are generated is presented in appendix (A). Here are some instants of coordinate

frames summarized using block diagrams in figure 3.1 [10]:

3.1.1.1

Coordinate
frames
Inertial Vehicle Body Stabality Wind
Frame f* Frame f" Frame f° Frame f< Frame f"
Vehicle-1 Vehicle-2
Frame f** Frame f**

Figure 3.1: Tree Illustrating the Links Between Coordinate Systems

Inertial Frame (f*)

The inertial coordinate system is a frame fixed to the Earth, with its origin positioned at the

designated home location. The unit vectors i, j¢, and k* point north, east, and downward,

respectively, toward the center of the Earth, as illustrated in figure 3.2.

commonly known as the NED (North-East-Down) frame.

F?

i’ (north)

ji (east)

k' (into the earth center)
Figure 3.2: The Inertial Frame f°

[16]

This frame is

Addis Ababa University, AAiT,SECE
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3.1.1.2 Vehicle Frame (")

fv denotes the f? translated onto the center of mass of the vehicle. The axes of f¥ align

with those of f* as depicted in figure 3.3.

i1Y(north)

j¥(east)
Fv
w
k*(down)
Figure 3.3: f Located at Center of Mass of the UAV.

[16]

3.1.1.3 Vehicle-1 Frame (f")

f*! is obtained from f° by rotating the i® axis until it aligns with the aircraft’s heading
(1)), ensuring that i*! points forward from the aircraft’s nose, and j°! extends out from the
starboard wing, as depicted in figure 3.4.

i¥(north)
™ iv

—

Figure 3.4: The Vehicle-1 Frame fv!
[16]

k¥! remains unchanged from kY except for its label because the rotation occurs around the

vertical axis. The rotation matrix RY' is used for this transformation. The rotation angle is

Addis Ababa University, AAiT,SECE 13



FOSMC Design for FWUAV Trajectory Tracking

denoted by .The derivation of the rotation matrix R*! an be performed in equation (3.1):

cosyp sy 0
RN (¢) = | —singp cosyp 0 (3.1)
0 0 1

3.1.1.4  Vehicle-2 Frame (f"?)

Similarly, f*? is derived from f*! by rotating j°! by (#) as shown in figure 3.5.

|
|
|
|
1
|
ooy
vl k2

Figure 3.5: The Vehicle-2 Frame fo2
[16]

In this rotation, j°! axis serves as the axis, ensuring that j*2 aligns with j*! a post-rotation,
maintaining its orientation outward from the starboard wing. The same methodology as

previously described is applied, utilizing the rotation matrix R’} in equation (3.2):

cos 0 —sind
REO)=10 1 0 (3.2)

sinf 0 cosH

3.1.1.5 The Body Frame (fb)

fis derived from the f*? through a right-hand rotation by the roll angle (¢), as demonstrated
in figure 3.6.

The rotation reorients j° to pass through the starboard wing and k® to be perpendicular
to that (directed downward), all while preserving the origin at the center of mass/center of
gravity. This transformation can be represented using the rotation matrix R?, is defined in

equation (3.3):

1 0 0
Ry(¢)= [0 cos¢ sing (3.3)
0 —sing coso
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|
|
|
|
|
|
|
1)2‘]' kb
Figure 3.6: Body Frame (f°)
[16]
The intermediate frames f*!' and f'? facilitate the rotation from the vehicle frame to the
body frame. Initially, the right-handed rotation matrix about the k¥ axis by v (RY!) is
established. Subsequently, a rotation about 7! by 6 (R%) is conducted. Finally, the body

frame f? is achieved by the last rotation around the i*? axis by ¢ (RP,) as shown in figure 3.7

vl Iy o ,
R (¥) R (6 Rba(0)
Vehicle-2 "] Body
Frame /| Frame

Vehicle ] Vehicle-1
Frame —V Frame

Figure 3.7: Using Rotation Matrices, Vehicle to Body Frame Transformation

The composite rotation matrix from the vehicle frame to the body frame results from the
multiplication of the three rotation matrices: R, (¢), R'3(#) and R"'(¢)) as shown in equa-
tion (3.4):

Ry(6,0,9) = Rip(9) R ()R, (v)

CyCo ShCH —56
RY(),0,1) = |CSOSH — SyCd  S1S0S + CvCd COS (3.4)
CSOCH + S1S¢  SYSHCH — CpSép CHCH

In this context, C and S represent the cosine and sine trigonometric functions, respectively.
The set of three angles (¢,6,1) is commonly known as Euler angles, as they provide a
straightforward method of describing the orientation of the body relative to the inertial

frame.
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3.1.2 Stability Frame(f*)

f# is created by rotating f® around the j® axis. The UAV’s velocity relative to the surrounding
air is indicated as V,. Lift necessary for flight is generated by maintaining the wings at a
positive angle to the airspeed vector, known as the angle of attack a.. Therefore, introducing
the stability frame involves a left-handed rotation around j° at « from f°. For the right-
handed rotation from the stability frame to the body frame, a positive angle of attack
necessitates a left-handed rotation. This rotation configuration is illustrated in the figure.

This circumstance is represented in figure figure 3.8. The rotation matrix from f° to f* is

ks~ VK
Figure 3.8: Stability Frame (f*)
[16]

expressed by Equation 3.5, employing a left-handed convention.

cosae 0 sina
p@=1 0 1 0 (3.5)

—sina 0 cosa

3.1.2.1 Wind frame(f")

Figure 3.9: Wind Frame (f*)
[16]

In cases where the airspeed vector does not lie on the (i%, k%) plane, it becomes necessary
to specify another angle known as the side-slip angle (/3). A new coordinate system, termed
the wind frame ("), is established by rotating the stability frame by an angle of § about k*
in the right-handed direction, as depicted in Figure 3.9. In this configuration, the airspeed
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direction V, and the unit vector ¢ are aligned within the wind frame. The rotation matrix

from f* to f* about side-slip angle /3 is given by equation (3.6).

cosf sinf 0
R(B) = |—sinB cosB 0 (3.6)
0 0 1

The complete transformation from the body frame to the wind frame involves both the
rotation matrix around the side slip angle and the rotation matrix around the angle of

attack, as illustrated in figure 3.10.

Ry () R“(6)
Body Frame S Stability Frame —N

Wind Frame

Figure 3.10: Using rotation matrices, the body is transformed to the wind frame

Equation 3.7 provides the rotation matrix that transforms from the body frame to the wind

frame.
Ry'(a, 8) = RY(B) Ry ()
cosfcosae  sinfl  cosfsina
Y (o, B) = | —sinfcosa cosf  —sinfsina (3.7)

—Sino 0 cosQ

3.1.2.2 The Wind Triangle

When considering UAV dynamics, wind significantly influences flight mechanics, especially
since aerodynamic forces are contingent on the relative speed relative to the surrounding
air. Therefore, accurate modeling necessitates proper consideration of wind effects. To
formulate the equations of motion for a UAV, it’s imperative to derive key expressions. The
wind velocity relative to the inertial frame is denoted as V,,, while the airspeed relative to the
same frame is represented by V,. To account for the impact of wind, defining ground speed
as V, is essential, indicating the UAV velocity relative to the inertial frame. The vectors

representing airspeed, ground speed, and wind speed are interconnected by equation 3.8.

Vo=V, = V4 (3.8)
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In this thesis, wind velocity is not taken as a design consideration, but it can be treated as
an external disturbance to evaluate the performance of the controller. Therefore, air speed

equals to ground speed.

Vo=V, = |v (3.9)

Equation 3.10 describes the relationship between the airspeed components of V, resolved in

the body frame and the airspeed, as well as the angles of attack and sideslip.

U V., cosfcosa  —sinfcosa —sina| |V,

) :RZ,(OGﬂ) 0| = sinf cosf3 0 0

w 0 cosfisina —sinfsina  cosa 0
u cosfcosa
vl =Va| sing (3.10)
w cosfisina

By inverting Equation 3.10, one can compute the airspeed V, along with the angles o and

B, resulting in Equation 3.11.
Vo = Vu? +v? + w?

a = arctan — (3.11)
u

v
[ = arcsin —
a

3.2 Kinematics and Flight Dynamics

In the process of formulating equations of motion for a FWUAV t is standard practice to
incorporate twelve state variables. These state variables represent various aspects of the
FWUAV’s motion and orientation. These are position variables (x,y, z), velocity variables
(u,v,w), attitude variables (¢, 6,1) and angular velocity variables (p, ¢, r) as summarized in
table 3.1. These twelve state variables together provide a comprehensive representation of
the FWUAV’s motion and dynamics. These variables enable the development of equations
of motion, which articulate the evolution of these parameters over time and elucidate the
forces and torques exerted on the FWUAV.

The movement of a FWUAV can be described in terms of three primary axes, which are

commonly referred to as the body-fixed coordinate axes which are depicted in figure 3.11.
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Table 3.1: State Variables of the Equations of Motion

Name of states Description
T, Y, 2 Inertial NED positions along i‘, j°, k' axes
U, v, W Body frame velocities °, j°, k¥ axes
o, 0, Attitude angles defined with respect to f2, 1, f? frames
P, q, T Body frame angular rate measured along 7°, j°, k° axes

These axes are aligned with the vehicle’s physical structure and are essential for understand-

ing and analyzing its dynamics.

roll axis
pitch axis .
yaw axis
Figure 3.11: Definition of Axes of Rotation of FWUAV
[17]

Irrespective of the aircraft type, there exist three axes along which it can maneuver: side-
to-side (lateral or pitch) axis, front-to-back (longitudinal or roll) axis, and up-and-down
(vertical or yaw) axis.

The lateral (pitch) axis: extends from one wing tip to the other, and the aircraft pitches
around this axis.

The longitudinal (roll) axis: runs from the nose to the tail of the aircraft, and it is the
axis about which the aircraft rolls.

The vertical (yaw) axis: runs vertically through the center of the aircraft, and the aircraft

yaws around this axis.
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3.2.1 Kinematics of FWUAV

Differentiation and rotation are required for the relationship between translational velocity

and position which is given in equation (3.12)

T U
gl = Ry(0.0,4) v (3.12)
z w

Describing roll, pitch, and yaw angles concerning their relative intermediate frames can
add intricacies when calculating angular measurements. Through proper angular rotations,
the body-frame angular rates can be represented in relation to the derivatives of the Euler

angles, and this process is executed as follows:

p| |¢ 0 0
q| = [0| +Riy(0) |6] + Ri(o)RI(0) |0 (3.13)
r 0 0 ¥
which gives:
D 1 0 —sinf b
gl = |0 cosd sinpcost| |6 (3.14)

r 0 —sing cospcosd| |

Inverting this expression yields

¢ 1 singtanf cos¢ptand| |p

0| =10  coso —sing q (3.15)
i sin cosy

G U, costl r

3.2.2 Rigid-Body Dynamics

Newton’s second law is employed to derive the dynamic equations of motion for both trans-
lational and rotational degrees of freedom. The inertial frame serves as a necessary reference
for expressing forces and moments, although components from other frames, like the body
frame, can also be utilized for this purpose. The flat earth model, which is suitable for small

UAVs, is employed.
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3.2.2.1 Translational Motion

Newton’s second law of motion states that the rate of change of momentum of an object
is equal to the net force acting on it. In the context of translational motion of a UAV,

expressed in terms of vectors, it can be represented as:

v,
dt;

= f (3.16)

4 Jenotes the time derivative in the inertial frame,

Here, m represents the mass of the UAV, i

and f is the sum of all external forces acting on the UAV, such as gravity, aerodynamic forces,
and propulsion forces. To simplify the application of Newton’s law, we express the derivative

of the velocity vector V, in terms of the body frame components. This leads us to:

av?

(g dt

L twp x V) =f" (3.17)

here wy,; represents the angular velocity of the body frame f° in the inertial frame f°.
Breaking down the velocity and angular velocity components as V;’ and w) /i respectively,

and organizing the forces f° into components, we arrive at the expression for translational

motion:
U rv — qw [z
1
vl = |pw—ru| + - fy (3.18)
w qu — pv e

This equation describes the rates of change of the UAV’s velocities in the body frame (u, v, w)

concerning the angular velocities (p, ¢, ), and the external forces acting on the UAV.

3.2.2.2 Rotational Motion

Newton’s law for rotational motion asserts that the rate of change of angular momentum,
denoted by H in vector form, is equal to the sum of all externally applied moments, repre-
sented by M. Expanding the derivative of angular momentum in the inertial frame using

the vector derivative rule yields:

dH dH
dt; — dty

+wy X H) =M (3.19)
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Expressing equation (3.19) in the body frame results in:

dH?
i +wyy x H?) = M° (3.20)

For a rigid body, the formula for angular momentum is given by H® = Jwg/i, where J
represents the inertia tensor which is given in appendix (A). In the context of aircraft, which
are commonly symmetric about the plane spanned by i® and k%, certain components of .J
become zero. Consequently, the derivative of J in the body frame is zero. Thus, the equation

simplifies to:

dH® b b
Tl x HY) = M (3.21)
b
Solving for d::; ' Jeads to:
dw? .
/i . _
a, Wy = I (—why % (Jupys) + M) (3.22)

Given that the angular rates in the body frame are denoted by p, ¢, and r, the equation can

be represented as:
T

T
b -b .

wb/i:|:p q 7’] :>Wb/z':[p q 7“]

By performing the inverse matrix of J and the cross product in the equation, and defining

the moment vector M, the rotational dynamics equations are derived as:

p I'1pg — Tagr 3L +TyN
q| = |Tspr —Te(p* —7°)| + F—lyM (3.23)
r I':pqg — I'iqr I'yL + TN

Here I'y....... I's represent constants derived from the formula given in the appendix(A).

he six-degree-of-freedom, 12-state model for fixed-wing UAV kinematics and dynamics are
summarized in the provided equations below. These equations describe the translational
and rotational motion dynamics of the UAV in terms of its position, velocity, orientation,

angular rates, and the forces and moments acting upon it.

