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Abstract

Compared with the fixed—wing and rotor aircraft, the flapping—wing micro aerial vehicle
is of great interest to many communities because of its high efficiency and flexible maneu-
verability. However, issues such as the small size of the vehicles, complex dynamics and
complicated systems due to uncertainty, nonlinearity, and multi—coupled parameters cause
several significant challenges in construction and control. In this thesis, based on Euler angle
and unit quaternion representations, the backstepping technique is used to design attitude
stabilization controllers and position tracking controllers for a good control performance of
a flapping—wing micro aerial vehicle.

The attitude control of a flapping—wing micro aerial vehicle is achieved by controlling the
aerodynamic forces and torques, which are highly nonlinear and time—varying. To control
such a complex system, a dynamic model is derived by using the Newton—Euler method.
Based on the mathematical model, the backstepping technique is applied with the Lyapunov
stability theory for the controller design. Moreover, because a flapping—wing micro aerial
vehicle has very flexible wings and oscillatory flight characteristics, the adaptive fuzzy control
law as well as H, control strategy are also used to estimate the unknown parameters and
attenuate the impact of external disturbances. What is more, due to the problem of the
gimbal lock of Euler angles, the unit quaternion representation is used afterwards.

As for position control, the forward movement is controlled by the thrust and lift force
generated by the wings of flapping—wing micro aerial vehicles. To make the actual position
and velocity follow the desired trajectory and velocity, the backstepping scheme is used based
on a unit quaternion representation. In order to reduce the complexity of differentiation of
the virtual control in the design process, a dynamic surface control method is then used by
the idea of a low—pass filter.

Matlab simulation results prove the mathematical feasibility and also illustrate that all the
proposed controllers have a stable control performance.
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Chapter 1

Introduction

1.1 Overview of FW—-MAVs

A Flapping-Wing Micro Aerial Vehicle (FW-MAV) is one kind of the Unmanned Aerial
Vehicles (UAVs), which can achieve cruise, vertical flight and hover by periodic flapping—
feathering actions. Because of the small size, low energy consumption, and great flexibility
during the flight, the potential benefits of the FW-MAV have drawn a great deal of interest

from researchers to work on both system modelling and controller design.

Fig. 1.1 shows a famous program, called ENTOMOPTER [1], which is developed by Georgia
Tech Research Institute and University of Cambridge. It looks just like a butterfly and it
uses a Reciprocating Chemical Muscle (RCM) to drive its wings flapping at 10Hz frequency.

Especially, its legs can be a fuel tank and its tail can be an antenna.

Figure 1.1: ENTOMOPTER
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The vehicle in Fig. 1.2 is called MICROBAT [2], developed by Caltech and Aero Vironment.
Its weight is only 10g and it can fly for 46m in 18s with 20Hz flapping frequency. Especially,

it is actuated by a miniature motor and powered by a new high—energy battery.

Figure 1.2: MICROBAT

The smart bird developed by Festo company [3], shown in Fig. 1.3 is inspired by the herring
gull. The ultralight flying model possesses excellent aerodynamics and is extremely nimble,
and is able to take off, fly and land without an additional drive. In doing so, its wings
not only beat up and down, but twist in a specific manner, which is done using an active
articulated torsion drive [4]. During the flight, data such as wing positions and battery

charge status are continuously recorded and monitored in real time.

Figure 1.3: SMARTBIRD

Fig. 1.4 shows a new type of FW-MAV named ASN211 made by Aisheng Technology Group
Co., Ltd of China [5]. It is developed for scouting in military missions. It can be employed

at low altitude within short distance and equipped with imaging and data processing.
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Figure 1.4: ASN211

1.2 Characteristics and Applications of FW—-MAVs

An FW-MAYV can be considered as an aircraft with a small size within 0.15m and a light
weight of 0.05-0.1kg. The basic design objectives for an FW-MAYV are to achieve a flight
of 10km at a cruising speed of 30-60km/h and accomplish continuous navigation time of
20-60mins [6]. Besides these, an FW-MAYV should be able to fly independently and can
transmit images in real time. Actually, most of the existing FW-MAVs are able to fly
vertically and hover through the periodical flutter—twist movements of wings, which is the
biggest feature of an FW-MAV. Compared with the size of an FW-MAV, the capability of
flying for a long time reflects its high efficiency in a flight. Among all kinds of Micro Aerial
Vehicles (MAVs), the FW-MAV has a higher potential advantage over traditional artificial

aerial vehicles.

The features and advantages as described above make the FW-MAV demonstrate a better
performance in many special military tasks, especially in a more complex and dangerous

environment [7], [8], [9].

1) Low altitude flight: In the frontier areas, such as the Middle East, the FW-MAV
can achieve the visual flight and fly to the target in silence according to the commands
from ground headquarters. This capability is especially important for extreme unfamiliar
environments or high—risk military tasks, which can not only carry out the military plan but

also avoid the loss of personnel.
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2) Communication relay: In the organization of a campaign, a large quantity of FW-MAVss

can be deployed to make a local communication network disable temporarily.

3) Signal interference. Because of the small size, FW-MAVSs can also be deployed in areas
which are very closed to the radar and communication equipment of the enemy to paralyze

enemy’s communication systems.
In the civil applications, FW-MAVs have broad potentials as follows [10], [11]:

1) Physical and chemical detection: The continuous development of the modern industry
produces a series of disasters. FW-MAVs can be sent out to monitor some important areas,

such as the national forest.

2) Emergency treatment: In large cities, FW-MAVs can be used to provide information

feedback, such as the rescue effectiveness in the face of an outbreak of fire.

1.3 Bionic Mechanism of FW-MAV Modelling

The flight of an FW-MAYV is to simulate the flight principle of insects or birds, which means
the modelling is based on the bionic mechanism. Some achievements have been made during

these years.

Sane [12] constructed a quasi-steady state model by studying the rotational mechanism of
an insect. Sun and Wu analyzed the mechanism of the unsteady aerodynamic force [13], [14].
Based on a two—dimensional calculation of hovering and the experiments of the flapping
motion, Wang studied the problem of the unsteady aerodynamics and hydrodynamics at
low Reynolds number [15]. Besides, Lasek developed a mathematical model for a micro
flying insect with a wingspan of 8-10cm by decomposing wing movements into three actions:
flapping, lagging and feathering [8], [16]. In addition, Miller studied the hydrodynamics for

small insects in light and straight flaps [17]. Birch studied the mechanism of the dynamics
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and the shape of the air flow in the condition of both high and low Reynolds numbers [18].
Balint discussed the relationships between the wings’ kinematics and movement of the mustle
for large flies during their flights [19]. Furthermore, Dickson investigated the generation of
the dynamics when the wings of a Drosophila rotates with the constant angular velocity and

also analyzed the translational speed in the forward flight [20].

Based on the literature mentioned before, it is known that FW-MAVs fly at a low Reynolds
number and can generate lift and thrust forces by changing the motion of the wings [21], [22],
which means the wings of an FW-MAV are equivalent to the engine of a helicopter. In
addition, during the flight, the driving forces on the body generated by the wings are
produced by the combined actions of flapping and feathering, which can accelerate the air.
In one cycle, the flapping of the wing is made up of the down and up motions. During the
down flapping, the front edge of the wing is turning down, and its rotational velocity first
increases and then decreases, while during the up flapping, the front angle of the wing is
twisting upward, and its rotational velocity first decreases and then increases. In this way, a
forward momentum is generated whenever it is down or up, which not only balances the air
resistance of the body, but also enables it to get a forward driving force [23]. Moreover, the
lift of the body produced by the wings is positive during the down flapping while negative
in the upward motion. The average value of the lift is positive in one cycle due to the fact
of time for down flapping is greater than time for up flapping. That is the fundamental
reason why an FW-MAV can perform various flight movements in the air just like birds or

insects [24].

1.4 Attitude Control

Unlike fixed—wing vehicles, the FW-MAVs cannot be controlled by elevators or rudders.
However, it controls its attitude and trajectory by adjusting movements of its left and

right wings directly or indirectly [25]. Because an FW-MAV flight motion control system
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is nonlinear, contains uncertainties, and is subject to various disturbances, it is difficult
to achieve control objectives by linearizing the system first and then controlling it using
linear controller design methods. For control of this kind of high—order nonlinear systems,
researchers have carried out pioneering work for many years and achieved many fruitful

results.

For nonlinear system control, backstepping has become a widely used technique. It can be
used to construct a nonlinear controller step by step and a virtual controller is constructed at
each step. The only restriction that backstepping requires is that the system in consideration
has to be in a strict feedback form. It is mainly used to solve a nonlinear adaptive control
problem [26]. Zeng and Sepehri employed the adaptive backstepping method for hydraulic
manipulators [27]. For a class of nonlinear systems, Li and Dimirovski proposed a robust
backstepping method [28]. The backstepping method requires differentiation of virtual
controllers and the highest order of the differentiations is the same as the order of the system.
Therefore, with the increase of the order of systems, the complexity of the controller designed
by backstepping increases rapidly, which may cause the explosion of the differentiations. To
solve these problems, a Dynamic Surface Control (DSC) method is proposed in [29]. This
method approximates derivatives with low pass filters, hence the differentiation of virtual
controllers is avoided. One of the important problems of DSC is how to ensure the instability
caused by filtering in the iterative process. The DSC backstepping was used to control a
hypersonic flight model in [30]. The outstanding characteristic of this research result is to

form a new attitude error equation by introducing a special coordinate transformation.

