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Abstract

In order to solve the problem of precise trajectory tracking control for
a quadrotor in the presence of external disturbance and system model
parameter uncertainty, a nonlinear trajectory tracking controller based on

sliding mode for the quadrotor is designed.

The dynamic model is used to design a stable and accurate controller

to perform the best tracking and attitude results.

The robustness and effectiveness of the proposed control strategy is
verified by simulation in a virtual environment for linear and nonlinear

trajectories.
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Introduction

The last decades have seen a tremendous progress in the development of unmanned
aerial vehicles (UAVs). A growing number of research institutes, universities,
governments, and commercial entities across the world are developing and employing
UAVs for a diverse range of applications, such as aerial photogrammetry [1], agriculture
[2], and military missions [3]. One type of aerial vehicle which can accomplish this, is a
quadrotor. The quadrotor is an UAV with four rotating blades which enable flight in a
similar way to that of a helicopter. Movement is attained by varying the speeds of each
blade thereby creating different thrust forces.

In order to accomplish the above-mentioned missions without constant supervision
of human operators, the UAV must autonomously follow predefined paths in 2D or 3D
space. Usually, the problems of motion control for a single autonomous vehicle are
roughly classified into three groups. Namely, point stabilization, where the goal is to
stabilize a vehicle about a given target point with a desired orientation; trajectory tracking,
where the vehicle is required to track a time parametrized reference; and path-following,
where the quadrotor is required to follow a desired geometric path, implying a constraint
in space, but not in time. Thus, the time takes the quadrotor to reach the target position
does not matter here [4].

Design and analysis of control systems are usually started by carefully considering
mathematical models of physical systems. In principle, a quadrotor is dynamically
unstable and therefore proper control is necessary to make it stable. However, quadcopter
control is a fundamentally difficult and interesting problem. Therefore, several control
algorithms have been applied to it. Andrew and Samuel present a review of control
algorithms for autonomous quadrotor with a comparison between them [5].

Thus, this project focuses on the quadrotor modeling and the controller designing
in order to achieve higher trajectory-tracking accuracy.

In this study, a complete dynamical model of the studied Quadrotor UAV is
established using the Newton-Euler formalism that is more realistic as it introduces
variable aerodynamics coefficients [6]. Since the quadrotor is a nonlinear type system,
sliding mode controller (SMC) is proposed to control the states of the quadrotor. SMC is
a robust nonlinear control algorithm that has been used to implement tracking controllers
for unmanned aircraft systems that are robust to modeling uncertainty and exogenous

disturbances, thereby providing excellent performance for autonomous operation [7]. In
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addition, Proportional Derivative (PD) controller was illustrated and simulated for
comparison reason and to proof the efficiency of the proposed controller.

In practice however, sliding mode controllers induce chatter in the system,
degrading the system’s performance and damaging its physical components. Therefore, -
in this study- it is imperative to avoid the control chattering by providing continuous and
smooth control signals.

The performance of the overall system was tested in a numerical simulation. The
first applied simulation being without controllers to show the evidence of using control
algorithms for stabilization and control objectives. Whereas, the last applied simulations
done with existence of SMC and PD controllers to monitor the system in a closed loop.

Finally, the combination of the obtained results and components description, are
used in the hardware and software implementation of the autonomous quadcopter

tracking system.
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1 Quadrotor Generalities

Aerial manipulation has been an active area of research in recent years, mainly
because the active tasking of Unmanned Aerial Vehicles (UAV) increases the
employability of these vehicles for various applications. This area of research opens a
new challenge in a diverse range of fields, such as aeronautics, instrumentation, robotics
and control, since they are not only remote-controlled machines, but also real autonomous
systems which can interact with the environment. The recent development of the aerial
manipulation has found potential applications in both military and civilian domains.
Military applications include border patrolling, mine detection, reconnaissance, etc.,
while civilian applications are in disaster management, bridge inspection, construction,

material delivery, search and rescue [8].
1.1 Problem Statement

This project deals with VTOL aircrafts, where the four-rotor helicopter, quadcopter
or quadrotor is mainly studied. Such a vehicle is an under-actuated mechanical system
that has six Degrees of Freedom (DOF) but only four control inputs namely roll, pitch,

yaw and thrust. The vehicle has the capacity to take-off and land in vertical position.
1.2 Objectives

This project focuses on design and control of unmanned, autonomous fly

helicopters with application to it. The contribution of this work lies in three fields.

e Dynamic modelling of quadrotors: the goal is to obtain a faithful
mathematical representation of the mechanical system for system

analysis and control design.

e System control: the aim is to understand and then master the dynamics

of quadrotors by applying the appropriate control techniques.

e System implementation: realize the quadrotor in real environment.
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CHAPTER 1 Quadrotor Generalities

1.3 Components of Autonomous Flight

In order to enable autonomous flight, there are a few components/modules that we

need in any UAV. They are listed as below:

e Sensors: indicate the position and velocity (including rotation and

angular velocity of the robot).

e Controller: Command motors and produce desired actions in order to
navigate to the desired state. Therefore, the vehicle must be able to

follow a given trajectory.

e Actuators: devices that accept control command (mostly in the form
of an electrical signal) and produce a change in the physical system

by generating force, motion and so forth [9].

1.4 UAYVs Classification

There are different ways to classify UAVs, either according to their range of action,

aerodynamic configuration, size and payload or according to their levels of autonomy.
1.4.1 Range of Action Classification

UAVs can be classified into seven different categories based on their maximum

altitude and endurance as follows [10]:
1.4.1.1 High-Altitude Long-Endurance (HALE)

They can fly over 15000 m high with an endurance of more than 24 hr. They are

mainly used for long-range surveillance missions.
1.4.1.2 Medium-Altitude Long-Endurance (MALE)

They can fly between 5000-15000 m of altitude for a maximum of 24 hr. MALE

UAVs are also used for surveillance missions.
1.4.1.3 Medium-Range or Tactical UAV (TUAV)

They can fly between 100 and 300 km of altitude. They are smaller and operated
with simpler systems that their HALE and MALE counterparts.
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1.4.1.4 Close Range UAV

They have an operation range of 100 km. They are mainly used in the civil
application such as power-line inspection, crop-spraying, traffic monitoring, homeland

security.
1.4.1.5 Mini UAV (MUAY)

They have a weight of about 20 kg and an operating range of about 30 km.
1.4.1.6 Micro UAV (MAYV)

They have a maximum wingspan of 150 mm. They are mainly used indoors where

they are required to fly slowly and hover
1.4.1.7 Nano Air Vehicles (NAV)

They have a small size of about 10 mm. they are mainly used in swarms for
applications such as radar confusion. They are also used for short range surveillance if

equipped with an equally small camera
1.4.2 Aerodynamic Configuration Classification

UAVs can be classified into four main categories based on their aerodynamic

configuration as follows
1.4.2.1 Fixed-wing UAVs

Require a run-way to take-off and land. They can fly for a long time and at high
cruising speeds. They are mainly used in scientific applications such as meteorological

reconnaissance and environmental monitoring.
1.4.2.2 Rotary-wing UAVs

They can take off and land vertically. They can also hover and fly with high
maneuverability. The Rotary-wing UAVss can be further classified into four groups []:
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e Single-rotor

They have a main rotor on top and another rotor at the tail for stability, same like

the helicopter configuration.
e Coaxial

They have two rotors rotating in opposite directions mounted to the same shaft in

Figure 1-4(b).
¢  Quadrotor
They have four rotors fitted in a cross-like configuration. Shown in Figure 1 (c).
e  Multi-rotor

UAVs with six or eight rotors. They are agile type and fly even when a motor fails,

as there is redundancy due to the large number of rotors. Shown in Figure 1.1 (d).

(a) Single Rotor (b) Coaxial

- I

(¢} Quadrotor (d) Multi-Rotor

Figure 1.1: Rotary-Wing UAVs [10].

1.5 Quadrotor Application

Quadrotors are being increasingly used in Precision Farming, Construction,
Archeology, Photography, Robotic First Responders during Emergency. In precision
farming, robots are being used to patrol orchards to do a visual survey in infrared
spectrum to assess the quality of yield. In construction industry, quadrotors are being used
for inspection and the check the progress of the work. In archaeological sites, these robots

are used to inspect the stability of old building that were built thousands of years ago.
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Quadrotors have the potential to be used as first responds in case of a calamity or
emergency. They can go to places where rescue workers cannot go easily and provide
information to the authorities to plan rescue missions. Quadrotors are also being used

alongside manipulators to perform cooperative mobile manipulation tasks.
1.6 Outline
The rest of this project is organized as follows:

e Chapter 2: This chapter presents the mathematical model of a
quadrotor UAV which has been derived based on the Newton-Euler
laws. The developed model of the quadrotor is used in the proposed
control strategies to control the attitude, altitude and position of the

quadrotor in space.

e Chapter 3: This chapter presents, the performance of overall system

has been tested by simulation in MATLAB/Simulink.

e Chapter 4: Finally, in this chapter, the obtained results are used in the

implementation of the autonomous quadrotor system.
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2 Modeling and Controller Design

2.1 Introduction

Mathematical modeling of an unmanned aerial vehicle, specifically, quadrotor
modeling is not an easy task because of its complex structure, nonlinear dynamics and
under-actuated nature. In this chapter a dynamic model of a quadrotor has been developed
using law of physics and mathematics manipulations. The aim is to model a quadrotor
vehicle as realistic as possible. The model is then used to design a SMC and PD
controllers’ structure to stabilize the roll, pitch, yaw angles and linear position of the

quadrotor system.
2.1 Basic Concepts

A quadrotor, also referred to as a quadcopter or simply a drone, is a Vertical Take-
Off and Landing (VTOL) Unmanned Aerial Vehicle (UAV) with hovering capability,
high maneuverability and agility. It consists of four rotors in cross configuration. The
quadrotor movement is controlled by varying the angular velocity of each rotor
individually, thereby changing forces, torques and moments can be generated on the
body.

The type of rotorcraft used in this thesis is a quad-copter in X configuration. The
four rotors spin clockwise and counter-clockwise like it is shown in Figure 2.1. Clockwise
(CW) motors, shown in blue, use normal propellers and counter-clockwise (CCW)

motors, shown in red, use pusher propellers.

cw

ccw cw

Figure 2.1: Quad-rotor in X configuration.
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2.1.1 Reference Frames

The absolute position and orientation of a quadrotor is described with the use of

two reference frames (also referred as coordinate systems):

e Earth inertial frame (E-frame).

e Body-fixed frame (B-frame).

Figure 2.2: Quad-rotor frames of reference.

The axes of the E-frame coordinate system are aligned with North x, East y; and
up zg. The B-frame coordinate system is fixed to the center of gravity (COQG) of the

quadrotor with x;, in the forward direction, as seen in Figure 2.2.
X
The position of the quadrotor is described with & = lyl € R3, which is the position
z
vector of the center of gravity of the quadrotor, relative to the Earth reference frame E.
¢
0
Y

relative to the Body reference frame B, where ¢ , 6 and 1 are the roll, pitch and yaw

The orientation of the quadrotor is described using Tait-Bryan angles with n =

€ R3, which is the angular position vector of the center of gravity of the quadrotor,

respectively, often referred to as Euler angles.

The generalized coordinates of the quadrotor are represented with the vector g that

consists the linear and angular position vectors: q = [f]] € RE.
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2.1.2 Quadrotor Movements

The quadrotor is a 6 DOF object, thus 6 variables are used to express its position in
space (x, y, z, ¢, 8 and ). x, y, and z represent the distances of the quadrotor’s center
of mass along the x, y, and z axes respectively from an Earth fixed inertial frame. ¢,
0 and Y are the three Euler angles representing the orientation of the quadrotor. ¢ is
called the roll angle which is the angle about the x-axis, @ is the pitch angle about the y-

axis, while v is the yaw angle about the z-axis.

(a) Thrust forces and rotor directions

(b) Movement in the positive roll direction

X,
[
> Y
L ]
“
(c) Movement in the positive pitch direction (d) Movement in the positive yaw direction

Figure 2.3: Basic quad rotor movements.
Figure 2.3a shows the quadrotor with equal speed on all rotors, resulting in equal
forces from each rotor. This allows the quadrotor to move along the z;, axis by
increasing or decreasing the rotor speed. With a certain rotor speed the quadrotor will

obtain a hovering state.
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Figure 2.3b and 2.3c show how the roll ¢ and pitch 6 angles are controlled. In both
cases two adjacent rotors have increased speed compared to the other rotors, resulting in
a movement around the x; and y;, axes respectively.

Each rotor affects the quadrotor body with a torque in the opposite direction of the
rotation of the rotor. These torques are canceled when two rotors rotate clockwise and
two rotors rotate counter clockwise with the same speed. The torque from the rotors can
be exploited to control the yaw angle v, as illustrated in Figure 2.3d, where two diagonal
rotors rotate faster than the other rotors. This result is a movement around the z;, axis, in

this case in the positive yaw direction.