& CCO CbSOSH — SYCd ChHSOCY + SHSy| |u
gl = |CoSw S6S0Sw + CoCy  ChpSHSY — Seey | | v (3.24)
: ~50 SHCH CHCo w
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U TV — qw fa
1
v pw —ru| + - f (3.25)
w qu — pv x
b 1 singtanf cosotanf| |p
| =10  coso —sing q (3.26)
@/'} 0 singsect cosysech| |r
p Flpq — FQC]T F3L + F4N
q| = |Tspr —Te(p* —7°)| + %M (3.27)
T I'zpqg — Tiqr I'yL+TgN

3.3 External forces and moments

The aggregate of all external forces and moments acting upon the fixed-wing Unmanned

Aerial Vehicle (FWUAV) is described as:

F:fg+fa+fp
MZMQ—I—MP

Here, F' represents the overall force exerted on the air frame, while M signifies the total
moment applied to the air frame. The symbols g, a, and p denote the gravitational, aerody-

namic, and propulsion components, respectively, of these forces and moments.

3.3.0.1 Gravitational Force

The impact of the gravitational field is expressed as a force operating in the k¥ direction,
specifically at the center of mass of the aircraft. This force doesn’t generate any moments.

In the vehicle frame f", the gravity force can be defined as:
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In the body frame, the gravitational force can be described as:

0 —mgsing
f; =R\ | 0| = |mgcoshsing (3.28)
mg mgcosfcoso

3.3.0.2 Aerodynamic Forces and Moments

The distribution of pressure is a significant contributor to the generation of aerodynamic
forces and moments. As a UAV travels through the air, it encounters varying pressure

distributions around its body, as shown in figure 3.12

above static pressure
Figure 3.12: Pressure Distribution Around an Airfoil
17

The impact of pressure distribution can be represented by a blend of forces and moments.
For example, when focusing on the longitudinal (i® — k®) plane, the influence of pressure on
the UAV body can be simulated through a lift force, a drag force, and a moment, as depicted
in figure 3.13.

lift foree Fii

drag force Fya,.

morment
kn’.
Figure 3.13: Impact of Pressure Distribution

[17]

Before discussing the forces and moments acting on the body, it’s essential to introduce

the control surfaces. The standard configuration, illustrated in figure 3.14, includes the
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aileron deflection denoted as d,, the elevator deflection denoted as J., the rudder deflection
denoted as 9,, and the throttle denoted as §;. Except for the throttle, these deflections are
measured in radians rather than percentages. The positive deflection of the control surfaces
is determined by applying the right-hand rule to the hinge axis.

The deflection of the ailerons can be articulated as follows:

1
6a = 5(6aleft - 6aright) (329)

Here, 0gicpe and Oqrigns are the left and right ailerons deflection respectively. Thus, a positive
9. will generate, as will be observed, a positive rolling moment about i°, thereby adhering to

the convention. It is a standard practice to partition aerodynamic forces and moments into

Vertical stabilizer

Horizontal stabilizer  —
”“1/
v

Figure 3.14: Representation of Aircraft Control Surfaces and Propellers

[17]

Rudder |

Elevator

two categories: longitudinal and lateral.

Longitudinal Aerodynamics

The lift force, drag force, and pitch moment are the forces and moments responsible for
inducing motion in the (i°, £°) plane of the body. These definitions are provided in equations

equation (3.30), equation (3.31), and equation (3.32), respectively.

1
Juige = §PVa2SCL(@, q,9) (3.30)
1 2
fdrag = §PVa SCD<a7Q7 56) (331)
Lo
M = 5pVa ScCu(a, q,0e) (3.32)
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Here, p represents air density, S denotes the area of a single wing, and c is the main chord
of the wing. Va corresponds to the airspeed as defined in equation (3.11). Cp,Cp, and Cy
are the dimensionless coefficients of lift force, drag force and pitch moment, which rely on
parameters such as angle of attack «, pitch rate q, and elevator deflection J.. This nonlinear

relationship can be estimated using a first-order Taylor series expansion of equation (3.33)

c
Cr(a,q,0.) = [Cro + Craa + OLqu + CLs, 0] (3.33)
The coefficients Crg, Cro = %, Cry = g%, and Cprs, = % are dimensionless param-
2Va e
eters. Similarly, the first-order approximations for the aerodynamic drag force and pitching

moment are formulated in a comparable fashion.

c

Cp(a,q:0c) = [Cpo + Cpac + Cpygy-q + Cps.bc] (3.34)
c

Oy, q,0e) = [Crro + Crrace + CMqu + Cs, Oc] (3.35)

fuifr and f4rqq are represented in the stability frame, as depicted in figure 3.13. To transform

them into the body frame, equation (3.33) applies:

f:r: _fdrag
0| =Ra)| o (3.36)
fz _flift

But, from the property of rotation matrix and using the rotation matrix from the body frame

to the stability frame in equation (3.5), R(a) = (R§(a))T

fa cosa 0 —sina| | —farag

0] = 0 1 0 0

e sinae 0 cosa — flift
fx = _fdragcosa + fliftSinOC (337)
[z = = faragsina — fiipicosa (3.38)

Lateral Aerodynamics
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The lateral aerodynamic factors that directly affect the lateral direction along j° are the
side force (f,), the rolling moment (L), and the yawing moment (N). They are significantly
influenced by f, as illustrated in equation (3.39), equation (3.40), and equation (3.41) re-

spectively:
1
fy = 5PVa”SCy(B,p, 7,00, 0:) (3.39)
1
L= épVaQSbCl(ﬁap7 T, 5a75r) (340)
N = L V2ShCo(B.p.7.5..5,) (3.41)

Where, C,, C;, and C,, are dimensionless coefficients lateral force , roll moment and yaw
moment respectively and b represents the wingspan of the UAV. The first-order Taylor

series expansions of the coefficients C);, Cj, and C,, are given by:

b b
Cy(ﬂap7 T, 5(17 57") = [CyO + CYﬁﬂ + Cypﬁp + Cyrﬁr + Cyéaéa + Cyérar] (3-42)
b b
Ci(B,p,7,04,6,) = [Cro + Cip8 + Clpﬁp + Clr A Cis5,0a + Cis,0;) (3.43)
b b
Cn(ﬂapy T, 5a7 5r> = [Cno + Cnﬁﬂ + Cnpﬁp + C’mﬁr -+ C'm;a(5a + Cn(ST(Sr] (344)

For aircraft symmetric about (i%, k%), Cyo, Cio, and C, are zero. Coefficients related to a,
B, p, q, and r are commonly termed stability derivatives, while those related to d,, d., and

0, are referred to as control derivatives.

3.3.0.3 Propulsion Force

Numerous propeller models can be found in the literature. The Bernoulli principle can be
used to develop a simple model that is appropriate for modeling UAVs. The thrust generated
by the propeller, denoted as f,, is determined by the area swept out by the propeller, S,,qp,
and the pressure difference, AP, given by the equation:

F, = S,AP (3.45)
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The pressures before and after the propeller, P, and P,,; respectively, are calculated using

Bernoulli’s principle as follows:

1
Pin =P+ §pV;2

1
Pout = PO + ép‘/outZ
Where V,,; represents the air velocity at the exit of the propeller, and F, denotes the ambient

pressure.

‘/out = kmotor 67& (346)

Therefore, the thrust produced by the motor can be given by:

1
fp = SpCprop(Pout - Pzn) = §pSpCpr0p((kmotor5t)2 - ‘/;12) (347)

Where C),,, is a dimensionless coefficient known as the rotor thrust coefficient. For most
UAV designs, the thrust acts directly along the i® body-axis, resulting in no moments about
the center of mass. Thus, the total forces and moments acting on the fixed-wing UAV can

be expressed as shown in equations equation (3.48) and equation (3.49) respectively:

I —mgsinf —Cp(a, q,6.)cosa + Cr(a, q, de) sina Iy
fy| = |mgcosbsing | + %pVazs Cy(B,p,1,04,0,) + 10| (3.48)
f- _mgcos@cos¢ —Chl(a,q,d.)sina — Cp(a, q, 0 )cosa 0
L] X b[Cio + Cipf + Clpﬁp + CZT%T + Ci5,64 + Cis,.6,]
M| = 5pVa’S c[Cmo + Crma@ + Crgze-q + Coms, 0] (3.49)
N | B[Cro + Crgl + Crpserp + Crp 5t + Cns,da + Chs, 0y

3.3.1 Summary of Nonlinear Equations of Motion

The 6-DOF equations of motion for FWUAV describe the aircraft’s motion in three position
and three orientation. The equations are typically nonlinear and can be quite complex. Below

is a general representation of the 12-state nonlinear equations of motion for a FWUAV.
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Translational Equations

& = cos B cos u + (sin ¢sin 6 cos ) — cos ¢ sin)v + (cos ¢ sin O cos 1) + sin ¢ sin P )w

§ = cosfsinu + (sin ¢ sin 6 sin ) + cos ¢ cos ¥)v + (cos ¢ sin 6 sin 1) — sin ¢ cos Y )w

%2 = —sin fu + sin ¢ cos Bv + cos ¢ cos Ow
. ) Va?s
U=1v—qw—gsinf + P a [Cx(a) + Cxq(&)% + Cxs, 0]+
SpCh
oo [ (dy)” — V]
Va%s b
Ozpw—ru+gCOSQSin0+p ¢ [Cyo + Cypf + ypmf + (3.50)
br
Cyr Wa + Oyéa(s + Cyér(gr}
Va%s
W = qu — pv + g cos cos ¢ + pra [Cz(a) + Czqla )2V + Czs.6)
Rotational Equations
b =p+gsingtand + rcos¢tanb
6 =qcosp—rsined
Y = gsin ¢ secd + 1 cos ¢ sec O
) Va?Sh b, b,
p=T1pg—Tyqr+ P [Cpo + Cpgﬂ + CPPW + CPT Va + Cp5 0g + Cp(sr(sr] (3.51)
. pVa?Sc
G=Tspr —Ts(p* —1%) + 2] [Cino + Crax + Cquv + Crns, 0c]
) pVa%Sh bp br
r= F7pq - qu’l" + 9 [Crg + Cr,ﬁﬁ + Crp Wa + Crr Wa + Crga(s + Cr5r6 ]
Where
Cp, = I'sCyo + I'4Clyp, CPB =I'3C,5 + F4Cn5
C’Pp = F‘B)CYZp + F4C(npa CPr = F3Cl7" + F4Can‘
Cps, = I'3Cs, + TyChs,, Cps, = I'3C5, + T'4Cl,
Cro = I'sCip + I'sCh, Crp = T'4Cig +T'sChp
Crp = F4CYlp + FSCnpu Crr = F4C’lr + FSCnr
Crs, = L4Cls, + T'sChs,, Crs, = T'4Ci5, + TsCl,

(3.52)
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Cx(a) = [Cpo + Cpaa] cosa + [Cro + Crea] sin o, Cxq(a) = —Cpycosa+ Cpysina
Cxs, () = —Cps, cosa + Cpg, sin v, Czq4(a) = =Cpysina — Cp, cos
Cz(a) = —=[Cpo + Cpaalsina — [Cry + Craal cos a, Czs.(a) = —Cps, sina — Cs, cos a

The overall block diagram containing all the equations of motion of FWUAV is shown in

figure 3.15. The sideslip angle (3), angle of attack («), body angular rates (p, g, r), and

[

uv,w

Translational
Equation(3.54) » dynamics
[ |

_ L

L N
" ¥
0, =" External Forces M N Rotational .
5 and Moments ] o dynamics RIOtEHOI:Jﬂl .
r N subsystem kinematics Translational

0, —> ' kinematics

€,

S Y
Equation(3.55) Equation(3.29) Equation(3.28) Equation(3.26)

Figure 3.15: Overall Model of FWUAV

Table 3.2: Parameter Values|17]

Parameter symbol | Value | Unit Description
m 13.5 kg mass of FWUAV
Iy 0.8244 | kgm? Moment of inertia around x-axis
Jy 1.135 | kgm? Moment of inertia around y-axis
J. 1.759 | kgm? Moment of inertia around z-axis
S 0.1204 | kgm? | Product of inertia about x-axis and z-axis
S 0.55 m? Wing area of FWUAV
b 2.8956 m Wing span
¢ 0.18994 m Mean aerodynamic chord
Sprop 0.2027 m? Area of the propeller
p 1.2682 | kgm? Air density
Kootor 80 Motor constant

control surface deflections (d,, ., J,) are associated with dimensionless aerodynamic coeffi-
cients that influence lateral and longitudinal forces as well as moments. To determine the
specific values of these aerodynamic coefficients and their relationships to the mentioned
variables, experimental methods such as wind tunnel testing or numerical techniques like

Computational Fluid Dynamics (CFD) simulations are commonly employed. These meth-
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ods help characterize the aerodynamic behavior of the FWUAV and provide the necessary
coefficients for accurate modeling and analysis. In this study, a comprehensive review of the
literature was undertaken to identify suitable parameter values and aerodynamic coefficients
for the selected Fixed-Wing Unmanned Aerial Vehicle (FWUAV), as presented in table 3.2
and table 3.3. The obtained coefficients and values are essential inputs for modeling and

analysis efforts. The given Parameter values and aerodynamic coefficients are taken from

[17].