There are some uncertain and time—varing parameters in an FW-MAV, so adaptive control
which is an important nonlinear control technique, is also used in controller design for the
FW-MAV [31-34]. By on-line identification, the model of the system is getting closer to the
reality. In [35], a dynamic model with the consideration of the uncertain parameters and
external disturbances is used. Based on this model, an adaptive robust controller is proposed

to achieve a robust performance. In the experiments, the proposed control algorithm was
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applied on a 7.5g¢ FW-MAYV with the wings flapping at a frequency of 30Hz, which showed
an excellent tracking for various wing trajectories with different amplitudes, bias, frequencies,
and split—cycles. According to the experimental results on various models of the wings, it
is shown that the adaptive robust controller is able to adapt to unknown parameters and
has almost no performance degradation across different wings. In addition, the author also
compared the results of the adaptive robust controller with those of open—loop system or

classical Proportional Integral Derivative (PID) controllers.

In addition, some effective adaptive control laws with less restrictive conditions, simple
algorithm and strong robustness have been proposed recently, such as the neural network
adaptive control and sliding mode adaptive control [36]. In [37], the researcher worked on
the attitude and position control of an FW-MAV by using the neural network control with
full state and output feedback. This method was designed to estimate the uncertainties
in the FW-MAV dynamic system and enhance the system robustness. Meanwhile, the
disturbance observers were designed, which are used on the FW-MAYV system by feedforward
loops to attenuate the external disturbances. As for the analysis of stability, a Lyapunov
function is applied and the semi-global uniform ultimate boundedness of all state variables
is guaranteed. To make sure the proposed controllers have a better performance and possess
potential applications, the simulation results are shown at last. In [38], a fuzzy neural
network strategy for the attitude control of an FW-MAYV was presented. The author showed
that the fuzzy neural network controller can be used on an FW-MAV by adjusting its
mid-stroke angle of attack and the start time of flapping. The simulation demonstrated a
stable flight performance in hover stabilization. In [34], an adaptive sliding mode controller
was used for an FW-MAV, which not only has a good robustness for uncertainties in the
mathematical model, but also solves a conventional chattering problem of the sliding mode

control.

Due to unavoidable disturbances, Ho, control has been used recently for controlling FW—

MAV systems. In [39], a global adaptive Hs, control strategy was proposed based on
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Lyapunov function instead of solving the Hamilton Jacobi Isaacs (HJI) partial differential
equation. This method overcomes the impact of time—varying parameters and unknown
disturbances in the dynamic model of FW-MAVs. In the end, the simulation results are

used to support the effectiveness of the control strategy.

Besides, some other methods are also used for the attitude control of FW-MAVs. The DSC
strategy is used in [30], a bounded state feedback control method was proposed based on

unit quaternion representation in [40], and a linearization method is applied in [41], [42]

and [43].

1.5 Position Control

The aim of controlling an FW-MAV efficiently is to replace conventional aircraft in some
extreme fields, such as the shrubs and buildings, which means not only the attitude control
but also the position control is necessary. For position control, Sane analyzed the mechanism
of lift and resistance forces of the insect wings and studied the problem of controlling the
driving force of its wings [12]. Besides, University of California, Berkeley has done a lot
of research on control technology. Yan and Wood first proposed a scheme to obtain the
force and trajectory of wings for the control of the flapping motion [44]. On this basis, the
aerodynamics and control equations of wings are established by Schenato to calculate the
forces and moments generated from the wings. From the theoretical analysis, the lift and
forward thrust can be adjusted by changing the parameters of wings to achieve forward and
hovering motion. In his experiments, the paths of the complex task can be followed through
a series of simple flight modes and control strategies [45] and [46]. Based on these force
analyses, an adaptive sliding mode technique based on a dynamic model with 6 degrees of
freedom was used for position control by Afshin and Neda [47]. The controller was designed
so that the closed—loop system can follow the desired trajectory and tested by the simulation

results. In [48] and [49], a yaw controller was proposed to control the position and a magnetic
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suspension and balance system was used to measure the external forces and moments acting

on the model.

1.6 Research Motivation

Compared with fixed—wing and rotary aircraft, FW-MAVs have been a large domain of
exploration recently [39]. To describe an FW-MAV more accurately, the dynamic model
based on Newton—Euler will be adopted first. In order to avoid the singularity problem of

the Euler angle representation, a unit quaternion representation will be used as well.

With some ideas coming from [50] [51] and [52], the backstepping technique will be proposed
for attitude control in this thesis. Different from them, the adaptive fuzzy control law and
H, strategy will be added to estimate the unknown parameters and attenuate the impact

of external disturbances separately.

Under the influential theory development in [40], [53], and [54], the backstepping technique
will also be used for position control based on a unit quaternion representation. In order
to solve the problem of the high—order differentiations of virtual controllers, the dynamic

surface control is used as well.

1.7 Thesis Outline

In this thesis, Chapter 1 provides an introduction of FW-MAVs, system modelling, attitude
and position control. Chapter 2 analyzes the mechanism of the quasi—steady state aerody-
namic forces and torques of an FW-MAYV and provides the fuzzy universal approximator.
The relevant coordinate systems for an FW-MAYV is introduced and the rotation matrices
between coordinate systems are given. Chapter 3 illustrates the method of Newton—Euler to
describe dynamic models. In Chapter 4, several controller techniques for attitude control

are proposed with the corresponding simulation results. Chapter 5 devotes to the controller
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design for position control, such as backstepping technique and DSC method. The controllers
are tested by the simulation results. Finally, Chapter 6 gives a summary of this thesis and

suggests some future research work.



Chapter 2

Background and Preliminaries

2.1 Flight Mechanism for FW-MAV

Through experimental and theoretical analysis, it is found that the reason why insects can
have high lift is mainly attributed to the quasi—steady state or unsteady aerodynamics. The
quasi—steady state aerodynamic mechanism mainly includes the followings: flutter—torsion
mechanism, leading—edge vortex and delayed stall, rotational circulation and wake capture,

etc [55-58], which are explained in details below.
2.1.1 Flutter—Torsion Mechanism

In the 50’s, Fogh summarized a quasi—steady state lift generation mechanism from the
observation of bees. As the bee’s wings move upwards to the highest point, the wings rotate
in the opposite direction and the two wings begin to separate. As a result of the rapid
separation of movement, the wings form a funnel-like space which caused inward intrusion
of air flow. In this field, the rapid flow of air forms a local low—pressure region, which further
speeds up the air outside the wings to move to the wings. Due to the fact that the lift caused
by vertically flapping is much greater than the gravity, the strength of the low pressure area
is increasing. When the separation movement is relatively stable, the two wings remain in

relatively translational motion until completely separated. The waving process is shown in

11
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Fig. 2.1.

Figure 2.1: Flutter—Torsion Mechanism

2.1.2 Leading—Edge Vortex and Delayed Stall

When the wings flutter at a certain angle of attack, a pressure-changing surface is formed
at the leading edge of the wings’ surface. The air flowing from the wing root to the tip
begins to separate from the leading edge of the wing and gradually forms a Leading—Edge
Vortex (LEV) [12,26,55,56,59].This vortex structure changes very quickly and starts to
rotate in a two—dimensional plane. The wing surface starts to form the low—pressure area,

which enhances the lift.

The constant change of the angle of attack of a fixed—wing vehicle will lead to the increase
of the LEV. The vortex structure of the wing surface begins to diverge and moves backward
rapidly. Finally, it falls off on the trailing edge. This process is usually called delayed
stall. Through experiments [55], Ellington observed the process of the whole formation
and disappearance of the vortex. The experimental results show that the high frequency
motion of the wings makes the translational motion complete quickly, thus the wing LEV

has not fallen off the wing surface before stall and the delayed stall has a great effect on the
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formation of the lift [59].

2.1.3 Rotational Circulation and Wake Capture

The bee’s wing flutter can be divided into four stages. The process comprises two translational
motions (up and down) and two rotational motions. In the 90’s, Dickinson designed a flapping—
wing simulation device. The whole system is an airtight environment of an oil seal. The
wing model moves in the oil seal environment and records the body’s aerodynamic force in
real time. It is found that there are two unique lift peaks in the lift during the flapping cycle
of the wings. The first lift peak occurs at the beginning of the translational motion, and
then the peak disappears rapidly. The measured value of aerodynamic force continues to
remain roughly unchanged according to the linear rule. The second lift peak occurs at the
end of the downward translational motion. In [57,58,60], Dickinson explained the two lift
peaks by using rotational circulation and wake capture. Rotational circulation explains the
lift peaks [61] at the end of the upper and lower processes while the wake capture explains
the lift peaks at the beginning. The flapping process of the wings is shown in Fig. 2.2. The
experimental results show that the average value of the lift peak is about 30% of the total

lift [14,62]. The two quasi-stable state mechanisms are very important.

2.2 Description of Coordinate Systems

To describe the attitude and position of FW-MAVs, it is necessary to establish proper
coordinate systems. In this thesis, it is assumed that the wings of FW-MAV have two
degrees of freedom. In this section, the coordinate frames used in this thesis are defined and
transformation between coordinate frames as well as three different attitude representations

are also discussed in details.



2.2. Description of Coordinate Systems 14

Figure 2.2: Flapping Process of Wings

2.2.1 Definition of Coordinate Systems

In this subsection, several coordinate frames are defined, as shown in Fig. 2.3.