2.2  Modeling Design
The kinematics and dynamics models of a quadrotor will be derived based on a
Newton-Euler formalism [6], [11], [12], [13]. Before analyze the dynamic of the

quadrotor, serval assumptions are made:
e The structure is rigid and symmetrical.
e The propellers are rigid.

e The COG of the quadrotor coincides with the body fixed frame origin.

Therefore, Iy =1y, and Iy, = I,,, = I, = 0.

e Thrust and drag are proportional to the square of propeller’s speed.

2.2.1 Kinematic Model

Based on the previous subsections, the three single rotations are described

separately by:
e R(x,¢) rotation around x-axis.

e R(y,0) rotation around y-axis.

e R(z,y) rotation around z-axis.

They are represented by:

1 0 0 ]

R(x,¢) = [O cos¢p —sing
0 sing coso

2.1)
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[ cos8 0 sinf

R(y,0) = 0 1 0 ] (2.2)
|—sinf 0 cos6
[cosy —siny O

R(z, ) = |siny cosy 0] (2.3)
0 0 1

The complete rotation matrix -or transformation from the Body frame to the Earth

frame- is the product of the previous three successive rotations:

R(¢,6,9) = R(x,$)R(y,0)R(z, )

Which results in:

cpcld cPpsOsp—sPpcp cypsOcod+syPso
R=|sYcO syPsOsp+cpcd syPsOcp—spsy (2.4)
—s6 cOsp cOco

Where: s = sin and ¢ = cos.

The rotation matrix R will be used in formulating the dynamics model of the
quadrotor, its significance is due to the fact that some states are measured in the body
frame (e.g. the thrust forces produced by the propellers) while some others are measured
in the inertial frame (e.g. the gravitational forces and the quadrotor’s position). Thus, to
have a relation between both types of states, a transformation from one frame to the other
is needed. Note that, the above rotation matrix is an orthonormal matrix. Then the
transformation to obtain the Body frame quantities can be obtained by taking the
transpose of the rotation matrix R .

To acquire information about the angular velocity of the quadrotor, typically
an on-board Inertial Measurement Unit (IMU) is used which will in turn give the velocity
in the body coordinate frame. To relate the Euler rates 7 = [¢ 6 p]T that are
measured in the inertial frame and angular body rates w = [P q 7]7, a transformation

is derived as follows:
p [
H =R(% ¢) |0
r 0

Note that ¢, 8, and 1) are small thus R(J'c, ¢) = R()’/, 9) = R(Z', 1/)) = [, then
w = R (2.6)

+R(x, ®)R(y,9)

0
6
0

0
+ R(x, §)R(y, 0)R(2, ) [ l(l)’ ] (2.5)
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Where:

1 0 —sinf
R, = |0 cos¢ singcos6 (2.7)
0 —sing cos¢cosH

Around the hover position, small angle assumption is made where cos ¢ =1,
cos @ = 1,and sin¢ = 0, sin@ = 0. Then, one can write [¢ 6 P]T = [p q 7],

Thus R, can be simplified to an identity matrix I.
2.2.2 Dynamic Model

The motion of the quadrotor can be divided into two subsystems; rotational
subsystem (roll ¢ ,pitch 8 and yaw Y angles) and translational subsystem (altitude z, and
x and y position). The rotational subsystem is fully actuated while the translational

subsystem is underactuated.
2.2.2.1 Translational Motion

The translation equations of motion for the quadrotor are based on Newton’s second
law and they are derived in the Earth inertial frame.
mé = P+ R(¢,0,Y)F, (2.8)
Where:
E=[x vy z7 Quadrotor’s distance from the inertial frame.

P=1[0 0 —mg]" The gravitational force acting on the quadrotor in the body

frame.

m Quadrotor’s mass.

g Gravitational acceleration g = 9.81 m/s?.

F; Nongravitational forces acting on the quadrotor in the body
frame.

When the quadrotor is in a horizontal orientation (i.e. it is not rolling or pitching),
the only nongravitational forces acting on it is the thrust F; produced by the rotation of
the propellers which is proportional to the square of the angular velocity Q2 of the
propeller as F; = bQ?. Thus, the nongravitational forces acting on the quadrotor, F, can

be expressed as,
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[ 9]
P T

27

The first two rows of the force vector are zeros as there is no forces in the x and y

0
0 (2.9)
b(Q3 + Q3 + Q% + Q3)

directions, the last row is simply an addition of the thrust forces produced by the four
propellers.

F; is multiplied by the rotation matrix R(¢, 6,1) to transform the thrust forces of
the rotors from the body frame to the inertial frame, so that the equation can be applied
in any orientation of the quadrotor.

Noting U; = Y+, F;, the translational motion equations are given:

U
(5 = (cos ¢ sinB cosp + sin ¢ sim,b);1
U
{5 = (cos ¢ sin @ siny — sin ¢ cos l/));l (2.10)
U
\ Z=—g+(cosq§cost9);1

2.2.2.2 Rotational Motion

The rotational equations of motion are derived in the body frame using the Newton-

Euler method with the following general formalism.

t=1Iij+1nXIn ' (2.11)
Where:
T The total torque.
I Quadrotor’s diagonal inertia Matrix.
n The angular position vector of the center of gravity of the
quadrotor.

The first two terms of the above equation, I7j and 7 X I7), represent the rate of
change of angular momentum in the body frame.
The inertia matrix for the quadrotor is a diagonal matrix, the off-diagonal elements,

which are the product of inertia, are zero due to the symmetry of the quadrotor.

L, 0 O
0 0 I,
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Where Iy, I, and I, are the area moments of inertia about the principle axes in
the body frame.
By rewriting equation (2.11),

Le 0 O[] [$] [lx®
v=[0 Ly 0|g|+]|6]x|Ly0
0 0 Iy P L,y
Leads to,
L] [z = 1yy)09
T = Ly 0| + | Unx — L)Y (2.13)
Lapl |y = L) 60

The total torques can be written as T = 7; + 7,, where 7, is Moments acting on the
quadrotor in the body frame, and 7, is Gyroscopic moments due to rotors’ inertia.

For 74, there is a need to define two physical effects which are the aerodynamic
forces and moments produced by a rotor. As an effect of rotation, there is a generated
force called the aerodynamic force or the lift force and there is a generated moment called
the aerodynamic moment. The aerodynamic force F; and moment M; produced by the i
rotor can be expressed in simplified way as:

F; = bQ? (2.14)
M; = dQ? (2.15)

Where b and d are the aerodynamic force and moment constants respectively and
(); is the angular velocity of rotor i. The aerodynamic force and moment constants can be
determined experimentally for each propeller type.

Each rotor causes an upwards thrust force F; and generates a moment M; with
direction opposite to the direction of rotation of the corresponding rotor 7, Figure (2.2).

The total moment 74, 7y, and 7y, about the x, y, and z-axis respectively can be

expressed as:

T¢:_IF1+IF2+IF3_IF4
Tg = lFl - le + lF3 - lF4_ (216)
Tw=M1+M2_M3_M4

Moments acting on the quadrotor in the body frame:

I5|Page



CHAPTER 2 Modeling and Control Design

Tg bl(—0? + Q2 + N3 — 0F)
T, = |Te| = | BI(QZ - 02 + 02 - 02) (2.17)
Ty d(% + 05 - 05 - 09

Where [ is the moment arm, which is the distance between the rotor and the origin
of the body reference frame which should coincide with the center of gravity of the
quadrotor.

The gyroscopic moment t, of a rotor is a physical effect in which gyroscopic

torques or moments attempt to align the spin axis of the rotor along the inertial z-axis.

0 —61,Q,
T, = —I, (77 X 10 ).Qr = | ¢1.Q, (2.18)
1 0

Where:
Q. =(Q+Q, — Q3 — Q) rotor’s relative speed.
L. rotor’s inertia moment.

From equation (2.13), (2.17) and (2.18) the rotational motion equation can be

deduced:

(. .y —1 1.6Q, 1
¢>=91/J<w1 zz)+r1 r+I_U2

xx xx xx

< é — d)l/) <IZZ - 1xx> _ 17'¢Q7' +LU3 (2.19)
L, Lyy Ly

. . . Ixx - Iy_’y 1
gy (—) +—u
\ l/) ¢ Izz IZZ !

Where (U , U,, Us, Us) are the inputs control.
2.2.3 General Dynamic Model of Motion

To obtain the general dynamic model of motion the translational with rotational

motion, so the quadcopter is able the navigate in 6DOF.

Forward

Down

Figure 2.4: Six degree of freedom
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From equations (2.19) and (2.10) we obtained the full description of the motion of
quadrotor.

. U
X = (cos ¢ sin 6 cos P +sin¢)sinlp);1
U
¥ = (cos ¢ sinfsiny — Singl)COSl/J)E1

" Uy
Zi=—-g+ (cosd)cos@)z

) S LOQ, 1 (2.20)
b= 0p (P )+
XX xx XX
é:¢¢<lzz_lxx>_1r¢ﬂr+iU3
Lyy Ly Ly
.. (L — 1y, 1
- e(—)+_u
S A A W s A

2.2.4 State Space Description

Formulating the acquired mathematical model for the quadrotor into a state space
model will help make the control problem easier to tackle.
Defining the state vector of the quadrotor to be,
X=(X1 X2 X3 X4 X5 Xg X7 Xg X9 X9 X171 X12)7T
which is mapped to the degrees of freedom of the quadrotor in the following

manner,
X=(@ ¢ 6 6 v v x ¥ y y z )
The state vector defines the position of the quadrotor in space and its angular and

linear velocities.

( X1 = Xy
Xy = X4XeQq + ayx4 + b1 U,
X3 = X4
X4 = XpXgQ3 — AuXy + byUs
X5 = X
X¢ = XpX4a5 + b3U,
X7 = Xg
X ) 1 (2.22)
Xg = Uy — Uy
m
X9 = X19
. 1
X109 = uyaUl
X11 = X12
. x12:_g+quU1
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To simplify, define,

@ = (Iyy - IZZ)
U\ [
Lex b, = — u, = (cos ¢ sin 6 cos P + sin ¢ sin )
0 = (Irﬂr) Ly
e
Ixx
IZZ - Ixx L . . .
az; =|——— b, = — u, = (cos ¢ sin 0 sin P — sin ¢ cos )
Iyy Iyy
()
4=
I 1
yy by = — u, = (cos ¢ cos 0)
Qe = (Ixx - Iyy) Izz
’ Lz

It is worthwhile to note in the latter system that the angles and their time derivatives
do not depend on translation components. On the other hand, the translations depend on
the angles. One can ideally imagine the overall system described by (2.22) as constituted
of two subsystems, the angular rotations and the linear translations [14].

Translation Subsystem

@
Ure| .
Angle Subsystem )/
& Yy
& = =
bz 9 Cb Z
Us |—> pa g
Uy W
o
P

Figure 2.5:Connection of rotations and translations subsystems.

Four control equations are used to keep the quadrotor on the reference value in spite
of external disturbances. The signal U:is used to guarantee that the altitude follows the
reference value, although the signals U: Usand U.are used to control the roll, pitch and
yaw of the system. Looking at the equations (2.20), we found four control input signals.
The action of these input signals makes the quadrotor moves forwards, backward, to the
left, to the right, upwards or down.

A control input vector, U, consisting of four inputs; U, through U, is defined as [15],

U= [U1 U, Us U4]T
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Where:

[ Un=b(af +0F+05+0D)
4 Uy, = b(—07 + 025 + 05 — 0F)

2.23
Uy = b(Q2 — 03 + 03 — 02) (2.23)
L Uy = d(0f + 03 — 03 — 05)
Equations (2.23) can be arranged in a matrix form to result in,
Uy b b b b 1[4
Uz _ |-b b —b QZ
U= | b (2.24)
U, d —d —d

This choice of the control vector U decouples the rotational system, where U; will
generate the desired altitude of the quadrotor, U, will generate the desired roll angle, the
desired pitch angle will be generated by U; whereas U, will generate the desired heading.

If the rotor velocities are needed to be calculated from the control inputs, an inverse
relationship between the control inputs and the rotors’ velocities is needed, which can be

acquired by inverting the matrix in Equation (2.24) to give,

1 -1 1 17

. |4b 4b 4b 4d

|[911| 1 1 -1 1]y,

O _|4b ab ab 4d||U:

lggJ 1 1 1 -1||u (2.25)
4b 4b 4b 4d|LUs

1 -1 -1 -1

l4p 4b 4b  4d]

Taking the square root of that, the rotors’ velocities can be calculated from the

control inputs as follows,

Q, = 1U 1U 1U+1U
1= aptr et sty Y

Q, = 1U+1U 1U+1U
27 ap Y T 4p % 4b 3 T 4d t
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Q, = 1U+1U+1U 1U
37 Jap Y T 4ap % T ab 3 4d*

Q, = ! U ! U ! U ! U
YT J4p Tt 4p? 4b P 4dH
2.3 Controller Design

Due to the fact that the dynamics of the quadrotor is of a nonlinear nature,
developing nonlinear/linear control algorithms to be used as flight controllers was
necessary. There is a variety of control algorithm applied to quadrotor such as sliding
mode control and PD.