Table 3.3: Aerodynamic Coefficients Governing Forces and Moments|17]

Longitudinal coefficients | Value | Lateral coefficients | Value
CrL, 0.28 Cy, 0
Cp, 0.03 Cl, 0
Cme -0.02338 Cheo 0
CrL. 3.45 Cy, -0.98
Chp, 0.30 Ci, -0.12
Ch, -0.38 Chy 0.25
Cr, 0 Cy, 0
Cp, 0 Ci, -0.26
Crm, -3.6 Ch, 0.022
Cr,, -0.36 Cy, 0
Cb;, 0 ., 0.14
Cins, -0.5 Ch, -0.35
Chrop 1 Cy,, 0
Chs, 0.06 Cls, 0.08
Cls, 0.105 Cy,, -0.17

Chs, -0.032

3.4 Model Verification

MATLAB Simulink software is used to create a model that includes all of the kinematics and
dynamics of a FWUAV. MATLAB Simulink is well-suited for FWUAV modeling because
it provides a graphical interface for modeling, simulating, and evaluating dynamic systems.
The FWUAV’s equations of motion are a somewhat sophisticated set of 12-state non-linear,
coupled, first-order ordinary differential equations, as illustrated in figure 3.15. Because the
states in the equation of motion are coupled, changing one parameter affects practically all
of them. A FWUAV executes translational motion along its body’s x-axis (longitudinal axis)
or y-axis (lateral axis). The UAV can produce forces and moments that allow it to move by

altering the propulsion and control surfaces.
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Adjusting the control surfaces, such as the ailerons for roll and the rudder for yaw, en-
ables control over roll and yaw movements. These control inputs modify the aerodynamic
forces and moments experienced by the UAV, leading to the necessary rotational movement
and subsequent alteration in flight direction. It is important to recognize that the UAV’s
translational motion along the x and y axes can remain consistent even during roll and yaw
maneuvers. Roll and yaw rotations primarily affect the UAV’s orientation and heading as it
progresses along its current trajectory within the body’s reference frame.

To validate the model of FWUAV, simply apply the control surfaces (d;,dq, de, 9,-) and ob-
serve the effects of these control signals on the positions and attitudes of the FWUAV.The
positions (x, y, z) are displayed on a single plot, while attitudes (¢,0,v) are depicted to-
gether on another plot to facilitate comparison and observe variations in the system’s states.
Simulink block diagram for model validation is shown in appendix(B).

Responses

When the propeller of a FWUAV starts, it generates a thrust force that propels the aircraft
forward at a high speed.The throttle control governs engine speed, which in turn affects pro-
peller movement. In this case, let’s assume a constant throttle deflection angle of 0.08rad.
As demonstrated by the FWUAV model, there is considerable interaction among the equa-
tions of motion in the model. The dynamics of an FWUAV are inherently interconnected,
meaning that changing one parameter or input can have significant effects on multiple posi-
tions and orientations. This coupling arises due to the inter-dependencies between various
forces and moments acting on the aircraft.

Adjusting control inputs like aileron deflection (d,), elevator deflection (d,), and rudder de-
flection (d,) influences the forces and moments experienced by the FWUAV. Modifications
to these control inputs can result in changes to aerodynamic forces and moments, impacting
the aircraft’s motion across all axes. This is verified by the following results.

Case one: initially the three input control surface deflection angles are zero, the outputs
still have non-zero characteristics. This is because the initial values and parameter settings
in the model can contribute to these non-zero values as shown in figure 3.16 and figure 3.17.
As shown from figure 3.16 , the FWUAV has traveled 392 meters in the forward direction
(positive x-axis) and 533 meters in the vertical direction (positive z-axis) from its initial po-
sition. The y-axis, representing the lateral direction, remains unchanged at zero, suggesting
that there is no sideways movement.

From figure 3.17 the roll angle and yaw angle of the FWUAV are both zero, indicating no roll
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Figure 3.16: Responses of x,y,z Without Any Deflection of Control Surfaces
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Figure 3.17: Responses of ¢, 0,1 Without Any Deflection of Control Surfaces

or yaw rotation. However, the pitch angle has a non-zero value that changes over time.At
a certain time interval, the pitch angle is approximately -1.5 radians. This negative pitch
angle suggests that the nose of the FWUAV is pointing downward relative to the horizontal
plane. This corresponds to a pitch-down or descent motion. As time progresses, the pitch
angle increases to approximately -0.45 radians. This indicates a reduction in the downward
pitch, suggesting that the FWUAV starts to level off or pitch up slightly.

Case two: A constant elevator deflection of -0.2 radians was applied, with no deflection in
the aileron and rudder. The response of the positions is depicted in figure 3.18.

The deflection of the elevator impacts the movement of the UAV along the x-axis (160m)
and z-axis (36m), while the y-axis remains constant. This is attributed to the fact that the
roll (¢) and yaw (1)) angles remain at zero. The response of the attitude angles (orientation
of FWUAV) in relation to the elevator deflection is depicted in figure 3.19. As indicated by
the response, the roll and yaw angles remain at zero, while the pitch angle is altered. Based
on the aforementioned findings, it can be inferred that the elevation or descent motion (pitch

angle) as well as movement along the x-axis and z-axis of the FWUAV can be regulated by

Addis Ababa University, AAiT,SECE 33



FOSMC Design for FWUAV Trajectory Tracking

500 | —y

400 [~ b

173
=]
=]
T
1

Positions(m)

200 - -

100 - T

I I I I I I I ! I
0 1 2 3 4 5 6 7 8 9 10
Time(Second)
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Figure 3.19: Responses of ¢, 6,1 with 6, = —0.2ard

employing the elevator control surface.

Case three: Deflecting the rudder control surface by 0.09 radians and the aileron control

surface by 0.1 radians can lead to variations in the responses of the positions and orientations

of the FWUAV. These responses are illustrated in figure 3.20 and figure 3.21 respectively.
As depicted in figure 3.20, the FWUAV moves along positive x-axis and z-axis(which are
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Figure 3.20: Responses of x,y,z with ¢, = 0.1rad and ¢, = 0.09rad

almost similar to figure 3.17) and along negative y-axis, which is more affected by 4, and
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0,. This indicates that the movement of FWUAV along y-axis can be controlled by rudder

and aileron control surfaces. From figure 3.21, it is shown that the pitch angle(6) is similar
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Figure 3.21: Responses of ¢, 0,1 with with J, = 0.1rad and 4, = 0.09rad

to 0 in figure 3.18, but the roll an yaw angles are highly influenced by rudder and aileron
control surface deflections. This suggests that the roll and yaw motions of the FWUAV can
be regulated by the rudder and aileron control surfaces.

The three control surfaces of FWUAV controls the orientation of the UAV directly and its

position indirectly.
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Chapter 4

Controller Design

Based on mathematical models, this chapter discusses the controller design method for a
FWUAV.The control systems theory employs deterministic control principles to manage the
intricate dynamics of the FWUAV. FOSMC is considered a subset of variable structure sys-
tems theory. SMC represents a robust control methodology that aims to direct the system’s
state trajectory towards a predetermined manifold referred to as the sliding surface, thereby
achieving the desired system behavior. It is well-known for its capacity to deal with sys-
tem uncertainty as well as external disruptions. By introducing fractional calculus, FOSMC
enhances the sliding mode control paradigm. Fractional calculus deals with non-integer or-
der derivatives and integrals, allowing for greater flexibility in system modeling and control
design. When compared to typical integer-order SMC, FOSMC can provide improved re-
silience, accuracy, and transient responsiveness by utilizing fractional-order differentiation
and integration.

The third chapter presents the derivation of all kinematic and dynamic models for FWUAVs.
These mathematical models are clearly still exceedingly sophisticated.Prior to constructing
the controller, it is crucial to disentangle the mathematical models in order to streamline
the control process. The Simulink block diagram containing FWUAV dynamics block, con-
troller block and conversion block employed for analyzing the results of FWUAV presented
in appendix(C).

4.1 Decoupled State Space Models of FWUAV

The objective of the decoupling process is to streamline the control of a standard FWUAV
by concentrating on the primary state quantities and addressing the remaining degrees of

freedom as uncertainties. Decoupling is undertaken to tackle the complexity associated with
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simultaneously controlling and tracking all 12 degrees of freedom. Given that a FWUAV
operates in a high-speed state, achieving precise control over all degrees of freedom might not
be necessary or feasible. Thus, in this thesis, emphasis is placed on tracking and controlling
six degrees of freedom. These six state variables consist of three attitude angles (¢, 0,1) and
three positions (z,y, z). By selecting these six dominant state variables, the control system
can prioritize and optimize the control efforts for these specific degrees of freedom. This
approach simplifies the control process and allows for effective control and tracking of the
UAV’s key states and positions. [1]

The process of decoupling begins with the nonlinear mathematical model of the FWUAV,
which is obtained from Chapter Three and can be represented by Equation 4.1.

T = f(z,u) (4.1)

Where

Tr = ('I.?y7 Z’u7v7w7p7Q7r7 ¢797w)
U= (fp75a766767") = (U17 U27U37U4)

4.1.1 Decoupled State Space Model for Positions

To establish the state space representation of positions and develop a controller for the
FWUAYV, it is necessary to express the forces acting on the aircraft (including gravitational
force, aerodynamic force, and propulsion force) in the inertial reference frame. Initially
provided in Chapter 3 in the body reference frame, the equations for these forces require
transformation into the inertial reference frame. This transformation entails considering the
orientation of the aircraft, which is represented by the Euler angles (¢, 0,1), and applying
appropriate rotations. Such representation facilitates the design and implementation of a
controller capable of regulating the inertial position (x, y, z) and attitude (¢,0,v) of the
UAV. This controller accounts for uncertainties in aerodynamic forces and effectively utilizes
controlled thrust force. The gravitational force in the inertial reference frame is expressed

in equation (4.2).

mg

The propulsion force can be expressed in inertial frame by multiplying equation (3.47) by
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Ry" as represented in equation (4.3)

1 (Kmotor(;t)2 - ‘/112
fp = ipSpCpTOprv 0
0

Letting the propulsion force in the x direction as Uy, that is:

U1 O@C¢U1
fp — va 0 - CgSwUl
0 —SeUq

The aerodynamic forces are taken as a disturbance and can be expressed as

SH
8

Q
w

Where, d,, d,, and d. are aerodynamic forces in the x,y and z direction.

From Newton’s second law of motion,
YXF =ma

0 CoCyU, d, x
0| +|CeSpUi| + |dy| =m |y
mg —SyUy d, zZ

Therefore, the state space representation of positions of FWUAV becomes:

1 1
#=—CyCylU + —d,
m m

.1 1
Yy = EOQSM}UI + Edy

1 1
Z=——>5Uy + —d.
m m

(4.3)

(4.4)

(4.6)

~~
t.l;
~

SN—

(4.8)
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These equations can be written in terms of virtual control signals of positions as:

1
L1 d
T m(Ux+ )

1
y = — 4.
Yy m(Uy+dy> ( 9)
.1

Where, U, ,U, , U, are virtual control signals for positions and can defined as:

U, = CoCylh (4.10)
U, = CpSyU;

U, =-=5SU; +myg

4.1.2 Decoupled State Space Model for Attitude Angles

It is essential to derive the state-space relationships between these angles and the input
signals. There are three input signals associated with the attitude angle: the aileron (Us),
the elevator command signal (U;), and the rudder (Uy). To establish the necessary state-

space functions, additional treatment of the kinematics and dynamics models is required.

4.1.2.1 Roll Angle (¢)

From equation (3.51), ¢ is given by the equation:

¢ = p + gsingtand + rcosptant

The parameter p predominantly influences variations in ¢, hence other parameters can be

regarded as uncertainties in the system.

¢ =p+dy (4.11)

where

dg1 = gsingtant 4 rcosgtant (4.12)

is the external disturbance of this system. Take the derivative of both sides of equation (4.11)

with respect to t becomes:

¢=p+ds (4.13)
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Substituting p from equation (3.51) in toequation (4.13), and since d¢1 is a very small value,

it is eliminated.

b br
[Cpo + Cpsl + Cppzv—pa + Cpyr + Cps,Us + Ui (4.14)

pVa%Sh

¢ =T1pq — Dagr +

Let dy is the total external disturbance and equation (4.14) can be rewritten as equa-

tion (4.15)

¢ = agd + byUs + d (4.15)
Where .
ap = ZpVaSbQC'pp
by = %pVngCPaa = %ijSbrgcwa (4.16)
dy = Typg — Tagr + 2V 000 & Cryi + CPTQ% + Cps U]

4.1.2.2 Pitch Angle (0)

From equation (3.51), 6 is given by the equation:
0 = gcosp — rsind

Similarly, given that the angle ¢ has a small value, its effect on the system can be considered
as an uncertainty. Meanwhile, the parameter ¢ primarily induces changes in ¢ . Hence, the

function of @ can be reformulated as:
0 =q+ (cosp—1)g—rsing 6 = q+ d (4.17)
where dy; represents the external disturbance of this system, defined as:
dg1 = (cosp — 1)q — rsin ¢ (4.18)

Taking the derivative of equation (4.17) on both sides with respect to ¢ yields equation (4.19).

