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Abstract

Quadcopter technology could help farmers around the world to monitor their agriculture to
know accurate and up-to-date information quickly on the health of their crops and the en-
vironmental condition of the land. This thesis addresses particle swarm optimization tuned
fractional-order sliding mode controller for altitude stabilization and trajectory tracking of
agricultural monitoring UAV. First, the quadrotor dynamics are modeled using the Newton-
Euler systems approach. Second, Fractional-order (FO) sliding mode control (SMC) system
is developed for attitude and position trajectory tracking of a quadrotor unmanned aerial
vehicle (UAV) system under unknown external disturbance. Quadcopter control algorism is
divided into inner and outer control loops because the quadcopter is under actuated system,
Where direct control of all six degrees of freedom is not possible. The outer loop controls
the altitude and generates roll and pitch angle reference trajectories controlled in the inner
loop. The inner loop controls attitude (roll, pitch, and yaw) of the quadcopter.

In order to achieve good task performance for agility, flying efficiency and trajectory tracking,
particle swarm optimization (PSO) algorithms are used to obtain parameters of fractional
order sliding mode controller (FOSMC).

The comparison of conventional sliding mode control with fractional-order sliding mode con-
troller is analyzed. The effectiveness of the proposed control scheme is verified by developing
simulation results for the quadcopter study in MATLAB/SIMULINK software. In this work,
different types of tasks are performed under different conditions. Indeed, the ability of the
proposed controller to track the imposed trajectories and achieving of position in space is

well seen from 3D path tracking simulations and even in presence of disturbances.

KEY WORDS: - quadcopter, particle swarm optimization, fractional order sliding mode

controller, Trajectory, Disturbance
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Chapter 1

Introduction

1.1 Background

UAV, an abbreviation of Unmanned Aerial Vehicle, sometimes also referred as Unpiloted
Aerial Vehicle, which is a self-powered flying object without intervention of human pilot.
UAV have been widely used to facilitate human life. Quadcopters are used in various fields
ranging from the military, humanitarian relief to agriculture. In recent decades, agriculture
is the most important industry in world. Agricultural science and technology pays high
attention to output of various agricultural products and enhancing the transformation from
traditional to modern agriculture. Agricultural monitoring to become one of the primary
methods of quickly and accurately obtaining agricultural information. These vehicles are
used in agriculture for a number of missions including separating weeds from crop, capturing
image for analysis of individual plant leaves, mapping of an unknown environment, automatic
monitoring of forest fires and management of forest health etc. These vehicle have a huge
potential in agriculture in supporting evidence-based planning and in spatial data collection.

Quadcopters are generally classified into two categories. Remotely piloted aircrafts and
Autonomous aircrafts. In both categories, the common thing is that there is no human
directly involved or present in the flight environment. In the Remotely piloted aircraft, the
UAV is control and guide through the way by humans over some sort of wireless communi-
cation. However, in the Autonomous aircrafts category the vehicle can intelligent enough to

fly and perform the designated task by itself. Two species of UAVs are.
e Rotary wing variant.
e Fixed-wing variant

Rigid wing capable of generating lift. In order to fly, fixed-wing UAVs must have an en-

gine to generate thrust force used to moves the craft along the ground while the greater air
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pressure generated below the wing generates lift. The other basic division in UAV Classifi-
cation is based on their landing and take-off abilities are Conventional Take-off and Landing
(CTOL) capability and Vertical Take-off and Landing (VTOL) capability. Now a day, most
of the commercially used UAVs are of the VTOL category. VTOL provides the aircraft to
land and take-off in places where conventional vehicles cannot, But CTOL category UAVs
are popular for their speed and high load carrying capabilities. However, research and spe-
cific application demands make VTOL aircrafts the ultimate choice. Among this class of
UAVs, Multi-rotor UAVs are the most current ones because of their higher stability in flight
and easy control. Quad-copter is also a type of rotary wing Multi-rotor VT OL type UAV.
The advancement of quad-copters has challenged until recent time, because controlling four
independent rotors has difficult and impossible without electronic assistance.

Quadcopters have four rotors arranged at the edge of a cross body allowing them to move at
different speeds. Two diagonal rotors rotates a clockwise rotation while the other two diago-
nal rotors rotates anti-clockwise direction. This configuration is important because it keeps
the quadcopter balanced by generating equal in magnitude and opposite directional torque .
If all the motors were to rotate in the same direction, the resulting torque is maximum and
in one direction, which make the whole craft rotate. The rotors are designed in such a way
that they push down air generating lift. When the rotors push down air, the air pushes back
on them propelling the drone upwards. The faster the rotors spin, leads to the faster the
drone upward motions. When rotors spin slow down, the drone starts to move downward to
ground. The movement of a quadcopter relies on the rotation of the four rotors to generate

thrusts and to control its attitude and position.

Figure (1.1) Quad-copter Model [1]

1.2 Problem Statement

The quadcopter has four rotors that are controlled independently. The movement of the

quadcopter results from changes in the speed of the rotors. The quadcopter is naturally

Addis Ababa University,AAiT School of ECE, MSc Thesis 2
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unstable, non- linear and being under-actuated. In order to achieve the desired trajectory,
design six degrees of freedom by coupling three translational and three rotational motion.
The automatic control of a quadcopter is not a straight forward due to its under-actuated
properties, it is difficult to control all these six states with only four control inputs. Be-
cause of quadrotor is sensitive to external disturbances and parameter variations easily, the
FOSMC is used as a nonlinear controller to combine the flexibility of the fractional-order
approach to keep quadrotor on desired trajectory, as well as disturbance rejections and error
minimization. The fractional-order calculus (FOC) is very attractive method to obtain more
sensitive control achievement compared to integer.

Designing a controller for quadcopter is somewhat complex because tuning of the FOSM
controller parameters gain is another challenging problem for flying efficiency and trajectory
tracking . To deal with such a difficulty, PSO algorithms are used to obtain parameter gains
of Sliding Mode Controller (FOSMC). In this paper, the controller that is proposed to control
altitude stabilization of quadrotor in order to track the desired trajectory and disturbance
rejection by fractional order sliding mode controller (FOSMC) tuned with particle swarm
optimization (PSO). Therefore, the proposed controllers with proper design will be able to

overcome the above-mentioned challenge

1.3 Objective

1.3.1 General Objective

e To improve the performance of altitude stabilization and trajectory tracking of agri-

cultural UAV by using PSO tuned fractional order sliding mode controller.

1.3.2 Specific Objectives

e To model and simulate an agricultural monitoring UAV that can be used to monitor

agricultural fields.

e To design a FOSM controller tuned with PSO for an agricultural monitoring UAV for

efficient stabilization and trajectory tracking.

e To evaluate the performance of the designed controller in terms of trajectory tracking

and stabilizing in the presence of disturbances.

e To simulate the mathematical models with the proposed controller using simulation in
MATLAB/SIMULINK.

Addis Ababa University,AAiT School of ECE, MSc Thesis 3
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1.4 Significant of the study

In the past few years, Quadcopter has obtained a significant interest in both military and
civilian applications. These vehicles are used in agriculture for several missions including
separating weeds from the crop, capturing an image for analysis of individual plant leaves,
mapping of an unknown environment, automatic monitoring of forest fires, management of
forest health, obtaining information on soil water holding capacity or management irrigation
systems especially for large agricultural producers that cultivate in regions with dispersed
areas, etc. Apart from favorable climatic conditions for growing vegetables, our country still
has no leading technical facilities necessary for the competitiveness of the market economy.
Thus, any solution by which farmers can increase the product quantities; reduce production
costs while maintaining product quality and integrity within minimum energy is considered.
As the usage of these vehicles becomes widespread, the development of controller structures,
which allow the UAVs to follow a specified trajectory within minimum error and unaffected

by external disturbance precisely, is a new area of interest for researchers.

1.5 Methodology

The study will be achieved through the following methodology:

e Literature Survey: Start with reviewing of literature, which includes reading of books,
publication papers and thesis works to get essential information, concept and ideas

that will assist to focus on the thesis.
e Obtaining the mathematical model of the quadcopter.

e Fractional order sliding mode control has been designed which is robust and insensitive

to external disturbances, un modelled dynamics and parameter uncertainties.

e Develop Particle swarm optimization technique that has automatic tuner proven an
effective and efficient method of gain tuning to obtaining or select the parameters of

the controller gains.

e MATLAB/Simulink Simulation has been utilized for comparison of trajectory tracking
performance for convectional sliding mode control with fractional order sliding mode

control tuned with PSO and validating the mode

e PSO tuned fractional order sliding mode control has been tested subjected to different
effects to ensure the robustness, parameter uncertainty and insensitive to external

disturbance while tracking the desired reference trajectory of quadcopter.

Addis Ababa University,AAiT School of ECE, MSc Thesis 4
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1.6 Scope of the thesis

The scope of this thesis is develop mathematical model, design and simulation of fractional
order sliding mode controller tuned with PSO for efficient stabilization and trajectory track-
ing in the presence of external disturbances for the dynamic model of quadcopter. The design

of the system and controller will be implemented on MATLAB/Simulink environment.

1.7 Outlines of the thesis

The thesis is organized into six chapters including the introduction in chapter 1. The rest

of the thesis is organized as follows.

1. Chapter 2: Describes the literature review, the basic structure (alignment) and flight
principles of Quadcopter.

2. Chapter 3: Deals with mathematical modelling of the quadcopter design.

3. Chapter 4: Design fractional order sliding mode controllers’ and tune with PSO.

4. Chapter 5: Presents the results obtained along with a discussion on those results
briefly.

5. Chapter 6: Draws the conclusion from the work done in this thesis adding recom-

mendation and future works to be done.

Addis Ababa University,AAiT School of ECE, MSc Thesis 5



Chapter 2

Overview of quadcopter

2.1 Literature review

The quadcopter has become one of the most popular unmanned aerial vehicles (UAVs), which
attract considerable attention in both academia , industry and agricultural sectors. Com-
pared with traditional manned air-plane and unmanned fixed-wing flight vehicles, quadrotor
has its unique advantages, such as low cost, small size, and hovering and vertical take-off
landing, simple structure and flexible flight ability. As a result, quadcopter is playing a sig-
nificant role in agricultural,the advancement of quadcopter and achieving high-performance
controller has challenged issue until recent time, because controlling four independent rotors
has difficult,motivate and interesting problem .

Different literatures have approached the research of quad-rotor UAV in different ways.
The quadcopter’s control problem has been widely investigated using several control ap-
proaches and some of them are discussed here below.

Derafa [3] , formulated the equations of motion that govern the dynamics of the craft
mathematically using the Newton-Euler mechanics. PID controller has been used to control
the yaw angle and the altitude on a square wave trajectory. It is recommended that the other
DoF determining its position in space be also stabilized for a better outcome in controlling
the motion of the vehicle. The four-rotor control system was built for only attitude angles
and height along z-axis and verify the model outputs.

Axel Reizenstein[4], design and implement controllers of the quadcopter’s position and
trajectory in an outdoor environment. Having two controller’s i.e. inner and outer .outer
loop controllers will generate reference angles for the inner loop angle controllers. PID and
LQG controller has been used to control by linearizing the dynamics and tuning manually.
Implementing an optimal and non-linear control algorithm to decrease trajectory error and

steeling time to follow the desired position is his draw back for further work.
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In the paper by Ruth Tesfaye[5], Modelling and Control of a Quad-rotor Unmanned
Aerial Vehicle at Hovering state only. Linearize the model and introduce disturbances to
stabilize craft back to hovering position . Finally compare PID and LQR controller to sta-
bilize the quad-rotor in the hovering position.

Tommaso Bresciani,[2],also derives the mathematical model of the quad-rotor using the
Newton Euler Formulation. Accurate description of the quadrotor components and their
interconnections are experimentally investigated to develop a real platform.To improve this
quadrotor parameters in simulation environment PID controller has been used to stabilize
height and attitude with two levels. i.e, the low-level controller and the high-level controller.
The low-level controller’s for the purpose of stabilization of the height and attitude whereas
the high-level controller is cascaded with the previous controller to follow for position re-
quirements, obstacle avoidance and trajectory tracking.

The authors in [6] presented a similar work to those in [2] the mathematical model of kine-
matics and dynamics of the vehicle was Implemented,PID controller built upon and tested
on an Arduino hardware for data collection and control system evaluation. Internet was
the primary source of information and controller was not designed to maintain the take-off
position of the vehicle. Further PID tuning is required for improved flight performance.
Data analysis of quadcopter dynamic attitude on a circular trajectory and comparing the
modeling results of conventional Proportional Integral Derivative (PID) and Fuzzy-PID con-
trollers investigated in[7]. Manual controller gain adjustment has a crucial role in quadcopter
flight.