In this section, the formulated quadrotor model has been used in control design.

Two controllers have been developed: Sliding Mode and PD.

2.3.1 Sliding Mode Controller
2.3.1.1 Basic Concept of SMC

The aim of the proposed flight controller is to achieve asymptotic position and
attitude tracking of the quadcopter based on Sliding Mode Control Approach. This is
obtained through driving the tracking errors to zero to achieve the required tracking
performance.

A SMC is a type of Variable Structure Control (VSC). It uses a highspeed switching
control law to force the state trajectories to follow a specified, user defined surface in the

states space and to maintain the state trajectories on this surface.

Set v o 3 — . Swsle
Paini ‘—,A," L‘DL‘D_@ - — ®  Cuadrotor Dynamics —Hi%

Switching
Surface

Figure 2.6:Sliding mode control block diagram.

SMC has established itself as an effective robust control technique as robustness is

inherent in this control scheme.
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The strengths of SMC include:

- Low sensitivity to plant parameter uncertainty.
- Greatly reduced-order modeling of plant dynamics.
- Finite-time convergence (due to discontinuous control law).

- Solution does not depend on plant parameters nor disturbance, and this

is called invariance property.

- Its ability to globally stabilize the system.

The weaknesses of SMC include:

Chattering due to implementation imperfections, fast-switching of

controller and discretization chatter due to the fixed sampling rate.

The basic idea of the SMC approach is to attract the system states towards a surface,
called sliding surface, suitably chosen, and design a stabilizing control law that keeps the
system states on such a surface. For the choice of the sliding surface shape, the general

form of Eq. (2.26) was proposed by [16] [17]:

n-—1

d
S(x) = (Ax + E) e(x) (2.26)

Where x denotes the variable control (state), e(x) is the tracking error defined as

e(x) = x — x4 and x4 is the desired trajectory, 4, is a positive constant that
interprets the dynamics of the sliding manifold and presents a design parameter for the
SMC method and n is the order of the controlled system. The proposed model is of order

n = 2, so the surface (sliding manifold) is defined by:
S(x) = Ace(x) + e(x) (2.27)

Condition, called attractiveness is the condition under which the state trajectory will
reach the sliding surface. There are two types of conditions of access to the sliding
surface. This study, the Lyapunov based approach is used. It consists to make a positive
scalar function, given by Eq. (2.28) and called Lyapunov candidate function, for the
system state variables and then choose the control law that will decrease this function: In

V(x) <0,and V(x) >0 (2.28)
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In this case, the Lyapunov function can be chosen as:
1
V(x) = ES(x)2 (2.29)

The derivative of this above function is negative when the following expression is

checked:
V(x) =Sx)S(x) <0 (2.30)

The purpose is to force the system state trajectories to reach the sliding surface and
stay on it despite the presence of uncertainty. The sliding control law contains two terms

as follows:

u(t) = ueq(t) +up(t) (2.31)

Where u,, (t) denotes the equivalent control, which is a way to determine the behavior
of the system when an ideal sliding regime is established. it is calculated from the
following

invariance condition of the surface:

{S(x, t)=0

SG,t) =0 (2.32)

And up (t) is a discontinuous function calculated by checking the condition of the
attractiveness. It is useful to compensate the uncertainties of the model and often defined

as follows:

up(t) = —ssgn(S(t)) — kS(t) (2.33)

where K is a positive control parameter and sgn(.) is the mathematical signum

—1ift<0
function defined as: sgn(t) ={ 0ift=0.
1ift>0

One of the most important aims of SMC is to keep the system trajectories on the
sliding surface once they arrive to it.
To enforce the sliding mode with the desired dynamics, the slope of the control

surfaces should follow the equation:

S(x,t) = —esgn(S(x, t)) — kS(x,t) (2.34)
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Where € > 0 and k > 0 are the sliding surface exponential approach coefficients.
2.3.1.2 Sliding Mode Controller Designs

The quadcopter dynamic model can be divided into two subsystems: translational
motion Eq (2.10) and rotational motion (2.19). The controller is split into parts: altitude
sliding mode controller designed for translational motion subsystem, attitude sliding
mode controller designed for the rotational motion subsystem and sliding mode for the

position.
2.3.1.2.1 Attitude Control

The tracking errors represent the difference between the set-point and current values

of the state defined as:

ey = ¢ — g
eg=0—0, (2.35)
ey =Y — Py

Where ¢4, 8,4, and 1, are the desired roll, pitch, and yaw respectively. The sliding

surfaces are chosen based on the tracking errors such as:

Sg = /1969 + ég (236)

The exponential reaching law for attitude sliding surface are as follow:

Sp = —e¢sgn(Sp) — koS
Sg = —sgsgn(Sg) - kgSg (237)
Sy = —eysgn(Sy) — kySy

The derivatives of the sliding surfaces are then equated to the exponential reaching

laws and substituting Eq. (2.35) in Eq. (2.36) as follow:

Sp = —€psgn(Sp) — kpSg = 2p(¢ — da) + (# — ba) = Sp
Sg = —EgSgn(Sg) - kgSg = /19(0 - Hd) + (0 - Hd) = Sg (238)
Sy = —epsgn(Sy) = kySy = Ay (b —a) + (P —Pa) = Sy
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Substituting ¢, 6, and ¥ by its definitions from Eq. (2.19), the control inputs for

pitch U, roll U3, and yaw U, are calculated:

( 1.0, —1, Ly
U, = [ 9¢( ) + ¢a —epsgn(Sy) — k¢S¢l l
< [ 20(6— 64) + r“’“ g (%’) 0, — epsgn(Ss) — kesgl’yTy (2:39)
yy yy
—1I,
| U= [ (P — ) — ¢9( ; ) +Pg — eysgn(Sy) — k¢5¢] .

Y44

2.3.1.2.2 Altitude Control

As what has been done with the development of the attitude controllers, an altitude

SMC is implemented. The error is defined as:
e,=7— 2, (2.40)
Where z, is the desired altitude of the quadrotor. The sliding surface is defined as:
S, =1e,+¢é, (2.41)

The exponential reaching law for altitude sliding surface are as follow:
S, = —&,59n(S,) — k;S, (2.42)
The derivative of the sliding surface is then equated to the exponential reaching law

as follows:
S, = —&,59n(S,) — k,S, = 1,(Z — 24) + (Z — %) (2.43)

Substituting Z by its definition from Eq. (2.19), the control input for altitude U, is

calculated:

Ul = [_/12(2. - Zd) + g + Zd - SZSng(SZ) - kZSZ] (244)

cos ¢ cos 6

2.3.1.2.3 Position Control

Position tracking of the quadcopter is achieved by calculating the desired rotational
angles ¢, and 8, from the translational equations of motion Eq. (2.10).

Since the quadrotor is operating around hover, which means small values for the
roll and pitch angles ¢ and 6, we can use the small angle assumption (sin¢y =

¢4,85inf; =05 and cosp; =cosf; = 1) to simplify the above equations:
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. ; Ul
X = (0gcosy + ¢y sml/;);

U (2.45)
§ = (8qsiny — g cos ) —
Which are the angles ¢4 and 6, can be derived in a matrix form as:
d)d] _ ﬁ[sin Y —cos zp] [x]
641 U lcosy siny |[ (2.46)

The calculated ¢4 and 8, have to be limited to the range between —20° and +20°
to fulfill the small angle assumption used in the derivation and this can be done via a
saturation function in the simulation. Other hand, because of the assumption that the
quadrotor movement is near the hovering state, the thrust forces U; have to nullify the
gravitational force allowing for the U;/m to change with gravitational acceleration,

therefore, Eq. (2.46) becomes:

d)d] 1 [sin Y —cos zp] [x]
041 glcosyp siny | [ (247)
Defining the errors for x and y axes as:

ex =X —Xq

{e; e (2.48)

Where x; and y,; are the desired position of the quadrotor. And the sliding surfaces are:

Sy = Age, + €y
i 2.49
{Sy =Aye, + 6, ( )
The exponential reaching law for position x and y sliding surfaces are as follow:
{sx = —&,5gN(Sy) — Ky Sy (2.50)
Sy = —gysgn(Sy) — kyS,

The derivatives of the sliding surfaces are then equated to the exponential reaching

law as follows:

{Sx = —&xSGN(Sy) — kySx = (X — X)) + (X — Xy) = 5.‘x (2.51)
Sy = —&ysgn(Sy) = kySy = 4,7 —ya) + (G — Ja) = Sy
From Eq. (2.50) X and y are derived:
X ==, (x—x4) + X5 — &59n(Sy) — k.S,
.. . .. (2.52)
y = —/13,(}/ —Ya) +Vq — gysgn(sy) - kySy
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Substituting in the matrix of desired roll/pitch provide the following results:

[¢d] _1 [sin Y —cos 1/)] l—lx(fc —Xq) + Xq — &xSgn(Sy) — kxS

B cos l/) sin l/) _Ay(y - yd) + j}d - eysgn(Sy) - kySy

2.53
0l = (253)

2.3.1.2.4 SMC Chattering Reduction

The chattering problem in SMC approach is the one of the most common handicaps
for applying to real-time prototyping [18]. The term chattering describes the phenomenon
of finite-frequency, finite-amplitude oscillations appearing in many sliding mode
implementations. These oscillations are caused by the high-frequency switching of a
sliding mode controller exciting unmodeled dynamics in the closed loop. “Unmodeled
dynamics” may be those of sensors and actuators neglected in the principal modeling
process because they are generally significantly faster than the main system dynamics
[19].

Different techniques were proposed in the literature to address the chattering
problem, Slotine and Li proposed the "boundary layer solution" in which the control law
in Eq. (2.33) is replaced by a saturation function that approximates the sign term in a

boundary layer of the manifold S(x) = 0, [16].

Constant boundary ’I"
layer width region

\ Chattering is eliminated

\\\ in boundary layer
\\
e T
o [P
N .
< — State
> trajectories

\v\ Sliding

surface
Figure 2.7: Chattering phenomenon and boundary layer concepts in SMC.
The boundary layer approach in SMC changes the control law from discontinuous
to continuous. Discontinuity of the proposed control law is the main source of chattering.

The sat function is defined by,

S if1Sl <1

sat(S(t)) = {Sgn(s) if IS1>1

Changing the sign function with the saturation function in equations (2.39),

(2.44), and (2.53) gives us the following equations:
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For the altitude and attitude controllers,

. . 3 m
( Uy = [-2,Z — 29) + g + Zq — g;5at(S,) — k,S,] m

L6, .. (L,—1I . I
— 6y (%) + dg — egpsat(Sy) — k‘i’S‘l’l %
XX

U, —[ Ap(d— o) — =

xx
L0,

yy

(2.54)

Y - )
Us = l (60 —86,) + — Py (%) + 6, — egsat(Sy) — kySy %
yy

XX

U, = [ Ay —a) - ¢9( Ly ) + 1y — gysat(Sy) — kwsw] I,

IZZ

And for position controllers,

¢d] _ l [Sin Y —cos w] [_Ax(x —Xgq) + X4 — &,sat(S,) —

041 glcosyp siny —Ay (Y = Ya) + Va — eysat(Sy) k S l(Z >5)

2.3.2 Proportional Derivative Controller

PD is stand for proportional, derivative, it is a control loop feedback mechanism
controller Figure (2.8) commonly used in industrial control systems. And it is
continuously calculating the error value as difference between a desired set point and the
measured process variable. The controller attempts to minimize the error over time by
adjustment of control variable.

A proportional control variable (K ) will have the effect of reducing the rise time,
the proportional component depends only on the difference between the set-point and the
process variable and it is referred as the error term.

A derivative control variable (K,)have the effect of increasing the stability of the
system, reducing the overshoot and improve the transient response.

U = K, (setpoint — mesured varible ) + Ky (setpoint — measured variable)

E(s) x Uls)
P

sK;

Figure 2.8:PD controller structure.

2.3.2.1.1 Altitude Control

To control translational motion of the quadrotor, A PD controller designed using

mathematical model to obtain control signal Uj.
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Uy = (kp,(zq — 2) + kd,(Z; — 7)) (2.55)
Where
kp, :is the proportional controller gain.

kd,:is the derivative controller gain.
2.3.2.1.2 Attitude Control

Second PD controller developed for the rotational angles (¢, 8, ) of the quadrotor.

the control signals U,, U3, U,.