6=q+dy (4.19)
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Substituting ¢ from equation (3.51) in to equation (4.19) and since dp; is a very small value,

it is eliminated.

pVa?Sc
27,

[Coo + Crna@ + Cong—e L 1 G5 0] (4.20)

Hz(j:F5pr—F6(p2—r2)+ Ve

Let dy is the total external disturbance and @ can be written as equation (4.21):

0 = agh) + byUs + dy (4.21)
Where )
g = ZP%SCQCmq
1
by = ép‘/QQSCCmge (4.22)
Va%S
dy = Dspr — Do(p? — 1) + 225 [Crg + Cinacl
2J,
4.1.2.3 Yaw Angle (¢)
From equation (3.51), Y is given by the equation:
U = gsingsecd + rcospsect (4.23)

During drone flight, the angles ¢ and 6 typically remain extremely small. The variation
in angle v primarily correlates with . Hence, when examining 1, certain assumptions
can be made: sing = 0, secd ~ 1, and cosp ~ 1. These assumptions represent inherent
uncertainties within the system. Consequently, the equation can be reformulated as shown

in equation (4.24).

Y =1+ (cospsech) — 1)r + gsingsect (4.24)

Define dy; is the external disturbance.

dy1 = (cospsecd — 1)r + gsingsectd (4.25)

Therefore,

’QD =T + dwl (426)
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Differentiate both sides of equation (4.26) with respect to ¢:

=7+ dy (4.27)

Substituting 7 from equation (3.51) in to equation (4.27) and since dy, is a very small value,

it is eliminated.

26 b b
pVas Lo, O, St O] (428)

P2Va ""oVa

¥ =T7pqg — Tigr + (C,, + Crff + O,

Let dy is the total external disturbance and w can be written as:

w = awﬁ + bwU4 + dw (4.29)
Where
1 2 1 2
Ay = Zp‘/aSb Cr’r = ZLPVaSb F8Onr
1 1
b¢ = §pVGQSbCT5a = §pVGQSbFBCn5T (430)
pVa%Sh

b
[CrO + Crﬁﬁ + Crp% + CT5GU2:|

Hence, the state-space representation for the control systems governing position and attitude

dy =T'spqg — T'iqr +

angles can be expressed as follows:

T1 = T

by = (U, + dy)
Ty = — Uy T
2 m
T3 = T4

i 1(U +d,)
Ty = —

4 m' Y y
T5 = Xg

o= (U, + d.)
To= T e (4.31)
Ty = X3

i’gza¢$8+b¢UQ+d¢

Tg = T1p

«7}10 = AgpT10 -+ bgUg -+ dg

T11 = T12

.I"lz = QyT12 + b¢U4 + dw
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4.2 Introduction to Fractional Order Calculus(FOCQC)

Fractional calculus is indeed a branch of mathematical analysis that extends the concepts of
integrals and derivatives to non-integer or fractional orders. It explores the possibilities of
differentiating and integrating functions with arbitrary orders, allowing for a more compre-
hensive understanding of mathematical operations. In the context of control systems, frac-
tional calculus has gained attention for its potential in improving controller performance and
sensitivity. Fractional-order controllers (FOCs) utilize fractional differo-integral operators to
achieve enhanced control capabilities. The fractional differo-integral operator aD,” f (t) rep-
resents the fractional calculus operation applied to a function f(t). Here, a and [ represent
the order of differentiation and integration, respectively. The operator aD,” combines both
differentiation and integration of fractional orders, providing a more flexible and versatile
tool for system analysis and design. By incorporating fractional calculus into control systems,
FOCs can exhibit improved sensitivity, adaptability, and response characteristics compared
to traditional integer-order controllers. The ability to adjust the differentiation and inte-

gration orders independently allows for fine-tuning the controller’s behavior to meet specific

control objectives. [19].The continuous differo-integral operator is given by the following:
(s
& R(B) >0
aDPf(t) =41 R(B) =0 (4.32)
| Jodr™” R(B) <0

Here, D stands for the fractional calculus operator, 3 signifies the fractional order, o and ¢
represent the operational limits, and R(f) denotes the real part of 4. In the literature,there
are different definitions of the fractional differ-integral operator. But the most commonly
used definitions of fractional order derivatives are:

The Riemann-Liouville (RL) definition:

oD f(1) = F(ml— B) (%)m/o; (t — T)];<i>m Ly (4.33)

The Caputos definition:

1 ' f(7)
aDPf(t) = F(m_ﬁ)/a (t_T)ﬁ_der (4.34)
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In the context of these fractional calculus expressions, the constraint, m — 1 < a < m,
holds, where m represents the smallest integer greater than a. The function (.) refers to

Euler’s gamma function, which is widely recognized and defined as follows:

[(x) = / et dt, x>0 (4.35)
0

In this thesis,the controller utilizes the sliding surface approach, and fractional-order mod-
eling and control are implemented using the FOMCON toolbox. The FOMCON toolbox is
a software package designed to facilitate the incorporation of fractional-order calculus tools
into MATLAB, a widely used platform for numerical computation and simulation. By us-
ing the FOMCON toolbox, this thesis leverages the capabilities of fractional-order calculus
for modeling and control purposes. The toolbox provides a set of functions and algorithms
specifically tailored for fractional-order systems, allowing researchers and practitioners to

work with fractional-order differential equations, fractional-order transfer functions.

4.3 FOSMC Design

FOSMC is indeed considered a subclass of variable structure system theory. It incorporates
fractional order calculus into the sliding manifold, resulting in improved performance com-
pared to conventional SMC in terms of tracking accuracy, speed of response, chattering,
and disturbance rejection. One of the key advantages of FOSMC is its ability to ensure
the system’s states slide along the sliding surface.This characteristic splits the motion of the
controlled system’s states into two phases, as illustrated in figure 4.1: the reaching mode

and the sliding mode. [20].
F W)

Desired final value

o
e(t)
-
Reaching mode

Sliding mode ‘Sliding surface

Y
Figure 4.1: FOSMC'’s Sliding Surfaces[20]
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The reaching Mode: It is also called the first phase of the surface.The system is moved
from any beginning location to the sliding surface during this non-robust phase. This work
is done by the discontinuous controller given by equation (4.36). The reaching phase can be
decreased by increasing the FOSMC’s discontinuous control gain k, although this results in
significant chattering. A number of solutions have been proposed to deal with this problem,

such as using a qausi function to approximate the signum function.

Udgis(t) = ksign(S(t)) (4.36)

The sliding Mode: It is also called the second phase of the surface. In this phase, dis-
turbances, parameter change, and unmodeled dynamics have no impact on the trajectories.
Because of this characteristic, the FOSMC is a reliable control mechanism. When the ini-
tial value of a system is far from the sliding surface, it leads to prolonged reaching time.
Consequently, control performance deteriorates significantly, and ensuring phase robustness
becomes uncertain. This necessitates the introduction of a sliding phase. By setting the
derivative of the sliding surface to zero (S = 0), equivalent control rules can be derived and

tasked with executing those operations. The combined action of the equivalent controller

and the discontinuous controller constitutes the total control law.

U = Upqu + Usis (4.37)

4.3.1 Overall Block Diagram of the System

From the simulation results of the model verification it can be seen the influence of the control
signals ( deflection angles) on the positions and attitude angles of FWUAV. It can be deduced
that the positions(x,y, z) and attitude angles(¢, 6, 1) of FWUAV can be controlled by using
the control signals. Virtual control signals which are derived using derived from the desired
trajectory or position error are used as position control signals. There are two loops in the
control strategy. The attitude angles such as roll angle, pitch angle, and yaw angle are all
part of the inner control loop. The second loop is the outer control loop, responsible for
managing position or displacement, encompassing movement in both higher and lower, front
and back, as well as left and right directions. The control system inputs are the desired values
of positions which are x4, y4, 24 and the desired roll angle ¢4, cause the relevant motions, and

subsequently the associated displacements, to be made by the aircraft. The block diagram
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of the whole control system is displayed in figure 4.2

PSO

————
algorithms
FOEMC
jot eters
x_d - Ux N 6_d | Attimde Output
Desired ‘__dL'/D Position | | Conversion Controller Trajectory

jLaiecion) Controller 2 Block y_d :
z.d ex.ev.ez >
- Uz
U1
FWUAV Model

Figure 4.2: Overall Control System Block Diagram

4.3.2 QOuter Control Loop FOSMC Design

In the case of an underactuated FWUAV, where it is not feasible to directly control all
6-DOF, an outer control loop is employed to indirectly control the position and altitude
of the aircraft. This outer control loop generates virtual control signals, namely U,, U,,
and U,, which are used to calculate the desired pitch angle (6;), yaw angle (¢4) and total
thrust force (Uy). The virtual control signals, U,, U, and U,, represent the forces in the
X, vy, and z directions respectively. These signals are typically derived from a higher-level
control system that aims to achieve specific position and altitude objectives for the FWUAV.
The desired pitch angle (6,) and yaw angle (14) are then determined based on these virtual
control signals. The specific relationship between the virtual control signals and the desired
angles would depend on the aircraft’s dynamics and control strategy employed. Once the
desired pitch and yaw angles are obtained, they can be used in an inner control loop, along
with other control inputs such as the aileron signal (U;), elevator command signal (Us),
and rudder signal (Uy), to control the roll, pitch, and yaw motions of the FWUAV. Before

starting the controller design, let’s derive position error as:

(o Tg— T ex fd—i' Gx Zi‘d—.’i‘
€y| = |Ya—Y]|> éy = Z)d - y ) éy - yd - y (438)
€, Zd — % €Z Zd—Z' éz éd—é

To apply FOSMC to FWUAV dynamics, sliding surfaces need to be specified for each of the
x, v, and z directions. The sliding surfaces are critical in establishing stable and accurate

control of the FWUAV. The sliding surfaces are typically defined as the desired states or
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trajectories that the system’s states should track. In the context of FOSMC, the sliding
surfaces are designed to ensure that the system’s states converge to and remain on these
surfaces during the sliding mode. The control input or action is then designed to minimize
the sliding surfaces and enforce the sliding mode dynamics. The sliding surfaces are defined
as follows:

S, = cpey + DPé, = cpe, + DPHle,

S, = cye, + DPé, = cye, + D ile, (4.39)

S, =c.e, + D%¢é, =c.e, + D% Tle,

Where, D% is a fractional order derivative, which is found in FOMCON toolbox in matlab
simulink. Control law can be computed after the sliding surface has been selected. The
system must converge to the sliding surface according to this control law. It has to stay still
once it hits the sliding surface. To facilitate position tracking, a FOSMC is formulated as
follows:.
Designing a FOSMC U, related to = position
Using Reaching Law, The equivalent controller can be determined by making, S; = 0
where, 1 = x,y, 2
Sy = Coby + D¥E, =0
= cpby + DP e, =0 (4.40)
= Cpby + D (ig — 7) = 0

Substituting & in equation (4.9) in to equation (4.40).

1
Coby + DP(ig — —(Uy +dy)) =0
e (4.41)

Caby + Dy — (Up+d,) =0

m

Solving for U, from equation (4.41) to get the equivalent controller.

Uzeq = me, D7 e, +miy — d,
(4.42)
=mec, D e, + miy— d,

The combination of the continuous control signal described in equation (4.42) and the discon-

tinuous control signal outlined in equation (4.36) constitutes the complete virtual controller
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law along the x-axis, as presented in equation (4.43):

U:v = U.teq + Udis
(4.43)
U, = me, D™ e, +miiy — dy + kpsign(S(z))

Where, the equivalent and discontinuous control gains are denoted by ¢, and k,, respectively
and (5, between 0 and 1 is the fractional order parameter.

Using Lyapunove for the condition of (k,): The Lyapunov function, denoted as V, and
defined over the system state variables, is a positive scalar function, expressed as V, > 0. It
satisfies the condition that the time derivative V, is negative, i.e., V, < 0. The selection of

the Lyapunov function is based on the expression provided in equation (4.44)

1
V. = 555 (4.44)

To determine the minimum values of the discontinuous controller gains utilizing the signum

function, we establish the proof outlined in equation (4.45)

V, =25,5,<0
= S, (Cpéy + D (ig — i) < 0

1

= Sp(Coby + Doy — —U, — —d, <0 (4.45)
m m
DPb=
= S, (cpby + DPiiyg — (mCy D¢y + miq — dy + kysign(S(x))—
m
DBz
d, <0
m

= Su(—=kysign(S(zx))) <0
— RIS <0

k. must be greater than zero for the Lyapunov function of equation (4.45)to be valid.
FOSMUC design for y position virtual control variable U,
Utilize a similar methodology on the x-axis to calculate the virtual controls along the y and

7z axes, aiming to minimize the error and bring it close to zero.
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Using Reaching Law, The equivalent controller can be determined by making, Sy =0

Sy = ¢ ey + D%é, =0
= c,é, + D e, =0 (4.46)

= c,é, + D (jja—§) =0

Substituting ¢ in equation (4.9) in to equation (4.46).

1
d— E(Uy + dy)) =0
8, (4.47)
Cyé, + DPvijq — — Uy +dy) =0

Cyé, + D% (jj

Solving for U, from equation (4.47) to get the equivalent controller.