Many of those studies use proportional-integral-derivative (PID) controller, which is easily
applied in UAV for its practicability but not robust. The challenging problem is finding the
optimal parameters of PID controller.The above researcher presents using manual adjust-
ment and Ziegler-Nichols rules for tuning controller parameters of quadrotor . The authors

in [8] proposed tuning method for determining the parameters of PID controller using PSO.

Particle swarm optimization (PSO) algorithm is a new concept that has proven to be an
effective and efficient method of gain tuning for a number of systems and controller types [§]
[9] [10]. The authors in [11] states Sliding Mode Control for Quadcopter altitude and atti-
tude stabilization is presented and tuned using Particle Swarm Optimization. PSO and CS
is used to improve results concerning the quadrotor full control. However, the CS algorithm
suffers from a low convergence speed.

Particle swarm optimization (PSO) algorithm tuned optimal PID gains proposed approach
is not highly robust and not very sensitive in term of changing of the weighted constants

[12]. [13] author specifies Particle swarm Optimization in application for quadrotor attitude

Addis Ababa University,AAiT School of ECE, MSc Thesis 7
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and path following control tuning using feed forward plus pd controller. To achieve a desired
performance for agility, flying efficiency and immediate reaction is a challenging problem.
Adjusting the gain parameters and implementing the PID controller is still easy and it
yields not only reliable results but also gives satisfactory results for linearized dynamic mod-
els. All researchers mentioned above use the linearized model of the quadcopter. However,
quadrotors have highly nonlinear dynamics, parametric uncertainties and affected by exter-
nal disturbance such as wind gusts, rains, snows and sensor spoofing. Due to these distorting
effects and properties, it is necessary to acquire perfect results especially if the tracking per-
formance needs to be precise. The researchers have been working until recent time to control
uncertain dynamic systems under external disturbances. The Sliding Mode Control (SMC)
is one of the robust, nonlinear control method, which drives the phase trajectory to a pre-
determined sliding surface and switches on it. SMC has found wide usage in literature.
Research presented in [14][15] ,applies SMC to adopt the problem of attitude control with
external disturbances using the nonlinear sliding mode control. This approach has the ability
to stabilize the quadrotor and move it to any desired position with an appropriate switching
function even despite an injected noise, but there is a serious of chattering problem and gains
of the controller are adjusted manually. To eliminate chattering problem that is frequently
encounter in standard SMC numerous methods were proposed,[16] Adaptive Super-twisting
Second-order Sliding mode control (ASTSOSMC) is designed and implemented in real time
for the altitude tracking of a quadrotor aircraft.

In the literature by [17][18] , a fractional-order sliding mode controller (FOSMC) is de-
signed and applied to a quadrotor for trajectory tracking control at hovering state. The
experimental results show that the FOSMC is more robust to parameter uncertainty and
better than SMC in terms of reference tracking, error percentages and gives fast response to
the changes in the references.but they use tradetional gain tunning methods.

In [19], Adaptive Sliding Mode Controller (ASMC) describes that the control laws can elim-
inate the altitude and attitude tracking errors and guaranteed to converge to zero asymp-
totically, even under a strong external disturbance. The Comparison with LQR, ADRC and
the proposed ASMC has been carried out. Robustness of the controller under un modelled
dynamics and external disturbances is assured [8].However, in all case the controller gains
are obtained by trial and error method.

In this paper, PSO tuned fractional-order sliding mode controller (FOSMC) is designed and
applied In order to enhance trajectory-tracking performance of the quadrotor the attitude
stabilization problem of under-actuated quadrotor aircraft in presence of external distur-
bances is considered. Particle swarm optimization has automatic tuner proven an effective

and efficient method of gain tuning.

Addis Ababa University,AAiT School of ECE, MSc Thesis 8
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2.2 Flight planning of agriculture monitoring UAV

Agriculture is the most important industry in the world. In recent decades, agricultural sci-
ence and technology pays high attention to the output of various agricultural products and
enhancing the transformation from traditional to modern agriculture. Agricultural monitor-
ing to become one of the primary methods of quickly and accurately obtaining agricultural
information. The objective of this thesis is to design a controller used to control the posi-
tion and attitude stabilization of the quadrotor to track the desired trajectory to monitor

agricultural maps of the area given in figure e 2.1.

Starting point

Figure (2.1) Square wave trajectory of UAV for agriculture monitoring.

The size of the image on the ground is directly proportional to the altitude of the UAV

above the ground.

Hight (z)

Figure (2.2) Area projected by a camera with the angle of view « flying at altitude Z.

Addis Ababa University,AAiT School of ECE, MSc Thesis 9
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The size (L,, L,) of the ground image taken by the UAV flying at height Z above the

ground depends on altitude Z and angle of view of the camera.

L, =27 tan(%)

L, (2.1)
L, ===

p
Where L, is the width of the image on the ground, L, is the length of the image on the
ground, « is the angle of view of the camera, p is the aspect ratio (p = I,/1,), I, is the

width of the image expressed in pixels, and I, is the length of the image expressed in pixel.

2.3 The basic structure of the four-rotor aircraft

The layout of a quad-copter with two cantilevers, each with a rotor. Motors 1 and 3 are
mount on a similar arm, turn a counter-clockwise way (CCW) while motors 2 and 4 are
mount on the subsequent arm, and pivot in the clockwise direction (CW). The two motors
should rotate in the same direction aligned at the opposite ends of the same arm as shown

in figure 2.3. This configuration is used to prevent torque imbalance during linear flight.
(W)

(W)

(W)
(W)

Figure (2.3) Structure of UAV

2.3.1 Types of quad-copter Configuration

A quad-copter has two main configurations, which are common [20]. The first is “plus(+)"
configuration, where a single rotor leads the air. Where as the "cross(z)” configuration, two

rotors lead the air craft.
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Oy (W4)

04(W,4)

Forward Heading 03(W,)

O—e—O

Q4(Wyq)

Forward Heading

0Q3(W3)
O Q;5(Ws)
Q3(W3) QW)
(a) Plus configuration (b) cross configuration

Figure (2.4) Plus and cross configuration of quadcopter
For the following analysis, the cross configuration will be used because of the following
two main advantages:-

e The cross configuration provides more stability than plus configuration,i.e. if one of
the rotors failures occurs, the quad-copter moves stably due to the second rotor in case

of cross configuration.

e The cross configuration guarantees no camera arc obstruction for a camera installed

on a quadcopter.

Assumptions Taken

The quad-copter is a rigid structure and has a symmetric.

Thrust is proportional to the square of rotor speed (f; = bQ)?).

Torque is proportional to the square of rotor speed (7; = d)?).

The center of mass of the quadcopter and the origin of the body frame coincide.

2.3.2 Quadcopter flight principles with basic forces

There are four basic movements, which allow the quad-copter to reach a certain height and
attitude (orientation) [21].

1. Thrust:-It is performed by increasing the speed of all four rotors simultaneously with

the same magnitude. It leads to a vertical force with respect to the body reference
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frame that increases or decreases the altitude of the quadrotor. Motors 1 and 3 rotate
counter-clockwise, and motors 2 and 4 rotate clockwise. Since the rotation speed of
the four motors is equal, the rotor produces the same lift force (T} = T = T3 = T}).
The torque produced in each arm is equal in magnitude but opposite in direction, so
the net torque just cancels out each other and then stabilizes vertically. At this time,
if the rotation speed of four motors increased simultaneously, the lift force of the body
will increase. When the sum of the force of the four rotors is greater than the gravity of
the body, the quad-copter will take off vertical upward motion. When the sum of the
force of the four rotors is less than the gravitational force of the body, the quad-copter

will go in a vertical downward motion.

Ya Forward Headin

d——¢— 7y

» Forward Heading

O3(W3)
Qs(W3) Qu(Wy)

(a) Trust for Plus configuration (b) Trust for cross configuration

Figure (2.5) Plus and cross configuration for trust movement of quadcopter.

2. Roll:- The plus configuration is performed by increasing or decreasing the speed
of the rotor on the left Q;(W;) and by decreasing or increasing the speed of the
rotor on the right €3(W3), which uses only two rotors to roll. While the cross
configuration engages all of its rotors to perform rolling as follows. Increasing or
decreasing the speed of the rotor Q;(W;) and 2(W5), and by decreasing or in-
creasing the speed of the rotor 3(W3) and Q4(Wy), resulting in four-wing aircraft
left and right ends of the unbalanced lift so that the quadcopter body flip to the
right or left.
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ﬂw“)

Yg Forward Headin

6“’4
67_5.3“ T,
QW) QW)
s,

03(W3)

» Forward Heading

Os(W3)
Q,(W,)

(a) Roll for Plus configuration  (b) Roll for cross configuration

Figure (2.6) Roll movement Plus and cross configuration for of quadcopter.

3. Pitch:-The plus configuration is performed by increasing or decreasing the speed
of the rotor on the rear Q4 (W,) and by decreasing or increasing the speed of
the rotor on the front 2,(W2), Which uses only two of its rotors in contrary to
the cross configuration which uses all of its four rotors as follows. Increasing or
decreasing the speed of the rotor Q,(W;) and Q4(W,), and by decreasing or in-
creasing the speed of the rotor o(W3) and Q3(W;3), resulting in four-wing aircraft
front and back ends of unbalanced lift, so that the quadcopter body flip to the
front and back.

.ﬂw"

Ys Forward Headin
T.
+ H T,

02(W3)
b

03(W3)

O(W5)
024(Wy)

(a) pitch for Plus configuration (b) pitch for cross configuration
Figure (2.7) Plus and cross configuration for pitch movement of quadcopter
4. Yaw:-Increasing or decreasing the speed of the rotor on the rear front and de-

creasing or increasing the speed of the rotor on the left-right. This movement is

clockwise or anti-clockwise around the aircraft’s central axis of rotation.
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T2

wim W1 B W22

T4 T = ﬁ/
W2/ - Forward heading
W4/124 . /
I3 P
“_.-4.]"_34 %\ 3 ﬂ:l
V3123

(a) yaw for Plus configuration (b) yaw for cross configuration

Figure (2.8) Plus and cross configuration for yaw movement of quadcopter

Remark

e For the plus configuration , considering the pitch movement, where a single rear
rotor (w4) slows down and a single front rotor Qy(ws) speeds up it generates nose-up
pitching. Since torque does not vary linearly with the speed of a rotor (7; = d2?) The
decrease in torque of the CW spinning rear rotor does not identically cancel with the
torque of the CW spinning front rotor, which leads to net yaw moment. Therefore,
the plus configuration requires compensation with a yaw control input. Similarly,
considering the roll movement, where a single left rotor slows down and a single right
rotor speeds up to generate a roll-left moment. Since torque does not vary linearly with
the speed of a rotor (7; = d27) The increase in torque of the CCW spinning right rotor
does not identically cancel with the torque reduction of the CCW spinning left rotor,
resulting in net yaw moment. Therefore, the plus configuration requires compensation

with a yaw control input.

e For the cross configuration,considering the pitch movement, where the two adjacent
rear rotors 2 (w;) and €4 (w,) speed up and the two adjacent fronts 2s(ws) and 3(ws)
rotors slow down it generates nose-down pitching. For those two rear rotors, slowing
down one rotates in CW direction and the other in CCW direction, and the torque
generated cancels out. The same is true for the front rotors speeding up. Thus, the
net torque is canceled out and leads to pitch control does not introduce the net yaw
moment. Similarly, considering the roll movement, where the two right rotors speed
up and the two left rotors to slow down to generate a roll-right movement. From the
two right rotors, slowing down or increases one rotor in CW direction and the other
in CCW direction, and the torque generated cancels out. The same is true for the

left rotors slowing down Thus, the net torque is canceled out and leads to the roll

Addis Ababa University,AAiT School of ECE, MSc Thesis 14



PSO tuned FOSMC for altitude stabilization and trajectory tracking of Agricultural monitoring UAV

control does not introduce a net yaw moment in cross configuration compared to plus

configuration.

e The rotor thrust not varying linearly with rotor speed (f; = b2?), so the increase in
thrust of speeding up rotors does not cancel identically with the reduction in thrust
from rotors slowing down by the same amount. Therefore, for both configurations, the
pitch, roll, and yaw control modes result in small net changes in thrust, and require

compensatory collective control input.
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Chapter 3

Methodology

3.1 Modeling Approach

In this chapter, Newton-Euler modelling approaches are used to study the behaviour of the
quadcopters. Quadcopters are under-actuated systems in which four independent inputs are
used to control motion in six degrees of freedom, three translational and three rotational.
Because of aerodynamic effects, the resulting dynamics are highly nonlinear. Quadcopters
are either lifted up ward, moves along x-axis, along y-axis, in the negative direction propelled
using four vertically oriented propellers. Quadrotors use four identical rotors arranged at
the edge of a cross body, Two diagonal rotors rotate a clockwise rotation while the other
two diagonal rotors rotate anti-clockwise direction. To control and move the quadcopter,
independent variation in the speed of rotor can be changed accordingly. Change in speed
of each rotor affects the total thrust, which can be further controlled to create desired total
torque to navigate the quadcopter in all three directions. By giving the desired x-value and
controlling the quadcopter to move on the given trajectory, pitch angle can be generated and
controlled. Similarly, by controlling the movement along y direction of the craft, roll angle is
achieved. To increase the pitch the thrust on motor 2 and motor 3 is decreased and for the
diagonally placed motor 1 and motor 4, thrust is increased. This results in a moment, which
tilts the quadcopter by creating a component of thrust in the x direction. On the same way,
the thrust on motor 1 and motor 2 is decreased and for the diagonally placed motor 3 and
motor 4, thrust is increased in a similar manner to maintain the position in the y direction.

