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Abstract

With improvements on automation, computer, electronics and other technologies, applications
of unmanned aerial vehicles (UAVs) have expanded from pure military field to civilian areas.
As a multirotor aircraft, a quadrotor UAV has the advantages of simple structure, small
size, high manoeuvrability, etc. On the basis of summarizing the current research situation
of the quadrotor UAV, a deep research has been conducted on the attitude control system
of the quadrotor UAV and two controllers are proposed to generate a stable performance:
Back-stepping controller, adaptive fuzzy back-stepping nonlinear controller.

The quadrotor UAV consists of two pairs of rotors and propellers, which can generate thrust
and air drag. The dynamic model is derived using the Euler-Lagrangian method and Newton
method with 6 degrees of freedom. To represent the model of the quadrotor, Euler angles
representation is first derived. However, facing the gimbal lock drawback of Euler angles
representation, unit quaternion representation is then discussed afterwards.

In normal situations, model parameter uncertainties and external disturbances would affect
the system output. Due to this problem, an adaptive fuzzy strategy is designed to ap-
proximate the uncertain model using back-stepping techniques with the Lyapunov stability
theorem. Firstly, simulations are used to prove the mathematical feasibility. And then
experimental results will be provided to illustrate the satisfactory performances of the
proposed approach in real time.
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Chapter 1

Introduction

1.1 Overview of Quadrotor UAVs

Unmanned Aerial Vehicle (UAV) is a kind of vehicle which is able to fly autonomously. UAV
is controlled by wireless remote control device with its own programmable control device
in accordance with the predetermined procedures to achieve flight independence. In recent
years, with the declining cost of hardware and the smaller size of IC chips, the application
of UAVs is no longer confined to the military area. It has been widely applied in the civil
and commercial fields, such as construction, utilities and telecom, public safety, agriculture,
surveying and mapping as well.

According to the layout of the body and the shape of airfoils, UAVs can be divided into
airships, fixed wing and rotary wing machine [1]. According to the number of rotors, it can
also be divided into single rotor (eg. helicopter) and multi-rotor UAVs. So UAVs with four
(called quadrotor), six, and eight rotors are called multi-rotor UAVs. Usually, the number of
rotors of UAV is even numbers. The reason for this feature is basically aim to compromise
the positive and negative rotational torque in order to maintain the stability of UAVs.

The technology of fixed wing UAVs has become relatively mature in the last decade, while,
comparing to this high tech, multiple rotor UAVs have the advantages of greater trust-weight
ratio, small volume, light weight, simple construction, simple operation of vertical take-off
and landing, small operating environment. Comparing to the fixed wing helicopter, drones
which are controlled by changing angular velocity of four motors do not need the swashplate.
According to the introduction in [2] and [3], the first attempt to realize a quadrotor was
Louis and Jacques Breguet from France in 1907. More attempts had been made after
that. In 1922, Dr. George de Bothezat and Ivan Jerome (US Air Service) developed an
X-shaped structure helicopter with six-bladed motors. They reached maximum 5 meters
with reliability problems. A breakthrough was made in 1958. A vertical take-off and landing
quadrotor named Curtiss-Wright VZ-7 was designed by the Curtiss-Wright company for
the US Army since it was controlled by changing the thrust of each rotor. Because of the
special construction and flying principle, the drone system is a nonlinear and under-actuated
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system, which will bring various challenges to control design. In this thesis, a quadrotor will
be studied intensively.

Nowadays, quadrotor is widely used not only for institutions, but also for individuals as
personal interest. Many companies are catching up with the trend. A variety of quadrotors
have been designed for commercial use. Here are some brief introductions of three well-known
companies with their products.

Fig. 1.1 shows the world’s most popular quadrotor named DJI Phantom 4, which is developed
by a company named DJI located in China. This company was founded in 2006 by Frank
Wang. They mainly intend to develop stable multi-rotor control systems for different kinds
of platforms with heavy payloads and/or perfect photography function. A survey had
shown that the DJI occupied more than 50 percentage of average market share in consumer
quadrotor market over the world.

=
I ".)\I i
o .

Figure 1.1: DJI Phantom 4

Fig. 1.2 illustrates a quadrotor called AR. Drone 2.0, which is designed by a French company
located in Paris. It used to be known for its expertise in wireless devices. The company
shocked the hobbyist market by developing a drone which can be controlled by a cell phone
application although this technique has been widely adapted by many developed companies
nowadays.

Figure 1.2: Parrot AR. Drone 2.0

Fig. 1.3 shows a small and foldable quadrotor, named hover camera, which is designed by a
Chinese company named Zero Zero Robotics. The main feature of this drone is that there is
no need for control because it is able to hover in the air following a person automatically
and capture perspectives on its own while the person is moving. Also, different from other
inconvenient relative big size quadrotors, the hover camera weights only 238 grams and can
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be easily folded for carrying around in any of your bags. [4]

Figure 1.3: Hover Camera

Quadrotor UAV is a multidisciplinary cross technology, including control system theory,
advanced sensor tech, computer science and so on. The current research fields are as follow:

e Quadrotor Dynamics

Quadrotor is an under-actuated, strong coupling, multi-variable and nonlinear complex
system. The impact of gravity, gyroscope and other physical effects including air
turbulence is valid from different situations. As a consequence, to get the rigid
dynamic model for a quadrotor can be complicated in some way.

GPS system

Navigation system is the "eyes” of UAVs. It is mainly used for detecting the position
and attitude of a UAV in the geographic coordinate system and return feedback
data to the flight control system. Navigation system in general can be divided into
two categories: autonomous and independent. In the field of military, UAVs usually
need to perform a variety of complex tasks, such as automatic approach landing,
automatic searching, and stuff delivery. These tasks are mainly dependent on whether
the navigation system provides accurate position and attitude information. But the
precision of current single navigation systems does not meet the requirements. With
the development of science and technology, the researchers put forward a variety of
navigation technologies.

UAV Cooperative Mission

When facing increasingly complex application environments, single quadrotor itself
seems unlikely to satisfy the demand of usage. So, multiple drones working together
can not only increase the efficiency, but also complete a multidimensional complex
task.

e Advanced Control Algorithm
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An effective control algorithm is the key to guarantee the stability of quadrotors.
However, because of the nonlinearity and under-actuated property of quadrotors, it’s
not easy to design a controller to maintain a stable attitude while flying. So, how to
improve the stability of the control system of quadrotors has increasingly popular in
recent years.

1.2 Attitude Control

Due to an increasing demand for quadrotors adapting to different usages, various advanced
control algorithms have been developed in recent years: Linear Quadratic Regulator (LQR),
Proportional Integral Derivative (PID), sliding mode control, back-stepping design, fuzzy
logic control, and neural networks control, etc. [5]. Each method has its own advantages
and disadvantages.

In [1], based on quaternion representation, some comparisons of control methods were made,
such as PD, LQR, and back-stepping control theory. Multiple simulations were verified by
adding noise, applying actuator restriction, and so on. Integral of absolute errors, settling
time, and maximum overshoots were compared when applying various external disturbances.
An integral back-stepping control strategy was discussed in [6] for path tracking problem,
which is based on quaternion representation as well. External disturbance and parameters
uncertainty were taken into account. Several simulations were conducted to test the stability
of the control algorithm. In [7], a back-stepping-based inverse optimal attitude controller
was proposed. Under input torque limitation, it has the advantage of faster convergence
with less control effort. Also, the controller was tested on a real quadrotor and effective
experimental results were achieved.

A trajectory tracking back-stepping control strategy was proposed in [8] by using decoupling
quaternion parametrization. And experimental results showed a good performance. In [9],
two approaches were addressed to solve the trajectory tracking problem. Sliding mode
controller dealt with entire multiple input and multiple output system rather than subsystem.
Combined with block-backstepping method, attitude and altitude controllers were designed.
The simulation results showed a good tracking performance and attenuation to external
disturbances. A nonlinear proportional squared control strategy with a quaternion based
Madwick complementary filter was discussed in [10].

As for nonlinear under-actuated systems, classical back-stepping technique has been widely
use since it was first proposed in 1990 and fully developed by Krstic, Kanellakopoulos and
Kotovic in 1995 [11]. It has the advantages of flexibility and global stability. However, by
utilizing back-stepping technique, an accurate dynamic model is required [12]. In recent
years, an increasing number of approximator-based adaptive control strategies have been
designed to extend the applicability of classical back-stepping control scheme without full
knowledge of system dynamic and to compensate model uncertainties [13]. To deal with
nonlinear complex systems, fuzzy-logic approximator dealing with unknown functions was
proposed in [12]. Adaptive fuzzy part is mainly constructed in the frame of back-stepping
technique.
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In [14], an adaptive fuzzy back-stepping controller was constructed for trajectory tracking
problems. Simulation results showed that all signals were semi-globally uniformly ultimately
bounded and tracking errors were around the neighborhood of the origin, but no experimental
data were collected. Fuzzy logic and neural networks, which are included in intelligent control
algorithms, share similar derivation processes for controller design. Where an adaptive back-
stepping controller based on neural networks technique was presented in [15], considering
unmodeled dynamics. The proposed method concentrated on tracking desired position
and yaw motion while maintaining roll and pitch stability. Simulations showed a relative
satisfactory control performance when changing masses and lengths of quadrotor. In order
to prevent a drift when being subjected to wind disturbances and other oscillations, [16]
proposed a method with fuzzy membership centers. Simulations illustrated a good control
performance and robust stability.

1.3 Thesis Motivation

Quadrotors is an electronic platform which has been really popular around the world these
days. From the very beginning of the research, a topic corresponding quadrotors is proposed
with fully interests and curiosities. To make a quadrotor fly stably, several issues should be
considered, such as electronic parts of the real quadrotor platform, a mature aerodynamic
model, practical control strategies, and other related preliminaries and background knowledge.
Under the inspiration of [14,17-21], a quadrotor with emphasis on the controller design
is illustrated in this thesis. To describe a flying quadrotor correctly, the Euler angle
representation was first utilized in simulations for theoretical verification. Considering about
the singularity problem of the Euler angle representation, a unit quaternion representation is
chosen and implemented to the experimental quadrotor platform after comparing 3 methods
of representations. As for the dynamic model, Euler Lagrangain method and Newton-Euler
approach are discussed along with 2 different attitude representations. The back-stepping
technique is utilized throughout the design. Since the quadrotor is an under-actuated,
strong coupling, multi-variable and nonlinear complex system with parameter uncertainties,
an adaptive fuzzy system is employed. The adaptive laws which are used for tuning the
adjustable parameters are derived from Lyapunov theorem. Also, the measurement of inertial
moments with unreliable or imprecise sensors may influence the final results of controllers.
A adaptive fuzzy back-stepping controller based on quaternion representation is proposed to
the experimental platform.

1.4 Thesis Outline

In this thesis, Chapter 1 gives a brief introduction of UAV quadrotors and some relevant
knowledge around the research field. Chapter 2 illustrates the aerodynamics of a quadrotor
and flight principles. Euler angle and quaternion representations will be discussed as well.
Chapter 3 consists of two kinds of methods to describe dynamic models. Chapter 4 shows
some brief description of hardware platform which is used in this thesis. Several controller
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strategies are proposed in Chapter 5 with corresponding simulation results and experimental
results. In the end, Chapter 6 summarizes the whole work in this thesis and gives some
suggestions for the future work around this thesis.



Chapter 2

Background and Preliminaries

2.1 Flight Principles and Aerodynamics

A quadrotor UAV is composed of two equal mass cross mechanical arms. Brushless motors
are installed at the end of the arms in order to generate four thrust forces for the drone.
In terms of layout, quadrotors can be divided into two categories: '+’ and ’x’ as shown in
Fig.2.1. ”+” structure is common in this field since it’s easier to incorporate a camera. In
this paper, a platform is set up according to this common sense and we use ”+” structure
to explain the flight principle of quadrotors.

© o
© » © 2
o ©

Figure 2.1: (a) ”+” Structure of the Quadrotor; (b) ”x” Structure of the Quadrotor

©
e

The aerodynamics of the propellers should be considered in this thesis. Following the
description in [22,23] , it can be seen that, with the rotation of the motors, the propellers not
only create thrust, but also generate drag factors on the quadrotor. These drag factors can
influence the stability of the quadrotor by controlling the yaw angle. As shown in Fig.2.1,
motor 1 and motor 3 form one pair and rotate in clockwise with clockwise propellers to
create a counterclockwise air drag, while motor 2 and motor 4 form another pair and rotate
in counterclockwise with counterclockwise propellers to create a clockwise air drag. It is
this special structure that produces torque to offset each other at the same time, unlike
traditional helicopters which rely on a tail to counter-balance the plasma torque.
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With the flight principle as mentioned, it can be observed that motors M;(i = 1,2,3,4)
produce forces Tj,

T; = b2 (2.1)

where b is the thrust factor. 1,9, 3, and 4 are the angular velocities of 4 motors
respectively. The total vertical force Uy is the sum of thrust generated by 4 motors:

4
Uy =) T =b(QF + 95+ Q3 + Q) (2.2)
=1

The yaw torque 7, is the sum of 4 reaction torque from motors ¢ caused by shaft acceleration
and blade drag: 7, = Tar, + Tar, + Tas + Tag, - At the equilibrium point, the aerodynamic
torque produced by each pair of motors will be cancelled out.

The attitude of a quadrotor consists of: hover, raise, down, forward, backward and rotation.
We also call them roll, pitch and yaw motion. As shown in Fig.2.1, the attitude and the
movement of the quadrotor is controlled by four motors which change their rotational speeds
to generate different thrust and torsion.

e Hover, raise and down

As shown in Fig.2.2, when the four motors rotate at the same speed and the total
thrust is bigger than the gravity, the quadrotor will ascend, otherwise it will descend.
If the total thrust is equal to the gravity, the quadrotor will remain in hover state.

o © @
-0 ©-0 ®-0©
(@ © ©

(a) (b) (c)
Figure 2.2: (a) Raise; (b) Hover; (a) Down

e Roll motion

As shown in Fig.2.3, when maintaining the speeds of motors 1 and 3, increasing the
speed of motor 2, and decreasing the speed of motor 4, the thrust of motor 2 is greater
than gravity. The quadrotor will gain a roll angle and fly to the left. Otherwise it will
forward to right.
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© ©
® 0O O O
© ©

(a) (b)
Figure 2.3: (a) Left; (b) Right

e Pitch motion

As shown in Fig.2.4, if motors 2 and 4 maintain their speeds, motor 3 increases its
speed, and motor 1 reduces its speed, then the thrust of motor 3 is greater than gravity.
The quadrotor will gain a pitch angle and fly forward. Otherwise it will fly backward.

@ o
©-0 0-0
(P ©

(a) (b)
Figure 2.4: (a) Forward; (b) Backward

e Yaw motion

As shown in Fig.2.5, the difference speed between two pairs of motors will cause
yaw motion. Increasing the rotation speeds of motors 2 and 4, which make the
counterclockwise reverse torque greater than the clockwise reverse torque, the whole
body will rotate in counterclockwise, which is called yaw motion. Instead, by increasing
the speeds of motors 1 and 3, it will do the clockwise yaw motion.