Uyeq = me, D¢, + mijy — d, (4.48)
= mc, D" e, + miq — d,

The virtual controller along the y-axis results from the addition of the continuous and dis-

continuous control components.

Uy = Uyeq + Ulis
v (4.49)
U, = me,D™P* e, +mijy — d, + k,sign(S(y))

Where, the equivalent and discontinuous control gains are denoted by ¢, and &, respectively
and 3, between 0 and 1 is the fractional order parameter.

Using Lyapunove for the condition of (k,): The Lyapunov function, denoted as Vj,
represents a positive scalar function dependent on the system state variables such that V,, >
0. Moreover, it fulfills the condition where the time derivative Vy is negative, expressed
as % < 0. The selection of the Lyapunov function is based on the equation provided as

equation (4.50)

1
V, = 55; (4.50)
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To obtain the minimum value of the discontinuous controller gains employing the signum

function, we seek to provide a proof:

V,=15,5,<0

= Sy(cyéy + Dﬁy(yd —4)) <0

. . 1
= Sy(eyéy + DBy(ZJd - E(Uy +dy))) <0

DB DB
U, —
m m

= S,(cyé, + Dvijg — d, <0 (4.51)

. . Db : "
= S,(cyéy + DPvijg — W(mcyD_ﬁyey + myy — dy+

| D5
ysign(S(y)) — —

d, <0
= Sy(—kysign(S(y))) <0
= —k,|(S(y)) <0

k, must be greater than zero for the Lyapunov function of equation (4.51) to be valid.
FOSMC design for z position virtual control variable U,

Using Reaching Law, The equivalent controller can be determined by making, S, = 0

S, =c.é, +D%e. =0
= c.é, + D% e, =0 (4.52)

—c.é,+ D% (35, - %) =0
Substituting Z from equation (4.9) in to equation (4.52).

1
c.é, + D% (55— —(U,+d,) =0

o, (4.53)
(U, +d,)=0

D
Czéz + Dﬁzyz -
m

Solving for U, from equation (4.53) to get the equivalent controller.

Useq = mcszﬁz e, +mzZ; —d,
(4.54)
Uzeq = mczD*ﬁZHez +mzZ; —d,

The combination of the continuous control signal presented in equation (4.54) and the discon-

tinuous control signal described in equation (4.36) constitutes the complete virtual controller
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law along the z-axis, as specified in equation (4.55):

Uz = Uzeq + Udis
(4.55)
U, = me.D % Me, + miy — d, + k,sign(S(2))

Where, the equivalent and discontinuous control gains are denoted by ¢, and k., respectively
and (3, between 0 and 1 is the fractional order parameter.

Using Lyapunove for the condition of (k,): The Lyapunov function, denoted as V,
represents a positive scalar function dependent on the system state variables, ensuring that
V., > 0. Additionally, it satisfies the condition where the time derivative V., is negative,
indicated as V, < 0. The selection of the Lyapunov function is guided by the equation

provided in equation (4.56)

1
V, = 553 (4.56)

To determine the minimum value of the discontinuous controller gains utilizing the signum

function, let us provide a proof.

V.,=25,5. <0
= S.(csé, + D (3, — %)) <0

1
= S.(c.é, + D% (34 — E(Uz +d.))) <0

Dﬁz Dﬁz
U, - 24, <0 (4.57)
m m

D
= S,(c.é. + D2y — ——(mC. D P¢, +mzy — d+
m

= S.(c.é, + D3, —

D?-
m

k.sign(S(z)) — d. <0

= S.(—k.sign(S(z))) <0
— k|(S(2))] < 0

k. must be greater than zero for the Lyapunov function of equation (4.57) to be valid.

To control the output of the underactuated component of the FWUAV individually,
the variables 6, v, and U; can be utilized to establish three virtual control inputs. The
virtual control inputs are applicable in the outer loop controller, particularly the position
controller, for tracking a predetermined trajectory across the z,y, and z axes within three-
dimensional space. The parameters 6 and 1) denote the pitch and yaw angles of the FWUAV,

respectively, serving as vital elements in governing the aircraft’s orientation and heading.
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Through adjustments to # and 6, the FWUAV can effectively regulate its pitch and yaw
movements to attain the intended trajectory.

The variable U; represents a virtual control input that can be used to control the overall
thrust or vertical velocity of the FWUAV. By adjusting U;, the FWUAV can control its
altitude or vertical motion along the z-axis. These virtual control inputs, derived from the
variables #, v, and U, are then used as inputs to the position controller in the outer loop.
The position controller generates the necessary control signals, such as U,, U,, and U, to
indirectly control the position and altitude of the FWUAV along the x, y, and z axes. By
establishing these virtual control inputs and incorporating them into the control system,
the FWUAV can follow a specified trajectory and achieve precise control of its position and
altitude, even with the underactuated nature of the system. These virtual control signals

are given by equations 4.54

U, =me, D% e, + miy—d, + krsign(S(z))
U, = mec,D"P e, + miy — d, + k,sign(S(y)) (4.58)

U, =mc, D e, + m2; — d, + k,sign(S(2))

The virtual control signals specified inequation (4.58) are employed to compute the desired
pitch angle (04), desired yaw angle (¢4), and U;. With the FOSMC technique outlined
above, it becomes possible to attain the sliding surface S, =0, S, = 0, and S, = 0, wherein
the tracking errors e,, ey, and e, tend towards zero exponentially as the angles 6 and 1 are
guided towards #; and 14 as promptly as feasible. FOSMC facilitates the adjustment of the
three attitude angles (¢, 0, and 1) to track their respective desired values (¢q, 04, Vq) swiftly.
The desired pitch angle, yaw angle and U; are calculated in equation (4.59): Recalling

equation (4.10) and solving for 6, ¢ as desired values and U; as the resultant thrust force.

- U,
0, = asz'n(mgT)
U,
Ya = atan(—U ) (4.59)

U, = \/U§+U§+ (mg —U.)?

4.3.3 Inner Control Loop FOSMC Design

Within the FWUAV system, the inner control loop manages the attitude control, focusing
on stabilizing the roll, pitch, and yaw angles of the aircraft. While the desired pitch and yaw
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angles originate from the outer control loop, the desired roll angle is specified independently.
The primary objective of the inner control loop is to stabilize the tracking errors between
the desired and actual roll, pitch, and yaw angles. FOSMC serves as a viable approach to
formulate the control law and produce the input control signals (Us, Us, Uy) necessary for
stabilizing the tracking errors within the attitude subsystem. We define the tracking errors

and their derivatives for the inner loop’s Euler angles as presented in equation (4.60)

€y Pa—@| |€s da—¢| | $a— ¢
g | — Gd—H ; ég = éd—é ’ ég = éd—é

ey Ya—| |éy Va—b| |éy Ya — b

(4.60)

The expressions for the sliding surfaces pertaining to the ¢, 6, and v angles are articulated

in equationequation (4.61):

S¢, = C¢6¢ + D’B¢é¢ = C¢€¢ + Dﬂ¢+1€¢
Sp = cpeg + Dﬁgég = cpeg + D’B9+169 . (4.61)

Sq/, = C¢6p8i + Dﬁwéw = c¢e¢ + Dﬁw+1€w

FOSMC design for the Roll moment control variable U,

Using Reaching Law, The equivalent controller can be determined by making, S¢ =0

S¢ = C¢é¢ + Dﬂ¢é¢ =0
= C¢é¢ + D’B¢+2€¢ =0 (462)

= cyby+ D% (gq— ) =0

Substituting ¢ from equation (4.15) in to equation (4.62).

C¢é¢ + D’Bd} (¢d - a¢¢ + b¢U2 + d¢) =0 (4 63)
C¢é¢ + D'8¢§5d — D6¢a¢q5 — Dﬂ¢b¢U2 — Dﬂ¢d¢) = 0

Solving for U, from equation (4.63) to get the equivalent roll moment control variable.

C¢D7B¢é¢ —+ g.Zéd — a¢¢ — d¢
by

_ C¢D_B¢+1€¢ + éd — a¢<z5 — d¢

= b¢

UQeq =
(4.64)
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The total roll moment control law is derived by combining the continuous and discontinuous

control signals, as outlined in equation (4.65)

U2 - U26q + UQdis

_ gD ey + dy — agp — dy
by

(4.65)
U

+ kgsign(5(¢))

Where, the equivalent and discontinuous control gains are denoted by ¢4 and kg, respectively
and (4 between 0 and 1 is the fractional order parameter.
Using Lyapunove for the condition of the switching gain (k;): Choosing the Lya-

punov function as 4.66

1
Vo =55 (4.66)

To demonstrate the minimum value of the discontinuous controller gains using the signum

function, we establish the proof outlined in equation (4.67)

Vy =S435, <0
= Sy(coéy + D% (04 — ¢)) < 0
= Sy(cgby + D% (g — ag ¢ — byUs — dy) < 0
= Sylcpéy + D% dy — DPay ¢ — DPbyUy — DP2dy) < 0 (4.67)

C¢D_’B¢+1€¢ + éd — a¢¢ —dy

= S¢(c¢é¢+D’8¢$d—D5¢a¢ é—D5¢b¢( b
¢

_|_

kysign(S(¢)) — DP?dy < 0

= S¢(—bskysign(5(¢))) <0
= —bgks|(S(2))] <0

Since by, is positive, k, must be greater than zero for the Lyapunov function of equation (4.67)
to be valid.
FOSMC design for the Pitch moment control variable Uj;

Using Reaching Law, The equivalent controller can be determined by making, Sp = 0

S@ = C@é@ + Dggég =0
= cgég + DPot2ey =0 (4.68)

:Cgé9+D59<éd—é) =0
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Substituting 6 from equation (4.21) in to equation (4.68).

Cgé@ + DBG (Qd — Ay dott + bgUg + dg) =0 (4 69)
coég + D%, — DPay dotd — DPbylUs — D% dy) = 0

Solving for Us from equation (4.69) to get the equivalent roll moment control variable.

C@D_’Beég + éd - agé —dy
be

C,gD_ﬁ@—Heg + éd - a,gé —dy

= b

U3eq =

(4.70)

The total pitch moment control law is formed by combining the continuous and discontinuous
control signals:
Us = Useq + Usgis

D~Potley + 0, — agh — d
U, = & €6 29 477D | kypsign(S(9))

(4.71)

Where, the equivalent and discontinuous control gains are denoted by cg and kg, respectively
and By between 0 and 1 is the fractional order parameter.
Using Lyapunove for the condition of the switching gain (ky): Choosing the Lya-

punov function as equation (4.72)
1
Vo = 553 (4.72)

To determine the minimum value of the discontinuous controller gains utilizing the signum

function, we will establish the proof as presented in equation (4.73)

Vo = SpSp < 0
= Sp(cotg + D% (65— 6)) <0
= Sy(coég + D (0 — ag 6 — byUs — dy) < 0
= Sp(coeg + D6, — DPay § — D% byUs — D% dy) < 0 (4.73)

CQD_’89+1€9 + éd - agé —dy
b +
0

kgsign(S(0)) — D%dy < 0

= Sy(coeg + D%y — D%y 6 — DPeby(

= Sg(—bgkgSigﬂ(S(@))) <0
= —boko|(S(z))| <0

Since by is negative, ky must be less than zero for the Lyapunov function of 4.73 to be valid.
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FOSMC design for the yaw moment control variable U,

Using Reaching Law, The equivalent controller can be determined by making, Sw =0

Sw = Cwéw + Dﬁwéw =0
= cypéy + D ey =0 (4.74)

= cyéy + DP (g — ) =0
Substituting ¢) from equation (4.29) in to equation (4.74).

Cyby + D™ (g — ay dottp + byUs + dy) = 0 (4.75)
cpéy + D1y — DPvay dot) — DPby Uy — DPvdy) = 0

Solving for U, from equation (4.75) to get the equivalent yaw moment control variable.

g DMy + g — ayd — dy

deq —

q b . (4.76)
_ D Petley + 4y —ayth — dy
= »

The entirety of the yaw moment control law is represented by the summation of the contin-

uous and discontinuous control signals, as described in equation (4.77)

U4 = U4eq + U4dis

_ D Py 4y — aytp — dy
by

(4.77)
Uy

+ kysign(S(y))

Where, the equivalent and discontinuous control gains are denoted by ¢y and &, respectively
and 3, between 0 and 1 is the fractional order parameter.
Using Lyapunove for the condition of the switching gain ((ky) : Choosing the

Lyapunov function as

1
Vy = 55}; (4.78)

To ascertain the minimum value of the discontinuous controller gains utilizing the signum
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function, we will establish the proof as provided inequation (4.79)

V= 5,5, <0
= Sy(cyéy + D% (g — 1)) <0
= Sy(cyéy + D (b — ay ) — bylUy — dy) <0
= Sy(cyéy + Dy — DPray o — DPbyUy — D% dy) < 0 (4.79)

Cd,Di’Berled, —+ @Ld — (lw¢ — dw
by

kysign(S(y)) — DP*dy < 0

= Sw(cd,éw + Dﬁwiﬁd — Dﬁwaw Z/J — Dﬁwbw( +

— Sy(=bukysign(S(1))) < 0
= —bukyl(S(2))] <0

Since by, is negative, ky,, must be less than zero for the Lyapunov function of 4.79 to be valid.

