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Abstract

Control of fixed wing unmanned aerial vehicles (FW-UAVs) is challenging due to their
highly coupled, complex, nonlinear, and uncertain mathematical model, and under-
actuated dynamics. To overcome this difficulty a nonlinear robust twisting sliding mode
control (SMC) was designed for inertial positions, attitudes and airspeed control to track
the desired trajectories. Fuzzy based switching for inertial positions, and airspeed con-
trol was applied to overcome the trade-off between chattering and robustness. Where as,
quasi-static saturation switching was used for attitude control. Particle swarm optimiza-
tion (PSO) was used for optimizing the gain parameters of the designed controllers.

Different set of trajectories; bow-tie, helical, and real data minimum snap polynomial
paths were prepared for guiding the FW-UAV. The required real data way-points were
taken manually using ‘Google Earth Pro’ as latitudes and longitudes in units of degree.
These data points converted into coordinates in earth-centered-earth-fixed frame, and
then to the north-east down frame. Using these sample points minimum snap polynomial
trajectories developed through minimizing snap as a quadratic programming. The overall
mathematical model has been prepared in MATLAB Simulink for simulation.

Finally, the performance of controllers was evaluated against disturbances, model un-
certainty, parameter variation, and including actuator dynamics. Integral-time-absolute-
error (ITAE) has been used as performance index and in all trajectories the controllers
were robust within 93% accuracy about the nominal value. The control was achieved
within practically accepted ranges of control effort. Nominal deflection angles of aileron
(14°), elevator (34°), and rudder (22°) were required, which are in the working ranges of
practical control, unity rad. The thrust force generated by the propeller has an average
value of 133 N, which is nearly equivalent to the weight of UAV, 132.5 N. The propeller
engine acceleration had maximum values of 10 m/s (376 revolutions per minute) and 30
m/s (1128 revolutions per minute) in helical and level flights respectively.

Keywords: FW-UAV, coupled, twisting SMC, MATLAB Simulink, PSO, ITAE
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Chapter 1

Introduction

1.1 General Background

Nowadays the need of unmanned aerial vehicles (UAV) for border patrolling, surveillance,
searching, and rescue places, and assessing damaged areas which are too dangerous for
human beings is increasing. There are different types of UAV depending on their wing
construction fixed-wing, rotary-wing and hybrid each have their own field of application,
[11]. Fixed wing unmanned aerial vehicles (FW-UAV) are good in longer distance flight,
increased speed, larger area coverage, and or remote mapping, reduced labor cost, in-
creased flight safety and payload capability. Fixed wing UAVs are used in high endurance
flight and need advanced control systems but rotating ones are easily controlled and used
for smaller flight duration.

Furthermore, there is difficulty in developing FW-UAVs model, by taking into ac-
count the real environment, and control effectively. Lots of research have been done on
establishing acceptable modeling techniques and controller design for FW-UAVs. From
these literatures it is evident that FW-UAVs suffer with highly coupled, nonlinear, com-
plex, and uncertainty in model approximations to the real situations. Every complete
mathematical model of the FW-UAVs is under-actuated. In most real flight situations
controllers are designed based on linear, decoupled, and simple models. But due to nat-
ural complexity these methods don’t perform well as expected for handling disturbed

environment and uncertainties.
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Fixed wing unmanned aerial vehicles can be autonomously controlled through com-
plete analysis about guidance, trajectory development, controller design for attitude and
speed tracking and stabilization, [21]. Guidance is the high level part and it is the position
control of the UAV for paths or trajectory following. This level needs trajectory gen-
eration from ground position system (GPS) sensor; signal sensing, receiving, processing
and sending. Guidance can be done in two methods of operation, using remote control
and ground control station (GCS) systems, [30]. GCS based control uses a computer to
connect the software with the UAV, which then carries out the user uploaded mission
commands.

The information from various sensors installed on board of the UAV collected, and
GCS monitors, control, and made decisions on the status of UAV, like current altitude,
distance, map location, and actual mission status. The GPS information in UAV pro-
cessed and used for identifying the desired target and path. Based on the desired trajec-
tory the UAV can be guided with the mission planned based on the GPS and returns to
the control station guided through preinstalled mission commands. In the case of remote
control the guiding person involved in the overall process and it is actually applicable in
small distance within line of sight.

Low level flight controllers of fixed wing unmanned aerial vehicles are traditionally
designed based on the small perturbation theory, assuming that flight dynamics are lin-
ear and time invariant at many trimmed flight states, [12]. With this assumption the
longitudinal and lateral motions are independent of each other. This helps the equa-
tions of motion to be able decoupled, treated independently, and controlled using linear
conventional controllers around the trim points. However, the performance of these
control systems deteriorates with time due to unmodelled effects of the strong inherent
nonlinearities in the dynamics and coupling effects between the longitudinal and lateral
motions, [12]. Then after, to overcome these problems nonlinear control methods, [21],
of H-infinity, H-2 loop-shaping, adaptive, nonlinear model predictive (NMPC), [17] and
sliding mode control (SMC) have been developed, [8 11}, 2§].

The sliding mode control is robust in the case of fixed wing UAV control that handles

system complexity which results from inherent system non-linearity especially in longi-
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tudinal flight, coupling between state variables, actuator saturation, double integrator
characteristics and under-actuated system, [2I]. SMC is not robust against unmodelled
uncertainty or no bound on the uncertainty and there exists also a problem of chattering
i.e high frequency gain, so the modified higher order sliding modes, fuzzy and adaptive

controllers are recommended to overcome these problems.

1.2 Statement of Problem

The application of UAVs for border patrol is becoming the norm of many nations; United
States and Europeans are the main leading users in the world. In large covered areas
for patrolling borders; medium and large sized fixed wing UAVs come to application for
their endurance, high flight speed, and low operational cost. Autonomous control of FW-
UAVs is very recursive method that comprises desired trajectory generation and controller
setups for guiding the FW-UAV along the desired paths. However, their effective control
in dynamic and uncertain environments remains a complex challenge.

This thesis proposes a control approach that combines twisting sliding mode control
with particle swarm optimization to tackle the control challenge. The use of twisting SMC
offers a robust method to handle nonlinearities and uncertainties, while PSO optimizes
control parameters for enhanced performance. Hence, the proposed control is expected
to deal with the nonlinear dynamics of FW-UAVs, robustness, and optimization of the
control parameters.

The FW-UAV is used in patrolling borders, where some geographical lines of paths
are followed. To such a highly dynamic system smooth and continuous motion is required
for flight. Therefore, polynomial path planning is proposed for generating polynomial
trajectories along different selected flight lines. The real data for path planning are used
as GPS information and extracted from the real environment using “Google Earth Pro”.
The path planning is proposed to ensure precise control of FW-UAV. The FW-UAV
is expected to precisely follow desired way-points for border patrolling. The thesis is
expected to contribute to the advancement of FW-UAV control for capable and efficient

control in various applications.
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1.3 Objective of the Thesis

1.3.1 General Objective

The general objective of the thesis is to develop and evaluate a twisting sliding mode
control design optimized through particle swarm optimization for enhancing the stability,

robustness, and maneuverability of a fixed wing unmanned aerial vehicle.

1.3.2 Specific Objectives

The specific objective of the thesis are:

e To model mathematically a fixed wing UAV that can be used for border patrolling.
e To design twisting SMC with fuzzy switching for fixed wing UAV.
e To simulate the designed model with controllers in MATLAB Simulink.

e To validate the performance of designed controllers in the presence of actuator

dynamics, external disturbances, parameter variation, and matched uncertainty.

1.4 Significance of the Thesis

FW-UAV’s construction, controller design and monitoring have very detailed analysis
and done in secrecy. The security behind secrecy is crucial. Therefore, the details in
modeling, controlling and manufacturing FW-UAV within the country guarantee the
issue of secrecy and security. In recent years, there is an increasing conflict in the border
areas of Ethiopia-Sudan and Ethiopia-Eritrea and even in the regional states within
the country. To control and reduce these types of security issues, FW-UAVs provide
significant role in patrolling and monitoring every location on the border areas which are
risky, expensive, inaccessible to patrol agents and hardly possible task.

This study adds the overall general purpose of the FW-UAV’s control design that can
be used for searching, observation, target identification, material delivery and emergency
in rescue places. The viability of discontinuous and robust controllers makes the fixed

wing unmanned aerial vehicles effort-fully available for the present and futures uses.
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1.5 Methodology

The basic procedures to complete the thesis and meet specified objectives of research are

shown in the following flowchart,

Mathematical Model of FW-UAV «

Check Model

f

Model Verification
G

Prepare Model with Controller in Simulink [«

Re-check Model

K

Simulate Model with

Controller @

Finalize Paper Writing

Figure 1.1: Methodology Flowchart
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1.6 Scope and Limitation of Research

The thesis focuses on twisting SMC design for a FW-UAV which can be used for border
patrol. The problem of trajectory generation has been approached from considering the
existing GPS data. The developed system wasn’t designed full autonomous, it needed
higher level path planner algorithm implementation, which is one limitation to this thesis.

In this thesis modeling and controller designs were acted on simulation environment
only, MATLAB Simulink to achieve desired trajectory tracking. Furthermore, even
though there are lots of policies from national agents about the application and usage
of UAVs in borders control, they are not discussed in this aspect; only the Engineering
aspect designs are presented. The controller parameters are tuned and selected stati-
cally for each desired, and developed trajectory. For autonomous control dynamic gain

scheduling is required between different flight zones, which is out of this scope.

1.7 Thesis Outline

The overall thesis research structure is organized by six chapters as follows.

Chapter 1 presents the general introduction about FW-UAV and their control system.
Chapter 2 discusses review of various research papers which were significant and used
as background concepts for this research to-be done.

Chapter 3 presents the Newton-Euler modeling of fixed wing UAVs. The principles of
operation of the FW-UAYV is discussed with the help of state variables inertial positions,
attitudes and speed using reference frames.

Chapter 4 presents the overall control scheme design using twisting sliding mode control
principles. The controllers designed for positions, attitudes, and airspeed of FW-UAV.
PSO algorithm is also presented thoroughly.

Chapter 5 basic principles of trajectory generation for semi-autonomous control of FW-
UAV. Discusses the simulation results, trajectory tracking, and some analysis is done
based on the results.

Chapter 6 conclusion is drawn from the overall analysis performed and recommendation

for future work are presented.
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Chapter 2

Literature Review

In this thesis the border patrolling FW-UAV modeling and control is discussed. Border
patrol is the act of controlling the terrorists, weapons, and illegal immigrants entering
and or leaving the borders of the country. This task is the most challenging problem,
due to different reasons. Countries with hundreds of kilometer border have difficulties
to allocate board patrolling units for a complete 24/7 surveillance. The application of
FW-UAVs for this purpose have been the focus of many researches in the past recent
years, [6l B0]. UAVs are used in border control by a number of nations with differing
motives, based on their national security, policy, and government issues and agendas.

The use of FW-UAVs in border areas has particular risks as it can be seen in many
research findings. There is the risk of using FW-UAVs for surveillance of the wider
population which isn’t just the geographically-defined border itself that may affect the
privacy of individuals. The use of UAV primarily for military technology can make
dehumanization of those attempting to cross borders, and information from unrelated
surveillance activities is passed on to border control. UAV deployment in a zone of
border tensions between two nations results a blurring between military roles leading
tension, [6]. So the use of these FW-UAVs must be in the way that they have to align
with the basics of accepting these national issues.

The ability of FW-UAVs to provide surveillance for extended periods, monitor remote
and inaccessible areas, and relative ease of deployment makes them attractive tools for

agencies responsible for border control.
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2.1 Fixed Wing UAVs and Border Patrolling

Among the different UAV types the fixed wing unmanned aerial vehicles are highly used
in long flight applications due to the increased flight speed, high load capacity, high range
of flight areas, endurance, reduced noise, reduced labor work and reduced operating cost.

Border control is effectively done by guiding the UAV about some specified paths.
The specified path generation depends on the border line of the country. A border is a
thin line on a map which precisely defines the territory of a state, for security purposes its
definition is much more complex. Government agencies have sweeping powers to enforce
border security across the whole nation in terms of tackling border crime, identifying
irregular migrants, and imposing security requirements upon travelers and goods crossing
borders, [6]. The purpose of the path generation is to develop trajectories that best close
the look alike of the border. Therefore, FW-UAVs can be guided along the predefined

border lines as a trajectory tracking for patrolling that specified border line.

2.2 Fixed Wing UAV Control Problem

Control of fixed wing unmanned aerial vehicles is very difficult due to complexity of the
model. The complex model results from the multiple state variables which are coupled,
nonlinear, under-actuated, complex nature of system development, and description. Dif-
ferent control methods have been under research from the conventional to robust for
many years, discussed in the following sections.

The model of fixed wing UAV brought in two forms, linear vs. nonlinear for con-
troller design. The linearized models around the trim points of equilibrium are used for
controller designs of proportional integral and derivative (PID), linear quadratic regu-
lator (LQR), linear quadratic Gaussian (LQG), and H-infinity. Nonlinear model based
controllers; sliding mode (SMC), artificial neural with fuzzy inference system (ANFIS),
nonlinear model predictive (NMPC), artificial neural network and others are better than
the linear classes of controllers interms of robustness, speed of response, and handling

model uncertainty.

November 14, 2023 Page 8



Twisting SMC Design with PSO for Fixed Wing UAV, AAiT-AAU

2.2.1 Conventional Controllers for Fixed Wing UAV

Conventional controllers are proportional, integral, derivative and the combination of
these three controllers. Controller which has fast response with reduced overshoot and
steady state error is good for FW-UAV control.

In 2019, a research entitled “control of longitudinal flight dynamics of a FW-UAYV using
linear quadratic regulator, linear quadratic Gaussian and nonlinear control” was under
study, [15]. Comparative study between the three controllers for pitch control of Ultra-
Stick 25e FW-UAV was done. LQG controller shows good disturbance rejection ability
and the FW-UAV moves smoothly and responds faster than LQR controller without
disturbance. Ordinary differential equations method of nonlinear controller shows faster
response, smooth, more stable, reliable and more robust than the LQR and LQG. In this
paper only pitch control was developed for small sized FW-UAV. They weren’t able to
fully control the other state variables.

Amber Israr et al. (2021), proposed guidance, navigation, and neural network based
PID control for a FW-UAV, [16]. The researchers designed PID control which allows to
enable feedback and use control action for fixed wing aircraft that has the abilities of
both vertical take-off. They have developed a prototype of aircraft. They were able to
design controller for attitude, speed, altitude, turn, and take-off using the mathematical

model and a GPS module.

2.2.2 Adaptive Controllers for Fixed Wing UAV

Adaptive controller design methods extract knowledge of the plant parameters online
and redesigns the control law in repetitive manner. This method doesn’t need a priori
information about the bounds on the uncertain and or time-varying parameters.
Herman Castaieda et al. (2013), proposed adaptive super twisting observer based
flight control of inertial attitude and estimated airspeed for a FW-UAV (B-25 Mitchell),
[8]. The performance of the adaptive super-twisting sliding mode (ASTA) controller
compared with the active disturbance rejection control (ADRC) incorporated with a PID.

The results showed that the ASTA results less tracking error in all control problems in
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the presence of noisy measurements, uncertainties and external perturbations, seen from
the graphical plot of trajectory tracking.

Yang Han et al. (2019), proposed a non-decoupled back stepping control for FW-UAV
(B-25 Mitchell) with multi variable fixed time sliding mode disturbance observer, [12].
The paper addressed the issue of controlling the attitude together with the airspeed of
FW-UAV in a vector manner. They were able to estimate the disturbances in very close
approximation to the real. They assured stability of the full closed loop system and a
multi variable is incorporated at the design stages of both observer and back-stepping to
provide a more elegant solution.

Yeonsik Kang et al. (2009) designed a nonlinear model predictive control (NMPC)
to a small FW-UAV for linear tracking, [I7]. The online (steepest descent method)
and offline optimal problems were successfully solved and the real implementation of
the designed model tested. The controller was tested through hardware in the loop
simulations (HILSs) in-order to see NMPC algorithm performance in real-time on a real
UAYV system. They have checked the controller against different trajectories; linear and
square desired paths in HILS. Tracking best seen in the linear path and the square
path tracking gives emphasis on the possibility of using NMPC for multiple line segment

following tasks.

