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Abstract

The work in this thesis mainly focuses on trajectory tracking of fixed wing unmanned aerial

vehicle (FWUAV) by using fuzzy based sliding mode controller(FSMC) for surveillance ap-

plications. Unmanned Aerial Vehicles (UAVs) are general-purpose aircraft built to fly au-

tonomously. This technology is applied in a variety of sectors, including the military, to

improve defense, surveillance, and logistics. The model of FWUAV is complex due to its

high non-linearity and coupling effect. In this thesis, input decoupling is done through

extracting the dominant inputs during the design of the controller and considering the re-

maining inputs as uncertainty. The proper and steady flight maneuvering of UAVs under

uncertain and unstable circumstances is the most critical problem for researchers studying

UAVs. A FSMC technique was suggested to tackle the complexity of FWUAV systems. The

trajectory tracking control algorithm primarily uses the sliding-mode (SM) variable struc-

ture control method to address the system’s control issue. In the SM control, a fuzzy logic

control(FLC) algorithm is utilized in place of the discontinuous phase of the SM controller

to reduce the chattering impact. In the reaching and sliding stages of SM control, Lyapunov

theory is used to assure finite-time convergence. A comparison between the conventional SM

controller and the suggested controller is done in relation to the chattering effect as well as

tracking performance. It is evident that the chattering is effectively reduced, the suggested

controller provides a quick response with a minimum steady-state error, and the controller

is robust in the face of unknown disturbances. The designed control strategy is simulated

with the nonlinear model of FWUAV using the MATLAB® / Simulink® environments. The

simulation result shows the suggested controller operates effectively, maintains an aircraft’s

stability, and will hold the aircraft’s targeted flight path despite the presence of uncertainty

and disturbances.

Keywords– Fixed-wing UAVs, Sliding mode controller, Fuzzy logic controller, Chatter-

ing, Coupling effect, Surveillance, Finite-time convergence, Lyapunov theory, Flight path
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Chapter 1

Introduction

1.1 Background of UAVs

Unmanned aerial vehicles, or UAVs, are sometimes known as self-propelled aircraft that fly

autonomously and without the assistance of a human pilot. UAVs were first intended to

be used for military objectives; their origins may be found in the 1849s, in the middle of

the 19th century. A new type of rotary wing aircraft called PCA-2 was designed in 1929,

making it the first rotary wing aircraft to acquire flight authority [1]; unmanned balloons

were formerly employed in Venice to quell public unrest [2]; The British Royal Navy de-

veloped a UAV named as in the 1930s. ”Queen Bee” for anti-aircraft gunnery practice [3].

Over the past year, UAV technologies have seen enormous growth, and UAV civilian use has

gained the quality of being widely admired or accepted. The market for UAVs in 2016 was

approximately at $11.3bn and is forecast to increase to over $140bn in the next decade in

the United States [4]. The rapid growth of the market for UAV systems has stimulated the

expansion of their application in different sectors, among them military and surveillance,

search and rescue operations, and infrastructure, which are of significant importance [5].

Surveillance techniques are highly desirable in sectors where territory control is essential.

At this time, UAVs are applied to many surveillance applications like aerial image acquisi-

tion, aerial video recording, etc., with prevailing success due to their high maneuverability

and low cost, making them convenient for the techniques of surveillance.

Unmanned aircraft system (UAS) refers to both the aircraft and all of the supporting compo-

nents utilized in the systems, such as the motors, sensors, micro-controllers, software, ground

1
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station computers, and user interface [6]. But this thesis mainly focuses on the aircraft’s

guidance, navigation, and control system.

UAVs can be classified based on various criteria; based on the type of wing, they can be clas-

sified as fixed-wing and rotary-wing (multirotor) UAVs, as shown in figure 1.1. Fixed-wing

UAVs are renowned for their exceptional benefits, including increased flight safety, faster

coverage of bigger regions, and longer flying autonomy [7]. However, due to the complex-

ity of the dynamics and system interactions, designing a fixed-wing UAV control system is

incredibly difficult. More UAV models have been created to resemble the real system, as a

result of which it is advantageous to apply strong control algorithms to address the afore-

mentioned issues [8]. Since fixed-wing UAVs have a long flight range, a large cargo capacity,

and a rapid flight speed, they are frequently utilized to do jobs demanding high altitude and

high speed. Fixed-wing UAVs are powered by aerodynamic forces acting on a fixed surface.

While there are numerous benefits to fixed-wing UAVs, it can be challenging to build control

systems that guarantee optimal performance. This is due to the fact that precise models

are required for the design of controllers, but because fixed-wing UAVs have many state and

control input values coupled together, uncertainty, and non-linearity, their models are highly

complicated. Numerous studies on the modeling process of fixed-wing UAVs have been car-

ried out [8], [9]; nevertheless, they are limited to developing approximate mathematical and

dynamic models.Many presumptions must be made while analyzing a fixed-wing UAV, such

as treating the vehicle as a rigid body with constant ground acceleration. This is the primary

cause of the uncertainty in system parameters and what separates the real model from the

ideal model.

To overcome the coupling effect of the system (FWUAV), this thesis decouple the control in-

put of the system based on the decoupling principle of the multi-variable system. FWUAVs

are both state variables and control input coupled, but SMC tolerates state coupling, and

then the control input decoupling is held in this thesis work, the decoupling process mainly

depends on extracting the dominant control quantity in the design of the controller and

treating the remaining quantity as uncertainty [10] [11].

Regarding the control strategy, fuzzy-based sliding mode controller (FSMC) is chosen for

this thesis so that the system complexity may not be an issue due to the proposed control

strategy having a tendency to tolerate state variable coupling and system complexity.

Addis Ababa University, AAiT, SECE October 2023 2
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(a) Fixed wing UAV example (b) Rotary wing UAV example

Figure 1.1: Illustrations for the types of UAVs based on wing type

1.2 Statement of The Problem

Regarding monitoring, it should be noted that our nation is still developing and has a num-

ber of criminal difficulties. Video surveillance using security UAVs can perform useful and

essential tasks. A drone can fly quickly, locate hazards, and offer aerial images and live video.

This makes it possible for security officers to assess the risk and choose the best course of

action. Therefore, developing a trajectory tracking controller for fixed-wing UAVs is crucial

for creating effective surveillance. For a variety of reasons, fixed-wing aircraft trajectory

tracking during surveillance is crucial [12]:-

Real-time monitoring: Surveillance agencies can closely watch the aircraft’s movement

and obtain real-time data about its location, speed, altitude, and direction by correctly fol-

lowing its trajectory. This real-time monitoring guarantees that the aircraft does not depart

from its planned trajectory and remains within the designated surveillance region.

Target identification and classification: Targets can be precisely identified and clas-

sified using trajectory tracking. Surveillance agencies can evaluate whether a target is a

possible threat or a risk to national security by analysing the feed from the UAV.

Data analysis and intelligence gathering: Data obtained during surveillance missions is

useful for further data analysis and intelligence gathering. Surveillance agencies can gather

useful insights and identify potential dangers or trends by monitoring the patterns and be-

havior of targets over time. This data can be used to improve national security measures

and decision-making processes.

Safety and avoids conflicts: Accurate trajectory tracking ensures the fixed-wing aircraft’s

safety during surveillance operations. It aids in the avoidance of possible collisions with other

aircraft, obstructions, or entry into the airspace. Surveillance agencies can warn the pilot to

any potential conflicts or risks that may develop throughout the flight by preserving up-to-

date trajectory data.

Addis Ababa University, AAiT, SECE October 2023 3
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It is critical to keep in mind that when controllers attempt to use fixed-wing UAV surveil-

lance for criminal situations or other tasks which need trajectory tracking problem, many

of the physical characteristics depend on specific physical circumstances. For outdoor op-

erations, these effects are significant because of temperature, many other unclear environ-

mental scenarios, and variations in process dynamics. In these cases, conventional feedback

controllers fail to ensure stability and follow designated trajectories with acceptable perfor-

mance. Hence, trajectory tracking SM control techniques integrated with fuzzy-logic (FL)

controls are designed so that the drawback of SM controllers, which is a chattering effect on

the control effort, is reduced.

1.3 Objectives

1.3.1 General Objective

Designing a trajectory-tracking fuzzy-based SMC for FWUAV that can handle system com-

plexity and has the ability to reject disturbances is the overall goal of this research.

1.3.2 Specific Objectives

• Derive a mathematical model of FWUAV using the Newton-Euler approach.

• Validate the dynamic model of FWUAVs. (Model verification).

• Decouple the system in terms of the control input (control input decoupling).

• Design a conventional sliding mode controller.

• Design a fuzzy logic controller to replace the discontinuous phase of SMC in order to

reduce the chattering effect.

• Designing a proper trajectory for each stage of the aircraft’s flight path.

• Use simulation in MATLAB®/Simulink® environment to simulate the mathematical

models of the FWUAV with the suggested controller.

1.4 Scope of The Thesis

The scope of this thesis is a derivation of a mathematical model of the FWUAV (fixed-wing

UAV) by using a Newton-Euler method, a control input decoupling, and designing trajectory
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tracking fuzzy-based sliding mode controller that will be tuned for efficient stabilization of

attitude, altitude, and position control of FWUAVs for the plant’s dynamic model in the

presence of external perturbation. The system and controller designs will be put into practise

in the MATLAB®/Simulink® environment.

1.5 Significance of The Research Work

The significance of this research work is mentioned as follows:

• Surveillance: UAVs are increasingly used for surveillance and security purposes. Tra-

jectory tracking allows them to monitor specific areas, follow targets, or conduct pa-

trols. In surveillance applications, trajectory tracking helps UAVs maintain a desired

altitude and position, enabling them to capture clear and steady footage. By following

predefined trajectories, UAVs can ensure comprehensive coverage of an area of interest,

improving situational awareness and enhancing security measures.

• Emergency response: Trajectory tracking is essential for UAVs involved in emer-

gency response operations. UAVs equipped with trajectory tracking can be deployed

to assess disaster-affected areas, search for missing persons, and provide situational

awareness to emergency response teams. By following specific trajectories, UAVs can

systematically search large areas, cover regions that is difficult for humans to access,

and relay information in real-time. This aids in quick decision-making, efficient re-

source allocation, and timely rescue and relief efforts.

• Agriculture: UAVs equipped with trajectory tracking capabilities can be used in

precision agriculture. They can fly over farmlands, collecting data and monitoring

crop health, soil conditions, and water usage. By following specific trajectories, UAVs

can cover the entire field efficiently, capturing high-resolution images and providing

valuable insights to optimize crop management. The trajectory tracking helps ensure

complete coverage and avoids missing any areas, leading to improved crop yields and

reduced resource wastage.

• Autonomous delivery: Trajectory tracking is crucial for UAVs involved in au-

tonomous delivery systems. These UAVs follow pre-defined paths to transport goods

from one location to another. By accurately tracking the trajectory, they can navi-

gate through obstacles, maintain a safe distance from buildings or people, and deliver
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packages to their destinations. The trajectory tracking algorithms ensure smooth and

reliable delivery operations, enhancing the efficiency and safety of autonomous delivery

systems.

1.6 Contribution of The Research Work

• The UAV dynamics is modelled using a more general aerodynamic model.

Previous researches [13], [14], [15], [16] used simplified models obtained in specific

flying conditions without regard for uncertainty during decoupling. To address this

issue, a more generic model that takes into account the cross-dependencies between the

coefficients, aerodynamic angles, and control surfaces in a nonlinear form is examined

in the controller design phase.

• For trajectory-tracking of fixed-wing UAVs, a cascade or nested loop control

technique is examined, in which the outer loop sets the desired thrust and

attitude angles for the inner loop. This approach helps to control the full degree

of freedom of the aircraft.

• Improve the tracking performance of the traditional SMC by using intelli-

gent control (fuzzy logic controller for this thesis), as well as reduce chat-

tering.

1.7 Outline of The Research Work

This chapter, which serves as the introduction, is one of the 6 that make up the entire thesis.

Additional information about the upcoming chapter is given as; A review of earlier work is

given in “Chapter 2” (literature review). This chapter reviews various research publications

that serve as the foundation for this thesis. The mathematical model of the aeroplane will be

covered in “Chapter 3” and the model will be validated using the Simulink environment.

The controller’s architecture in “Chapter 4” ensures that the fixed-wing UAV takes the

necessary course. The specific design of the attitude and position controllers is detailed

along with their properties for reliable performance and convergence. “Chapter 5” shows

the simulation results of the planned controller’s performance and explain how the proposed

controller decreases chattering and is robust to unidentified disturbances. The findings and

suggestions for additional research are presented in “Chapter 6”.
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Chapter 2

Literature Reviews

2.1 Motivation For The Literature Survey

UAVs can currently support an indisputable list of capabilities and improve a variety of

crucial activities for both military and civilian purposes. Among the type of UAVs fixed-

wing UAVs can usually carry heavier payloads for longer distances and flight time than both

VTOL(vertical take-off and landing) and rotary-wing UAVs while they use lesser power [17].