Quadcopter Dynamics are derived and a mathematical formulation for the Quadcopter
model is discussed in detail. Maintaining the altitude of the quadcopter, i.e., its position
in the z-axis is achieved by apply equal amount of trust along each motors. Decreasing the
thrust on one pair of motors arranged in one arm and increasing the thrust by an equal

amount on the other two motors arranged on the other arm creates a moment about z-axis

16



PSO tuned FOSMC for altitude stabilization and trajectory tracking of Agricultural monitoring UAV

of the quadcopter triggering it to yaw. To determine all the equation governing the motion
of the quadcopter we need to analyse it in the inertial reference frame and the fixed body
frame stated on chapter two. The position and velocity of the quadcopter is measured from

inertial frame, whereas orientation and angular speeds are determined by body-fixed frame.

3.2 Reference frame alignment

The quad-copter has 6 degree of freedom; this means that six variables are needed to express
its position and orientation in space. There are two reference frames essential to describe the
behaviour of a quad-copter, the body frame and inertial frame.The reason why two frames
are needed is that the quad-copter has many sensors, like gyroscope and accelerometer that
give readings with respect to body frame to measure linear and angular velocity . Quadcopter
also has other sensors, like GPS and magnetometer that give readings with respect to inertial
frame to measure linear position and angular position. Therefore, a mean of transformation
is required to derive system equations according to a single frame. The body frame is
associated with the quad-copter and its origin corresponds to the centre of gravity (COG)
of the vehicle. Since the quad-copter has a symmetrical shape with a central core and four

identical rotors attached at its arms, the quad-copter COG is located at the core centre.
1. Body-fixed reference frame (Op, Xp,,Y5, Z5,)

e (Op coincides with center of the quad-copter.
e Linear Velocity (VZ = [U, V, W]%).

e Angular Velocity (W* = [P, Q, R]").

e Force (FP) and Torque (77).

2. Earth inertial reference frame(Og, Xg, Yr, Z5).

T
e This frame is used to define the linear position [§E] = [X Y Z]] and the
T
angular position [nE] = [(b 0 Q/J] .
e Represented by East-North-up coordinates.

e The origin of the inertial frame is taken and fixed point on Earth.

Where £F is determined by coordinates of the vector between Op and Op with respect to

the inertial frame. n% Is orientation of the body frame with respect to the inertial frame.
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+ Inertial frame (E)

Figure (3.1) Inertial and Body Frames of References

3.3 Three- Dimensional rotation Description

3.3.1 Euler angle parametrization

Euler angles can be defined by a composition of rotations. The composition of elemental
rotations about the axes of a certain coordinate system is sufficient to reach any target
orientation. Using this principle, rotation is a rigid bogy in 3-dimensional space will be
expressed using the composition of three consecutive rotations in the analysis to be followed.
In flight mechanics, the Euler angles are often used the relation for transformations between
those coordinate systems. These transformations are achieved with rotation matrices. This
part will present the rotation matrices that transform between the two coordinate systems
earth (E) and body frame (B). Consider that the quadcopter’s roll, pitch and yaw angles
are changed in relation to the earth fixed frame. £R The rotation matrix that transforms
a linear quantity from earth fixed coordinates to body fixed coordinate. All three matrices
representing the trigonometric equations are multiplied with in the sequence of Z-Y-X to get

a single transformation matrix.

PR = R;RyRx (3.1)
ccy csp —s0
PR = |s¢sOct) — cosp  spsOsih + copcl  clsp (3.2)

cpsOc) + spsip  spsbep — cipsp  coch

WhereC# is an abbreviation of cos(f) and S(f) is an abbreviation of sin(#).The same is true
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for v and ¢ angles, 2R, inertial to body frame transformation.
Transformation matrix from the body reference frame to the inertial reference frame is

obtained by transposing inertial to body frame transformation matrix.i.e .gR =BRT

3.3.2 Euler angular velocity and the body angular velocity con-

version

The angular velocity [p, ¢, ] changes over time, which a gyroscope sensor measured on-board
of a quadcopter. So that the angular velocity about the body-fixed frame is not the same
as the rate of change of the Euler angles [¢, 6, ].To drive the relation among them is that

based on the sequence of the rotation shown on figure below|6].

inertial frame
R(W)

R(p) Body fram

Figure (3.2) Sequence of Euler Angle Rotations.

The relationship between measured gyro rate and Euler angle rate expressed in scalar

form multiplied by a scalar using right hand rule as:

pr1+qy +rz = ¢a1 + 96&2 + ans

To write in matrix form.
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- - al az .= a3
0 0 0]
=RoRO |0 +Ro 0] + |0
7] W 0 0
[p] [1 0 0 | [cos® 0 —sind] [0 1 0 0 0 )
gl = |0 cosyp —siny 0 1 0 O +10 cosyp —siny 0| + |0
i |10 siny  cosyp | [sind O  cost ¥ 0 siny  cosy 0 0
[p] 1 0 —s0] [o
gl =10 s soch| |6
i 10 —siny  ciped | _@/}
(3.3)
To find Euler rates from body angular velocity using matrix inverse rule:
b 1 s¢To coTO ] [p
0 =10 co —5¢ q (3.4)
¢ inertial 0 _Sin¢8609 C¢S€C€ " body frame

Where (p,q,r)are roll rate pitch rate and yaw rate respectively.

3.4 Newton-Euler Model

In this section, the Newton-Euler method will be used to model the flight dynamics of the
quadcopter. The equations of motion are developed as a combination of the translational
and rotational parameters of the six-degree-of-freedom system, using Euler two laws of mo-
tion (newton second law and newton first law (linear momentum)). The representation of
translational and rotational depends on the position vector, orientation vector, angular ve-
locity and linear velocity. The behaviour of the mathematical model is then examined by
simulating the flight of the quadcopter under different scenario.

The translational motion equations on the ground coordinate system by obtained by the
method of Newton’s second law. To represent inertial motion in the body coordinate frame ,
we must understand mathematical derivation of the equations of motion from newton second
law of forces acting on quadcopter. Using the rules of calculus, we must use the chain rule
of derivation to account for both the change due to the time derivative of the vector within

the coordinate frame, as well as the time derivative of the coordinate frame’s rotation.
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Let the inertial set of unit vectors along the direction,b = [bl by bg], which has an in-

stantaneous angular velocity w = [p q 7“] we want to calculate derivative of linear velocity

vector v with respect to body frame.

YF =ma
F— m@ _ m(d(ubl + Up2 + wbg) (35)
dt dt

dv
F=m%
m dt
d, dby, d,  dby dw.  dbs
o (B, DO 4 Sy D02 YD 3.6
mﬂh1+<h“+dt2+cﬁ“+dt3+cuw) (36)

d d d db db db
= m(Soby + by + E08s) + m(Shu + D20+ D)

dt dt dt dt dt dt

dv
F pum pu— _—
ma =m—,

F, =m(i4 — vr + wq) (3.7)

F, =m(0v+ wp — ur)
F, =m(w + ug — vp)

Rewrite in matrix form as follows.the detail derivation is derived in appendix A.2

fe m 0 0] |u 0 mw  —mu
F=1f,l=10 m O |0+ |-mw O mu
I 0 0 m| |w mv  —mu 0

From those two parts, the first part represent the change in inertial velocity within the body
frame coordinate system. The second one represent velocity change due to the rotation of

the coordinate frame. We can rewrite this equation as Coriolis’ Theorem ,see appendix A.2

3.4.1 Momentum from Euler angle equation

Momentum L = I «W where I = moment of inertia. Rotating torque on body frame is equal

to rate of change of momentum at inertial frame . o = 7. Using similar procedure
_—
to solve for the angular acceleration and rotational law of motion. Using Coriolis’” Theorem
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again for the time derivative of angular velocity, we can calculate the rotational motion as
follows:

T=L+4wzxL....... euler equation .

d T T T
TZ—[[zp Lg er} +[p q r} X [pr Lg Izr]

dt
T I, 0 Of (p 0 Lr —I,q| |p

r=|r| =10 1, o| |¢| +|-Lr 0O Lp||q (3:8)
T, 0 0 L| |r Ig —I,p O r

The generalized force vector can be represented by A can defined as

FB T
A= B = [Fx F, F, 7, 7, TZ]
(] [m oo 0o 0 o olfa] [o00 0 mw —mo| [u]
E, 0O m 0 O O O U 0 0 0 —muw 0 mu v
A~ Fl 100 m 0 0 0 w . 0 00 mv —mu 0 w
Ta 0O 0 0 I, 0 O P 0 00 0 ILr —I,q]| |p
Ty o 0 o0 0 I, O G 0 00 —Lr 0 I.p q
T, 0O 0 0 0 0 I, 7 000 Ig —Ip 0 r

According to the nature of the quadrotor force contributions, A Can be divided in three
parts.
YF =ma= Fg + Fgro + Fpropeller (39>

The first one is the force due to gravity, the second one is the gyroscopic effect produced
by the rotation of each propeller and the third one is the force and torque directly produced

by the main movement inputs.

3.4.2 Gravitational force in Body Frame

Gravity force always acts towards the center of the Earth, and is expressed in the inertial
reference frame. Remember that z-inertial coordinate is directed in the upward direction,

so gravity is a negative acceleration. However, all other forces are defined within the body
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frame of the quadcopter. To include gravitational force in the dynamic equations of motion
needs to convert it into body frame components as well, using Euler angle transformation
matrix from inertial to body frame EZ R drive in the above. Let F gE and F gB represents the
force of gravity in inertial and body frames of references respectively. To get force of gravity
in body frame of reference, Force of gravity in inertial frame multiplied with 2R inertial to

body frame rotation matrix.

B _B E
Fy =g R« F,
0
FF=10
0
Ff=ER| 0
—mg (3.10)
[ mgsinf ]
—mgsingcost
—mgcosfcosp
FP = .
0
-~ 0 -

3.4.3 Gyroscopic effects

Since two of the quadcopters propeller mounted on one arm are rotating clockwise (propeller
2 and 4) and the other two mounted on other arm rotating counter clockwise (propeller 1
and 3).An overall imbalance will happen when the algebraic sum of the rotor speeds is not

equal to zero. This imbalance will cause a gyroscopic effect which is proportional to the roll
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and pitch rates. The overall gyroscopic torque equation defines as:

0
4
Fp,==> Jrp(wPz [0])(-1)F
=1 1
0 0 0 0] o
0 0 0 0
0 0 0 0
FgB;O = JTP Qk = JTP 0 QT (311)
9 =9 9 —q —
p —p p —Pp »
0 0 0 0 - -

Where
e Jrp is the total rotational moment of inertia around the propeller axis.

e (). The overall propellers’ speed.