2.2.3 Robust Controllers for Fixed Wing UAV

Robust control is an approach for controller design that explicitly deals with uncertainty.
Robust controllers are designed to function properly provided that uncertain parameters
or disturbances are found within some set i.e control law need not be changed. FW-
UAVs are highly affected by input and output disturbances due to wind, aerodynamics
and model uncertainty during the process of mathematical modeling. To overcome these
types of problems the need of robust controllers for fixed wing unmanned aerial vehicles
have been the focus of many researchers, discussed in the following sections.

Yufei Guo et al. (2022), suggested a combination of three adaptive, fuzzy and sliding
mode controllers to stabilize and control a FW-UAV, [II]. They were able to control

the five state variables, attitudes, altitude and airspeed based on the decoupled state
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space models. The developed algorithm shows better performances like fast response
speed, small steady-state error, and strong robustness compared to the traditional sliding
mode control. But during decoupling the model, they have taken external sinusoidal
disturbances of known magnitude in place of matched uncertainties, which isn’t justified
properly how it’s determined. Traditional SMC shows faster response in the absence of
model uncertainties and this isn’t also explained with proper reasoning.

Abid Raza et al. (2017), designed sampled data sliding mode control of FW-UAV for
altitude, yaw and roll angle control, [25]. They designed sampled data SMC based on
continuous and discrete time system and super twisting algorithm based on continuous
time model. The speed of response and robustness to wind gust increases as we go from
sampled data SMC on continuous model (5 seconds) to sampled data super twisting SMC
on continuous model (4 seconds) and discrete data SMC on discrete model (3 seconds).

Andra Saicharan et al. (2016), have designed a method for controlling the attitude of a
fixed wing aircraft in the presence of uncertainties, [28]. They have proposed inertial delay
controller in the framework of multiple sliding surfaces. The effectiveness of proposed
algorithm and robustness was checked with half of parametric uncertainty and sinusoidal
disturbances in simulation. It has been able to track the desired angles (within 0.5
seconds) and mitigate the effects of uncertainty but there was no aerodynamic analysis
for the coefficients and adverse disturbance effects.

Yu-Xin Zhao et al. (2013), designed a second order sliding mode controller for space-
craft, [34]. They have designed exponential second order sliding mode controller for de-
coupled attitude control. Tracking was achieved for constant reference attitudes (within
6 seconds) with sinusoidal external disturbance taken as the coupling within the model.
They lacked testing the controller against internal matched uncertainty and parameter
variation for robustness.

Myung Hwangbo et al. (2013), tried to address the problem of achieving autonomous
navigation of a small fixed-wing UAV (SuperCub) using low-cost sensors GPS, IMU and
camera, [I4]. The authors claimed level flight, constant altitude turn and turn with a
constant climb rate as the three primitive motions used to formulate the planning prob-

lem with a Markov Decision Process (MDP) based on the three factors; an uncertainty
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motion model using probability distributions, efficient discretization of the state space,
and infinite horizon. Desired attitudes provided by MDP planner. Altitude tracking and
trajectory completion done within a range of 15 meters, which is the application of small
FW-UAV.

Dynamic modeling of a lightweight model airplane (FW-UAV) using the Lagrange-
Euler formalism presented in [23]. The derived model of the aircraft is used for system
analysis, control-law design and simulation. They have tried to show the open-loop
responses as model verification for further analysis.

According to the existing research, for this type of complex nonlinear FW-UAV model,
sliding mode control is becoming a more popular control method. However, there are
two main problems to overcome when using the SMC method to control FW-UAV. The
first problem is dealing the effects of unknown internal and external disturbances on the
system, which can be solved using adaptive and SMC control respectively. The second
problem is the chattering and it can be solved through the fuzzy, and twisting SMC,
[11]. Therefore, fuzzy twisting SMC is developed for seven state control of FW-UAV
that handles both disturbance and chattering.
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Chapter 3

Fixed Wing UAV Modeling

3.1 Working Principle

Fixed-wing UAVs are capable of controlling and make use of air for generating forces that
allow them to stay in the air by taking advantage of their aerodynamics. The high fluid
pressure difference between the bottom and top of the wing foils and the propeller itself
is used to generate an upward force also called a lift for flight. This force is responsible
for lifting the weight of fixed wing UAV. The level of this lift force depends on the angle
of inclination of the aero-foil and or propeller.

Fixed wing UAVs configuration depends on the application area of desire, i.e the
dimensions, aerodynamics, propulsion system and controls, are very different from one
model to another. Irrespective of their difference in design all of them have similar
principle of flight. UAVs are classified based on different standards by different agencies.
They are classified by size (length, mass, wing span), wing type, range of flight distance,
payload capacity and endurance.

UAVs classified as in table based on the range of flight distance and time. From
the classification high endurance FW-UAV types of long range are more of efficient in
border patrolling purposes. So the developed models simulated using Aerosonde, a kind
of UAV with an ability to fly in the long distance over 30 hours.

Aerosonde UAV has well known properties and open loop dynamics which is used in

most literatures to test fixed wing UAV control performances. It has wing span of 2.8956
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meters and can fly at a maximum speed of 40 m/sec. It’s dimension able for flying for
longer ranges and can be used for patrolling large sized areas like borders, river basin
surveillance and material delivery for long rural areas. It can take-off way with a car-
roof-rack method and has ability to land on its belly. It can operate autonomously and
navigate through GPS. It can fly about 150 kilometers under UHF radio communication

with the ground stationed control.

Table 3.1: Classification of UAVs Based on Range, [22]

UAV Range Distance(km) Time(hr) Application

Very close bt 1 Recreation

Close 5-50 1-6 Surveillance, Photography
Short 50 - 150 8-12 Utility inspection

Mid 644 24 Military combat

Long >644 >24 Military surveillance, mapping
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Figure 3.1: FW-UAV Structural Setup
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3.2 FW-UAV Modeling

In any engineering, physical systems are modelled and analysed for control system de-
sign, verification, simulation and validation in the working environment before their real
implementation. Any plant needs its model to be developed for control system design
and development. In control engineering, mathematical modeling can be in the form of
differential equation, transfer function or state space.

Mathematical models are expected to resemble the actual plants (physical system) in
their behavior and operation. Models of FW-UAVs highly rely on the physical system,
their working area and purpose. In this thesis, a more conventional mathematical model-
ing for FW-UAV called state-space is developed and presented in the following sections.
In literature, there are two types of modeling approaches; Quaternion and Newton-Euler.
However, Newton-Fuler is approached to derive the equations of motion that describe
the dynamics of the FW-UAV.

Modeling assumptions are made based on some reference existing plants, and listed
across different literatures for model simplification of FW-UAV. Assumptions are taken
carefully and necessarily from literature, |21} 23], not to miss any significant characteris-

tics of the FW-UAV.

e The earth is considered fixed and flat in space.

The FW-UAV structure is assumed rigid and symmetric about the (x-z) plane.

e The mass of the FW-UAV body assumed to be constant (time-invariant).

Center of mass and the body frame origins coincide.

Drag force of the fuselage is neglected.

The propeller of the FW-UAV assumed to be rigid.

The wind speed included in the kinematics.
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3.3 Reference Frames

In order to study about the kinematics, dynamics and aerodynamics of FW-UAV in
different flight regions, coordinate frames rigidly attached to each point, and then the
geometric relationships between these coordinate frames is specified. The understanding
of reference frames helps to describe the full degree of equation of motion in FW-UAV
control and analysis. Almost all FW-UAV motions described and defined using five
reference frames namely; ground inertial frame (GIF), body inertial frame (BIF), body
frame (BF), stability frame (SF) and wind frame (WF).

In defining these reference frames two center of points are used; center of mass and
gravity. Center of mass is the point at which the distribution of mass is equal in all
directions and does not depend on gravitational field. Center of gravity is the point at
which the distribution of weight is equal in all directions, depends on gravitational field.

[x-axis] [body y-axis]

[wind x-axis af

BIF center [y-axis]
[stability x-axis]

[z-axis]
(@) BIF [body x-axis]
north [x-axis]
GIF center east [y-axis]
[body z-axis]
down [z-2xs] (¢) BE, SF & WF
C ’

(b) GIF

Figure 3.2: Definition of Reference Frames

3.3.1 Ground Inertial Frame (GIF)

It’s defined with the origin at takeoff point of the UAV (earth centered), xg-axis points
due north from the origin, and yg-axis points due east from the origin, see fig[3.2] mostly
known as North-East-Down (NED) frame. It doesn’t involve acceleration with respect
to the earth and Newton’s first law of motion applied for system analysis. The inertial

positions of x, y, and z are described with this reference frame.
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3.3.2 Body Inertial Frame (BIF)

BIF is defined with the origin at center of mass of the UAV and axes (z,ys,27) are parallel
to the GIF, fig[3.2] System of 3D lines attached to the center of mass of a FW-UAV that

are used to describe the relative linear and angular velocities of FW-UAV.

3.3.3 Body Frame (BF)

This frame is defined with the origin at UAV’s center of mass, zp-axis pointing to the
nose from the origin, yg-axis pointing out from the origin towards right wing and zg-axis

out to the abdomen of UAV body. It’s always attached to a moving aircraft, see fig [3.2]

3.3.4 Stability Frame (SF)

The origin is at UAV’s center of mass, xg-axis points from the origin to the direction
of projection of the UAV motion direction in the longitudinal plane of symmetry, and

zg-axis points to the right wing from the origin, see fig [3.2]

3.3.5 Airflow (Wind) Frame (WF)

It’s origin is at center of gravity of the UAV, x 4-axis points from the origin to the direction

in which the UAV is moving, and z4-axis points downward vertically with x4-axis in the

longitudinal symmetry plane of UAV, fig

3.3.6 Why Different Reference Frames

Newton’s equations of motion are derived relative to IRF, and used for model dev’t.

Aerodynamic forces and moments act on FW-UAV body and described in a BF.

GPS information (position, ground speed and course angle), flight trajectories and

map information are given in an IF.

IMU, accelerometers and rate gyros measure information with respect to BF and

control surface deflections and thrust are manipulated on BF.
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3.4 Coordinate Transformation

Coordinate transformation is defined as the introduction of a new set of mathematical
coordinates which are distinctly stated functions of the original coordinates of the FW-
UAV position and orientation. It gives the capability to move position information from
one coordinate reference system to another. Different set of variables are transformed
from one coordinate frame to another through two basic operations: rotation and trans-
lation. There are two types, methods of coordinate transformation from literature [4],
namely Euler, and Quaternion. In this research only the Euler approach technique is

used and adopted.

3.4.1 Rotational Transformations

Euler states that “any rotation can be described by three successive rotations about
linearly independent primary axes”. Euler uses three rotation angles: roll (¢), pitch (6),
and yaw (1) to describe orientation in 3D space about x-y-z axes respectively. There are
12 possible combination of rotation sequences and the yaw-pitch-roll angle combinations
is adopted in this thesis for rotation matrix development.

Rotation matrices give description of frame orientation, which are characterized by
nine elements which are not independent but related by six constraints due to the orthog-
onality conditions.This leads to three independent parameters are sufficient to describe
orientation of a rigid body in space, minimal representation.

Let’s consider the rotation matrix expressing the elementary rotation about one of
the coordinate axes as a function of a single angle and then, a generic rotation matrix
can be obtained by composing a suitable sequence of three elementary rotations while
guaranteeing that two successive rotations are not made about parallel axes.

Using Euler’s principle starting from the inertial frame we can end-up on another
frame through the different rotation sequences. Let’s start with the ground inertial
frame of reference and pass through body, stability and wind frames in sequences for

complete kinematic and dynamic model development of the FW-UAV.
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3.4.2 Inertial to Body Frame Rotation

The angles about axes z-y-x defined as yaw-pitch-roll to denote the typical changes of
attitude of FW-UAV, respectively. The rotation from GIF to BIF computed in the
following sequences. First, rotate right-handed about z-axis through angle ¢ to go to
intermediate RF (x, 41, 21), with rotation matrix R(¢). Secondly, take right-handed
rotation about y-axis by angle 6 to move to the intermediate RF (23, y2, 22), gives rotation
matrix R(#). Finally, right-handed rotation about x-axis through angle ¢ results RF
(z,y, 2), with the rotation matrix R(¢), illustrated in appendix [B| with fig. [B.1]

The overall rotation matrix expressed as the product of these three rotation matrices

in respective sequences because Euler angles preserve linearity in three independent axes.

CyCo SyCh —Sp
Ri%(4,0,¢) = R(¢) ® R(0) ® R(¢) = | cysgsy — spCo Spsese + cycy coss | (3.1)

CySeCp + SySey  SypSeCy — CySy  CoCy

3.4.3 Body to Stability Frame Rotation

The fixed wing UAV fly in the forward direction with a velocity, V, with respect to the
surrounding air. The UAV moves by generating the lift force and making pitching up by
an angle of attack, o from the (x, z)-plane, which leads that the UAV leaves its previous
stable region and goes to the new body frame region. So the stability frame is found

through the left hand rotation of body frame by angle a about the (x, z)-plane or y-axis.

co 0 s,
Rg(@)=1] 0 1 0 (3.2)
—So 0 cq4

The rotation matrix Rz°(a) is used for transforming vectors from the body to stability
frame; whereas the inverse transformation matrix is just the transpose of Rp®(a). This

is proved by multiplying the matrix with it’s transpose resulting an identity matrix.
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3.4.4 Stability to Wind Frame Rotation

As the aircraft flies it leaves it’s stable region of motion the (x, z) plane by angle of
slide say (8 in the z - direction due to wind disturbance, so the wind frame can be found

through right-handed transformation of the stable frame in z - axis.

Cs Sg 0
Rs"(B) = —sg cg 0 (3.3)
0 0 1

The total transformation from the body frame to the wind frame is calculated through

multiplying the rotation matrices i.e Rp" = Rs" @ R5°.

CBCq S8 C3Sq
RBW(ﬁa CY) = | —SBCa C3 —S8Sa (34)
—S, 0 Co,

3.4.5 Rotation Sequence Between Angular Velocities

In this section the transformation matrix between body angular rates (p, ¢, r) and Euler
rates (gb, 0, 1/}) is developed, because Euler rates are defined in their respective axes, not

on specified frame. In transforming we need the following sequences;
1. gb directly transformed to p because both are defined in the same frame, BF.
2. 6 transformed to q proceeded by rotation about x-axis, [%4.
3. w transformed to r proceeded by rotation about x, and y -axis, RyRp.

The matrix that transforms Euler rates to body rates can be denoted with TIB(qb, ) and
expressed by equ. with it’s inverse given in see the derivation in appendix [B]

1 0 —Sp
TIB<¢7 9) =10 Co S¢Co (35)
0 —s¢ cyco
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3.5 FW-UAV Mathematical Modeling

Mathematical model of FW-UAYV is analysed and developed in two ways namely the

kinematics and dynamics.

3.5.1 FW-UAV Kinematics

Kinematics is the description of geometric characteristics of the FW-UAV’s motion specif-
ically position, velocity, and acceleration without considering the forces and or moments

that cause the motion. The state variables in this analysis are defined in different RF.
e Three linear positions (x,y,z) defined in IF.

e Three angular positions (¢, 0,1) defined in BF, intermediatel and intermediate2

frames respectively.
e Three linear velocities (u,v,w) defined in BF.
e Three body angular rates or velocities (p,q,r) defined in BF.

Now the body frame velocities are projected onto the inertial frame by the equ.

d

S w0,2) = RE(6,0,9) & (u,0,0)"

7 (3.6)
Z(0.0,0)" =T5(6,0) ® (p,q,7)"

Equ. is simplified using the previous rotation matrices and given by equ. M

T = ucycy + v(CypSeSs — SypCe) + W(CySacs + SpSe)
U = usyCp + V(SySpSs + CpCy) + W(SySeCs — CySy)

Z = —uSg + vCeSy + WCHCyh
d) =P+ qsgte + regta
= qCy — T'S¢

1/1 = QS¢SQ + 7‘C¢Sg

ls = sine, ¢, = cosine, ¢, = tangent and S, = secant
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3.5.2 FW-UAV Rigid Body Dynamics

FW-UAV dynamics is the study of the relation between the applied forces and or torques
and the resulting motion. The dynamic response of the time rate of change of FW-UAV
configuration to input forces and torques can be expressed by a differential equation. The
dynamics study is needed for simulation and animation (test desired motions without
resorting to real experimentation), analysis and synthesis of suitable control algorithms.
Therefore, dynamic modeling is vital for model development and control system design
i.e. simulate and tune a controller.