Figure 2.3: FW-MAV Coordinate Systems
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Ground Coordinate System OXY Z

Ground coordinate system is also called the inertial frame. The axis OX is on the horizontal
plane, pointing to the north. The axis OY is perpendicular to the horizontal plane, pointing
up. The axis OZ is perpendicular to the other two axes and forms a right-hand coordinate

system.

Body Coordinate System oxyz

Body coordinate system is also called the body frame. The origin o is the center of mass of
the FW-MAV. The axis ox is oriented from the tail to the head of the FW-MAV. The axis
oz is oriented from the left wing base to the right wing base. The axis oy, together with the

axis or and the axis oz, forms a right—hand coordinate system, pointing up.

Velocity Coordinate System ox,y,2,

The origin o is the instantaneous center of mass of the FW-MAV. The axis ox, is the same
as the translational velocity vector of the FW-MAV. The axis oy, is in the vertical symmetry
of the body and perpendicular to the axis ox,, and the axis 0z, is perpendicular to the other

two axes and forms a right—hand coordinate system.

Right—Wing Coordinate System o,x,y,z,

The coordinate origin o, is located at the root of the right wing. The axis o,z, is parallel to
the wing chord, from trailing to leading edge. The axis o,y, is vertical to the wing plane,
pointing up. The axis o,.2,, together with the axis o,x, and the axis 0,y;, forms a right—hand

coordinate system.
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Left—Wing Coordinate System o;z;y;2;

The coordinate origin o; is located at the root of the left wing. The axis o;x; is parallel to the
wing chord, from trailing to leading edge. The axis o;y; is vertical to the wing plane, pointing
down. The axis 0;2;, together with the axis o;x; and the axis o;y;, forms a right—hand

coordinate system.

2.2.2 Transformation between Coordinate Systems

Transformation matrices among the coordinate frames are discussed in this subsection.

From Inertial Frame to Body Frame

To describe the relationship between the inertial frame and body frame, there are three

different methods which will be introduced as follows.

e Rotational Representation

A rotation matrix, is also called Direction Cosine Matrix (DCM), which is one of the
most popular representation methods commonly used in robotics. Assume that R
represents a rotation from the inertial frame I to the body frame B. The following
three basic rotation matrices represent the rotations about x, y, and z axes by 6, v,
and -, respectively.

[ 1 0 0
R, = 0 cosf sind
| 0 —sinf cosd

[ cosyp 0 —singy

R, = 0 1 0
| siny 0 cos®
[ cosy siny 0
R, = —siny cosy 0 (2.1)

0 0 1
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The product of these three rotation matrices become a rotation matrix, which is given

by
R=R,RyR.
cosy siny 0 costy 0 —sing 1 0 0
= —siny cosy 0 0 1 0 0 cosf sinf
0 0 1 sinyy 0 cosvy 0 —sinf cosf

cosycosty cosfsiny + cosvysinfsiny sinfsiny — cos f cosysiny
= —cosysiny cosfcosy —sinfsinysiny cosysind + cosf sin -y sin Y
sin v —cossinf cos 6 cos

The rotation matrix has the following properties with I3 being an identity matrix.

RTR = RRT = I3,det(R) = 1 (2.2)

e Euler Angle

A more common method of specifying a rotation matrix in terms of three independent
quantities is to use the Euler angles. Generally, the orientation of the FW-MAV can
be defined by v, 6 and v, which are also named as the roll, pitch and yaw. There
are 12 sets of Euler angles: xyx,xzz, yxy, yzy, 222, 2y2, TYZ, T2Y, YTZ, YZT, ZLY, 2YT.
While in this thesis, the orientation is obtained by the rotations about y, z, and =
axes by 1, 0, and -y, respectively. With respect to the inertial frame, the orientation is

defined in Fig. 2.4. The relationship between the inertial coordinate system and body

Figure 2.4: Definition of Euler Angles
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coordinate system based on Euler angles is shown in (2.3).

x X X
y | =L(NLO)L() | Y | =L(v,0,¢) | ¥ (2.3)
z A A
with
L(v,6,%)
cos 0 cos ) sin 6 —cosfsiny
= sinysiny — cosycostsinf cosfcosy cossiny + cosysinfsin
cosysiny + cosysinfsiny —cosfsiny cos~ycosy — sinfsin -y sin ¢
and
[ 1 0 0
L(vy) = 0 cosy siny
| 0 —siny cosvy

cosf sinf 0

L) = —sinf cosf 0
0 0 1
[ cosy 0 —siny
L) = 0 1 0
| siny 0 cos

e Unit Quaternion Representation

Although the Euler angles have a clear physical meaning, it does have an inevitable
disadvantage, such as the singularity problem or the gimbal lock, which makes a unit
quaternion presentation become more popular. A unit quaternion is represented by a

vector with four components, which can be expressed as follows:

q0

_|4q | _ | ¢1
Q_[q}_ " (2.4)

q3

where Q € R* represents the quaternion, ¢ € R? is the 3 x 1 vector, ¢y € R denotes

the scalar part.

The unit quaternion can also be written as

Q= [ cos g } (2.5)

k:sm§
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which represents a rotation about an arbitrary vector keR3 by a given angle 6.

The physical meaning of the quaternion is to change the orientation of a vector and
scale the length [21]. The mathematical properties of the quaternion representation

are introduced below, which will be used in the controller design.

The length of the unit quaternion is one as shown in (2.6).

G+da=ad+ad+dé+a=1 (2.6)

The inverse of a quaternion is defined in (2.7).

Q' = [ “ ] (2.7)

The norm of a quaternion is defined by

lall = /@ +a} + 3 + & (2.8)
The multiplication of the two quaternions is given by (2.9).

T
qopo —q° P
OP= 2.9
@ [CIOP-FPOCH-QXP (29)

where ® denotes the quaternion multiplication.
Based on the unit quaternion representation, the rotation matrix from the inertial
coordinate system to the body coordinate system is given as follows.

—2¢3 —2¢3 +1 2q0q3 +20102  2¢1¢3 — 24092
R(Q)=| 2q1g2—2q0q3 —2q7 —2¢3+1 2qoq1 + 2q293 (2.10)
200q2 + 20193 2¢2q3 — 2qoq1  —2¢3 —2¢5 + 1

From Wing Frame to Body Frame

The left and right wings of an FW-MAV is symmetric, so in this section, the transformation
from the left wing to the body frame is discussed only. The wing of the FW-MAYV has two

degrees of freedom: flapping and feathering. In order to describe the relationships between
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Figure 2.5: Flapping and Feathering Angles of Wings

the wing frame and body frame, two angles are defined in Fig. 2.5. The feathering angle ¢
defines a rotation of the wing about its main axis 0;z;. The feathering angle is positive if

the rotation is counterclockwise about its main axis.

Flapping angel ¢; defines an up and down movement of the wing. It represents the rotation

around the axis o;x; and is positive if the rotation is counterclockwise about its main axis.

The rotation matrix L(gy, ¢;) from the body frame to the left wing frame can be obtained

by multiplying the rotation matrices about the axes oz and ox by ¢; and ¢;, that is,

x T
| = Ll@)L(d) | v
21 z
[ cosp;  sing; 0 1 0 0 x
= —sing; cosy; 0 0 —cos¢; —sing; Y
i 0 0 1 0 sing; —cosd¢y z
[ cosg;  —cos¢ysing;  — sin ¢y sin g x
= —sing; —cos@;cosp; — cosp;sin @ Y
i 0 sin ¢ — oS ¢ z
T
= Llgud) | y (2.11)
z
or for clarity,
cosy; —cos@sing; —sin ¢;sin gy
L(pi, @) = | —sing; —cosgpcosp;  — cos gy sin ¢y (2.12)

0 sin ¢ —cos ¢
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Similarly, the rotation matrix L(p,, ¢,) from the body frame to the right wing frame can be

given by
[ cosp, sing, 0 1 0 0
L(or, ) = —sing, cosg, 0 0 cos¢, sing,
i 0 0 1 0 —sing, coso,
[ cosp, sing,cos¢, sin, sin @,
= —sing, cos @, CcosP, COosp, sin @, (2.13)
i 0 — sin ¢, COSs ¢

From Velocity Frame to Body Frame

The rotational matrix between the wing frame and the body frame can be determined by
two angles: the angle of attack of the body a3 and the angle of sideslip S8. « is positive if
the head of the FW-MAYV is downward, and ( is positive if the inflow flows to the FW-MAV

from the right side.

The rotation matrix L(ap, 8) from the velocity frame to the body frame can be given by

cosapcos B sinap — cosapsin S
L(ay,B) = | —sinapcosf cosap  sinapsin 8 (2.14)
sin 3 0 cos 3

2.2.3 Fuzzy Universal Approximator

A Fuzzy Logic System (FLS) consists of four parts: the rule base, the fuzzifier, the fuzzy

inference engine, and the defuzzyfier.

A fuzzy rule base is a set of fuzzy IF-THEN rules, which are

RE . IF 2y is A’f and ... and z, is A*¥ | THEN yis B*, k=1,... N,

where AF and B* are fuzzy sets in U; € R and V € R, respectively, and 2 = (z1, ..., 2,)7

€ U and y € V are the input and output linguistic variables of the fuzzy system, respectively.