3.4.4 Forces and torques produced by the principle motion inputs

The third contribution takes into account the forces and torques directly produced by way
of the principle motion inputs. From aerodynamics consideration, it follows that both forces

and torques are proportional to the squared propellers speed.

length b/n front &
center of uav

Figure (3.3) UAVs x-configuration for subsequent propellers distance.
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Calculate the distance between center of quadrotor to center of middle point between
subsequent propellers distance (x). Using sin law X = (vV2L)/2 = L/V?2

We assume that the control input of the four rotorcraft is U = [Ul Uy, Us U4]T.
Where Uj is the resultant force of lift force, (Altitude control input); Us is the resultant
force that affects the roll angle of the aircraft; Us is the resultant force that affects the pitch
angle of the vehicle; Uy is the resultant force that affects the yaw angle of the quadcopter.
The control input U is:

o b2+ Q24+ Q2+ Q2) ]
1 b
U, E(Q? +Q5 - Q3 — Q)

Us| = | 20— 05 -0+ ) .12
U
oA v 02 -2 d)

- |+ Qe = Q5+

Where:-

e b indicates the thrust factor and d indicates the drift factor
e L= center of quadrotor to center of propeller distance

e (); speeds for propeller i.

The translational motion of a four-rotor vehicle is achieved by the lift provided by four
propellers, and since the propeller shaft of the aircraft is fixed, its lift direction is constant in
the body coordinate system, i.e. perpendicular to the body. In the body coordinate system,

the vertical force along the three-axis can be expanded as follows:

FP =
Uy

The rotational torque will drive Quadcopter in the air to do roll, pitch, yaw movement,

resulting in changes in attitude. Specific roll, pitch, and yaw torques are expressed as

Us

B _
7-propeller - U3

Us
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FP U
A=, = |7t (3.13)
Uz
propeller
Us
ZF = mF + wBXUB = Fg + Fgro + Fpropeller
. (3.14)
v = [u v ow p g T
4
i = (vr —wq) + gSo
0 = (wp —ur) — gCOHSP
. U
W = (uq — vp) — gCOSH + —
. Iy, — Izz J: .
b= ny ar — ITPQQ+I_2 (3.15)
. Izz — dax TP ﬁg
vy Y vy
g dee — +i
. B Izz b Izz
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3.5 Hybrid system

The quadrotor dynamic system in the above is derived and written in the body fixed frame.

This reference is widely used in six DOF rigid body equations. However, in this case it

can be useful to explicit the dynamics of the system to a hybrid system composed of linear

equations WRT inertial frame and angular equations WRT body frame.

Therefore, the

subsequent equations can be expressed inside the new “hybrid” body known as H-body.

This new reference is derived because it is easy to express the dynamics combined with

the control (in particular for the position in the earth inertial frame). To drive generalized

quadrotor velocity vector WRT H-frame as follows. Forces and torques directly produced by

the main movement inputs on inertial frame

F, ;E’opeller :g RTsziopeller :g R"
[(CpSOCY + SpSip)
(CoCOSY — SeC)
F" 3 CopCot
B = m
propeller Us
us
L u4
Linear equation........... with respect to E-frame
Angular equation........... with respect to B-frame

Gravitational force affects only z- Direction of inertial frame

0
0

0
0
U

U1

1
m

(3.16)

Gyroscopic force is constant then use Newton’s law Z F=ma=F;+ Fgo + Fpropeiter
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(

\

= (CoSOCY + qus@u)%

j = (CoS05Y — SeCw)
5= o0 — g

L,—1.. J U-
I, L. L
. Izz - [:m: TP ﬁ;
§=——F—pr+——pQ+—
Iyy [ Y [yy
. Ixm - [yy + Uljl
r=—— —
L. "ML

(3.17)

To calculate the propeller speeds from the control inputs by an inverse relationship formu-

lated as: )

\

3.6 Model Verification

2 2
Q= 0.5 E—F\/_UZ \/_U3+%
b b oL d

2 2
0y = 0.5 U V20, V203 U
b bL oL d
Oy =050 - V22 V2Us | Us
b WL oL d

2 2
Q=05 ﬂ_\/_U2+\/_U3_%
b WL oL d

(3.18)

The Simulink model developed using non linear equations represents the quad-copter obeying

real world limits. To verify the model by simply applying control signals of altitude and
attitude inputs (U1, U2,U3,U4) with the parameters of the quadrotor model listed on the

table below. Simulink scope block is used for the visualization. Measure the propeller speeds

based on the control inputs and analyse real dynamics of quadcopter with those speed results.

Altitude (z,y, z) plotted in the same scope and attitude (¢, 6 and 1) are plotted in the same

way for comparison and to observe the change in behaviour of the states of the quadcopter.
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Flight Dynamics
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Figure (3.4) Overall mathematical model of quadcopter

Table (3.1) Parameters of the quad-copter [2]

Parameter(unit) Symbol Value
Inertia around X axis( Nms?) I, 0.0081
Inertia around Y axis(Nms?) I, 0.0081
Inertia around 7 axis(Nms?) I, 0.0142

Gravitational acceleration(ms=?) g 9.81
Drag coefficient(Nms?) d 1.1x10°°
Trust coefficient(Ns?) b 54.2 x 107°

Mass of the quad-copter(Kg) m 1

Inertia around propeller (Nms?) Jrp 104 x 107°
Arm length(m ) L 0.24

1. Thrust movement along z- axis, which is provide by applying altitude control signal
U;, which leads rotating all the motors at the same speed. Vehicle response is shown
in below It can be seen that the altitude is changed while roll, pitch and yaw angles

remain same. During this condition, we have three scenarios.

e Hovering state: - if the value of trust T' = myg , then the quadcopter stays on

same height above the ground.
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e Fails downward state: - The value of thrust 7' < mg , the vehicle fails down

towards negative z- axis.

e Upward movement:- where the value of thrust 7" > mg , the vehicle goes

up towards positive z- axis. In all case the speed of each propeller is equal i.e.
91292293:Q4.

The output curves of XY, Z when U;=mg =9.81 and initial states of the quadcopter
is at bm above the ground on hovering state. Then the measured speed is€); = €y =

Q3 = Q4 = 212.2rad/s. All angles stay on zero state.

T 1 T
X /front/east| | phifroll

—Y left/north theta/pitch

z/up si'yaw

h

=
T

=

n

e
T

Position(m)
o

PULLIELA AU PSITaw)
L
=

T
=
n

=

| | | | | | |
4 6 8 10 0 2 4 6 8 10
Timef(s) Time(s)

=
~

(a) Position at hovering state. (b) Angels at hovering state..

Figure (3.5) Model verification for hovering state output.

2. Roll:-movement of the quadcopter towards Y-axis and Z-axis, When we apply a control
signal Us = 0.1, and U; = 9.81,the corresponding position and orientation is shown

below.

e Which leads the speed Q; = Qs = 219rad/s and Q3 = Qy = 206.2rad/s will cause

roll angle change.

e The quadcopter moves down ward along negative z-axis and towards negative

y-axis (south) and x-axis remains zero.
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X/front/east 800 - phi/roll

===Y!left inorth theta/pitch

z = Vvaw
-100 " E 600 sifyaw
z £
22200 "E 400 il
E =
# 300 2
= 200 1
400 e

=500 ¢ | | L 7 L L L L

0 2 4 ¢ 8 10 0 2 4 6 8 10
Time(s) Time(s)
(a) Roll movement positions. (b) Roll movement orientations.

Figure (3.6) Roll movement Model verification.

3. Pitch:-movement of the quadcopter towards Y —axis and Z—axis, When we apply

Us; = 0.11, and U; = 9.81,the corresponding position and orientation is shown below.
e Which leads an increasing the speed Q; = Q4 = 219rad/s and decreasing 2y =
Q3 = 206.2rad/s speeds at the same time will cause pitch angle change.

e The quadcopter moves down ward along negative z-axis and towards positive

x-axis (east) and y-axis remains zero and will cause the change of Pitch angle.

X/front/east phi/roll
0 Y/left /north [ _800F theta/pitch
e 7./0p ;-1 — si/yaw
-100 =600 1
- 2
g L =
S -200 2 00| il
1
" 300 F g
g 200 - 7
-400 - Z
0 —
-500 | | | | | . ‘ ‘ ‘ ‘
0 2 4 P 3 10 0 2 4 6 8 10
Time(s) Time(s)
(a) Pitch movement positions. (b) Pitch movement orientations.

Figure (3.7) Pitch movement Model verification.

4. Yaw:- When we apply Us = 0.1, and U; = 9.81,the corresponding position and orien-

tation is shown below(the green is X, blue is Y and red is Z)

e Which leads an increasing the speed of ; = Q3 = 260.7rad/s and decreasing the
speed of Qy = Q4 = 150.1rad/s.
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e The positions are not affected by yaw movement The quadcopter rotates CW or
CCW based on the command.

5 X/front/east || 0 - === phi/roll
Y/left /north " theta/pitch
e 7/up = 50+ — si/yaw 4
ar E
_ F o0
E37 1 gsof
N &
Sl | F2000
2
£ 250
1r 1 S-300F
0 350 -
0 2 4 6 8 10 0 2 4 6 8 10
Time(s) Time(s)
(a) yaw movement positions. (b) Yaw movement orientations.

Figure (3.8) Yaw movement Model verification.

All the above output verifies that the model is built correctly and works properly.
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Chapter 4
Controller design

The control engineer researchers always aim to design controllers that are insensitive to sys-
tem uncertainties, external disturbances and un-modelled dynamics for a long time. When
all quadcopters industry are considered, there are changes in system performance due to var-
ious reasons such as propellers effect, mechanical stresses, mechanical fatigue, expansion and
friction, external disturbances like, measurement errors, environmental temperature changes,
wind speed and direction and rain affect system performance. Such parameter changes, ex-
ternal disturbances and modelling uncertainties are factors that reduce system performance.
The theory of control systems is a deterministic control strategy used to control these dy-
namic systems. Fractional order sliding mode control is considered as a subclass of the
variable structure systems theory. FOSMC is a deterministic, nonlinear, and robust control
method switches on a specified sliding surface by driving the phase trajectory to it. This is
owing to its simplicity of usage as well as its sensitivity to restricted external disturbances

and parameter uncertainty .

4.1 Fractional-order calculus (FOC)

Fractional analytics is a field of mathematics that studies the potential of obtaining real or
complex number powers of the differentiation operator and generalizes a function’s deriva-
tive or integral to non-integer order. Fractional-order calculation (FOC) is a particularly
appealing way for achieving more sensitive controller. The fractional order calculus is a

generalization of the calculus of first order. represented with an f(t) . The FOC integral
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and differentiator are expressed as [22]:-

d?
T R(B) >0
oDIf(t) =41 R(B) =0 (4.1)

Where D represents the fractional calculus operator, S represents the fractional order of a

real or complex number, a and t are the limits of the operation,R(() is the real part of 5.

The most common fractional operators considered in different literatures are the Riemann-Liouville
(RL) definition, the Caputo fractional derivatives (CFD) and Grunwald -Letnikov (GL) def-

inition formulated as follows.

e The Riemann-Liouville (RL) definition

1 I f(r)
anf(t):m%/a Woﬁ (4.2)

e The Caputo’s definition

D0 = i | (4.3)

In these definitions of fractional order , n — 1 < a < n ,where n is minimum integer
greater than o and ,I'(.) is the widely known Euler’s gamma function whose definition
is:

[(x) = / e 4"t fort > tg
0

In simulation studies, download a fractional-order modeling and control toolbox called FOM-

CON and add in Matlab software for fractional-order calculus.

4.2 Fractional order Sliding Mode Controller (FOSMCQC)

The most significant aspect of FOSMC is that it ensures the state’s sliding motion on the
sliding surface. As a result, the movement of the controlled system’s states can be divided

into the reaching phase and the sliding phase.
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Reachin:
Sliding surface ____2\ X phaseg
s(t)=0

S 5]
/ = Sliding phase

Desired final ?
value

Chatering

Figure (4.1) Sliding surface of FOSMC

e The first phase (reaching phase), it is a non-robust phase where the system is
driven to the sliding surface from any initial point. The discontinuous controller of
equation 4.4 responsible for this task. Increasing the FOSMC’s discontinuous con-
trol gain k will reduce the reaching phase, but this will cause considerable chattering.
Chattering occurs when the control signal oscillates at a high frequency with a fi-
nite amplitude, which damages mechanical system. To address this issue, a variety of
approaches has been offered, like use of a quasi function to approximate the signum

function.

Ups(t) = ksign(s(t)) (4.4)

Chattering problem can be reduced by using quasi function below,where ¢ is small

positive number.

ks(t)

Ups(t) = Is(t)| + o

(4.5)

e Second phase (sliding phase), The trajectories are unaffected by disturbances,
parameter variation and un-modelled dynamics in this phase. FOSMC is a robust
control mechanism because of this property. A long reaching time happens when a
system’s initial value is far from the sliding surface. As a result, control performance
suffers significantly, and robustness cannot be guaranteed throughout the reaching
phase. Due to those, sliding phase is introduce. The equivalent control laws have the
responsibilities to perform those tasks and obtained by setting derivative of sliding

surface equate to zero § = 0.