There are different approaches to formulate the dynamics of a FW-UAV; Euler-
Lagrange and Newton-Euler are basic ones. Lagrangian formulation treats the FW-UAV
as a whole and perform the analysis using Lagrangian function.

Where as, Newton-Euler formulation treats FW-UAV in each reference frame sep-
arately, and write down the equations describing its linear and angular motion. This
formulation is used in this thesis research. Newton’s second law is utilized in IF for

translational motion and Euler’s equation discussed for rotational motions considering

flat earth surface and rigid body FW-UAV.

3.5.2.1 Translational Motion of FW-UAV

Translational motion of the FW-UAV is the motion in which all the points of a moving
aircraft move uniformly in the same line of direction. All the points on the FW-UAV
move the same distance in the same amount of time. There is no changes in orientation
of aircraft relative to the fixed reference frames we have attached to the UAV.

A rigid body is assumed to have constant mass even if it varies continuously due-
to different reasons. Newton’s second law in IF for deriving translational equations of

motion is written by equ. [3.8}

d
Z Fl. =ma= mavgl (3.8)

This time derivative is in IF, so now let’s recall the vector differentiation rule from
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equation and project equ. onto the BF [].

d
Y Fl, = (FP FP FP)" = (dv +wpyr @ VP)
t (3.9)

— mx (@, 0,9)" + (p,g,7)" @ (u,v,w)")

Computing the mathematical computation and simplification the translational state

space model in BF is written in equ. [3.10) where: [

1
= —FP + (rv — qu)
m
1
b =—F/+ (pw — ru) (3.10)
m
1

W =—FF+ (qu—pv)
m

3.5.2.2 Rotational Motion of FW-UAV

Euler’s equation of motion stated as, the sum of all external moments about the center
of mass of FW-UAV translated at the ground is defined as the time rate of angular

momentum in ground IF.

Z e (3.11)

now let’s recall vector differentiation from equ. and project equ. |3.11 onto the BF.

Z ext — H +WB/I®H (312)

The angular momentum in BF is expressed by basic formula of equ. A

H? = J®wp)r (3.13)

2Fl ., = all external forces in IF, FB, = all external forces in BF, m = rigid body mass and
a = translational acceleration.

SFP = all external forces along x-axis in BF, FyB = all external forces along y-axis in BF and
FB — all external forces along z-axis in BF

“Note that: J = Inertia matrix can be numerically computed from CAD model or experimentally
using Bifilar pendulum.
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Moment of inertia denoted by J, measures the extent to which a FW-UAV resists rota-
tional acceleration about a particular axis in IRF. Where it’s components can be calcu-
lated through equ. EI, and wg/f is defined as the body angular velocity in the BF as seen
from the IF. Considering rough engineering approximation the aircraft is assumed to be
aligned in the (x,z) plane of geometry and leaving J,, = J,, = 0 the inertia J and it’s
inverse J~! given by equ. [3.14]

Jz Jrz
Jo o —Jay — e 77y 3 B o o
J = —Ja:y Jy —Jyz ) ‘]_1 = 0 JLy 0 (314)
Jzz Iz
_sz _Jyz JZ (JIJZ Jzz) 0 (JIJZ J:cz)

Now let’s rewrite the BF rotational equations of motion, equ. [3.12|using inertia matrices.

d
Z b= (M7, MB , MP)T = dt<J®WB/I) +wp/r @ (J ® wp)r)

= J®w3/1 +wB/[ & (J@WB/I>
=J® . ¢7")" + (p,q,r) @ (J® (p,g,r)")

(P, 1) =T @ (M, M), M) = (p,q,r)" @ (J @ (p,q,7)"))

(3.15)

Finally, the rotational equations of motion in state space is expressed by equ. [3.16}, |E|

1
D= (M o ME o pg oS = Tyt J2) + ar(y e = T2 = J2)
1
q=7wﬁ+m@—@HJMﬁ—ﬂ) (3.16)
Yy
1

®Component inertia’s
Je = /(y2+22)dm, Jy = /(x2+22)dm, J, = /(x2+y2)dm, Joy = /(xy)dm, Jor = /(a:z)dm, Jy> = /(yz)dm

“Where:
M/ , = all external moments in IF, M2, = all external moments in BF, J = inertia matrix, H = angular
momentum and
MPB = all external moments about x-axis in BF, Mf = all external moments about y-axis in BF and

MPB = all external moments about z-axis in BF
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3.5.3 External Forces and Moments on FW-UAV

The FW-UAYV is a highly complex nonlinear system, works under various external forces
and moments. The external forces are due to gravity, aerodynamics and propulsive.
Moments are resulted from the aerodynamic and propeller effects, note that the plane is

symmetrical and aligned about the (x, z) plane (the effect of gravity is neglected).

Fepo = Fy+ F, + F,
(3.17)
My = M, + Mp

Where: g - gravity, a - aerodynamics, and p - propeller

3.5.3.1 Gravitational Force

The force due to gravity is analyzed by newton’s second law in the IF, so it must be

projected onto body frame for dynamic analysis.

I __ T
Fg - (07 07mg)
FP = RP @ (0.0.mg)" (318)

= mg * (—sg, CoSy, cec¢)T
3.5.3.2 Aerodynamic Forces and Moments

The main source of force and moment in aerodynamics is air pressure strength and
distribution which depends on the airspeed, air density, shape and altitude of UAV. So
the expression for dynamic pressure combining Pascal’s law and work-energy theorem is
given by equ. where the variables are defined in[].

_F W/d B

P = —= = = = —-— =
P=A7 "4 T Ad V V V 2v'e 3

Pp= dynamic pressure, F'= force, W= work done, d= displacement, A= area, V= volume, E=
energy, K = kinetic energy, m= mass of air, V,= magnitude of airspeed, and p= density of air

E E_%mva2_1mvz_l

pV2 (3.19)

7
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3.5.3.3 Fixed Wing UAV Control Surfaces

In this thesis, the FW-UAV has seven degrees of freedom inertial positions (x, y, z),
attitudes (¢, 0,1), and airspeed (V). However, the aircraft has only four control inputs
applied at different control surfaces. FW-UAV’s mostly have three flight control surfaces
aileron, elevator, and rudder; which are attached to the air-frame on hinges. These are
the aerodynamic devices which are used to adjust and control the UAV’s flight condition
in response to external forces and moments.

Hence, it isn’t possible to control all the state variables explicitly, due to under actu-
ated nature of the system. However, intermediate controllable variables associated to the
FW-UAV are selected as (x, y, z) positions and the rest are controlled explicitly through
decoupling, which makes the control design easier and handy. The three control inputs

and surfaces are illustrated with figures in [3.3]

(a) Aileron, [2] (b) Elevator, [1] (¢) Rudder, [27]

Figure 3.3: Three Control Surfaces in FW-UAV

Ailerons are mounted on the rear edge of each wing near the wingtips and move in
opposite directions. The left and right ailerons work oppositely, one increases lift the
other decreases, [2]. This way it’s possible to turn about the longitudinal axis, roll (¢)
left-to-right about x-axis. The net aileron control signal deflection command is denoted
with =, and calculated by the formula; v, = %(%l — Ya,)s Where From this formula
turning the FW-UAV left is considered as positive turn.

Elevators joined to the back of the fixed part of the horizontal tail. It’s part of
horizontal flight stabilizer by generating downward force on the tail to lift the heavy

844, -left aileron command and - v, -right aileron command
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nose body of UAV, which makes the wings to fly at a higher angle of attack («). It’s
also necessary for pitching (¢) up and down the nose of FW-UAV about the y-axis. The
elevator command signal denoted by ..

Rudder mounted on the trailing edge of the vertical tail. Rudder deflected left-to-
right and vice-versa through respective commands and causes the nose to yaw left-to-right
about the z-axis. Centering the rudder pedals returns the rudder to neutral and stops the
yaw. The rudder deflection angle denoted by ~,. The main purpose of +, is to counteract
the drag caused by the lowered aileron during a turn.

Flight in air is performed in every axis (x, y, z) of imaginary line around which an
aircraft can turn. There are three axes up on which it can move; left-right, forward-
rearward and up-down. Most commonly known with technical names of longitudinal,

lateral, and vertical flights.

1. Longitudinal Flight: it’s most commonly known as level flight along longitudinal

axis (x-axis) runs in the nose-to-tail direction.

2. Lateral Flight: it’s a flight along lateral axis (y-axis) running in the wing-to-wing

direction. It’s the turning effect of left and right from the level flight.
3. Vertical Flight: this is the motion of UAV up and down in the z-direction.

Now let’s examine the aerodynamic forces and moments during two flight phases, longi-

tudinal and lateral aerodynamics.

3.5.3.4 Longitudinal Aerodynamics

Longitudinal flight is under (x, z) plane in which the forces and moments are defined in
SF, [4] and they are the result of dynamic pressure computed at equ. . Recalling

basic fluid dynamics we have the relations between force and pressure in equ. [3.20}

Fp = Pp xarea x Cr,
(3.20)
MD = FD*C

Where; Fp and Mp are aerodynamic forces and moments respectively. Cp, is the pro-

portionality constant between force and pressure which is nonlinear function depends on
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angle of attack, body angular rate about y-axis, and elevator deflection angle. It differs
from axis to axis, so the lift and drag forces along x and z-axis respectively and moment

bout the y-axis in stability frame expressed with equ. [3.21]

1
flfft = §pva250l(&7 q, 76)
1
féls;“ag = §pva250d(&7 q, ’Ye) (321)
1
Mys = §prCSC’y(a,q,%)

The lift force is applied along the negative z-axis as it’s defined from NED frame. The
drag force is always in opposite direction to the forward velocity of the aircraft (it’s in
the negative x-axis) and independent of the sign of angle of attack a.

The constants and variables are defined in ﬂ The nondimensional physical constants

can be calculated using Taylor series based linear equations |3.22] [4].

B ac,  oc, 9
Cl(av%’ye) - CVlo + Dav o+ aq q + a%%

0Cy 0Cqy 00y

Cala, ¢,7e) = Cyy + 50 & 9q 1 + 7. e (3.22)
B ac, ac,  ac,
Cy(‘% q, ’Ye) - Cyo + Do o+ 8(] q + a% Ye

The partial derivatives in linear equ. [3.22] are commonly non-dimensionalized. Since
Cy, Cq, Cy, o and . expressed in radians are dimensionless, the only partial requiring

non-dimensionalization is ¢, a standard factor to use is C//(2V,). We can then rewrite as:

C
Ci(a, ¢,7e) = Ciy + Cr,a + C, AL +C e
C
Cala, q,7%) = Cay + Caa+ Cay5q + Ca e (3.23)

2V,

C
Cy(Oé, q, 76) = CVyo + Cyaa + qu Wq + Cy%%

But note that to incorporate wing stall into longitudinal aerodynamic model the forces

9 S=surface area swept by plane wing, C=mean chord length from aerodynamic center, a=the angle
of attack from the (x,z) plane, ¢=BF linear velocity along y axis, v.=pitching angle from elevator and
C, Cq and Cy are nondimensional coefficients of lift (Flfft), drag (Fdsmg) and moment (Mys) respectively.
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and moment must be nonlinear functions of angle of attack «. The lift and drag forces

must be projected onto BF for aerodynamic analysis and computed with equ. [3.24

(fva O’ sz)T = Rg(a) ® <_fc§~ag7 07 _flfft)T

1
fxB = ipvfs(cl(@, q, PYe) * S — Cd(OQ q, 76) * Ca) (324)

1
I2 = =5pVS(Cilas ¢ 7e) * ca + Cala, 4, %) * 5a)

The moment about the y-axis due-to the rotational effect of the longitudinal aerodynamic
forces is projected on the BF from SF using equ. [3.25
(0, M7, 0)" = R(a) ® (0,my, 0)"

. (3.25)
M5 = M!

3.5.3.5 Lateral Aerodynamics

Lateral flight is a condition in which translational motion along y-axis and rotational
motion about (x, z) stable plane is performed in the presence of disturbances in WF, [4].

1
f;v = QPVQZSCY(BJ% T Ya, ’Yr)

1
M{I‘:‘/ - §pVQ2SBC$(/B7p’ r, 7{1777") (326)

1
MZVV = §p‘/(12SBCz(ﬁ,pa T Ya, 77")

Where the constants and variables are defined in H Lateral flight highly influenced by

p, T, B, 7o and ~,. Recalling Taylor series lateral constants are given by equ. [4].

90y, 90y aCy  9Cy Ay
OY(Bapa T, ’)/aa’%") — OYO + aﬁ /8 + 8]? p+ or T+ 87(1 Va + 8% r
N 8C$ﬁ N oC, N 8C’Ir N oC, N oC,
R T P I L A

o0, oC, oc,  0C, oC,

Czaaaaar:Czo a T &5 Ir
(8,07 Yas V) LT o e il ot Ul

Cw(ﬁapv T, 7(1777’) =C, (327)

10 B=wing span, S=angle of side-slip from (x, z) plane, p—BF linear velocity along x-axis, r=BF linear
velocity along z-axis, y,=rolling angle from aileron, ~,=yawing angle from rudder, and Cy, C, and C,
are nondimensional coefficients of force (f,"), moments (M,") and (M}") respectively.
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The partial derivatives in linear equ. are non-dimensionalized. Since Cy, C,, C, and
the angles 3, 7, and ~, expressed in radians are dimensionless, then the partial requiring

non-dimensionalization are ¢ and r, a standard factor to use is then B/(2V},).

B
CY(ﬁvpu T, 7(1777') = CYO + CYBﬁ + CYP oV

Ya + C'YW Yr

B B
C’z(ﬁ’p7 T, Va, %n) = Cxo -+ Cx[gﬁ -+ Cxp YA —p+ er oV T+ Czﬁmf)/a + CxW%ﬂ (328)
C.(8 )=0C., +C.,3+C B +C = +C +C
z s Dy T Yay Vr) = Uz Zp 2V Zr 2V peral z,mf)/a zwf)/r

The force f;” must be projected onto BF for aerodynamic analysis through equ. M

(0,./,7,0)" = Rij. (e, B) ® (0, f,", 0)"

1 (3.29)
fyB - Epva2SCY(57pa r, 7(177’/‘) * Cp

Since the only additional nonlinear term exists as a multiplier in equ. [3.29 from equ.
m is cosine function of §, ¢(f) it’s value can be taken as unity through small angle
approximation (small 3 is desired), resulting force in BF expressed through equ. [3.30]

BN
Iy =

pVESCy (B, p,7,Ya: W) (3.30)

N |

Now let’s transform lateral moments from WF onto BF using RS, («a, 8) and equ. m

(M7, 0, MP)" = Rij. (o, B) ® (M, 0, M})"
MP = MY cgeo — MY s, (3.31)

MP = MY cgso + MY e,

In lateral flight it’s desired that the attack and side-slip angles to be as small as possible
(< 0.262 rad), because angle of attack is highly incorporated at longitudinal flight dy-
namics and side-slip is needed to be minimal. Applying small angle approximation the

lateral moments in BF can be described by simplified equ. [3.32
MP = MY and MP = MY (3.32)
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3.5.3.6 Force and Moment from Propeller

Bernoulli’s equation of fluid dynamics states that for an ideal fluid i.e. no viscosity,
constant density, and steady flow; the sum of its kinetic, potential, and thermal energy
must be conserved. This statement is used for establishing a relationship between the
velocity of fluid, its pressure, and its relative height. There are two pressures developed
for generating thrust in the forward flight direction; pressure ahead of and behind the

propeller.

1
Pahead = PO + §PV,12

2 (3.33)
Prehina = Po + 5/0‘/2

exit

The difference in these pressures develops thrust force. V., is the speed of air as it
leaves propeller, there is a linear relationship between the PWM command signal 9, and
the angular velocity of the propeller if no transients in the motor. The propeller in turn
creates an exit air speed of (k,,d;)2. The force generated along the x-axis in BF can be
calculated through equ. [3.34] applying pressure difference in the forward flight direction,
with the variables defined in [[] .