According to the fuzzy theory [60], by using the singleton fuzzyfier, product inference engine,
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and center average defuzzyfier, the output of a FLS can be written as follows:

N n
yk(H H Ak (zi))
=1 (2.15)

n

o5
D)

k=1 i=1

k

y:

where ¢ is the maximum value of p g (y).

In this thesis, the following trapezoidal membership function is used to reduce the computa-

tion burden.
0, z<aorx>d

I—2 o<z <b

. — b—a’
M(x7a7bacvd) - 17 beSC (216)
=t c<x<d
Define
[Tz par (i)
(o) = ——— A k=1,2,.,N (2.17)
2=t Iz KAk (i)
Then, (2.16) can be rewritten as
y = () (2.18)

where ¢ = [y1, -+ ,yn]" and £(z) = [G(2), - En(2)]T.

It follows from the universal fuzzy approximator [46] that any continuous functions can be

estimated by the following fuzzy logic system
y=clé(x)+0 (2.19)
where § < dpax 1S the approximation error with dp.x denoting a positive constant.

In this thesis, the fuzzy membership function are defined as follows

E=[6 & & & & & & & & (2.20)
where o ; )
L= B ( ),uN(W)’g2 N )[l;z("/)753 N )DMP(W)
& = ltz(e)gN(’Y)’g2 _ Mz(e)[l;z(v) £y = pz@)pp(y) (2.21)

, D
& = #P(9)ZI;N(’Y)’§2 _ MP(9%LZ(V)7§3 _ uP(9)D#P(V)
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with

D = pn@)pn(y) +pn@)uz(y) + un(@)pp(y)
+uz(@)pn(v) + pz(@)pz(y) + pz(0)mp(y)

+up(@)un(y) + pp@)nz(y) + pe@)up(y) (2.22)

The fuzzy sets N, Z, P defined for § and  are shown in the Fig. 2.6 and Fig. 2.7

Figure 2.6: The Fuzzy Sets for 6

L J

Figure 2.7: The Fuzzy Sets for ~
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The fuzzy rule base is given as follows:

Rl
R2

R3

RY:

:IF e N,ye N, THEN y € B!
:IF § € N,y € Z, THEN y € B2

:IF e N,ye P, THEN y € B3

IF 0 cZ,veN, THEN y ¢ B*

:IF0cZ,vecZ THENyc B°

:IF0cZ,vyeP, THEN y ¢ B®
:IF e P,ye N, THEN y € B”
:IF0cP,veZ, THEN y ¢ B®

:IF§cP,ve P, THEN y € B



Chapter 3

FW-MAV Dynamics

The accurate dynamic model is necessary for the purpose of the controller design of an
FW-MAV. In addition, a couple of factors need to be considered as well, such as external
disturbances, the aerodynamic effects, and so on. Hence, in this thesis, based on the
Newton—Euler formalism, a mathematical model is developed to describe the dynamics of an
FW-MAV. In order to solve the problem of gimbal lock, the dynamic model with quaternion

representational is also given.
3.1 Analysis of Forces and Torques

According to the previous analysis, the FW-MAV can be controlled by three Euler angles,
roll ~y, pitch 6, and yaw v, which define the orientation of the FW-MAV. The Euler angles

can be controlled by adjusting the flapping and feathering angles of the wings.
3.1.1 Force Analysis for the FW-MAV

Before applying the principle of bionics to analyze the force and moment for an FW-MAV,

the following assumptions are made to simplify the analysis.

Assumption 3.1. The body of the FW-MAYV is assumed to be a rigid body with the mass

25
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evenly distributed.

Assumption 3.2. The wings are assumed to be made with thin and smooth materials so that
the mass and thickness of the wing and the friction caused by the relative motion between

the wings and air can be ignored.

Force on Body Frame

There are three kinds of forces acting on the body of an FW-MAV: aerodynamic force R,

gravity force G, and driving force from wings f.

The aerodynamic force [53] can be calculated by

Ry D —Lc, V28,
R=| Ry |=| L |=| 5¢V3 (3.1)
R, S %czVQSb

where p is the density of air, V' denotes the speed of the body of the FW-MAV | S, represents
the body area of the FW-MAV, and ¢, ¢, ¢, are the resistance, lift and side force coefficients
of the body of the FW-MAV, respectively, which are dimensionless and can be calculated
by ¢; = 2cos? a, ¢, = sin(2a), ¢, = —sin(28) with o and 3 being the angle of attack and

sliding. Here, D, L, and S are called drag, lift, and sliding forces, respectively.

The gravity force G' can be determined by

Gx 0
Gy | =| —mg (3.2)
Gz 0

where m denotes the mass of the FW-MAV and g represents the gravitational acceleration.

The driving force from wings

Generally, a thin and smooth texture shall be applied onto the wings of the FW-MAV,
therefore, the friction generated on the wing surfaces during the movement can be neglected.

Therefore, the instantaneous aerodynamic force acting on a wing surface can be determined
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by Fr = Fy + Firans + Frot + Fue, where Fy is the force due to added mass, Firqns is the
translational force generated from the delayed stall, F)..; is the rotational lift force generated
by the interaction of translational and rotational motion of the wings, and F,,. is the capture

force from the tail.

The capture force from the tail F,. is the force generated by the interaction with the air
flow in the previous period when the movement of the wings is changed. It is an unstable
force and can improve the lift force of the wings. Actually, the experiments [53] prove that
the lift force generated by the capture force F,. is small so that it can be neglected in this

thesis.

When the wings speed up through a fluid, there is an additional force F, acting on the
FW-MAV, which is equivalent to add an extra mass [53], and can be determined by
p7T .. Ry . Ry 1 Ry
F,= e (gf) singp/ re(r)?dr 4+ ¢ cos go/ c(r)?dr + 4@/ c(r)3dr) (3.3)
0 0 0
where R, is the wing length, r denotes the distance from the wing base and ¢(r) = 0.7R,,

represents the chord length of the wing at r, shown in Fig. 3.1. The delayed stall force is

0 ' aﬁ; -

c(r)

Figure 3.1: The Surface of Wings
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also named as the translational force, which is a stable force. This force is composed of the
lift force and the resistance force, whose directions are vertical and opposite to the direction
of speed, respectively [40]. Its direction is normal to the wing and its magnitude can be

determined by
dFirans = Clgd)lrzc('r)d'r (34)

where C [7] is the coeficient of translational force and can be approximated as C1 = £ |a

with a being the angle of attack. The angle of attack can be calculated as follows:

B 1 [up (rt) T T
o = tan~? [Ut(r’t)]sgn(ut),—<a<2 (3.5)

where u,, (r,t) and uy (r,t) are the components of the total flow velocity @ (r,t) = up (r,t) +

r(rt) = or + Cyc(r)p normal and tangential to the chord of the wing, which are given by

Up (1, 1) = Che(r)p + ¢rcosp (3.6)

w (r,t) = rsing (3.7)
with Cy = 0.57 [39] being the coefficient of the rotational force.

If the wing rotates about the feather axis (0;2; or o,z,) with an angular velocity ¢, a

rotational circulation force is generated, which can be represented by

dFrot =

D

<2C1ngb¢} cos pre(r)? + C’22gb20(r)3> dr (3.8)

Overall, the total force acting on the wings derived through a trigonometric transformation

can be computed by

dF, dFpcos¢
dfr = | dF, | = dFy, (3.9)
dF, dFp sin ¢

where

dFp = (dFirans oS ¢ + dFyor cos @) cos a« — dFypqns sin ¢ sin o (3.10)
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dFy, = (dFrans €0s ¢ + dFyop cos @) sin a — dFypqns Sin ¢ cos « (3.11)

The above force analysis of the wing is on a single wing. An FW-MAV has two wings which
are symmetrical with respect to the body, therefore, the forces from the left and right wings
of the FW-MAV should be calculated separately. From (2.12) and (2.13), the total driving

force from the wings can be transformed to the body frame as follows:

[z cosp;  —siny;cos@;  sin g sin @ T Fll) cos ¢y
f = fy | = | —sing; —cosgcosg; cossing; Fé
I 0 — sin ¢y — cos ¢y F]lj sin ¢
cosp,  Siny,cos@, sin, sin @, r F7, cos ¢y
+ | —sing, cosp,cos@, oS, sin @, Fy (3.12)
0 — sin ¢, cos ¢ —F} sin ¢,

3.1.2 Moment Analysis for the FW-MAV

The torque on the body of an FW-MAYV is composed of three parts: the aerodynamic torque
of the body, M}, and driving moment of the wings, M,,, and the uncertainties of moment,

M, .

Moments on the Body Frame

The general expression for the aerodynamic moments of the FW-MAV with respect to the

velocity coordinate system [53] is indicated as follows:

Mbm; %meQSbl
My, | = | 5my V2S5l (3.13)
szv gsz2Sbl

where m;, m, and m_ are the dimensionless rolling, yawing, and pitching moment coefficient

of the FW-MAYV, and [ is the length of the FW-MAV, which is equal to the length of the
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wing. According to (2.14), My, can be written as

My, Mz §V2Sbl (my cos accos B + my sin v — m, cos asin 3)
My, | =L(a, B) | Muyw | = | 5V2Syl (—mg sinacos B+ my cos a + m asinsin 3)
M,. My LV2Syl (my sin B + m. cos 3)

(3.14)

Moments on the Wing Frames

According to [53], [7] and the force analysis given previously, the moments generated by the

wings with respect to the body frame can be obtained by

dMz —dF£ Cos ¢y dF7} cos ¢,
dMy, = dey = L(SOZ)L(QbZ)wa dFlD + L(SOT)L(QZ)r)wa —dFB
dM,- dF} sin ¢ —dF},sin ¢,
(3.15)
c\r T‘3
with 7 = Ié%u)sb .