As a result, fixed-wing UAVs are best suited for tasks that need extended flight times, such as

mapping, surveillance, and combat. Regarding controllers, there are numerous manufactured

and commercially available flight controller products. Although these controllers enable the

user to carry out a variety of duties, including autonomous flight control, guiding, and

way-point navigation, they also rapidly make certain tasks easier for the internal control

system. They are useful for higher-level control activities as a result, the low-level flight

path control law is constructed and evaluated for various trajectories in this thesis to offer

greater flexibility in control law formulation and execution.

2.2 Overview of The Past Works

For fixed-wing propeller-driven UAVs, the author in [18] presents the synthesis of a flight

path PID (proportional-integral-derivative) control system that gives UAVs autonomy to

respond independently to the desired aircraft state and accessibility by a higher-level control

layer so they can be used in a versatile, resilient, and decentralized system. However, this

paper’s limitation was that it did not use the entire model when simulating fixed-wing UAVs

because the PID controller that was suggested could not tolerate state variable coupling,
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system complexity, or from the six degrees of freedom; only three of them were controlled.

An adaptive PID flight controller based on parameter optimization with fuzzy inference

was developed by the author in [19] to manage the height dynamics of the Aerosonde UAV.

Using an online fuzzy inference technique, the PID parameters are modified self-adaptively.

In comparison to the recommended adaptive PID flight controller, two alternative controllers

are presented. The first controller is a PID that has been genetically modified, and the second

is a fuzzy logic controller. The simulation results demonstrate that the proposed adaptive

PID controller possesses good performance characteristics and strong stability. However,

this study only regulates one of the six degrees of freedom for the fixed-wing UAV, which is

altitude.

An innovative adaptive back-stepping control strategy for unmanned aerial vehicles is dis-

cussed in [20], which is based on invariant manifolds and functions with considerable uncer-

tainty in the aerodynamic coefficients. This system is used to control and track the pitch,

yaw, and bank (roll) angles of the aircraft. The modular structure of the control law includes

a control module and a recently developed non-linear estimator. The estimation error can

be given predetermined dynamics because the estimator is based on invariant manifolds.

Since they do not require accurate aerodynamic models, the estimator and adaptive back-

stepping control law cover the whole flight envelope. The stability of the entire closed-loop

system is investigated using the Lyapunov stability theory The practicality of the suggested

control law is illustrated using a small unmanned aerial vehicle’s full six-degree-of-freedom

non-linear model. The outcomes of the numerical simulation demonstrate that, in spite of

several unidentified aerodynamic coefficients, this method can produce satisfying command

tracking. Only the three rotating motions of the airplane are regulated in this study; the

translational motion of the aircraft is not addressed.

The design of attitude and airspeed controllers for a fixed-wing unmanned aerial vehicle

is covered by the author in [21]. A suggested adaptive second-order sliding mode control

that is robust in the presence of external disturbances and improves performance under

numerous operating circumstances Furthermore, this control resists overestimating control

gains and does not call for knowledge of disturbance bounds. Additionally, an extended

observer is created to estimate immeasurable states and outside disturbances in order to

execute this controller. Additionally, appropriate circumstances are provided to ensure the
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observer-based control’s closed-loop stability. The performance of the suggested method is

evaluated for active disturbance rejection based on sliding mode control in simulation results

using a full six-degree of freedom model. The author in this paper also does not address the

altitude, the position along the x-axis, and the position along the y-axis of the aircraft.

The author in reference [22] proposes the design of a controller for a fixed-wing aircraft

to control the altitude, yaw angle, and roll angle based on the backstepping and sliding

mode controllers. This paper conducted a comparative analysis of such methodologies

(back-stepping, sliding mode, and back-stepping-based sliding mode controllers) to deter-

mine which controller has better performance when it is used for the autonomous flight

control of the fixed-wing UAV. The integrated form of the backstepping and sliding mode

controller performs satisfactorily in the simulation of this work. However, backstepping

produces a lot of torque, and the sliding mode controller’s control signal has the dreaded

undesired chattering.

The author in [23] proposes a higher-order sliding mode controller to stabilize the lateral

dynamics of the fixed-wing UAV. In this work, the guidance and control system is based

on inner and outer loop design procedures; the outer guidance loop gives command for the

inner guidance loop to generate the desired roll angle. The author of this paper also uses

the nonlinear sliding manifold for guidance logic design. But the author considers only the

lateral dynamics of the UAV system, and the proposed controller is mathematically inten-

sive, making it difficult to prove the stability of the system [24].

In [25] a control technique was designed to address the complexity of the coupled non-

linear model of a fixed-wing UAV system and the uncertainty caused by a large number of

interference sources. It combines sliding mode variable structure control with fuzzy adaptive

control. The controller algorithm significantly relies on the sliding mode variable structure

control approach to address the control problem of the closely coupled complicated nonlin-

ear system. To mitigate the chattering issue of the conventional sliding mode controller, a

fuzzy adaptive strategy based on sliding mode control is developed, which approximates the

unknown functions and uncertain parameters caused by external disturbances. Based on

the fuzzy object ranges in this work, two kinds of fuzzy adaptive sliding mode controllers

were developed. However, no examination of the robustness of the developed controller is

performed in this paper, and the simulation results are based on an approximation of the
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model recovered during decoupling rather than the whole dynamics of the FWUAV model.

The authors in [26] discuss the design of four controllers for a fixed-wing unmanned aerial

vehicle (UAV) based on a back-stepping and sliding mode controller. They are interested

in doing a comparison analysis of such approaches to determine which controller performs

best when utilized for autonomous flight (altitude, yaw, and roll) of a fixed-wing UAV.

Back-stepping, sliding mode control (SMC), back-stepping with sliding mode control, and

back-stepping with two sliding mode controls are the designed controllers. The simulation

results are used to analyze the controllers. Finally, they offer an open-loop experimental

result to validate the magnitude of the control signals produced in simulations. The short-

coming of this paper is that the controllers have chattering for SMC, and the control efforts

for the back-stepping sliding mode controller are extremely large.
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Chapter 3

Modeling of Fixed-Wing UAVs

This chapter assesses a mathematical modeling of a fixed-wing aircraft. To properly model

aerial vehicles, it is necessary to comprehend several coordinate frames. As mentioned in

Section 3.1, the results show how rotational formations and coordinate systems may be ap-

plied to clarify the location with respect to xy-plane, the altitude and orientation of the

aircraft using sensor data. A wind triangle description is next discussed, which is important

because it clarifies how aerodynamics and wind disturbances impact rigid-body motion (Sec-

tion 3.2). The UAV’s equations of motion may be determined from this point on (Section

3.3), and expressions for external forces and moments are presented in Section 3.4. (Section

3.5) contains a verification of the constructed model.

In order to uphold the universality of the kinematics and dynamics model for fixed-wing

UAVs, it is necessary to establish the following assumptions for subsequent analysis [27].

1. Assume that the Earth does not undergo rotation or revolution, and its curvature is

negligible.

2. The fixed-wing UAVs’ structure remains rigid and does not undergo deformation or

vibration when exposed to external forces.

3. The fixed-wing UAV’s fuselage exhibits perfect symmetry with respect to the central

axis plane.

3.1 Coordinate Frames

Understanding how various bodies are oriented in relation to one another is crucial for

comprehending the mathematical model of the UAV system. Most obviously, we require

11



Trajectory Tracking of FWUAV Using Fuzzy-Based SMC

knowledge of the FWUAV’s orientation with respect to the reference frame of the planet.

Various coordinate frames are included in this chapter. Utilizing diverse coordinate systems

are crucial because of [6] [28]:

• A fixed, inertial frame of reference is used to calculate Newton’s equations of motion.

On the other hand, motion is expressed a body-fixed framework.

• Aerodynamic forces and torques acting on the aircraft body can best be described in

a body-fixed frame of reference.

• The inertial frame contains almost all mission requirements, including loiter spots and

flying paths. Additionally, map data is also provided in an Earth frame of reference.

• Accelerometers and rate gyros are examples of on-board sensors that collect data about

the body frame. As an alternative, GPS measures location, velocity, and course with

respect to inertial frame.

3.1.1 Inertial Frame (Earth Frame) (F i)

The defined home location serves as the origin of the inertial coordinates, which is a terrestrial

frame. As seen in the left figure 3.1 the unit vector ii points north, ji points east, and ki

points to the earth’s center or beneath. The NED (Northeast Down) reference frame is the

name given to this.

3.1.2 Vehicle Frame (F v)

The inertial frame is simply transformed into the center of mass (CoM) of the vehicle, which

is the vehicle frame. In the figure 3.1, the axes of F v are assigned in the same direction as

F i. In order to understand the body frame, it is necessary to include rotations about the

Figure 3.1: The inertial frame F i and the vehicle frame F v [6] [28].
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k-axis, the new j-axis, and the newer i-axis, respectively. These rotations are represented

by the angles ϕ, θ, and ψ, as will be discussed. These are the Euler angles, and the usual

NASA notation is used for their names.

3.1.3 Body Frame (F b)

The frame F v1 must first be defined as follows in order to move the vehicle frame to body

frame:

(a) From the vehicle frame,
given by F v, to the subse-
quent frame given as F v1.

(b) From subsequent frame
represented as F v1 to subse-
quent frame given as F v2

(c) From subsequent frame
represented as F v2 to the
body frame given as F b

Figure 3.2: Definition of a frame through three rotations: ϕ, θ, and ψ [6] [28].

P v1 = Rv1
v (ψ) ∗ P v (3.1)

where a right-hand rotation matrix around the kv-axis through the angular measurement

corresponding to yaw is Rv1
v (ψ). In Figure 3.2a, the iv1-axis of F v1 is shown pointing in the

direction of the airframe’s nose. Then, another rotation is carried out about jv1 around the

pitch angle θ. Subsequently, introduce the newly established intermediate coordinate system

F v2, in which P v1 is expressed equivalently as:

P v2 = Rv2
v1(θ) ∗ P v1 (3.2)

Similarly to earlier, iv2 now points to the UAV’s nose, whereas kv1 now points to the abdomen

(Figure 3.2b). The body frame F b is obtained at the conclusion after the last revolution

around the axis iv2 by the roll angle ϕ. ib in this instance denotes the airframe’s nose, jb the
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right wing, and kb the belly (Figure 3.2c). The following is the conversion of F v2 to F b:

P b = Rb
v2(ϕ) ∗ P v2 (3.3)

The equivalent rotation matrix from the vehicle frame to the body frame is given by [6]:

Rb
v(ϕ, θ, ψ) = Rb

v2(ϕ)R
v2
v1(θ)R

v1
v (ψ) =


CθCψ CθSψ −Sθ

SψSθCψ − CϕSψ SψSθSϕ + CϕCψ SϕCθ

CϕSθCψ + SϕSψ CψSθSψ − SψCψ CϕCθ

 (3.4)

When C represents the cosine function and S represents the sin function. And ϕ, θ, and ψ are

the Euler angles (yaw, pitch, and roll), which provide a natural tendency to take the place

of the orientation of the body with respect to the earth’s fixed frame in a three-dimensional

context. The sequence of rotations ψ-θ-ϕ is commonly employed for aircraft and represents

one of the various Euler angle systems in use [29].

3.1.4 The Stability and Wind Frames F s, Fw

Wind and stability coordinate systems must be introduced to provide the necessary frame-

work definitions and to create the appropriate context for dealing with aerodynamic forces.

Airspeed is represented by the symbol Va and refers to the speed of the aircraft relative to

(a) From the body frame given by
F b to the subsequent stability frame
given by F s

(b) From the stability frame repre-
sented by F s to the subsequent wind
frame Fw

Figure 3.3: Representation of stability and wind frame [6] [28]

the air around it. To generate the necessary lift for flight, the wings must operate at an

angle relative to the positive velocity vector, denoted as the angle of attack (α). To establish
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the stability frame, jb needs to be rotated left by an angle of α from F b. Given the critical

role of the angle of attack, which needs to be conducive during the right rotation from the

stable frame to the body frame, a leftward rotation becomes essential. Figure 3.3a visually

depicts this phenomenon. The F b to F sconversion map is [6] [28]:

P s = Rs
b(α) ∗ P b (3.5)

When the rotation matrix for left-handed rotation, denoted as Rs
b(α), is provided:

Rs
b(α) =


cosα 0 sinα

0 1 0

−sinα 0 cosα

 (3.6)

A different angle, known as the horizontal slip (or side slip) angle β, must be found when

the velocity vector (ib; kb) is not in the plane. A fresh coordinate system, referred to as the

wind frame Fw, is defined by performing a rightward rotation of the stability frame by an

angle β around the ks axis (as depicted in Figure 3.3b). Subsequently, the airspeed direction

Va is aligned with the unit vector iw. The transformation comes from [6] [28]:

Pw = Rw
s (β) ∗ P s (3.7)

Where

Rw
b (α) =


cosβ sinβ 0

−sinβ cosβ 0

0 0 1

 (3.8)

Lastly, the following is the general transformation from the body frame to the wind frame

[6] [28]:

Rw
b (α, β) = Rw

s (β) ∗Rs
b(α) =


CβCα Sβ CβSα

−SβCα Cβ −SβSα
−Sα 0 Cα

 (3.9)

3.2 Air, Wind, and Ground Speed

Talking about UAV, a wind has an important influence on the flight mechanism. Further-

more, aerodynamic forces are based on the relative speed of the surrounding air. As a result,
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during modeling, wind must be properly taken into account. The following calculations are

done in an effort to determine the fundamental formulations for the UAV’s equations of

motion. Vw stands for the wind speed relative to the earth frame. In a similar manner, Va is

used to describe speed in relation to the same frame. We define the ground speed as Vg and

the drone’s speed in relation to the inertial frame of reference as an example to show how to

account for the wind. Equation (3.10) represents the vectors of airspeed, ground speed, and

wind-speed. [6] [28]:

Va = Vg − Vw (3.10)

Figure 3.4: The wind triangle [6].