1 1
fpx - SPOP(Pbehind - Pahead) = épSPCP(me't - Vf) = épSPCP(k'?né? — VQQ) (334)

As propeller spins, it applies force to the air that passes through the propeller, while the
air applies a reaction force on the propeller. The net effect of these forces generates a
torque about x-axis. This torque is opposite to the direction of the propeller rotation

and proportional to the square of the propeller’s angular velocity, given by equ. E

Mp = — Ky = — Ky kdo? (3.35)

1 fp.- thrust force along x-axis, Pyhead - developed due to propeller’s ahead velocity, Pyenindg - developed
due to the air velocity behind the propeller, P, - static pressure, p - air density, V, - airspeed, V.;; - speed
of air leaving propeller, k,, - motor linear speed constant(engine parameter), d; - engine acceleration, Sp
- area swept by air leaving propeller and Cp - the proportionality constant between pressure difference
and force

12K - engine torque constant, € - propeller angular speed, Mp - reactive torque on propeller and
kq - angular speed constant
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3.5.3.7 External Disturbances on FW-UAV Dynamics

The wind disturbance in aerodynamic analysis has two components, steady and transient
(stochastic). Wind disturbance comes into the aerodynamic analysis in the form of

velocity vector components, so let’s define them by equ. [3.36

Vi = (Vs,, Vs, Vs.)"
W | (3.36)
VE =V, Vi, Vi)'

Where the stochastic wind components are defined by [?] The stochastic wind modeled
through two ways, experimentally using wind gust generation and LTT system transfer

function of Dryden or Von Karmen spectrum methods. Dryden model transfer functions

n (X, y, z) axes as in equ. !

2V, 1 [3v, s+ 7 3vs+f
Ho(s)? = puq C—m, Hy(s)” = S H(s)P = i
(S) ILL LI S—i—‘L/—Z y(S) :U’y L (8—'— }//Z)2 (S) /"L L (8—|— ZZ)

(3.37)
The total wind velocity in BF can be computed by equ. [3.38
Vi = (W, Vs )" = RE(6,0,9) ® Vg, + V7, (3.38)
Simplifying the above expression we have:
w = Vs,Cocy + Vs, co8y — Vs, s0 + V1,
w = Vs, (8¢59Cy — Cy5y) + Vs, (54505¢ + cocy) + Vs, 5450 + V1, (3.39)

Wy — ng (C¢890¢ + S¢S¢) + Vsy (C¢898¢ — S¢C¢) + VSZC(;SCG + VTZ

13VSIW = steady wind, is typically expressed in the GIF and tigw = stochastic component expressed in
the aircraft BF because the atmospheric effects experienced by the aircraft in the direction of its forward
motion occur at a higher frequency than in the lateral and down directions. Vs, , Vs, , Vs, steady state
wind velocities and Vr,, V1, , Vr, transient wind velocities along x, y and z-axis respectively.

“Where: H,(s)?, H,(s)?, H,(s)? transfer functions in BF, p,, p,, 1. turbulence intensity and L,
Ly, L, spectral wavelength along x, y, z-axis respectively, V, — airspeed magnitude.
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3.6 Airspeed in the Presence of Wind Disturbance

From the components of wind velocity V;F and ground velocity VgB in BF, we can cal-
culate the BF components of the airspeed vector denoted by V.2 = (V,,,V, ,V,.)" and
calculated through equ. |3.40|

‘/G,B = (VaaH‘/:ly?‘/az)T = ‘/gB - VV‘B;

= (u, v, w)" = (U, Vo, W) " (3.40)

= (u—uw,v—vw,w—ww)T

The aircraft in the presence of wind is assumed to be moving in forward direction in WF,
so let’s define airspeed in WF as V'V = (V,,0,0)” where V, is the magnitude of resultant
airspeed vector. And then project V¥ on BF using equ. m

VB =RE ® (V,,0,0)"
A ) (3.41)

- (Vacacﬁa %Sﬁa %8a65)T

Now we can equate the final results of equ. [3.40] and [3.41] and calculate the airspeed
magnitude (1), angle of attack (), and side-slip () using the equ. [3.42|[]

Vo= V2 +VE+VE

o= arctan(vaz) (3.42)
Vi

ax

Va
f = arcsin(—*)

5Where:
V, - airspeed magnitude
c. - cosine
s - sine
S - secant
t. - tangent

arcsin and arctan are inverse of sine and tangent trigonometric functions respectively.
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3.7 State Space Model of FW-UAV

From the previous sections the overall external force and moment equations combined
and written in BF with equ. [C.2] and respectively. The coupled and nonlinear
state space model of a FW-UAV in the BF and IF is given by developed through
combining the equations 3.10] [3.16} [3.42} [C.2] and [C.3] where{™]

T = ucyCy + v(CySeSe — SyCe) + W(CySeCs + SySs)
U = USyCo + V(SySpSe + CypCy) + W(SySaCy — CypSs)
Z = —uSp + VCceSy + WCHCyh

é =P+ qsste + regty

0= qcy — 154

= 45456 + 1CySp

1 1
= —pV2S(Cisq — Cycy) + %pSpCp(kfnUf —V2) — gsp + (rv — quw)

2m
. Lo
0 = 5—pViSCy + gssco + (pw — ru) (3.43)
1
= =5 —pV2S(Cica + Cusa) + gesca + (qu — pv)

1 1
p= JOJZ(§prSBC’x — Ky k3U?) + JoJm(ﬁ,oV;ZSBC’z)

+ Jopq ez (Jo — Jy + L) + Joqr(JyJ, — J2 — J2)

1
jg= 7 (2,0V2CSC +pr(J. — Jp) + T (r? — p?))
. J 2 2 JI 2
= (S pVESBC, — L KuHRUR) + oS pV2SBC.)

+ Jopq(J2, + J2 = T J,) + Joqrde:(Jy — Ju — J.)

Vo =/ (u — )2+ (v — )2 + (W — wy)?

16 Aerodynamic constants are symbolized in short as:
CY = Cy(,@,p, s Yas rYT)

Cl = Cl(aqufye)
Cq= Cd(Oé 4, Ye)Ca
Cr = Cu(B,0:7,Yas Vr)

Cy = Cy(a,q,7e)

C = C.(B,P:7;YasVr)

Ul = Ya, U2 VYes Us = ¥, Uy = 0y
JO*JJ —JzZ,
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3.8 FW-UAV Model Open-loop Simulation

In open loop simulation of the FW-UAV, the model should be stabilized to it’s equi-
librium value with time if the control surface deflection inputs are null. The natural
stabilization is needed for the FW-UAV model before any further controller design. The
verification was done on MATLAB Simulink R2022b, taking the physical parameters and
coefficients from [4] for Aerosonde UAV, appendix [A] The natural stability of the model
is elaborated as follows with uy = 12 m/s and ¢; = 0.0437 m/s. In all cases asymptotic

stability of states have been seen.

Case 1: Aileron kick of 0.25 rad have been introduced and stabilizes roll angle to zero

within 20 seconds.

2200

(a) Euler angles (b) Inertial position

.................

(¢) Body angular rates (d) Body linear speed

Figure 3.4: Open-loop Simulation in Roll Stabilization
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Case 2: Elevator kick of 0.25 rad have been introduced and the pitch angle was marginally
asymptotically stabilized.

...........................

(a) Euler angles (b) Inertial position

5 T T T T T
f\/\AAN\ —
L 4
1
I

(¢) Body angular rates (d) Body linear speed

El

“Time (second)

Figure 3.5: Open-loop Simulation in Pitch Stabilization

Case 3: Rudder kick of -0.00025 rad was introduced for stabilizing the yaw angle and

the following results found.

(a) Euler angles (b) Inertial position

0 120 o E) ) £l
Time (second) .

(¢) Body angular rates (d) Body linear speed

Figure 3.6: Open-loop Simulation in Yaw Stabilization
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Case 4: Setting control surface deflections to zero the natural stability of the system

have been achieved, fig. [3.7]

(a) Euler angles (b) Inertial position

Time (second)

(¢) Body angular rates (d) Body linear speed

Figure 3.7: Open-loop Simulation in Null Control Surface Deflections
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Chapter 4

Fixed Wing UAV Controller Design
and Optimization Algorithms

FW-UAV model is a nonlinear system which is characterized by multiple inputs-outputs,
strong coupling, and under actuation. To overcome these characteristics fuzzy switching
twisting SMC method is studied in this paper. The SMC is mainly used to deal with
the control problem of highly coupled non-linearity, and disturbance factors. Twisting
method and fuzzy switching control are used to tackle the chattering.

FW-UAV has 12 states and it is very complicated to control and track all states
simultaneously, because it’s in a state of high speed movement under working conditions.
In this study, seven degree of freedom (DOF) are selected for tracking and control to
meet the desired characteristics. These seven state variables are namely three inertial
positions (x,y, z), attitudes (¢, 6,1), and airspeed (V).

There are three control surface deflections (74,7e,7,) and engine acceleration (¢;),
which are denoted as control commands of Uy = ~,, Uy = 7., U3 = 7, and Uy = 9.
These are the means for manipulating the states of a FW-UAV through the force which
in-turn must be related to the output of the control surface of the FW-UAV. As it can
be seen from the model in equ. [3.43] it’s highly coupled system, changing one of the
control parameters affects all the state variables. So the control system is designed with
decoupling the dynamics of attitudes, airspeed and inertial positions separately. Finally

the controllers implemented on the overall coupled mathematical model of the FW-UAV.
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4.1 Fixed Wing UAV Control and Guidance

FW-UAVs autonomously controlled by using the two layers of control loops called the
cascaded control loops namely; low level and high level. Low level control includes the
attitude and speed tracking , regulation, and stabilization where as high level control is
about position control, guidance, and trajectory tracking. The overall control architec-

ture layout is presented with fig.

[x % 29,6,y
%y 2" (9,0, w]"
U ¢
FW-UAV J
FSMC for (x, y; 2) SMCRor (. 0L Vol i Ly /
(Trajectory Tracking) (Attitude Tracking) U, (Plant)
I\ ST\
7N\ 7T\ Vd
N B FSMC for (Va) Uy
£ xé ~| (Airspeed Tracking)
Ej & % ':ZA T
£ 4 = A
ki, ko, ks, ks, Ks, ke]"
PSO Algorithm [k, k"
Initialization & Setting L=t
for Tunning Gains [ny, ng]"

Figure 4.1: Cascade Control Structure for FW-UAV

The first block in the figure is used for guidance and trajectory generation. The real
data is collected from sensor measurements or GPS data and based on the mission of FW-
UAV desired trajectories are developed as (x4, Y4, 24) along x-y-z axes. Then the virtual
controllers, (U, Uy, U,) are designed for inertial positions along x-y-z axes respectively
for tracking the desired position trajectories. From system modeling, inertial positions
are manipulated through the attitudes of the system, so based on the virtual control
signals the desired attitudes, (¢g,04,14) are computed. After generating (¢g, 04, 0a),
the attitude controllers are developed which tries to make the actual attitudes track
desired angles. Finally, the command signals, (U, Us,Us, Uy) are given to the plant
dynamic model for manipulation and control of output variables. Based on this control
architecture the twisting sliding mode controllers are designed starting from low level

(attitude and airspeed) to high level (position) in the proceeding sections.
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4.2 Sliding Mode Controller (SMC)

There are lots of discrepancies between the actual FW-UAV plant and the mathemati-
cal model developed for controller design. The mismatch results from different sources
unmodelled dynamics, variation in system parameters or the approximation of complex
behaviors by a straightforward model. It must be ensured that the designed controller
to have the ability to produce the required performance levels in practice despite model
mismatches, [20]. This leads to the intense interest in the development of robust control
methods that seek to solve this type of problem, SMC is one of these methodologies.
SMC is a class of variable structure system that targets decreasing the complexity
of high-order systems to reduced-order state variables, defined as a sliding function and
its derivative. It’s advantageous for order reduction, disturbance rejection, insensitivity
to parameter variations, decoupling design parameters and hence robust and handles all
system non-linearity. It utilizes high speed switching feedback control. This process has
two stages: sliding surface and control action design.
A e

Desired final value

e(t)
-
Reaching mode

Sliding mode ‘Sliding surface

Y

Figure 4.2: Reaching and Sliding Phases of SMC, [13]

Sliding surface design is performed to achieve the characteristics required from the
system when sliding, [I8]. It can be linear or nonlinear function of the states or error.

Control law design has the purpose of driving the system trajectories into the sliding
manifold, and thereafter to maintain them within the sliding manifold despite uncertain-
ties being present, [18]. It involves setting of conditions on the control law to make the

sliding surface attractive. This is developed in two parts: reaching and sliding modes.
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4.2.1 Switching Controller Design

Switching control denoted with, Usyitching and it tries to maintain system trajectories
to approach the sliding manifold. It’s used to make the sliding surface attractive. The
time in reaching mode should be minimized as robustness to matched uncertainties isn’t
present. In this phase the system dynamics governs the control.

Switching control is designed based on reaching law method using Lyapunove’s direct
method for stability analysis without solving the differential equations. Lyapunove states
that if a positive definite function, V' is taken, its time derivative along system trajectories
must be negative to-be stable. This is achieved by designing a control, Ugyitching On One

of the following: constant rate, exponential or power rate reaching laws.

4.2.2 Equivalent Controller Design

The control law which maintains the sliding motion is called equivalent controller denoted
with Uequivatent- Sliding motion is the motion when the system trajectories are confined
within the sliding manifold. It’s calculated from equating the r* order derivative of the
sliding variable to zero for an r** order sliding mode control design. This isn’t the actual

control applied but represents the average sense of the applied control.

4.2.3 Twisting Sliding Mode Control

The existence of chattering, due to the discontinuous control action affect the stability
of the control system and even lead to system oscillation, instability, and other serious
consequences. It is needed to optimize the traditional SMC to reduce the chattering
problem. The commonly used methods to suppress chattering include quasi-sliding mode,
filtering, and higher-order sliding mode methods, [31].

In quasi-sliding mode and filtering the main idea is to change the state dynamics in
a small vicinity of the discontinuity surface in order to avoid real discontinuity and at
the same time to preserve the main properties of the whole system, [24]. However,the
ultimate accuracy and robustness of the sliding mode are partially lost, [24]. Saturation,

relay and tan-hyperbolic are recommended quasi-SMC algorithms, [31].
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The higher-order sliding mode is improved on the basis of the traditional sliding mode,
which makes the r-order sliding surface converge in finite time for » > 2. Therefore, the
higher order SMC can’t only keep the advantages of simple and strong robustness of the
traditional SMC but also greatly reduce the chattering of the system and improve the
control accuracy. Twisting, super-twisting and dynamic SMC are some of higher order.

In this thesis the twisting SMC was developed for inertial position, attitude and air-
speed control. Since the chattering is not completely removed by the twisting algorithm,
saturation was also applied in attitude. Let the sliding surface be denoted with variable

¢, then the overall proposition set by equ. [£.1] where: i=1,...,13 and k;-switching gain.

e =T — Y@
) = kpeq (4.1)

Uswitching = kzsgn(’g) + k’i+1sgn(€>

4.2.4 Fuzzy Switching Surface

The twisting and saturation approaches in the switching items have trade-off between
chattering and robustness in large mathematical computing system models. So to tackle
this trade-off fuzzy based switching items developed for inertial positions, and airspeed
control of FW-UAV, due to its inherent advantages of good robustness. This approach
reduces the effect of wind gust disturbances, which come into effect across the speed and

position model of most FW-UAVs. Where: i—7,...,13.

Uswitehing = kiFuzzy(ni_¢€) + kiy1 Fuzzy(n_s€) (4.2)

The same membership functions are selected for the switching items of position (z,y, z)
and airspeed (V,) controllers. The fuzzy outputs are determined by the normalized
surface ‘€’ and ‘€, see equ. , In fuzzy setting there are two main process; fuzzification

and defuzzification.

'Where;
k;=switching gain for &, k;1=switching gain for £, n;_g=normalizing gain for £, n;_s=normalizing gain
for £, {=sliding surface, k,=proportional gain of sliding surface, e;y=error dynamics, r;)=reference and
yy=output
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Fuzzification is the process of transforming the real values of the variables € and &
into defined fuzzy set membership values. Both ¢ and & are fuzzified with the same
type of seven membership functions, single input-output, triangular fuzzy rules, fig. [£.3
Mamdani is the inference method that relates the conditional statements in fuzzy rules.

Input-output fuzzy rules are defined in tab. where ﬂ

Table 4.1: Fuzzy Rule Bases for ¢

€ NB NM NS Z PS PM PB

Fuzzy(n;_e&): NB NM NS Z PS PM PB

Table 4.2: Fuzzy Rule Bases for &

£ : NB NM NS Z PS PM PB

Fuzzy(ni_s€):  NB NM NS Z PS PM PB

(a) Input membership functions (b) Output membership functions

Figure 4.3: Graphical plot of triangular membership functions

De-fuzzification is the process of obtaining a single number from the output of the ag-
gregated fuzzy set. It’s a decision-making algorithm that selects the best crisp value
(human readable language) based on a fuzzy set. “Centroid” defuzzification method was
adopted in both ‘¢’ and ‘€’ fuzzy inferences. Note that both normalized ‘¢’ and ‘¢’ fuzzy
settings are performed on similar functions, throughout all switching of respective states.

i.e. The membership functions in fig. are for both ‘¢’ and ‘€.