2.2 Attitude Representation

When describing a rigid body, it’s important to establish a well designed body representation.
In this section, three kinds of attitude representations will be discussed in details. To sum
up, advantages and disadvantages all appear at the same time. Euler angle representation is
widely used among attitude control in the last several decades due to its simple structure
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(a) (b)
Figure 2.5: (a) Clockwise; (b) Counterclockwise

and understandability. But, gimbal lock is the main drawback when applied to aircrafts.
Although Direction Cosine Matrix (DCM) does not have the gimbal lock problem, a highly
computational expensive problem will occur. As a whole, the quaternion representation is
considered to be the best attitude representation which is free of these two problems.

Generally, the motion of a rigid body is a combination of translational and rotational motions.
Assume that the center of mass and the body-fixed frame are coincident. In order to know
where the rigid body is in the three dimensional space, as shown in Fig.2.6, two kinds of
coordinate systems are used. One is the inertial frame I, which is commonly attached to
the Earth coordinate system. Another is the body-fixed frame B, which is attached to
the quadrotor. The reason for generating two coordinate systems is as follows: When the
quadrotor is flying, the coordinate is changing at the same time. So it’s hard to get the
accurate state of the quadrotor. However, the inertial frame [ is fixed, which can be used as
the reference.

Figure 2.6: Coordinate System
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2.2.1 Rotational Representation

Rotation Matrix, which is known as the Direction Cosine Matrix (DCM) as well, is one of
the most popular representations for describing a rigid body. It is used to transform the
coordinate system between the inertial frame I and the body-fixed frame B. Assume that R
represents a rotation from the inertial frame I to the body-fixed frame B. Let v; € R3 be the
vector in the inertial coordinates, vg € R? be the same vector expressed in the body-fixed
coordinates. Then the following relation holds:

vg = RTv; (2.3)

A quadrotor can be rotated about 3 orthogonal axes, Here are the matrices for the rotation
by ¢ around the x-axis, § around the y-axis, and v around the z-axis:

1 0 0 cosf 0 sinf cosy —siny 0
R, = 1|0 cos¢ —sing|,Ry,= 0 1 0 |,R,=|siny cosyp O (2.4)
0 sing cos¢ —sinf 0 cosf 0 0 1

A single rotation about any arbitrary axis can be written in terms of the rotation about the
z, x and y axis by multiplying the 3 matrices as shown below.

cosfcostyp singsinfcosy — cos@siny sin ¢ sin ) + cos ¢ sin 6 cos P
R=R,R R, = |cosflsinty cos¢cost +singsinfsiniy cos¢@sinfsiny — cossing

—sinf cos fsin ¢ cos 6 cos ¢
(2.5)
The special orthogonal group of 3 x 3 rotation matrices is denoted by SO(3) where
SOB3)={RecR¥>3 | RTR=RR! =I5} (2.6)
with I3 being a 3-by-3 identity matrix.
The following property of the rotation matrix can be easily verified.
det(R) = £1 (2.7)

The rotation matrix is called proper if det(R) = 1 and improper if det(R) = —1. We restrict
our analyses to proper rotation, since improper rotation is not a rigid body transformation.

2.2.2 FEuler Angle Representation

The Euler angles are introduced by Leonard Euler to represent the orientation of a rigid
body with respect to the inertial frame [ in a 3 dimensional space. The most common way
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to describe the attitude of a rigid body is definitely the three Euler angles, because they
are easy to understand and easy to visualize how the body rotates. They use the minimum
parameterizing variables to represent attitude motion. In most of the time, Euler angles

are given by ¢, 6, ¥, which are named as the roll, pitch and yaw and represent the angles
relative to the x, y and z axes, as seen in Fig. 2.7.

Motor 1 Motor 2

T4 Pitch:0 T3

Motor 4 Motor 3

Figure 2.7: Roll, Pitch, and Yaw Motion

There are 12 sets of Euler angles: zyx, xzx, yxy, yzy, 222, 22, TYZ, T2Y, YT 2, Y2T, ZTY, ZYX.
But the most common Euler angles for denoting orientations with respect to the inertial
frame is zyx with the rotation of ¢, 6, ¢. Rotating the x-y-z frame around its x axis is shown
in Fig.2.8. Rotating the x-y-z frame around its y axis is displayed in Fig.2.9. Rotating the
x-y-z frame around its z axis is described in Fig.2.10.

X

Figure 2.8: Rotate the x-y-z Frame Around x Axis

Euler angle representation is widely used in the UAV field for its clear definitions. However,
it has an inherent disadvantage, which is known as singularity problem or gimbal lock. The
gimbal lock occurs when two of the rotational axes align and lock together [1,24]. Then, one
degree of freedom will be lost. Also, highly complex computation is another disadvantage of
Euler angle representation because it contains many trigonometric functions.
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X \5x

Figure 2.9: Rotate the x-y-z Frame Around y Axis

Z

Figure 2.10: Rotate the x-y-z Frame Around z Axis

2.2.3 Unit Quaternion Representation

Because of the gimbal lock and singularity problems, unit quaternion is becoming more
popular these days. Quaternion was first devised by William Rowan Hamilton, a 19th
century Irish mathematician. It belongs to the quaternion space H, which can be shown in
different ways. Here, it is defined as a vector of four components as shown in (2.8)

q0

_|l4q | _ | @1
Q_[q}_ " (2.8)

q3

where Q € R* is the quaternion, g € R? is the vector and ¢y € R is the scalar part. The
physical meaning of the quaternion is to change the orientation of the vector and scale the
length [25]. The quaternion can also be written as:

Q= [ 083 ] (2.9)

oy
k:sm2

which represents a rotation about an arbitrary vector ke R3 by a given angle a. It is
worth noting that the quaternions ¢ and —q describe the same orientation, which denote two
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different directions of rotation. When |a| < 7, gop will be non-negative and the quaternion
representation will be unique.

A quaternion is called the unit quaternion if

B+da=@+a+a+d=1 (2.10)

The unit quaternion will be used in this thesis. The inverse of a quaternion is defined by:

Q' = { E(; ] (2.11)

The norm of a quaternion is defined by:

lall =@+ & +6+d (2.12)

To calculate multiplication of two quaternions, two quaternion are defined as

QlZ[q;},Cb:[po] (2.13)

Then, the quaternion multiplication is defined by

podo — g’ p
Q10Qy = [ Pogo — qu ] _ P190 — P2q3 + P3q2 + q1po (2 14)
qop +poq +qXxXp P1g3 — P3qi + P2go + Poge

P2q1 — P192 + P3qo + Pog3

As a result, the following relation will be used when an error between (1 and @2 is required.

Q'oQ = [EO]Q[Z)O} (2.15)
q p
Podo +4q"p
_ [ Pogo + 4" p } _ | p1ao +p203 — p3g2 — q1po (2.16)
qop —Poq — 4 Xp P3q1 — P193 + P2go — Pog2

P192 — P2q1 + P390 — Poq3

where ® denotes the quaternion product and x denotes the vector cross product.

The quaternion Q7 = [ 1 0 00 ]T
relation can be easily proofed.

is called the identity quaternion. The following
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Qo '=Q'eQ=0q (2.17)

Note that the quaternion product is not commutative, which means that the results of
multiplication rely on the order it is done.

2.2.4 Relations between Attitude Representation

Transformation from Euler angles to rotation matrix can be derived as follows [26,27]:

ey spsbcy) — cpsyp  cpshcy + spsy
R=R,R R, = | cOsy spsOsip+ coc) cpslsy — spcip (2.18)
—s6 s¢pch copcl

where ¢ and s represent cosine and sine operators respectively, R, Ry, and R, are the
rotation around x, y, and z axis respectively, defined by

1 0 0 cos 0 siné cosy —siny 0
R, = |0 cos¢ —sing|,R,= 0 1 0 |,R,=|sinyy cosyp 0| (2.19)
0 sin¢ cos¢ —sinf 0 cosf 0 0 1

The rotation matrix can be parameterized by quaternion. The rotation matrix R is related
to the unit quaternion through Rodriguez formula R = R(Q), where

RQ) = (q5—d"9)I+2qS(q) +2qq"
1-2(¢2+¢%) 2(q1g2 — q093) 2(qoq2 + q13)
= 2(q1q2 + q093) 1 —2(¢i +¢3) 2(q2g3 — qoq1) (2.20)

2(q193 — qoq2)  2(qoq1 + q2q3) 1 —2(¢} + ¢3)

with Q = [ qu } ,q=[nn g @]' € R and S(-) being a skew symmetric matrix [6] defined
by

0 —g @
S@=| ¢ 0 -—-q (2.21)
-2 Q1 0

It can be verified that S(g) € SO(3) where SO(3) represents a group of 3 x 3 skew symemetric
matrices defined by SO(3) = {S € R3*3 | ST = —S}. It has the following useful properties,
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which will be used later.

Sy = —-Sy)r=xxy (2.22)
S(x)x = 0 (2.23)
S(S@)y) = S@)S(y) - S)S() = yaT — zyT (2.24)
S(Ry) = RS(y)RT (2.25)

where x denotes the vector cross product.

It should be noted that the rotation associated with @ is the same as the rotation associated
with—@). In other ways, two quaternions ) and —() denote the same rotation matrix, that
is,

R(Q) = R(-Q) (2.26)

The form that maps Euler angles to their corresponding unit quaternion is given by

Cg/2C0/2Cp /2 + S¢/250 /254 /2
0= [ 9 ] _ | ~Cer20/25u/2 F Coj2cy 2502 (2.27)
Cg/2Cep/250/2 T S¢/2C0/254 /2

Cp/2C9/25¢ /2 — S¢/2Cy/250/2

where ¢ and s represent as cosine and sine operators respectively. Also, Euler angles can be
presented by unit quaternion as following;:

) atan2(2(qoq1 + q243), 1 — 2(¢f + ¢3))
0 | = asin(2(qoq2 — 93q1))
W) atan2(2(qogs + q1q2), 1 — 2(¢3 + 43))

where atan2() and asin() denote the four-quadrant inverse tangent and the inverse sine.



Chapter 3

UAYV Quadrotor Dynamics

The dynamic model of an unmanned aerial vehicle is the basic of flight control. The accuracy
of modeling is crucial to the design of controllers. To get the dynamics model of a quadrotor,
a couple of factors need to be taken into consideration, such as, aerodynamics effects, internal
dynamics of four engines, changing variables, flexible wings and so on. Therefore, it’s not easy
to describe a complicated structure with a simple modeling method because the quadrotor
is a multi output multi input under-actuated nonlinear system. In this chapter, a simplified
model is constructed for a quadrotor by using the minimum number of states with the main
factors that should be taken into account.

Before starting to build a model, a few assumptions are made: [7,28,29]

e The quadrotor is a rigid body.
e The body is symmetrical.
e The origin of the body fixed-frame is at the center of mass.

e The propellers are rigid.
In this chapter, two approaches, Euler-Lagrange and Newton-Euler, are discussed for
obtaining a simple aerodynamic model of the quadrotor. In order to avoid singularity of
the Euler angles, as a consequence, Newton-Euler Equations method is utilized to establish

dynamic model based on unit quaternion representation. The models derived here will be
used in later chapters for designing control strategies to get a stable attitude control system.

3.1 Dynamic Model with Euler Lagrangian Formalism

In this section, under the inspiration of [18,30-33], the quadrotor is modelled by Euler-
Lagrange formalism and the model can be divided into two parts, one for translational

17
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motion and the other for rotational motion. The generalized coordinates of the quadrotor are
q=(z,y,2, ¢,0,7) € R. Define a translational vector ¢ = (x,y, z) € R?, which represents
the corresponding position of the quadrotor with respect to the inertial frame. Similarly,
define a rotational vector n = (¢,0,1) € R3, which is the Euler angles representing the
orientation of the quadrotor. ¢ represents the roll angle around x-axis, # denotes the pitch
angle around y-axis and ¢ is the yaw angle around z-axis. Assume the Euler angles are
bounded as follows.

roll @  —90° < ¢ <90° (3.1)
pitch :  —90° <0 <90°
yaw : — 180° <1 < 180°

The translational kinetic energy T}..ns and rotational kinetic energy T, are defined as
follows:

1 .

Tt’/‘ans = imCTC (32)
1.r .

Trot = 5nTIn (3.3)

where m is the mass of the quadrotor and I is the inertial matrix with respect to the inertial
frame I. The total potential energy is given by

U=mgz (3.4)

where g is the acceleration due to gravity and z is the altitude of the quadrotor.

Then, the Lagrangian function is represented by

L(CL Q) = Ttrans + Trot -U (35)

1o 1
— §m§T§+§1'7TIT'7—mgz

According to Euler Lagrangian theory, the following equation is obtained.

0 0
rer) =5 (5) - 5 (3.6)

where 7 = [7‘¢ TH TQAT represents the moment vector and F; denotes the translational
force vector expressed in the body frame B, which can be obtained by Iy = RFgr with

Fg expressed in the inertial frame I. Here, R is the rotation matrix defined by (2.5).
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Fr= [O 0 U 1], where Uj is the total vertical force which is the sum of thrust generated
by 4 motors, that is,

4
Up =) T;=b(QF + Q5+ QF + Q) (3.7)
=1

where b is the thrust factor which is defined in Chapter 4. €1, 9, 23, and 24 are the angular
velocities of 4 motors respectively. Thus, the 4 inputs are given by:

U, b(QF + Q%+ Q%+ 03

6| bl(2 —02)

| T b -2 (3:8)
Ty k(O3 —Q3+0Q3 - 02)

where [ is the distance from the center mass of the quadrotor to the location of the motor
shaft which is defined in Chapter 4 and k is the air drag factor. bl(Q3 — Q3) represents the
thrust imbalance between motor 4 and motor 2. bl(0% — Q3) represents the thrust imbalance
between motor 3 and motor 1. k(Q% — Q3 + Q2 — Q2) represents the difference of thrust
between motors (1,3) and motors (2,4).

The Euler-Lagrange equation in (3.6) can be expressed as

d aLt’/‘ans aLtrans
F = — . — 3.9
c =g () -2 (39)
S — i 8L'rot _ 8L'r"ot
dt \ on on
After some mathematical manipulations, the final dynamic model is derived as
F; = m{+mg? (3.10)
. 10 .p
I 19Ty
T i+ 55 1)
which can be also rewritten as
Gy cos ¢ sin f cos ¢ + sin ¢ sin 1 U [0
| = |cos@sinfsiny — sin ¢ cosp . ) (3.11)
Z cos ¢ cos 0 m |—g
. i (le=Ty ) _ Jrg ;
? 9¢ Ty Ty GQ ﬁ 0 O T
Gy | e Al
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where

g € R : gravitational constant,

I4 € R : moment of inertia of the quadrotor with respect to z axis in the body frame B,
Iy € R : moment of inertia of the quadrotor with respect to y axis in the body frame B,
I, € R : moment of inertia of the quadrotor with respect to z axis in the body frame B,
T4 € R : the torque around the body center in roll direction with respect to body frame B,
79 € R : the torque around the body center in pitch direction with respect to body frame B,
Ty € R : the torque around the body center in yaw direction with respect to body frame B,
m € R : mass of the quadrotor,

Jr € R : the moment inertia of the motor,

Q : the difference of motor speed which can be represented as follows:

4

QO = ) (-1 (wx 2 (3.13)
=1

= N =D — Q3+ (3.14)

where ©; € R is the angular velocity of motor i, i = 1,2,3,4, w = [w; wy w3]? € R3
is the angular velocity vector of the quadrotor with respect to the body frame B, and
2=1[0 0 1]T € R3 is the unit vector expressed in frame I.