In this phase the system slides on the sliding surface (decision rule ).

System dynamics is independent of system equation.

The whole system is driven by sliding surface.

Order of the system equation is reduced.
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The total control law is equal to the sum of both equivalent controller and discontinuous

controller.

U= Uequ(t> + UDS (t) (46)

Based on the simulation results in the previous section, we can get the influence of the
control signal and motor speed on the attitude angle and altitude of the quad-copter. It
can be deduced that if we want to get the corresponding attitude angle, we can get the
change process of the motor. For the six degrees of freedom of a four-rotor vehicle, to obtain
straightforward and robust control structure , FOSMC algorithm is used in order to solve
this problem. The control approach divided into two loops . The inner control loop, which
is the attitude, roll angle, pitch angle, yaw angle. The other one is outer control loop, which
is the position, or displacement, including the upper and lower, front and rear, left and right
direction displacement. There is a consideration how to control the front-to-back, left right
positional relationship of the quad-copter for the effect of the motor speed on the attitude
angle. Therefore, the control system to establish position control and attitude angle closed-
loop control. The control system input is the target positions X, Y, and Z,, and the target
yaw angle, 1., cause the aircraft to produce the corresponding movements, and consequently

the corresponding displacements. The overall control system block diagram is shown in figure

below.
o PSSO
algorism
FOSMC
parametres/
gans Tmer loop (b 6 F)
¥r l U
— A i l
Vi 8 Attitude Uy
z Cal culation of controller
. =% ! b,
Position W desired angl es
g B E— U4
Ref " ! controller and altitude
fer ence trajectory controller
Vz U
output trajectory
Outerloop (X,Y 2) VAV model

Figure (4.2) Control scheme block diagram

4.2.1 Outer Control Loop

Outer control loop is used because the quadcopter is under actuated system and it is im-

possible to control all of the six DOF quadcopter directly. The inner loop directly controls
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4DOF, three angles roll, pitch and yaw and altitude. To be able to control Xz and Yg
positions indirectly, outer loop is used. Outer control loop controller outputs V;,V,, and V,
are used to determine the desired roll angle ¢, and pitch angle 6,.

Let us define the position error and its derivative as:-

ex X, — X € XT - X €y XT - X
eyl ==Y |, e =|Y"-Y].|é|=|Y.-Y (4.7)
e. Z,— 7] e Z,—Z| |é. Z.— 7

Then, a sliding surface should be determined. For this, the order of switching functions
should be less than the order of the plant model. To implement FOSMC to quadcopter

dynamics, the sliding surfaces X, Y, Z directions are defined respectively as.

Sy = Cpep + DP6, = cpe, + D e,
s, = cye, + D%e, = c,e, + DPTle, (4.8)

s, = c.e. + D%¢. = ce, + D1 le,

After choosing the sliding surface, control law can be calculated . This control law has to
converge the system to the sliding surface. When it reaches the sliding surface, it must
remain on the surface. Design Fractional order sliding mode controller for position tracking

as follows:- From the equivalent control law, s; = 0 where i = x,y, z.

Sy = Cp€ay + Dfé;;
= ¢y€, + D2, =0 (4.9)
= Cpey + Df()'(",, — X) =0

From virtual control law substitute X = V.,

0= cp€ + DX (X, — Viequ) (4.10)
V;Eequ = CQ:D_BQC—HQ;U + Xr (411)

Then the total virtual controller law along x-axis is the sum of the continuous and discon-

tinuous control signal stated above as:-

‘/ac = ‘/J:equ + V:'ch

. (4.12)
V, = CID—/BI-H@I + Xr) + k‘xﬂ
ST
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Where, c, and k, are the equivalent and discontinuous control gains respectively. These
control gains are selected through Particle Swarm Optimization detailed in bellow given a
finite range, The lower of the discontinuous gains k, is determined from the maximum system
uncertainty to satisfy Lyapunov stability. and [, fractional order parameters between (0, 1).
Condition on the switching gain (k;,i = z,y, 2)

The Lyapunov function is a positive scalar function of the system state variables V' (z) > 0.
The control law must satisfy rate of Lyapunov function decrease as time increase, i.e V(z) < 0
. The idea is to choose a scalar function s(x) to guarantee that the attraction of the variable
to be controlled to its reference value and to design a controller signal or command u such
that the square of the surface corresponds to a Lyapunov function. The Lyapunov function
is defined as V,, = %si . To get the minimum value of the discontinuous controller gains let

as proof:

Vx = 8,5, <0
= s,(cpes + DP(X, — X))
= sy(Catp + DXX, = Vieg))
= sy(Coty + DHX, — (¢, DT e, + X,) + kpsign(z)))) (4.13)
= sy(cplp + Der — Cp€y — Dﬁ”“Xr) — D%l sign(z)) <=0
= $y(—kgsign(z)) <=0

= —ky|s.] <=0

To make The Lyapunov function of equation 4.13 is valid, k, must be greater than zero.
To calculate the virtual controls along y-axis and z- axis apply the same procedure to

x-axis to drive the error approaches to zero . From the equivalent control law, s, = 0.

Sy = Cy€y + Dgé'y
= c,6, + D" e, =0 (4.14)
= Cyey —l—DS(Y} —Y)=0

From virtual control law substitute Y =V,

Cy€y + Df(YT ~ Viequ) = Wyequ = ¢, D% e, +Y, (4.15)

The virtual controller along Y-axis is the sum of the continuous and discontinuous control
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signal.

‘/y = V;;equ + V;;Ds
s(y) (4.16)

V,=¢, DM e, +Y,) + kym

s, = c.e, + DPé,
=6, + D% e, =0 (4.17)
= c,e, + Df(Zr — Z) =0

From virtual control law substitute Z = V,
.6, + DX(Z, — Viegu) = Waequ = . D P ¥ e, + Z, (4.18)

Total virtual controller along z-axis.

‘/z = szequ + ‘/ZDS

. 4.19
V. =e.D e, + 7))+ kzﬁ (4.19)
s(z

The range of the discontinuous controller gains along y-axis and z-axis is proved by the
same method to x-axis. The outer loop controller (position) controller of the quadcopter to
track the given trajectory along x-axis, y-axis and z-axis in the 3 — D space. For under-
actuated part, ¢, 6, U; are used to create three virtual control inputs to control the output
separately. Physically, these virtual controls mean that the motion along x,y, and z are
controlled indirectly by the three common inputs (¢, 8, U;). These virtual controls are given
by Equation 4.20:

Ve = ¢, D Bl—i_lea: + XT’) + ka“ !S(igrl o
Vi = e,Drte, 4 Vo) 4k, |8(;§fl . (4.20)
V.=c.D %, + Zr) + k- |S(j)(f1— o

Those virtual inputs V,, V,,, and V, written in equation 4.20, which are used to determine
the desired roll ¢, and pitch 6, and attitude controller U; . Notice now that, when # and
¢ are managed to approach ¢, and 6, as soon as possible, the FOSMC strategy discussed
above allows to reach the sliding surface s, = 0, s, = 0 and s, = 0 where the tracking errors

ez , ¢y and e, tend to zero exponentially. In this paper, FOSMC action is implemented to
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allow that 8 — 0, , ¢ — ¢, and ¢ — 9, , by inner control loop explained below. After a

simple calculation, the lift force/altitude control signal and the desired Euler angles written

as:
(
Ulzm*\/V,,EH@?Jr(%nLg)?
0, = arctan(c¢r*%+swr*%)
= e(w‘@+vg oy (4.21)
b, (s, x Vy — iy %
= " r T T T Y
\77/1 arctan( Vg )

The derivation of those desired Euler angles and altitude controller is is described in appendix
A3

4.2.2 Inner Control Loop

Inner control loop controls quadcopter altitude and attitude. Desired altitude and yaw angle
are given by the task that quadcopter needs to accomplish and desired roll and pitch angles,
calculated from the outer control loop. Sensors give measured altitude, roll angle, pitch
angle and yaw angle. Inner loop outputs are three control variables (Us, Us, Uy). To design
FOSMC stabilizes the tracking errors of the attitude subsystem by generating the input
control signals(Us, Us, Uy). Define the tracking errors and its derivatives of Euler angles of

the inner loop as

€y ¢r - ¢ é(;ﬁ (b.r - ¢ e(b é-r - ¢
ol =10,—0|,lc|l =16.-01,|¢| =160,—6 (4.22)
€y wr_w 6'1/1 ¢r_¢ ew &r_'(b

In the same procedure design of the outer loop control, the sliding surfaces for roll, pitch

and yaw angles and its derivatives can be written as:

S¢ = C¢6¢ —f- Dﬂqb@.(b = C¢€¢ + Dﬁ¢+1€¢
Sg = Cpep + Dﬁeég = Ccpep + Dﬁ‘9+1€9 (423)

Sy = CypCy + Dﬁlﬁe@ = Cyly + Dﬁwﬂ%

e Design FOSMC for the Roll moment control variable U,
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S5 = o€y + Djéy =0
= Cy€p + Dg(é} — ¢) =0

. I —I .. Jro. U
o . B z TP 2equ
_C¢e¢+D¢(¢T—(y[x O — 00+ 1: =0
, I, — J
DiUsequ = (cs€s + Dy — DI ——= T 9¢+Dﬁ }FP )1,
. L1, J 4.24
U = (e 6, + 6, — (L) 4 (P2 o
(o)
Uspy = kg—t—
20s = Koo + o
U2 = U2equ + UQdS
5. = I,—1, .. Jrp ; (o)
Uy = (¢, D5 (X 0 OONI, + ky— ol
2 (C¢ €¢+¢ ( I ¢)+( I )) + ¢|S(¢)|—|—O‘

Where k4 and c4 are roll angle controller parameters and 4 is fractional number
0 < B4 < 1, ¢, is the desired/reference roll angle and ¢ is the measured roll angle. In
the same way as position control to find the ranges of the discontinuous controller gain

using lyaponuve stability theorem:
V¢ = 1/2835
V¢ = 8¢8'¢ <=0
= s4(coy + D% (0, — é)) <=0
= s9(cs€s + D (9, —( i )W—

= s4(—Dkysign(sg)1,) <=0

JTP Uy
Q —_ — =
T T ) <=0

(4.25)

ST
¢ ¢]¢

= —]{3¢|8$|]¢ <=0

e Design FOSMC for the pitch moment control variable U;
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S9 = cgbg + Dyéy =0

= cgég + DI (6, —0) =0

 L—IL.. Jrpo Use
= coéy + Dy (0, — (F—"00 + 60 + =) =0
) Yy Yy
Dg USequ = (0069 + D@‘gr - D@(—(bw) - DG (I_GQ»Iy
Yy )
e . L1, Jrp - (4.26)
USequ = (CHD /8969 + 07" - ( I ¢¢) - (%ng))Iy
Yy Yy
s(6)
Usps = kg——"—
3D 9|s(0)| +o
U3 = USequ + U3ds
g . L—1, . ; Jrp ; s(0)
Us = (coD ¢y + 6, — (N, + k)
3 (CG € ( [y GM) ( Iy ¢ )) Yy 0|S(9)|+J

Similar to the roll control, kg, By and ¢y are three pitch angle controller parameters. ey
is the pitch angle error . 6, is the desired/reference pitch angle and 6 is the measured

pitch angle.

e Design FOSMC for the yaw moment control variable U,

Sy = cy€y + Dijéy =0
= cy€y + DZ(Q/'J.T — ) =0

[z - Iy U4equ

:cwe'w—l—Dg(zﬁr—( 7 )9¢—|— 7 )=0
‘ § I, —1I, .-
DiUsequ = cy€y + Dty — Di(I—wa)
. . I,—1, .- 4.27
U4equ = (CwDiﬂwew + % - (I—y)9¢)[y ( )
B s(¥)
S IR
U4 = U4equ + U4ds
— (¢, D P (= I 7
U, (Cw €y + Py ( I, )9¢) y T kiﬁ |5(w>’ g

Where £y, and c, are three yaw angle controller parameters. e, is the yaw angle

error, and 1, is the desired /reference yaw angle and 1 is the measured yaw angle
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The position and attitude FOSM controllers of the quadcopter is summarized

as:
N R
V.=c.D% e, + Zr) + ke ’Sé)(fi- o
U =m % \/V;c?+Vy2+(Vx+g)2 (4.28)
B e Ay Jrp ; s(¢)
_ Be (v = e _ 2\
U2 (C¢,D €¢>+¢r ( Iw 9¢)+( ].m 99))[x+k¢|s(¢ ’ ipe
_ . = [Z - Ia’; o r] . S
Us = (coD Pocy + 0, — (I—ﬁb@D) - (%CﬁQ))Iy + kem
y y
_ . . [z — I .. S w
U4 = (Cd,D ﬁw@w + Q/JT — ( b y9¢)ly -+ kw%

4.3 FOSMC Gain Tuning

The FOSMC position control gains such as, [kx By ¢ ky By ¢ k. c, (.| and ori-

entation control gains |k, S5, cs ko o co ky DBy cd,} in the quadcopter control laws
of equation 4.28 are tuned using PSO. A concept for the optimization of non-linear system
using particle swarm method is introduced by|[23] and developed further in [24], was inspired
by the movements of flocks of birds and schools of fish and has been found to be highly effec-
tive in solving complicated optimization problems. PSO is an evolutionary algorithm under
stochastic iterative optimization methods , which has some notable advantages over those
and other optimization techniques. initially PSO does not require any a priori information
about the search space or variables. It is, therefore, capable of executing a multi-variable
optimization of highly complicated systems with variables that may not be directly or evi-
dently related in a hyper-spatial search region. PSO works to minimize objective function
by comparing multiple samples of the optimization variables in successive steps. The values
of the optimization variables for the next step are then subjective to tend toward a set,
which gives the lowest fitness. This is evaluated with any constant number of samples (or
particles) for any number of steps until the loop is terminated. Moreover, PSO is relatively
simple when compared with other optimization techniques, effective and efficient method of
gain tuning for a number of systems and controller types [25][9][10].