’Fuzzy Rule Nomenclatures are: NB= negative big, NM= negative medium, NS= negative small
Z= zero, PS= positive small, PM= positive medium, PB= positive big
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4.3 Attitude Controller Design

The three attitudes angles are the main state variables which are going to-be discussed.

The desire is to control each state explicitly i.e ¢ with U, 8 with U,, and ¢ with Us.

Qb =p+ QS¢t9 + TC¢t9
0 = qCy — T54 (4.3)
¢ = q5459 + 1CeSy

To find the control commands U;, Us and Us for explicit control in the attitude model of

the equations above let’s find the time derivative of equ. [£.3] using, Chain rule;

qg =P+ §Spto + rcpco + (qesto — rsd)ca)é + (gse + rcd,)Sgé
0 = ey — 15y — (qsg +1¢4)0 (4.4)

77/) = QS¢Sg —|— ’f’C¢Sg —|— (C]C¢ — TS¢)S@§Z.5 —|— (QS¢ + TC¢)Sgtgé

As it’s seen from equ. and [4.4] all kinematic and dynamic models of the attitudes are
very complex. To simplify the control process, it is necessary to decouple the mathemat-
ical models before designing the attitude controllers El Decoupling is the process that
mainly extracts the dominant state quantity and control signal in the control process and
treat the remaining control quantities as uncertainty [12]. Note that decoupling is done

to find the second order time derivative of the interest state variable, (¢, 8 ().

¢d4;@i'.
0 - + S SMC for
_/ Attitudes

Figure 4.4: Attitude Controller Diagram

3Aerodynamic constants are
C = Clo—i—Claa—i—Clq%q—i—Cl% Us,Cy = Cdo +Cdaa+0dq%q+0d% UQ,Cy = Cyo —i—C’yaa—&—qu%q—I—
Cy, Uz, Cy = Cy, + Cy, 8+ Cy, %p + CYT%T + Cy, U1 + Cy, U3, Cp = Cypy + Coy B+ Cy, %p +
Cop ot + Co, Ut + Cpy U, Cr = Coy + Coy 4 Copgpp + Cogfrr + Co, U +C. U
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4.3.1 Twisting SMC Design for Roll Angle

The state variable ¢ is influenced by all the control signals as seen from it’s state space
model. The desire is to control ¢ with U; as the main controller and take the others

effect as uncertainty, decoupling. Let’s start from the following equation.

¢ = p+ qssty + resty (4.5)

In most flight conditions, 6 is small [4], can be approximated as (9 & 6 = 0). This leads
that the primary influence on ¢ can be taken as p, so others are considered as uncertainty,

resulting the state space equ. [£.6]

d')=p+qs¢t9—|—7"c¢t9 X p+de
(4.6)

$:p+dq>

Using the expression p = ¢ — do, the second order differential equation for ¢ simplified
as follows in equ. [4.7l The variables ¢ and U; will be the dominant state variables in roll

angle control.

1 .
¢ = §JOPV;QSB(JZCJJ + szCz) - JOJzKMk?ZUAIQ + JOquxz(J:L‘ - Jy + Jz) + dCD

1 . .
= §J0pva253<01 + 02(925 — d¢) + CgUl) — J(]<]Zf(]\/[]{?522U42 + JOquxz(Jm - Jy + Jz) + dcp

1 .1 1
:§%m§&%m+§%mfw%¢a+§%mﬁﬂﬂq—@%g+%m@4%—J¢+L)

— JoJ Ky k3U? + do
(4.7)

Simplified decoupled state equation for ¢ using the constants defined in footnote ﬁ

iy = ¢ = (48)

.fg = ¢:C4(b+C5U1 +d¢ = C4SL’2+C5U1+CZ¢

“The constant symbols used in roll control are defined as;
de = qsete +regts, J1 = (JZ + sz), Jo = (Jx + sz)
¢1 = Jo(Coy + CopB+ Cop 3ot + Co Us) + Joz(Coy + Coy B+ Cop 507+ Co Us)
2 = J.Cuy 50 + JuzCo 5=y c3 = J.Co + JuzC ca = 3JopV2SBey, cs = 5JopVi2SBes

d¢ = %JOpVIESB(Cl - CQd‘I’) - JOJZKMk?zUZ + Joquxz(Jx - Jy + Jz) + d<I>
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Let us treat cyro and c5 as known nonlinear functions, z; € R", o € R, U; € R and
d, unknown interference (until computed from the model) with magnitude |do| < Dy,
cs > 0 . Defining the desired roll angle with ¢4, systematic error by (e = ¢ — ¢4) and

(21 = e, z5 = ¢é), the error dynamics;

Z'lzﬂg—(bdzzz (49)
Gy = — by

Using model of equ. and the sliding variable £ and surface defined as &5 = 2.
Apply the reaching law of SMC design at the sliding manifold to find Usyitching-

d =21 = 22

) - : . § (4.10)
§o=20=0— ¢g=cs0+ csUy +dy — ¢g = caw2 + csUy + dy — g
The switching controller, Usyitching = —k1591(€s) —k’gsgn(é@) with constant rate reaching
law is developed based on the Lyapunove function V, = % that satisfies the negative
definiteness of the function.
Veo = oo + Cabo = 2120 + 2a(camy + c5(—kisgn(z1) — kasgn(z2)) + dy — ¢a)
= 2125 — kicszasgn(z1) + (—kacszasgn(2e) + cazoma + 22dys — 2204) (4.11)

= 2120 — kics|z1| + (—kaCs|22| + cazoms + 20dy — 2264)

Apply small signal approximation around the origin z; = 2o = 21 = 0 for simplification.
Then for asymptotic stability the design parameters (gains) must satisfy the conditions
ko > |(cazo + dy — q'b.d)z2| > 0 and k; > ko + |21 22/, provided that ¢5 is positive.

The equivalent controller from &5 = 0 and complete twisting-SMC for ¢ become;

1 -
Uequivalent - C_(¢d — C4Ty — qu) (412)
5

. 1 .
U= Uswitching + Uequivalent = _kls.gn(gé) - k23.gn(£¢') + C_(gbd — C4T2 — d¢) (413)
5
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4.3.2 Twisting SMC Design for Pitch Angle

In longitudinal dynamics the main control signals that influence are U, and U,. However

U, will be used to directly influence the pitch angle, 6 in this controller design.
é:qc¢—rs¢ (414)
Pitch rate given by equ. simplified using small angle assumption as in equ [.15]

0=q+q(cy—1) —rss=q+do (4.15)

In chapter 3| @ was defined as the drift angle from the pitch plane by flight path angle,
denote by e, which is small deviation from SF. This results the expression o = 6 — e.

Using this assumption with ¢ = 0 — de time derivative of equ. simplified as follows.

. . 1.1 j
=g+ do = 7 +(GPVECSCy ot pr(Je = o) + Jos(r® = 7)) + do
= L sy, + Crat Oy g Oy U+ PN - T+ 0 - ) 4 de
2J, v gy, 1 J, T
1 C
= ﬁpVQCS(CyO + Cya (0 ) + qu 2V (9 d@) + CyW U2>
sz 2 2 7
= — — d
+Jy(Jz Jo) + 7, (r* —p°) +de

(4.16)
6 described as a function of 0, 0 and U, with treating all the other components as

uncertainty, dy and defining the constants, E| .

b = cs0 + 76 + csUs + dy (4.17)

Simplified decoupled pitch state equation written in equ. using, (x5 =0, v4 = 9)

T3 = x4, T4=cgl+ 079 + cgUs + dy = cer3 + crry + csUs + dy (4.18)

Pde = q(cy — 1) —rsy,c6 = 2; pVZCSCy ,C7 = 4}] Vy C2Squ,08 = ipVQZCSCy%
dy = 35-pViCS(Cyy — Cype = Oy, 55-de) + 5 (T = J) + 5= (r? — p?) + do
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Let cgxs, cyry and cg be known nonlinear functions, x5 € R", 4, € R, Uy € R and dy
unknown interference (until computed from the model) with magnitude |dy| < Dy, and
cs > 0 . Defining the desired pitch angle with 6,, systematic error by (e = 6 — 6,) and
(23 = e, z4 = ¢é), the error dynamics;

23 = Z4

N (4.19)

Zy=0—0,
Using equ. and the sliding variable £g and surface defined as £g = 2z3. Apply
the reaching law of SMC design at the sliding manifold to find Usyitching-

o =733 =1

(4.20)

59224:é—éd :Cﬁ$3+C7I4+CgUQ+d9—éd

The discontinuous controller Usyitching = —kssgn(&e) — k4sgn(£@) is developed using

L functi _ &+8
yapunove function Ve, = =99,

Ve, = Eofo + Cofo = 2324 + 24(Coms + c14 + cs(—kssgn(Ee) — kasgn(Ee)) + dg — 6,)
= 2324 — kscszasgn(&e) + (—k40889n(5®) + co3 + crwy 4 dy — éd)z4

= 2324 — kacs|zs| + (—kacs|za| + (coxs + crwq + dy — éd)z4>
(4.21)

For asymptotic stability, to make Vﬁe negative definite the design parameters must satisfy
the conditions, ks > |(cexs + c7z4 + dg — 04)24)] > 0 and ks > ky + |z324], provided that

cs is positive. The equivalent controller Uequyivaient from f@ = 0 for # became:

1 .
Uequivalent = c_<0d — Cex3 — C7ly — d@) (422)
8

The complete twisting-SMC for pitch will be;

U2 - Uswitching + Uequivalent - _k?)sgn(g@) - k4sgn(§@) + C_(ed — Cgl3 — C7ly — d@)
8

(4.23)
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4.3.3 Twisting SMC Design for Yaw Angle

Starting from equ. decoupled state equation is developed using ¢ and Us.

¢ = qsd)Sg + 7”C¢Sg (4-24)

To remove the effect of coupling from roll and pitch angles let’s rearrange the above equa-

tion with the possibility of canceling as disturbance through small angle approximation.

’l/) =7r-+ ’I“(C¢Sg — 1) =+ qs¢59 =r+dy (425)

Differentiating equ. [4.25| w.r.t time the 2nd order differential equation for ¢ becomes;

: Jo Ja
b=t dy = J(FpVESBO, — Lo KakEUS) + Jo(5 V28 BC:)

2
+ Jopq(J2, + T2 — T ) + Joqrde.(Jy — Jo — J.) + dy
= ﬁpijB(JmCx + J.C.) + Jopq(JZ, + J2 — T Jy)

2 (4.26)
+ Joqrde(Jy — Jo — J.) — JoKnk{UZ + dy

Jo

= EPVGQSB(CQ + 0101/) + CHUg) + Jopq(Jiz + Ji - Jsz)

F Joqrde.(J, — Jo — J.) — JoKyk3U? + dy

For decoupled control of ¢ through Us the variables C, and C, have to-be explicitly
included in 1/1 as in equ. [4.26l So z/J can be described as a function of 1/1 and Uz with

treating all the other components by uncertainty d,, where the constants defined in ﬁ .

%b = C12¢ + 13Uz + dy, (4.27)

Defining states (z5 = 1, x¢ = 1), the decoupled yaw state equation is expressed as;

.’j)5 = g, .j;ﬁ = C12%g + C13U3 + dw (428)

%The constant symbols used in yaw control are defined as;
cg = Juz(Coy +C;cﬁﬂ+cacp %p_ Cy, %d\ll +Oa:m Ur) +Jz(Cs +025B+Czp %p_ C., %d\ll +Oz7a Ur)
dy = r(c$Se — 1) + ¢s$Sp, c10 = (JmCxT% + JICZT%LCH = (JooCo, +J2C. ) ,c12 = %prSch
c13 = LpV2SBeyy,dy = 2 pV2SBeo — JoK k3 UZ + Jopq(J2, + J2 — Judy) + Joqrdu- (Jy — Jo — J.) +dy
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Let ci226 and ci3 be known nonlinear functions, z5 € R", 6 € R, Us € R and d, unknown
interference (until computed from the model) with magnitude |dy| < Dy, ¢13 > 0 . For
trajectory tracking let’s transform equ. [4.2§| into error dynamic state space form, by
defining the desired yaw angle as vy, systematic error by (e = ¥ — 1) and (z5 = e,
26 = €).

4=z, =10 — 1y (4.29)

Using the equ. and [£.29] the sliding variable &y and surface for SMC defined as:

5\1, = 25 <430>
Apply the reaching law of SMC design at the sliding manifold to find Usyitching-

§o =25 = % (4.31)

by == —1hg = 012¢+C13U3+dw — g = c12%6 + c13Us + dy, — g

Uswitching = —kssgn(&w) — kﬁsgn(f\p) is designed to make V¢, = @ negative definite.

Ve, = Evbu + Eubu = 2526 + 26(Crome + c1a(—kssgn(€w) — kesgn(Ev)) + dy — a)
= 2526 — ksC132659n(25) + (—keC1326591(26) + C1226%6 + 26y — Z6¢d> (4.32)

= 2526 — ksc13| 25| + (—kecas|z6] + (cr226 + dy — ?Ld)zﬁ)

For asymptotic stability ks > |(c1oz6 + dy — zﬁd)z6| > 0 and ks > kg + |z526] must be
satisfied, provided that c;3 is positive. Then the equivalent controller for 1) is solved from
the equation &g = 0.

1

Uequivalent = c_(¢d — C12T6 — dd)) (433)
13

The complete twisting-SMC for yaw is given by;

U3 = Uswitching + Uequivalent - —k5sgn(fq,) - kGSgn(g\If) + C_(wd — C12%6 — ddl) (434)
13
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4.4 Airspeed Controller Design

The airspeed is given by equ. [3.42] in the BF. The desire is designing airspeed con-
troller which operates in such a way that velocities other than the x-axis are treated as

disturbances, because it’s in the longitudinal model. Owing this, V, can be modelled as;

Vo=Vo +ds=1u—ty+da (4.35)

The time derivative of equ. is given by;
Vi =i — tiy + dy (4.36)

This can be proved that for small angle approximation about deflection angle and side
slip we can have reduced equations for real V; = Vazca% + Vaysfg + Vazsa%. Further

simplified using the constants defined in []as below.

. 1 1 .
Vo = =—pV25(Cisa — Caca) + 5—pSpCp(ki, Ui — V.2) — gse + 10 — qu — tyy + d
2m 2m

Vi = cVoVi + 15V + cr6UsUs + dy,
(4.37)

Now it’s time to find the second order differential equation for V,, Where the total
uncertainty in equ. is defined by dy .

Vi = eV, + c15V, + c16Us + dy (4.38)

Defining the states by (x7; = V,, s = V,), decoupled airspeed state equation expressed
in simplified form given by equ. 4.39
jf7 = I3

(4.39)
Ty = C1407 + 1578 + c16Us + dy

Te1s = 5= pV2S[(Clysa — Caya) + (Cl, 50 — Ca o)+ (Cr Sa — Cq,_ca)Us] — 5=pSpCp
Cl5 = {%mPSC('Cqua — Ca,¢a)q: c16 = = pSpCpkZ, . _ .
dA - VayS,B + VazsacﬁvdVa = %(7959 +rv—quw — ﬂw + dA)adV = dVa + C14‘/(1(‘/0‘ - 1) + C16U4(U4 - 1)
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Let ci4x7, ci528, and ¢ be known nonlinear functions, z; € R", zs € R, Uy € R and
dy unknown interference (until computed from the model) with magnitude |dy| < Dy,
c16 > 0 . Defining the desired airspeed with Vj, systematic error by (e = V, — V;) and

(27 = e, zg = €), the error dynamics in state space will be;

br =28, 4y = CraTr 4 C1528 + c1gUs + dy — Vy (4.40)

4.4.1 Twisting SMC to Airspeed

Using the state-space models from equ. and [4.40] the sliding variable 4 and surface
for SMC defined as £4 = 27.
Now apply the reaching law of SMC design at the sliding manifold to find Usyitching-

Ea =27 = 23

) ) (4.41)
§a = 28 = caT7 + 1508 + c16Us +dy — Vg
The discontinuous controller Usyitching = —krsgn(€a) — k;gsgn(éA) is selected to make the
Lyapunove function Vg, = @ asymptotically stable.