3.2 Dynamic Model with Newton-Euler Formalism

Based on the assumptions and preliminaries given before, a singularity problem may occur
with the Euler angle representation. To solve this puzzler, by using Newton-Euler formalism
and quaternion kinematics [28,34], a mathematical model will be re-established as follows.

p=v (3.15)
b= g5 — Yiprs (3.16)
m
R = RS(w) (3.17)
Ipw=—-—wxIpw—Ggs+ 71 (3.18)

where
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p=[r y 2]7 € R3: the coordinates of the center of mass of the body-fixed frame(frame
B) with respect to the inertial frame I,

v=[v; vy wv3]T €R3: the translational velocity vector of the quadrotor with respect to
the inertial frame I,
g € R : the gravitational constant,

2=1[0 0 1]7 € R3: the unit vector expressed in the inertial frame I,

Uy € R : the total thrust generated by 4 motors along the z axis of the fixed-body frame B,
see (3.7) for definition.

m € R : the mass of the quadrotor,

R € SO(3): the rotation matrix which represents the attitude of the quadrotor with respect
to the inertial frame I,

w=[w; ws ws3]’: the angular velocity vector of the quadrotor with respect to the body
frame B,

Ip = diag(ly,Ig, Iy) € R3X3 : the inertia matrix of the quadrotor with respect to the
fixed-body frame B,

T=1[r, T m,]T € R3: the quadrotor input torque vector, which can be determined by

%
(3.8),

S(w) : the skew symmetric matrix, which is defined in (2.21) and is rewritten below for
convenience,

0 —Ww3  Wwo
S(w)= 1| ws 0 —w (3.19)
—Ww9 w1 0

Ga € R: the gyroscopic torque, which will be explained in details below.

The gyroscopic torque G, in (3.18) is related to the rotation of the motors and angular
velocity of the quadrotor, which can be determined by

4
Ga = > (1) (wx )
i=1
wady (1 — Qo — Q3 + Q)
= _ler(Ql — Qs — Q3+ Q4) (3.20)

0

where 2; € R is the angular velocity of motor 7,7 = 1,2,3,4 and J, € R is the moment
inertia of motor 4,7 = 1,2, 3,4.
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Let 77, € R denote the torque generated by motor 4,7 = 1,2, 3,4. Then, according to the
Newton second law, ; satisfies the following dynamic equation [35]

I Qi = v, — Qi (3.21)

where @); is the propeller reactive torque generated by the propeller motion, which is

calculated by
Qi = kO (3.22)

with & > 0 denoting the drag factor in free air. When in the equilibrium point €; = 0, then
Qi = T, -

The attitude dynamics (3.17) can be represented by using the unit quaternion as follows.

. 1
Q = iQQQw

2|t oo
= — w
2 | qol3x3 +5(Q)

1
where Q =[q0 @1 ¢ Q3]T-

Using (3.17)-(3.18), the quadrotor dynamical model can also be represented by Euler angles
as follows.

é w1 + wy sin ¢ tan 6 + w3 cos ¢ tan 0

0 = wo cos ¢ — w3 sin ¢

¥ = wosingsecl + wscos psech

) Ip— 1 1 J,

w1 = < o w)wgw;g—l-T¢—T(U2(91—QQ—93-|—Q4)
Iy Iy = Iy

) Iy, — 1 1 J,

wy = v ¢ wiws + —T19 + —Twl(Ql — Qo — Q3+ Q)
Iy Iy Iy

Iy — 1, 1

w3 = < ¢ 9) wiw2 + —Ty (3.24)

Iy Iy



Chapter 4

Experimental Platform

Figure 4.1: Experimental Platform

In order to implement a controller into a real proper UAV quadrotor structure, we first
combine experimental requirements with other researchers’ experiences [7], and then come
up with the desired quadrotor experimental platform which is presented in Fig. 4.1. The
entire platform has been divided into 4 parts: the frame, main controller, communication
subsystem, and propulsion subsystem. The overview of the experimental structure is shown
in Fig. 4.2. Most of the experimental parts are purchased in [36].

4.1 The frame of the Quadrotor

As shown in Fig. 4.3, a 600 size quadrotor fame is selected which has a rigid and robust
construction. The metal part is fabricated from solid T6 aluminum where the booms are
also made from heavy duty thick T6 aluminum. Considering the weight of the quadrotor,
carbon fiber is regarded as the best material due to its light weight and notable strength.
So, the middle part of this frame is made from carbon fiber and glass-filled nylon which
makes this frame strong enough for potential external strike [37]. For more details, please
refer to [36].

23
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= o

| Brushless DC Motor

A

Figure 4.3: The Frame

4.2 Main Controller

Autopilot is the core part that can be the brain of the quadrotor. All the computing tasks
are processed onboard, including data acquisition and filtering, motors’ control, wireless
remote control, and real-time control, etc. Basically, most of the flight controllers include
gyroscopes, accelermeter, barometric pressure sensors, compass and other electronics. Many
research institutions have designed a couple of onboard controllers based on microcotroller
or digital signal processor (DSP).

It is worth mentioning that some open-source projects (OSP) have good performance, such
as, OpenPilot, Paparazzi, Pixhawk and APM2.6 [19]. Before choosing a flight controller,
we need to decide what sort of flying function is suitable, freestyle, aerial photography or
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autonomous missions. OpenPilot is an OSP developed by RC hobbyists. Not only fixed-wing
aircraft, but also helicopter can be embedded on the OpenPilot OSP. Various data can be
found on the internet, which can help users make drones fly. Paparazzi was designed in 2003
by ENAC University. The Paparazzi team developed nine autopilot hardware systems to
support outdoor flying mission with flight-path scripting.

By comparing integrated hardware processing performance, software development difficulty,
price and other factors, we chose Ardupilot Mega (APM) 2.6 to be the ideal autopilot system.
The APM 2.6 is a simple and ready-to-use autopilot system designed by 3D Robotics.
Arduino is compatible with other software, which is used throughout our programming
and implementation. Arduino includes both the open-source microcontroller circuit and
the Integrated Development Environment (IDE). Arduino is a developed platform which
includes various of driver libraries for diverse sensors and actuators. It is intuitive, free to
download, and compatible with Windows and Mac OS. More than 100 libraries are available
for signal analysis and hardware accessories. The overview of the Arduino IDE is shown in
Fig. 4.4 . Ardupilot and its attached accessories are shown in Fig.4.5.

quaternion_backstepping | Ar duino ${version} |
File Edit Sketch Tools ArduPilot Help

guaternion_backstepping &
#include <AF InertialSensor. h>
#include <AP Common. h>
#include <AF Math. h>
#include <AP_ Param. h>

#include <AF Progmem. h>
< | [T |

Figure 4.4: Arduino Interface

&“) Wireless . Optional PPM

telemetry port USB port jumper to support

I [ PPM-sum (all
channels over one
T = o wire) RC receivers

JP1 port for alternative
power distribution
without power module

E We recommend:

3DR GPS uBlox (@)
with Compass o

OUTPUTS

12345878

Power module
port for PM

6-position cable 3R

Featuring active

E i © =
> " - - circuitry for ceramic patch
l antenna, rechargeable backup

2
Deans connectors or... battery for warm starts, I°C

EEPROM for configuration
storage, and a digital

= compass.

vy ..XT60 connectors ~ Other external compass Available from
6-position cable APM 2.6 requires an external compass. Store.3DRobotics.com

External compass port for GPS port
GPS with compass or

Figure 4.5: APM 2.6 and Ports

Atmel ATMEGA 2560 and ATMEGA 32U chips are onboard for controller processing and
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USB measurement, respectively. 3-axis gyroscope, magnetometer and accelermeter are
also included on the chip MPU 6050 for motion tracking. An upgraded MS5611-01BA03
barometric pressure sensor provides air pressure reading data for altitude measurement.
Also, there are various ports onboard for function expanding. Such as: wireless telemetry
port, Universal Serial Bus (USB) port, Global Positioning System (GPS) port, Inter Integral
Circuit (I2C) port for GPS external compass, power module (PM) port and 8 channels
digital input and output.

e Microcontroller: Atmel Atmega 2560

The Atmel Atmega 2560 is a high-performance, low-power 8-bit AVR RISC-based
microcontroller with 256 KB ISP flash memory, 8KB SRAM and 4KB EEPROM. It
also combines with 86 general purpose I/O lines and 32 general purpose working
registers. The controller also has real-time counters, six flexible timer/counters with
compare modes, and a JTAG interface for on-chip debugging. The Atmega 2560 also
achieves a throughput approaching 1 MIPS per MHz allowing the system designer to
balance power consumption and processing speed [38].

o Inertial Measurement Unit: MPU 6050

The motion processing unit MPU 6050 from InvenSense Inc. is the world’s first 6-axis
onboard digital motion processor, which has the built-in gyroscope and accelerometer
and is capable of processing complex fusions or functions. The 3-axis accelerometer has
a full-scale of +2g, +4¢, +£8g and +16g. Also, the MPU 6050 features a programmable
3-axis gyroscope with a full-scale range of £250, 500, 1000, and +2000/sec(dps) on
chip. As for communication, it can be accessed with external magnetometers or other
sensors by a 400KHz Inter Integral Circuit so that the devices can gather a full set of
sensor data without intervention from the system processor.

e 3DR UBlox GPS and HMC5883L Digital Compass

The accuracy of compass data is significant for quadrotors. Before launching APM
2.6, there is an old series of autopilot named APM 2.5. These two controllers have
the exact same hardware and sensors and the only difference between them is that
the compass unit is taken off from APM 2.6 since the GPS and compass unit can be
easily influenced by noise sources. Afterwards, the 3DR UBlox GPS with a compass
model is recommended as shown in Fig.4.6. It is made by ceramic patch antenna, with
rechargeable 3V backup battery for warm starts and Inter Integral Circuit EEPROM
for configuration storage. The APM port is attached to the GPS port by 6-position-
to-5-position cable. The APM I?C port is attached to the GPS MAG port, and I2C
communication between the APM and the speed controller is 50Hz. One more thing
needs to be mentioned here: The GPS module should be mounted at least 10 cm away

from the main control module and battery to reduce interferences from the magnetic
field.

e 3DR Power Module(PM)

The APM 2.6 needs to be powered by a steady clean voltage and sufficient current.
So, in this thesis, we use a power module shown in Fig.4.7. It is produced by 3DR
aim to monitor the voltage and current of the battery and avoid uncertainties. It can
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Y]
pact

FORWARD &

o

UL g ) RESET

Connect GPS MAG Connect GPS port to APM GPS port
port to APM I2C port using 5-position-to-6-position cable.
using 4-position Connect 6-position connector to GPS
cable. and 5-position connector to APM.

Figure 4.6: 3DR UBlox GPS with Compass Model

mp From battery To ESC or PDB mp

6-pos connector provides +5.3V,
current and voltage measurements

Figure 4.7: 3DR Power Module

convert a 5.37V and 2.25A power from LiPo battery which will reduce the chances of
brown-out and compensate the interferences of compass. One port is connected to the
battery, and the other port connects to one ESC.

4.3 Communication Subsystem

The remote control (RC) transmitter and RC radio receiver, shown in Fig. 4.8, are considered
as an essential part of a quadrotor platform. According to several researchers’ papers, we
chose Turnigy TGY-i10 which has 10 channels with 2.4 GHz bandwidth, although only 4
channels have been used in this thesis: throttle, yaw, roll and pitch. The transmitter is
equipped with a high sensitivity receiver which can generate Pulse Position Modulation
(PPM) between each other. For further development, an extra channel will be involved
when flight mode is switching. As shown in Fig. 4.8, the throttle stick will not return to the
middle position when removing the finger. On the contract, the roll, pitch and yaw sticks
will return to the center automatically and the value of roll, pitch and yaw in the center is 0.
From experimental results, the PPM value of these 4 stick vary from the minimum 1001 to
the maximum 2003.
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Figure 4.8: (a) RC Transmitter; (b) RC Reciever

e 3DR Telemetry Radio

As for wireless data transfer, we chose 3DR 915Mhz telemetry radio for data transmit-
ting and receiving, shown in Fig. 4.9. This radio connector allows us to communicate
the ground station (computer) with quadrotor wireless. Also, we can change tasks,
tune the flight, and view data while the quadrotor is flying. It is the easiest way to
setup the connection between the quadrotor and ground station, just like USB as a
ready-to-use electronic device.

Figure 4.9: 3DR Telemetry Radio

4.4 Propulsion Subsystem

Electrical propulsion is a better means of propulsion due to its advantage of zero gaseous
emissions, low heat and less audible noise. In general, an electrical propulsion subsystem
converts electrical energy to mechanical power in the form of thrust, which consists of 4
parts: propeller, motor, electronic speed controller(ESC), electrical power source. In this
thesis, brushless DC (BLDC) motors are selected to generate thrust for the quadrotor, which
are combined with corresponding electronic speed controller(ESC). Different from fixed
wing aircraft, a quadrotor is an energy-consuming equipment depending entirely on the four
motors. Thus, we choose Lithium-Polymer Battery to be the electrical power source. Each
component has its own performance characteristics and maximum efficiency. The choice of
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these components is the key of the entire propulsion system. Each of the component should
meet the demand of experimental platform effectively [39]. A diagram of the quadrotor
electrical propulsion system is presented in Fig. 4.10.

Main Control Unit

Battery

_________________________________

| 1
1 ] 1
dod L. L S

Figure 4.10: Propulsion System

e Brushless DC motor(BLDC)

Figure 4.11: BLDC motor

When comparing to DC motors with brushes, BLDC motors have a couple of advantages,
for exemple: high efficiency, lower noise, faster speed, bigger torque and longer operating
duration [40]. The motor shown in Fig.4.11 is chosen for the experimental quadrotor
and its basic parameters are given in Table 4.1. For more details, please refer to [36].

Table 4.1: 800KV Motor Specification

KV(RPM/V) | Max Current | Max Power | Cel Count | Suggested ESC | Connector
800KV 20A 222W 2-3S LiPo Afro 20A 3mm Bullet

e FElectronic Speed Controller(ESC)

Since the BLDC motors have 3-phases, one can not just apply power source directly
to them to make them spin. Motors need some phase control electronics to generate 3
high frequency signals. So, ESC is then made to do this job. The ESC is just a motor
controller board with power source input and 3-phrase outputs for the motors. To
control a quadrotor, the frequency of the signals should be higher than 200Hz, then it
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Figure 4.12: ESC

is possible to vary the speed of motors quick enough for stabilization. Also, the current
of the ESC should be about 20A or more. The ESC shown in Fig.4.12 is chosen for
the experimental quadrotor and its basic parameters are given in Table 4.2. For more
details, please refer to [36].