During the flight, the positions of the centers of wings will change slightly and the aerodynamic
parameters of the wings such as the coefficients C and Cy will vary as well when an FW—
MAV flying. Therefore, the uncertainties of moments, which caused by such variations in the
centers of the wings and in aerodynamic parameters should be considered when designing an
attitude stabilization controller. Let My = [ Mg, Mgy Mg, ]T denote such uncertainties.

Therefore, the total moments on the body of a FW-MAV can be written in (3.16).

Mac be Mw:c Md:p
My | = | My | + | My | + | My (3.16)
Mz sz sz MdZ

T
where [ My, Muy Mz |7 = [ % Mygdr {5 Myydr [ Myodr |

In fact, the control of the FW-MAV’s position and orientation is ensured by the aerodynamic
forces and torques applied to the body over a wingbeat period [7]. The attitude stabilization
of the FW-MAV can be ensured by the roll, pitch and yaw control torques (71, 72, and 73),
while the forward movement of the FW-MAYV is generated due to a thrust control force f,

and vertical movement due to a lift force f,.
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The thrust and lift force as well as three torques are generated by four angles of the wings,
which are the feathering angles and flapping angles: ¢;(t), ¢, (t), ¢1(t), ¢ (t). Based on the
biologic facts and some existing literatures 7,40, 45], the kinematic equations for wings can

be written as follows:
@i(t) = @rsin(2rft — X;)
or(t) = —prsin(2mft — Ay)
d1(t) = —dp cos2m ft — A¢y
¢r(t) = —pRrcos 27 ft + Aoy

where @1, R, ¢r, and ¢p are the amplitudes of the feathering and flapping angles, A¢;

(3.17)

and A¢, are the offsets of the flapping angles, f is the wing-beat frequency, and A;, A\, are
the phase shifts between feathering and flapping. According to [63], in order to produce
the lift force in hover flight, wings have to flap in a large amplitude, that is, increasing the
amplitude of flapping angle can generate bigger lift force. Also, the feathering angle should
be negative to generate positive horizontal force. Finally, a positive pitching moment is
generated by the amplitude of flapping being larger in front of the center mass than behind
it. In [64], according to the biological principles, for most insects, the aerodynamic force
can be reduced by lowering of the amplitude of the inside wing and shortening the stroke.
Therefore, the rolling moments are generated by asymmetric lift force and the yaw moments
are also produced through asymmetric thrust force. As for the dynamic model in this thesis,
by doing the simulation between the forces or torques and o1, g, ¢r, and ¢g, the following
relationships can be verified. By increasing ¢y, the aerodynamic force on x axis will decrease,
while on y and z axes will increase linearly. By increasing pg, the aerodynamic force on y
axis will increase, while on z and z axes will decrease linearly. Both ¢ and ¢gr will not
influence the torques. In addition, by adjusting ¢, and ¢g, both aerodynamic forces and

torques will change non-linearly. All the simulation results are shown in Appendix C.
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3.2 Dynamic Model for Attitude with Euler Angles

The rotational velocity of the FW-MAV around the body frame axes based on the body

coordinate system can be written as follows:
Q = Big + iy + iy (3.18)

where 6 is the rate of change in the pitch, ¢ is the rate of change in the yaw, 7 is the rate of

change in the roll, ig, iy, and i, are the unit vectors in the pitch, yaw, and roll, respectively.

Let the body coordinate system rotate according to the right—hand rule. Then, accroding
to [53], the rotational velocity or angular speed with respect to the inertial frame can be

determined by

w, = A+sinf (3.19)
wy = Bsiny+vcoshcosy (3.20)
w3 = Bcosy —1coshsiny (3.21)
which is equivalent to
w1 0
w | =GO, | ¥ (3.22
ws 0

0 sin 6 1
where G (0,7) = | siny cosfcosy O
cosy —cosfsiny 0

The kinematic equation of the center of mass can be written as

dv av
mes=m(— QX V)=F (3.23)

where m is the mass of the FW-MAV, the translational velocity and rotational velocity are

defined by

V o= Vii+ Vaj+ Vik (3.24)

w = wii+wj + wsk (3.25)
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with 4, j, k representing the unit vectors of the axes OX, OY, OZ, respectively. The absolute
acceleration of the FW-MAV is

av . ) )
— = Vi + Voj + Vak (3.26)

The relative acceleration can be written as

Q x V = (VgLLJQ — VQWg)i + (V1w3 — ngl)j + (ngl — Vﬂx)g)]{ (3.27)

According to (3.25), (3.26), and (3.27), the following equations can be derived.

F, = m(‘:ﬁ + Vawa — Vows)
F,= m(‘/Q + Viws — Vaws) (3.28)
F, =m(V3 + Vaw; — Viws)

where F,, I, F, are the projections of the total force of the FW-MAV on the axes.

According to the theorem on the moment of momentum, the following equations can be
obtained.
. . dH
M:Matz—l—My]—}—Myk‘:E—i—wa (3.29)
where H is the moment of momentum, which can be written as follows

H = Jw = Jywii+ Jywaj + Jowsk (3.30)

with the moment of inertial J being defined by

J 0 0
J=10 J, 0 (3.31)
0o 0 J,
w X H can be expressed as
wx H = (J; = Jy) wswai + (Jy — Jo) wiwsj + (Jy — Jz) wiwak (3.32)

Substituting (3.30) and (3.32) into (3.29), the following equations can be determined.

M, Jpin + (JZ — Jy)W3WQ
My = Jng + (Jx — JZ)W1W3 (3.33)
M, Jows + (Jy — Jx)WU.UQ
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Substituting (3.16) into (3.33) and solving it for the derivative terms, the following dynamic

equations can be derived.

g &
W [\v) Ll

Il
-

[(Jy - Jz)w3w2 + Mpy + My + Mda:]
[(Jy — Jp)wiws + My + My + Mdy] (3.34)
[(Jx - Jy)wlw2 + sz + My + Mdz]

e

Solving (3.19)-(3.21) for 6, ¢, and 4 gives

6 0 sin 7y cos 7y w1
o=l = = || (3:35)
A 1 —tanfcosy tanfsin~y w3

To make the controller design easier, the dynamic model is changed by some mathematical

manipulations.
Set
T _
X1 = [0 v 7] X=0" 0w (3.36)
% [(Jy — J2)wswo + M) g,—w ]]V”[J—
H(Z) = 7, (2 = Jp)wiws + My,] | ,U = J‘;)y , D= Jzy
ﬁ [(Jz — Jy)WIWZ + My, ] MT:I Mzj
Differentiating X7 and X5 yields the following equations
X =X
GO, Xo=w+F (3.37)
Y =X,
where F' = —%?W)XQ.
Substituting (3.43) into (3.37) results in
X1 = Xo
Gl,y)Xo=H+U+D+F (3.38)
Y =X
which can be rewritten as
X1 = Xy
Xo=G'O0,VH+G 1 O,VU+G 10,7 D+G 10,y F (3.39)

Y =X,
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Define
My, My,
u = Myy | ,d=| Mgy
My de

b(X1,X2) = GH0,7)Jh(X1,X2) =G 0,7 H+G 1 (0,7)F

Then, (3.39) can be expressed as

X; =X,
X2:h(Xl,XQ)+b(X1,X2)u+b(X1,X2)d (340)
Y=X;

Because the dynamic model is based on the Euler angles, the problem of singularity occurs,
that is, G (0, ) is singular at § = 5. Therefore, during the flight, the following assumptions

are made for the attitude stabilization control problem,

0<6<45°
0 <y <90° (3.41)
0<~vy<30°

Because the FW-MAYV is small and has a high frequency of motion, its body will experience

a small vibration to maintain a steady flight. Therefore, small perturbations in 6 and -,

represented by § and 7, will be considered. Therefore, (3.22) can be rewritten as

0 = wysin(y +7) + wsz cos(y + 7)
b= ez cos(y +9) —wasin(y + )] (3.42)
¥ = wi — tan(f + 0)[ws cos(y + 7) — wasin(y +7)]

Overall, the dynamic model can be rewritten as

w1 = %[( J2)wswa + Mz + Mg + My
Wo = 3-[(Jz — Jz)wiws + My + Myy + Mgy]
. 1y

w3 = T[( —J, )W1LU2 + My, + My, + Mdz]

(3.43)
- O =wasin(y+7) +wsgcos(y +7)
Y= Cos(é gy lwa cos(y +7) —wssin(y +7)]
4 = wy — tan(0 4 0)[wa cos(y +7) — ws sin(y + 7)]

where the moments of body are shown in (3.14).
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3.3 Dynamic Model with Unit Quaternion

Newton—Euler formalism can be used to build the following mathematical model for both

position and attitude of an FW-MAV [22].