VgA = fAfA + éAfA = 2728 + 2s3(Cra7 + c1528 + c16Us + dy — Vd)
= 2728 — krci6285gn(27) + (—ksciezssgn(zs) + zs(craxr + c15xs + dy — Vd)) (4.42)

= 2728 — krcig| 27| + (—kscig|zs| + zs(crawr + cr15xs + dy — Vd))

For asymptotic stability ks > |2s(c1aw7 + c1528 + dy — Vd)| > 0 and k7 > kg + |z725| must

be satisfied, provided that ci4 is positive. The equivalent controller solved from f 24=0

and complete twisting-SMC, U, for airspeed written in equ. [4.43] and |4.44] respectively.

1 -
Uequivalent = c (Vd — C14T7 — C15X8 — dV) (443)
16

U4 - Uswitching + Uequivalent - —/{;7sgn(§A) - k859n(§A) + C_(Vd — C14X7 — C15X8 — dV)
16
(4.44)
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4.5 Inertial Position Controller Design

The translational accelerations for the state vector derived from Newton second law of

motion in IF can be computed as in the equ. below, using the equ. [3.17]

mx (&,9, )" = Fy + F, + F,
I P (4.45)
m* (&,3,%)" = (0,0,mg)" + Rb ® FP + Ry ® fF

On simplification with aerodynamic force components considered as uncertainty, the

acceleration model in state space given by [4.46| where notations are defined in ﬂ

T = C@Cwﬂ + dm
m

. Ip
— Ire 4 g 4.46
Y = CoSy o + ay ( )
é:_%ﬁz+g+@
m

Virtual acceleration control is developed and used as outer-loop because the FW-UAV
is under actuated system, it isn’t possible to control all of the seven DOF directly. The
inner loop directly controls states ¢, 0,1, and V,. Virtual controller outputs U,, U,, and
U, are used to determine the desired attitude angles. Defining (g = x, 10 = &, 11 = ¥,
T =1, 13 =2, T14 = 2, U, = cecwf’ﬁ, U, = ceswf'ﬁ, U, = —saf’ﬁ), equ. rewritten

as in equ. [4.47]

1o = U, +d,

T1g = Uy +dy (4.47)

Ty =U,+g+d,
Defining the desired positions with (x4, y4, z4) then systematic error dynamics in state
space become (29 = © — x4, 210 = & — T, 211 = Y — Ya, 212 = Y — Ya, 213 = 2 — Zd,
214 = 2 — 24). To design twisting SMC for virtual control let’s define the sliding surfaces

for z, y, and z in respective sequences as &, = 29, {, = 211, and &, = z13. Apply the

*fr. = %PSPCP(ern(;tQ - Vo), FP = (Fam’Fay7Faz)T7Fa.7: = %PVaQS(CISa — Caca), Fa, =
%prSC'%FaZ = —%prS(Clca + CySa),dy = %(cechaI + (sgs0cy — S¢5¢)Fa, + (cgsecy +
$¢5p)Fa. ), dy = 7= (cosypFa, + (s¢505y + Cocp)Fa, + (Cops08y — 56¢p)Fa.), do = =(—soFa, + sscoFa, +
)
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reaching law at the respective sliding manifold to find U,, U,, and U..

o=z =0 —dg, & =72 =0—dg="Us+dy— iy
éy:Z12:?)—yd, gy:»éu:ﬂ—ijd:Uy-l-dy—?Jd (4.48)
ézzzl422_2da 522214:é_éd:Uz+g+dz_éd

The equivalent controller for x from éz = 0 becomes Ugguivaient = £q — d,. Where as the

total twisting SMC for x can be combined as in equ. [4.49

U, = —kosgn(&,) — kiosgn(&y) + iq — dy (4.49)

With similar approaches the y and z position virtual controllers become;

U, = —kisgn(&,) — kiasgn(&y) + dia — d, (4.50)

U, = —kizsgn(£.) — kusgn(E.) + 2a — g — d.

From the virtual controllers we derive the desired Euler angles to achieve this algorithms.

Solving for f’ﬁ from equ. results;

Joo _ Us Uy U.

= = =—— (4.51)
m CyCo SyCo S
Taking the middle two equations of solve for desired yaw angle, 1.
U,
Vg = tan (L) (4.52)
Uz
From the last two equations of solve for desired pitch angle, 6,.
U, U,
0, = tan_l(—cwd@) = tan_l(—swd?y) (4.53)

The propeller force is projected on TF along x, y, and z-axis as in equ. so its BF
component along the main flight axis (x-axis) is given by equ. [£.54]

fpe =myJU2 4+ U2+ U2 (4.54)
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Using the sliding surfaces and their derivatives from equ. and the Lyapunove func-

. 5 i .
— &8 Ve, = % and Ve, = % for x, y, and z respectively, the stability of

- 2 y

tions V¢,

virtual controllers verified as follows.

"/ﬁz = gxgz + ga:gw = Z9Z10 + ZlO(Ux + dz - 'Td)
= Z9Z10 + 210(—k959n(fx) - k1059n<éx) +dy — fid)
(4.55)
= 29210 — kQZl()Sgn(ZQ) - k?102’1059n(210) + ZlO(dx - fd)

= 29210 — ko|zo| + (—ki10|210] + 210(dy — Za)

Ve, = &8 + 6,8, = 2nziz + 210(Uy + dy — a)
= 211210 + 212(—kuisgn(§,) — kzsgn(&,) + dy — fia) (4.56)
= 211”12 — k11212$gn(211) - k1221259n(212) + le(dy - Qd)

= 211212 — k11|z1| + (—kiz|z12] + z12(dy — §a)

"/ﬁz = gzgz + gzgz = 213214 T 214(Uz + g+ dz — Zd)

= z13214 + 214(—k1389n(&,) — k1459n(£z) +g+d,— Z) (4.57)
= 213214 — k1321459n(213) — k1az1459n(214) + 214(9 + d. — Z4)
= 213214 — k1| 213 + (—Fk1a|214] + 214(g + ds — Z4)

For asymptotic stability k19 > [(d, — Z4)| > 0, kg > k1o + |29210], k12 > |(dy — ¥a)| > 0,
]{511 > klg -+ |211212|, ]{714 > |(g —+ dz — Zd>| > O, and ]{513 > k14 + |213214| must be satisﬁed,

provided that the error dynamics has small positive values for x, y and z states.

4.6 Optimization Algorithms

Optimization algorithms are methods used to find the input parameters to some defined
cost function which result the best value satisfying prescribed tolerance or precondition to
the cost. There are different varieties of algorithms such as simulated annealing, genetic
algorithm, particle swarm, deep learning, branch bound, and evolutionary algorithms.
They are used in many areas of study to find solutions that maximize or minimize study

parameters (input resources).
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4.6.1 Particle Swarm Optimization (PSO)

In this thesis particle swarm optimization (PSO) is applied for parameter tuning of
discontinuous controller gains of twisting SMC and normalizing gains of fuzzy switching.
It’s selected due to it’s faster speed, cheaper way, and simplicity, [29]. PSO is a population
based stochastic approach, [B] and doesn’t guarantee global convergence, but achieved

by increasing the number of iterations, [29]. It’s influenced by the following parameters.

e Swarm size is the number of particles in the population. An increased number
of particles enable increased area of search space to be covered but increases also

computational complexity. In literatures 10 to 30 particles are recommended.

e Neighborhood size defines the extent of social interaction within the swarm. It’s
recommended that starting the search with smaller size and increase proportionally
with the number of iterations. This is because the smaller the neighborhoods, the

less interaction occurs and more reliable convergence to optimal solutions.

e Inertia weight determines the contribution rate of a particle’s previous velocity to

its present time step velocity.

e Dimension of the search space is determined and compatible to the number of

parameters that are needed to-be optimized in the objective function.

e Number of iterations are problem dependent parameters. Too few iterations may
terminate the search prematurely. Where as too large number of iterations may

add computational complexity, so it’s selected in accordance with the problem size.

e Acceleration coeflicients control the stochastic influence of the cognitive (¢;) and
social learning (cy) components on the overall velocity equation of each particle.

(c1) express a particle’s confidence in itself and (cy) with it’s neighbors.

The current position of each particle is used to calculate the fitness value at that location.
Each particle has three parameters, namely, position x, velocity v and the previous best
positions p. In addition, the position of a particle that has the best fitness value is called

global best position denoted with G.
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During the searching process, the current positions of all particles are evaluated using
the fitness function. The fitness value of each particle is then compared with the current
position and the best position is stored in the previous best positions p(;). The converging
rate to the optimal solution is highly constrained with the velocity of the particles. So,
mostly the velocity is limited within ranges of maximum and minimum values but in this
thesis it’s initially generated randomly.

The position and velocity of all particles are changed iteratively until it reaches a
predefined stopping criterion, [3] which is the number of iterations in this thesis. The
new positions of all particles are then calculated by adding the velocity and the current

position of that particle as in equ. where [’|

T4+1) = Tr) + Vs
(t+1) (t) (t+1) (4.58)

V1) = W) + ari(pey — @) + cora(G — z)

4.6.2 Cost Function used in PSO

In this thesis the main concern is how the desired trajectories are followed by the actual
trajectories in FW-UAV flight control. So the cost function was designed to take error
dynamics as an argument. Control Engineers found different sets of performance indexes
which rely on the error dynamics in trajectory tracking, [9]; integral squared error, inte-
gral time squared error, integral absolute error and integral time absolute error (ITAE).
ITAE penalize large initial error lightly and error occurring after heavily (penalize long
settling time and error), which results small overshoot and minimum damped oscillations
in control system design, [9]. In this thesis the overall sum of ITAE block was developed
for all controlled state variables and used as the objective function. For each controlled

state ITAE is defined by equ. where [7]

ty
ITAE:/ ||e||tdt (4.59)

to

9w(t+1) - new position of each particle, z(;) - present position of each particle, v(;11) - new velocity
of each particle, w - inertia weight, ¢; - cognition learning factor, c¢o - social learning factor, rq, ro -
uniformly generated random numbers and G - the best solution of the i*" particle.

'9]le|| - tracking error magnitude, t, - initial simulation time, ¢s - final simulation time, and ¢ - integral
time
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Chapter 5

Trajectory Generation, Simulation

Results and Analysis

5.1 Trajectory Generation

Numerous approaches to trajectory tracking discussed in the literatures. Trajectory is
developed using dynamic nonlinear state space model of a FW-UAV. The specific flight
dynamics model of FW-UAYV is taken for trajectory tracking.

FW-UAVs pass through different trajectories to complete the desired flight. In long
distance flights the UAVs need to attain the minimum altitude before level flight to
generate lift and avoid possible obstacles (buildings, mountains, birds and etc) collision.
So helical, bow-tie [33], elliptical and circular trajectories are some of the paths which
are helpful for flight tests at the beginning of any FW-UAV flight control.

However, there is a constraint for FW-UAVs to track these trajectories called turning
radius about the curvature. The tangential and centripetal forces of lift and weight must
be balanced respectively to move around the curvature, [32]. The centripetal force acts
on a FW-UAV moving in a curvature and directed towards the center of the circular

path, and it’s balance with the lift force is given by equ.

U2

(5.1)

flift * Sin(¢max> =m
T'min
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The tangential force acts on a flying FW-UAV in the tangential direction to the curved
path, and the tangential lift and weight balance given by equ. [5.2

flift * COS(Qbmar) =mg (52)

The minimum turning radius solved from combining the above two equations, expressed

by equ. and depends on the maximum roll angle and speed of the UAV,[32], []

U2

g * tan(Pmaz) 53)

T'min =

The other condition in helical, bow-tie, and circular trajectories to be considered
is the frequency of the desired sinusoidal trajectory. This depends on the number of
circular trajectories to be completed within a given time frame. In this thesis the UAV
is set to complete 60 cycles of circular paths within an hour. So the frequency of the
sinusoidal signal is calculated by dividing number of cycles completed with time needed,
equ. Therefore the helical and bow-tie trajectories frequency is set to 0.017 Hertz,

in the subsequent numerical simulations.

60
3600

1
f cycle/sec = @cycle/sec (5.4)

After completing the helical trajectories and reached on the required altitude for
level flight, the FW-UAVs need the second phase of trajectory generation called level
flight. This is developed with techniques of polynomial trajectory planning for real data
way-points taken as the GPS information in section and

5.1.1 Way-Point Trajectory Generation

Paths can be generated from way-points through different path planning algorithms. But
most paths have sharp corner turns and edges which are difficult to be followed by any

stable dynamic system. The sharp corners need to be accessible possibly by the FW-UAV

'Where: fi; £+ - lift force, @pqq - maximum roll angle, m - mass, v - speed, 7y, - minimum turning
radius, g - acceleration due to gravity.
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naturally. The way-points need feasibility to be kinematically reachable by the plant, so
they must be taken at intervals of the minimum turning radius. In-order to tackle the
problem of sharp corners different curve fitting methods of polynomial approximation are
recommended in MATLAB environment.

Way-point data are samples of discrete values along a continuum. However, estimates
of points between these discrete values is required. One way to do this is to formulate
a function to fit these values approximately. This application is called curve fitting and
performed with different approaches. The first is to derive a single curve that represents
the general trend of the data, not necessarily pass through the points and known mostly
as least-squares regression. The second approach is interpolation which is to fit a single
curve or a series of curves that pass directly through each of the way-points. There
are different polynomial spline methods available on MATLAB; linear, quadratic, cubic,
B-splines, and minimum snap polynomial.

In this thesis the minimum snap polynomial trajectory is used in MATLAB to gener-
ate trajectories that pass through the way-points at respective specified time points, [7].
The desired trajectory is fixed to ninth order piece-wise polynomial, and the coefficients
are extracted by solving the quadratic programming (QP) based optimization.

The trajectory designed to minimize the QP cost function, given by equ. [5.5 []
The necessary condition of optimality is that the tenth order derivative is zero. As it
can be seen from the state space model in equ. the fourth derivative of inertial
positions is explicitly a function of all control commands, [19]. Therefore, reducing the

snap (x™®,y@ 21 results that optimum control effort can be achieved.

ty
P (t) = argmin / 1P| Pt (5.5)

to

The QP can either be constrained or unconstrained depending on the nature of way-
points. Constrained QP requires the derivatives of the trajectory at each endpoint and
mostly applied for low degree polynomial and small number of way-points. It’s applica-

tion in higher order results ill-conditioned system and numerical un-stability. However

2p*(t) - optimal polynomial, argmin - stand for minimizing argument, |[p(®|| - 4th order derivative

magnitude, ¢ - initial time and ¢; - final time
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the unconstrained form is optimization of free endpoint derivatives instead of polynomial
coefficients. This is recommended that it solves the problems of constrained optimization.

The second case to-be considered in this optimal trajectory generation is the time
allocated at each segment. Small time leads system saturation and large time results the
UAV to move slowly, which makes practically inefficient. To overcome this problem the
time allocated at each segment was calculated by considering desired navigation speed

along the main flight direction.

5.1.2 Real Data-Point Trajectory Generation

Real geographical inertial positions (x, y, z) are extracted from GPS sensors in guidance
and navigation of FW-UAVs. The need for real GPS data of border paths comes because
the FW-UAV modelled in this thesis is featured to be applicable for border patrolling.
However, Ethiopia have no clear geographical boundary lines with neighboring countries,
rather there is areal boundary, which makes us take way-points within the country for
simulation data preparation. Real GPS data are taken from google map using “Google
Earth Pro”, which is used from early 2015 till now. The tool used for viewing lots of
information geographically such as routes from one place to the other, [26]. In this thesis
place-marks (points of interest) are created and analysed for “Ayat to Torhyloch”, and
“Kality to Piazza”, railway roads in Addis Ababa, Ethiopia.

Path created using “add path”, feature of “Google Earth Pro”, at specified interest
points on the way to the desired routes. The direction tool is used to quickly and
efficiently navigate from “Ayat to Torhyloch”, and “Kality to Piazza”, to create a flying
route for the aircraft. The routes are created on the map through connecting all the
place-marks along the paths of each route starting from their respective starting point
to their corresponding destinations, explained with fig. and [5.2]

The way points are taken randomly on the way manually for all routes. After creating
the route there are different forms to save the required data like “.gpx”, and “.kml”, but
for simplicity it’s saved as “.kml”, data for the respective paths. The “kml”, data is
geodetic coordinate information in earth-centered-earth-fixed (ECEF) RF of each route

with latitude and longitude in degrees, altitude in meters and the path-way creation time.
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However, for FW-UAV trajectory control and guidance the inertial positions must be

provided with Cartesian coordinates of (x, y, z) expressed with respect to NED frame

to be applicable in MATLAB Simulink. So, first the geodetic latitudes and longitudes

converted to (x, v, z) in ECEF frame and then the positions (x, y, z) transformed from

ECEF to the NED frame using MATLAB.