Table 4.2: ESC Specification

Current | Voltage Range | Freq. | Battery Eliminator Circuit | Weight Size
30A 2-4s Lipoly 1KHz 0.5A Linear 26.5g | 50x25x11mm

e Propeller

R
RS

Figure 4.13: Propeller

When choosing the proper size of the propellers, we should consider a couple of
influential factors, such as: the duration of battery, the mass, the throttle of motors,
etc. Also, we should take the aerodynamics model into account, which was discussed
in Section 2.1. There are five aerodynamic factors which act on each motor, such as
ground effect, horizontal force ( or hub force ), rolling moment, thrust force and drag
moment [41]. As for this thesis, as shown in Fig.4.13, the following two main factors
are taken into consideration: thrust force and drag moment. The steady-state thrust
generated by a hovering motor which is not translating horizontally or vertically in a
free air can be rewritten by momentum theory as [18]:

40)2
%,i:1,2,3,4; (4.1)

T; = b2 =
™

where b is the thrust factor, Cr is the coefficient of trust that depends on motor
geometry and characteristics, which can be found in [42], p is the air density, 7 is the
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radius of motor disk area when the propeller is spinning. A quadrotor is influenced by
not only thrust forces from individual motors, but also balancing drag moment. The
reactive torque can be derived as follows [43]:

4Cppro)?

Q: = kQ? = i =1,2,3,4 (4.2)

where k is the drag factor. The parameters in (4.1) and (4.2) are provided in Table
4.3.

Table 4.3: Propeller Parameters

Name Parameter | Value | Units
Thrust Coefficient Cr 0.1225 -
Power Coeflicient Cp 0.051 -

Air Density P) 1.225 | kg/m?

Radius r 0.124 m

From (4.1), (4.2), and Table 4.3, the thrust factor b and drag factor k can be determined

as
4 4
b= CTfr = 1.347323¢° (4.3)
i
4 5
g icr 217837 (4.4)
T

Taking all the factors into account, we chose four 10V x 4.7 propeller blades including
two pairs of CCW and CW in this quadrotor platform.

o FElectrical Power Source

Figure 4.14: LiPo Battery

Table 4.4: 3300mAh LiPo Battery Specification

Capacity | Configuration | Constant Discharge | Pack Weight Discharge Plug
3300mAh | 11.1v (3Cell) 30C 297g 4mm Bullet-connector

Because of the advantages of lighter and higher electrical capacity, Lithium Polymer
(LiPo) battery has become the most popular electrical power source for quadrotors
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recently. Unlike other kinds of batteries, LiPo battery is rated at 3.7V per cell. The
higher capability the battery has, the heavier it will be. So, in this thesis, regarding the
weight and the time range of operation, a Turnigy nano-tech 3300 mAh high discharge
LiPo battery with 3 cells, as shown in Fig.4.14, has been used in the experimental
platform. Table 4.4 has shown the corresponding parameters. Another situation
that should be mentioned is the discharge rate, referred to equation (4.5) [44]. It is
important to make sure that the total amount of current drawn by motors will not
exceed the MaxSource. Discharge rate is the speed of a battery when discharging. The
discharge rate and capacity of the LiPo battery can be found in Table 4.4. For more
details, please refer to [36].

MaxSource = DischargeRate x Capacity (4.5)
994 = 30C x 3300mAh (4.6)

The maximum speed of motor is related to motor specifications and the voltage of
battery, which is expressed as follows:

2
Quax = 11.1V x 800KV x 6% = 1065.6rad/s (4.7)

The maximum total thrust shown in (4.1) can be derived as (4.8) by using (4.3).
Tyorar = 4602 = 4 x 1.347323¢ ™ x (1065.6)2 = 49.96N = 5.098kg (4.8)

It means that the total weight of the quadrotor can not be heavier than 5.098kg. It
can fly normally as the actual weight of the quadrotor is 1.535kg.



Chapter 5

Controller Design with
Back-stepping Technique

In this Chapter, 4 controllers based on back-stepping technique are proposed. Controllers
with Euler angle representation are tested by simulations and controllers with unit quaternion
representation are tested by a real quadrotor platform. The main objective of the proposed
controllers is to guarantee that the angles ¢, 6, and v follow the desired attitude trajectory
accurately. To sum up, the attitude of the quadrotor need to be stabilized with satisfactory
performance.

5.1 Backstepping Design with Euler Angle Representation

5.1.1 Controller Design

In this section, inspired by [18], a backstepping controller with Euler angle representation is
proposed. Backstepping technique is widely use due to the fact that both Lyapunov function
and global stabilizing controller can be constructed by a recursive procedure for a class
of nonlinear uncertain systems in the strict feedback firm, which is more general than the
matching conditions. Also, high order systems can be transformed to several low order
systems, so the system structure is clear and easy to follow. As attitude control, let ¢4, 4,
g and éd, éd, ¢d represent the desired roll, pitch, and yaw angles and their derivatives,
respectively. Define the errors as follows

e1 = ¢— g

e2 = d—da=4é

€3 = 9—9d

€4 = 9—éd:é3

es = Y —1q

e6 = 1 —1hg=¢és (5.1)

33
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Step 1:

Define a positive definite Lyapunov function V; by

1 1 1
el 4 el 4 Ze? (5.2)

i=35 2 2

Its derivative with respect to time is derived as

Vi = e1é1 +e3és+esés

erez + eseq + eseq

e1eg — kle% + k16% + ezeq — kgeg + kge§ + e5eg — k56g + ]{756§

—kief — kse3 — ksez + ex(e2 + kre1) + e3 (es + kses) + es(es + kses)

= —kle% — k:ge§ — k5e§ 4 e1€9 + e3ey4 + eség (5.3)

where ki1, k3,and k5 are the positive gains and

€2 = e+ ke
s = ey4+ kses
eg = eg+ kses (5.4)

Note that —kjeq, —kses, and —kses are the virtual control part of backstepping control
procedure. When errors ez, ey, eg equal their corresponding virtual control, V; = —kje? —
kse? — kse2 < 0 is a negative definite.

Step 2

Define a positive definite function V5 by

1 1 1
Vo=V + 563 - iéi - 55% (5.5)

Differentiating it with respect to time yields
Vo = Wi+ &8+ €484 + Esé6
= —k16% — k‘ge% — k‘5€§ + e1€2 + e3éyq + e5eq
+é2e9 + kQég — /ﬂgég + é4€e4 + k‘4éi — ]€4éi + egég + kﬁég — ]{66(25
= —]ﬁe% — kgég — k‘3€§ — ]{745421 — /{5€§ — /f@é%

+ég(€1 + ég + kgég) + é4(63 + é4 + k4é4) + 66(65 + é@ + k@é@) (5.6)

where ko, k4, and k¢ are the positive gains. By using (5.1) and (3.12), the derivatives of e,
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€4, and ég in (5.4) can be expressed as
ég = éa+ k&g
= </5 ¢d + kieo

"y g1 .
1y ¢ ¢

€4 = é4+k3é3
= é—éd+k3€4

Ip— I\ Jp. 1
= b < L ¢> + L0+ —79 — 04 + ksey (5.8)
Iy Iy Iy

g — é6+k‘5é5
= Y — g+ kseg

I — T 1 .
= ¢0< (wa 9> +ET¢_¢d+k566 (5.9)

Then, by substituting (5.7) ,(5.8) ,(5.9) into (5.6), V4 can be rewritten as

Vo = —kie] — ko — kse3 — ke — kse — koeg
+éa(er + &9 + koes) + eq(es + s+ kaeq) + €6(es + éG + keés)

2 =2 2 =2 2 =2
= —klel — k2€2 k3€3 — k4€4 — k565 — k266

— I Jr l
+é2 €1+9w< 7 TZ’) _I—HQ—I— T¢—¢d—|—k‘1€2+k‘262:|
¢ ¢

I g . l i}
-l-é4 es + b ( L ¢> + 0+ o — O+ kyea + k4e4}
0 [} 0

— 1 1 -
+éG es + ¢9 ( 6) + —Ty — Yq + kseg + kﬁé6:| (5.10)
Iy Iy

Note that if the last three parts equal zero ,then V5 becomes
VQ = —]{716% — k‘gé% — /@36% — k45421 — k‘5€§ — kQé% <0 (5.11)

which is a negative definite. Setting the last 3 parts in (5.10) to zero gives

I . Jy . B

Ty = Io gw ) + —0Q + ¢q — krea — kaéz — €1
! ch Iy
T Ty — 1 y o

Ty = 0 ) L I — PO+ 04 — ksey — kqeq — e3
l Iy Iy

1y — 1 .
Ty = fw[ ¢9< - I 6> +¢d—k566—k666—65] (5.12)
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Substituting (5.4) into (5.12) produces

(

- If[ 9¢< ) ipeﬂ (k‘lkrg—l—l)el—(k:1+k2)eg}

= Il"{ o <I¢ I¢)—I;“dm—(k3k4+1)eg—<k3+k4)e4

Ty = Iw[ 0 <I¢ )—(k5k6+1)e5—(k‘5+k6)66} (5.13)
(

Substituting (3.8) into (5.13) results in the following

J . I, [ Iy— 1
bQS — 0) — T = 7¢ —61) ( o 7 1*) — (kiky + 1)ep — (k1 + kg)eQ]
L ¢
J, Ip[ .. (I,—1
bl — QF) + Té0 = 79 — b (wl‘f’> — (kskq + 1)es — (ks + k4)e4}
L 7]
2 2 2 2 [ Lzﬁ — Iy
k(Ql — QQ + Q3 — Q4) = [1/, —(Z)Q Lg; — (k5k6 —+ 1)65 — (k5 + k6)€6 (5.14)

where 2 = Q1 — Qo — Q3 + Q4. It is clear that the motor speeds 1, 9o, 23, and 4 can
be solved from (5.14) numerically. By tuning the gains ki, - - - , kg properly and controlling
the motor speeds, the quadrotor can be stabilized around the desired attitude. The block
diagram of the backstepping controller with Euler angle representation is shown in Fig. 5.1.

., ay,a,

ba,0a, W4 Backstepping >
—’®—P controller m,.m,,m,| Attitude @, 0.1
with —»{ PWM Platform + i

—% > » estimator
Euler-angle Wy, sy, W3
RTINS ¥ representation >
ba, 64,4
6,09 o e b
(0w, wy, w3) to (¢,0,4)) [*

Figure 5.1: Backstepping Controller with Euler Angle Representation

5.1.2 Simulation Results

In this section, some simulations are conducted for the backstepping controller based on
Euler angle representation. After several times of testing, a couple of relative satisfactory
gains have been chosen as k1 = k3 = ks = 2, k9 = k4 = kg = 100, which are tuned by trial
and error method. The inertial Euler angles are chosen randomly as 0.2, 0.1, and 0.3 rad.
Matlab Simulink environment is used for the model coding. The physical parameters of the
quadrotor in the simulation are derived from the real quadrotor platform. The simulation
results are shown in Figs. 5.2- 5.4. As shown in Fig. 5.3, all the three angles are able to
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follow the corresponding desired angles with the satisfactory tracking errors. The system can
be stablized within 3s. The simulation results which are provided in this section illustrate
the stability property and good performance of the proposed controller.
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Figure 5.2: ¢, 6, and ¥ with Backstepping Controller
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Figure 5.3: Tracking Errors with Backstepping Controller

5.2 Fuzzy Adaptive Integral Backstepping Design with Euler
Angle Representation

5.2.1 Controller Design

Fuzzy logic controllers (FLCs) are currently being used in quadrotors for its complex
dynamics and uncertainties [45]. In this quadrotor platform, there are a few issues that
should be taken into consideration. When discussing the mathematical model, it is assumed
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Figure 5.4: Angular Velocities with Backstepping Controller

that the quadrotor is a symmetrical rigid body. However, in the real platform as shown in
Chapter 4, based on the layout of several electronic circuits, the quadrotor is not a complete
symmetrical rigid body. Also, the measurement of inertial moments is basicly dependent on
the mass of the quadrotor. The mass can not change when the measurement is done, not to
mention the measurement errors. Therefore, the moment of inertia Iy, Iy, and I, can not
be accurately measured, so they are treated as unknown parameters in this thesis.

Motivated by [12,13,46,47], a fuzzy adaptive integral backsteppig controller with Euler angle

oIy — 1 .. (T, -1
representation has been proposed to handle the nonlinearities 6 ( o 7 L2 >, oY <¢I¢> ,
é 0

(=1
and ¢f [ 277

and unknown parameters Iy, Iy, and I, in the quadrotor. A FLS consists

of four parts: the knowledge base, the fuzzifier, the fuzzy inference engine, and the defuzzifier.
The knowledge base is composed of a collection of fuzzy IF-THEN rules in the following
form:

RF.IF x; € AX x5 € AX ... x, € AX, THEN y ¢ B¥ (5.15)

where z = [ 1 Ty - Tp ]T is the input vector, y is the output variable, p 4« () is the

fuzzy membership function of fuzzy set A¥, ppk(y) is the fuzzy membership function of
fuzzy set B¥, k =1,2,--- , N with N being the number of the IF-THEN rules.

By using singleton fuzzifier, product inference engine, and center average defuzzification,
the fuzzy logic system can be formulated as follows

o T g ()]

*
Zk=1[H?=1MA§ (:)]
where 7, is the maximum value of pgr(y), that is, 7, = maxyer ppr(y).
Define the fuzzy basic function as:
T g ()
Si(x) A k=1,2,...N (5.17)

N g )]
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In this thesis, in order to reduce the computation burden, the following trapezoidal member-
ship function is used.

0, r<aorz>d

T—a
5 , a<z<b
. _ —a
,u(x,a,b,c,d)— 1’ beSC (518)
d—
7 _gcc, c<x<d
Then, the fuzzy logic system in (5.16) can be rewritten as:
f(z) =n"S(z) (5.19)

_ _ 1T T
wheren=[ g1 92 - on |, S(@)=[ Si(x) Saz) --- Sn() ] .
. o (1g — I,
Assume that the parameters I, Iy, and Iy, are unknown and the nonlinear terms 07 | —— |,

Iy
YA s o — T
b y 1 . and ¢f io — 10
7 I

) are unknown as well.
WP

The unknown nonlinear terms can be estimated by the following fuzzy logic systems.

b (B) = afsi(6.6) +o (5:20
Iy — 1 .o

w(lf’l ¢> = 052 (80) + s (5:21)

o0 (T) = 0l (6.0) + 5 (5.22)

where 01, 9, 03 are the approximation errors, which are bounded by a positive constant
Omax [16], that is, §; < dmax, 1 = 1,2,3.