P =V (3.44)
VvV o= %RTf—cV—g (3.45)
R = RS(w) (3.46)
w o= JN 1t —wx Jw) (3.47)

where P = [ XY Z ]T € R? denotes the location of the center of mass of the FW-MAV
with respect to the inertial frame OXY Z, V = [ i Vo Vs ]T € R? is the translational
velocity vector of the FW-MAV with respect to the inertial frame OXY Z, g = [ 0 g O ] €
R? stands for the vector of the gravity acceleration with g = 9.8, m € R represents the mass
of the FW-MAV, R € SO(3) is defined by (2.10), ¢ € R is the viscous damping coefficient,

S(w) denotes the skew symmetric matrix, which is defined below

0 —Wws3 w2
S(w) = w3 0 —Ww1 (348)
—w9 w1 0

Because of the singularity problem with Euler angle representation as mentioned in Section
3.1, the attitude dynamics (3.45) can be represented by using the unit quaternion as follows.

-1 1
Q=500Qu=7 [ dolsns + S(q) ]w (3.49)

where Q = | qo qT]TI[QO n o Q3]Tande=[0 w1 wo w3]T

Let Qg4 = [ qdo qg ]T with ¢4 = [ qd1 942 9d3 ]T and wy be the desired attitude and
angular velocities with respect to the body frame. Then, )4 satisfies the following differential

equation

Qu=2Qu0Q =1[ i ]w (3.50)
47 g d E R T o | qaols + S(qa) | '
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where Qg4 = [ 0 wgi wga wg3 ]T, wq is the angular velocity corresponding to 4, which

can be calculated by

a; !
— T Hd ’
wWq = 2 I: QdOI3 + S(Qd) :| Qd (3.51)

with Qg being given in Appendix B.
The error between the desired attitude Qg and the actual attitude ) can be calculated by

qe0 1 qdoqo + 47 qa
= = o0 = 3.52
Qe [ de ] Qi 00 [Qdoq_QOQd_QdXQ] (3:52)

According to [54], Q. satisfies

R R P i 559

which is equivalent to

. 1 —qF (W — wyq) ]
== 3.54
Q@ 2 [ qeo (W — wq) — S(w + wq)ge (3.54)
M'LU.T
Substitution 7 by | My, | in (3.47) results in
M'LUZ
J.—J,
W %— 7. yw3w2+]\§dz+i7’1
w=|dy | = | P -LrEuws+ T2 + 41 (3.55)
. y y y y
w3 My, _ Jy—Ja M,

—0z dz 1
7. 7, Wewi+ TrE 4 T3



Chapter 4

Controller Design for Attitude
Stabilization

In this chapter, attitude stabilization controllers are developed by using the mathematical
models with both Euler angle representation and unit quaternion formalism. With Euler angle
representation, the attitude stabilization controllers are designed by using the backsteping
technique. The uncertain term b (X1, X2)d is assumed as unknown in Subsection 4.1.1 and
disturbances in Subsection 4.1.2. To attenuate the impact of the external disturbances and
estimate the unknown term, the H, strategy and adaptive fuzzy law are used, respectively.
The fuzzy adaptive strategy is also used with unit quaternion representation based on

backstepping technique. All the controllers are tested by simulation results.
4.1 Controller Design with Euler Angle Representation

In this section, the mathematical model introduced in Section 3.2 with Euler angle rep-
resentation is used for the purpose of designing attitude stabilization controllers. From
Section 3.2, it can be observed that the attitude of an FW-MAV system can be modelled
by a set of nonlinear differential equations with an uncertain term b (X1, X2) d, which is
considered to be either unknown or external disturbances. Therefore, a fuzzy logic system is

used to estimate the unknown term and an adaptive approach is employed to estimate the

38
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unknown parameters in the next subsection, on the other hand, H., control is adopted to
attenuate the impact of the external disturbances in Subsection 4.1.2. It is well known that,
for nonlinear system control, backstepping has become a widely used technique because it
can be used to construct both Lyapunov functions and controllers for nonlinear systems
in strict feedback form, which is less restrictive than matching conditions required for the
purpose of controller design. Therefore, the backstepping technique is used to design an
attitude stabilization controller for the FW-MAYV system.

4.1.1 Backstepping Design with Adaptive Fuzzy Control

Controller Design

In this section, the uncertain term b (X7, X2) d is assumed to be unknown and is estimated
by using a fuzzy universal approximator. The aim of this subsection is to construct an

attitude stabilization controller by using the backstepping design scheme, together with

adaptive control and fuzzy logic control.
Step 1:
Define a positive definite Lyapunov candidate V; by

1
va:ixixf (4.1)

Its derivative with respect to time is derived as

Vi=X1X1=X1Xo (4.2)

Let a; = —k1X1, which is called virtual control, where, k; is a positive gain.
If X5 is equal to the corresponding virtual control, then

Vi =~k X7 (4.3)
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which is negative definite. If X5 is not equal to the corresponding virtual control, then

Vi=—kX2+ X (Xo— o) (4.4)

Step 2:

Set

z9 = X2 — X1 (4.5)

Differentiating zo with respect to time produces

= Xy—dy
= htbutbd—cy (4.6)
]T

It is worth noting that hi = bd = [ hi ho hs is unknown. To estimate h;, the following

fuzzy logic system is used
hi = & (X1, X2)é& + 65,1 =1,2,3 (4.7)

where §; is the approximation error with ||§;]| < 6%, with &}

ax ! ax denoting a positive constant,

& (X1, X2) represents a known function generated by the fuzzy universal approximator, and

¢; denotes the unknown parameters of the fuzzy universal approximator.
Now, define a positive definite candidate V5
1 1
Vo=V + 522% +) iefriai (4.8)
i=1

where ¢; = ¢; — ¢; with ¢; denoting the estimate of ¢; and I'; is a positive definte matrix.
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Its derivative with respect to time can be expressed as

‘./2 = Vl + Zgzlg + 5?1—‘ (—éi)

3
= “hX{Xi+X{n+2540-) &l

i=1

3 3
= —k‘leTXl + Zz%; (Xli =+ hi + f?(X17X2>éi =+ (5, + biu — O'zh‘) — ZE?F,‘C'Z‘
i=1

i=1

3 3
= ki XT X0+ 2 (Xui+ hi + & (X1, X2) (& + i) + 6 + biu— dg) — > & Tidy
=1

i=1
3
= ki XTX1 4+ 23 (Xui+ hi + & (X1, X2)es + biu — d;)
i=1
3 3
+) 26— Y T (6 — 23,6( X0, X)) (4.9)
i=1 i=1

The adaptive fuzzy law can be defined by

¢ = Zg;f@(Xl, XZ) - /{iciai = 1a 2a 3 (410)

Replacing ¢; in (4.9) with the right hand side of (4.10) results in

3
Vo = —kiX{Xi+ ZZQTZ (X154 hi + & (X1, X2)ci + biu — dn)
i=1

3 3
+ Z 2552 + Z IiiélTFCi
=1 =1

3
= —kX{ X+ Z 23 (X154 hi + & (X1, Xa)e; + bju — du;)
i=1

3 3 3
+3 230 — > kil T + > kil e (4.11)

By using the Young’s inequality X TY < %X Tx + %YTFY, it follows that the following

inequalities hold.

1 1
Z%;-(;i < 52;221' + 55?(51'
T A Ty 1o,
c;?FFici < ic;fpfici + 50?1}01' (4.12)
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With these inequalities, V5 can be estimated by

3

. 1

Vo < —kiX{X)+ E 22, (X1i+hi+€1T(X17X2)Ci+biu_dli+222z‘>
i=1

3 3 3
1 1 1
+§ E 5?51 — 5 E IiiézTFiéi + 5 E Kié?Fiéi (4.13)
i=1 i=1 =1

To make the second term in (4.13) zero, the following controller is introduced.
_1 . 1
u== (—Xl—h—’ﬁ—‘-al—iZQ—kQZg) (4.14)
where ks is a positive gain and 9 = [ Yy 99 U3 ]T with ¥; = fiT(Xl, X2)c;.
Substituting (4.14) into (4.13) yields

3 3 3
) 1 | J A |
Vo < —kiX{X)—kozdzy— 5 E 1 KiCl TG + 3 E 1 ri€l Ty + 3 g 1 5, 6;
1= 1= 1=

< —aV +b (4.15)
where
. 1 1 1
a = min {k‘l, ka, 5%1)\min (T'), §/€2>\min (Ty), §f€2>\min (Fz)}

3 3
1 e 1
I 2;_1: niclTFici—FQ;_l 65, (4.16)

After multiplying (4.15) by e, it follows that

eat% + aVhe™ < be™ (4.17)
dt
that is,
d(e"Va) t
— 22 < bet 4.1
a = F (4.18)
Integrating it gives
t t
/ d(e™Vy) < / bedt (4.19)
0 0
which is equal to
b b
Vo (t) — V5(0) < 56‘” — (4.20)
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Therefore,

b b
a(t) < = e [‘/2(0) - a} (4.21)
According to [65], V5 is bounded. Therefore, all the error terms in V5 are bounded.

Simulation Results

In this point, the simulation is conducted for the backstepping controller with adaptive
fuzzy control to illustrate the stability property and performance of the proposed controller.
All the parameters for simulation are shown in Table 4.1. By using the method of trial
and error, the satisfactory gains have been selected as k1 = ko =5, 'y =19 =1's = I3,
k1 = kg = k3 = 0.01. The inertial Euler angles are chosen randomly as 0.5, 0.3, and 0.2 rad.
The initial conditions for angular velocity are 0, 0, and 0. The simulation results for the
attitude angles, angular velocity and torques are shown in Fig. 4.1, Fig. 4.2 and Fig. 4.3.
As shown in Fig. 4.1, all three angles: 6, v, and v are able to be stabilized within 8s with

almost no overshoot.