Discrete data forms of positions (X, y, z) in units of meter is found in NED frame.

From this data, way-points are taken and paths developed along x, y, and z positions

with the help of minimum snap polynomial trajectory. Way-points in tables

developed with their respective time of arrival using a navigation airspeed of 30m/s.
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Figure 5.1: GPS Data Extraction for Railway Routes
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Figure 5.2: Steps in Way-Point Trajectory Generation

o

November 14, 2023

Page 62



Twisting SMC Design with PSO for Fixed Wing UAV, AAiT-AAU

5.2 Simulation Results and Analysis

The complete mathematical model of the fixed wing unmanned aerial vehicle is developed
in MATLAB Simulink. The desired states of interest to be controlled (x,y, z, ¢, 0,1, V,)
were decoupled and developed in state space. This state space model was used for twisting
SMC design and then the controllers performance was evaluated on the overall coupled
12-state mathematical model.

The plant model parameters were adopted from literature survey, [4] for a typical
Aerosonde aircraft, presented in tables [A.T] [A.2] and [A.3] The plant was selected due
to it’s small size, long-endurance in extended missions and well-behaved open-loop dy-
namics, [4]. The plant has high endurance of flying for about 30 hours and over 150
kilometers within radio frequency communication system. It has the ability to-be used
for patrolling border areas. This UAV has the capability to fly beyond 200 kilometers
but needs other communication system for control.

The performance of designed controllers verified and validated for different trajec-
tories with and without disturbance and uncertainty, with bounded magnitude input
disturbances, parameter variation, matched uncertainties. And finally first order trans-
fer function modeled actuator dynamics was included on the plant, to see the resilience of
controllers response. Signals labelled as underscore ‘d’” are the desired signals, for respec-
tive state variables which are going to-be tracked by the actual state variables. The rest
are signals which are found from sensor measurements, feedback or though performing
algebraic operations from measuring devices.

In this thesis the FW-UAV is required to fly within a range of 15 m/s to 30 m/s speed.
The maximum bank angle is also taken as 1.255 rad for turning radius calculations. The
minimum turning radius for 15 m/s flight results 7.494 m whereas 30 m/s flight speed
gives 30 m turn. So the amplitude of sinusoidal signals must be minimum of 7.494 m.
Taking these preconditions, different flight paths are developed. The minimum amplitude
of the sinusoidal trajectories taken to-be greater than the minimum turning radius as

preference in the following simulations.
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5.2.1 Helical Trajectory Tracking Simulation Results

In the absence of external disturbances
and matched uncertainty, the perfor-
mance of controllers were tested and re-

sults presented in fig. and [.5

The desired guidance trajectories were T e N

set as wq—10cos(27ft), yg—10sin(2nft), (a) Inertial position tracking
24—(—0.0001#3 + 0.463t%)1073, Vy=15
m/s, and ¢4=0.25 rad, Yt<3600, where
zq was developed by cubic polynomial.

The initial states (2o, ¥o, 20, ®0, 00, Yo, Vo)

were (7,0,0,0.1,0,0,10) respectively.

.....

The switching and normalizing con- (b) 3D plot of inertial position

troller gains were found from PSO and
presented with tables and 5.2l The
ITAE table is also looked-up with table

Figure 5.3: Helical Trajectory Tracking

T
-~

‘Time (seconds) ‘Time (seconds)

(a) Roll tracking (b) Pitch tracking

(¢) Yaw tracking (d) Airspeed tracking

Figure 5.4: Attitude and Airspeed Tracking for Helical Trajectory
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:5:1
a) Virtual acceleration commands b) Propeller Force
p
1 [
(c) Attitude commands (d) Airspeed command

Figure 5.5: Control Signals and Force of Propeller for Helical Trajectory Tracking

Table 5.1: ITAE Performance Index for Helical Trajectory Control Against 20% In-
creased Parameter Variation (PV), Matched Uncertainty (MU), Input Disturbance (ID),
and Actuator Dynamics (AC)

ITAE Item ¢ 6 (0 x Y z Va Total

Nominal 0.08197 1910 3945 54.81 53.94 49.62 955 6569

PV 0.08149 2029 4196 54.81 23.94  49.62  555.6 6939
MU 0.08197 1910 3945 04.81 293.94  49.62  566.9 6581
ID 4.202 2096 3970 04.81 93.94  49.62 553 6782
AC 0.08175 1948 4046 54.81 53.94  49.62  553.2 6706

Table 5.2: Normalizing Gains for Helical Trajectory Obtained Through PSO

Gain: n o ns o ns ng g ng

Values: 0.77 0.1221  0.77 0.221 0.793 0.23 0.0812  0.00751
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Table 5.3: Switching Gains for Helical Trajectory Obtained Through PSO

Gain: kq ko ks k4 ks kg ky
Values: 4 3 -0.3927  -0.3927  0.3927  0.3604 25
Gain: kg kg K10 ki Fi2 ki3 Fi4
Values: 24 23 20 23 20 5 3.8628

5.2.1.1 Helical Trajectory with Parameter Variation

The performance of designed controllers evaluated against 20% parameter variations of
mass and inertia. All the initial conditions and desired trajectories are kept with the
same as in section 5.2l The ITAE sum of all controlled states increased from 6569 to
6939 which is 5.6325% from the nominal value within 180 seconds, it can be seen and

compared from table
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(a) Inertial position tracking (b) Attitude tracking

T
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(c) Airspeed tracking

Figure 5.6: Helical Trajectory Tracking with 20% Increased Mass and Inertia
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5.2.1.2 Helical Trajectory with Matched Uncertainty

The effect of attitude uncertainties dg, dy and d; defined in chapter 4| analysed in the
absence of external input and wind disturbances. The total ITAE increased by 0.1827%

from the nominal value within 180 seconds, see table

.........

,,,,,,,,

.....................

(a) Position tracking (b) Attitude tracking

T
[—va
- - Va

(¢) Airspeed tracking

Figure 5.7: Helical Trajectory Tracking with Matched Uncertainty

5.2.1.3 Helical Trajectory with Input Disturbance

In this section the controllers performance was evaluated against input and wind dis-
turbances of known magnitude. It’s considered that input disturbances were evolved
into the system algebraically as additive form of U = U,,omina + dy, with control signals
(U1, Uy, Us) due to actuator imperfections. So the effect of input disturbances of attitude
control having a magnitude of 20% the nominal deflection angle of 1 rad have been ver-
ified. These were dy;,=0.2sin(0.001t), dy,=0.2sin(0.001t), and dy,=0.2sin(0.001t) along
Uy, Uy, and Uj respectively.

Wind is the main source of disturbance in UAVs, [33] and it’s effect incorporated into

the model as seen in section 3.5.3.70 The wind components taken from [33] in which they
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have been estimated in the kinematic analysis during their path-following developments.

These were u,,=2sin(0.1t), v, =2sin(0.1t) and w,,=0.5sin(0.1t) + 1. The ITAE increased
from 6569 to 6782 which is 3.2425%, see table

,,,,,,,,,,,,,,,

— p’/‘/”

nnnnnnnnnnnnnn

................

(a) Position tracking (b) Attitude tracking

—va

(¢) Airspeed tracking
Figure 5.8: Helical Trajectory Tracking with Input Disturbances
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(b) Attitude commands

................

(a) Position commands

(c) Airspeed command

Figure 5.9: Control Commands for Helical Trajectory with Input Disturbances
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5.2.1.4 Helical Trajectory Tracking with Actuator Dynamics

In FW-UAV control the surface deflections (Uy, Uy, Us) and propeller command (Uy) of en-
gines are limited to their maximum allowable practical ranges. These control commands
are generated by the controllers designed earlier and they are given to the actuators as
input. So the performance of the actuators is the main determining factor in generating
the maximum allowable energy by motors. And then the output of the actuators given
to the actual FW-UAV model for driving it in the desired conditions.

The actuators for motors in FW-UAV are mostly modelled with first order transfer
functions, G(s) as in equ. [.6] [10]. The dynamic response of the plant, FW-UAV is
very slow compared to the response speed of actuators, and motors. It’s assumed that
actuators have relative time constants with motors, [10] i.e. motors and actuators have
nearly similar time constants. In this simulation all actuator dynamics are considered to
have the same time constants and gain, equ. [5.6] The total ITAE increased from 6569
to 6706 which is 2.0855%, see table [5.1}

Where:
e O(s) = actual control signal given to the states from actuator

e U(s) = control signal given to the actuators from control design

s = the Laplace domain variable

7 = 0.0222 second, is the time constant for the actuator dynamics
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Figure 5.10: Helical Trajectory Tracking with Actuator Dynamics
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(a) Airspeed control input (b) Virtual acceleration commands

Figure 5.11: Chattering in Control Signals for Helical Trajectory Tracking
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(a) Position tracking along x and y-axis

- —

(¢) Roll tracking (d) Pitch tracking

(e) Yaw tracking (f) Airspeed tracking

Figure 5.12: Partially Zoomed-in Views in Helical Trajectory Tracking

Where: ¢, 0, ¢, and V, in fig. are considered as nominal values.

A yaw angle of 1.5708 rad in the attitude simulations presented earlier is an indicator
of the FW-UAV complete rotation around its vertical axis. It’s essentially a signifying
result for the turning of the FW-UAV sideways through the x-y plane. It’s commonly
known as “knife-edge flight” and is generally not feasible in FW-UAV control during
normal flight operations. Rather, it’s sometimes used in research and development for

testing and demonstrating the FW-UAV’s flight capabilities and stability.
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5.2.2 Bow-Tie Trajectory Tracking Simulation Results

Bow-Tie trajectory is one of the most challenging paths (benchmark) to-be followed by
UAVs, [33]. This trajectory was studied, [33] for small FW-UAVs in wind disturbed
environment. The controllers performance tested in the absence of uncertainty, and
disturbances and illustrated in the following figures.

The initial conditions for (zo, yo, 20, ¢0, o, Yo, Vo) were (7,0,10,0.1,0,0,10) in their
respective SI units. The desired trajectories were x;=8cos(27ft), ys—8sin(4xft), and
24=22+8cos(27ft), ¥Vt > 0. The desired airspeed and roll angle were also taken as V;=15
m/s, ¢4=0.25 rad, Vt > 0 respectively. The switching control gains were tuned with PSO
tuning algorithm and presented in table in which the respective ITAE indexes are
also tabulated in table (.5

Table 5.4: Switching Gains for BowTie Trajectory Obtained Though PSO

Gain: Kk ko ks ky ks ke k7
Values: 4 3.0 -0.3927  -0.3885  0.3927 0.3627 25
Gain: kg kg K10 k1s k12 ki3 k14
Values: 24 23 20 16 15 25.5 23.8628

(a) Position tracking (b) 3D plot of positions

Figure 5.13: Inertial Position Tracking with Bow-Tie Trajectory
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Table 5.5: ITAE Performance Index for BowTie Trajectory Control Against 20% In-
creased Parameter Variation (PV), Matched Uncertainty (MU), Input Disturbance (ID),
and Actuator Dynamics (AC)

ITAE Item ¢ 0 P x Y z Vi Total

Nominal 0.1123 1898 3991 1.049 0.2418 25.1 2.612 5918

PV 0.1118 2018 4239 1.049  0.2418 25.1 2.781 6286
MU 0.1123 1898 3991 1.049  0.2418 25.1 4417 5920
ID 7.346 1944 4029 1.049  0.2418 25.1 2.307 6009
AC 0.1121 1935 4090 1.049  0.2418 25.1 2.961 6055

=

(a) Roll tracking (b) Pitch tracking
) =[] =
(¢) Yaw tracking (d) Airspeed tracking

Figure 5.14: Attitude and Airspeed Tracking with Bow-Tie Trajectory

November 14, 2023 Page 73



Twisting SMC Design

with PSO for Fized Wing UAV, AAiT-AAU

5.2.2.1

—U1

—u

—

|

£ 3

H = oz

<1 s

< = oM\ N N ~

3 g i g

£
02 4
04 4
o8 \ — \ pR— 4

h 1 . h \ . h .
0 E) o ) [} 10 ) 40 160 180
Time (seconds)

(b) Attitude commands

L
025

(¢) Airspeed command (Zoomed view)

Figure 5.15: Control Signals for Bow-Tie Trajactory Tracking

BowTie Trajectory with Parameter Variation

Keeping all the conditions as in section [5.2.2] the performance of controllers evaluated

against 20% increased variations of mass and inertia. Total ITAE increased by 6.2183%.

Attitude (rad)

20 W E) [ 100 120 40 180 180
‘Time (seconds)

(a) Position tracking

(b) Attitude tracking

—va
- - Va

(¢) Airspeed tracking (Zoomed view)

Figure 5.16: BowTie Trajectory Tracking with Parameter Variation
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5.2.2.2 BowTie Trajectory with Matched Uncertainty

The effect of attitude uncertainties (unknown interference until computed from the
model) d,, dp and dy in bowtie trajectory was analysed and verified. The total ITAE
increases by 0.03379%, table [5.5]

Time (seconds)

(a) Position tracking (b) Airspeed tracking

Figure 5.17: BowTie Trajectory Tracking with Matched Uncertainty

5.2.2.3 BowTie Trajectory with Actuator Dynamics

The actuators dynamic model as in section was used in this trajectory to check
the response of the controller against the first order actuator delay. The total ITAE
increased by 2.3149%, see table [5.5

T N T T T T T T T T
—, —,
- - o8 RS s --0 L
' ' '
o ) \ ' \ !
! d

‘Time (seconds) ‘Time (seconds)

(a) Roll tracking (b) Pitch tracking

(¢) Yaw tracking (d) Airspeed tracking

Figure 5.18: Attitude and Airspeed Tracking with Actuators in BowTie Trajectory
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5.2.2.4 BowTie Trajectory with Input Disturbance

As in section [5.2.1.3] algebraically additive input disturbances of dy,=0.15sin(0.0001t),
dy,=0.158in(0.0001t), and dy,=0.15sin(0.0001t) along Uy, Us, and Us respectively and
wind disturbances wu,,~—2sin(0.1t), v,=2sin(0.1t), and w,,=0.5sin(0.1t) + 1 were added

on the model for checking disturbance rejection ability in bowtie trajectory. The total

ITAE of all controlled states increased from 5918 to 6009 i.e. 1.5377%, in table [5.5]

7777777777777777

‘Time (seconds)

(a) Position tracking (b) Attitude tracking

T
—va
- - Va

(c) Airspeed tracking

Figure 5.19: BowTie Trajectory Tracking with Input Disturbance

...............

(a) Position tracking (b) Airspeed tracking

Figure 5.20: Zoomed-in Views of Position and Airspeed in BowTie Trajectory Tracking
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02485

(a) Roll tracking (b) Pitch tracking

(c) Yaw tracking (d) Attitude commands

Figure 5.21: Partially Zoomed-in Views of Attitudes and Attitude Control Inputs in
BowTie Trajectory Tracking
Where: ¢, 0, ¢, and V, in fig. [5.20] and are taken as nominal values.

In the simulations above there are 45° and 90° turns of pitch () and yaw (¢) angles
respectively. This is explained with similar scenario as in the last part of section [5.2.1
These type of kinematics exists indicating the swing of values between positive and
negative angles alternatively. This happens because the FW-UAV is brought to fly about
it’s central axis of rotation, side-way flight. It is evident that there are corner turns on

figures [5.21b] [5.21c| and [5.21d|l This is one of the draw-back of Newton-FEuler modeling

approach, which can be solved by Quaternion approach modeling.
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5.2.3 Real Data Trajectory Tracking Simulation Results

Applying minimum snap polynomial trajectory on the data presented in section [5.1.2]
the following simulation results found. In this scenario the simulation started at t=3600
second, because it’s assumed that level flight starts after the FW-UAV achieved a desired
altitude with helical trajectories. So the conversion of data from lat/lon—+ECEF—NED

frame have been performed with reference to the level point at initial way-points.