The controllers for position and attitude in FWUAV are outlined as follows:

U, = me, D e, +miiy — dy + kpsign(S(z))
U, = me,D"P e, + miy — d, + k,sign(S(y))
U.=me. D% e, + mzy — d. + k.sign(S(2))
Ur = /U2 + U2 + (mg — U.)?

coD Pt ey + g — ayd — d (4.80)
U = =2 S hysign(S(9))
®
D~ Potley + 6, — agh — d
U, = 2 20 107" kysign(S(9))
coDPetley + by — ayh — d ,
U= WP e a0l m o (s())

by,
4.4 FOSMC Gain Tuning Using PSO

The FOSMC gains such as position control gains (¢, ¢y, ¢;, ks, ky, k=, Bz, By, B-) and attitude
control gains (cg, Cp, Cy, kg, ko, Ky, Bo, Bo, By) in the FWUAV controllers of equation (4.80)
are tuned using PSO. The Particle Swarm Optimization (PSO) algorithm, introduced by
Eberhart and Kennedy in 1995 and later refined by Kennedy and Eberhart, is a stochastic
optimization technique inspired by the behavior of swarms in nature. Mimicking the social
dynamics observed in various animal groups such as insects, herds, birds, and fish, PSO

enables cooperative exploration for tasks like food collection. Each member of the swarm
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continually adjusts its search pattern based on its own experiences and the evolving interac-
tions with other members. In this study, a Particle Swarm Optimization (PSO) technique is
employed to automatically fine-tune the control gain parameters for both position and atti-
tude of the Fixed-Wing Unmanned Aerial Vehicle (FWUAV) using Fractional Order Sliding
Mode Control (FOSMC) controllers. The fitness function is constructed from several factors
derived from the nonlinear, interconnected dynamics of the FWUAV as well as its trajectory
tracking capabilities. Each particle’s position corresponds to a specific configuration of the
fractional order sliding mode controller, while its velocity reflects the degree of variation in
this parameterization across simulations. The initial positions and velocities of particles and
variables are randomly determined. Within the search space, particles continuously adjust
their positions, and their performance is regularly evaluated[12][21].

The initialization matrix consists of N particles distributed throughout a D-dimensional
search space, and PSO intelligently selects optimal parameters from these N particles. For
effective functioning, PSO relies on a fitness function associated with the position of parti-
cles. Each particle i maintains its optimal position Py (¢t + 1) and also retains information
about the optimal solution in its vicinity, denoted as g,(t + 1), representing the location of
the particle with the lowest fitness value within the swarm.

Three laws govern how each particle’s displacement mechanism works. Initially, each par-
ticle tends to maintain its current velocity direction. Subsequently, it aims to approach its
best-known position. Lastly, it also tends to gravitate towards the best position achieved by

its neighboring particles.

4.4.1 PSO Algorithms

The PSO algorithm operates as a swarm-based search method where individuals, termed
particles, represent potential solutions within a D-dimensional search space. These particles
have the capacity to remember both their own optimal positions and those of the swarm,
along with their velocities. Information from all particles is amalgamated in each genera-
tion to adjust the speed of movement in each dimension, subsequently determining the new
position of each particle. Until reaching equilibrium, the optimal state, or the predefined
termination conditions, particles continuously adjust their positions within the multidimen-
sional search space. Through objective functions, a unique correlation among the dimensions
of the problem space is established [22].

Let’s imagine that the swarm size is N, and each particle’s position vector in a D-dimensional
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space is denoted by z;;, while its velocity vector is represented by v;;. The individual’s op-
timal position, which is the best position the particle has encountered, is noted as p;;, and
the swarm’s optimal position, the best position any individual within the swarm has encoun-
tered, is denoted as p,;. This notation applies for ¢« = 1,2,...N and j = 1,2,...,D. The
updated velocity matrix is denoted as v;;, while the new position matrix of the particle is

represented as x;;, which is represented as:

Vi (t+ 1) = woii(t) + RiCr(peij(t) — w45(t)) + RaColgnij(t) — x45(t)) (4.81)

Evaluate the objective /fitness function f; and update ppesy; and gpest

Pbesti = Xz
foz < f(pbesti) (483)
f(pbesti) = fz
est — Pesti
” ’ Z-ff(pbesti) < f(gbest) (484)

fgbest = f(pbesti)

Where, ppes; represents the best position discovered by particle i, while gy signifies the
best position discovered within the particle’s neighborhood. The parameters w, C, and Cs
denote the inertial and acceleration coefficients, while R; and R, represent random variables

drawn from a uniform distribution within the range [0, 1].

4.4.2 Fitness Function

A performance index is used in the suggested technique to quantify the optimization perfor-
mance of the FWUAV’s responses [23]. To minimize the disparities between the regulated
output responses of the FWUAV and the desired output responses, a performance index,
also referred to as the fitness function or objective function, is defined. This thesis aims
to reduce FWUAV trajectory tracking error in both location and orientation. This fitness
function, which is chosen by the field of control engineering, includes Integral Square Error

(ISE), Integral Time Square Error (ITSE), Integral Absolute Error (IAE), and Integral Time
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Absolute Error (ITAE) which are represented in the equation below.

ISE = / e*(t)d;
0

ITSE = / te?(t)d,
0

[AE = /0 " le()ld, (4.85)

ITAE:/ tle(t)|d:
0

Each fitness function in equation (4.85) has a different property. Small errors are not penal-
ized at all, but large errors carry a heavy penalty under the ISE index. To achieve a system
response characterized by rapidity and oscillatory behavior, a criterion is established that
prioritizes the swift reduction of initial errors. Unlike IAE, which imposes substantial penal-
ties for control errors, ITSE places emphasis on early deviations and imposes heavy penalties
for errors occurring later in the transient response of the system. Systems optimized using
ITAE tend to exhibit small overshoots and minimal damped oscillations. Mild penalties are
applied for significant early errors, whereas errors occurring later in the response are heavily
penalized under ITAE, resulting in prolonged settling times and increased control errors.

This study adopts the ITAE performance index.
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Chapter 5

Simulation Results and Discussion

5.1 Introduction

In this chapter, the simulation outcomes of employing FOSMC for closed-loop control of
the system are illustrated using MATLAB/Simulink. Through these simulations, different
facets of the system’s performance can be examined and comprehended. The results are
depicted graphically, offering visual comprehension of the system’s dynamics and behavior.
The controller’s primary objective is to proficiently regulate the position and orientation
of the flying system across various trajectories. To assess the dependability and efficacy
of the proposed controller, two perturbed trajectories—helical and rectangular paths—are

employed for evaluation.

5.2 Helical Trajectory Tracking of FWUAV

Figure 5.1 displays the 3D response of helical trajectory tracking. PSO approach with ITAE
performance index is used to get optimal gains of FOSMC. The following tracking reference
in space was used to generate the helical trajectory. The input trajectories along the x and
y axes follow sinusoidal patterns with an amplitude of 12m and a frequency of 0.0318Hz,
represented by the equations x; = 12 — 12 cos(0.2¢) and yq = 12sin(0.2t), respectively. The
trajectory along the z-axis is linear, given by z4; = ¢, while the desired roll angle ¢; remains
constant at 0.8 radians. The optimal control gains obtained by PSO for helical trajectory
tracking are shown in table 5.1: To determine the tracking performance of the controller
for the helical trajectory of the FWUAV, it is important to analyze how quickly the actual
results align with the desired trajectory. As shown from the 3D plot, the desired trajectory

61



FOSMC Design for FWUAV Trajectory Tracking

Table 5.1: gains tuned by PSO for helical trajectory

Gains | Values | Gains | Values | Gains | Values
Cy 3.7406 Cy 4.5265 C, 3.3302
k, 14.1772 ky 9.6802 k. 7.3255
o 0.4261 By 0.4585 5. 0.2957
Cé 1.8533 Co 2.5607 Cy 2.5131
ke 81.2472 ko -56.3962 ky -93.5865
B 0.1173 B 0.1398 By 0.1619

= Desired
= = = Actual
150
100
E
N5
0
20
10 30
) - 20
y(m) 100 x(m)

Figure 5.1: 3D Plot of Helical Trajectory Tracking
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Figure 5.2: Helical Trajectory Tracking Positions

Addis Ababa University, AAiT,SECE

62



FOSMC Design for FWUAV Trajectory Tracking

0.8 -
= phi-FOSMC
= = = phi-desired
0.6 — o
)
=
=04 _
-
B
0.2 B
0 |
| |
0 50 100 150
Time(Second)
1.6 — theta-FOSMC |
= = =theta-desired
1.4 _—]

-
- i

theta(rad)
[—] [—]
=

i

= =
= &

0 50 100 150
Time(Second)

psi-FOSMC
= = =psi-desierd

0.05

psi(rad)

0.15 |-

| |
0 50 100 150
Time(Second)

Figure 5.3: Helical Trajectory Tracking Angles

starts at (x4, ya, za)= (2m,0,2m) to know the tracking performance(with in how much time
the actual results follow the desired trajectory) of the controller.

Figure 5.2 illustrates the recorded positions along the x, y, and z axes corresponding to
a helical trajectory of a FWUAV. The plot demonstrates the tracking performance of the
FWUAV along the x-axis,y-axis and z-axis. It shows that the FWUAV successfully tracks
the desired values along the x,y and z axes. The settling time for the x-axis is 2 seconds.
This means that it takes approximately 2 seconds for the FWUAV’s position along the x-axis
to stabilize and align with the desired reference value. The settling time for the y-axis 8
seconds. Thus, it takes around 8 seconds for the FWUAV’s position along the y-axis to settle

and align with the desired reference value. The settling time for the z-axis is 11 seconds.
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Figure 5.4: Control Efforts for x, y and z Positions respectively

This implies that it takes approximately 11 seconds for the FWUAV’s position along the
z-axis to stabilize and align with the desired reference value.

Figure 5.3 exhibits the generated reference signals for pitch and yaw angles derived from
the outer loop, along with their respective output trajectories and the trajectory of the roll
angle. From the results, it can be seen that the suggested FOSMC tailored PSO system
can provide precise reference tracking. ¢4, 0y and 4 are the desired trajectories of attitude
angles and ¢, # and ¢ are the actual or measured values. There is no overshoot on the results,
this is because ITAE is used as a performance index, which minimizes overshoot and settling

time.
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Figure 5.5: Control Efforts for Roll, Pitch and Yaw Angles respectively

Figure 5.4 displays the outer loop control or virtual controller signals U,, U, and U, which
are instrumental in determining 6,4, ¥4, and thrust force (U;). As shown from the figure,
larger control signals are required at the beginning of the trajectory, and the amplitude of
these control signals varies based on the specific input trajectory being followed.

Figure 5.5 represents the inner loop controller or attitude control signals for a FWUAV.
Which are the roll angle control signal (Us), pitch angle control signal (Us), and yaw angle
control signal (Uy). These signals are utilized to control the roll angle, pitch angle, and yaw
angle, respectively, to maintain the desired angles and follow the given trajectory. At the
curve of the trajectory, the FWUAV requires maximum control signals to ensure accurate

tracking of the desired path.
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5.3 Comparison of FOSMC with Conventional SMC

To track the desired values of helical trajectory , FOSMC have better performance in track-
ing accuracy and speed of response than conventional SMC. In contrast to the conventional
SMC approach, the FOSMC method accelerates the convergence of all state variables to-

wards their respective reference signals.

Desired
= = = Actual-FOSMC
Actual-SMC
150
100
E
~
50 -
0.l
20 T =t
0 > T30

y(m) -10 x 0 x(m)

Figure 5.6: Comparison of Conventional SMC and FOSMC in Helical Trajectory

As shown from figure 5.6, a slow response is obtained from the conventional SMC (green
color), while the FOSMC (red color) performs faster to converge to the desired value in the
simulation.

In Figure 5.7, tracking locations in the x, y, and z axes are compared between traditional
SMC and FOSMC in the same plane to evaluate controller performance. As shown from the
result FOSMC is more accurate to track the desired value than conventional SMC.

Figure 5.8 illustrates the control efforts employed by SMC to achieve the desired helical tra-
jectories for the positions of the FWUAV. It exhibits more chattering compared to figure 5.4,
representing the control efforts utilized by FOSMC to track the given helical trajectory for
the FWUAV.

In addition to the difference in the results of position tracking, the performance of FOSMC
and conventional SMC can be analyzed using the performance index values of errors (ITAE)
which is used for PSO tuning. Table 5.2 shows the performance index ITAE values for
FOSMC and SMC of FWUAV an percentage of performance improvement of FOSMC over
SMC can be calculated in equation (5.1). 76.5918% of performance is improved by FOSMC.
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Figure 5.7: Positions along x,y and z axes

Let P be the improved performance and E be the sum of ITAEs:

E(SMC) =137.4 4 740.2 + 682.2 = 1559.8

E(FOSMC) = 56.72 + 185.7 + 122.7 = 365.12
p_ E(SMC) — E(FOSMC)
B E(SMC)

= 76.5918%

« 100% (5.1)

Where, E(SMC) sum of performance errors of SMC and E(FOSMC) sum of performance
errors of FOSMC
The errors obtained by FOSMC and SMC are displayed in figure 5.9. It is concluded that
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Figure 5.8: Control Efforts for x,y and z axes using SMC

Table 5.2: ITAE values for FOSMC and SMC

error | FOSMC | SMC
€ 56.72 137.4
e, | 1857 | 7402
€, 122.7 | 682.2

FOSMC is more accurate than SMC.
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Figure 5.9: Position errors along x,y and z axes using FOSMC and SMC

5.4 Rectangular Trajectory Tracking of FWUAV

The third order polynomial input trajectory for this tracking is presented in appendix(D).