Uy = kpg(pa — ¢) + kdy (g — &)
Us = kpg(8, — 0) + kdg (6, — 6) (2.56)
Uy = kpy(Pg —¥) + kdll}(l)bd — )

Where:

kpg, kpe kpy are constants proportional gains.

kdg, kdg, kd,, are constants derivatives gains.

2.3.2.1.3 Position Control
Another PD developed to get accurate position (X, y) by computing the desired
roll and pitch. Using the same assumption made in previous position controller the

following equation are obtained.

[(gﬂ _ <l> [Slp —Cl/)] [kpx(xd —x) + kd, (x4 — X) 257)

“\g/ ey sy llkp,(vd — y) + kdy (g — 3)
Where:
kp,, kp,, are proportional gains.

kd,, kd,, are derivatives gains.
2.4 Turning Parameters

For the proceeding control algorithms, tuning the controller constants (gains and
different parameters) was done using GA. The objective function of the GA was set to be
error between the desired value and the actual value. The optimization toolbox in
MATLAB /Simulink used and it includes a built-in command for GA optimization for

both controllers sliding mode controller and PD controller [11].
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2.5 The Overall Control of Quadrotor
In the previous section three controllers are developed with two techniques (SMC
and PD) to get the accurate result and best performance the next figure illustrates the

interconnection between the controller and dynamic of the quadrotor.

Quadrotor Dynamics

Altitude U,
Controller

Translational
subsystem

[T

Attitude | U, Us. Uy Rotational
& Controller subsystem [ ¢, 8,4p

I R 2

Position € X,y
=
Controller
Xa» Yo T

Figure 2.9:Overall control system.

2.6 Conclusion

The goal of this chapter was to derive a mathematical model for the quadrotor
Unmanned Aerial Vehicle (UAV) using Newton-Euler formalism with a proposed
assumption for simplification, and develop a nonlinear/linear control algorithm
represented in Sliding Mode Control and PD to stabilize the states of the quadrotor, which
include its attitude, altitude and position in space.

The mathematical model of a quadrotor UAV was developed in details including
kinematic model and dynamic model for both translational and rotational motions. A
sliding mode controller based on Lyapunov stability theory and proportional derivative
controller were developed to stabilize and drive the quadrotor to a desired position for
tracking objectives. The main obstacle for application of SMC are two interconnected
phenomena: chattering and high activity of control action. The boundary layer approach
is then used to reduce and minimize the chattering effect.

Finally, the whole system then is designed with necessary interconnection in a

closed loop as illustrated in the last section.
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3 Simulation

3.1 Introduction

In this chapter, simulation is performed for open loop and closed loop to test the

mathematical model and the controllers developed in previous chapter using MATLAB/

Simulink.
3.2 Parameters Specification

The simulation depends on several parameters briefly described in table (3-1). The

computation of those parameters is detailed in Appendix A.

Table 3-1:Quadrotor model parameters

Parameter Characteristics Value

b Thrust factor 4.844 x 1075
Ly Inertia value along x axis 1.318 X 102 (kg * m?)
Ly, Inertia value along y axis 1.318 X 1072(kg * m?)
1, Inertia value along z axis 1.867 X 10~2(kg * m?)
I, Inertia of brushless motor 19.65 x 10~ *(kg * m?)

1 Length from the center of the frame 0.23(m)

d Drag factor 7.50 X 1077

3.3 Open Loop Simulation

To verify the mathematical model, an open loop simulation was carried out, Figure
(3.1) illustrates the block of developed model in Simulink which has four control input

signals and six outputs used to express position in space.

Figure 3.1:Qudrotor dynamic model.

The figure (3.2) shows the interconnection between the rotational and translational

parts of the above block.
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Figure 3.2:Translational and rotational part of the model
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By introducing step function as input and collect the outputs to check the stability,

knowing that U; control the motion the z axis, U, control the roll angle, U; control the

pitch angle and U, control the yaw angle.
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The resulting graphs in the previous figure (3.3) demonstrate that the target position
is never reached since the values of each output tend to infinity although the input is just

a step function. Therefore, the quadrotor system is dynamically unstable.
3.4 Closed Loop Simulation

From the previous section outcome, adding a feedback to the system is then
necessary to monitor the progress of actual output. Therefore, to reduce the error between
the actual and desired states, two types of controllers are considered in the closed loop

and they are simulated in two separate systems for comparison objectives.
3.4.1 SMC Simulation

SMC is the proposed controller that supervises the altitude, attitude and position of
quadrotor. The controller response is tested by step input and linear/nonlinear trajectories.

The subsystems interconnections are illustrated in figure (3.4).

s s

slbing contralmode

Trpaday Gemera
Figure 3.4: Simulink model of a Quadrotor system using SMC controller
3.4.1.1 Step Input Test For SMC

Initially, step input signal is inserted in the desired position states x, y,
z and yaw, to verify the system performances. Figures (3.5) and (3.6) illustrate the
response of each actual state output with the targeted one, and their corresponding control

signals respectively.
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step input the x axis

x motion (m)

Actual x

desiedx | |

step input in the y axis
T T

Actual y

desired y (1

y motion (m)

time (s)

step input the z axis

time (s)

step input in the yaw angle Actual yaw

z motion (m)

actual z

desiedz ||

— desired yaw

yaw angle (rad)

Figure 3.5:Step input test for SMC.

Based on the resulting graphs, some characteristics parameter can be obtained as

demonstrated in table (3.2).

Table 3-2:step response performance for SMC.

X (t) Y(t) Z(t) Yaw (t)
Raise time (s) 1.21 1.19 0.89 0.73
Settling time (s) 2.25 2.12 1.25 1.08
Overshoot (%) 5.32 3.94 0.00 0.00

The outputs of the quadrotor states become more suitable as a result of reducing the

error between actual and desired position by an SMC controller that generates appropriate

signals to accomplish this task. Therefore, both targeted position and stability are reached.

In addition, from figures (3.5) and (3.6), we observe that the responses in the Z axis and

yaw attitude are faster with no overshoot in comparison to X and Y directions because

the motion in Z axis and yaw attitude are related directly to U; and Uy respectively,

whereas, the motion along X and Y axes are associated with both Uz and Us.
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signal U1 signal U2
40 -g 15 g
|— U1 control signal — U2 control signal
30t 1 10t
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0 b U3 control 5igna|| U4 control 5igna||
) 05
S 5 3
10 | s
-15 : -0.5 :
0 5 10 0 5 10
time (s) time (s)

Figure 3.6: The control signal generated by SMC controller.

3.4.1.2 Trajectory Tracking For SMC

The main purpose of this work that the quadrotor is capable of tracking trajectories
selected by the user. In this subsection, a linear and nonlinear path are generated and
inserted in the controller’s inputs.

First, a helix trajectory is selected to evaluate the tracking performances for sliding
mode controller in case of a nonlinear path. The helical trajectory is defined as,

x =4 X sin(2rft)
y =4 Xsin (27Tft + %) 3.1
z=02Xxt

The simulation results are shown in Figure (3.7).
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Figure 3.7: Nonlinear trajectory tracking for SMC controller
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From the previous figure, we can observe that the initial position of the quadcopter

is matching the starting point of the targeted trajectory in x and z axes while it defers in

y axis. Therefore, x and z states are identical to their desired values without oscillation

from the beginning until mission ends. However, y state converges to its desired value

after 4 seconds in cause of difference between initial actual and desired point.

The control signals generated during the trajectory tracking are depicted in figure

(3.8).
signal U1 signal U2
3000 T 10 -
2000 — U1 control 5|gnal| — U2 contrDI5|gnaI|
5
= ™
D 1000 2
0 —_————
0
-1000 -5
0 50 100 0 50 100
time (s) time (s)
signal U3 -1 signal U4
100 g 4 =10 g
|— U3 control signal| |— U4 controlsignal|
2 T Tk
°f |il //l 'IIII"-, II| N
o = I AN
- D o e '| [\ A |'I |1
-100 L/ R
2t R .
-200 -4
0 50 100 0 50 100
time (s) time (s)

Figure 3.8: Control signal generated during nonlinear trajectory for the SMC

Now, a rectangular trajectory is simulated to evaluate the tracking performances for

a linear path. As describes the following set of equations,

A

zg=t for
Ya=(t—10) for
xXqg = (t—20) for
vqg =10—(t—-30) for
xq =10 —(t —40) for

\z; =10 — (t —50) for

t<10

t=>10andt < 20
t=>20andt < 30

t>30andt < 40
t>40and t < 50
t>50andt < 60

36
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rectangle path tracking tracking the x axis
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Figure 3.9: Rectangular trajectory for SMC
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As shown in figure (3.9), the proposed control scheme can track the desired
trajectory accurately after a few seconds. We can observe clearly that the tracking in z
axis is the most accurate one, whereas, in x and y axes tracking there are some deviation
around the four corners due to the abrupt direction changes.

The next figure (3.10) shows the control signal generated during the path tracking

simulation for linear path.

signal U1 signalU2
200 - 400 -
|— U1 condrol signal |— U2 condrol signal
100 | 200 | ‘
= - o ||
2 1] ] 0 | ‘ |
-100 -200 ‘
locks
-200 : . 400 . '
0 20 40 B0 0 20 40 B0
time (s) time (s)
signalU3 signalU4
400 - 10 -
]— U3 control signal ]— U4 control signal
200 5 |
m | I
= U | | % .'ll.l\"\ IIII"H__} . "'-\-.\__H_\r"\.__
0r 14 ] I,'I '\.\ | 1"\.
=200 | W r] A A4
400 -5
0 20 40 G0 0 20 40 G0
time (s) time (s)

Figure 3.10:Control signal during linear trajectory.

3.4.2.1 Step Input Test For PD

PD tests are performed using step input in the desired position states x, Yy,
z and yaw, to verify the system performances. Figures (3.12) and (3.13) illustrate the
response of each actual state output with the targeted one, and their corresponding control

signals respectively.
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Figure 3.11: Simulink model of a Quadrotor system using PD controller

step input step input
1.5 . 1.5 ;
1 1
E E
- 05 - 05
kel kel
° °
E 0 E o
X >
-0.5 . -0.5 l
0 5 10 0 5 10
time (s) Actual path time (s)
. Desired path .
step input step input
1.5 . 1 :
S @
< ~ 05
[ (0]
S 2
S 05 S
N 5
>
0 . 0 !
0 5 10 0 5 10
time (s) time (s)

Figure 3.12:Step response of closed loop PD control.

Table (3.3) demonstrates some characteristic parameters of the step response.
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Table 3-3:PD Step response performance.
X (b) Y(t) 7(t) Yaw(t)
Raise time (s) 3.69 3.51 0.55 1.08
Settling time (s) 3.93 3.77 0.74 1.37
Overshoot (%) 0.21 0.24 0.38 0.00
control signal U1 control signal U2
150 1
U1 u2
100 |
05 |
- 50 o
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0
0}~
-50 . -0.5 .
0 5 10 0 5 10
time (s) time (s)
control signal U3 control signal U4
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10
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Figure 3.13:Control signals for step input.

3.4.2.2 Trajectory Tracking for PD

10

With the same procedure used for SMC, two different trajectories are selected as an

input to observe PD tracking performance.

First, a helix trajectory is inputted to the quadrotor system, the obtained results are

shown in figure (3.14).
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Figure 3.14: Nonlinear trajectory tracking for PD controller
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The control signals generated during the trajectory tracking are shown in figure

(3.16).

control signal U1 control signal U2
8 4
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0 = 0
>
-1 -0.5
2 . -1 |
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Figure 3.15: Control signal generated during nonlinear trajectory for PD

A rectangular trajectory is simulated to test the tracking performance of a linear

path. Figure (3.16) shows the states response of the system.
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Figure 3.16:Rectangle path tracking for PD
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The four control signals generated from altitude and attitude controller is illustrated

in figure (3.17).
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Figure 3.17:Control signal generated during rectangular trajectory.

3.5 SMC and PD Comparison

Table (3.2): summarizes the comparison of the two control algorithms as applied

to simulated quadrotor system with all things being equal. The performance of each

algorithm depends on many factors that may not even be modeled.
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Table 3-4:SMC and PD comparision

Control Algorithm Characteristic
(]
wn
=
2 2
72 S
(D] p—
B &
> Q =
£ |5 2 5
c 5 = &
) > = ‘? 2 =
- =) S .8 L = 5
|72 ‘o Q
= e o B2 =y =1 Q =
) Q - ) =) RZ =
S g 5 = £ S S =
e = 3 9 A = Z @)
SMC 1 2 2 1 1 1 0 2
PD 1 1 1 2 2 2 2 0

Legend: 0---low to non; 1---average; 2---high.