Due to their potent optimization property, PSO is currently being investigated for the de-
velopment of adaptive or self-tuning FOSMC controllers. In this paper, a PSO is select to
tune the parameters of the FOSMC controllers of quadcopter altitude and attitude control

gain automatically. This fitness function is composed of several parameters extracted from
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both regulation and trajectory tracking the non-linear and coupled dynamics of a quad-
copter. The position of each particle corresponds to a setting of the fractional order sliding
mode controller. The speed of each particles corresponds to this parametrized modifica-
tion between the two simulations. The velocity and position of each particle/variables are
randomly initialized. All particles move in the search space, and the performance of each

particle is periodically evaluated.[25][9].
e PSO is an intelligently select optimal parameters from N particles.

e The initialization matrix contains N particles dispersed in a D-dimensional search

space.
e PSO requires a fitness function relevant to the particles position.

e Each particle i stores its best position Py;(t + 1) and the best solution in its vicinity
gv(t + 1), which is the position of the particle that has the smallest fitness value in the

swarm.
e The mechanism of displacement of each particle is managed by three rules.

e First, the particle tends to follow the direction of its current velocity.
e Second, it wants to move toward its best position.

e Finally, it tends to move to the best position reached by its neighbours

4.3.1 Algorithm of PSO

1. Initialize a population array of particles with random positions and velocities on D

dimensions in the search space.

2. For each particle, evaluate the desired optimization to minimize fitness function in D

variables in the swarm.

3. Compare particle’s fitness evaluation with its personal pest (ppesi) If current value is
better than personal pest (ppesti) then reset ppes; equal to the current value, and ppesy

equal to the current location in D dimensional space.

4. Compare pyes of particles with each other and update the swarm global best location

with the greatest fitness and update gyest .
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5. update the velocity and position of the particle according to equations below respec-
tively.
The new velocity matrix v;; and position matrix x;; of the particle 7 = 1,2...N in the

search space of dimension D, with j = 1,2...D are

Vi (t + 1) = wuii(t) + BiCy (Pby(t) — w45(t)) + RaCy (gbij(t) — w45(t)) (4.29)

Evaluate the objective /fitness functionf; and update ppest; and gpest

DPuesti = Xz .
t if fi < f(Dresss) (4.31)
fpbesti = fz
Gues = Pbesti .
t t if f(pbesti < f(gbest)) (432)

Jopest = [ (Pbesti)
Where
® Dpesti 1S the best position found by the particle i.
® (pest is the best position found by the neighbourhood.
e w, (] and C5 are inertial and acceleration coefficients
e Ry and R, are random variables generated from a uniform distribution in [0, 1]

The update velocity of equation 4.29 have three parts:

Part one:- Momentum part (wv;j(t)) and serve as memory of previous flight, prevent
the particle from drastically changing direction. Displacement physical component of
which w is a variable parameter tolerating to control the displacement of the particle
at the next iteration.

Part two:-Cognitive part R;C;(Pb;;(t) — z;;(t)) oblige to calculate the performance
of i particle relative to its past performance, particles are drawn back to its best
position.

Part three:-Social part RyCy(gb,;(t) —x45(t)) quantifies the performance of i particle
relative to its neighbours. Particles are drawn towards best position determined by the
group. The degree of attracting each particle towards the best position of global best

position respectively represented by two acceleration coefficients C'; and social Cy. If
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C1 equal to (5 equal to zero particles move in the same direction until it reaches the
search space. If C'; greater than zero and C5 equal to zero, particles perform local
search, whereas C] equal to C5 particles attracts towards the average of ppesii and gpest
.The good exploration of particles in the search space is guaranteed by the coefficients

R; and Ry, which are two random, numbers drawn uniformly in the interval [0, 1]

4.3.2 Fitness function

Quantification of the optimization performance of the quadrotor’s responses using the pro-
posed approach is achieved through a performance index [10]. These performance index
also known as fitness function (objective) is defined in order to minimize the differences
between the desired and the controlled outputs responses of the quadrotor. For these thesis,
to minimize the error of the position and orientation of quadcopter trajectory tracking. This
fitness function preferred by the control engineering discipline include Integral Square-Error
(ISE) ,Integral Time Square-Error (ITSE) ,Integral Absolute-Error (IAE) and Integral Time
Absolute Error (ITAE) of equation 4.33

ISE:/ e*(t)dt
0

ITSE = / te?(t)dt
B (4.33)

IAE:/ le(t)|dt
0

ITAE = / tle(t)|dt
0

The characteristic of each fitness function listed in equation 4.33 is different. ISE index is used
to penalizes large errors heavily and small errors lightly. A system designed by this criterion
tends to show a rapid decrease in a large initial error to get fast and oscillatory response of
the system. I'TSE emphasis on initial errors and heavily penalizes errors occurring late in the
transient response of the system, whereas IAE Penalizes control errors. System’s designed
using ITAE has small overshoots and minimum damped oscillations; any large initial error
is penalized lightly whilst errors occurring later in the response are penalized heavily during
ITAE, leads to Penalizes long settling time and control errors. The ITAE performance index

used in this study.
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Chapter 5

Simulation Results and Discussion

5.1 Introduction

This chapter is presents Simulink model of the quadcopter system modelled mathematically
in chapter three with the simulation results of the closed loop control of the system using
FOSM controller with MATLAB/Simulink and the gain obtained by using automatic tun-
ing of PSO. Then the model of the UAV is developed in computer Simulink model without
disturbance and with disturbance. This model is useful for simulating and observing the
behavior of the system with the action of the proposed control system, and the result of
the simulation is presented in the form of graphs. A simulation study of using the proposed
controller for an agricultural monitoring UAV is performed by minimize the trajectory error
and appearance of uncertainties for efficient stabilization and trajectory tracking. Lastly,
Simulation results are presented and discussed to indicate the effectiveness of the proposed
quadcopter based on position and orientation controlling of the flight system at different tra-
jectories. The proposed control system is represented by Figure 4.1 is designed for simulation
by MATLAB/Simulink model. Finally, to verify the validity and efficiency of the proposed
controller, Appling different trajectories with disturbance like helical, infinity trajectory and
rectangular trajectories.

The Particle Swarm optimization of the FOSMC gain was performed with various combi-
nations of total iterations T, numbers of particles N, with the cost functions. Explained in

chapter four.
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5.2 Infinity trajectory tracking

An Infinity trajectory was used as a tracking reference in the space as follows.The input
sin(2t)

trajectories along x and y is sinusoidal shape which is z, = cos(t) , y,. = and z-axis
is linear z, = (15/4) % t* — (5/4) = t> for t < 2 otherwise constant z, = 5 and v, = 0.8 rad.

Sample controller gains obtained by PSO are shown in Tables 5.1 for N = 10, F' = 10

Table (5.1) An Infinity trajectory tracking controller gains by pso

gain value gain value

Ca 25 Cé 30
Ba 0.25 B 0.25
kg 1.6 ke 1.6
Cy 25 Co 30
By 0.25 Bo 0.25
k, 1.6 ke 1.6
Cs 25 Cy 30
B 025 By 0.25
k. 1.6 Ky 1.6

The resulting 3D trajectory tracking response is presented in figure 5.1a where the tracking
positions along x,y and z-axis are presented in figure 5.1. and the the generated reference
signal from outer loop with their trajectory output and yaw angle trajectory is shown in
figure 5.2. From the obtained responses it is shown that the proposed FOSMC tuned PSO

scheme is able to guarantee accurate reference tracking.
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5.3 Helical trajectory of quadcopter

The resulting 3D helical trajectory tracking response and positions are shown fin figure5.3. Applying
PSO technique to obtain optimal gains of FOSM controller for helical trajectory tracking by

running many times and select the bast performance. The best results given in table5.2

Table (5.2) Helical trajectory controller gains by pso

gain value gain value

Ca 15 Cé 10
o 0.3 B 0.2
k. 1.6 ke 1
Cy 15 Co 10
By 0.3 Bo 0.2
k, 1.6 kg 1
C, 15 Cy 10
B. 0.3 By 0.2
k. 1.6 ky, 1

T T T T T
——X
1 . il
\ N\ M\ /\ / X 0SMC
{ \ / \ [ / 1
\ [\ [\ {\ {1\
\ [ \ [ \ \ [ \ 4

0 10 15 2'0 2 30
Time(s)
(a) Helical trajectory tracking (b) Position along x-axis.

| | |
0 5 10 15 20 25 30
Time(s)

(c) Position along y-axis. (d) Position along z-axis.

Figure (5.3) Helical trajectory tracking response and positions along x,y,z-axis.
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5.4 Square wave path trajectory

Unmanned Aerial Vehicles’ (UAVs) capabilities offer the potential to capture the image

platforms for real-time agricultural monitoring, use these trajectories to cover the entire

area.the input trajectories written in appendix D.3.This experimental simulation on the

quadrotor to test the efficiency of FOSMC for performing those tasks. The vehicle tracks a

square wave trajectory with automatic gain tuning by PSO.
Sample controller gains obtained by PSO are shown in Tables 5.3 for N = 10, F' = 10

Table (5.3) A Square wave trajectory controller gains by pso

gain value gain value

Cx
B
kq

Cy

By
ky
Cy
B
k.

0.36
0.15
1.8
0.36
0.15
1.8
0.36
0.15
1.8

Co
By
ke
Co
By
ke
Cy
By
Ky

10
0.2
1
10
0.2
1
10
0.2
1

The response of the system in 3D and tracking response of each positions for the respec-

tive inputs are shown in figure 5.4 . But the control signal in each curve is maximum ,to

overcome such difficulty let us use differentiable polynomial inputs for x-axis as shown in

figure 5.5.
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Figure 5.5 shows the response of the system in 3D and tracking response of each positions

(x, vy, z) obtained by the proposed method. The input trajectories of third order polynomial

function ,stare case and step input along x,y and z-axis respectively.
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It can be noticeably observed From Figure 7?7 and Table 5.3 that the FOSMC autotuned
controllers using PSO have good performances (reduced errors) for positions (x,y, z) control.

Responses for desired and controlled roll (¢) and pitch (6) attitudes are illustrated in Figure
5.6

phi (rad)

I L I I 1 I I

L I | I I I I
0 20 40 60 80 100 120 140 160 0 B “ 0 Tils:loe(s) 10 120 10 160
Time(s)

(a) Roll angle trajectory (b) Pitch angle trajectory.

- 9
in in

psi(rad)
p——
f—

4
n

I I I L I I I 4
20 40 60 80 100 120 140 160
Time(s)

=

&
=
S

(c) Yaw angle trajectory.

Figure (5.6) FEuler angle response for Square wave trajectory .