In this thesis, it is assumed that UAV catapult launcher is used for takeoff and parachute is
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used for recovery. The UAV catapult launcher is a device specifically designed to assist in
the takeoff of FWUAVs. It has a device for accelerating the UAV to a minimal controllable
airspeed in preparation for takeoff. The launcher typically consists of a rail or a track along
which the UAV is propelled. By utilizing the catapult launcher, the UAV can achieve the
necessary speed and lift to become airborne[25]. From the FWUAV parameters takeoff speed
is 15m/s and flight path angle(y) is 0.262 rad and the height of the catapult launcher is 2m
[17]. Then,a third-order smooth trajectory is applied as a reference input after the catapult
operation by taking initial and final way-points with the speed profile of the aircraft, and at
the final point, a constant altitude which is linearly depends on x4 with a slop of tan(v) is

maintained and navigation is started, the polynomials for takeoff is given as:

Tq = ag + ait + ast® + ast>
Ya =10 (5.2)

zq = xgtan(y) + 2

After takeoff operation is performed, the UAV starts navigation or cruise in which the normal
operation of the UAV is started. From the literature, the speed(cruise speed) of the FWUAV
during this phase is constant and takes a value of 20m/s for this thesis ([17]). The speed in
this scheme is constant until the operation is done. The flight path in this phase is a third-
order smooth trajectory based on the slop continuity and the path continuity constraints, as
well as the banking scheme. The equation of the trajectory for navigation and and banking

scheme is given as:
Tq = ag + ait + ast® + ast®
Ya = ao + art + agt® + agt’® (5.3)
zq = constant

During the banking scheme, in order to remove sharp corners both x; and y,; are used si-
multaneously for a certain amount of time (4 sec for this work).

On the other hand, for landing, a parachute is employed. The parachute is deployed to slow
down and stabilize the descent of the UAV, allowing for a controlled and safe landing. This
method is particularly useful when operating in areas where traditional landing approaches
are not feasible or when landing in confined spaces.

The optimal control gains obtained by PSO for rectangular trajectory tracking are given in

the table 5.4. The desired roll angle is given as: ¢4 = 0.5rad.
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Figure 5.10 illustrates the system’s response in three dimensions, as well as the tracking

Table 5.3: PSO tuned gains

Gain | Value | Gain Value Gain Value
Co 3.0023 Cy 3.5083 C, 3.5369
ky | 49.2517 | Kk, 61.8626 k. 110.3407
o 0.2994 By 0.2867 B. 0.1266
Co 2.0023 Cy 3.5194 Cy 3.1916
ke 90.324 kg | -170.0207 | ky | -150.8576
B 0.0693 Bo 0.0868 By 0.1997

response of each position corresponding to the respective inputs.. As shown from the 3D
plot, the desired trajectory starts at (z4,Yyq, za)= (0,0,2m), where 2m in the z-axis is the
launcher height. Initially z; is third order polynomial generated using initial time 0 and
final time of 30sec and z; is third order polynomial depends on x4, flight path angle and
launcher height.
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Figure 5.10: 3D Plot of Rectangular Trajectory Tracking

Figure 5.11 the tracking response of each position (x, y, z) along a rectangular trajectory,
achieved through the utilization of FOSMC with PSO-tuned parameters. The figure depicts
the tracking performance of the FWUAV in following a rectangular trajectory, and it high-
lights the effectiveness of the PSO auto-tuned FOSMC in achieving accurate position control.
From the figure, it is evident that the FWUAV, controlled by the FOSMC with PSO-tuned
parameters, exhibits minimal tracking errors for each position (x, y, z) along the rectangular
trajectory. The good tracking performance indicated in the figure suggests that the control

system, employing FOSMC with PSO-tuned parameters, effectively minimizes errors and
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Figure 5.11: Rectangular Trajectory Tracking Positions

accurately tracks the desired trajectory. This demonstrates the successful application of the

control strategy in achieving precise position control for the FWUAV.

phi(rad)
—
|

0 50 100 150
Time(Second)

15— =
. ——— theta-FOSMC
T 1 = = = theta-desired ||
£
E
205 —
=
0 —
| |
0 50 100 150

Time(Second)

T
0= _ /" \ psi-FOSMC
st -..\’ \-. = = = psi-desired
| ——————
E ar ———
n._lls [
2+ -
| |
0 50 100 150

Time(Second)

Figure 5.12: Tracking Angles for Rectangular Trajectories
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Figure 5.12 depicts the responses of the desired and actual roll (¢), pitch (#), and yaw (¢) at-
titude angles. It illustrates how the measured angles align with the desired angles generated
by the outer control loop of the control system. The figure indicates that the measured roll,
pitch, and yaw angles closely track the desired values, indicating effective tracking of desired
attitude angles for the FWUAV. Specifically, the roll angle accurately follows the reference
roll angle, demonstrating successful maintenance of the desired roll motion. Similarly, the
pitch and yaw angles closely align with the desired angles. The precise tracking of desired
attitude angles by the measured angles underscores the effectiveness of the control system’s
inner loop, responsible for stabilizing and controlling the FWUAV’s attitude. Through ac-
curate tracking of desired angles, the control system ensures that the FWUAV maintains
the intended orientation and direction during flight.

Figure 5.13 showcases the outer loop or virtual controller signals, namely U,, U,, and U..
These signals play a crucial role in determining the desired pitch angle (6;) and yaw angle

(14) for the FWUAV. Figure 5.14 in the thesis illustrates the inner loop controllers for the
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=———y-Control Signal

Uy(N)

50 100 150
Time(Second)
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Figure 5.13: Virtual Control Efforts along x, y and z Positions respectively

FWUAV. It includes the roll angle controller (U,), the attitude pitch angle controller (Us),
and the yaw angle controller (Uy). These controllers play a crucial role in stabilizing and
controlling the FWUAV’s attitude based on the desired angles and trajectories. These inner

loop controllers work in conjunction with the outer loop controllers (as described earlier) to
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ensure precise attitude control of the FWUAV. By regulating the roll, pitch, and yaw angles,

the inner loop controllers contribute to achieving accurate and stable flight.

0.5
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Figure 5.14: Attitude Control Efforts for Roll, Pitch and Yaw Angles respectively

5.5 Rectangular Path Trajectory Tracking Under Dis-

turbance

5.5.1 Without Parameter Variation

To demonstrate the effectiveness of the FOSMC scheme in path tracking despite external
disturbances, a simulation was conducted where a rectangular reference path was perturbed
with external disturbances, without any variation in parameters. The simulation results
indicate that the proposed controller exhibits improved performance in tracking the desired
trajectory even in the presence of disturbances. The external disturbance introduced in this
simulation is represented by a random signal with an amplitude of -1.5 N along the x, y, and
z positions for 15-second intervals. These disturbances are visualized in figure 5.15.
Disturbances are introduced along the x-axis, y-axis, and z-axis at different time intervals
and with 15 sec duration. Here are the details of the disturbance timings: Disturbance
along x-axis: Start time: t = 60 seconds end time: ¢t = 75 seconds Disturbance along y-axis:

Start time: ¢ = 90 seconds End time: ¢ = 105 seconds Disturbance along z-axis: Start time:
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Figure 5.16: 3D Plot for Rectangular Trajectory Tracking Under Disturbance

t = 110 seconds End time: ¢ = 125 seconds.
The response of the system under disturbances in three dimensions for the proposed con-
trollers is illustrated infigure 5.16. This figure presents the behavior and performance of the

control system when subjected to disturbances along the x-axis, y-axis, and z-axis simulta-
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neously.

The effect of disturbances on the x, y, and z positions of a FWUAV having significant im-
plications for its flight performance and control, and the ability of the controller to reject
disturbances is shown in figure 5.17, figure 5.19 and figure 5.19 respectively. The depicted
results indicate that the FOSMC effectively stabilizes the system and facilitates the conver-
gence of positions to the desired values, even when subjected to disturbances. Despite the
applied force as a disturbance being only 1.13% of the total weight of the FWUAV (calculated
as 13.5 kg x 9.81 = 132.435 N) in magnitude, the FOSMC successfully rejects the distur-

bance, leading to errors converging to zero. Figure 5.20 represents the position errors and
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Figure 5.17: The Impact of Disturbance Along the x-axis
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Figure 5.18: The Impact of Disturbance Along the y-axis
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Figure 5.19: The Impact of Disturbance Along the z-axis

the effect of disturbances on the positions of the FWUAV. The figure demonstrates the per-
formance of the FOSMC in rejecting external disturbances and minimizing position errors.

The figure illustrates the behavior of position errors in the presence of applied disturbances.
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Figure 5.20: Errors on Effect of Disturbance along x,y,and z axes

5.5.2 With Parameter Variation

The same external disturbance (-1.5N) with the same time interval of 15sec is applied with
mass and inertia values decreased by 25%. The response of FOSMC and SMC is plotted in
figures below. The value of the decreased mass is 10.125kg and similarly, the inertia values

used for this FWUAV is decreased by 25%.
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Figure 5.21: 3D Response

Figure 5.21 displays the 3D response and by comparing the 3D response plots between
FOSMC and SMC, it is seen that the performance of both controllers under the influence of
external disturbances and varied mass and inertia parameters. The FOSMC has improved
disturbance rejection and robustness to parameter variations, leading to more accurate and
stable trajectory tracking compared to traditional SMC.

Figure 5.22 and Figure 5.24 display the x, y, z positions of a system controlled by FOSMC
and SMC. According to the visual representation, FOSMC demonstrates a quicker ability
to follow the specified trajectories compared to SMC. Additionally, the control efforts for
both controllers are showcased in figure 5.23 and figure 5.25. Notably, the control efforts of

SMC exhibit chattering, characterized by rapid and erratic changes, and the utilization of
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Figure 5.22: Positions of FOSMC
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Figure 5.23: Control Efforts for Positions of FOSMC

FOSMC results in a reduction of chattering in the control efforts. FOSMC exhibits smoother
control efforts with reduced oscillations or chattering compared to SMC, it indicates that
FOSMC is more effective in reducing chattering in the presence of parameter variations and

disturbances
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5.6 Comparison of LQR,.FOPID, SMC and FOSMC
Using Longitudinal Flight Dynamics of FWUAV

The longitudinal flight dynamics of FWUAV consists of forward and vertical velocities (u
and w), pitch rate (q) and pitch angle (). The 6-DOF equation of motion of FWUAV is
given in equation (3.50) and equation (3.51) and from these equations , w, ¢, and 0, are the

nonlinear longitudinal equation of motion of FWUAV.

Tion = (u,w,q,0) (5.4)
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The control signal is elevator control surface deflection (d.), which is Us in this case.

Before employing optimal control techniques such as LQR to the nonlinear dynamic model
of the fixed-wing UAV, it is necessary to linearize the model around a trim condition. When
a FWUAV maintains a constant altitude, wings-level, and steady flight, certain aspects of
its states reach equilibrium. This includes the altitude, denoted as h = —pd; the velocities
in the body frame, namely u, v, w; the Euler angles, represented by ¢, 6, 1; and the angular
rates, which are p, ¢, and r. In aerodynamics terminology, an aircraft is considered to be in
trim when it is in such equilibrium. To specifically control the pitch of a fixed-wing UAV,
only the longitudinal equations of motion are considered. Consequently, the resulting linear
model for the FWUAV comprises decoupled longitudinal dynamics. The linearized model of
these longitudinal dynamics is derived under the assumption that the lateral states are zero

(0 =p=r=p=v=0). With these assumptions, substituting equation (5.5)
Vo = Vu? + w?
a = tan ! (w/u) (5.5)

into the longitudinal dynamics and using the Jacobians of equations of states and control

inputs, the linearized model of the longitudinal flight dynamics in state space is given as:

U Xy Xu Xy; —gcost 0| |u X,
w L Ly 2, —gsinf 0| |w Zs,
q M, M, M, 0 0 |¢ Ms,
0 0 0 1 0 0 0

The coefficients are given in appendix(E). Equation (5.6) have the form of
T = Ax + Bu (5.7)
y=Cx+ Du

A is system matrix, B is input matrix and C'is the output matrix and D is the feed forward

matrix which is zero.
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5.6.1 LQR Controller Design

LQR is an optimum control strategy that maximizes performance based on certain metrics

[27]. The LQR technique relies on reducing criteria through feedback

ul(t) = —Kx(t) (5.8)

The LQR approach creates a linear state feedback rule, as indicated in equation (5.9), for a

controlled LTI system with a state-space model equation (5.8).

x(t) = Az(t) + Bu(t)
y(t) = Cx(t) + Du(t) (5.9)

x(t) and y(t) represent the n-dimensional state and r-dimensional output vectors, respec-
tively, whereas u(t) represents the m-dimensional control vector. The control law in equa-
tion (5.8) reduces the quadratic performance index J (cost function) indicated in equa-
tion (5.10). The performance index for reducing control effort and states can be expressed

as:

J = / OO(xTQ:E +UTRU) dt (5.10)
0

The weight matrices are denoted by ) and R. () is an n-dimensional symmetric positive
semi-definite state weighting matrix (¢ >= 0), whereas R is an m dimensional symmetric
positive definite control weighting matrix (R > 0). In equation (5.8) K represents the control

gain matrix from equation (5.11).
K=R'B"P (5.11)

Where, P is the only symmetric, positive semi-definite solution to the Algebraic Riccati

Equation (ARE), as proven in equation (5.12).