3.6 Conclusion

In this chapter, several simulations and tests were performed in order to verify the
efficiency of our system with the proposed controllers. At the beginning, the dynamic
unitability was proved by an open loop simulation, to state the necessity of adding control
algorithm. Next, various testes were carried in a closed loop simulation for SMC/PD
controllers starting by step input test to a linear/nonlinear trajectory tracking. Finally, in
the last section, a comparison was performed between SMC and PD for several
characteristics, therefore, quadrotor tasks and objectives must be carefully selected due

to the trade-off between the two control strategies.
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4 Quadcopter Implementation

4.1 Introduction

The concept of how quadcopters operate is relatively simple, but implementing
each subsystem requires quite a bit of attention to detail for the aircraft to function
properly. This chapter highlights the design methodology that was followed for the
implementation of the quadcopter and details of how each subsystem works. The first
phase takes care of the hardware parts which mainly consist mechanical and electrical
construction and flight controller. Whereas, final phase concerned the overall system is

implemented with a given circuitry, specifications and software required.

4.2 Requirements

e The quadcopter needs to be medium size, lightweight and rigid.

e The motors should lift twice the weight of the full load quadcopter.
e The quadcopter frame should absorb vibrations.

e (Considerable flight time in order to achieve the required application.

e The quadcopter should have a reliable communication with the ground

station.

4.3 Mechanical Construction

The mechanical construction of the quadcopter is simple, which is one of the many
advantages that made them so popular. However, it is necessary to know the material and
the geometrics of the used design. Here the frame and the propellers characteristics will

be covered.
4.3.1 Frame

The frame is the main body of the aircraft. All other component, propellers,
batteries, computer, etc. Are mounted to the airframe. The quadrotor frames have four
arms, each of which are connected to a single motor. They come in a large variety of
layouts, sizes, configurations and materials. The two main layouts are: Racing and utility.

The frame size of a quadcopter is the distance from opposite corner motors. It

accounts for the diagonal motor to motor distance, that distance (mostly expressed in

46 |Page



CHAPTER 4 Quadrotor Implementation

millimeters) is the frame size. Generally, small one is from 180 mm to 250 mm, bigger
one is from 280 mm to 800 mm even more.

There are two common styles “X” and plus “+” configuration, in addition to that
there are “H” and Stretch shapes.

Typical frame can be made from a different material, like: wood, carbon fiber,
plastic, aluminum, PCB...etc. Ideally the frame should be reasonably rigid, strong, and
lightweight material to be stable with minimal vibration transmission as possible.
Quadcopter frame, LIPO battery, motor and propeller size matching table. For the

implementation we select a size of 450mm, “X” shape, plastic material and utility layout

Appendix B.
Table 4-1:Frame characteristics.

Size Propeller Size Motor Size Motor (Kv) LIPO battery

(mm) (inch) (mAh)
120 orless |3 1104 — 1105 | 4000 or more | 80-800 1s/2s
150— 160 3-4 1306 — 1407 | 3000 or more | 600-900 2s/3s
180 4 1806 — 2204 | 2600 or more | 1000 -1300 3s/4s
210 5 2204 — 2206 | 2300-2700 1000-1300 3s/4s
250 6 2204 — 2208 | 2000-2300 1300-1800 3s/4s
330-350 | 7-8 2208 — 2212 | 1500-1600 2200-3200 3s/4s
450-500 | 9-10 2212 -2216 | 800-1000 3300 4s

4.3.2 Propeller

A propeller is a type of fan that transmits power by converting rotational motion
into thrust. Propellers come in a variety of diameters and pitches as well as materials such
as plastic, reinforced plastic, carbon fiber and wood. The specifications on it are defined
in terms of diameter and pitch (D x P). The diameter is the end to end length (in inches)
of the propeller.

The pitch of a propeller can be defined as the distance (in inches) travelled per
revolution. The larger propellers with lower pitch ratings are more efficient than smaller
propellers with higher pitch ratings. Propellers are either designed to rotate clockwise

(CW) or counter-clockwise (CCW), these counter-rotations help stabilize the quadcopter.
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Distance that "perfect" prop

Figure 4.1 : Propeller definition

4.4 Electrical Construction

The electrical and electronic construction of the quadrotor contain the sensors,

actuators, battery, microcontroller, and transceiver.
4.4.1 Sensors

Quadrotor uses many different sensors, these are considered the most important
component in the stability and control of quadcopter, so carefully selection is needed, and
the sensors used in this project are inertial measurement unit (IMU), the barometer,

ultrasonic and GPS sensor.
4.4.1.1 Inertial Measurement Unit (IMU)

Is an electronic device that measures and reports a body's specific force, angular
rate, and sometimes the magnetic field surrounding the body, using a combination of
accelerometers, gyroscopes, and magnetometer. For the implemented quadrotor, IMU

GY-86 10DOF, ultrasonic HC-SR04 and GPS Ublox NEO-6M are chosen.
4.4.1.1.1 Accelerometer

The accelerometer measures the acceleration relative to the gravitational force. So,
the 3-axis accelerometer basically gives us components of acceleration in all the 3
directions. It can be used to measure the orientation, vibration and shock and hence is
critical for the stability of the Quadcopter (in our case). The disadvantage of only using
the accelerometer is that it may become extremely sensitive to unwanted vibrations and

noise (for example motor vibrations) and may lead to instability of the bot.
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4.4.1.1.2 Gyroscope

A gyroscope is a device which measures and maintains the orientation based on the
principle of angular momentum. It measures the angular velocity i.e.; how fast something
i1s spinning about an axis as well as rotational acceleration. Unlike accelerometers
gyroscopes are not affected by gravity, so they make a great complement to each other.
Accelerometer measure acceleration along the specified axes whereas Gyroscopes

measure acceleration about the axes.
4.4.1.1.3 Magnetometer

An electronic magnetic compass or simply magnetometer measures the strength and
the direction of magnetic fields and hence can be used to determine the orientation of the

bot with respect to Earth’s magnetic field. This helps in additional Yaw stability.
4.4.1.1.4 Barometer

Barometer, device used to measure atmospheric pressure. Because atmospheric
pressure changes with distance above or below sea level, a barometer can also be used to

measure altitude [20].
4.4.1.1.5 GPS

Global Positioning System (GPS) is a satellite-based system that uses satellites and
ground stations to measure and compute its position on Earth. GPS is also known as
Navigation System with Time and Ranging (NAVSTAR) GPS. GPS receiver needs to
receive data from at least 4 satellites for accuracy purpose. GPS receiver does not transmit

any information to the satellites [21].
4.4.1.1.6 GY-86 10 DOF IMU

This IMU 10DOF is a motion tracking module. Its design is based on the sensor
MPU6050, HMCS5883L and MS5611.The sensor MPU6050 which is the world’s first
integrated 6-axis Motion Tracking device, that combines a 3-axis gyroscope, 3-axis
accelerometer, and a Digital Motion Processor™ (DMP). The Honeywell’s HMCS5883L
which is a 3-axis digital compass. The MS5611 is a high-accuracy chip to detect

barometric pressure and temperature.
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Figure 4.2: GY-86 10DOF IMU.

4.4.1.1.7 GPS (Ublox NEO-6M)
The GPS used in the quadcopter is the Ublox NEO-6M which uses UART protocol

to communicate with the microcontroller.
” GY-GPSU3-NEO - : . ., )

méM 7M mM8N

FOeE jﬁ'.: ‘.l
Figure 4.3:GPS Ublox NEO-6M
4.4.1.1.8 Ultrasonic
The barometer is very inaccurate in altitude less than five meter due to humidity
and ground air turbulence, for this reason the ultrasonic sensor (HC-SR04) is introduced

to calculate the low altitude accurately.

Front Back
Figure 4.4:Ultrasonic HC-SR04

4.4.2 Microcontroller (Arduino Mega 2560)

The Arduino Mega 2560 is a microcontroller board based on the ATmega2560.
It has 54 digital input/output pins (of which 14 can be used as PWM outputs), 16 analog
inputs, 4 UARTSs (hardware serial ports), a 16 MHz crystal oscillator, a USB connection,

a power jack, an ICSP header, and a reset button.

50|Page



CHAPTER 4 Quadrotor Implementation

Figure 4.5:Arduino Mega 2560 .

4.4.3 Battery

The purpose of a battery is to store energy and release it at a desired time. Lithium
polymer batteries, more commonly known as LiPo, have high energy density, high
discharge rate and light weight which make them a great candidate in RC applications.

LiPo batteries used in RC are made up of individual cells connected in series. Each
cell has a nominal voltage of 3.7V. Therefore, battery voltage is often referred to as how

many cells in the battery (aka “S™).

Cell Count
and Voltage

C-Rating
Capacity

Figure 4.6: Typical Lipo battery

LiPo battery is designed to operate within a safe voltage range, from 3V to 4.2V.
However, it’s advisable to stop discharging when it reaches 3.5V for battery health
reasons.

The capacity of a LiPo battery is measured in mAbh is basically an indication of how
much current you can draw from the battery for an hour until it’s empty.
Increasing battery capacity might give you longer flight time, but it will also get heavier
in weight and larger in physical size. There is a trade-off between capacity and weight,

that affects flight time and agility of the aircraft.
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The C rating (or discharge rate) of a LiPo battery is a measure of the safe and

continuous maximum discharge current.

Max Discharge Current = C — Rating X Capacity

e

[y
e o
= —3
o oy
- =

Figure 4.7:Typical wiring in side Lipo battery
Larger capacity batteries can usually supply more current as their internal electrodes

have a greater surface area.

4.4.4 Actuators
4.4.4.1 Motors

Direct current (DC) motors are nearly universally used in RC aircraft, helicopters,
and multirotor craft. The two main DC motor types are brushed (BDC) and brushless
(BLDC). Brushless motors are preferred for use in quadcopters because they do not use
carbon brushes, which makes them much easier to maintain. They also rotate at very high

speeds, as compared to brushed motors, and produce less electrical noise.

Brushed DC Motor Brushless DC motor

_~[ESC/Battery

Figure 4.8: Brushed motor vs brushless motor
Brushed motors spin the coil inside a case with fixed magnets mounted around the

outside of the casing. Brushless motors do the opposite; the coils are fixed either to the

outer casing or inside the casing while the magnets are spun.
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There two categories of brushless motor:

e In-runner: these have the fixed coils mounted to the outer casing and
the magnets are mounted to the armature shaft which spins inside the

casing.

e Qut-runner: these have the magnets mounted on the outer casing
which is spun around the fixed coils in the center of the motor casing

(the bottom mounting of the motor is fixed).

e Y@ v
W | S
\ Staior Teeth S < &’
(each ’lpbe) N
fentire object) f

Stator Stack

Figure 4.9: Out-runner Brushless motor components

In-runner motors are often used with R/C cars as they can spin much faster than
out-runner motors. However out-runner motors can produce more torque which allows
them to drive larger propellers used on aircraft and multirotor.

Kv is the number of revolutions per minute (rpm) that the motor will turn when 1V
).

Kv allows us to get a handle on the torque that can be expected from a motor.

rpm

(one Volt) is applied with no load attached to the motor (Kv = _—

Torque is determined by the number of winds on the armature and the strength of the
magnets. A low Kv motor has more winds of thinner wire—it will carry more volts at
fewer amps, produce higher torque, and swing a bigger propeller. A high Kv motor
has fewer winds of thicker wire that carry more amps at fewer volts and spin a smaller
propeller at high revolutions.

A rule of thumb is that the dronie should be able to at least provide two times the

weightx?2

amount of thrust than the weight of the quadcopter (Thrust per motor = "

To explain these things a bit more, let’s consider this example. If we have a
quadcopter with an overall weight of about 1 Kg, the total thrust that the motors should
be able to produce at maximum throttle should be 2 Kg at the minimum or say 500 g per

motor in case of a quadcopter.
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4442 Electronic Speed Controller ESC

An ESC is an electronic circuit that allows the flight controller to control the speed
and direction of a motor. The ESC must be able to handle the maximum current which
the motor might consume, and be able to provide it at the right voltage. Most ESCs used
in the hobby industry only allow the motor to rotate in one direction, though with the right

firmware, they can operate in both directions.

CIMCUIT BOARD POSITIVE FLANE

CAPACITOR

=l

—— MICROPROCESSOR
|
O

ROTOR POSITION
CIRCUITRY

|
S

@ GO F 9 GN'Dm @ ©ND

BRI BOARD GROUND

TO BATTERY — o

Figure 4.10: Simplified circuit of electronic speed control

The ESC has three sets of wires; one set of thick wires pair (normally, red and black)
goes to the batteries, one set include 3-Pin R/C Servo Connector -and it accepts the RC
signal- goes the flight controller, and one set of a 3 Bullet Connectors goes to the motors.

There are four main functional groups in an ESC: the power MOSFETs, the
MOSFET driver circuitry, the microprocessor, and the motor position detection circuitry.
A Battery Eliminator Circuit (BEC) is present in some controllers; it is designed to reduce
the voltage of motor batteries to a level that is useful to the flight controller and onboard
components of the quadcopter in general. Typically, BEC provides a voltage of 5V with
the max current rating defined by the max amps that the motor can draw.