5.2.3.1 Ayat-Torhyloch Way-Point Trajectory Simulation Results

Way-points were extracted starting from
Ayat on the way to Torhyloch along the
railway road. The whole path needs

several flight minutes to be completed

for simulation purpose only, way-points

which can be accessed within 152.2 sec- (a) Position tracking along x axis
onds were considered, see table [D.1] ‘ ‘ ‘

The desired trajectories of inertial
positions (z4, Y4, z4) measured with ref-

erence to Ayat at an altitude of 2 kilo-

meter. Ayat is referred as a coordinate

of (0, 0, 2000), where 2000 indicates alti-

(b) Position tracking along y axis
tude in meter. Where as V;=30 m/s and

$4=0.25 rad , Vt > 3600.

So the initial conditions were prop-

erly selected from helical trajectory out-

20002

puts, considering initial point of real data

700

points which were from helical trajectory (c) Position track | _
c) Position tracking along z axis

at t=3600 seconds xy=10cos(1207) m,
Figure 5.22: Ayat-Torhyloch Way-Point

Yo=10sin(1207) m, 2z0=2000 m, ¢o=0.1 Trajectory Tracking (Ayat Reference Position)
rad, 6y=0 rad, 1)o=0 rad and Vp=15 m/s.
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Figure 5.23: 3D Plot of Positions in Ayat-Torhyloch Way-Point Trajectory Tracking

Table 5.6: ITAE Performance Index for Ayat-Torhyloch Way-Point Trajectory Control
Against 20% Increased Parameter Variation (PV), Matched Uncertainty (MU), Input
Disturbance (ID), and Actuator Dynamics (AC)

ITAE (10Y) ¢ 0 Y x y z V, Total
Nominal 0.0048 11.5 31.6 84.3 18.11 0.05 2.424 148
PV 0.0053  12.33 33.82 84.3 18.11 0.005 2.451 151.1
MU 0.0048 11.5 31.6 84.3 18.11 0.05 2.431 148
ID 0.025 11.71 31.76 84.3 18.11 0.05 2.42 148.4
AC 0.0069 11.49 33.75 84.3 18.11 0.05 2.417 150.1

Table 5.7: Normalizing Gains for Ayat-Torhyloch Way-Point Trajectory

Gain: ny N9 ns o ns ng ny ng

Values: 0.0875 0.1827  0.0860 0.0729  2.983 0.8963  0.0812  0.00751
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Table 5.8: Switching Gains for Ayat-Torhyloch Way-Point Trajectory

Gain: kq ko ks k4 ks kg ky
Values: 3 0.4716  -0.7834 -0.5007 0.3927  0.3404 40
Gain: kg kg 1o ki Fi2 ki3 Fi4
Values: 38 22.195 21.15 25.15 24.14 23.75 22.545

3700 3750 3600 3650
Timeeconds) . Time (seconds)

(a) Roll tracking (b) Pitch tracking

‘Time (seconds)

(¢) Yaw tracking (d) Airspeed tracking

Figure 5.24: Attitude and Airspeed Tracking for Ayat-Torhyloch Way-Point Trajectory

(a) Airspeed control input (b) Virtual acceleration commands

Figure 5.25: Chattering in Control Signals for Ayat-Torhyloch Trajectory Tracking
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Time(see)

(e) Yaw tracking (f) Airspeed tracking

Figure 5.26: Enlargement Views in Ayat-Torhyloch Way-Point Trajectory Tracking
(Ayat Reference Position and ¢, 6, ¢, V,, are nominal values)

To test the performance of the controllers in Ayat-Torhyloch way-point trajectory
tracking the model was subjected to 120% parameter variation, attitude uncertainty,
input disturbances, and actuator dynamics. The total ITAE increased from nominal
value by 2.0946%, 1.456%, 0.2703%, and 1.4189% respectively.

From Ayat-Torhyloch simulation results control system saturation is exhibited as

expected in fig. [5.24b] and [5.24¢] in the first four way-points tracking. This is the result

of small time allocation for each segment of way-points as discussed in section [5.1.1
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5.2.3.2 Kality-Piazza Simulation Results

The starting reference location is Kality at 2 kilometer altitude with destination Piazza

however, only 9 way-points which can be reached within 132.2634 seconds were consid-

ered, table All conditions except (x4, ya, z4) were used as in section [5.2.3.1] Kality

was taken as initial location of reference and it’s considered that, Kality expressed with

coordinate point of (0, 0, 2000), where 2000 indicates the altitude in units of meter.

Table 5.9: ITAE Performance Index for Kality-Piazza Way-Point Trajectory Control
Against 20% Increased Parameter Variation (PV), Matched Uncertainty (MU), Input
Disturbance (ID), and Actuator Dynamics (AC)

ITAE (10*) ¢ 0 W) x Y z Va Total
Nominal 0.0048 7.071 18.5 27.02 8196 0.0433 2.175 63.01
PV 0.0053  7.768 19.75  27.02 8.196 0.0433 2.191 64.97
MU 0.0048 7.071 18.5 27.02 8196 0.0433 2.175 63.01
1D 0.0022  7.279 18.62  27.02 8.196 0.0433 2.164 63.34
AC 0.0089  7.051 19.46  27.02 8.196 0.0433 2.169 63.94

(a) Position along x-axis

3640

(b) Position along y-axis

777777

(c) Position along z-axis

Figure 5.27: Kality-Piazza Way-Points Trajectory Tracking (Kality Reference Position)
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Table 5.10: Normalizing Gains Kality-Piazza Way-Point Trajectory

Gain: ny T ns o N5 ng Ty ng

Values: 0.0875 0.03827 0.0860 0.0729  2.983 0.8963  0.0812  0.00751

2001

2000.8

2000.6

z(m)

= Desired Position
= = Actual Position

2000.4

2000.2

2000 |
500

Figure 5.28: 3D Plot of Positions in Kality-Piazza Way-Point Trajectory Tracking

Pitch Angle (rad)

(a) Roll tracking (b) Pitch tracking

Yaw Angle (rad)
(misec)

Airspeed

ase0 3680 700 720 3600 20 3040
TimeGeconds) T T ime (seconds)

(¢) Yaw tracking (d) Airspeed tracking

Figure 5.29: Attitude and Airspeed Tracking for Kality-Piazza Way-Point Trajectory
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Time(see)

(a) Position tracking along x-axis (b) Position tracking along y-axis

e

__,f——‘—""” —

3600.1 36002 30003 36004 3005 3006 36007 w008 3008

(d) Pitch tracking

(e) Yaw tracking (f) Airspeed tracking

Figure 5.30: Zoomed-in Views in Kality-Piazza Way-Point Trajectory Tracking (Kality
as Reference Position of (0, 0, 2000))

5.3 Quantitative Analysis and Description About the
Level of Chattering in Control Commands

The level of chattering in SMC can be quantified statistically for different types of control
signals. It can be expressed using root mean square (RMS) value as an index. The RMS
value of a continuous time signal or a set of values is defined as the square root of the
arithmetic mean of the squares of the values. It represents the average power of such a

signal over some predefined time. So, RMS is directly related to the energy content of
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the chattering or vibration profile of a signal. Keeping this in mind the signal with high

value of RMS is expected to have high chattering for the respective signal.

Table 5.11: Chattering performance Index in Helical Trajectory

Control Command Fuzzy Switching (RMS)  Saturation Switching (RMS)

U, 0.1058 0.1591
U, 0.9367 0.9725
U, 0.185 0.2383
U, 9.809 9.809

Table 5.12: Chattering performance Index in Ayat-Torhyloch Trajectory

Control Command Fuzzy Switching (RMS)  Saturation Switching (RMS)

U, 0.4435 2.075
U, 13.19 13.42
U, 11.14 11.43
U, 9.81 9.81

As it can be seen from tables [5.11] and [5.12| the RMS value in saturation switching

is higher than fuzzy switching for the respective control signal. This indicates that
chattering is reduced with applying fuzzy switching in SMC. The chattering in altitude
control signal, U, are nearly the same, this is due to the fact that the cubic polynomial
in helical trajectory and very small variation of real data along z-axis need relatively low

mathematical computation.
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Chapter 6

Conclusion and Recommendation

6.1 Conclusion

In this thesis the Newton-Euler based mathematical modeling for FW-UAV and twisting
SMC design for tracking desired states were buried effectively. The model exploits high
complexity, non-linearity, and coupling between different states. This attribute of the
model highly influences the control system. To overcome this muddle twisting SMC was
designed relaying on the hypothesis: SMC handles non-linearity, complexity, matched
uncertainty, and external disturbances hence, it’s robust. And was verified in simulations.

Twisting SMC was outlined to the seven states; (x,y, z,¢,0,1,V,), for tracking the
respective desired states. Control system stability was insured through Lyapunove’s
direct method of stability analysis. PSO was pivot to get the appropriate switching gains
of SMC and normalizing gains in fuzzy switching. The algorithm tried to reduce the
total ITAFE of controlled states based on the initial boundary and it’s effective. The fuzzy
switching for inertial position and airspeed control were essential for accommodating the
robustness and chattering reduction in twisting SMC.

The controllers performance was examined with different set of numerical simulations
in different trajectory tracking problems; helical, infinity and real data based minimum
snap polynomial. The simulation results in chapter [5| show that the controllers respond
well against coupling, non-linearity, 20% parameter variation, matched uncertainty, ac-

tuator dynamics, and external input and wind disturbances of limited magnitude.
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Tables of ITAE for each state during every set of the simulation indicate that the
index was used for reducing the steady state error, overshoot, settling and rise time. The
ITAE with no disturbance, uncertainty, parameter variation, and actuator dynamics was
taken as the nominal value for each trajectory. And in all cases; uncertainty, parameter
variation, disturbance, and actuator dynamics the total ITAE for the controlled states
increased within less than 7% as per the respective simulation time for all trajectories.

The FW-UAV control was achieved significantly within practically accepted ranges of
values (finite control effort). As it has been seen from fig. nominal deflection angles
of control surface of aileron(14°), elevator(34°), and rudder(22°) were required, which
are in the working ranges of practical control, unity rad. The thrust force generated by
the propeller in BF along x-axis was within accepted range. It has an average value of
133 N, which is nearly equivalent to the weight of the FW-UAV 132.5 N. The propeller
engine acceleration was also in accepted range. It had maximum values of 10 m/s (376
revolutions per minute) and 30 m/s (1128 revolutions per minute) in helical and level

flights respectively.

6.2 Recommendation

The speed of response, reduced steady state error and robustness indicates that the
control methodology can be used for other complex and coupled systems. Furthermore;

the recommended future works are:

e The FW-UAV was guided on pre-defined trajectories, trajectory preparation was
offline assuming existing GPS data of way-point paths. So dynamic path generation

is a possible future work for autonomous control.

e Trajectory control wasn’t fully autonomous so much of high level control analysis

is possible in the future.
e Energy optimal control can be extended for climbing phase trajectories.
e Dynamic gain scheduling between different flight phases could be done.

e Hardware implementation of the designed control system could be done.
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Appendix A

Plant Model Parameters

Table A.1: Aerosonde UAV Physical Characteristics, [4]

Parameter Symbol Value ST unit
Wing area S 0.55 m2
Wing span B 2.8956 m
Aerodynamic chord C 0.18994 m
Weight m 13.5 Kg
Payload - 2 Kg
Inertia along xx Jx 0.8244 Kg- m2
Inertia along yy Jy 1.759 Kg- m2
Inertia along zz Jz 1.8244 Kg- m2
Inertia along xz Jxz 0.1204 Kg- m2
Max speed - 40 m/sec
Cruise speed - [20,30] m/sec
Stall speed - 20 m/sec
Travel range - 3000 Km
Radio Communication - 150 Km
Flight Duration - 30 hr
Propeller swept area Sp 0.2027 m2
Propeller radius - 0.254 m

Air density p 1.2682 Kg/m3
Linear speed constant Ky, 80 -
Angular speed constant ko 0 -
Torque speed constant Krp 0 -

Force pressure proportionality Cp 1 -
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Table A.2: Table of Longitudinal Aerodynamic coefficients to Aerosonde UAV, [4]

Longitudinal Coeff. Value
Cl, 0.28
Cua, 0.03
Cyo -0.02338
i, 3.45
Cy, 0.30
Cy. -0.38
i, 0

Cu, 0

Cy, -3.6
C, -0.36
Ca, 0

C -0.5

Table A.3: Table of Lateral Aerodynamic coefficients to Aerosonde UAV, [4]

Lateral Coeff. Value
Cy, 0

Cy, -0.98
Ca, -0.12
C., 0.25
Co, -0.26
c., 0.022
Ch., 0.14
C.. -0.35
Cs.,, 0.08
C.., 0.06
Cy,, -0.17
Ce,, 0.105
Cy, 0

Cy, 0
Cy.,, 0

Chro 0

C 0
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Appendix B

Rotation Matrices

The rotation sequences from inertial to body frame discussed in chapter |3| are:

Z-axis Z-axis 7-axXis

A
X-axis 9 X-axis LX— axis
6 /6
y-axis

y-axis ¥ y-axis \ 4

Figure B.1: Right-Handed Rotations in 3D

c()e(0)  c(1)s(0)s(¢) — s(¥)e(@) c(1)s(0)e(d) + 5(v)s(9)
Ry = |s(¥)c(0) s(1)s(0)s(9) + c(¥)e() s(v)s(0)c(¢) — c(v)s(¢) (B.2)
—s(6) c(0)s(¢) c(0)e(9)
Euler—body rates conversion (vertical line indicates the concatenation of vector).
1%(¢,0) = ((1,0,0)"[R(¢) ® (0,1,0)"[R(¢) ® R(6) ® (0,0,1)") (B-3)
L s(@)t(f) ()t

T'(¢,0)= |0 c(¢) —s(¢) (B.4)

0 s(¢)sec(d) c(p)sec(0)
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Appendix C

Vector Differential, Force and Moment
Equivalents

The time differential in the analysis of aircraft flight motion involves different reference
frames. Here the differential of a vector that moves in rotating frame is derived at
the other fixed frame, no translation between frames, |[10]. Let’s define the angular
velocity of frame F'P as seen in frame FB by wp/r and take a vector V' in FB by VB =
Vi +V, 58 + VKB, then the vector V w.r.t the IF is given by, chain rule,

d . . . d d d
_VI:Vw-B V-B ‘/sz V'I_-B V_~B ‘/Z_kB
dt - + v +. et Vgl Vg

= V,i® + V,iB + V.EP + V, xwpr @8 + V, xwp)r @ 5% + V, xwp) @ kP

T, C.1
= (an ‘/;Ja ‘/Z>T + WB/I ® (V;/a ‘/;/7 ‘/Z)T ( )

d
— _VB VB
7 +wp/r &
The equivalent forces and moments on FW-UAV expressed with equ. and
1 1
FP = EprS(C’lsa — Cycq) + épspcp(k;;csf — V2 — mgsg
1
Ff = 5prSCy + mgsyco (C.2)

z

1
FB = —éprS(Clca + Cysa) + mygcsco

1
MEB = ~pV2SBC, — Kk}

v2
MpP = %pvfcscy (C.3)

1
MP = §prSBCZ

!Symbols are: * - scalar multiplier from the left, ® - matrix multiplication, ® - vector cross product,
VT - Transpose of the matrix/vector V. ...
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Appendix D

Real Data Way-Points

Table D.1: Ayat-Torhyloch Route Way-Points

Way Point x(m) y(m) z(m) Time(sec)
1 0 0 2000 3600
2 6.9 4 2000 3600.3
3 37 -57 2000.0004  3602.5
4 251.1 27 2000.005 3610.2
3 293.2 -179 2000.0093  3617.2
6 224.7 -228 2000.008 3620

7 81.5 -295 2000.0074  3625.3
8 -29.5 -331 2000.0086  3629.2
9 -206.7 -378 2000.0146  3635.3
10 -412 -456 2000.0297  3642.6
11 -683 -815 2000.0889  3657.6
12 -1007 -1248 2000.2021  3675.6
13 -1220.9 -1992 2000.4286  3701.4
14 -1858.1 -2141 2000.6315  3723.3
15 -2727.7 -2147 2000.9482  3752.2

Table D.2: Kality-Piazza Route Way-Points

Way Point x(m) y(m) z(m) Time(sec)
1 0 0 2000 3600

2 -41 36.8 2000.0002  3601.8

3 -38 63.4 2000.0004  3602.7

4 -015 -115.3 2000.0220  3619.7

d -015.3 -373.6 2000.0319  3628.3

6 -1144 -367 2000.1138  3649.3

7 -1926 -295.8 2000.2993  3675.4

8 -2824 484.7 2000.6474  3715.1

9 -3337 441.7 2000.8935  3732.3
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