V b
g =


u

v

w

 (3.11)

The components along the axes (ib; jb; kb) can be used to represent ground speed in the

frame [6] [28]: The components of the wind as illustrated in the body frame, are similarly

derived from [6] [28]:

V b
w =


uw

vw

ww

 = Rb
v(ϕ, θ, ψ)


wn

we

wd

 (3.12)

when

Vw =


wn

we

wd

 (3.13)
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when

V w
a =


Va

0

0

 (3.14)

Remember that air speed, denoted by the symbol Va, indicates the drone’s speed in the wind,

as shown in equation 3.14 [6] [28].

V b
a =


u− uw

v − vw

w − ww

 =


ur

vr

wr

 = Rb
w


Va

0

0

 = Va


cosαcosβ

sinβ

sinαcosβ

 (3.15)

From this equation, solve for Va, α, and β as follows:

Va =
√
u2r + v2r + w2

r (3.16)

α = tan−1(wr/vr) (3.17)

β = sin−1(vr/
√
u2r + v2r + w2

r) (3.18)

These equations (3.16, 3.17, and 3.18) are the foundation for the dynamic and kinetic de-

velopment of the FWUAV. The wind triangle is taken into consideration in figure 3.4 in

order to have all the required components of the picture. An angle formed between the wind

vector and ii is denoted as ψw. The angle between true north and the projection of Vg on

the horizontal plane (ib; jb) is defined by the addition of the angle χ. If the effect of wind is

not taken into account, there will be significant simplification results. As an instance, when

Vw = 0, the conditions are such that Va = Vg, u = ur, v = vr , w = wr, ψ = χ (assuming

β = 0 as well) [6] [28]

3.3 Kinematics and Flight Dynamics

When creating the equations of motion for a Fixed-Wing Unmanned Aerial Vehicle (FWUAV),

translational motion is related with three positional states and three velocity states. There

are three velocity states and three angular locations associated with rotational motion as

well, for a total of twelve state variables. The state variables are summarized in Table 3.1,

and Figure 3.5 explains the axis of motion [6] [28].
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3.3.1 Kinematics

In the description of the states presented in Table 3.1, a body frame velocities u, v, and w

are utilized to elucidate the components of speed within the inertial frame. Consequently,

the process involves deriving and rotating for the coordination of translational speed and

position [6] [28]: 
ṗn

ṗe

ṗd

 = Rv
b (ϕ, θ, ψ)


u

v

w

 (3.19)

The complex derivative derived from the angular positions and velocities explains the rolling,

pitch, and tilt angles with respect to the relevant mid-frames. If the correct rotational trans-

formations are executed as follows, the angular rate of the body frame can be represented

as a derivative of the Euler angle [6] [28]:


p

q

r

 =


ϕ̇

0

0

+Rb
v2(ϕ)


0

θ̇

0

+Rb
v2(ϕ)R

v2
v1(θ)


0

0

ψ̇

 (3.20)

Which is equal to: 
p

q

r

 =


1 0 −sinθ

0 cosϕ sinϕcosθ

0 −sinϕ cosϕcosθ



ϕ̇

θ̇

ψ̇

 (3.21)

By rearranging the expression above we can find:


ϕ̇

θ̇

ψ̇

 =


1 tanθsinϕ cosϕtanθ

0 cosϕ −sinϕ

0 sinϕ/cosθ cosψ/cosθ



p

q

r

 (3.22)

Equation (3.22) above demonstrates that the singularity in the Euler angle representation

of the attitude occurs at θ = 90°, for this reason, the angle of deviation is unknown. This

phenomenon is often referred to as gimbal locking. But fortunately, for fixed-wing drones,

this is not the case because, in normal flight, the pitch angle is always less than 90° [6] [28].
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Table 3.1: The variables representing the state of the drone in the equations of motion.

Name Description
Pn Drone’s north inertia position along iiinF i

Pe The drone’s east inertia position along jiinF i

Pd The drone’s down inertia position along kiinF i

u Actual body frame speed along ibinF b

v Actual body frame speed along jb in F b

w Actual body frame speed along kb in F b

ϕ Roll angle determined relative to F v2

θ Pitch angle established in relation to F v1.
ψ Yaw angle determined relative to F v

p The measured roll rate along ib in the body frame F b.
q The measured pitch rate along ib in the body frame F b.
r The measured yaw rate along ib in the body frame F b.

Figure 3.5: Definition of axes of motion [6] [28].

3.3.2 Dynamics of a Rigid Body

To derive the kinetic equation of motion, Newton’s second law is employed. The forces

and moments are computed within an inertial frame of reference, but it is also possible to

express these quantities in terms of components related to alternative frames, such as the

body frame. For the analysis, let’s consider a simplified, flat Earth model suitable for small

drones.

3.3.3 Motion Involving The Change of Position.

The application of Newton’s second law to a body undergoing translational motion can be

elucidated as follows:

m
d

dti
Vg = F (3.23)

In this context, where m represents the mass of the UAV, d
ti

denotes the time derivative

in the inertial frame (with the subscript i indicating the derivative is taken in the inertial

frame), and F signifies the sum of all external forces acting on the UAV. These external

forces encompass gravitational, aerodynamic, and propulsive forces [6]. The derivative of
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the velocity in the inertial frame can be expressed in terms of the derivative in the body

frame and the angular velocity, following the vector derivative rule:

d

dti
Vg =

d

dtb
Vg + wb/i × Vg (3.24)

Here, wb/i represents the angular speed of the drone with respect to the Earth’s frame of

reference. By utilizing equations (3.23) and (3.24), an alternative expression of Newton’s

second law can be derived, incorporating differentiation in the body frame:

m(
d

dtb
V b
g + wbb/i × V b

g ) = F b (3.25)

When V b
g =

[
u v w

]T
, wbb/i =

[
p q r

]T
, F b =

[
Fx Fy Fz

]T
, d

dtb
V b
g =

[
u̇ v̇ ẇ

]T
. By

computing the cross product in equation (3.25), we can obtain the following expressions:


u̇

v̇

ẇ

 =


rv − qw

pw − ru

qu− pu

+
1

m


Fx

Fy

Fz

 (3.26)

3.3.4 Motion Relative to Rotation

For motion relative to the rotation, Newton’s equation is stated as:

(
d

dtb
h)i =M (3.27)

When M is the total of all externally exerted moments and h is the vector form of the angular

momentum. Moments that are added around the UAV’s center of mass are given by the

equation above. Using the vector derivative technique, it is possible to expand the angular

momentum derivative obtained in the inertial frame, as seen below [6].

(
d

dtb
h)i = (

d

dtb
h)b + wb/i × h =M b (3.28)

In the context of a rigid body, angular momentum is defined as the multiplication of the

inertia matrix J and the angular velocity vector, denoted as hb = J ∗wbb/i,Here, J represents

the inertia tensor. In simpler terms, the angular momentum of the rigid body is determined
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by multiplying its inertia matrix with the angular velocity vector.

J =


Jxx −Jxy −Jxz

−Jxy Jyy −Jyz

−Jxz −Jyz Jzz

 (3.29)

When: Jxx =
∫
(x2 + y2) dm, Jyy =

∫
(x2 + z2) dm, Jzz =

∫
(x2 + z2) dm, Jxy =

∫
(xy) dm,

Jxz =
∫
(xz) dm, Jyz =

∫
(yz) dm. Since the drones are often symmetric to the plane made

by ib and kb, we set Jxy = Jyz to be equal to 0. Since J has been identified in a content frame

of reference, it follows that its derivative in an analog frame is ( d
dt
J)b = 0 [6]. Equation

(3.28) then becomes:

J(
d

dt
wb/i)

b + (wb/i)
b × J(wb/i)

b =M b (3.30)

By rearranging the above equation we obtain :

ẇbb/i = J−1(−wbb/i × (Jwbb/i) +M b) (3.31)

Under the assumption of the rigid body is symmetric about the plane spanned by ib and kb

i.e (Jxy = Jyx = 0) the inverse of the inertia matrix is determined as follows:

J−1 =


Jzz/Γ 0 Jxz/Γ

0 1/Jyy 0

Jxz/Γ 0 Jxx/Γ

 (3.32)

when Γ = JxxJzz − J2
xz. By letting (p,q,r) be the angular rates and the summation of the

moment be (L, M, N) then the rotational dynamic equation can be written as:

ẇbb/i =


ṗ

q̇

ṙ

 =


Γ1pq − Γ2pr

Γ5pr − Γ6(p
2 − r2)

Γ7pq − Γ1qr

+


Γ3L+ Γ4N

1/JyyM

Γ4L+ Γ8N

 (3.33)
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When

Γ1 =
Jxz(Jxx − Jyy + Jzz)

Γ

Γ2 =
Jzz(Jzz − Jyy) + J2

xz

Γ

Γ3 =
Jzz
Γ

Γ4 =
Jxz
Γ

Γ5 =
Jzz − Jxx

Jyy

Γ6 =
Jxz
Jyy

Γ7 =
(Jxx − Jyy)Jxx + J2

xz

Γ

Γ8 =
Jxx
Γ

The six-degree of freedom, twelve-state model for the dynamics and kinematics of the

FWUAV is enlisted below and is based on the aforementioned computations of mathematical

methods (pn, pe, and pd represent position along x, y, z respectively) [6] [28].


ṗn

ṗe

ṗd

 =


CθCψ SϕSθCψ − CϕSψ CϕSθCψ + SϕSψ

CθSψ SϕSθSψ + CϕCψ CϕSθSψ − SϕCψ

−Sθ SϕCθ CϕCθ



u

v

w



u̇

v̇

ẇ

 =


rv − qw

pw − ru

qu− pu

+ 1/m


Fx

Fy

Fz



ϕ̇

θ̇

ψ̇

 =


1 tanθsinϕ cosϕtanθ

0 cosϕ −sinϕ

0 sinϕ/cosθ cosψ/cosθ



p

q

r



ṗ

q̇

ṙ

 =


Γ1pq − Γ2pr

Γ5pr − Γ6(p
2 − r2)

Γ7pq − Γ1qr

+


Γ3L+ Γ4N

1/JyyM

Γ4L+ Γ8N



(3.34)

Equations (3.31)–(3.34) outline the dynamics of the UAV, but they are incomplete as they

do not account for the externally applied forces and moments. The following section will

address this gap by developing models that consider the effects of gravity, aerodynamics,

and propulsion on the system.
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3.4 External Forces and Moments

The primary objective of this section is to delineate the forces and moments generated by

a UAV. Gravity, aerodynamics, and propulsion are the principal causes of the forces and

moments, respectively. The total of all applied forces and moments is [6] [28] [30]:

F = Fg + Fa + Fp (3.35)

M =Ma +Mp (3.36)

When the subscript ”g” indicates gravity effect, ”a” indicates aerodynamic effect, and ”p”

indicates propulsion effect,

3.4.1 Gravitational Forces

The gravitational field’s influence on a UAV can be described as a force proportionate to the

mass applied to the CoM, acting in the direction ki. The gravitational force in the vehicle

frame F v is given by [6] [28]:

F v
g =


0

0

mg


Newton’s second rule of motion, however, assumes that forces are on the axis of the body

frame. The gravitational force must then be converted into its body reference frame as

follows:

F b
g = Rb

v


0

0

mg

 =


−mgsinθ

mgcosθsinϕ

mgcosθcosϕ

 (3.37)

Because gravitational force is at the UAV’s center of mass, zero moments are generated by

gravity.

3.4.2 Aerodynamics Force and Moments

The control surface is listed before we are going to drive the equation of force and moment

exerted on the body. The typical configuration is depicted in Figure 3.6, with δa denoting the

aileron deflection, δe representing the elevator deflection, δr indicating the rudder deflection,
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and δt signifying the throttle. One method of expressing the aileron deflection is as follows:

δa =
1

2
(δal − δar) (3.38)

when δal and δar are the left and right deflections of the aileron, respectively. Each deflec-

tion’s dimension is radians, but the throttle is %. The indication of the direction of surface

deflection is specified by applying a right-hand rule at the control surface junction. A pos-

itive direction is shown in the figure below. A positive δa may produce a rolling moment

along a positive ib(the x-axis of the body frame) with respect to convention.