Figure 4.1: Angles with Adaptive Fuzzy Backstepping Controller
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Figure 4.2: Speeds with Adaptive Fuzzy Backstepping Controller
4.1.2 Backstepping Design with H,, Control
Controller Design
In this section, the uncertain term d is assumed to be external disturbances and its impact
will be attenuated by using an H., strategy. The goal of this subsection is to construct an

attitude stabilization controller by using the backstepping design approach, together with

H, control.
Step 1:

Define a positive definite Lyapunov candidate V; by

1
vazixle (4.22)

Its derivative with respect to time is derived as

Vi=X1X1=X1Xo (4.23)

Let oy = —k1 X1, which is called virtual control, where, k; is a positive gain.
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Figure 4.3: Torques with Adaptive Fuzzy Backstepping Controller
If X5 is equal to the corresponding virtual control, then
Vi=—k X3 (4.24)
which is negative definite. If X5 is not equal to the corresponding virtual control, then

Vl = —k1X12 + X3 (X2 — 041) (4.25)

Step 2:

Set

z9 = XQ — (426)

Differentiating zo with respect to time produces

Z9 = Xo—aoy

= h+bu+bd— (4.27)

Now, define a positive definite candidate V5

1
Vo=V + §ZQTZQ (4.28)
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Table 4.1: Parameters of FW-MAV
Name | Value Unit Name | Value Unit
m 0.1 Kg P 1.2 Kg/m3
Ry 0.07 m f 25 Hz
i 60 © O 60 °
2 30 ° ©Or 30 °
Agy 20 © Ao, 20 °
A 10 ° ap 5 °
B 10 ° S, 0.005 m?
Jz 4x 1077 | Kg/m? | J, 7x1077 | Kg/m?
J. L1x 1077 | Kg/m? | my 0.2 x 1077 | Kg/m?
my, 0.2 x 1077 | Kg/m?® | m, 0.2 x 1077 | Kg/m?
Its derivative with respect to time can be expressed as
Vo = Vi+234
= ki XTX) + XT 20+ 25 %
3
= —k‘leTXl + Z Zg; (Xli + h; + b;u + bid — dli) (4.29)
i=1
By completing the square, the following can be easily verified.
T
Thw = — (Vi _gw) (Ve el sbbia Lo
2y V3 2y V3 4y 3
322007 29, 1
< 24919 22 | 1 2 2 4.30
< SRS vl (4:30)
from which, V5 can be rewritten as
. 3 3ZT-bibTZ21' 2
V2 S */CleXl + Z Z%; <X1i + hi + biu + 214# — dh’) + ’72 Hw|| (4.31)
i=1
where v is the positive parameter.
To make the second term in (4.31) zero, the following controller is introduced.
u = b_l(—Xl —h—19+ & —ngg). (4.32)

. .. . T . Ty T o
where ko is a positive gain and 9 = [ 1 Py U3 ] with 9; = %
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Substituting (4.32) into (4.31) yields

Vo < —kiXTX1 — k2T 20 + 742 w2

IN

—k1 | X1 * + 22w (4.33)

Integrating it gives

t t t
/dwas—m/Nuw%ﬁ+f/NmFﬁ
0 0 0

which is equal to

t t
wm—wwg—mju&wﬁ+%/uw%t
0 0

Therefore, with X; (0) =0 and X2 (0) = 0 and Va2(¢) > 0, it follows that

t t
os—m/Wumﬁﬁ+w{/nMFw
0 0

t ,}/2 t
t/MNﬁé/mWﬁ
0 k1 Jo

which implies that, with the zero initial conditions, the gain from the disturbance input w

that is,

to the output y = X7 is no more than the positive number —-.

V1

Simulation Results

After tuning by the trial and error method, the gains of proposed controllers are set to
k1 = ko = 5, =1 for the simulation study. The inertial values for Euler angles are chosen
randomly as 0.5, 0.3 and 0.2 rads. The initial values for angular velocity are 0, 0, and 0..
Simulation results are shown in Fig 4.4, Fig 4.5 and Fig 4.6. The figures illustrate that the
attitude angles can be stabilized in around 5s, which means the stability is achieved and the

performance of the proposed controllers is satisfactory.
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Figure 4.4: Attitude Angles with H., Backstepping Controller
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Figure 4.5: Angular Velocity with H,, Backstepping Controller
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Figure 4.6: Torques with H,, Backstepping Controller

4.2 Adaptive Fuzzy Backstepping Controller with Unit Quater-
nion

4.2.1 Controller Design

The unit quaternion representation is used in this section to avoid the gimbal lock problem.
The uncertain term b (X1, X3) d is assumed to be unknown and is estimated by using a fuzzy
universal approximator. Therefore, a backstepping controller with adaptive fuzzy law is
constructed to stabilize the attitude of an FW-MAV.

T
Let Qu=[ qi0 ¢ |

to the body frame. The error between the desired attitude )y and the actual attitude @ is

denoted by Q. = [ geo q- ]T

and wy be the desired attitude and angular velocities with respect

Step 1
Define a positive definite Lyapunov candidate V;

Vi = q e + (geo — 1) (4.34)
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The derivative of V7 with respect with time is

‘./1 = 2QZQe + 2(Qe0 - 1)@06 (435)

By substituting (3.54) into (4.35), it can be easily verified that

Vi = q! [wgeo + S(w)ge] — (ge0 — 1)ql w
= qeogiw+ ¢ S(W)ge — qeoqt w+ L w
= 4 SW)ge + i w
= guwtgw —qw

= o+ (w-w)e (4.36)

where w* is the virtual control defined by

wy —k11¢e1
w* = wé‘ = que = —k‘lgqeg (4.37)
w3 —k13¢e3
kin O 0
where k1 = 0 ko O > 0 with k11, k12, and k13 being positive gains. Therefore,
0 0 ki3
the derivative of w* with respect to time is
wy —k11Ge1
W= | Wy | = —kide = | —k12§e2 (4.38)
w3 —k13Ge3

Substitution (4.38) for w* in (4.36) produces

Vi=—q kige+ (w—w") g (4.39)

Step 2

May

It is worth noting that MJ—Z“, Jyy, and Msz in (3.43) are unknown. Therefore, the following

logic systems are proposed to estimate these unknown terms.

Mdaz

T =&t (4.40)
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M,
T Tey + 5, (4.41)
Jy
M,
= _ Tes+ 03 (4.42)
J
where 0 is the approximation error and §; < dmax With dpax being a positive constant.
Define a positive definite Lyapunov candidate Vo as
1 1<
Va=Vit 5w~ w)T (W —w*) + 52 (@i— ) i (6 — ) (4.43)
i=1
where ¢; is the estimate of the parameter ¢; and I'; is a positive definite matrix.
With (4.39) and (4.43), the derivative of V5 with respect to time is given by
. . 3
Vo, = Vit (w-w)(@-w)+> (& —a) Ti(—é)
i=1
= —qlkige + (w—w*) g
. M, J, —J, My 1 .
+ (w1 —wl)T < ,]; — ZJ$ yw3w2 + T; + JTUTI —w1>
. M, Jy—J My .
+(wy —w3)” <Jyy - ny “wiwz + Tyy + ij2 - W2)
N M, Jy — . M, 1 x
+(wg — wi)T <J: - sz Z wowr + J: + J—ZTg - w3>
+(¢1 —e))li(=¢1) 4 (é2 — c2)Ta(—¢é2) + (63 — e3)T'3(—¢3) (4.44)
By replacing ]\L/[,ZI, Aﬁzy, and MJ—‘:Z by their fuzzy estimates in (4.40)-(4.42), V5 can be rewritten
as
. 3
Vo = i+ w-w)@—a")+> (@ —ca) Ti(-¢)
i=1
=~ k1ge + (W —w) e
M, J, —J, . 1 .
+(w1 — wy) < J; — ZJx Ywswo + &5 ¢y + 01 + J—Iﬁ - wi‘)
M, Jo—J . 1 < x
+(wo — ws) (by— ? zw1w3+§gC2+(5Q+TQ—w2>
Jy Jy Jy
M, Jy — J. 1
+(w3—w§) bz _ 2y xw2w1+§gé3+(53+f7'3—w§
J, J, J.