The ESC takes the battery power and ration it to the motor based on control signals
and information from a rotor position circuit. The control signals come as PWM (Pulse
Width Modulation) from a receiver or intermediate device such as a flight controller.

The ESC has a small microcontroller on board that reacts to that frequency,
performs a little logic on it, and sends appropriate power to the motor by managing the
operation of field-effect transistors (FETs).

Motor Position Detection Circuitry of the ESC must know the precise location of
the rotor magnet(s) to accurately sequence the connections that the FETs make. There are

two main ways to go about this: sensored and sensorless. Sensored systems use a magnetic
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"Hall Effect" sensor or "Optical" detector in the motor to track the rotor. This requires
additional parts in the motor (sensors) and an additional wiring harness to connect the
motor sensors to the controller. Sensorless: modern ESCs detect the rotor position
through the power wires, while only 2 of the wires are energized by the ESC at any one
time. The pole that is not energized at any specific instant will generate a small amount
of voltage that is proportional to how fast the motor is spinning; this is known as "Back
Electromotive Force" (Back EMF). This small voltage is used by the ESC to determine
how fast and in what direction the motor is rotating at any given time. Then the
information is used to switch FETs as needed to cause correct magnetic push or pull in

the phases.
4.4.5 Bluetooth Wireless Communication

To connect the smartphone as remote controller a Bluetooth wireless

communication is established by adding HC-05 Bluetooth to circuitry implementation.
4.4.5.1 Bluetooth HC-05

HC-05 module is an easy to use Bluetooth SPP (Serial Port Protocol) module,
designed for transparent wireless serial connection setup. The HC-05 Bluetooth Module
can be used in a Master or Slave configuration, making it a great solution for wireless
communication.

This serial port Bluetooth module is fully qualified Bluetooth V2.0+EDR
(Enhanced Data Rate) 3Mbps Modulation with complete 2.4GHz radio transceiver and
baseband.

i
LEVEL: 3, 3y *==RXDE

POWER: 3. V-6V

-ENLI

Figure 4.11: Bluetooth module HC-05
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4.5 Overall System Implementation

4.5.1 System Circuitry

In this section, all the electronical components are assembled together as shown in
the next figure (4.12). The necessary connections are performed between the IMU, GPS,
Ultrasonic, Bluetooth, microcontroller and actuator using the suitable techniques of

communication. More details are post in Appendix D.

Bluetooth

(((b))) Module

HC-05

Smartphone

UDIEIIUNWILIOD [BUBS BIRAI0S

W

ESC 4 - BLDC 4

<

0 o
= =

PWM signal

Ultrasonic if »

MU | PWM signal ESC 3 a BLDC 3
»  Arduino MEGA WM si v
GY-86 12C communication AN Pibiriygal ESC 2 o BLDC 2
WV i CCWwW
aPs — _ M DESGH BLDC 1
Hardware serial communicatior

Figure 4.12: Over all hardware connections

4.5.2 Quadcopter Full Specification

After implementing all the quadcopter hardware and uploaded the appropriate

software to the flight controller, the summary in table gives the full specifications.

Table 4-2: Quadrotor specifications.

Components Characteristics Weight (g)
Frame 450 ‘X’ configuration 285.7
BLDC x4 A2212/T13 1000kv 52.7x4
ESC x4 30A 32x4
Propeller x4 ‘10°x°45> CW and CCW 7x4
Flight controller Arduino Mega 2560 36
GY-86 Acetometer, Gyroscope, 4
Barometer, Magnetometer
Ultrasonic 5 meter of range limits 8.5
GPS Ulbox NEO-6M 12
LIPO Battery 4900mah 35 350
Breadboard Wire connection 15
Total Weight (g) 1078
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4.5.3 Software Development

In the literature overview there exist many open sources code for flight controller
of quadrotor (Multiwii, Arduicopter ...), that are generally based on PID controllers.
However, the purpose of our work is to develop both hardware and software parts of the
autonomous quadrotor.

The flowchart in the figure (4.13) illustrates global consecutive steps in the SMC
controller algorithm programming (the detailed code is posted in Appendix E). At the
beginning, the data is obtained from sensors (GPS and IMU) and desired trajectory from
the user (phone application figure 4.14). Then the controller processes the data and wait
the order from the user to start navigating (GO button is pushed or GO = true). The
quadcopter travels until it reaches the desired altitude, then it surveys all the four linked
desired points, after that it returns to the initial position and eventually land-in. However,
if STOP button is pressed (STOP = true) for any reason, the controller breaks navigation

and landing the quadcopter smoothly.
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Quadcopter Dynamics

SMC Controller

Figure 4.13: Flowchart of the developed code for Quadrotor
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Figure 4.14: Autonomous quadrotor android application.
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4.6 Problems and Difficulties

It is imperative to deal with obstacles in any project implementation. In our case,
several problems and difficulties were facing us which listed as follow:

e (ost: the material and components needed are relatively expensive at the first
place, add to that any mistake that may occur increases the total cost.

e Programming: obtained data from all required sensors is not an easy task.
Every sensor must be working properly and provide acceptable data.
Moreover, inserting appropriate equations of the SMC model with all
necessary parameters was proved to be quite difficult especially the
derivatives’ calculation of actual and desired states. Finally, the reference
trajectory must be generated from desired points that the user prefers (by
Phone Application).

e [mplementation: the lack of testing environment was marked as a weakness

that inhibited the advancements of the project implementation.

4.7 Conclusion

In this chapter, all the components included in our system are perfectly described
in order to understand the functionality of each one, and then a proper manipulation is
reached. Next, the entire system is assembled together with appropriate circuitry and
specifications. Furthermore, programming of the controller and phone application takes
considerable part of the implementation process, therefore, software development is a

critical phase in our project.
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Conclusion

In this project we explored a portion for the use of flying robots with trajectory
tracking techniques however this needs a lot of effort in order to achieve a fully
autonomous system for the applications discussed in the previous chapters.

To implement the quadcopter, we needed to understand its concept of operation
theoretically so we passed by the modeling and controller design methods where we
covered the mathematical theory behind the quadrotor kinematics and dynamics, this led
to the controller design part where we used two techniques( nonlinear and linear) which
are sliding mode control (SMC) and proportional derivative (PD) to achieve the stability
of the six DOF of the system.

After discussing the mathematical modelling, a simulation is performed in
MATLAB/Simulink to verify and optimize the parameter of the system in the virtual
environment.

We interfaced all the sensor and actuator parts with the microcontroller, then we
designed the control algorithm that is responsible for stabilizing and maneuvering the
quadcopter based (SMC) from hovering to rotations and translations, in addition to a
ground control station to communicate with the UAV for automatic piloting.

The contribution of this project was to create a system that consists of a quadcopter
with the smartphone that can perform trajectory tracking, this full system can minimize
the risks of human being intervening in such missions, it will also minimize the time and
cost for this task.

As a future work, we can design a better performance SMC controller, also
implementing a reliable communication channel with the ground control station using
Xbee modules, and finally adding a depth camera or laser scanner to create a 3D

reconstruction environment application like photogrammetry.
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Appendix A: Parameter Identification

In order to identify the parameters of the dynamic model an approximate formula

1s used [22]:

I.= quadrotor moment of inertia in x, (kg — m?).
- I,,=quadrotor moment of inertia in y, (kg — m?).

- I,,=quadrotor moment of inertia in z,,.

- mg =mass of the stack-up frame and electronics (kg).
- ry=radius of the stack-up (m).

- ny=mass of motor (kg).

- r=radius of the motor(m).

- h=height of the motor(m).

- l=length of the arm (m).

. Ir=1—12mm(3r2 + h?).

And the equation stack-up is given by % mg X 12 this provide us the following

approximation.

2 1
Ly =1, = §m§ + 2 (Emm(3r2 + h?) + mml2>.

For the inertia the z axis.
2 2 1 2 2
I, = Mt + 4 (Emmr +my,l )

The thrust factor it is based on the following formula.

mg
b=—2
40)h

Where:
wp, :1s the angular speed of motor at hovering condition.
m : the mass of the quadrotor.

g :gravitational acceleration.
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Appendix B: Quadcopter Component Specifications

B.1 Brushless DC motor
The motors used in this project are 1000KV, a full specification is given in figure

(B.1) taken from the datasheet.

12212/137
1 DOOK

%

No. of Cells: g i :‘;’DL:\lli:(?{Iiy!NiMH
Kv: 1000 RPM/V
Max Efficiency: 80%

Max Efficiency Current: 4 - 10A (>75%)
Mo Load Current: 0.5A @10V
Resistance: 0.090 ohms

Max Current: 13A for 605

Max Watts: 150W

Weight: 52.79/1.86 oz
Shaft Diameter: 3.2 mm

Poles: 14

Model Weight: 300 -800g/10.5 - 28.2 oz

Figure B. 1: Brushless DC motor full specification
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B.2 Electronic Speed Controller

This is fully programmable 30A BLDC ESC with 5V, 3A BEC. Can drive motors
with continuous 30Amp load current. It has sturdy construction with two separate PCBs
for Controller and ESC power MOSFETs. It can be powered with 2-4 lithium Polymer
batteries or 5-12 NiMH / NiCd batteries. It has separate voltage regulator for the

microcontroller for providing good anti-jamming capability. It is most suitable for UA Vs,

J)

&

Aircrafts and Helicopters.

(v
/)

W

Figure B. 2: Electronic Speed Controller

With the following specifications:

Output 30A continuous; 40Amps for 10 seconds
Input voltage 2-4 cells Lithium Polymer / Lithium lon battery
BEC 5V, 3Amp for external receiver and servos
Max Speed 2 Pole: 210,000rpm; 6 Pole: 70,000rpm; 12 Pole: 35,000rpm
Weight 32gms
Size 55mm x 26mm x 13mm

According to the datasheet it has the next features:

- High quality MOSFETs for BLDC motor drive
- High performance microcontroller for best compatibility with all types of motors

at greater efficiency

66|Page



Appendix B

- Fully programmable with any standard RC remote control

- Heat sink with high performance heat transmission membrane for better thermal
management

- Three start modes: Normal / Soft / Super-Soft, compatible with fixed wing
aircrafts and helicopters

- Throttle range can be configured to be compatible with any remote control

B.3 Frame

The next figure(B-3) provides an overview of the frame specification used in the

implementation.

363mm /\ ; 53mm

363mm

o

40mm

Figure B. 3: Frame specification
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Appendix C: Simulation Turning Parameter.

Process optimization of the parameter of both (PD and SMC) are based on the

genetic algorithm to get better performance following the next steps:

- Select the output which we are going to optimize as in the next figure (C- 1)

slting contral moge

Figure C. 1: System with optimization block diagram
- After that select the parameter of that output as in the figure (C-2).

reate Design Variables Set

Create Design Variables set: | DesignVars

| Variable | Value |Minimum|Maximum| Scale

Add model variables to optimize.

=]
<]

E

Update model variables

P Variable Detail

Figure C. 2: Parameters selection for optimization

- Select the GA algorithm as optimization options as in the figure (C-3).

68|Page



Appendix C

General Options | Optimization Options | Parallel Dptionsl Linearization Opticns

Optimization methed
Method: |Pattem search v | Algorithm: |Acti\re—5et |

Optimization cptions
Parameter tolerance: |'D.G'I | Function tolerance: |CI.'D'I |

Constraint tolerance: |'DGh | Maxirnum iterations: |1DEI |

[] Lock for maximally feasible solution

Display level: |Iteratior1 v | Search method: |Ger‘|etic algerithm W |

Restarts: |O | Limit search to first iterations

| OK || Cancel || Help |

Figure C. 3: Selection of GA algorithm

- Starting the process by pushing the button optimize as in the figure (C-4).

RESPONSE OPTIMIZATION TIME PLOT
Open Save
FILE REQUIREMENTS VARIABLES PLOTS OFTIONS | OFTIMIZE
Data Browser ® | Timeplot1 |
Search workspace variables Fel v| ®‘ There is no data for dd/iCheck Against Reference, use "Plot Cumrent Respense” of run the optimization to update the plot.
w MATLAB Workspace | Against Rafer
q
Mame = Value | | | [ [ .I___..--._._..-. L
HH ke 0.0075 ~ o
- - -
H 1y 0.0075 0.9 e
"
H iz 0.0130 -~
e 6.5000e-05 Y 08 Pt 1
”
* Model Workspace (dd) "'
0.7 | o 1
Mame « Value ’,/
L)
rd
06 1
l"
k] I
2 ra
F 051 ; B
E Y
w Data = 7
04 F .J' -
Mame = Value i
EBlockReq 1x1 BlockR... 03| ; B
i
J
o2 f .
H
w Variable Preview il
o1y 7
h
r
3
o L L L L L L L L .
(1] 1 2 3 4 & 6 7 8 9 10
Time (seconds)
Update block

Figure C. 4: The optimization process
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Appendix D: Hardware Part.
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Figure D. 1: Overall circuit implementation
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The previous figure (D-1) shows the connection between different components of

quadrotor based on the table(D-1).