Figure 3.6: Fixed wing UAV’s control surfaces and propeller [6] [28].

The total movement of a FWUAV can be categorized into two complementary motion modes.

This categorization facilitates a more straightforward representation suitable for the applica-

tion of control techniques. The two modes include lateral-directional motion and longitudinal

motion [6].

3.4.2.1 Aerodynamics of Longitudinal Motion

Lift, drag, and pitching moments, these forces and moments are responsible for the motion

of the body within the plane. (ib; kb). Lift and drag forces, as well as tilting moments, are

strongly influenced by angle of attack, tilt speed q and lift deflection δe as follows [6] [28].

Flift =
1

2
ρVa

2SCL(α, q, δe) (3.39)

Fdrag =
1

2
ρVa

2SCD(α, q, δe) (3.40)

M =
1

2
ρVa

2ScCM(α, q, δe) (3.41)

When ”S” is the planform area of a single wing, ”c” is the primary chord of the wing, and

”ρ” is the air density and airspeed of ”Va”, non-dimensional coefficients CL, CD, and CM are
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impacted by α, q, and δe. A first-order Taylor series can be used to determine the connection

between two coefficients [6]:

CL(α, q, δe) = CL0 +
∂CL
∂α

α +
∂CL
∂q

q +
∂CL
∂δe

δe (3.42)

The CL0 represents CL during α = q = δe = 0. It is evident that the partial derivatives

of this dimensionless linear approximation can be readily computed. As CL, as well as the

angles α and δe (given in radians), are dimensionless, the only component requiring non-

dimensionalization is ∂CL

∂q
. Considering that the dimension of q is in rad/s, a standard factor

to apply is c/(2Va). Consequently, equation (3.42) can be reformulated as follows: [6] [28]:

CL(α, q, δe) = Clo + CLαα + Clq
c

2Va
q + Clδeδe (3.43)

When Clα = ∂CL

∂α
, Clq = ∂CL

∂qc
2Va

, Clδe = ∂CL

∂δe
. Similarly, we establish linear approximations for

the aerodynamic drag force and pitching moment as follows:

CD(α, q, δe) = Cdo + Cdαα + Cdq
c

2Va
q + Cdδeδe (3.44)

CM(α, q, δe) = Cmo + Cmαα + Cmq
c

2Va
q + Cmδeδe (3.45)

The elevating(lifting) force and drag(retarding) force are described in the frame of stability

Figure 3.7. To be described onto the F b, the following equation is true [6] [28]:


fx

0

fz

 = Rb
s(α)


−Fdrag

0

−Flift

 (3.46)

Where

Rb
s(α) =


cosα 0 −sinα

0 1 0

sinα 0 cosα


The negative sign indicates the NED convention of the F b.
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Figure 3.7: Elevating and retarding forces at the positive axes of the angle of attack [6] [28].

3.4.2.2 Aerodynamics of Lateral Motion

The aerodynamics of lateral force and moment directly affect the lateral axes of jb, and also

the moment of roll and yaw, which affected by β as shown in the next expression [6] [28]:

When CL, CY , and CN are a function of (β, p, r, δa, δr)

fy =
1

2
ρV 2

a SCY (3.47)

L =
1

2
ρV 2

a SbCL (3.48)

N =
1

2
ρV 2

a SbCN (3.49)

When b represents the wing span. By following a similar way to longitudinal aerodynamics,

the coefficient of lateral aerodynamics’s first-order Taylor serious expansion will be expressed

as follow [6] [28]:

CY = Cyo + Cyββ + Cyp
b

2Va
p+ Cyr

b

2Va
r + CY δaδa + CY δrδr

CL = Clo + Clββ + Clp
b

2Va
p+ Clr

b

2Va
r + Clδaδa + Clδrδr

CN = Cno + Cnββ + Cnp
b

2Va
p+ Cnr

b

2Va
r + Cnδaδa + Cnδrδr

(3.50)

Two generalisations are made in this section: the first is that for UAVs symmetric about

(ib; kb), CY 0, Cl0, and Cn0 are zero. The second claim is that the coefficients linked to α, β,

p, q, and r are known as stability variables, whereas the coefficients linked to δa, δe, and δr

are known as control variables.
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3.4.3 Force and Moments of Propulsion

Many diverse propeller models can be found in many works of literature. The Bernoulli

principle can be used to compute the propeller’s thrust and yield a simple model that is

useful for UAV modeling. It is expressed as [6]:

Fp = Sp∆P (3.51)

When ”Sp” is the area covered by the propeller and ∆P = Pout−Pin where ”P ′′
in is pressure

before the propeller and ”Pout” is pressure after the propeller. By the principle of Bernoulli,

input and output pressure can be expressed as [6] [28]:

Pin = Po +
1

2
ρV 2

a (3.52)

Pout = Po +
1

2
ρV 2

out (3.53)

When Vout is the air velocity at the way out of the propeller. The angular velocity of the

propeller and the pulse-width-modulation command δt have a linear connection without

taking into account the motor’s transients. In turn, the propeller produces a way-out air

speed of [6] [28]: When kmot is the motor constant.

Vout = kmotδt

Given Spr as the propeller’s coverage area, the thrust produced by the motor is:

Fxp = SprCpr(Pout)− Pin

=
1

2
ρSprCpr[(kmotδt)

2 − V 2
a ]

Then

fp =
1

2
ρSprCpr


(kmotδt)

2 − V 2
a

0

0

 (3.54)

The thrust exerted directly along the ib body-axis of the aircraft is typically taken into con-

sideration while developing UAVs. Then, no moments are produced by the thrust regarding

the CoM of the UAV [6] [28].
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The UAV propeller revolves, applying force to the air that flows through it and advanc-

ing the air speed at the same time to provide thrust force on the UAV. The air pulls on the

propeller with equal and opposing forces. Overall, these forces cause the UAV to experience

torque about its rotational axis. The motor on the UAV generates torque. Torque is a

measure of the rotational force applied to an object. In this case, it’s the force applied to the

propeller. When the torque generated by the motor is applied to the propeller, it induces

the propeller to rotate. The torque applied to the propeller is proportional to the square

of the propeller’s rotational velocity. This means that if you double the rotational velocity

of the propeller, the torque will be four times greater (2 squared). The torque generated

by the motor is pointed in the opposite direction to the rotation of the propeller. This is a

consequence of Newton’s third law of motion, which states that for every action, there is an

equal and opposite reaction. In this case, the action is the torque applied to the propeller,

and the reaction is the equal and opposite torque exerted on the motor. [6] [28]

Tp = −kTp(kΩδt)2 (3.55)

Given the propeller’s speed Ω = kΩδt and the experimentally measured constant kTp. The

moment of propulsion is given by [6] [28]:

mp =


−kTp(kΩδt)2

0

0

 (3.56)

The impact of propeller torque is typically subtle and may go unnoticed. However, ne-

glecting the torque effect can lead to a continuous rolling motion opposite to the propeller’s

rotation. To counteract this, a slight adjustment of the aileron, creating a rolling moment,

can effectively offset the propeller torque [6] [28]. Figure 3.8 further illustrates the control

allocation and flight dynamics as created in Simulink.
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Figure 3.8: Description of the overall nonlinear model of FWUAV

3.5 Model Verification of FWUAV

The FWUAV is modeled as a nonlinear system in the Simulink environment and adheres

to physical constraints. Simply apply a control input from the plant (the elevator, rudder,

aileron, and throttle deflections) with the parameters of the fixed-wing UAV model shown

in the table 3.2 to evaluate the model. Additionally, the general condition of the FWUAV

is tested to verify the model. Figure 3.9 represents the open loop model of the fixed-wing

UAV, which is built in the Simulink environment. The change of state along with the navi-

gation behavior of the aircraft is tasted with the property of the four control efforts, which is

explained in the open-loop simulation result. The model verification of the fixed-wing UAV

Figure 3.9: Over all flight dynamics of fixed-wing UAV

is held in two different scenarios by applying the arbitrary input command as follows:
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Table 3.2: Aerodynamic coefficients and characteristics pertaining to the Aerosonde Un-
manned Aerial Vehicle (UAV) [6] [28].

parameter value Long.coff value Lat.coff value
m 13.5Kg CL0 0.28 CY0 0
Jx 0.8244kg-m2 CD0 0.03 Cl0 0
Jy 1.135kg-m2 Cm0 -0.02338 Cn0 0
Jz 1.759kg-m2 CLα 3.45 CYβ -0.98
Jxz 0.1204kg-m2 CDα 0.3 Clβ -0.12
S 0.55m2 Cmα -0.38 Cnβ

0.25
b 2.8956m CLq 0 CYp 0
c 0.18994m CDq 0 Clp -0.26
Spr 0.2027m2 Cmq -3.6 Cnp 0.022
ρ 1.2682kg/m3 CLδe -0.36 CYr 0

Kmot 80 CDδe
0 Clr 0.14

KTp 0 Cmδe
-0.50 Cnr -0.35

Kω 0 Cpr 1 CYδa 0
CDp 0.0437 Clδr 0.105

Clδa 0.08
Cnδa

0.06
CYδr -0.17

Cnδr
-0.032

Scenario one (applying the elevator deflection)

The aircraft’s nose position and wing’s angle of attack are both controlled by the eleva-

tor. The amount of lift produced by the wing changes as the local flight path’s inclination

changes. The result is that the airplane climbs or dives. Thus, when the elevator kick shown

in figure 3.10 is applied for the open loop system of the fixed wing UAV in figure 3.9 with

no rudder and aileron deflections while keeping the throttle of (0.08), then the longitudinal

dynamic state(u,w, q, θ)(the translational velocity along the x-axis and z-axis, pitch rate,

and pitch angle, respectively) makes a change at the moment of the elevator kick, as shown

in figure 3.11 to 3.13. The open loop simulation result shows the elevator command performs

as expected.

Addis Ababa University, AAiT, SECE October 2023 30



Trajectory Tracking of FWUAV Using Fuzzy-Based SMC

Figure 3.10: Elevator and aileron deflection input signal.

Figure 3.11: The effect of elevator deflection on translational velocities.

Figure 3.12: The effect of elevator deflection on the orientation of the aircraft.

Figure 3.13: The effect of elevator deflection on the roll, pitch, and yaw rate of the aircraft.

Scenario two (applying the aileron deflection)

At the back of the wing, on either side, are two control surfaces known as ailerons. When

one is raised, the other is lowered, since they operate in opposition to one another. Their
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Figure 3.14: The effect of aileron deflection on translational velocities.

Figure 3.15: The effect of aileron deflection on the orientation of the aircraft

purpose is to make one wing lift more while the other lifts less. They turn the airplane

sideways by doing this, which enables the aircraft to turn. Thus, when the aileron deflection

in figure 3.10 is applied to the open loop of the fixed wing UAV in figure 3.9 with no rudder

and elevator deflection while keeping the throttle of (0.08), the lateral state of the fixed wing

UAV(v, p, r, ψ, ϕ)(body frame velocity along the y-axis, roll and, yaw rates as well as roll,

and yaw angle, respectively) are making a change as shown in figures 3.14, 3.15 and 3.16 at

the time of the aileron deflection is applied to the system as input. From these results, it

can be concluded that the mathematical model works correctly.

Figure 3.16: The effect of aileron deflection on the roll, pitch, and yaw rate of the aircraft
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Chapter 4

Decoupling, State Space

Representation, And Controller

Design

This chapter describes the decoupling, state space representation, and controller design for

FWUAV based on the mathematical models described in Chapter 3.

4.1 Decoupling of The Mathematical Model

The FWUAV (Fixed-Wing Unmanned Aerial Vehicle) model represents a complex and

nonlinear system with multiple inputs, multiple outputs, significant coupling, and under-

actuation. The decoupling process involves identifying the primary state variable in the

control procedure and treating the remaining control variables as uncertainties [10]. It is

known that the three control surfaces are used for controlling the rotational position of the

aircraft; now it is going to be considered that each control surface controls a single rotation,

i.e., the aileron deflection is for roll angle control, the elevator deflection is for pitch angle

control, and the rudder deflection is for yaw (heading) motion control.