In this thesis,

S1 = [S11, 512, S13, S14, S15, S16, S17, S18, S10]”
Sy = [Sa1, S22, Sa3, Sa4, S25, S26, So7, Sas, Sa0] "
Sy = [Ss1,S32, 933, S34, S35, S36, S37, Sas, S30]” (5.23)
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where

with

Dy

Do

D3

D Dy Ds
Sz = W,Sg :W753 :"LN(@%Z‘ZW)
s = Ol o pn@ue) o pn@)ur(d)

Dl ’ D2 ’ D3
su = 12O o 1O 5, _ 12 @Oin®
[ MP(QKN(Z/})’S :MP(¢1))ZN<¢>,S :MP(¢1))/;N(9)
5 = rOuzld) o pp@ur() o pr(@nz(d)

D 7 Dy 7 Ds

pN (O un () + un (@) pz() + pn (@) pp () + pz (@) () + pz(0)pz ()

+pz(0)up () + pp(0)pn () + 1p(0)pz (W) + pp(0)up ()

un (@) v () + i (D) pz (V) + v (D) pp () + iz (D) (V) + pz () z (¥)

+uz(D)up () + pp(O)un () + pp(S)nz () + pp(d)up ()

(D) (0) + pun (D) uz(0) + pun (3)up(0) + pz(d)un (0) + pz(d)uz(0)

+1z(0)up(0) + up(d)un(0) + pp(P)uz(0) + up(P)up(0) (5.25)

The fuzzy sets N, Z, P are defined for q.S, 0, 1/1 as shown in Figs. 5.5 - 5.7.

1 U

Z | A

Figure 5.5: The Fuzzy Sets for ¢
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Figure 5.6: The Fuzzy Sets for 6

02 0 0.2 1]

Figure 5.7: The Fuzzy Sets for 1)

The fuzzy rule base for (5.20) is given below.

Rll
R12
R13
R14
R15
RIG
R17
R18

RQ

IF § € N,7)e N, THEN y € B!
IF § € N,7)cZ, THEN y € B'2
IF § € N,cP, THEN y € B'3
IF § € Z,J)e N, THEN y € B4
IF § € Z,)cZ, THEN y € B!®
IF 6 € Z,)cP, THEN y € B16
IF § € P, N, THEN y € B
IF € P,/cZ, THEN y € B!8
IF § € P,¢cP, THEN y € B'®
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The fuzzy rule base for (5.21) is given below.

R?' . IF ¢e N,J)e N, THEN y € B%!
R?? . IF ¢e N,¢)cZ, THEN y ¢ B*?
R? . IF ¢e N,¢JcP, THEN y ¢ B
R* . IF ¢e Z,Je N, THEN y ¢ B#
R*» . IF ¢e Z,ycZ, THEN y € B®
R? . IF ¢e Z,¢ycP, THEN y € B8
R?" . IF ¢e P,Jye N, THEN y € B%”
R*® . IF ¢e P,i)eZ, THEN y ¢ B®®
R* . IF ¢e P,¢)cP, THEN y ¢ B*

The fuzzy rule base for (5.22) is given below.

R . IF ¢e N,fe N, THEN y € B3!
R* . IF ¢e N,fcZ, THEN y € B3?
R . IF ¢e N,0cP, THEN y € B33
R . IF ¢c Z,0c N, THEN y ¢ B3
R%® . IF ¢ec Z,0cZ, THEN y c B3
R . IF ¢ec Z,6cP, THEN y c B3¢
R . IF ¢e P,0e N, THEN y ¢ B%
R . IF ¢c P,0cZ, THEN y c B38
R* . IF ¢e P,0cP, THEN y € B%®

M1, M2, M3 in (5.20)-(5.22) are defined as follows

m = [77117 112,113, 114, 115, 116, 117, 118, 7719]T
2 = [7721, 1122, 723, 124, 1125, 1]26,, 1127, 128, 7729]T
n3 = 131,732, 133, 1345 135, 11365 1137, 1138 1130] (5.26)

where 7;; is the center of the fuzzy set BY and will be estimated, as an adaptive parameter,
by an adaptive law later, i =1,2,3 and j =1, 2,...,9.

The unknown parameters Iy, Ip, and I are estimated through parameters

1

pr = I (5.27)
1

B2 = I (5.28)

B3 = 1 (5.29)
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For simplicity in derivations, define

u = —J.0Q+ Iy (5.30)
uy = JpQ 4+l (5.31)
uz = Ty (5.32)

Then, with (5.20)-(5.32), (3.12) can be rewritten as

. T —1T .
5 = 9¢<9 w)_JQQJrl%

1y 1y Iy
= 0l S1+ 01+ B (5.33)
. . . Iw — IQS JT . l
- W) L A0 4 —
0 ¢>¢< T )+Ig¢ +IgTe
= 15 S2+ 0y + PBauy (5.34)
. (I —1Io 1
= &6 —
v ¢ ( Iy ) * I,
= 1353+ 63+ PBaus (5.35)

The block diagram of the adaptive fuzzy logic estimator with Euler angle representation is
shown in Figs. 5.8-5.10.
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Figure 5.8: The Fuzzy Logic Estimator for 01/1 (I‘)I;Iw)
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Define the errors as follows

M

Figure 5.10: The Fuzzy Logic Estimator for ¢ (%)
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/(¢ — ¢a)dt

o= tu=ie
¢ — Qg = €1
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 SEE———

(5.36)
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Step 1

Define a positive definite Lyapunov function V;

e? (5.37)

The derivative of V; with respect to time is given by

Vi = eabq + epép + ecée

eqe1 + epes + eces
ea(e1 — koo + kaea) + ep(es — kpep + kpep) + ec(es — keee + keee)
= —kaez — kbeg — kcez + eq(e1 + kaeq) + ep(es + kpep) + ec(es + keee)  (5.38)

where kg, kp, and k. are the positive gains and kqe,, kpep, and k.e. are called virtual control.
For convenience, define

ap = —kgeq
as = —kpep
as = —keee (5.39)
and
e1 = e1+ kgeq
es = e3+ kpep
es = e5+ keee (5.40)
Then, (5.38) can be rewritten as
Vl = —kaeg — kbeg - kcez + eq€1 + epés + eqe;s (5.41)

It is clear that V; is a negative definite if &, &3, and & are equal to zero. Differentiating
(5.40), which will be used at Step 2, produces

e1 = eg+keeq
es = eyq+ kpes
é5 = eg+ kees (5.42)

Step 2

Define a positive definite Lyapunov function Vs:

1 1 1
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Substituting (5.41) and (5.42) into (5.43), the derivative of V5 with respect to time becomes:

VQ = V1 + élél + égég + é5é5
= —k:aez — k:be% — kceg + eqe1 + epes + ecqes + élél + égég + é5é5
= —kae? — kye} — kee? + &1 (eq + 1) + E3(ep + €3) + E5(ee + €5)
= —kee? — kyep — kee?

+eé1 <6a +eg + kael) + ég(eb +eq4 + kbeg) + é5(ec + e + ]%65) (5.44)

Define the virtual control as, ay, and ag

ag = —kie1 —eq — kger
ay = —kses —ep — kpes
ag = —ksés —e.— kees (5.45)

where k1, k3, and k; are the positive gains. Then, (5.44) can be rewritten as

Vo = —kee? — kpei — kee?
+e1(—kie1 + ea — ag) + e3(—kses + eg — aq) + é5(—kses + eg — ag) (5.46)

Set
€y = €3 — Q9
€4 = €4 — 0y
€g = € — Qg (547)
As a result, Vs can be expressed as
Vo = —kae? — kel — ke€? — k1@ — k& — ksé2
+e1eo + eseq + eséq (5.48)

which is a negative definite if €1, €3, and é5 equal zero. Differentiating (5.47), which will be
used at Step 3, yields:

& = ¢ — ba — v
éq4 = é—éd—d4
& = b — by — dg (5.49)

Step 3

Define a positive definite Lyapunov function V3 with the estimation errors added

1_ 1_ 1_
Vs = V2+§e§+§ei+§e§
1< 13 R
+3 ' 1(772' — ) Tyi(m; — 73) + 5 Zl NiBi(&i — &)? (5.50)
1= 1=
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where 7); are the estimations of the parameters 71, 12, and 73, él, 52, and 53 are the estimations
of the parameters {1 = Iy, & = Iy, and &3 = Iy, respectively, I';, and X\;, ¢ = 1, 2, 3, are
positive constants. It follows from (5.27)-(5.29) that

1
Bi=—,i=1,2,3 (5.51)

&i
Motivated by [48], define
U
3
Y2
13
u3
&3

Then, it can be verified that the following are true.

(5.52)

frur = - Bi(& — &)
Boug = g — Ba(Er — &)l
Bauz = w3 — B3(E3 — &)U (5.53)

|

For instance, fiu; = éélfbl =& (51 &+ 51) U= U1 - g (fl - 51) up = — fi1(& —
&1)u;. Substituting (5.53) into (5.33)-(5.35) produces

¢ = nlSi+6+ B
= m S+ 6 +u— B — &) (5.54)

6 = n;‘FS2+(52+62u2
= 13 Sz + 0y + liz — Ba(6a — &2)tin (5.55)

¢ = 13 S5+ 053+ Baus
= 13 93+ 03 + Uz — B3(E3 — E3) 3 (5.56)

Substituting (5.48), and (5.49) into (5.50), it can be shown that the derivative of V3 with
respect to time is given by
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Vs = Vot ézé2 + 5454 + é6é6
3
+ Z(nz - ﬁz 77@ + Z Azﬁz z gz)
=1

= kg€ — k1 + 8182 + E2r + (m — 1) T1(—1;)
—kyef — kse3 + eses + eaes + (2 — 2) T (—ﬁz)
—kee? — kse? + &sé + €66 + (13 — 713) T (—ﬁ3)
+A\1B1(6 — &)(— f ) + Aofa (&2 — 2)(— 52) + A303(83 — 63)(—53)
2(61 4 ¢ — da — o) + (m — M) Ta(—y)
(€3 + 0 — B4 — ca) + (112 — 7o) "Ta(— 1)
—kee? — ksE2 + 8685 + O — Pq — 66) + (13 — 03)TT3(—y)

+A181(&1 — 51)(—51) + A2B2(&2 — 52)(—52) + A303(83 — 53)(—53) (5.57)

e —k;ae ]{;161 + 6

—kyed — kzes + ey

Substituting (5.54)-(5.56) into (5.57), (5.58) holds

Vs = —kae? — ki + (m — 1) Ta(—) + MBr(ér — €1)(—€1)
—ke} — k3@ + (2 — 72)TTa (1) + Aofa(Ea — &) (—E2)
—kee? — ksez + (3 — ﬁ3)TT3(—ﬁg) + X3Bs(& — &) (—E3)
+ég(er +nf'Sy 4 01 + 1 — Bi(E1 — 1)1 — g — )
+ey(e3 + 1k So + 0y + tig — Ba(Ea — E)Tn — é_d — Qy)
+&g(e5 + 13 S3 + 03 + U3 — ﬁ3(€3 — &3)T3 — g — )
= —ke€2 — k18 + (m — 7)) T (=) + MBr(E — E) (= Laér — &)
—kpe} — k@l + (12 — 712) " Ta(—1y) + AaBa(€a — €2)(— Ay "zey — &o)

—kee? — ksez + (ns — 13) Ts(—3) + AsfBs(€s — €3)(— A3 ' usés — &3)
+esler + (m — )T St + it S1+ 01 + Uy — g — cio]

+e4les + (2 — 712) TSy + 9 Sy + G + Gy — O — ]

+&gles + (13 — 113)7S3 + N2 Sz + 03 + Uiz — g — cvg) (5.58)
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which can be rewritten as

Vs

and

—kqe? — ket + (m — i) D17 St — i) + MBi(& — &) (AT Hanés — &)
—kpe — kses + (n2 — 12) TTa(T5 €aSa — 1y) + Xafa(&a — &) (= Ay M2y — &)

—kee? — ksez + (13 —13) " T3(F3 655 — 73) + A3B3(&s — €3) (= A3 'usés — €3)
+&[E1 + 71 St + U1 — dg — o] + 20y
+é4[e3 + N3 So + g — Og — ] + €452

+86(85 + 3 S + g — g — ] + 603 (5.59)
The following adaptation laws are introduced
ﬁ1 = I'7'eS — o
ﬁQ = T5'esSs — oo
ﬁg = TI3'ésS3 — o33 (5.60)
51 = —ANlweé — b
52 = =Xy lt2és — 026
53 = =Xy 'usés — 0363 (5.61)

Then, (5.59) can be rewritten as

Vi = —kae2 — k18 + o1(m — i) Tuin + o1 B1 (& — §1)é
—kpej — k3e3 + o2(n2 — 2) " Tail + 02X082(&2 — £2)&
—kee? — kse: + o3(n3 — 13) Ttz + 03X383(Es — €3)Es
+és[er + 7T St 4 i1 — ¢g — o] + €20y
+&4[83 + 712 Sy + Tz — 04 — ] + €402
+ég[es + M3 S3 + Uiz — a — cig] + E6d3 (5.62)

Due to the relations 7; = n; — (n; — 7;) and fz =&—(&— fz), Vs in (5.62) can be re-expressed

as

Vi

—kaes — k1€l + o1(m — i) Tim + o1\ B (& — &)&

—kpep — k3e3 + oa(12 — 72) Tanz + 02X0B2(&2 — &)

—kee? — k5&2 + a3(ns — 13) Tans + 03X383(E3 — €3)83

—o1(m —9) T — i) — o2(n2 — 72) Ta(n2 — 7o) — o3(ns — 713) T3 (nz — 13)
+&a[Er + 7Sy + Ty — ba — Gl + 201 — o1 M B (&1 — &1)?