Table D-1:Hardware implementation pin-out

Devices Arduino Mega 2650
Name Pinout Pinout
Ultrasonic ECO 24
TRIG 22
GY-86 SCL SCL
SDA SDA
GPS Module RX TX2
X RX2
Bluetooth HC-05 RX TX1
X RX1
ESC1 PWM 3
ESC2 PWM 4
ESC3 PWM 5
ESC4 PWM 6
LED Positive 12
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Appendix E: The Programming Code

In this Appendix, the developed controller program is demonstrated.

fffor ESC devices

#¢include <Servo.h>

$¢include "ESC.H"

fifor TMUO 10dof asensor
$include "Wire.h"™

$include "I2Cdewv.h"™
$include "MPU&050.R™
#include "HMCS5283L.R"™
#include <M55611.h>

//for IMU sensor fusion
$include "SensorFusion.h™ //5F
f/for GPS module

$¢include <TinyGPS+4+.h>
$include <SoftwareSerial.h>

S/Configuration pins:
#gdefins escl_pin 3
#define esci_pin 4
#¢define esc3_pin 5
#¢define escd_pin &

gdefine SPEED MIN (1000)
#defin=s SPEED MRX (2000}
#gdefins ABM VALUE (500}

(=}

| SR
-

W

(LR FLE )
[ e ]

33

#define ima SCL A5
#define imu SDR Ad

#define trigPin 24
#define echoPin 22

$define LEDs 12

f/Declaration of globale wvariables:

S ESC_Name (FIN, Minimum Value, Maximum Value, Arm Value)
ESC es3cl (escl_pin, SPEED MIN, SPEED MRY, ARM VALUE);

ESC esc2 (esc2_pin, SPEED MIN, SPEED MRY, ARM VALUE);

ESC esc3 (esc3_pin, SPEED MIN, SPEED MR¥, AEM VALUE);

ESC escd (e2sc4 _pin, SPEED MIN, SPEED MR¥, AEM VALUE);
S/IMO and fusion cbhjects

MPUE050 accelgyro;

HMCS5223L mag;

M55611 baro:

5F fusion;

[/ The TinyGFS5++ cbject
TinyGPSPlus gps;

float Latw, Lonv, Lat R, Lon R, Alt, Rlt R;

float Lat(] = {0,0,0,0}, Lomn[] = {0O,0,0,0}, High;

float X, ¥, Z, Bd, Yd, Zd4, Roll,Roll_d, Pitch, Pitch 4, Yaw ,Yaw d, Yaw R;

float d¥, d¥Y, 4, 4¥ _d=1, dY d=1, di_d=1, dd¥ d4=0, dd¥ d4=0, ddi_d=0;

flgat ¥ d4(]={0,0,0,0,0,0,0},¥ d[]={0,0,0,0,0,0,0},Z d[]={0,0,0,0,0,0,0}>

float dRoll, dPitch, d¥aw, dRoll d, dPitch_d, dYaw d, ddBRoll_d, ddPitch 4, dd¥aw d4=0;

const fleoat C x=1.02, C_ y=1, C z=2.05, K x=1, E_x=0.5, K v=1, E_y=0.5, K_z=2, E_z=9;

const float C roll=5.01, K roll=5, E roll=0.1, I _r=6.5%pow(l0,-5), E pitch=0.1, C pitch=5;

const float K pitch=53, E yaw=0.124, C_yaw=6, K_vaw=3, I_xx=0.013187, I_yy=0.013187, I_z=z=0.0136%7;

- Mo L n
L R o R e Y

o

= =
R R - T |

o

fleat Ul, U2, T3, T4;

flocat 5x, S5y, S5z, Sroll, Spitch, Syaw:

const float P1=3.1415926535897%3, g=59.81, m=1, 1=0.2275;

float b=4.8444%pow (10,-5) ,d=7.5%pow (10, -7) 7 //The arecdynamic force and moment constants
float Omgl, Omg2, Omg3, Omgd, Omg_r=0; //The REFM speed of the motors
float V01, V02, VO3, V04 //The scaled RFM speed to signal pericd

bkoolean GQ = false, S5TOP=false;
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T0E void setup() | i110
71 | Wire.begin{): i111
72 accelgyro.setI2CHaﬂterHDdEEnabled{falsejﬂll:

73 accelgyro.setl2CBypassEnabled (trus=) ; 5113
T4 accelgyro.setSleepEnabled (falas) ; 5114
75 Serial.begin (9600} ; 5115
76 Serial?.begin (9600} ; illf
77 Seriall.begin (9600} > ill?

accelgyro.initialize({):

.
[T

mag.initialize{); i113
a0 ff Initialize M35611 sensor 513@
g while {'baro.kegin{)j{} 2131
a2 i1228
] pinMode (LEDs, OUTEUT): 5133
84 digitalWrite (LEDs, LOW); ilas
a5 1125
26 //Send the Arm value 126
37 egcl.arm(); ELET
g8 eac2.armi); ELEEE
349 esc3.armi); 5125
a0 eacd.arm(); 2130
9l escl.spesd (1000 ; i131
g2 esc2.spead (1000} ; 1328
g3 esc3.spead (1000) ; 1133
g4 esgcd, spead(1000) ; 134
45 //GY-86 pins configuration ;l35[
96 pinMode {(imm 3CL, INFUT): 5135
a7 pinMode {(imu_S5DA, INFUT); 5137
98 f{Ultrasconic 138
45 pinMode (trigPin, OUTEUT); (139
100 pinMode {(echoPin, INEUT);: 1140
101 // Reference position i141
102 L1t R=BarometerAlt(): il4z
1038  while(Latv==0 || Lonv ==0) | 5143
104 GPS5DatalatLon() » 5144
105 1 145
106  Llat_R=Latv: Lae
1a7 Lon_R=Lonwv; fl4jE
108 LatLonAltToXYZ(Latv, Lonv, ALt _R); L4e
105 X _d[0]=K_d[§]=X; ;

1

Y d[o]=Y_d[e]=Xr
Z_d[0]=Z;
IMUDataRollPitchYaw() ;
Yaw R = Yaw:
Serial.println("READY™):
Seriall.write ("REELDY™);

11188 void loop{) {

flcat Pretimer=0,

BecieveDatal):

digitalWrite (LEDs, LOW):

while (G0 == true && 5TOP == false){
digitalWrite (LEDs, HIGH):
GPSDatalatLon()

timer=0;

Alt = Getklt():
LatLonhltIoXYZ (Latv, Lonw, Alt);
Pretimer=micros{), timer=0;

while(Z < Z_d[1] && Gl==trus} |
timer={micros () -Pretimer) Ypow (10, -6} ;
Hd=K d[0]:
Td=¥ d[0]:
if{timer <= (IZ_d[l]-Z 4d[0]}/dZ_d){
Zd=d4Z_d*cimer+Z_d4[0];
}
else|

Zd=Z_df[1]:
}
Yaw_d=Yaw R;
dYaw_d=0;
ControllInputs():
ControlMotors (U1, T2,03,04) ;
ReciewveDatal();

1
BecieveDatal):
1f{G0 == false) [break:l

Seriall.write ("LLTI"™):
for{int i=1;i<=671++){

Pretimer=micros{), timer=0;

I= 2) &8 G0 = true)|

(Y_d[i]-¥_d[1-11)/d¥_d)){

l4afd while({{aks (X - X d[i])!=2 || aba({¥ - ¥_d[i]}
150 timer={micros () -Pretimer) *pow (10, -6} ;
151 if{timer <= max((X_d[i]-E_d[i-11)/d¥_4d,
1524 if(¥d < ¥ d[i] ss E_d[i] > X_d[i-1]1){

153 ¥d=d¥ d*timer+X d[i-1];

154 }

155 glse 1f(Xd > X d[i] &s X_d[i] < ¥ _d[i-1]){
158 Xd=-d¥ d¥timer+X d[i-1];

157 }

1526 if(¥d < ¥ d[i] && Y d[i] > Y d[i-1]1){

154 Td=dY¥ d*timer+¥ _d[i-1]:

1&0 }

leld glse 1£{¥d > ¥ d[i] && Y d[i] < ¥ d[i-1]}{
1g2 Td=-dY d*timer+¥ d[i-1]1;

183 }

lgd 1

lesd glse|

186 Ed=K _d[il;

187 Yd=¥ d[i]:

1&8 1
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1569 Zd=Z_d[i]s while{Z > Z d[0]}{

1708 1£{i=1){ t=({micros{) - pt)*pow(l0,-6);

171 Yaw_d += d¥aw_d*timer; Hd=x;

172 1 Yd=vy;

173 ControlInputs(); if(t < (2 - Z_d[0])/dZ_d}{

174 ControlMotors(Ul,U2,U3,04) ; Zd=-dZ_d*t+z;

175 RecieveDatal(); 229 }

176 } 2308 else]

177 RecieveData(); 231 Zd=Z_df[o];

178 if (GO == false) [break;] 232 1

174 if {i==1) {Seriall.write ("POINT1");} 233 Yaw_d=Yaw B;

1a0 glzs if({i==2)[Seriall.writ=s("POINTIZ2"}:] ; 234 ControlInputs();

121 glse if{i==3){Seriall.write("POINT3"}):]} ; 235 ControlMotors (U1,U2,03,7U4) ;

1s2 else 1if({i==4){[Seriall.write ("POINT4");} 238 }

133 glzs if({i==5)[Seriall.write ("POINTS"};] ' 237 Seriall.write ("END");

134 glss if{i==6){Seriall.writ=("POINT&"):] ' 238 escl.spesd(1000)

185 } 239 egcd.spesd (1000)

186 BecieveDatal(); 240 esc3.speed (1000);

157 if (G0 == false) [break;] 241 escd. speed (1000) 2

1588 Pretimer=micros(), timer=0; 242 G0 = false;

12aE while(Z > Z_d[0])}{ 243 STOP = false;

140 timer={micros () -Pretimer) *pow {10, -8) ; 244 1}

131 Kd=¥_d[&]» 245

192 Td=Y_d[&]: 248 | //Recieving Data

1938 if(timer <= (Z_d[l]-Z_d4[0])/dZ_d){ 247E void RecieveDatal() |

194 Zd=-dZ_d*timer+Z_d[6]; 248H while (Seriall.available(}){

135 } 249 String Data = "";

196E else] 250 char DATA[200];

147 Zd=Z_df[0]» 251 Data = Seriall.resadString();

1498 1 252 Data.toCharirray (DATR, 200);

149% Yaw_d=Yaw_R; 2538 if{ == Zfalse){

2 ControlInputs() s 254 GetDesiredData (DATA) ;
ControlMotors (UL, U2, U3, U4); 255 }

1 GetPermission (DATA) ;
1f{Z <= Z_d4[0]){ Data.toCharirray (DATA, 200);
Gl=£false; if {Data.compareTo{™™) != 0){
escl.zspesd(1000) Seriall.write (DATA, 200);
egc2.spesd (1000) ; 1
esc3.speed(1000) ; Data="";
escd.spead(1000) }
Seriall.write ("END"): }
210 break;
211 } //Generate the control inputs
212 1 ¢E void ControlInputs(){
213} 267 DivEYZ () ;
214 DivRollPitch¥aw() ;7
215 | //Emergency S5Stop //The sliding surfaces:

21eE void EmergencyStop() { Su=C_x* (E-Kd) + (dX-dx_d):

217 GPSDatalatLon () ; Sy=C_y* (¥-Yd) +(d¥-d¥_d);
218 Rlt = GetAlc(); Sz=C z*(Z-Id)+(dZ-dZ_4d);

214 LatLon&ltToXYZ (Latv, Lonv, Alt): PosController();

220 float x=K, y=Y, z=I; S5roll=C_roll* (Roll-Roll_d)+(dRell-dRoll_d):

221 float t=0,pt; 275 Spitch=C_pitch* (Pitch-PFitch_d)+(dPitch-dPitch_d);

pt=micros({): Syaw=C_yaw* (Yaw-Yaw_d)+ (d¥aw-dYaw d);

R T g

Syaw=C_vaw* (Yaw-Yaw_d)+ (d¥aw-d¥aw_d)

//The altitude controller:

Ul= (-C_z*(dZ-dZ_d)+g+ddZ_d-E_z*sat(5z,1)-K_z*5z)* (m/ (cos (Roll) *cos(Pitch) )}

//The atittude controller:

U2=(-C_roll* {dRoll-dRoll_d)-(I_r*dRoll*Cmg_r+dPitch*d¥aw* (I_yy-I_zz))/I_xx+ddRoll_d-E_roll*sat(Sroll,1)-K roll*Sroll)*(I_xx/1);
U3=(-C_pitch* (dPitch-dPitch_d)+(I_r*dPitch*0mg_r-dRoll*dYaw* (I_zz-I_xx))/I_yy+ddPitch_d-E_pitch*sat (Spitch, 1) -K_pitch*Spitch) *({I_yv¥/1);
Ud=({-C_vaw* (dYaw-dYaw_d) - (dRoll*dPitch* (I_xx-I_wv))/I_zz+dd¥aw_d-E vaw'sat (Syaw,l)-E_vaw*Svaw)*I_zz;
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285 | //position Controller
Elwoid PosController(){

float XX, VY, XXX, ¥VVy¥r
288 xx=-C x¥(dX-d¥ d)+dd¥ d-E_x*sat{5xz, 1)-E _x*5x;
2849 vy=—C_w* (dY-dY_d)+dd¥ 4-E_v*sat(5y,1)-E_vy*S¥:
2580 xxx=—(C_x+K x)* (xx)-E x*dsat(5x, 1)-C_x*K xvdi;
291 yyy=—(C_v+E_v) * (vv¥) -E_y"dsat {5y, 1) -C_v'E_y"d¥:

2 Roll_d=(1l/g)* (sin{Yaw)* (xx)-cos (Yaw) * {¥¥v) )7

"

3 Pitch d=({1/g)* (cos (Yaw) * (xx)+=in(Yaw) * {yv))r
294 Roll_d=sat{Roll_d, 0.349084);
295 Pitch d=sat({Pitch_d, 0.3490&68);
298 dRoll d=(1l/g)* (zin(Yaw) * (xxx)-cos (Taw) * (vvy)):
297 dPitch_d=(1/g)*{cos (Yaw) * (xxx) +sin (Yaw) “(v¥y) ) s
293 ddRoll_d=(1l/g)* (sin(Yaw) * (- (C_x+E_x) * (xomw) -C 2K x* (xx) ) —cos (Yaw) * (- (C_v+E_v) * (vyy) -C_v*E_v*(¥¥)));
2949 ddPitch d=(1/g)* (cos (Yaw) * (- (C_x+E x) * (xxx) -C 2K x* (xx) ) +sin(Yaw) * (- (C_v+E v} * (vyy) -C_v*'E v (¥yv)))»

302 //Saturation function accelgyro.getMotiond (srax, sray, &raz, &rgx, srgy, &rgz);

3036 float sat{flocat s, float b){ 53 mag.getHeading (srmx, srmy, &rmz);

304 if (s<-b){ return -br} 54 [/ convert accelometer reading into G's

305 else if (s»b){ return b;} 55 ax=rax/16384.0;

308 else [return s5;} 1 ay=ray/l6384.0;

307 1 57 az=raz,/16384.0;

308 5 [/ convert gyroscope reading into Radian/second

30% J/Derivative of saturation function
310 £float dsat(flcat 3, float b){

gr={rgx/131) *Pis180;
60 gy={rgy/131) *Pi/180;

311 if (s<-b){ return 0;} 61 gz=(rgz/131) *Pi/180;

312 else if (s>b){ return 0;} 62 [/ convert magnetometer reading into Gauss's
313 else {return 17} 63 mx=rmx,/1090.0;

314 |} a4 my=rmy,/1090.0;

315

65 mz=rmz/1090.0;
14 S /Madgwik filter
deltat = fusion.dsltatUpdatz();

316 |//Control speed of motors
317E woid ControlMotors({flcat Ul, float U2, float U3, float U4){

318 //BRPM speed of the motors calculation fusion.MadgwickUpdates (gx, gv¥, gz, ax, ay, az, mX, my, mz, deltat);
319 Omgl=sqgrt {zks ((1/(4%b) ) * (UL-U2+T3) + {1/ (4*d) ) *Ud)}; 69 //Euler angels
320 Cmg2=sgrt {aks ({1/(4*k) ) ¥ {UL+U2-U3) + {1/ (4*d) ) *U4) ) ; 7a Roll = fusion.getRollRadians();

321 Omg3=sgrt {abs ({1/(4*b) ) * (UL+U72+03) - {1/ (4*d) ) *U4) ) ; 71 Pitch = fusion.getPitchRadians({);
322 Omgd=sqrt {abs ( {1/ (4%k) ) * (UL-U2-U3) - (1/ (4%d) ) *U4} ) ; 72 Yaw = fusion.getYawRadians();
323 Cmg_r = Omgl4Omg2-Cmg3-Omg4; 73}
324 // scale it to use it with the ESC 74 //Get derivatives of Roll, Pitch , and Yaw
325 VOl= map(0mgl, 10, 235, SPEED MIN, SPEED MAX); 75B void DivRollFitchYaw () {
326 V02= map (Omg2, 10, 235, SPEED_MIN, SPEED_MZX); 6 flcat PreRoll, PrePitch, Pre¥aw;
327 V03= map (Omg3, 10, 235, SPEED MIN, SPEED MEX); float PreTime,Time:
328 V04= map (Omg4, 10, 235, SPEED _MIN, S5SPEED MRX); T8 Prelime = micros();
329 // sets the ESC speed according to the scaled value 75 IMUDataRollPitchYaw () 7
330 escl.spesd(V01); 5330 FreRoll = Roll; FrePitch = Pitch; PreYaw = Yaw;
331 esc2.spe=d (V02) 1381 Time = micros{):
332 es3c3. spead (VO3) : 382 IMUDataRollPitchYaw() :
333 e3cd. spe=d(V04) » 1383 float dt=({Time-PreTime) *pow{l0,-8);
334 } : 384 dRoll = Div(dRoll, PreRoll, Roll, dt);
335 |//Convert Lat/Lon/Alt cooordinates into X/Y¥/Z coordinates 1385 dpitch = Div(dPitch, PrePitch, Pitch, dt);:
336E void LatLonRltToXYZ(float Lat, float Lon, float Alt){ 1386 d¥aw = Div{dYaw, PreYaw, Yaw, dt);
i

337 float r; P !
338 r=sqrt (pow (6378100%cos {Lat_R), 2) +pow (6356800%sin (Lat_R),2)) ;! 7 {/Get derivatives of X, ¥, and I
335 X=r' (Lat-Lat_R): P2 9B woid DivEYZ(){
340 Y=r#*cos (Lat) * (Lon-Lon_R) ; B float PreX, PreY, Prei;
341 Z=plt-Alt R: i3 float PreTime,Time;
342 |} - : 3 PreTime = micros():
343 //Get IMU GY-3€ data measuments Roll, Pitcch, and Yaw ;3 GPSDatalatlon():
344E woid IMUDataRellPitch¥aw() { i3 Rlt = GethAlt():
345 intlé t rax, ray, raz: 53 LatLoniltToXYZ (Latv, Lonwv, AlL):
348 intlé_t rgx, rgy, rgz: 53 Pre¥ = X; PreY = ¥; Prel = &;
347 intlé_t rmx, rmy, rmz; i3 Time = micros();

a = =] GPSDatalatLon();
348 float ax, ay, az; H

N - HELL: Rlt = GetAlt():
349 float gx, gv¥, 927 F.

cr = v 400 LatLoniltToXYZ (Latv, Lonwv, Alt):
350 float mx, my, WMz} [ - ; ' -
351 float deltat: 5-1I_IJ. float dt=({Time-PreTime) *pow{l0,-6);
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d¥ = Div(d¥, PreX, X, dt);
dY = Div(dY, Pre¥, ¥, dt);
dz = Div(dZ, PreZ, Z, dt):

//Get Beotual Altitude
E float GetAlt(){

float hy
409 h=UlrascnicRAlt();
410H if{h<4.8) [
411 return h+Alt_R;
412 1
4138 els=]
414 return BarometerAlt();
415 }
418 |}
417

413 //Get Rltitude from M55611 in meters
415H float Barometerilto() [

420 // Bead raw values

421 uinti2_t rawPressure = baro.readRawFressure():
422

423 // Read true temperature & Pressure

424 long realPressure = baro.readPressure();

/f Calculate altitude
return barc.getlilcituds (realPressure);

428 //Get Rltitude from Ultrasonic

430E £loat Ulrascnicklto() [

431 long duration;

432 float distance;

433 ff Clears the trigPin

434 digitalWrite (trigPin, LOW);:

435 delayMicroseconds (2);

436 /f Sets the trigPin on HIGH for 10 microseconds
437 digitalWrite (trigPin, HIGH):

438 delayMicroseconds (10) ;

439 digitalWrite (trigPin, LOW):

440 /{ Reads the echoPin,

441 duration = pulssIn({echoPin, HIGH):
442 ff Calculating the distance

443 distance= duration*0.034/2;

444 return distance/100;

445 ]

44¢

447 | //Get GPS Data Latitude
445H wvoid GESDatalatlLon() [

and Longitude

4498 while (SerialZ.available() > 0}
4508 if {gps.sncode(SerialZ.read{))){
4518 if {gps.location.isValid()){
452 Latv=gps.location.lat();
453 Lonv=gps.location.lng();
break;

}

else | continue; |}

}

}

1

//Derivative function

return V = ({D-PreD)/T;

S/ start and stop operation
Ewoid GetPermission{char DATA[]){
String Testt = "";

Zor{int k=0; k<200; k++){

for(int 1 =0; i<5; i++){
Testt += DATA[i+k]:

}
4728 if({Testt.compar=To ("START") == 0){
473 G0 = true;
474 break;
475 1

E float Div({float V, float PreD, flocat D, float T ){

if(Testt.compareTo ("STOP!™) == 0){
5TOFP = true;

478 EmergencyStop();

475 breaks

430 }

421 Testt="";

4352 }

483 memset (DATA, 0, sizeci(DATA));

434 |3}

85

458 // Latitude, Longitude, altitude and yaw data

EHwvoid GetDesiredData(char DATA[]){
boolean Do=false;

String Testt = "";

for{int k=0; k<200; k++){

for{int 1 =0; i<4; i++){
492 Testt +=DATA[i+k];
493 }
4494 int t;
4950 if (Testt.compar=To("Lata™)==0} {
498 t=0;
457 Teste="";
493H while (DRTA[44k+t] '= 'B") [
4449 Testt +=DATL[4+k+t]:
500 t++;
501 }
502 Lat[0]=Testt.toFloat();
503 Testt=""7
504 t4+;
5058 while (DRTA[4+k+t] !'= 'c") [
506 Testt +=DATA[4+k4t];
507 [
508 }
S09 Lat[l]=Testt.toFloat();
510 Teste="";
511 tH4;
512H while (DRTR[4+k+t] !'= "d"){
513 Testt +=DATL[4+k+t];
514 tHt;
515 }
51é Lat[2]=Testt.toFloat();
517 Testt="";
518 t++;
519E whils {DATA[4+k+t] '= 'e'){
520 Testt +=DATA[4+k+t]:
521 TH+r
522 1
523 Lat[3]=Testt.toFloat();
524 Teste="";
525 1
if(Testt.comparseTo {"Lona™)==0} {
t=0;
Teste="";
while (DRTR[4+k+t] !'= "B'){
Testt +=DATR[4+k+t]:
t++;
}
Lon[0]=Testt.toFloat();
534 Testt="";
535 t++;
5366 while (DRTA[4+k+t] != "c'){
537 Testt +=DRTR[4+k+t];
538 TH+r
538 1
540 Lon[l]=Testt.toFloat();
541 Teste="";
542 TH+r
543H while (DATA[44k+t] '= 'd") ([
544 Testt +=DRTL[4+k+t];
545 t+tr
S4de }
547 Lon[2]=Testt.toFloat();
543 Teste="";
5449 tH;
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Appendix E

550E while (DATA[4+k+t] '= '2')] 573 S

551 Testt +=DATA[4+k+t]; 574 !

552 tt4s 575 dY¥aw_d=Testt.toFloat();
- | 576 Testt="";

554 Lon[3]=Testt.toFloat(); 577 Do=true;

555 Testt=""; 2TE !

- : 579 Testt="";

557E if{Testt.compareTo ("High™)==0){ 2°° }

- o 521 Alt=Alt_R+High;

5549 Testt="";: 5228 if (Do == true){

ss0E while (DATA[4+k+t] '= "H')] 5330 for{int i=1; i<=4;i++){
< Testt +=DATA[4+k+t]; 524 LatLonRltToXYZ (Lat[i-1],Lon[i-1],21t);
s rts 535 ¥ d[i]=¥;

. | 536 ¥ d[i]=Y;

564 High=Testt.toFloat(): 587 Z_d[i]=i:

565 Testt="": 588 }

566 break: 589 X d[5]=X d[1];

567 1 550 Y d[5]=Y d[1];

sezl if(Testt.compareTo("fawa™)==0){ 551 Z d[5]=Z d[1]:

569 t=0; 552 Z_d[6]=Z_d[l]:

370 Testt=""7 593 Do=false;

571E whils (DATA[4+k+t] '= '¥')] S04 ]

572 Testt +=DATR[4+k+t]; 595 |}
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