Roll angle

Since the pitch angle (θ) during rolling motion will often be comparatively small throughout

flight, then the roll rate p will primarily impacts ϕ̇. Then, from equation (3.34),

ϕ̇ = p+ q sinϕ tan θ + r cosϕ tan θ
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let’s define

dϕ1 = q sinϕ tan θ + r cosϕ tan θ

then

ϕ̇ = p+ dϕ1

let take first derivative of both sides yields:

ϕ̈ = ṗ+ ḋϕ1

And from equation(3.34) substitute for ṗ in to the above equation as:

ϕ̈ = Γ1pq − Γ2qr +
1
2
ρV 2

a Sb

×(Cpo + Cpββ + Cpp
b

2Va
p+ Cpr

b

2Va
r + Cpδaδa + Cpδrδr) + ḋϕ1

= Γ1pq − Γ2qr +
1
2
ρV 2

a Sb

×(Cpo + Cpββ + Cpp
b

2Va
(ϕ̇− dϕ1) + Cpr

b

2Va
r + Cpδaδa + Cpδrδr) + ḋϕ1

ϕ̈ = gϕ1ϕ̇+ gϕ2δa + dϕ2 (4.1)

When

dϕ2 = Γ1pq − Γ2qr +
1

2
ρV 2

a Sb(Cpo + Cpββ − Cpp
b

2Va
dϕ1 + Cpr

b

2Va
r + Cpδrδr) + ḋϕ1 (4.2)

gϕ1 =
1

4
ρVaSb

2Cpp

gϕ2 =
1

2
ρV 2

a SbCpδa

Pitch angle

In a similar way to roll angle, the primary variable that affects pitch angle θ is pitch rate q.

From equation (3.34), we have:

θ̇ = q cosϕ− r sin θ
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by adding q on both sides, we get:

θ̇ = q + q(cosϕ− 1)− r sinϕ

then let’s define

dθ1 = q(cosϕ− 1)− r sinϕ

θ̇ = q + dθ1

take a derivative for both sides, then we get:

θ̈ = q̇ + ḋθ1

From (3.34) substitute for q̇ then:

θ̈ = Γ6(r
2 − p2) + Γ5pr +

ρV 2
a cS

2Jy
(Cmo + Cmα(θ − γ) +

c

2Va
Cmq(θ̇ − dθ1) + Cδeδe) + ḋθ1

Let’s define:

dθ2 = Γ6(r
2 − p2) + Γ5pr +

ρV 2
a cS

2Jy
(Cmo − Cmαγ − c

2Va
Cmqdθ1) + ḋθ1 (4.3)

gθ1 =
1

4Jy
ρVac

2SCmq

gθ2 =
1

2Jy
ρV 2

a cSCmα

gθ3 =
1

4Jy
ρV 2

a cSCmδa

Then

θ̈ = gθ1 θ̇ + gθ2θ + gθ3δe + dθ2 (4.4)

Yaw angle

Here, the primary variable that influences rotational motion in the y direction is the yaw

rate r. Then

ψ̇ = q sinϕ sec θ + r cosϕ sec θ
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Adding r on both sides yields:

ψ̇ = r + q sinϕ sec θ + r(cosϕ sec θ − 1)

Let’s define

dψ1 = q sinϕ sec θ + r(cosϕ sec θ − 1)

ψ̇ = r + dψ1

differentiate both sides to gate the second derivatives of the yaw angle as follow:

ψ̈ = ṙ + ḋψ1 (4.5)

Then substitute for ṙ from equation(3.34):

ψ̈ = Γ7pq − Γ1qr +
1

2
ρV 2

a Sb(Cro + Crββ + Crp
bp

2Va
+ Crr

br

2Va
+ Crδaδa + Crδr δr) + ḋψ1

= Γ7pq − Γ1qr +
1

2
ρV 2

a Sb(Cro + Crββ + Crp
bp

2Va
+ Crr

b

2Va
(ψ̇ − dψ1) + Crδaδa + Crδr δr) + ḋψ1

Let define

gψ1 =
1

4
ρVaSb

2Crr

gψ2 =
1

2
ρV 2

a SbCrδr

dψ2 = Γ7pq − Γ1qr +
1

2
ρV 2

a Sb(Cro + Crββ + Crp
bp

2Va
− Crr

b

2Va
(dψ1) + Crδaδa) + ḋψ1 (4.6)

ψ̈ = gψ1ψ̇ + gψ2δr + dψ2 (4.7)

when 
Cpo Cro

Cpβ Crβ

Cpp Crr

Cpδa Cpδa

 =


Γ3Clo + Γ4Cno Γ4Clo + Γ8Cno

Γ3Clβ + Γ4Cnβ Γ4Clβ + Γ8Cnβ

Γ3Clp + Γ4Cnp Γ4Clr + Γ8Cnr

Γ3Clδa + Γ4Cnδa Γ4Clδa + Γ8Cnδr


Cpr = Γ3Clr +Γ4Cnr, Cpδr = Γ3Clδr +Γ4Cnδr, Crδa = Γ4Clδa +Γ8Cnδa, Crp = Γ4Clp +Γ8Cnp.
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For translational motion, the force is exerted on the body frame, and the positions (x,y,z) are

in the inertial frame so that the translational speeds (u,v,w) are transferred to the inertial

frame by multiplying a transformation matrix from the body frame to the inertial frame in

equation (3.4). This is because FWUAV is an under-actuated system that has four inputs

to control six degrees of freedom. It is then needed to make the system fully actuated by

assigning a virtual controller. Similar to this, all applied forces are stated in a body frame,

which must then be transformed into an inertial frame by multiplying the transformation

matrix. The process is demonstrated below: The following is the matrix of transformations

from the body frame to the inertial frame:

Ri
b =


CθCψ SϕSθCψ − CϕSψ CϕSθCψ + SϕSψ

CθSψ SϕSθSψ + CϕCψ CϕSθSψ − SϕCψ

−Sθ SϕCθ CϕCθ


The body frame velocity transformed to the inertial frame as


u

v

w

 = (Ri
b)
T


ṗn

ṗe

ṗd

 = (Ri
b)
T


ẋ

ẏ

ż

 (4.8)

Then, as we know, the air speed is the vector sum of translational velocity; thus, thus Va

can be obtained by:

Va =
√
u2 + v2 + w2

In the inertial frame, the sum of all forces exerted is equal to the product of a body’s mass

and the body’s acceleration (Newton’s second law). i.e

mẌ = (Ri
b)(F

B
a + FB

p ) + Fg (4.9)

When X is
[
x y z

]T
then from this we can obtain the translational equation as follows:

Cα is for cosα and Sα is for sinα when

CD(α, q, δe) = CDo + CDαα + CDq
c

2Va
q + CDδeδe

CL(α, q, δe) = CLo + CLαα + CLq

c

2Va
q + CLδeδe

CY (β, p, r, δa, δr) = CY o + CY ββ + CY p
b

2Va
p+ CY r

b

2Va
r + CY δaδa + CY δrδr
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
mẍ

mÿ

mz̈

 =


0

0

mg

+
1

2
ρV a2S(Ri

b)


−CαCD − CαCL

CY

SαCD − CαCL

+
1

2
ρSPCp(R

i
b)


(Kmotδt)

2 − V a2

0

0



(4.10)

Then, from this:

ẍ =
1

m
cosθcosψU1 +

1

m
dx (4.11)

ÿ =
1

m
cosθsinψU1 +

1

m
dy (4.12)

z̈ = − 1

m
sinθU1 + g +

1

m
dz (4.13)

When

U1 =
1

2
ρSpCp((Kmotδt)

2 − V 2
a )

dx

dy

dz

 =
1

2
ρV 2

a S


CθCψ SϕSθCψ − CϕSψ CϕSθCψ + SϕSψ

CθSψ SϕSθSψ + CϕCψ CϕSθSψ − SϕCψ

−Sθ SϕCθ CϕCθ



−cosαCD − sinαCL

CY

sinαCD − cosαCL



(4.14)

Then the over all decoupled mathematical model which governs the dynamics of the FWUAV

is: 

ẍ = cosψ cos θ
U1

m
+

1

m
dx

ÿ = sinψ cos θ
U1

m
+

1

m
dx

z̈ = − sin θ
U1

m
+ g +

1

m
dx

ϕ̈ = gϕ1ϕ̇+ gϕ2δa + dϕ2

θ̈ = gθ1 θ̇ + gθ2θ + gθ3δe + dθ2

ψ̈ = gψ1ψ̇ + gψ2δr + dψ2

(4.15)

4.2 State Space Representation of The Model

A state space representation is a mathematical representation of a physical system in which

first-order differential equations are used to link input, output, and state variables. The
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concept of ”state space” refers to a space whose axes are state variables. Within that space,

the system’s state can be represented as a vector [31]. Let’s denote the twelve FWUAV

dynamics states as:

[x, ẋ, y, ẏ, z, ż, ϕ, ϕ̇, θ, θ̇, ψ, ψ̇] = [x1, x2, x3, x4, x5, x6, x7, x8, x9, x10, x11, x12]

and the outputs are represented by Y = [x1, x3, x5, x7, x9, x11] = [x, y, z, ϕ, θ, ψ] then the

overall first-order differential equation of the system can be written as follows: From equa-

tions (4.11), (4.12), and (4.13), let x1 = x, ẋ = x2 then ẍ = ẋ2 in a similar way for the y and

z and for rotational motion dynamics, then the state space representation of the dynamics

is written as follows: When

Ux = cosθcosψU1

Uy = cosθsinψU1

Uz = −sinθU1 +mg

(4.16)

are virtual position control inputs which are responsible for adjusting the actual trajectory

with respect to the desired trajectory. This approach of controlling a nonlinear system as if

it is linear is known as nonlinear dynamic inversion(NDI) [32] which is a very known method

selected in aircraft automatic flight control systems (FCS). And g for gravity (U1, U2, U3, U4)

are the propulsion force, the Aileron, the elevator, and the rudder definitions, respectively.

ẋ1 = x2

ẋ2 =
1

m
Ux +

1

m
dx

ẋ3 = x4

ẋ4 =
1

m
Uy +

1

m
dy

ẋ5 = x6

ẋ6 =
1

m
Uz +

1

m
dz

ẋ7 = x8

ẋ8 = gϕ1x8 + gϕ2U2 + dϕ2

ẋ9 = x10

ẋ10 = gθ1x10 + gθ2x9 + gθ3U3 + dθ2

ẋ11 = x12

ẋ12 = gψ1x12 + gψ2U4 + dψ2

(4.17)
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And also dϕ2 , dψ2 , dθ2 are explained in equation(4.2), (4.3), (4.6) respectively.

4.3 Controller Design

4.3.1 Sliding Mode Controller Design

4.3.1.1 Overview of SMC

The variable structure control system (VSCS) was created from the pioneering work in Russia

of Emelyanow and Barbashin in the early 1960s [33]. The idea did not appear outside Russia

until the mid-1970s, when a book by Itkis (1976) and a survey paper by Utkin (1977) were

published in England [33]. As the name suggests, a variable structure control mechanism

is a type of control mechanism where a control law is purposefully changed during the con-

trol process based on some clearly stated principles that depend on the state of the system.

Sliding-mode controllers are robust and efficient for systems with substantial uncertainties,

including parameter variations, unmodeled dynamics, and external disturbances [34].

The most important aspect of SMC is that it secures the state’s sliding motion on the

sliding surface, enabling the controlled system to distinguish between the reaching phase

and the sliding phase of its state motion. [33].

Reaching-phase:-

• Is characterised as the process by which the controlled system’s states are moved from

its initial state (x0) to its final state, the sliding surface as shown in figure 4.1.

• Is a non-robust phase and the system dynamics are highly sensitive to external distur-

bances.

• The sliding surface here is different from zero, and the discontinued control law is

responsible for this phase.

Sliding-phase:-

• At this point, the system states are unaffected by uncertainty and are dependent on

the sliding surface.

• Is a robust phase, and an equivalent control strategy will compel the dynamics of the

system to remain on the sliding surface.
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Figure 4.1: SMC tracking dynamics [35]

In order to accomplish the sliding condition in the reaching phase, a discontinuous type

of control law (Udis) is used, and in the sliding phase, the equivalent control law (Ueq) is

responsible for the system dynamics to stay in the sliding surface [33]. Then the resulting

control law becomes:

U(t) = Ueq(t) + Udis(t) (4.18)

4.3.1.2 Control Architecture

Because of the under-actuation of the FWUAV translational dynamics, the translational

motion of the plant is controlled indirectly. As a result, the nested control approach as

shown in figure 4.2, is used, and the reference attitude signals are obtained by the outer

position control loop based on the position’s reference target response. And the inside loop

controls the FWUAV’s attitude depending on the generated signals. To assure that every

FWUAV output follows specified trajectories, virtual controllers are introduced to the plant.

The physical meaning of this control strategy is the control of the translation motion of the

FWUAV based on desired Euler angles and the overall thrust force which are indicated in

equations 4.16 and 4.19. 