+euEs + 3 S + Tp — Og — ) + €0y — 02X2Ba(E2 — &2)°

+ég[es + 13 S5 + Uz — g — &) + €603 — 03N3P3(E3 — &3)° (5.63)
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Using Young’s inequality zy < %(xQ + y?), it follows that

_ 1_ 1
6251 S 56% + 56%
_ 1_ 1
64(52 S 563 + 5(5%
_ 1o, 15
6663 S 766 + *53 (564)
2 2
and
. 1 22, 1o
(& —-&)4a < 5(51 —&)° + 551
R 1 A 1
(L -6 < S(6-&)"+58
N 1 a 1
(&—&)& < S(E—86)°+58 (5.65)
Using Young’s inequality theory z”T'y < %xTPx + %yTFy once more, it follows:
A \T 1 AT . L 7
(m =) Tim < 50 =) Tilm — i) + 5o P
. 1 . . 1
(n2 — i) Tomz < 5(772 —12) Ta(n2 — f2) + 5772TF2772
. 1 . . 1
(13 —73) Tams < 5(773 —i3) T3(nz — M3) + §n§F3n3 (5.66)
Substituting (5.64), (5.65), and (5.66) into (5.63), V3 becomes
Vs
1 . 1
< —kgel — kiet + 501 ((m = 7) Ti(m — i) +nf Dimy) + 2@1)\151 ( >
1 . 1
—kpej — k3e3 + 502 ((n2 = 112) " Ta(n2 — o) + 13 Tama) + 2@2>\25 < € — €)% + §2>
1 . 1
—keep — k53 + 503 ((ns — 73)"T'3(ns — 3) + 13 T'sns) + 5032303 < (& — &)+ §3>
—o1(m — M) Ti(m — i) — o2 — i2)" T2(772 — 12) — o3(n3 — 13) " T's(n3 — M)
. e 1_
+éa(er + 7 St + W — g — Ga] + 56 + 551 —oMBi(& —&)?
A _ - . 1_ 1 "
+€4(E3 + 13 So + Uz — Og — du] + 56’421 + 555 — 02X2Ba(&2 — &)°
A _ - . 1. 1 -
+égles + M3 S3 + Uz — g — dg) + 56?; + 555 — 03A3B3(&3 — &3)° (5.67)
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51

After some operations on (5.67), it follows that V3 can be rewritten as

IN

V3
2 o 1 7 1 9 1 s 2
—kqey — k1€ + 501N Fym + 5@1)\1&51 - 5@1)\151 (&1 —&)
1 1 1 A
—kyep — kse3 + 50277§P2772 + 592)\25253 - 592)\2&(52 — &)?
1 1 1 .
—kee? — ksez + 503773?113773 + §Q3>\353§32, - §Q3>\3ﬁ3(€3 — &3)?
1 1 1

—=a1(m — M) T1(m — M) — s02(n2 — M2) Ta(n2 — f2) — —o3(n3 — 13) Ts(nz — 73)

2 2 2

N _ ) 1_ 1
+eé9 (61 + ?7?51 4+ Uy — pg — o + 262> + 55%

; 1 1
+é4 (53 + 1 Sy + Uy — Og — b + 2é4> + 55%

. _ - . 1 1
+e6 <é5 + 779:{153 + U3 — YPg — g + 2€6> + 55%
Due to (5.51), V3 in (5.68) can be simplified as
Vs
1 1 1 .
< —kaeg — klé% + iamlTl“lm + 5@1)\151 - 5@1)\1B1(§1 - 51)2
1 1 1 .
—kpej — kze3 + 50277§FF2172 + 592)\252 — 5@2/\252(52 —&)?
1 1 1 R
—kee? — kses + 50377{F3773 + 593)\353 - 5@3)\353(53 —&3)?
1 . . 1 . . 1 .
—501(m — M) T1(m — M) — 502(12 — f2) Ta (2 — o) — 503(13 = f3) T3(ns
. 1 1
+eé9 (61 + ﬁ?51 4+ Uy — pg — o + 262> + 55%
(o L 1 1,
+é4 63+77252+U2_6d_044+§€4 +§(52
a T B . ) 1 1,
+e6 65+773S3+U3_77Z)d—046+§€6 —1—553
To get the control law, set
_ _ T _ - ) 1_
—kopa = &1 +10 51+ U —¢d—042+§€2
_ _ T _ i ) 1_
—ksey = e3 + 75 So + Ug — 0 — vy + 564
. _ . . 1_
—kees = @5+ 13 S5+ Us — hy — s + =€

2

(5.68)

—13)

(5.69)

(5.70)
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where ¢g = 04 = g = 0, (5.70) can be rewritten as

_ . _ 7 1 _

u = dg—é; —1MN 51— §+k2 €2

_ . _ T 1 _

Uy = Oy —e3—1ySe— §+k‘4 €4

_ . .7 1 _

U3 = Qg —€5—1)3 S3— | =+ kg | €g (571)

Using (5.70), (5.69) can be simplified as

(5.72)

V3
< —ka€ — kyed — kee? — k1@ — koes — kzéa — kyes — kséz — keez
1 . . 1 . ~ 1 . .
—501 (m — i) Ty (m — ) — 502(772 — ip) T2 (n2 — i) — 503(773 —73) 5 (n3 — 73)
1 N 1 A 1 .
—§>\191ﬁ1 (& —&)* - §>\292ﬁ2(€2 — &) - §>\39353(§3 — &3)?
1 1 1 1 1 1
+§01771TF1771 + 502772TF2772 + 50377?TF3773 + 55% + 553 + §5§
1 1 1
+§)\1Q1§1 + 5)\2@252 + 5/\30353
< —aVz+b
where
. 1 1 1 1 1 1
a = 2m1n{ka7kb7k07kl7k27k37k47k57k6750175027503759175927593}
1 1 1
b = 501775%1771 + 502772TF2772 + 503ﬁgF3U3

1 1 1 1 1 1
0T 4 024 624 o =) =)
t501+ 50+ 505+ 5 19151—1—2 292§2+2 30383

Multiplying (5.72) by e gives

dV-
e“td—; + aVze™ < pe™

which is equivalent to
d(e®V3)

<bat
a =

Integrating both sides of the inequality above produces

t t
/ d(e™V3) < / be dt
0 0

eat_i

a

that is,
e Vs(t) — V3(0) <

ISERS

(5.73)

(5.74)

(5.75)

(5.76)

(5.77)
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which can be rewritten as

Va(t) < g + e |:V3(0) — 2] (5.78)

As a result, V3 is bounded by V3(0) [49]. Therefore, all the error terms in V3 are bounded.

Combining (5.30)-(5.32) and (5.52) with (5.71) yeilds:

. . N 1
uy = —J.00+ l7'¢ = 51121 = 51 |:d2 —e1 — (2 + k2> €2 — ﬁ?51:|
. - - . _ 1 _ R
ug = JppQ+lrg = Eatip = &2 [044 —é3— (2 + k‘4> €4 — UQTS2]
y - . _ 1 _ .
ug = Ty =&Uz=2E3 [046 — &5 — (2 + k6> €6 — 77??53} (5.79)

which means that the control law can be given as follows.

1|, 1 .
e = 7 {51 <d2 —e1 — <2 + k2> €z — 77{51> + JT9Q]
1, . B 1 _ T .
7 &2 | Gy — €3 — §+k¢4 €4 — 15 S2 | — Jr )

~ . _ 1 _ .
Ty = &3 [046 — €5 — <2 + kﬁ) €6 — n;gTSg] (5.80)

Ty =

Using (3.8), the motor speeds Q1,Qs, Q3 and 4 can be calculated by
QT+ +Q3+Q)) = U

1. . 1|, 1
bl(Q3 — QF) — 7*]1”99 = 7 [ 1 (dz —e — (2 + kz) € — 771T51>}
2 2 1 L1z . = 1 = AL
51(91—Q3>+7Jr¢9 =7 §o | Gy — 3 — §+k4 €1 — 15 S2
A 1
QT - Q3+ 03 -0F) = & [de — &5 — <2 + k6> &6 — fygsg] (5.81)

where

o = —kgea —ki(ea + kaer1) — €1

g = —kpes — kz(es + kpez) —e3

g = —keeg — ks(ee + kees) — es (5.82)
and

€2 = ey+ (ka + k1)61 + (klk‘a + 1)€a
€4 = e4+ (kb + k‘g)eg + (kgkb + 1)eb
eg = eg+ (kc + k‘5)€5 -+ (k‘5k§c + 1)6(: (5.83)

The block diagram of the adaptive fuzzy integral backstepping controller with Euler angle
representation is shown in Fig. 5.11.
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Fuzzy adaptive Ay Aoy Az

b Bahg integral e
backstepping My, My, M| Attitude @.8.¥
—»{ Pwm —»

. Platform :
'y controller estimator
with Gy, Wz, G
b Euler-angle #
Pa, B, Pa representation
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—_—

¢.0.9

[y

(w1, w;, w3) to (¢, 0,)

Figure 5.11: Adaptive Fuzzy Integral Backsteppig Controller with Euler Angle Representation

5.2.2 Simulation Results

After tuning by trial and error method, the parameters of the proposed controller are set
to kg = ky = ke =10, k1 = ks = ks = 2, ko = kg = kg = 100, I'y = I'y = I's = 501,
01 =09 =03 = 0.01, \; = Ao = A3 = 10, and o1 = 02 = 93 = 0.01 for the simulation
study, where Iy is the identity matrix. The inertial Euler angles are chosen randomly as
0.2, 0.1, and 0.3 rad. Simulation results are provided in Figs. 5.12 - 5.14. The stability is
achieved and the performance of the proposed controller is satisfactory. As for tracking the
angles ¢, 0, and 1, comparing to a backstepping controller, the controller with integrator
and fuzzy estimation terms share the similar tracking errors. To simulate if the proposed
controller will track the desired angles properly, a sine wave desired angle has been added to
the controller. As shown in Fig. 5.15, the response time is about 1.5s and the 3 angles can
follow the desired angles satisfactorily.

Roll desire & Roll
T

@

——roll desire

Angle (deg)
=
=T

|

& o o

i i I i |
3 4 5 6

Time(s)
Pitch desire & Pitch

T
itch desire
H i itc|

| L 1 1 |
3 4 5 6

o
N

Angle (deg)
b o N s o

o
N

Time(s)
Yaw desire & Yaw
T

N
S

Angle (deg)
o o

°

o
N

3
Time(s)

Figure 5.12: ¢, 0, and ¢ with Fuzzy Adaptive Integral Backstepping Controller



5.3. Backstepping Design with Unit Quaternion Representation 55

Roll tracking error
T

& o @

Angle (deg)
°
| |

_15 I I | | |
(] 1 2 3 4 5 6
Time(s)
Pitch tracking error
T T

2
0
&
4/ ; i
o 1‘ ‘2 :‘1 :‘4 ; 6
Time(s)

‘Yaw tracking error
T

Angle (deg)

o
T

Angle (deg)

3
Time(s)

Figure 5.13: Tracking Errors with Fuzzy Adaptive Integral Backstepping Controller
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Figure 5.14: Angular Velocities with Fuzzy Adaptive Integral Backstepping Controller

5.3 Backstepping Design with Unit Quaternion Representa-
tion

5.3.1 Controller Design

In this section, a backstepping controller based on quaternion representation will be discussed
because it is singularity-free. The basic mathematical procedure around backstepping is
similar to the controller with Euler angle representation.

Let Q = [qo qT} T and Qq = [Qdo qcﬂ The the actual and desired attitude in unit quaternion
. . T T
representation with ¢ = [ g 9@ g3 ] and g3 = [ qa1 qa2 qsa |'- qo and gqo are constant
components, which can be determined from (2.10), together with ||Q| = 1 and ||Qq4| = 1.

Let w = [ w1 Wy Wws ]T and wy = [ wg1 waz wsq |7 denote the angular velocities and
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Figure 5.15: Tracking for ¢, 0, and v with Fuzzy Adaptive Integral Backstepping Controller
desired angular velocities corresponding to the actual and desired attitude. Let R and Ry
stand for the rotation matrices associated with @) and Q.
The differential equations for Q) and Q4 are given by

. 1

Q = 5@ O Qu

_ 1 —q"
2 |:QOIS><3 + S(Q)} “ (5:84)

Qu = %Qd © Qduw

1 —qg }
_ = 5.85
2 [QdOIBXS +5(qa)] (5.85)

The unit-quaternion tracking error Q). = [qeo qu] T, which describes the discrepancy between
the actual quaternion and desired quaternion, can be determined by

Qe=0Q;'oQ (5.86)

[qeo} _ [ Ga0d0 + 4" qa (5.87)

qe 4doq — qo4d — 4d X 4
It follows from (5.86) Q@ = Qg ® Q., which can be diffrentiated to obtain (5.88)

Q=0Qi®Qc+Qu® Qe (5.88)
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o7

from which, according to [20], the following equation can be derived.

. 1
Qe = 5@6 QQQ

where & = w — @g with 0 = RT (Q.) wg.

Following [26], wg ~ 0, we = w — wyg = w, the time derivative of Q). with respect to time can

be given by
ottt
© Ge 2 |Geow + S(Qe)w
With the property S(w)ge = —S(ge)w, one can rewrite (5.89) as:
o bt
¢ (je 2 | qeow — S(W)Qe
Step 1

Define a positive definite Lyapunov function V;

V1= Qequ + (qeo - 1)2

The derivative of V; with respect with time is given by

Vi = 2¢% e + 2(ge0 — 1)deo

Substituting (5.90) into (5.92)

Vl = qZ(QeO‘*’ - S(W)Qe) - (qeo - 1)(]?‘*’
= qeoql w — gl S(W)ge — qeodl W + ¢l w
= —q/SW)ge+qlw

By using the property S(w)ge = —S(ge)w, (5.93) can be rewritten as

Vi = —¢/Sw)ge+qlw
g2 S(ge)w + ¢l w
grw+qlw —glw
LW+ g (w—w*)

= gu +(w-w)g

Note that w* is the virtual control defined by

(.UT _kIQel
w* = w; = —714e = _k2QE2
w3 —k3qes

(5.89)

(5.90)

(5.91)

(5.92)

(5.93)

(5.94)

(5.95)
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kr 0 0
where vy = | 0 ko 0| > 0 with k1, ko, and ks being positive control parameters. The
0 0 ks
derivative of virtual control with respect to time is given by
wy —k14e1
W= Wi | = —71Ge = | —k2ge2 (5.96)
ws —k3qe3
Then, (5.94) can be rewritten as :
Vi=—glnge+ (w—w)"q (5.97)

Step 2
Define a positive definite function V5

Vo=V + %(w — )T (W —w") (5.98)

The derivative of V5 with respect to time is derived as
Vo = i+ (w-w)(w-w*)
= —aInge+ (- w)Tge + (w—w*)
=~ e+ (W — ") (g + & — ")
=~ e — (W — ) (W —w) + (W - w) W - w)
Hw = ") (ge + & — &)
=~ nge — (@ — ) p(w —w")

Ho—a")

+(w — w) T e(w — w*) + qe + & — W] (5.99)
kg 0 0
where v9 = | 0 ks 0| > 0 with kg4, ks, and kg being positive gains. Setting the last term
0 0 ke
in (5.99) to zero gives (5.100),
T(w—-—w)+tg+tw—w =0 (5.100)
which makes .
Vo = =X y1ge — (w — w*)Tya(w —w*) <0 (5.101)

Then, (5.100) can be rewritten as

w = —’Y2 w—w —qe+w
wi — w} gel wy
= - 0 kis wo —wy| — |Ge2| + |w3
0 O k'ﬁ w3 — W§ ge3 w§
—kg(w1 — wi) — ge1 + W
= | —ks(w2 — w3) — ge2 + w3 (5.102)
—ke(w3 — w3) — ge3 + w3
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Substituting (3.24) into (5.102) yeilds:

i[ﬂb + Wng(Ig — Iw) — JTWQQ] _k4(wl _ wr) — Qo1 + wi‘
%[Te +wiws(ly — Iy) + Jrin Q]| = | —ks(wa — wd) — qea + W3 (5.103)

)
i[Tw -+ w1w2(1¢ — Ig)] —k(j(w:; — w§) — Qe3 + w;

from which the following control law can be derived.