From figure 5.6 we can observe that the measured angles follow the desired angles gener-
ated by the outer control loop of the control system and the yaw angle tracks the reference.
The outer loop or virtual controller signals Vz, Vy, and V z which are used to determine
the desired roll ¢, and pitch 6, and attitude controller U1 are shown in figure 5.7 . The
controller signal amplitude is vary based on the input trajectory. At the curve of the given
trajectory and during applied disturbance the quadcopter needs maximum control signal to

follow the path as shown in figure 5.7.
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Figure (5.7) Virtual controller response for position trajectory.

Inner loop controller and altitude controllers given by figure 5.8. Altitude controller U
of figure 5.8a and yaw angle controller U, of figure 5.8d controls the desired altitude and
yaw angle given by the task manager respectively, Where as the attitude roll angle controller
U, of figure 5.8b and pitch angle controller Us of figure 5.8c controls the desired trajectory

generated from the position by outer controller signals respectively.
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In order to show the efficiency and robustness of FOSMC scheme in tracking paths apply
unknown disturbance utilized in real life applications tracking response for a square wave
reference path, to monitoring and exploration of agriculture. The system response of the
proposed controllers under disturbances in 3D is presented in the Figure 5.9d. From the
simulation result we observe that the suggested controller achieve better performance of
the desired trajectory tracking in the presence of disturbances. The external disturbance
modeled in this simulation is a random signal with a force of different amplitude along x,y,

and z positions at time intervals shown in figure 5.9a, 5.11c and 5.11d.

Disturbance along x-axis

Disturbance along y-axis
\ u : : :
2—0.2 r o2l i
T 04t I ]
5-0.61 E
= S -0.6 A
T =
" ]
s
0 20 40 60 80 100 120 140 160 L L L L L L L
Time (S) o 20 40 60 80 100 120 140 160
Time(S)
(a) Applied disturbance along x-axis. (b) Applied disturbance along y-axis.
Disturbance along z-axis
0
0l
z
3 04 -
£ 0|
0.8 -
Il Il Il Il Il Il I

L
[] 20 40 60 80 100 120 140 160
Time (s)

(c¢) Applied disturbance along z-axis.

Covered area
— e asured
w— esired

— Arml
—=—Arm2
payload
shadow

100

30

Height[m]

100

50

Y[m] X[m]

(d) Square wave response with disturbance

Figure (5.9) Square wave response and applied disturbance

The effect of disturbance and range of ability of the controller for disturbance rejection
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along quadcopter position is shown in figure 5.10. It shows that the FOSMC ensures to
stabilize the system and the position convergence to the desired values. Even if we apply
higher magnitude of force as disturbance on the dynamics of the quadcopter, FOSMC reject

the disturbance and the errors converge to zero.
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Effect of disturbance for positions of UAV
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5.5 Comparison of classical SMC with FOSMC

To track a square wave of altitude 100 meters above the ground with respective positions
along the x,y z-axis, the FOSMC method could manipulate all state variables to the desired
reference signals with a faster convergence rate compared to the conventional SMC method.
The simulation result for the Fractional-order sliding mode controller shows good perfor-
mance whereas the conventional sliding mode controller gives a slow response Introduce

steady-state error in the system and lead to more deviations from the given trajectory.
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Figure (5.11) Comparison of SMC with FOSMC in rectangular trajectory.
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Chapter 6

Conclusion and Future Works

6.1 Conclusion

In this paper, a hybrid modeling approach of the quadrotor dynamics is established through
Newton—Euler methods and the design of fractional-order Sliding mode control using MAT-
LAB software to overcome the performance of the trajectory tracking. Design of a FOSMC
for complete six DOF outputs (positions (z,y, z)) and attitudes (¢, 6,1). Particle Swarm
Optimization (PSO) are applied for optimal tuning of the controllers’ parameters of the
FOSMC controllers of quadcopter altitude and attitude control gain automatically based on
fitness function which is composed of several parameters extracted from trajectory tracking
error of quadcopter.

FOSMC method could manipulate all state variables to the desired reference signals with a
faster convergence rate compared to the conventional SMC method. The simulation result
for the Fractional-order sliding mode controller shows good trajectory tracking whereas the
conventional sliding mode controller gives a slow response introduces steady-state error in
the system and leads to more deviations from the given trajectory. FOSMC leads better
performance to eliminate the tracking errors and be able to keep the quadrotor on the de-
sired way than convectional SMC.

The simulation results show that the suggested PSO tuned FOSMC can achieve robust per-
formance subject to the complex disturbances and leads tracking errors of all the system
state variables tends to zero. Even if we apply higher magnitude of force as disturbance on
the dynamics of the quadcopter, FOSMC resist the disturbance effects and provide responses
close to the desired ones. This robustness and effectiveness are justified by applying differ-
ent trajectories like rectangular, infinity, square wave, and helical trajectories. The ability
of quadcopter capabilities to monitor and explore agriculture by following the determined

trajectories observed in the 3D plan.
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6.2 Future work

The models built and studied in this thesis focuses only on the performance of the agricultural
monitoring quadcopter, robustness and effectiveness of the controller based on minimizing
errors to track the desired trajectories and automatic controller gain tuning methods by

applying different paths The author recommend interested researchers to design and analyse
1. Obstacle avoidance and Optimum energy for flight of an agricultural quadcopter.

2. Hardware implementation of the modelled quadcopter.
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Appendix A

Rotation matrix coriols force and

desired angles derivations

A.1 Derivation of rotational matrix

The rotation matrix that transforms a linear quantity from earth fixed coordinates to body
fixed coordinate.The rotation matrix is the product of rotation around the z-axis followed
by rotation around y-axis and finally followed by rotation around x-axis. All three matrices
multiplication of the three standard rotations matrices, the selected order of rotations of
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2,

}
: 3
Zy R " gl X Cy Sy) ol e
. ! Wl =Ry =|-5) ¢ 0¥
¥ e : o o 1l
e oy
£ R Ty,
* Rotation about Y1 _axis(pitch_8)
. s X Co 0 —Sg|[Xe
e h : Y, |=rirey==|0 1 EI Ye
- . 7 Sa 0 g JlZg
. XE
Ty z
% R 3
Rotation about X1_axis(Roll )
Zg Tr 2, X 1 0 0]
2 v sin _’ K| =R(Z.4)== 3 f: io} ;
e * # g f s Cyp) | LEg
[/ e W
e *

Yecosw  ¥e

Figure (A.1) Inertial frame to body frame transformation matrix

The transformation matrix between two coordinate systems is orthogonal. R(x,¢),
R(y,0) and R(z,v) denote rotation matrices produced by the inertial coordinate frame

rotating roll angle ¢, pitch angle #, and yaw angle ¢) around x, y, and z-axes, respectively as
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follows.

yaw angle 1) rotates with Z axis.

cosyp sy 0
R,y = |—siny cosy 0
0 0 1

pitch angle 6 rotates with y axis.
cos 0 —sinf
Ryo=1 0 1 0
stnd 0 cosf
Roll angle ¢ rotates with x axis.

1 0 0
Ryp =10 cosyp —siny
0 siny  cosy

Orderly combination of these three matrices listed on the above figure gives the inertial to

body frame transformation matrix. Order of the operations is important.

ey csp —s0
BR = |sosOc) — cosip  spslsi) + copcld  chse (A.1)
cpstc) + spsp  spsbep — cpsp  coch

A.2 Derivation of coriols force

Let the inertial set of unit vectors along the direction,b = [bl by bg], which has an instan-

taneous angular velocity ,w = [p q r}, we want to calculate derivative of linear velocity

vector v with respect to body frame [26].

d_U . d(ub1 + Ubg + wb3>
dt inertial N dt
Using chain rule:
dv du dbl dv dpa dw dp3

av T AL S A LI .
Dot Yt T T TV T TV

d
Now,the question is that how to obtain % [bl by b3:|

The derivative of the unit vector for each rotation W rotation of one axis at a time we

can represent the change from any initial set of unit vectors [bl by b3i| to a new set of unit
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vectors |by by 63} ‘across some change in time dt with an angle ©. The relation between

angular velocity with those angle is expressed as:

w=df/dt
0 = w;dt ,where i = [bl ba b3]
Let us rotate first along z-axis unit vector:

b,
b, —b, sinrdt

b, cosrdt

b,sinrac

b, bycosrdt by
(a) unit vector axis (b) z-axis unit vector rotation

Figure (A.2) Unit vector rotation along z-axis

by C(rdt)  S(rdt) 0] [b
by| = | =S(rdt) C(rdt) 0| |b
by 0 0 1] |bs

Rewrite the above equation to return the rotation back from [l;l by 133} to [bl by b3:| we

can express bye transpose of the square matrix as:

by C(rdt) —S(rdt) 0] [b
by| = | S(rdt) C(rdt) 0| |b
by 0 0 1] |bs

By taking same procedure for about by(y) axis and by (z) axis we got

by Clqdt) 0 S(qdt)] [b
by| = 0 1 0 by
bs —S(qdt) 0 C(qdt)] |bs
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by 1 0 0 by
by| = [0 C(pdt) —S(pdt) by
bs 0 S(pdt) C(pdt) 0] |bs

To simplify using small angle approximation theorem:-we care about the instantaneous
change of unit vectors as dt approaches to zero which yields cos(f) = 1 and sin(6) = 0

Where ¢ = cos(.) and s = sin(.) The rotations along z,x and x-axis written as:

by 1 —rdt 0] [b
by| = [rdt 1) 0| |b
by 0 0 1| |bs
by 1 0 qdt] [b
byl =1 0 1 0] |b
b3 —th 0 1 83
1 0 0 ;
! 0 1 —pdt !
2| — by
0 pdt 1 0] |-

To find the derivative from the delta over dt calculate delta in unit vector by subtracting the
change in unit vector over time dt at time 0. [bl by b3} and [61 by b;,] From rotation
about Z-direction which is in r-angular velocity

Divide both sides of the above equation by dt and express in matrix form as:

by /dt 1 —r 0] [b
bg/dt = |T 1 0 62
bs/dt 0 0 0] |bs

Applying the same procedure, we can get angular velocities along y-axis and x-axis.
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by /di 00 0]/ b
by/dt| = [0 0 —p| |by
bs/dt 0 p 0] |bs
by /dt 1 0 4| [i
by/dt| =0 0 0] [bs
bs/dt —q 0 0] [bs

Combine all rotations for all axis together in one matrix

[0, /dt 0 —r q] [b
bofdt| = |+ 0 —p| |b
_bg/dt —q P 0 83
by |
Which is equal to wX |b,| this is coriols equation.
bs |

Then back to the chain rule and substitute the values

dv du db, dv b9 w 53
%inertial N abl + EU + %bZ + dav —+ d%bg + daw

Substitute on to newton’s second law
F =ma = mdv/dtF, = m(u+ vr + wq)F, = m(0 + wp — ur)F, = m(w + ug — vp)

Rewrite in matrix form as follows.

[ m 0 0 U 0 mw  —mu
F=1f,l=10 m 0 vl + |—-mw 0 mu
I 0 0 m| |w mv  —mu 0

69



A.3 Desired angles derivation

To drive the desired angles and altitude controller U; from equation 4.21 as follows:

& =V, = cospsinbfcosy) + sm¢simﬁ)—ul
m

i =V, = cospsinbfsiniy — simbcosw—ul
m

u
2=V, = cos¢cos€—1 —q
m

rearrange these equation as

Uy _Vi+yg
m CCo
V. +
U, = g(ngSgSw + s1Psy)
CypCo
Uzcpcp, 1
coSp = ( )— — SySe
? V.+gley ¥

from virtual controller along y axis extract cysy as

equate these equations and multiplied by cgcs1)

Uzcpcosy — Uycpcocy
Vityg
UxSw — Uwa
Vet+yg
std, — Uycw
Vet+yg

s¢ci + 5‘15512& =
tang = cy
bq = tan"tcly

applying the same method and re arranging the above eqution to get 6, as

tanQ — M
V.+g
U, U,
04 = tan~1 22w T Zv Oy
V.+yg
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Appendix B

Simulink® Complete Model

DISPLAYS

o
4 i
en 4w
fen
AJECTO!
POSITION CONTROLLER
ibeta_des des
Pei i des i
ST
REFERENCE TRAJECTORY DESIREDANGLES +ALTITUD DERIVATION  ATTITUDE CONTROLLER

COST FUNCTION FOR SO SYSTEM

Figure (B.1) SIMULINK® Model of the Complete FOSM controller based quadcopter.