ψd = arctan(
Uy
Ux

)

θd = arcsin[
mg − Uz

U1

]

U1 =
√
U2
x + U2

y + U2
z

(4.19)

Outer loop controller design
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Figure 4.2: Control architecture scheme block diagram

The outer loop is used to indirectly control the three inertial positions (x, y, and z). So

the virtual control concept is used to perform this task. The outer control loop controller

outputs (Ux, Uy, and Uz) are used to determine the desired yaw and pitch angles, as shown

in equations 4.16 and 4.19:

Designing a sliding mode controller consists of two steps: the first step is designing a slid-

ing surface, which is a function of the error dynamics during tracking problems, and then

designing a control law. The sliding surface s(X, t) = 0 with initial conditions e(0) = 0 can

be defined as, when X is a column vector in 3D [36]:

s(X, t) = (
d

dt
+ c)n−1e(t) (4.20)

where c is a strictly positive real constant, which indicates the slope of the sliding manifolds,

and e is the tracking error. For n = 2 (second-order system), the sliding surface becomes:

s = ė+ ce (4.21)

Let us define the position error which is the difference between the actual value and the

desired value and its derivatives:-
ex

ey

ez

 =


x− xd

y − yd

z − zd

 ,

ėx

ėy

ėz

 =


ẋ− ẋd

ẏ − ẏd

ż − żd

 ,

ëx

ëy

ëz

 =


ẍ− ẍd

ÿ − ÿd

z̈ − z̈d

 (4.22)
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Then the sliding surface for the position becomes:-


sx

sy

sz

 =


ėx

ėy

ėz

+ c


ex

ey

ez

 (4.23)

From the state space representation of the system in equation 4.17, the dynamic equation

that governs the forward motion is:

ẋ1 = x2

ẋ2 =
1

m
Ux +

1

m
dx

(4.24)

(4.25)

When ẋ = x2 and x = x1 then the controller design is shown below: from equation (4.21),

the sliding manifold is given by

sx = ėx + cxex

Making the derivative of the sliding manifold is equal to zero will therefore yield an equivalent

control approach. i.e

ṡx = 0 ⇒ cxėx + ëx = cx[x2 − xd] + ẋ2 − ẍd = cx[x2 − xd] +
1

m
Ux +

1

m
dx − ẍd = 0

Then, by rearranging the above equation, the equivalent control law can be:

Uxeq = m[ẍd −
1

m
dx − cx[x2 − ẋd]] (4.26)

Let’s choose the discontinuous controller:

Uxdis = −kxsgn(sx) (4.27)

As previously stated, the overall control law is made up of two terms: the equivalent and

the discontinuous controller. Then

Ux = Uxeq + Uxdis = m[ẍd −
1

m
dx − cx[x2 − ẋd]]− kxsgn(sx) (4.28)

Condition on the switching gain(ki)

The control rule must satisfy the gradient of the Lyapunov candidate decreasing as time
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grows in the Lyapunov function, which is selected to be a positive definite function i.e.,

V̇i(.) < 0 in order to assure the reach-ability condition [37]. As the Lyapunov candidate,

let’s pick a positive definite function [37]:

Vx =
1

2
s2x (4.29)

The goal is to create a gain for a discontinuous control strategy that causes the gradient of

the selected Lyapunov candidate to decrease as time goes on.

V̇x = sxṡx < 0

= sx[cx(x2 − ẋd + ẋ2 − ẍd] < 0

= sx[cx(x2 − ẋd) +
1

m
dx + ẍd −

1

m
dx − cx(x2 − ẋd)− kxsgn(sx)− ẍd] < 0

= sx[−kxsgn(sx)] < 0

In order to satisfy this condition, the gain must be positive, i.e kx > 0.

Following a similar procedure for the vertical motion controller (Uz) and the lateral mo-

tion controller (Uy), it can be written as follows: From equation (4.17), the lateral motion

dynamics is 
ẋ3 = x4

ẋ4 =
1

m
Uy +

1

m
dy

(4.30)


Uyeq = m[ÿd − cy(x4 − ẏd −

1

m
dy)]

Uydis = −kysgn(sy)

Uy = m[ÿd − cy(x4 − ẏd)−
1

m
dy]− kysgn(sy)

(4.31)


ẋ5 = x6

ẋ6 =
1

m
Uz +

1

m
dz

(4.32)


Uzeq = m[z̈d − cz(x6 − żd −

1

m
dz)]

Uzdis = −kysgn(sy)

Uz = m[z̈d − cy(x6 − żd)−
1

m
dz]− kzsgn(sz)

(4.33)

In the reach-ability condition, by following the same approach as the horizontal control strat-

egy, the gain along the y-axis and z-axis is positive. i.e ky,z > 0
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The outer loop control effort (Ux, Uy, and Uz) are responsible for adjusting the actual tra-

jectory based on the desired trajectory by reducing the tracking error to zero. In order to

compensate for under-actuation of the FWUAV, θ, ψ, and U1 are employed to generate three

virtual controls that are utilized to control the position independently. In other words, those

virtual control inputs imply that the three inputs (θ, ψ, and U1) indirectly govern the motion

along x, y, and z. The relationship between the desired pitch angle, yaw angle, and U1 is

explained in equation 4.19. Finally, the three virtual control inputs are:

Ux = m[ẍd −
1

m
dx − cx[x2 − ẋd]]− kxsgn(sx)

Uy = m[ÿd − cy(x4 − ẏd)−
1

m
dy]− kysgn(sy)

Uz = m[z̈d − cy(x6 − żd)−
1

m
dz]− kzsgn(sz)

(4.34)

Inner loop controller design

This loop controls FWUAV’s attitude. The roll desired angle (ϕd) is given on the basis of

task that the fixed-wing UAV needs to accomplish, and the desired pitch (θd) and yaw (ψd)

angles are obtained from the outer control loop as shown in equation (4.19). Then let’s

define the sliding surface and error dynamics for the attitude of the system as follows:


eϕ

eθ

eψ

 =


x7 − ϕd

x9 − θd

x11 − ψd

 (4.35)


sϕ

sθ

sψ

 =


cϕeϕ + ėϕ

cθeθ + ėθ

cψeψ + ėψ

 (4.36)

When (x7, x9, x11) represents the roll, pitch, and yaw angle respectively and ci (i = ϕ, θ, ψ)

is a positive real constant which indicates the slope of the sliding manifold and determined

by the designer based on Hurwitz stability criterion.

Roll angle controller design
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From the state space model in equation(4.17), the dynamic equation which governs the

roll motion is:- 
ẋ7 = x8

ẋ8 = gϕ1x8 + gϕ2U2 + dϕ2

(4.37)

sϕ = cϕeϕ + ėϕ

= cϕ[x7 − ϕd] + x8 − ϕ̇d

ṡϕ = cϕėϕ + ëϕ

= cϕ[x8 − ϕ̇d] + ẋ8 − ϕ̈d

= cϕ[x8 − ϕ̇d] + gϕ1x8 + gϕ2U2 + dϕ2 − ϕ̈d

ṡϕ = 0

= cϕ[x8 − ϕ̇d] + gϕ1x8 + gϕ2U2 + dϕ2 − ϕ̈d = 0

Then, by rearranging the above equation, the equivalent control law for the roll motion

controller is given by:

U2eq =
1

gϕ2
[−cϕ(x8 − ϕ̇d)− gϕ1x8 − dϕ2 + ϕ̈d] (4.38)

Let’s choose the discontinuous control law:

U2dis = −kϕsgn(sϕ) (4.39)

Then the overall control law for the rolling motion input is:

U2 = U2eq + U2dis =
1

gϕ2
[−cϕ(x8 − ϕ̇d)− gϕ1x8 − dϕ2 + ϕ̈d]− kϕsgn(sϕ) (4.40)

The switching gain can be determined by choosing a positive definite Lyapunov function, as

we do during position controller design. Then let’s define the Lyapunov candidate:

Vϕ =
1

2
s2ϕ

V̇ϕ = sϕṡϕ < 0

= sϕ[cϕ[x8 − ϕ̇d] + gϕ1x8 + gϕ2U2 + dϕ2 − ϕ̈d] < 0
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= sϕ[cϕ[x8 − ϕ̇d] + gϕ1x8 + gϕ2 [
1

gϕ2
[−cϕ(x8 − ϕ̇d)− gϕ1x8 − dϕ2 + ϕ̈d]

−kϕsgn(sϕ)] + dϕ2 − ϕ̈d] < 0

= sϕ[gϕ2(−kϕsgn(sϕ)] < 0

= −gϕ2kϕ|sϕ| < 0

⇒ kϕ < 0

gϕ2 is already a negative constant, then the domain of switching gain(kϕ) must be less than

zero to satisfy the reachability condition.

Pitch angle controller design

The dynamic equation that governs the pitch motion is given in(4.17) as:
ẋ9 = x10

ẋ10 = gθ1x10 + gθ2x9 + gθ3U3 + dθ2

(4.41)

sθ = cθeθ + ėθ

= cθ[x9 − θd] + x10 − θ̇d

ṡθ = cθėθ + ëθ

= cθ[x10 − θ̇d] + ẋ10 − θ̈d

= cθ[x10 − θ̇d] + gθ1x10 + gθ2x9 + gθ3U3 + dθ2 − θ̈d

ṡθ = 0

= cθ[x10 − θ̇d] + gθ1x10 + gθ2x9 + gθ3U3 + dθ2 − θ̈d = 0

Then by rearranging the above equation the equivalent control law will be:

U3eq =
1

gθ3
[−cθ(x10 − θ̇d)− gθ1x10 − gθ2x9 − dθ2 + θ̈d] (4.42)

Let’s choose the discontinuous control law:

U3dis = −kθsgn(sθ) (4.43)
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Then the overall control effort for the pitching motion will be:

U3 = U3eq + U3dis =
1

gθ3
[−cθ(x10 − θ̇d)− gθ1x10 − gθ2x9 − dθ2 + θ̈d]− kθsgn(sθ) (4.44)

The switching gain can be determined by choosing the Lyapunov candidate in which the

gradient of the Lyapunov function must decrease as time go up.

Vθ =
1

2
s2θ

V̇θ = sθṡθ < 0

= sθ[cθ[x10 − θ̇d] + gθ1x10 + gθ2x9 + gθ3U3 + dθ2 − θ̈d] < 0

= sθ[cθ(x10 − θ̇d) + gθ1x10 + gθ2x9 + gθ3 [
1

gθ3
[−cθ(x10 − θ̇d)− gθ1x10 − gθ2x9 − dθ2 + θ̈d]

− kθsgn(sθ)] + dθ2 − θ̈d] < 0

= sθ[gθ3(−kθsgn(sθ)] < 0

= −gθ3kθ|sθ| < 0, gθ3 < 0

⇒ kθ < 0

gθ3 is already a negative constant then the domain of switching gain(kθ) must be less than

zero to satisfy the reach-ability condition.

Yaw angle controller design

From the state space model in equation(4.17), the dynamic equation which governs the

yaw motion is:- 
ẋ11 = x12

ẋ12 = gψ1x12 + gψ2U4 + dψ2

(4.45)
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sψ = cψeψ + ėψ

= cψ[x11 − ψd] + x12 − ψ̇d

ṡψ = cψėψ + ëψ

= cψ[x12 − ψ̇d] + ẋ12 − ψ̈d

= cψ[x12 − ψ̇d] + gψ1x12 + gψ2U4 + dψ2 − ψ̈d

ṡψ = 0

= cψ[x12 − ψ̇d] + gψ1x12 + gψ2U4 + dψ2 − ψ̈d = 0

The equivalent yaw control input is:

U4eq =
1

gψ2

[−cψ(x12 − ψ̇d)− gψ1x12 − dψ2 + ψ̈d] (4.46)

Let’s choose the discontinuous control effort be:

U4dis = −kψsgn(sψ) (4.47)

Then the overall control law for the yawing motion control input is:

U4 =
1

gψ2

[−cψ(x12 − ψ̇d)− gψ1x12 − dψ2 + ψ̈d]− kψsgn(sψ) (4.48)

The switching gain can be determined by choosing a positive definite Lyapunov function as

we do before. Then let’s define the Lyapunov candidate:

Vψ =
1

2
s2ψ

V̇ψ = sψṡψ < 0

= sψ[cψ(x12 − ψ̇d) + gψ1x12 + gψ2U4 + dψ2 − ψ̈d] < 0

= sψ[cψ[x12 − ψ̇d] + gψ1x12 + gψ2 [
1

gψ2

[−cψ(x12 − ψ̇d)− gψ1x12 − dψ2 + ψ̈d]

− kψsgn(sψ)] + dψ2 − ψ̈d] < 0

= sψ[gψ2(−kψsgn(sψ)] < 0

= −gψ2kψ|sψ| < 0

⇒ kψ < 0

In order to reduce chattering, an approximate (smoothed) implementation of sliding mode
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control method is applied in place of the discontinuous signum function being replaced by

the quasi function, or tanh function [38].

Uidis = −ki tanh(si/ϵ) (4.49)

When ”i” represents (x, y, z, ϕ, θ, ψ) ϵ > 0 and ϵ ≈0. Then the overall control effort for both

translational and rotational motion is:



Ux = m[ẍd −
1

m
dx − cx[x2 − ẋd]]− kx tanh(

sx
ϵ
)

Uy = m[ÿd − cy(x4 − ẏd)−
1

m
dy]− ky tanh(

sy
ϵ
)

Uz = m[z̈d − cy(x6 − żd)−
1

m
dz]− kz tanh(

sz
ϵ
)

U2 =
1

gϕ2
[−cϕ(x8 − ϕ̇d)− gϕ1x8 − dϕ2 + ϕ̈d]− kϕ tanh(

sϕ
ϵ
)

U3 =
1

gθ3
[−cθ(x10 − θ̇d)− gθ1x10 − gθ2x9 − dθ2 + θ̈d]− kθ tanh(

sθ
ϵ
)

U4 =
1

gψ2

[−cψ(x12 − ψ̇d)− gψ1x12 − dψ2 + ψ̈d]− kψ tanh(
sψ
ϵ
)

(4.50)

But by using this smoothed approximate implementation of SMC, we can reduce chattering

for a simple system (i.e., a system with little uncertainty and little external disturbance).