PA+A"P+Q - PBR'B'P=0 (5.12)

In this thesis MATLAB/Simulink is designed for LQR controller to control the pitch angle
of the aircraft with the defined values of ) and R in equation (5.13) whose optimal values
are obtained by trial and error method and using A and B matrices in the system dynamics

which are derived using constant aerodynamic coefficients of the system in table 3.2 and
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table 3.3. ) ) ) )
—-0.38 0.60 —0.36 —9.80; —0.36
—-0.98 —-7.81 1532 —0.21 —3.62
0.18 —8.31 —-35.21 0 —106.32
0 0 1 0 0
C:[o 00 1}, D=0 (5.14)
05 0 0 O
0 01 0 O
Q= , R=10 (5.15)
0O 0 0 O
0 0 0 100
The block diagram of LQR controller is give in figure below:
L= T = Ar + Bu
y=theta
> —l
theta_d y=Cx+ Du
K 4
Figure 5.26: Block Diagram for LQR controller
5.6.2 FOPID Controller Design

The effectiveness of fractional-order controllers is widely acknowledged, largely attributed
to the development of efficient techniques for differentiating and integrating equations with
non-integer orders [28].

FOPID uses the transfer function of a system, here the transfer function of pitch angle is
derived as follows: We start by establishing a simplified connection between the elevator

deflection 0, and the pitch angle #. From equation (3.51), there is the equation:

6 = qcosp — rsing

=q+ (cosp —1)g —rsing (5.16)
=q+dn (5.17)
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where dy; is small for small roll angles ¢. Differentiating both sides defined as:

. Va?Sc
i = Tapr — To(p* — ) + 2
spr — Lg(p™ —r7) + 27,
cq .
X [Crno + Crax + (qum + Chns, 0] + dg1 (5.18)
- B s oy, PVd*Sc
0 =Tspr —Ts(p” —1°) + 2,
X [Chno + Coa(6 — ) + cquvia(e' — dg1) + Cis, 8. + doy (5.19)
. pVa?Sc c .. pVa?Sc pVa*Sc
H - Cm 9 Cma 0 Cm 56
( 2J, 1577000+ 2.J, )0+ 2J, o)
- (Topr = To(? — %)+ 20 0 — Oy — Cona =] + o) (5.20)
5 6 2Jy m0 mao quVCL 1 1 .
é = —agé — bl + cpd. + d92 (5.21)
Where
_pVLSe?
a0 ="y, Cma
2
by = pV; Sccma
2y (5.22)
. pV2Sc '
9 — mbe
2J,
Va?Sc c :
dg, = Dspr — Te(p® — r?) + i 27, (Crmo — Cay — Cmqmdaﬂ + do

The linearized model for the pitch angle’s evolution is subjected to Laplace transform to

obtain its transformed representation:

= ( o
N 52+a93+b9

0(s) )(6.(5) + édw” (5.23)

During straight and level flight conditions, r = p = ¢ = v = 0. Moreover, air frames are
commonly engineered such that the coefficient C),,o = 0, thereby implying dy, = 0. With the
understanding that § = ¢ + dg1, the transfer function for pitch angle can be rewritten as:
Co
S —

52 + ags + bg (S) 594
0(s) o (5-24)
(56(8) 52 + agpS + bg

By using the values in table 3.2 and table 3.3 and constant airspeed Va of 20 m/s, the
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transfer function becomes:

3.8632
52 +0.2340s + 34.9527

The transfer function of FOPID controller is defined as:

Ge(s) = K, + Kis ™™ 4+ s" Ky

(5.25)

(5.26)

Where, A represents order of integration and p represents order of derivative. The value of

both parameters is between 0 and 1. The gains are optimized by tuning and the optimized

values are Kp = 127.684054515561, Ki = 346.136495372955, Kd = 10.4308579680231, \ =

0.756, u = 0.876. The block diagram of FOPID is given in the following figure:

de |fs) 3.8032

theta
o

» FOPID

theta d

= —
0.(8) s+ 0.2040s + 349521

Figure 5.27: Block Diagram for FOPID controller

Simulation for linear controllers (LQR and FOPID) is done using MATLAB/Simulink and

comparison is done with nonlinear controllers (SMC and FOSMC) for pitch angle. The result

is shown in figure below:

As shown from the figure 5.28, LQR and FOPID controllers experiences some

Pitch Angle(rad)

=)
S

=)
o

o
EN

=}
n

2
=

=}
L

overshoot

= Desired
N = = =FOSMC
- - =SMC

3 4 5 6 7 8 9
Time(Seconds)

Figure 5.28: Simulation result for comparison

(52.566% for LQR and 26.57% for FOPID) and have large settling time compared to others.
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The performance of controllers with settling time is summarized in the table below:

Figure 5.29 shows the result of the controllers with applied external disturbance. This

Table 5.4: Comparison of Controllers Using settling time

Controller | Settling Time(Sec)
LOR 5.4008
FOPID 4.8573
SMC 2.724
FOSM 0.835

disturbance a retarding force generated by wind and the value of this force is around 7% of
the weight of the aircraft and inertia and mass are decreased by 25%. As shown from the
figure, FOSMC and FOPID have better performance in disturbance rejection and parameter
variation than SMC and SMC is better than LQR.

1 = Desired
¥ = = =FOSMC
: SMC
' FOPID
| - = =LQR _

1

1

1

1

)

Pitch Angle(rad)

Time(Seconds)

Figure 5.29: Simulation result with disturbance
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Chapter 6

Conclusions and Future Works

6.1 Conclusion

This research investigates trajectory tracking for fixed-wing UAVs using a fractional order
sliding mode controller (FOSMC). It encompasses modeling, control design, and perfor-
mance assessment. The FOSMC controller adeptly regulates the UAV’s position and atti-
tude across all six degrees of freedom. Parameters of the FOSMC controller are fine-tuned
using Particle Swarm Optimization (PSO). Simulation outcomes indicate that the FOSMC
controller surpasses the conventional sliding mode controller in trajectory tracking, distur-
bance rejection, and parameter variation management. It demonstrates quicker convergence,
diminished tracking errors, and improved maintenance of the desired trajectory. The PSO-
tuned FOSMC controller exhibits robust performance, accurately tracking trajectories, and
effectively handling external disturbances and parameter variations. Additionally, a Linear
Quadratic Regulator (LQR) and Fractional Order PID controllers are designed by linearizing
the longitudinal flight dynamics of the system, and the performance of LQR, FOPID, SMC,
and FOSMC controllers are evaluated through step input for pitch attitude control.

6.2 Future Works

This thesis concentrates solely on examining the performance of the FWUAV, assessing the
robustness and efficacy of the controller in minimizing errors to track desired trajectories,
and exploring automatic controller gain tuning methods through various paths. The study
primarily focuses on trajectory tracking of positions and attitude angles of the FWUAV.
However, it is possible to design controllers without decoupling the dynamics of FWUAV.
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The author suggests that interested researchers delve into the design and analysis of such

controllers:
e Linear controllers can be extended to lateral dynamics of the FWUAV

e Integration of Advanced Control Techniques: Investigate the integration of other
advanced control techniques, such as model predictive control (MPC), reinforcement
learning, or neural network-based controllers, in combination with FOSMC. This hy-
brid approach may provide improved robustness and adaptability Integration of Sensor

Fusion Techniques
e The integration of wind estimation algorithms or adaptive control mechanisms.

e Hardware Implementation
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Appendices

Appendix A

Rotation Matrices and inertia J
Examine the two coordinate frames illustrated in the figure below. The vector p can be

represented in both the f frame and the f! frame.

k0 = |1 pf‘x i°

Figure 6.1: Rotation in 2D

The association between these unit basis vectors (io, 3° K% ', 4", and kl) can be expressed

using rotation matrices in the following manner:

pl — Rép(]

Describing the geometry depicted in the above figure, a right-handed rotation by an angle 0

about the k° axis is defined as.

cos  sinf 0O
R(l) = | —sinf cosf 0
0 0 1

Using a similar approach, the right-handed rotations about the j° axis and i° axis can be

represented by the equations below.

cosd 0 —sinb
Ry=|10 1 0

sinf 0 cosH
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1 0 0
R(l)z 0 cosf sinb

0 —sinfd cosd

The inertia matrix used in the derivation of dynamic equation of FWUAV is given by:

J = oy Jy =y
Joz —dye S

Where
Jo = [(y* + 2%)dm Jy = [(2* 4 2%)dm J, = [(z* +y*)dm
oy = [(zy)dm Jue = [(xz)dm Jy. = [(yz)dm
| IO I's are constants and given by:
T, — JZZ(JI;JerJz) T, = Jz(Jf;yHJ%z
ra- 4 o=
I's = sz;y‘]’” I's = JJL;’
r, = ot ro— 4

and ' = J,J, — J2

Addis Ababa University, AAiT,SECE



Appendix B

Simulink block of the FWUAV mathematical model

L =-e
= a=
e fa=: =
e o= S

Figure 6.2: Simulink Block Diagram for Model Verification
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Figure 6.3: Inside the Simulink Block
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Appendix C

Simulink Model for controller design of FWUAV
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Figure 6.4: Simulink Block Diagram of Overall System
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Appendix D

Matlab Code for Rectangular Trajectory Generation

function [x.d,y.d,z.d,phi_d]=fen(t)
g=(15/180)*pi;%Flight Path Angle
if t<=30
x_d=15%t4+0.5%t "2 -0.016666666666667*t " 3;
y-d=0;
z_d=tan(g)*x_d+5% 2 louncher height
elseif (t>30) && (t<=56)
x-d=3450—-240%t+6xt "2 —-0.044444444444000%t " 3;
z_d=1.255771365940028e+02;
y-d=0;
elseif (t>56) && (t<=60)
x_.d=3.450000%x10"3—-0.2400000%10" 3%t +0.00600000%10" 3%t "2—
0.000044444444444%10" 3%t " 3;
z_.d=1.255771365940028 e+02;
y_-d=1.407715555555557x10"4—(0.064213333333333%10"4)xt+
(0.000946666666667+10"4)xt"2—(0.000004444444444%10"4)*t " 3;
elseif (t>60) & (t<=82)
x.d=1050:
z-.d=1.255771365940028e+402;
y_.d=1.407715555555557%10"4—(0.064213333333333%10"4)* t+
(0.000946666666667+x10"4)xt"2—(0.000004444444444%10"4)xt " 3;
elseif (t>82) && (t<=86)
x_d=(—4.322878518518527+10"4+(0.142862222222222+10"4)*t—
(0.001508888888889%10"4)%t"2+(0.000005185185185%1074)t " 3);
z.d=1.255771365940028e+402;

94



FOSMC Design for FWUAV Trajectory Tracking

y-d=1.407715555555557x10"4
—0.064213333333333%10" 4%t +0.000946666666667+10" 4%t "2—
0.000004444444444%10" 4%t " 3;
elseif (t>86) && (t<=108)
x_.d=(—-4.322878518518527x10"4+(0.142862222222222+10"4)*t—
(0.001508888888889%10°4) %t "2+ (0.000005185185185%10"°4)xt ~3);
z.d=1.255771365940028 e+02;
y_d=600:
elseif (t>108) & (t<=112)
x_d=(—4.322878518518527+10 4+ (0.142862222222222%10"4) t—
(0.001508888888889+10"4)%t " 2+(0.000005185185185%10"4)*t "3);
z.d=1.255771365940028 e+02;
y-d=-7.805424000000016%10"4+0.197064000000000%10" 4t —
0.001626333333333x1074+t"2+0.000004407407407+10" 4%t " 3;
elseif (t>112) && (t<=138)
x_d=350;
z_d=1.255771365940028e+402;
y-d=-7.805424000000016%10"44(0.197064000000000%10"4)*t—
(0.001626333333333%10 4)%t " 2+(0.000004407407407+10"4) %t " 3;

else
x_-d=350;
z-d=1.255771365940028 e+02;
y-d=5;
end
phi_d=0.5;
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Appendix E

Coefficient Values For Linearized Longitudinal Dynamics of FWUAV

puS pSwCx pScCx uq
X (5 [} q
u - (CXO—f-OXaOé-i—CX(s ) — 5 + amv,
pr pSuC'y pScCx wq
X = — —_— o q
q+ (Cx, + Cx,a+ Cx; 0c) + o T v
PSCCqu
Xo=—wt =g
pVaQSCXae
be = T
2m
puS pSwCy pScCy uq
Z = —_— — o q
u q + (CZO + CZaa + Cde 56) 2m + 4m‘/a
pr pSuCy,  pScCz wq
Z B i
w m (CZO‘{’CZaa‘i‘CZ(; (5) om -+ 4mva
,OSCCqu
Dot g
)OVC?SCZ(;G
be = T
2m
puSc pSwC,,  pScCy, uq
M, = Cmo + Cn, Cins 0 E 4
7, (Cmo + Cma @+ Oy, 0) = =725 + — 0
pwSc pSucC,.  pScCh, wq
M, = Cio + Cim Cins Oe - !
; (Cp + Lo+ 5 )+ 27, + 17V,
pScVaCniq
M, =—
¢ 4.J,
Ms, = Py Vs Cins,
2J,
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