) Ig[—ka(w1 — wi) = Ge1 + @i] — waws(lg — Iy) + Jrwald
T = 79 = Ig[—k‘g)(wz — w;) — (e2 + w;] — W1W3(I¢ — I¢) — JTle (5.104)
g Iy[—ke(ws — w3) — ge3 + W3] — wiwa(Iy — Ip)

Considering the motor speeds in (3.8), (5.104) can be rewritten as

bl(Q% — QZ) — Jrwod I¢[—k4(w1 — wiﬁ) — Qe1 + wﬂ — WQW?,(I@ — I¢)

bl(Q% — Q%) + erlﬁ o Ig[—k‘5(bd2 - OJ;) — (e2 + w§] - wlw;g(fw — I¢) (5 105)
k(QF — Q3 + Q3 - QF) Iy[—kg(ws — w}) — qes + wi] — wiwa(Iy — Ip) '
k(2 + Q34+ Q% + Q) Uy

where Q = Q1 — Q9 — Q3 + Q4. The motor speeds 1, Q9, Q3, Q4 can be determined from
(5.105). By tuning the gains ki, ..., kg with trial and error method, the quadrotor can be
stabilized around the desired attitude.The block diagram of the backstepping controller with
unit quaternion representation is shown in Fig. 5.16.

Qa Q a,a,,a
£ x Yy Bz
QO Q » Backstepping i 0
| controller My, my, m,| Attitude
> o| Platform ool A :
with Bl o * estimator
Wy
quaternion Wy, Wy, Wy

representation

Figure 5.16: Backsteppig Controller with Unit Quaternion Representation

5.3.2 Experimental Results

According to the control algorithm, which is designed in this section, the corresponding
code was downloaded to the APM 2.6. The altitude is manipulated by the remote controller
and the attitude is controlled by the proposed controller with the gain k1 = 1700, ko = 170,
ks =06, kg =7, ks = 8, kg = 650. Some tests were conducted and test data were recorded by
Arduino via the 3DR telemetry radio.

Performance of the controllers for the roll, pitch, and yaw angles were tested separately
before testing the whole system. The experimental results are shown in Fig. 5.17. To test
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the ability of disturbance attenuation, several sudden changes in roll, pitch, and yaw angles
were created by exerting some external forces to the roll, pitch, and yaw directions. The
corresponding test results for the roll, pitch, and yaw controllers can be observed from the
sections of 0-650, 0-500, and 500-950 seconds in the graphs shown in Fig. 5.17. For step
responses, the remote control was used to create the changes of the setpoints for the roll,
pitch, and yaw angles, which can be seen from the parts of 650-1400, 950-1200, and 0-600
seconds of the response curves shown in Fig. 5.17.

The test results on attitude control, while the quadrotor flying, are shown in Fig. 5.18 - 5.19.
It can be seen that the variations in ¢, 6, and v fall within 10, 11 and 19 degrees, which are
presented in Fig. 5.18. Also, angular velocities are controlled within an acceptable range.
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Figure 5.17: Separate Tests with Backstepping Controller-Quaternion Representation
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Figure 5.18: ¢, 6, and ¥ with Backstepping Controller-Quaternion Representation
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Figure 5.19: Angular Velocities with Backstepping Controller-Quaternion Representation

5.4 Adaptive Fuzzy Backstepping Design with Quaternion
Representation

5.4.1 Controller Design

In this section, based on the unit quaternion representation, an adaptive backstepping
controller with fuzzy logic is proposed. The basic mathematical procedure is similar to the
controller design with Euler angle representation given in Section 5.2.

Similar to Section 5.2, assume that the parameters Iy, Iy, and I, are unknown and the

Iy — I Iy, —1 Iy — 1
nonlinear terms 0 L wWows, v wiws, and ¢ 0 wiwsg are unknown as
Iy Iy I

well.

The unknown nonlinear terms can be estimated by the following fuzzy logic systems.

Iy — 1
< 0 7 TZ)> Wowsg = 77%151 (LUQ,CU3) + 01 (5.106)
¢
Iy — 1
<wl¢> wiwg = ngSQ(wl, wg) + 09 (5.107)
0
I, — I,
< ¢I 6) wiwy = 77553((/.)1,&]2) + 03 (5.108)
%

where 91, d9, d3 are the approximation errors, which are bounded by a positive constant
Omax [16], that is, §; < dmax, ¢ = 1,2,3.

In this thesis,

S1 = [Si1,S12, S13, S14, S5, S16, S17, S1s, S19]”
Sy = [Sa1, S22, So3, S24, S5, S26, Sa7, S2s, S20]”
Sy = [Ss1,S32, 933, S34, S35, S36, S37, Sas, S30] " (5.109)
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where
Sy = W’Sﬂ _ W’Sﬂ _ W
Sip = W’Sﬂ _ /w@ng;z(w,sw _ MW%ZZM
55 = Elarla) o plodint) o el
S = /M)M,SQ _W’&’FW
55 = M2 (WQI))AIZ(W?,) Sps = MZ(wll))/:Z(wg) Sy — MZ(Wll))l;Z(WQ)
Si5 = Wﬁ% - Wﬂ% _ W
S = W,&? _ /W’S?” _ W
Sis = W,SQS _ W’SSS _ W
S19 = Mp(wl)ﬁp(w?’) , Sog = Mp(wll))/:P(wB) ,S39 = W (5.110)
with
Dy = pn(w2)un(ws) + pn (w2)pz(ws) + pn (w2)pp(ws) + pz(we) v (ws) + piz(w2)pz(ws)
+hz(w2)pup(ws) + pp(w2)un (ws) + pp(w2)pz(ws) + pp(w2) e (ws)
Dy = pn(wi)pun(ws) + pn(wi)pz(ws) + pn (wi)pp(ws) + pz(wi)pn (ws) + pz(wi)pz(ws)
+uz(wi)pp(ws) + pp(wi)pn(ws) + pp(wi)pz(ws) + pp(wi)pp(ws)
D3 = pn(wi)pn(w2) 4+ pn(wi)pz(we) + pn (W) pp(we) + pz(w)py (we) + pz(wn)pz (ws)
+uz(wi)pp(w2) + pp(wi)un (w2) + pp(wi)pz(wz) + pp(wi)pe(ws) (5.111)

The fuzzy sets N, Z, P are defined for wq, w9, ws as shown in Figs. 5.20 - 5.22.
w H

Z 11

0.2 0 0.2 w;

Figure 5.20: The Fuzzy Sets for w;
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v
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Figure 5.21: The Fuzzy Sets for wo

v

0.2

Figure 5.22: The Fuzzy Sets for ws

The fuzzy rule base for (5.106) is given below.

RY : IF wye N,wze N, THEN y € B!
R : IF wye N,wscZ, THEN y € B!2
RY : IF wye N,wzcP, THEN y € B!3
RY . IF wye Z,wse N, THEN y € B
RY . IF wye Z,wscZ, THEN y € B'®
RY . IF wye Z,wscP, THEN y ¢ B16
RY . IF wye P,wse N, THEN y € B!7
RY¥ . IF wyc P,wscZ, THEN y ¢ B8
RY : IF wye P,wscP, THEN y € B!
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The fuzzy rule base for (5.107) is given below.

R . IF w;e N,wse N, THEN y € B!
R*2 . IF wie N,wsc€Z, THEN y ¢ B?2
R® . IF wie N,wzeP, THEN y ¢ B2
R** . IF wi€ Z,wsc N, THEN y € B
R® . IF wi€ Z,w3cZ, THEN y € B?
R* . IF w,€ Z,w3eP, THEN y € B%6
R?*" . IF wie P,wse N, THEN y € B
R® . IF wi€ P,wscZ, THEN y € B?®
R® . IF w,€ P,wscP, THEN y € B?®

The fuzzy rule base for (5.108) is given below.

R¥ . IF wie N,wse N, THEN y € B3!
R¥ . IF wie€ N,ws€Z, THEN y € B3?
R . IF wie€ N,wscP, THEN y € B33
R¥* . IF wi€ Z,wye N, THEN y € B3
R¥ . IF wi€ Z,wye€Z, THEN y € B3®
R¥ . IF wi€ Z,w,cP, THEN y € B3¢
R¥ . IF w;€ P,wse N, THEN y € B3
R¥® . IF wic P,wpcZ, THEN y € B38
R¥® : IF wi€ P,wyeP, THEN y € B3

n1,Mm2,M3 in (5.106)-(5.108) are defined as follows

m = [77117 112,113, 114, 115, 116, 117, 118, 7719]T
2 = [7721, 1122, 723, 124, 1125, 1126, 1127, 1]28 7729]T
n3 = 131,732, 133, 1345 135, 11365 1137, 1138 1130] (5.112)

where 7;; is the center of the fuzzy set BY and will be estimated, as an adaptive parameter,
by an adaptive law later, i =1,2,3 and j =1, 2,...,9.

The unknown parameters Iy, Ip, and I are estimated through parameters

1

p1 = I (5.113)
1

By = i (5.114)

Bz = L (5.115)
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For simplicity in derivations, define
up = —Jpwafd + 74 (5.116)
uy = JpuwQ+79 (5.117)
uz = Ty (5118)
Then, with (5.106)-(5.118), (3.24) can be rewritten as
. Iy — I, Jr 1
= I o W T
w1 < I¢ > Wows I¢W2 + I¢T¢
= 77{51 + 61 + Brug (5.119)
. Iy, — 1y Iy 1
— ol 4 —
w2 ( To >w1w3 + 7 wiil+ 167'9
= 13 Sy + 02+ Bauy (5.120)
Iy — 1, 1
w3 = ( ¢I¢ 0) wiwg + ET¢
= 13 S3+ 03+ Bzuz (5.121)

The block diagram of the adaptive fuzzy logic estimator with unit quaternion representation

is shown in Fig. 5.23-5.25.
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Figure 5.23: The Fuzzy Logic Estimator for T, ) waws
Step 1

This step is the same as Step 1 in Section 5.3.

Step 2
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Figure 5.24: The Fuzzy Logic Estimator for o) wiws
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Figure 5.25: The Fuzzy Logic Estimator for <%> wiws

Starting from (5.91) to (5.97), define a positive definite Lyapunov function V2 with the
estimation errors added

Vo = Vi+ %(w — )T (w—w")
1< 13 .
+5 Z(m — ) Ti(ni — ;) + 3 Z NiBi(& — &)? (5.122)
i=1 =1

where 7); are the estimations of the parameters 71, 72, and 73, él, 52, and 53 are the estimations
of the parameters §; = Iy, §&o = Iy, and {3 = Iy, respectively, I';, and A;, i = 1, 2, 3, are
positive constants. It follows from (5.113)-(5.115) that

1
Bi = g,z’ =1,2,3 (5.123)
%
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Motivated by [48], define
_ Uy
Uy = =
&
_ U2
uy = =
&
iy = = (5.124)
&3
Then, it can be verified that the following are true.
Brur = i — (& — &)
Pauz = Uz — P2(€2 — E2)ua
Bsuz = uz— [3(&3 —&3)us (5.125)

For instance, Biu; = ééﬂh = 5% (51 —&+ 51) Uy = Uy — 5% (fl - 51) uw =u — (& —

él)ftl'

Substituting (5.125) into (5.119)-(5.121) produces

w1 = 0l S+ 01+ P

0l St + 01+ — B — &)
Wy = n3S2+ 02+ Pouy

03 S + 8y + tix — o€ — &2) il
w3 = n3S3+ 03+ Baus

= iS5+ 03+ 13 — B3(&3 — E3)T3

(5.126)
(5.127)

(5.128)

Substituting (5.97) and (5.126)-(5.128) into (5.122), it can be shown that the derivative of
Vo with respect to time is given by

Vo =

Vi + (w—w*)T(w—d}*)
+Z — ) T~ +Zw@ & — E)(-E)

_%VMVHW_W)(%+W_W)

+(m = )" T1(=1y) + (92 — 72) Ta(—112) + (13 — 713) " T3(—1)3)
FAB1L(EL — E1)(—E1) + AaBa(&2 — E2)(—E2) + AaBa(E3 — €3)(—E3)
—k1g? — kaqZs — k3q’s A

+(wi — wi)(ger + 01 S1 461 + a1 — Br(& — &)y — &f)

+ (w2 — wWh)(gez + 13 So 4 89 + Gz — Ba(Ea — E2)Tg — W)

+(ws — w3)(ges + 773 TSy + 03 + 13 — B3(&3 — E3)a3 — &)

+(m — ) Ta(=n1) + (2 — 72) "Ta (=) + (3 — 1i3) T T3(—3)

+A161(& — 51)(—51) + Aaf2(&2 — 52)(—52) + A333(&3 — 53)(—53)

(5.129)
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(5.129) can be rewritten as

Vo = —kigk + (m — i) Ti(=i) + MBu(& — &) (=AM (wr — o) — &)
—kaqZ + (12 — 112) TTa(—ia) + AaBa(&s — 2) (=2 M (ws — w) — &)
~ksqZy + (13 — 03) Ts(— ?73) + A383(E3 — €3) (= A3 Mz (ws — wi) — &)
(w1 — w})(ger + (m —M)TS1 + 0] St + 61 + @1 — &f)
+(wa — w5)(gea + (2 — 712)" Sz + M3 Sz + g + Uiy — W)

(w3 — w3)(ge3 + (13 — 773)T53 + 13 S5 + O3 + Uz — W3)
= —kig? — koaZy — k3qZs + (w1 — w})61 + (w2 — w3)d2 + (w3 — w3)d3

A1) T (T wr — wi)S1 — i) + B (€ — &) (AT (w1 — wi) — 51)
+(12 — 12) T (T (wa — w3) S — 7ly) + AaBa(Ea — E2) (=25 Ma(ws — wi) — &)

+(m3 — 13) Ta(T3 M (ws — w3)S3 — flg) + AaBa(Es — E3)(—A3 (w3 — o) — &)
(w1 — wi)(ger + A Sy + U1 — &)

+(wa — w3)(ge2 + M3 S + Uz — W)

+(ws — w3)(ges + M3 S3 + i3 — W) (5.130)

_l’_

The following adaptation laws are introduced

i = TiHw —w})S1—oui

T
Hy = T3l (w2 —w3)S2 — o2
F

iy = Tg'(ws —wi)Ss — oais (5.131)
51 = N'm(w —wf) —ab
52 = A lag(wr —wh) — 0262
53 = A3'us(ws — wj) — 0383 (5.132)

Then, (5.130) can be rewritten as

Vo = —kig} — kaqly — ksqls
(w1 —w)01 + (w2 — w3)d2 + (w3 — w3)d3
(w1 — wi)(ger + 71 S1+ a1 — &) + o1 (m — ) Tip
+ (w2 — w3)(gea + 73 Sa + U2 — W) + o2(n2 — fi2) Tae
+(w3 — w3)(ges + M3 S3 + Uz — &5) + o3(n3 — 3) Tais
+o1 M1 B1(& — €& + 0220B2(&2 — &) + 0303B3(E3 — €3)8s (5.133)

Due to 7; = n; — (n; — 7;) and él =& — (& — éz), Vy in (5.133) can be re-expressed as
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Vo = —kigl — kaqls — ksqls
+(wr — w])d1 + (w2 — w3)d2 + (w3 — w3)ds
(w1 = wi)(ger + 1 S1 41— &f) — o1 (m — ) Ti(m — i)
+(wz — w3)(gea + 73 Sa + g — &3) — oa(12 — 712) Ta(n2 — 7a)
+(ws — w3)(ges + 73 S + Uz — &%) — o3(n3 — 713) Ta(n3 — 7s)
+o1(m — 1) Ty + o2(n2 — 72) ' Tana + o3(n3 — 713) Tans
+o1MB1(& — €& + 020Ba(E2 — £2)E + 0303P5(E3 — €3)E3

—01MB1(& — &) — 0220B2(E2 — £2)? — 030363(&3 — £3)° (5.134)
< ki@ + o <;(771 — i) Ti(m — ) + ;n{ﬂm) + 01161 <;(E1 — &) + ;{%)

1 . . 1 1 . 1
—kaq’y + 09 <2(772 —i9) Ta(ng — ) + 2772TF2772> + 02232 (2(52 — &)+ 253)

1 . . 1 1 . 1
—ksqZs + o3 <2(773 —713) T3(n3 — 713) + 2773TF3773> + 03A333 <2(€3 — &)+ 2§§>

. oy, L 1
Hwr =@l (e +7 S+ T — @) + 5w —w])? + 50

2
* . _ x 1 . 1
+(wo — w3 )(gea + 13 Sa + g — W3) + §(W2 —w3)? + 555

* ~ — -k 1 * 1
+(ws — w5)(ges + 13 S5 + U3 — w5) + §(W3 —wj)® + 55?2,

—o1(m — 771)T1j1(771 — ) — 02(?725 fi2) T (n2 — 7i2) N os(ns — 713) Ts(nz — 13)
—01MB1(& — &) — 0202B2(€a — £2)? — 030385(&5 — &3)2 (5.135)

where the following Young’s inequalities are used to obtain (5.135) from (5.134).