Then we have to use another mechanism for further reduction of the chattering problem. To

overcome this issue, fuzzy-based SMC (FSMC) will be implemented for this thesis.

4.3.2 Fuzzy-Based SM Controller Design

Even though the sliding mode controller has many preferable properties like disturbance

rejection, tolerating parameter variation, and uncertainties, the chattering effect followed by

the discontinuity in the control effort has a negative impact on the actuators and is often

mentioned as a main drawback for real-time implementations. Chattering has to be reduced

for the controller to properly carry out the desired task. The smoothed implementation

of SMC does not completely remove the chattering of the discontinuous function; hence,

it needs the integration of an advanced intelligent controller like the FSMC for this thesis.

The integration is accomplished by replacing the discontinuous phase of SMC with a fuzzy

logic controller. A fuzzy control system denotes the control of processes through the fuzzy

linguistic rule of inference. To explain fuzzy control more, it is a mathematical system that
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analyzes analog input values based on logical variables [39]. And it is a way of representing,

manipulating, and executing a human’s heuristic understanding of how to control a sys-

tem [40].

Fuzzy logic controllers(FLCs) are control systems that are characterized by a knowledge

base consisting of the so-called fuzzy IF-THEN rules. In the fuzzy IF-THEN rule, a word

can be characterized by a continuous membership function, which takes values from 0 to

1, representing the degree of truth of the statements [41]. Therefore, the fuzzy logic con-

troller consists of four main components to interact with the real system or plant. These

components are fuzzification, inference system, knowledge base, and defuzzification, which

are explained below [42]:

Figure 4.3: Structure and components of fuzzy logic control system

4.3.2.1 Fuzzification

Fuzzification converts crisp inputs into a fuzzy set and assigns a degree of membership

function between 0 and 1 to each fuzzy input value. The fuzzified output is interpreted and

correlated to the rule in the rule base. In this step, the decision that needs to be made is

relays on the total number of inputs, the scope of the discourse inverse, and the number and

shape of fuzzy set [42].

4.3.2.2 Rule Base or Knowledge Base

The rule base grasps knowledge in the form of IF-THEN rules which are given by an expert

based on how to manage the system effectively. The rule base is the most vital part of FLCs
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so that the remaining components are going to implement the defined rule in a sensible and

effective way [43].

4.3.2.3 Fuzzy Inference Mechanism

The two primary approaches of the inference mechanisms are composition-based inference

and individual rule-based inference systems [44]. In this method, the combination of the

fuzzifier’s output and the rule base is employed to construct the output fuzzy set. This

set is then applied by the defuzzifier, which calculates the controller output based on the

established fuzzy set [44].

In composition-based inference approaches, the entire set of rules in the rule base is consol-

idated into a single fuzzy relation. The inference is then conducted between the fuzzified

input and this comprehensive fuzzy relation, defining the complete set of rules. Ultimately,

a fuzzy set is derived to depict the fuzzy value of the overall control output. Conversely, in

individual rule-based mechanisms, each rule in the rule base defines a distinct output fuzzy

set. The overall output of the fuzzy inference mechanism is determined by aggregating these

individual output fuzzy sets. Generally, the individual rule-based inference mechanism is

preferred over the composition rule-based approach due to its computational efficiency and

memory-saving characteristics [44].

There are three primary types of operations employed in the inference mechanism. The

initial type involves operations among the terms found in the premises of rules within the

rule base. Typically, the premises’ terms are linked by AND, OR, and NOT operators.

Nevertheless, in the majority of control applications, the AND operator is the one predom-

inantly utilized [44]. These operators perform computations on the membership degrees of

input values, producing a singular outcome that represents the certainty of each rule in the

rule base. The next type of operation is implication, involving the interaction between the

certainty of a rule and the output fuzzy set associated with that rule. Following implication,

each rule in the rule base generates an inferred output represented as a fuzzy set. Aggre-

gation, the third operation type, consolidates all the inferred output fuzzy sets to derive a

comprehensive output fuzzy set.
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4.3.2.4 Defuzzification

In this process, the output from the inference mechanism is defuzzified in order to get a

numerical or crisp controller output. The most known defuzzification mechanism is the

center of gravity(CoG) method [44], which specifies the numerical controller output as the

center of the area covered by the membership function µout(u) which is expressed as:

k =

∫
uµout(u)du∫
µout(u)du

(4.51)

But, the integral calculation in the center of gravity mechanism is computationally difficult,

it is because µout(u) is not regular [44]. Since the resultant output fuzzy set is the union of the

implied output fuzzy set, a good approximation of (4.35) is a center of average defuzzification

mechanism which is expressed mathematically in (4.36), so it is computationally not difficult,

and it is widely implemented in defuzzification mechanism for practical implementation of

fuzzy logic control application [45].

k =
ΣN
i=1ciui
ΣN
i=1ui

(4.52)

Where k is a crisp controller output, N is the total number of rules, ci is the center of gravity

for the implied fuzzy set for rule i, and u represents the area under the implied fuzzy set.

4.3.2.5 Membership Function

The MF helps us to express the linguistic terms in the form of numerical value and represents

the fuzzy set graphically. For example, a fuzzy set A in the universe of discourse X is

expressed as µA : X → [0 1], i.e. every component of X represented by a value between 0

and 1, and it is referred to as a degree of membership. The x and y axis of a membership

function denotes the universe of discourse and the degree of membership in the interval of

[0 1] [45]. Based on the shape, the membership function can be categorized as triangular,

trapezoidal, Gaussian, bell-shaped and etc. Some of them are illustrated in the figure below.

the selection of the shape of the membership function is relays on the interest of the designer

since there is no unique rule about selecting. For this thesis, a triangular membership

function is chosen due to ease of calculation [34].
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Figure 4.4: Illustration of membership function (a) Trapezoidal (b) triangular (C) Gaussian
and (d) monotonic

There are three procedures to follow during the design of a fuzzy logic controller;

• Determine the fuzzy logic input and output; sliding manifold(s) as input and discon-

tinuous controller as output in this thesis.

• Determine the processing that is suitable for the controller input and possibly post-

processing for the output.

• Design every component of the fuzzy components explained above.

4.3.2.6 Fuzzy Logic Gain Tuning for The Discontinuous Control Effort

The goal of this section is to replace the discontinuous phase of a sliding mode controller with

a fuzzy logic controller to control the reaching phase dynamics and reduce the chattering ef-

fect. During the conventional sliding mode controller, the control effort results in oscillating

at a high frequency (ideally infinite frequency), which causes a problem known as chatter-

ing. It is unwanted because it can excite the high-frequency dynamics of the system. To

reduce chattering, a continuous fuzzy logic control(uf ) is used to approximate the (udis) [46].

The design of the fuzzy controller starts with defining the crisp sliding surface s = 0 to

the fuzzy sliding surface explained as linguistic expression; (s is ZERO). The following fuzzy

set is defined to segment the domain of discourse of s:

E(s) = [NB,NM,NS,ZERO,PS, PM,PB] = [F 1
s , ........., F

7
s ] (4.53)

Where [NB, NM, NS, ZERO, PS, PM, PB] are labels of the fuzzy set denoting negative large,

negative medium, negative small, zero, positive small, positive medium, and accordingly

positive large, and E(s) is the term set of (s). The term and label of the fuzzy set are
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indicated for the output (uf ) as follows:

E(uf ) = [NB,NM,NS,ZERO,PS, PM,PB] = [F 1
uf
, ........., F 7

uf
] (4.54)

The fuzzy logic controller is designed using the MATLAB fuzzy logic toolbox and has one

input linguistic variable and one output linguistic variable as shown in the figure below.

These linguistic variables have seven linguistic values explained above with a triangular shape

membership function(MF). For each(six) state of the plant(FWUAV) the fuzzy logic control

Figure 4.5: Fuzzy logic designer

(a) MF of input(Sliding sur-
face)

(b) Rule editor for input and
output membership function

(c) MF of output(gain tuner
for discontinuous controller)

Figure 4.6: Fuzzy logic designer and MF editor for input and output of fuzzy logic controller

system decides the gain based on the sliding variable(si). The input and the output of the

fuzzy logic system are divided into seven linguistic values as noted in equation (4.54)and(4.55)

and the rule base is given as follows: ’i’ represents for (x,y,z,ϕ,θ,ψ)
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• IF Si is NB THEN Ufi is NB

• IF Si is NM THEN Ufi is NM

• IF Si is NS THEN Ufi is NS

• IF Si is ZERO THEN Ufi is ZERO

• IF Si is PS THEN Ufi is PS

• IF Si is PM THEN Ufi is PM

• IF Si is PB THEN Ufi is PB

Input(Si) NB NM NS ZERO PS PM PB
Output(Ufi) NB NM NS ZERO PS PM PB

Table 4.1: Fuzzy logic controller rule base for input and output membership function

Then, after designing the fuzzy logic controller, the overall control effort becomes the

sum of the equivalent controller and the fuzzy logic controller (the discontinuous part of

SMC is being replaced by the fuzzy controller), when Ufi(t) is the output of a fuzzy system.

Ui(t) = Uequ(t) + Ufi(t) (4.55)

4.4 Constraints Imposed on Control Inputs

There are many reasons to constrain the control surface of the aircraft, among which are [47]:

• Safety: Limiting control surface deflection ensures that the aircraft operates within

safe operating limits. Excessive deflection can result in structural damage, control loss,

or structural failure.

• Structural integrity: Control surfaces are built to withstand specific loads and forces.

Constrained deflections keep control surfaces, pivots, and other associated components

from becoming overly stressed, guaranteeing their structural integrity.

• Stability and Control: The deflection of control surfaces impacts the aircraft’s sta-

bility and control. The aircraft’s response to control inputs can be carefully handled

by regulating their deflection, making it easier for the pilot to maintain control and

stability during flight.
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And the Thrust force is calculated based on the thrust-to-weight ratio, which is usually a

maximum ratio of 2:1. The constraint values are shown in the following table:

Controllers Thrust Aileron deflection Elevator deflection Rudder deflection
Values <= 270N ±0.92rad ±0.92rad ±0.92rad

Table 4.2: Maximum and minimum boundary for the control input
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Chapter 5

Simulation Results and Discussion

The primary focus of discussion will revolve around the effectiveness of the proposed control

law. This is because the central objective of this thesis is to develop an effective trajectory-

tracking controller for the fixed-wing UAV using fuzzy logic-based sliding mode control.

5.1 Introduction

This chapter will illustrate the simulation outcomes of the closed-loop system, incorporating

the proposed plant model and the designed controller, implemented using MATLAB®/Simulink®.

The comprehensive Simulink model, displaying the integration of the designed controller with

the fixed-wing UAV model, is presented in Figure 5.1,

Figure 5.1: Overall developed Simulink model

The overall model includes the following:

• Trajectory planning: Which involves the generation of a feasible reference trajectory,

in which the trajectory must fulfill the slope continuity and path continuity constraints
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because of the natural appearance of the proposed plant.

• The conversion block: Involves the generation of the desired input for the rotational

motion (the inner loop) from the virtual control outputs.

• Controller block: There are two control blocks for this system: the outer control block

for the position motion control and the inner control block for the rotational motion

control.

• The actual plant model: Is the modeling of FWUAV.

• The last block is the output block, which involves performance analysis by comparing

the desired and the actual or measured trajectories.

5.2 Simulation Result For Different Reference Trajec-

tories

5.2.1 Helical Trajectory Tracking For SMC

The helical reference trajectory is obtained by xd = 10 cos t, yd = 10 sin t, and zd = t. As

seen from the dynamic model of the system, some parameters are considered as uncertainty

during the decoupling procedure. Then the tracking performance of the control effort is seen

for both cases: without the considered disturbance and with disturbance.

5.2.1.1 Case One Pure Scenario

The resulting helical 3D trajectory tracking response of the position of the FWUAV and

the resulting rotational motion tracking for a pure scenario, i.e., (dx, dy, dz, dϕ2 , dθ2 , dψ2) are

assumed to be zero, as shown in the figures 5.2, 5.3, and 5.4.