B.1 Attitude and position controllern
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e

(a) Position controller sub block. (b) Attitude controller sub block.
Figure (B.2) Extracting The position and attitude Block of Figure B.1
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B.2 Virtual /position controllers along x y and z-axis
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Figure (B.3) Virtual/position controllers extracted from B.2
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B.3 Inner Loop Roll movement controller

e _phi
TR

TEqu:_T

thata 12

Figure (B.4) Roll movement controller extracted from block of the Complete model
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B.4 Inner Loop pitch movement controller

ctheta

thata_des

] ]
L

Figure (B.5)  Extracting pitch controller from Figure B.2b

B.5 Inner Loop yaw movement Controller
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Figure (B.6) The yaw movement Controller,extracted from Figure B.2
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B.6 Dynamic and kinematic model of UAV

y_measured
. z
z_measured

2_cde
.v

Mathematical Mode of UAV Block of Figure B.1
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Appendix C

Simulink function codes

C.1 Function blocks in B.1

Listing (C.1) inverse calculation code

component inverse calculation

function [U_l,phi_des,theta_des] = fcn(Vx,Vy,Vz, si_des)

m=1; $mass of the quadcopter

g=9.81;%gravitational acceleration

U_l=mxsqrt (VX" 2+Vy 2+ (Vz+g) "2);
theta_des=atan ((cos(si_des) *xVx+sin(si_des) *Vy)/ (Vz+g));

phi_des=atan (cos (theta_.des) * ((sin(si_des) *Vx—cos (si_des) *Vy)/ (Vz+g)));

end

Listing (C.2) relation of control signal with speed of the propller

component inverse calculation

function Wr = fcn(Ul,U2,U03,U04)

b=54.2%10"-6; % Trust coefficent

d=1.1%x10"-6; $drug coefficent

1=0.24; %$lengthe of the arm

W_1=(sqgrt ((abs(0.25* (((Ul/b)+ ((sqgrt(2))*U2)/(b*x1))+(((sqrt(2))*U3)/ (b
W_2=sqrt ((abs (0.25x (((Ul/b)+ ((sgrt(2))*U2)/ (b*x1l))-(((sgrt(2))*U3)/ (bxl
W_3=(sqrt ((abs (0.25% (((Ul/b)—-((sqrt(2))*U2)/(b*1))-(((sgrt(2))*U3)/ (bx
W_4=sqgrt ((abs (0.25x (((Ul/b)—-((sgrt (2))*xU2)/ (b*1))+(((sgrt(2))*U3)/ (bl

W.r=—W_1+W_2-W_3+W_4;
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end

Listing (C.3) Euler rate on body frame

component Euler rate on body framen

function [p._dot,g.dot,r.dotl= fecn(p,q,r,U.2,U0.3,U0.4,Wr)\\
Ix=0.0081;\\

Iy=0.0081;\\

Iz=0.0142;\\

JTP=0.000104;\\

p.dot=((Iy-Iz)*grxr— (JTP*g*Wr))/Ix + U_2/Ix;\\
g-dot=((Iz-Ix)*pxr+U_3 + (JTPxp*Wr))/Iy;\\
r_dot=((Ix-Ty)*p*q)/Iz + U_4/Tz;\\

Listing (C.4) Euler angles from Euler rates

component dynamics

function [phi_dot,theta_dot,si_dot]l= fcn(p,q,r,phi,theta)
phi_dot=p+g*sin (phi) *tan (theta)+rxcos (phi) xtan (theta);
theta_dot=gxcos (phi)-sin (phi) *xr;

si_dot=gxsin (phi) xsec (theta)+r*cos (phi) *sec (theta) ;

end
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Appendix D

Quadcopter 3d animation code

D.1 Rotation to roll pitch yaw code

Listing (D.1) rotation to roll pitch yaw code

component RoOt2RPY_ZXY

function [phi,theta,psi] = Rot2RPY_ZXY (R)
asin(R(2,3))

psi = atan2(-R(2,1)/cos(phi),R(2,2)/cos(phi));
theta = atan2(-R(1,3)/cos(phi),R(3,3)/cos(phi));
end

phi

D.2 Conversion of roll pitch yaw to rotation code

Listing (D.2) roll pitch yaw to rotation code

component RPY2Rot
function bRi = RPY2Rot (angles)
phi = angles(1);

theta angles (2);

psi = angles(3);

R.3 = [ cos(psi) sin(psi) 0; -sin(psi) cos(psi) 0; 0 0 17;

R_2 = [cos(theta) 0 -sin(theta); 0 1 0; sin(theta) 0 cos(theta)];

R.1 = [1 0 0; 0 cos(phi) sin(phi); 0 -sin(phi) cos(phi)];
bR1 = R_1%xR_2%xR_3;

end
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D.3 Input trajectory for square wave

Listing (D.3) square wave input trajectory code

\label{square wave input trajectory code}
component INPUT
function [x,vy,z] = fcn(t)
if t<10
x=0;
y=0;
z=3xt"2-(1/5) *t"3;
elseif (10<=t)&& (t<=20)
x=500-120+t+9+«t"2-0.2+t"3;
y=0;
z=100;
elseif (20<=t) && (£t<=30)
x=100;
y=0;
z=100;
elseif (30<t)&& (t<=40)
x=100;
y=3240-288*t+(42/5)xt"2-(4/50) »t " 3;
z=100;
elseif (40<t)&& (£<=50)
x=100;
y=40;
z=100;
elseif (50<t)&& (t<=60)
x=-32400+1800+t-33xt "2+ (1/5) *xt"3;
y=40;
z=100;
elseif (60<t)&& (t<=70)
x=0;
y=40;
z=100;
elseif (70<t)&& (t<=80)
x=0;
y=33360-1344+t+18%t"2-(4/50)*t"3;
z=100;
elseif (80<t)&& (t<=90)
x=0;

y=80;
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z=100;
elseif (90<t) && (£t<=100)
x=170100-5400+t+57+t"2-(1/5) xt " 3;
y=80;
z=100;
elseif (100<t) && (£t<=110)
x=100;
y=80;
z=100;
elseif (110<t)&& (t<=120)
x=100;
y=121080-3168+t+27.6+t"2-(4/50) «t"3;
z=100;
elseif (120<t) && (t<=130)
x=100;
y=120;
z=100;
elseif (130<t)&& (£t<=140)
x=-490000+10920t—-81+t "2+ (1/5) *t"3;
y=120;
z=100;
else
x=0;
y=120;
z=100;

end

D.4 Main code of quadcopter animation

Listing (D.4) main code of quadcopter animation

component body of UAV
curve=animatedline ('linewidth',2);
$shade=animatedline ('linewidth', 0.2+xdronel_atti(3));
%$set (gca, 'x1im', [0 100], 'ylim', [0 100], 'zlim', [0 100]);
%$hold on
Sview (-45,29);
dronel_initStates = [0, 0,0 ,
% X, Y, Z

0, 0, 0O,
% dx, dy, dz

80



0, 0, 0O,
% phi, theta, psi

0, 0, 01°";
$ p, 9, T
dronel body = [ 5, 0, 0, 1;
0, -5, , 1;
-5, 0, , 1
, 5, 0, 1;
0, 0, 0, 1;
0, 0, -3, 11°';
% figl = figure('pos', [0 100 600 6007);
%h = gca;
view (3);
%$figl.CurrentAxes.ZDir = 'Reverse';
$figl.CurrentAxes.YDir = 'Reverse';
% view([-60 307]);
% view ([90 0]) % To check phi (roll attitude) only
% view ([0 01) % To check theta (pitch attitude) only
% view ([270 90]) % Top view

axis equal;

hold on

plot3 (out.x_measured, out.y measured, out.z_measured, 'r'")
%$hold on

plot3 (out.xd,out.yd,out.zd, 'b'")
%$hold on

%$plot3 (out.xs,out.ys,out.zs, 'g')
grid on;

x1lim ([-30 130]);

ylim([-30 1301);

zlim ([0 1107]);

xlabel ("X [m]");

ylabel ("Y[m]");

zlabel ('Height [m] ") ;

hold(gca, 'on');
wHb = [RPY2Rot (dronel_state(7:9))"' dronel_state(1:3); 0 0 0 17;
% [Rot (also contains shear, reflection, local sacling), displacement; perspective ,global

dronel _world = wHb x dronel body; % [4x4][4x6]
dronel_atti = dronel_world(1:3, :);
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figl ARM13 = plot3(gca, dronel_atti(l, [l 31), dronel_atti(2,[1 3]), dronel_atti(3,I[1 31),
'-ro', 'MarkerSize', 5);

figl_ ARM24 = plot3(gca, dronel_atti(l,[2 4]1), dronel_atti(2,[2 4]), dronel_atti(3,[2 41),
'-bo', 'MarkerSize', 5);

figl_ payload = plot3(gca, dronel_atti(l,[5 6]), dronel_atti(2,[5 6]), dronel_atti(3,[5 6])
'-k', 'Linewidth', 2);

figl_shadow = plot3(0,0,0, 'xk', "Linewidth',3);

%area(figl_shadow, 'FaceColor', 'flat"')

lx=dronel_atti (3);

ly=1x;

hold(gca, 'off');
for i=l:length (out.y.-measured)

%% 3D Plot

wHb = [RPY2Rot (dronel_state(7:9))' dronel_state(l1:3); 0 0 0 17;
dronel_world = wHb x dronel_body;
dronel_atti = dronel world(l:3, :);
set (figl_ARM13,
'XData', dronel_atti(1,[1 3]),
'YData', dronel_atti(2,[1 3]),
'ZData', dronel_atti(3,[1 3]));
set (figl_ARM24,
'XData', dronel_atti(1,[2 4]),
'YData', dronel_atti(2,[2 4]),
'72Data', dronel_atti(3,[2 4]));
set (figl_payload,
'XData', dronel_atti(1l,[5 6]),
'YData', dronel_atti(2,[5 6]),
'2Data', dronel_atti(3,[5 6]));
set (figl_shadow,
'XData', dronel_state(l),
'YData', dronel_state(2));
hold on
F(i)=getframe (gcf);

end
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Appendix E

Fitness function and PSO code

E.1 PSO code

Listing (E.1) main code

component PSO

clc %to clear the command window
clear %to clear the work space

$%problem settings

lb=[0 0.01 0 0 00.12 0 O 0.01 O ] ; %$lower bound
ub=[(2 1 3 2 1 3 2 1 3]1; Supper bound

obfun=@fosmc; S%$fitness function

%$%algorithem parameters

Np= 10; $population size

T=10; $no of aiteration
w=0.9; $ineria weight

cl=1.8; %acceleration cofficent
c2=1.8; %$acceleration cofficent

$%parameter swarm opimization

f=NaN (Np, 1) % vector to store fitness function value of population
bestfititer=NaN(T+1,1)

D=length(lb); %no of decition wvariablrs in the population

P=repmat (1lb,Np, 1) trepmat ( (ub-1b),Np, 1) . *xrand (Np,D) $generation of initial position
v=repmat (1lb,Np, 1) +repmat ( (ub-1b),Np, 1) .rrand (Np,D) $generation of initial velocity

for p=1:Np
f(p)=obfun (P (p, :))%evaluate the fitness function of the initial population
end

83



pbest=P %initialize the personal best position

f_pbest=f;%initialize fitness of the personal best solution

[f_gbest,ind]=min (f_pbest); %$determine the best objective fitness function value
gbest=P (ind, :); $determine the bast solution

bestfititer(l)=f_gbest;

% determine fitness of the new solution

for t=1:T
for p=1:Np
v(p, :)=w*xv(p, :)+cl rand(1l,D) .* (pbest(p, :)-P(p,:))+c2*«rand(1l,D) .* (gbest-P (p, :
P(p,:)=P(p, :)+v(p,:); S%update new position
P (p, :)=max (P (p, :),1lb); %$bounding violating variables to lower bound
P(p, :)=min (P (p, :),ub); %$bounding violating variables to upper bound
(

if f(p)<f_pbest (p)
f _pbest (p)=£f (p) ; $updating fitness function of personal bestsolution
pbest (p, :)=P (p, :); Supdating pbest solution

if f_pbest (p)<f_gbest
f_gbest=f_pbest (p); %updating fitness value of the best solution
gbest=pbest (p, :);%updating the best solution

end
end
k
end
bestfititer (t+l)=f_gbest;
disp(['iteration',num2str(t), ':best fitness=',num2str (bestfititer(t+1))1])

end
best_fitness=f_gbest
bestsol=gbest

E.2 Fitness function code

Listing (E.2) Fitness function code

component PSO
function cost=fosmc (k)
assignin('base', 'k',k);
a = sim('slop', 'SimulationMode', "normal');
b = a.get ('ITAE");
cost=b (length (b)) ;

end

84