(w1 —wp)dr < %(wl —wi)?+ %@
(= wi)y < Sln— i)+ 503
(s —wi)ds < (s —wi) + 503 (5.136)
& -&)&a < %(51 — &)+ %6%
(L—-&)e < %(52 — &)+ %53
(&-&)& < %(53 —&3)? + %532, (5.137)
(m =) Tim < %(771 — ) Ti(m — i) + %W{F1771
(n2 —2) Tamp < %(772 —1g) Ta (2 — 7i2) + %UzTanz
(s — ) Ty <5015 — ) T — ) + 0 T (5139)
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due to zy < 3(a® +y°) and 2"Ty < 32" Ta + 3" Ty.

After some operations on (5.135), it follows that V can be rewritten as

. 1 1 1 :
Vo < —kigh + 5o Tim + johfigd = sodfi(& - &)

1 1 1 R
—koqZy + 502772TF2772 + 592>\252€% — 5@2/\252(52 — &)?
1 1 1 R
—ksqZs + 503773TF3U3 + 593/\353532, — §Q3>\353(§3 —&)?
1 R R 1 . . 1 .
—501(?71 — ) T (m — i) — 502(772 — i) Ta(n2 — i) — 503(773 — 173

" . _ A . 1
+(w1 — wy) (qel + anSl +a; —wi + §(w1 — w1)> + 55%

* R _ . 1 1
+(w2 — ws) <qe2 + 73 So + @iy — @ + §(w2 — w;)) + 553

# . _ e 1 . 1
+(ws — w3) (qu + ngSg + 13 — wi + §(w3 — w3)) + 55%

Due to (5.123), Vz in (5.139) can be simplified as

. 1 1 1 A
Vo < —kigh + 501771TF1771 + 5@1/\151 - 5@1)\151 (& —&1)?

1 1 1 R
—kog? + 502772TF2772 + 592/\252 - 592&52(52 — &)?

1 1 1 R
—ksq?s + 50377::§FF3773 + 5@3)\353 - §Q3>\353(§3 —&3)?

1 . 1 1

)ITs(ns — 03)

(5.139)

—=o1(m —9) Ti(m — i) — o2(n2 — 72) Ta(n — ) — so3(ns — A3) Ta(nz — M3)

2 2 2

. _ . 1 1
+(wr — wi) <qe1 +7l'S + @y — i + 5(&11 - wi‘)) + 55%

¥ . _ w1 . 1
—i—(wQ - wg) <qe2 +77§FSQ + U — wy + §(w2 —w2)> + 563

. ) 1 N\ 1
+(w3 — ws) (qes + 13 S5 + Uy — & + §(w3 —w3)> + 5592,

(5.140)
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Note that (5.140) can be rewritten as follows.

. 1 1 1 1 ~
Vo < —kigh + =067+ comiTim + = Moi& — ot Bi(é — &1)?
2 2

2 2
9 1o 1 ¢ 1 1 s 2
—kaoqiy + 552 + 5021 Iong + 5)\2@252 - 5@2)\252(52 — &)
1 1 1 1 A
—ks3q2s + 5532, + 503773TF3TI3 + 5)\30353 - 5@3)\353(53 —&3)?

* ~ — - 1 * * *
+(w1 —wy) (qel + 0] S1 4 — df + 2 (wr — wi) + ka(wr — w]) — kg(w — w)

2

~ — - 1 * * *
+(wg — w3) (Qez + 13 S + U — W5 + §(w2 —w;y) + ks(w2 — w3) — ks(wa — w2)>

. . 1 .
+(ws — w3) <qe3 + 7l S5+ T3 — @ + = (ws — wi) + ke(wz — wh) — ke(ws — w})

2

1 1 1

——o1(m — ) Tilm — i) — so2(n2 — 2) " Ta(n2 — M) — S o3

2 2 2

1., 1 1 1 .
= kg% — ka(wr —w})*+ 55% + o Tim + s Mo — so1hBi(é — &)

2 2 2

by 1, 1 1 1 )
—kaq? — ks(wa — w3)? + 553 + —ama Tana + = A202€2 — —02X9B2(&2 — &2)?

2 2 2

1 1 1 1 N
—kaqZy — ke(ws — wi)? + 555 + —o3na Tans + = A3033 — —03A383(&3 — &3)?

2 2 2

1

2 2 2

* [ ~ — -k 1 ]
(w1 — wy) | ge1 +?71T51 +a; —wi + (k4 + 2> (w1 —wy)

* [ ~ — ok 1 * ]
+(wa — w3) |gea + 13 So + Gig — Wi + <k‘5+2> (w2 — w3)
* [ AT — .k 1 * ]
+(w3—w3) Ge3 + 73 83+U3—w3+ k6+§ (wg—w3)

where ky, ks, kg are positive gains. To get the control law, set

* ~ — .k 1 *
(w1 — W) |ger +77{Sl +u; —wi + (k4 + 2) (w1 — wy)

* ~ — .k 1 *
(wQ—w2) Qe2+ngs2+u2—w2+ (k‘5+2> (WZ—OJQ)

~ — - 1 *
(w3—w§) q63+ﬁgS3+U3—w3+ <k6+2> (W3—w3)

which can be rewritten as

A . 1
U = —qo — 1S +wf— <k4 + 2> (w1 —wi)
— AT .ok 1 *
Uy = —Qe2 — M S2+wy — /<75+§ (w2 —w3)

~ S 1 *
uz = —Qe3—77;{53+w3 - <k‘6+) (w3 — w3)

2

0

(ns — 113) Ts(n3 — 7i3)

. . 1 . . 1 . .
—=o1(m — i) Ti(m — ) — s02(n2 — 112) " Ta(m2 — 2) — s03(n3 — 113) T3(n3 — 13)

(5.141)

(5.142)

(5.143)
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Using (5.142), (5.141) can be simplified as

Vo < —kigly — kgl — ks — ka(wi — wi)? — ks(wa — wh)® — ke(ws — w3)®
—%m (m — i) T1(m — i) — %0’2(772 — 12) Ta(n2 — 2) — %(73(773 — #3) " T'3(ns — 73)
*%Ql)\lﬁl(& — &) - %Qz)\252(§2 — &) - 393)\3&3(53 —&)?
+%01771TF1771 + %02772TF2772 + %U3U§F3U3
+%)\191§1 + %)\29252 + %/\3Q3§3 + %5% + %53 + %5§
< —aVa+b (5.144)
where

11 1 1 1 1

= 2min{ki, ks, ks, ku, ks, kg, 201, =02, =03, =01, = 02, =
a min{ky, ko, k3, k4, ks, 6720172027203729172927293}
b = 501 Tym + 50212 Tone + 50313 I'sns + 551 + 552

1 1 1 1
~03+ =\ ) -
+505+ 3 10161 + 5 20282 + 2)\39353

As a result, V5 is bounded by V52(0) [49]. The detailed discussion for this result is given by
(5.74)-(5.78) in Section 5.2. Therefore, all the error terms in V5 are bounded.

Combining (5.113)-(5.115) with (5.124) and (5.143) yeilds:

w = —JuwaQ 47, = =& [—qel — TS+t — (k4 + ;) (w1 — w{)}
uy = Juw1Q+ 19 = gl = & [—qeg — 73 Sy + i} — (kz5 + ;) (wo — wg)}
uz = Ty =&z =& [—qeg — i3 S3 + & — <k6 - ;) (ws — w§)] (5.145)
from which the following control law can be derived
T$ & __QEl — 01 S1 +wf — (k‘4 + ;) (w1 — wi“) + Jrwa2
o= | aa- S+ ai - (ot g ) - wp)| - St
Ty & -—qeg — 72 S+l — (k:g + ;) (w3 — wg) (5.146)
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Using (3.8) , the motor speeds Q;, Q9, 3, and Q4 can be calculated by

WO+ Q24+ 02+03) = Uy

[ ~ .-k 1 *
bI(Q2 —02) — JowoQ = & |—qer — 7 S1 + W} — <k4 + 2> (w1 — wi)

[ ~ -k 1 *
bl(Q% — Q%) + erlQ = gg —({e2 — ngSQ +w2 — <]€5 + 2) (CL)Q — w2)

: A ) X *
B -5+ Q5—QF) = &3|—qes— 03 S5+ 5 — (/-cﬁ + 2) (ws — )| (5.147)

where W} and w; are given by (5.95) and (5.96).The block diagram of the adaptive fuzzy
backstepping controller with unit quaternion representation is shown in Fig. 5.26.

Qq 0 Fuzzy adaptive a,,d,,a
—p e ey Mg
QOQ: [ backstepping 0
m,,m,,m,| Attitude
— controller PWM | Platform w My My :
with — > M estimator
Wq i
quaternion Wy, 0, 0y
representation ”

Figure 5.26: Adaptive Fuzzy Backsteppig Controller with Unit Quaternion Representation

5.4.2 Experimental Results

Simulation results are also obtained for testing mathematical flexibility. However, in this
section, experimental results are directly presented in Figs. 5.27 - 5.29. The real platform
controlling method is similar to the backstepping controlling method, which is discussed in
Section 5.2. The gain coefficients are k; = 160, ko = 160, ks =6, k4 =7, ks = 7, kg = 650,
Fl = Fg = 0.001[9, FQ = 0.0001[9, )\1 = )\2 = )\3 = 1, 0] = 09 = 0.0001, g3 — 0.00007,
01 = p2 = p3 = 1. Before testing the whole system, the performance of the controllers for
the roll, pitch, and yaw angles are tested seperately. The experimental results are shown in
Fig. 5.27. As for the roll angle, it can be observed that the several sudden changes in the
roll angle appear from 0 to 500 seconds, which are caused by adding external forces to the
roll direction for creating some external disturbances and the roll angle settles down back
to the desired value quickly after the changes due to the action of the adaptive controller.
From 500 to 750 seconds, the setpoint for the roll angle was changed several times using the
remote control to test the response of the adaptive controller along the roll direction. Similar
tests were done to test the ability of disturbance attenuation of the adaptive controller for
the pitch angle from 0 to 500 seconds and to examine the step response of the adaptive
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controller from 500 to 950 seconds. As for the yaw angle, the step response was tested from
0 to 350 seconds and the disturbance test was conducted from 350 to 750 seconds.

The flying test results on attitude control are shown in Fig. 5.28 - 5.29. As shown in Fig.
5.28, despite some oscillations, it can be observed that the vibrations concerning ¢, 6, and
are controlled within a range of 10 degrees. Angular velocities are also within an acceptable
range which is shown in Fig. 5.29.

Roll
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Figure 5.27: Separate Tests with Adaptive Fuzzy Backstepping Controller
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Figure 5.28: ¢, 6, and 1 with Adaptive Fuzzy Backstepping Controller
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Figure 5.29: Angular Velocities with Adaptive Fuzzy Backstepping Controller



Chapter 6

Conclusion

6.1 Achievements of the Thesis

With the continuing development of high technology, the application field of UAV quadrotors
is also becoming increasingly widespread. However, at the same time, one issue that should
be considered is the stability of the controller. In this thesis, under the basic summarizing
of a quadrotor research situation, some work has been done in this thesis.

The coordinate system and flight principles are discussed to show how the quadrotor
flies. Three attitude representations are given in this thesis along with advantages and
disadvantages. As mentioned in Chapter 2, because the Euler angle representation has a
problem which is known as gimbal lock. So, the Euler angle representation is only used for
simulation to verify the possibility of mathematical procedure. To deal with this problem,
a unit quaternion representation is illustrated for its simple structure and computation
amount which are used for the experimental platform. As for the dynamic model, an Euler
Lagrangian formalism and a Newton-Euler formalism are introduced.

After the theoretical preparation, 4 controllers based on backstepping technique are discussed
to stabilize the quadrotor. At first, two nonlinear controller with Euler angle representation
are derived for testing theoretical feasibility and both of them are simulated. Because of
the drawback of gimbal lock, controllers based on unit quaternion representation are then
illustrated to solve this problem. When observing the dynamic model of the quadrotor, it is
shown that the quadrotor is an under-actuated and coupling system with various uncertainties.
Also, the measurement of inertial moments may possibly be inaccurate. An adaptive fuzzy
estimator is added to the back-stepping controller to estimate unknown nonlinearities and
unknown parameters. The fuzzy logic system consists of 9 fuzzy rules and there is no need
for obtaining the full knowledge of inertial moments. As the experimental results shown, the
attitude can be stabilized in a relatively satisfied range with the estimators. By comparing
the test results, it has been observed that both backstepping and fuzzy adaptive backstepping
controllers perform similarly.
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6.2 Future Work

After this thesis, a couple of future work can be done. Also, plenty of improvements can be
enriched to my thesis.

e Position controller design is also an important part of quadrotors. In this thesis, only
attitude design is studied. The position controller not only include x, y direction, but
also include the altitude control design. After that, the quadrotor can fly autonomously,
which is determined by the ground station without the remote control transmitter.

e With the comparison of 3 kinds of representations, the unit quaternion has its own
advantages. So, the position controller design need to be derived based on unit
quaternion and implemented on a real quadrotor platform.

e Though trapezoidal membership function is used in this thesis, a comparison can be
made to choose an optimal membership function. Also, more rules can be added to
the fuzzy logic system.

e In this thesis, the quadrotor is tested while flying indoors. So, the flight environment
is ideal, without extensive external disturbances. In the future study, external dis-
turbances can be taken into consideration to test if the quadrotor can be stabilized
outdoors by the designed controller.
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