5.2.1.2 Case Two With Uncertainty

The resulting helical 3D trajectory tracking response of the position of the FWUAV and the

resulting rotational motion tracking with the considered uncertainties during the decoupling

process, i.e., (dx, dy, dz, dϕ2 , dθ2 , dψ2) are added into the dynamics of the system as shown in

the figures 5.5, 5.6, and 5.7. For both cases, the control effort meets the constraint imposed

in Chapter 4 at Table 4.2. From these two cases, we can observe that the sliding mode

controller can tolerate uncertainty, and the resulting control efforts are affected by chattering.
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Figure 5.2: Helical trajectory position and attitude controller tracking performance for case
one

Figure 5.3: Total thrust force and deflection commands for pure scenario

Figure 5.4: 3D helical trajectory SMC tracking plot for pure scenario
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Figure 5.5: Helical trajectory position and attitude sliding mode controller tracking perfor-
mance for case two

Figure 5.6: Control efforts for the second scenario

Figure 5.7: Helical trajectory SMC tracking 3D plot for case two

5.2.2 Helical Trajectory Tracking For FSMC

This section depicts the performance of the FSMC and the chattering effect compared with

the classical SMC. Then it is clear that the chattering effect is reduced, as we expected,
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during FSMC compared with SMC. As well, the control efforts are in between the maximum

and minimum values, as explained in Table 4.2.

5.2.2.1 Tracking Performance During Pure Scenario

Figure 5.8: Helical trajectory tracking performance of FSMC for pure scenario

Figure 5.9: Control input signal of FSMC for pure scenario

Figure 5.10: 3D helical trajectory tracking performance for FSMC
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5.2.2.2 Helical trajectory tracking performance of FSMC with uncertainty

Figure 5.11: Helical trajectory position and attitude controller tracking performance of
FSMC for case two

Figure 5.12: Control effort of FSMC with uncertainty

5.3 Takeoff, Navigation, and Landing Trajectory Plan-

ning

In this section, the desired trajectory of each phase for the FWUAV is designed based on

different constraints, like slop continuity constraints and path continuity constraints called

flight constraints [48]. The path must be smooth during banking schemes. The aircraft’s

takeoff, navigation, and landing trajectory is the desired aircraft path, which the aircraft

follows over a given period of time[t0, tf ].
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5.3.1 Takeoff Phase

The action of takeoff with a FWUAV is significantly less difficult than the landing phase.

There are many ways to perform takeoff like launching from a hand throw, catapult, or

runway and climbing to a specified altitude [43]. But for this thesis, launching from a catapult

is chosen as takeoff because the launcher accelerates the aircraft smoothly by designing the

launching speed correctly [49]. From the parameters of the fixed-wing UAV, it is taken that

the take-off speed is 15 m/sec, the launcher height is 1.45 m, and the flight path angle(γ)

be (15°) [6]. Then a third-order smooth trajectory is applied as a reference input after the

catapult operation( lift-off climb phase) by taking initial and final way-points with the speed

profile of the aircraft, and at the final point, a constant altitude is maintained and navigation

is started. i.e

xd = a0 + a1t+ a2t
2 + a3t

3 (5.1)

And the altitude linearly depend on xd with a slope of tan (γ)

zd = tan(γ)xd + 1.45 (5.2)

Figure 5.13: Take-off Trajectory [50]

5.3.2 Navigation Phase

The cruise, or navigation, is the phase of aircraft flight that starts when the aircraft levels

off after a climb until it begins to descend for landing. After the aircraft performs takeoff

operations, the navigation (cruise) scheme is a very important phase in which the normal

mission of the aircraft is started. From the literature, the speed (cruising speed) of the

FWUAV during this phase is constant and takes a value of 20m/sec [6] for this thesis work.
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The speed in this scheme is constant until the operation is done. The flight path in this

phase is taken as a third-order smooth trajectory based on the slope continuity and the path

continuity constraints, as well as the banking scheme. The equation of the trajectory for

navigation and banking schemes is given as follows:

xd = a0 + a1t+ a2t
2 + a3t

3

yd = b0 + b1t+ b2t
2 + b3t

3

zd = constant

During the banking scheme, both the forward (xd) and the lateral (yd) paths are used for

a certain amount of time (4 seconds for this work) in order to create a suitable turn of the

aircraft (to avoid a sharp turn).

5.3.3 Landing Phase

The landing trajectory must be secure, free from the risk of harm, and provide a comfortable

landing. There are two main phases during landing. These are the glide slope phase and the

flare-out phase [48] [51]. The glide phase is the first phase of landing, and it is modeled as a

straight line whose slope is determined in terms of the flight path angle(γ). In Figure 5.14

the desired landing trajectory is depicted in the forward path (x)-altitude (z) plane. The

Figure 5.14: Aircraft’s landing path [48]

other part is the flare-out path, which begins when the aircraft reaches a certain height(Zf0)

which is the final point of the glide slope phase and the initial point of the flare-out phase.

It is an exponential path with a given path angle at touchdown [51]. In 5.14 (kx, Zc, Xf0)

are unknown, and the procedure to calculate these coefficients is explained in Appendix B.
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And then, in both phases, the forward trajectory is given by:

xd = a0 + a1t+ a2t
2 + a3t

3 (5.3)

5.4 Simulation Results: Takeoff, Navigation, and Land-

ing

This section shows the simulation results of the three phases of the flight path for both

SMC tracking performance and FSMC tracking performance with the considered uncertainty

during the decoupling procedure.

5.4.1 SMC Trajectory Tracking Performance

The tracking performance of the classical SMC and the control signal are depicted in figures

5.15 and 5.16, respectively. As a result, the aircraft’s translational and rotational motions

track the required input trajectory and orientation with good performance. However, the

control signal in figure 5.16 varies at a high frequency, which is known as chattering.

Figure 5.15: Flight path tracking performance of SMC

5.4.2 FSMC Trajectory Tracking Performance

From the results shown below, the chattering effect is reduced with the fuzzy-based sliding

mode controller compared with the conventional SMC. And we can observe from the result
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Figure 5.16: Control effort for conventional SMC

that the translational and rotational trajectory of the aircraft tracks the desired reference

path, and the 3D trajectory tracking in figure 5.19 also proves the designed controller guar-

antees accurate desired reference path tracking by stabilizing the aircraft to perform the

required task. The control effort here is also in between the boundaries explained in Chap-

ter 4 at Table 4.2. A comparison between the tracking performance of the controller can

Figure 5.17: Flight path tracking performance of FSMC

Figure 5.18: Control effort for fuzzy SMC
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Figure 5.19: Trajectory tracking of flight path 3D plot

be achieved by calculating the trajectory error based on the following equation [52].

etr =
√
e2x + e2y + e2z =

√
(xm − xd)2 + (ym − yd)2 + (zm − zd)2 (5.4)

The equivalent trajectory errors for the SMC and FSMC are 0.6143 and 0.2797, respectively.

As can be observed from the results, the FSMC’s trajectory error is lower than that of

the SMC, with the amount of control effort indicated in the figures 5.16 and 5.18. And to

assess the capacity of the FSMC compared with conventional SMC, the mean square of the

trajectory error (MSTE) is taken based on the following formula [52].

MSTE =
1

Ns

ΣNs
i=1e

2
tr (5.5)

Based on this equation, the MSTE will be 0.3774 for the SMC and 0.07825 for the proposed

controller (FSMC), which indicates the tracking capacity of the FWUAV is highly enhanced

with the proposed controller. The tracking improvement percentage (TIP) can be calculated

by using the formula:

TIP =
MSTESMC −MSTEFSMC

MSTESMC

× 100 (5.6)

Then, based on this equation, the tracking performance of the FSMC is improved by 79.266%

which means that the trajectory error is decreased by this percentage during the FSMC.
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5.5 The Effect of External Disturbance on FSMC

Use an unknown disturbance for a step reference input along the x, y, and z axes to demon-

strate the capability and robustness of the FSMC scheme in tracking problems. The system

response of the suggested controllers to an external disturbance is shown in figure 5.21. The

simulation shows that the controller performs well under the applied disturbance rejection.

According to the diagram below, the external disturbance modeled in this thesis is a random

signal with varying axes of acceleration, as shown in figure 5.20.

Figure 5.20: Injected external disturbance along x,y,z axis

Figure 5.21: Effect of injected disturbance for the position of the UAV

Figure 5.21 depicts the effect of disturbance and the range of the controller’s capabilities for

disturbance rejection along the fixed-wing UAV position. It shows how the suggested con-

troller (FSMC) enables system stabilization and convergence of position to target position.
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Figure 5.22: Total thrust force of the system with disturbance

5.6 Comparison Between FSMC and SMC in Terms of

Steady State Error and Settling Time

From the result, we can say that the proposed controller (FSMC) provides a promising

result and gives a fast response (with respect to the classical SMC) of settling time around

2.802 seconds with minimum steady state error compared to the conventional sliding mode

controller of settling time around 5.065 seconds, as shown in figure 5.23.

Figure 5.23: Comparison between tracking performance of the proposed controller and con-
ventional SMC
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Chapter 6

Conclusion and Recommendation

6.1 Conclusion

A fixed-wing unmanned aerial vehicle (UAV) is a nonlinear, multivariable, and tightly cou-

pled system. As a result, many unmodeled dynamics and external disturbances might easily

disrupt the control process. The work in this thesis includes modeling the FWUAV dynamics

established using Newton-Euler approaches, verifying the developed model using different

scenarios, input decoupling, designing the conventional SMC and fuzzy-based SMC to com-

pensate for the traditional SMC’s drawbacks, and stabilizing the aircraft’s full 6 DoF around

the referenced target trajectory. And the finite-time convergence of the designed controller

is performed based on Lyapunov’s theory of stability analysis. To simulate the model and

the designed controller, the MATLAB®/Simulink® platform is used.

On various flight paths, the performance of the developed controllers’ path tracking is eval-

uated while taking into account both normal and disrupted flight conditions. The result

shows the proposed controller has good performance in terms of disturbance rejection, track-

ing capability, chattering reduction, which is the main drawback of the existing SMC, and

steady-state error reduction.

Additionally, the comparison of the FSMC and the traditional SMC reveals that the sug-

gested controller significantly enhances the tracking performance of the aircraft by 79.266%

in accordance with the flight route of the aircraft.
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6.2 Recommendation for Future Work

The following points discuss this thesis’s potential future extensions and recommendations:

• As it is clear, the sliding mode controller is robust against matched uncertainty, but

its robustness fails when unmatched uncertainty is applied to the plant. Then the

interested researcher in this area can design the Neuro-fuzzy SMC or Fuzzy SMC

based on adaptation law to make the controller robust in front of both matched and

unmatched uncertainties for the same dynamic model of this thesis.

• In addition, interested researchers can improve the work of this thesis by including

the drone’s target identification mechanism and at least a basic implementation of the

system.
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Appendix A

Simulink Function Code

A.1 Fixed Wing UAV dynamic model

Figure A.1: Fixed wing UAV non linear mathematical model built in simulink
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Figure A.2: Attitude controller block built in simulink

Figure A.3: Conversion block
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Figure A.4: Desired trajectory and position controller

Figure A.5: Output demonstration block
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Figure A.6: Attitude controller for fuzzy based SMC simulink block.

Figure A.7: Position controller for fuzzy based SMC simulink block.
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Appendix B

Landing trajectory Coefficient

Calculation

Figure B.1: Aircraft’s landing path [48] [51]

During the glide slope phase, the aircraft follows a straight-line route towards the run-

way’s start. The target altitude, zd, is calculated using a specified flight path angle γd [48]

[51]:

zd = − tan γd(xd −Xg0) + Zgo (B.1)

When the desired altitude is reached as soon as the flare-out phase begins, zd can be calcu-
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lated as:

zd = −Zc + (Zf0 + Zc)e
−Kx(xd−Xf0) (B.2)

When Kx is a constant that defines the curvature of the flare-out maneuver route based on

the distance between the X-Z plane’s origin and the touch-down position. For the landing

trajectory shown in 5.14, Xf0, Zc, Kx are unknowns that can be solved using tan γ, Zf0, and

Xt given the following constraints [48] [51]:

• Slope continuity constraint: The slope at the beginning of the flare-out path should

be equal to the slope of the glide slope path for a smooth phase change. As a result,

the slope of the glide slope path can be calculated as [48] [51]:

żd = − tan γd (B.3)

Similarly, the slope at the beginning of the flare-out path is:

żd = −Kx(Zf0 + Zc)e
−Kx(xd−Xf0)|xd = Xf0 (B.4)

From (B.3) and (B.4) Kx can be calculated as:

Kx =
tan γd

Zf0 + Zc
(B.5)

• Path continuity constraint: This constraint ensures that the path remains contin-

uous when transitioning from the glide slope phase to the flare-out phase. We have

done so on purpose Xf0 = Xgf . Then it is need to ensure that Zd at Xgf given in

(B.1) is the same as Zd at Xf0 given in (B.2) resulting in [48] [51]:

Xf0 =
Zg0 − Zf0
tan γd

+Xgo (B.6)

• Touchdown constraint: At the touchdown point Xt, the landing path intersects the

ground. As a result, at the touchdown point, we have [48] [51]:

−Zc + (Zf0 + Zc)e
−Kx(Xt−Xf0) = 0 (B.7)

Thus from from (B.5), (B.6), and (B.7) we can determine the value of Kx and Zc.
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