+(¢1 — 1) Ti(=é1) + (62 — ) Ta(—¢2) + (é3 — c3) T3(—¢3)

(4.45)
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which can be rewritten as

Vo = Vit (w—w)T(w—-w")+ i (& — i) Ti (—¢3)
= ¢ k1ge+ (w—w")q .
+(w1 — wy) (Aﬁx - JZ;mJywswz +&er+ 61+ Jlxﬁ —CUT>
(w2 — w3) (J\iiy - Jx(]_yjzwlwg + & ca+ 02+ leTQ - w§>
+(ws — w3) (Aﬁz -~ Jy;Zwale +&es+ 03+ leTs - w§>

(61 — 1) Tr(—¢1 + (w1 — wi)ér) + (62 — c2) " Ta(—éa + (w2 — w3)&o)

+(¢3 — Cg)Tl_‘g(—ég + (wg — w§)£3) (4.46)

By introducing the following fuzzy adaptive control laws

= F;l(wl — wf)& —01C1
ég = FQ_I(WQ — w§)§2 — 02C9 (4.47)
é3 = Fgl(w;g — w§)§3 — 03C3

where o; is the positive constant and ¢ = 1,2, 3.
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V5 can be reexpressed as

Vo = Vid(w—w)T(w-o)+ i (& — ) Ti (=)
= —q k1ge + (W — )T h
(w1 — wy) <A§ix - JZ(;EJngwg + &l + 01 + leﬁ - wi‘)
+(w2 — w3) <A§zy - Jxe]_yjzwlwt% +& et 62+ leT2 - w§>
+(w3 — w3) <1\§zz - Jy;ZJIO&M + & es+ 03+ leTs - w§>

+0’1(61 — Cl)TF161 + 0'2(62 — CQ)TFQCQ + 0'3(63 — 03)TF303

= —q kige + (w—w*) g
M, J, —J 1 .
+(w1 —wy) < J; - ZJI yw3w2+£17’c1+51+!]x7'1—wik>
M, Je —J 1 -
+(CU2—LU;) <by— z zw1W3+§gCQ+(5Q+TQ—w2>
Jy Jy Jy

o [ My, Ty — 1 x
+(w3—w3)< Jb — yJ W2W1+§gC3+(53+JT3—w3>

—01(é1 — 1) T1(é1 — ¢1) — 02(é2 — 2) T Ta(ég — c2) — 03(é3 — ¢3)TT'3(é3 — ¢3)

—|—0'1(61 — Cl)TFlél + 0‘2(@2 — CQ)TFzég + 0'3(@3 — Cg)TF363

By using the following Young’s inequalities, the following can be easily verified.

* 1 w2 1
(w1 —wp)dr < 5(“’1—@’1)2‘*‘55%

* 1 . 1
(CL)Q—WQ)(SQ S 5(&)2—602)2-1-5(5%

« 1 . 1
(W3—WS)(53 S 5(&13—603)24-5532,

. 1 . R 1

(&1 —c)'Tier < 5(01 — &) (1 — &) + §C{F161
. 1 . . 1

(62 —c2) Tocy < 5(02 — 2) To(c — &) + 565502
. 1 . . 1

(63 —c3) T35 < 5(63 —¢3) T3(c3 — é3) + 563TF303

(4.48)

(4.49)

(4.50)
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Substituting (4.49) and (4.50) into (4.48)

“/2 < —quque

N M, J, —J 1 . 1 .
+(w1 —wy) <qe1 + J; — ij Y wswa + 5{01 + §(W1 —wy) + jmTl - W1>
My, Jo—J 1 L1 y
+(we — ws3) <q62+J‘y— IJ zw1w3+5562+2(w2—w2)+JTg—w2>
y y y
+ (w3 — w3) <qe3 + J: - sz Zwowy + &3 €3 + §(w3 —w3) + yacie W3>
1 . . 1 . R 1 . .
—501(01 —e)ITi(6 — ) — 502(02 —2) (6 — ¢2) — 503(03 —¢3)TT3(é3 — ¢c3)
1 1 1 1 1 1
+§cr{1“101 + §ch202 + §C3TF303 + 55% + 553 + 5(5% (4.51)

From (4.51), the control laws can be set as follows

Jz J .
T =Jo (—ger — & 1 — M”z + S wswy + &f — (ka1 + 3) (w1 — w))
M *
To=Jy(—qe2 — &5 ca — X+ ‘]“” Jz wiwz + Wi — (kaz + 3) (w2 — w3) (4.52)
Jz *
T3=J. (—qes — &5 c3 — sz Dt + 05 — (kos + 3) (w3 — w3)

where ko1, koo, and koz are positive gains.

Substituting (4.52) into (4.51), Vi can be simplified as

Vo < —glkige — (w -k (w—w —*Zaz & — i) Ti (6 — i)
—|—EC{F101 + EC%—‘FQCQ + lCTI‘303 + *6% + *5% =+ *52 (453)
2 2 23 2 2 23
< —aV+b

where

a = 2 min{)\min (kl) 9 )\min (kQ)

1
b = §C{F161—|—

1 1 1
, 501)\mm (T'), 502)\min (Ty), 50'3)\min (T's)}

1 1 1 1 1
§c2T Tocy + §ch Tscs + 55% + 553 + 553, (4.54)

Multiplying (4.53) by e, it denotes

d
% + aVae™ < be™ (4.55)

at
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which is equal to

A (4.56)

Integrating both sides of equation (4.56) yields

t t
/ d(e™tVy) < / betdt (4.57)
0 0

that is,

e Va(t) — Va(0) < S + e V3(0) — g] (4.58)

Therefore, V3 is bounded by V(0). As a result, all the error terms of V4 are bounded.

4.2.2 Simulation Results

By using the trial and error method, the following gains are chosen to make a better
performance: ki = 513, ko = 513, 'y =1's =T's = I3, and 01 = 092 = 03 = 0.01. The initial
conditions for angular velocity are 0, 0, and 0. The simulation results for @), w and 7 are
shown in Fig.4.7, Fig.4.10, Fig.4.8. In order to compare with the same method based on
Euler representation, Fig 4.9 shows the Euler angles transferred from the unit quaternion.
As shown in Fig 4.7, qq is stabilized around 1 and ¢1, g2 and ¢3 around 0 in around 3 seconds.
The angular velocity are displayed in Fig. 4.10. Therefore, the proposed controller is proved

to have a good performance.
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Chapter 5

Controller Design for Position
Tracking

Inspired by [40], [54], and [53], a controller design for position tracking will be discussed
in this chapter. To avoid the gimbal lock problem, the controller is proposed with unit
quaternion representation and tested by simulation results. It is worth noting that the
backstepping method involves the differentiation of virtual control, which increases the
complexity of the controller design process. In order to reduce the complexity, dynamic

surface control is used as well.
5.1 Controller Design with Backstepping

In this section, with a model described by unit quaternion, the backstepping technique will
be adopted to construct an attitude stabilization controller for position tracking control.
The main objective is to make the actual position z,y, z and velocity v, vy, v, follow the

desired trajectory xq,yq, 24 and velocity v,q, vyd, Vzq-

According to [22], if an FW-MAV is at low speeds, the item ¢V in (3.45) can be neglected.

Therefore, for convenience, the mathematical model (3.44)-(3.47) is rewritten below.
P=V (5.1)
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V= lRTf—g (5.2)
m
y_ 1 _1 —¢"
Q_zQQQw—2 |:q013><3+S(Q) :|w (53)
w=JNr—wx Jw) (5.4)

T T .
] and 7 = [ Te Ty Tz ] represents the aerodynamic force and

where f = [ Jz fy Iz

torque from the wings. It follows from the force analysis and simulation results that the
average value of f, is almost zero. Therefore, f, is assumed to be 0. According to [22], the
position tracking can be achieved by adjusting the attitude at # = 0 and 1) = 0, which can

be implemented by manipulating f;, fy,, and ~.
Step 1

Let P represent the actual position of the center of the FW-MAV and P; be the desired

position. Then, the position error e; is defined as follows:

€] = Pd - P (55)

Define a positive definite Lyapunov candidate V; by

1
Vi= 5elTel (5.6)

Its derivative with respect to time is derived as

. (pd_p)

By substituting (5.1) into (5.7), it follows that

Vi = (Pd—v)
= elT (Pd—V+a1 —041)

= ¢f (Pd - al) +el (=V 4 ay) (5.8)
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where «q is the virtual control, which can be set as follows:
o] = Pd + Kieq (5.9)
with K7 denoting a positive definite matrix.
Therefore, V; can be rewritten as
Vl = —elTKlel —l—e{ (—V+Oé1) (5.10)
Step 2
Define the velocity error es by
€2 = (1 -V (511)
Differentiating it with respect to time yields
by =y —V (5.12)
with
a1 = Pj+ Kié
= B+ K, (Pd . P) (5.13)
Define a positive definite Lyapunov candidate V5 by
L 7
Vo=V1i+ 562 €2 (5.14)
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The derivative of V4 with respect to time is given by

Vo = Vitesés
= V1 + 62T (dl—V)
= —elTKlel + elTeg + eg (dl — V)
= felTKlel + eQTel + €2T <d1 — V)
= —G{Klel + eg (61 +aq — V)

= —G{Klel +62T (el +aq — 1% + pq — ,U«d)

T

= —6{[(161%—62 e1+ o —ud—v+ﬂd)

= —elKie1+ej (e1+ 061 — pg) +e3 (—V + ,ud)

= —elKje; — el Koeg + e (—p+ uq) (5.15)
where pg is the virtual acceleration defined by
wqg = e1 + Koes + g (5.16)

with Ky being a positive definite matrix and p = V is the actual acceleration, which,

according to (5.2), satisfies

p=—R(Q"f-yg (5.17)
m
Define the acceleration error i as
fi=—p+ pa (5.18)
Substituting (5.18) to (5.15) yields
VQ = —e{Klel — egngg + egﬂ (5.19)

According to [54], fi can be expressed as i = W1¢q., where the expressions of W and ¢, are

given in Appendix A.
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Therefore, (5.19) can be rewritten as

Vo = —elTKlel - egngz + eQT(Wqu)
T
= —G{Klel — egKQSQ + (Wqu) €2

= —elKie; — el Kyeo + quWeQ (5.20)

Step 3
Define a positive definite Lyapunov candidate V3 as follows

Vs =Va + ¢l ge + (geo — 1) (5.21)

The derivative of V3 with respect to time is given by

% = sz + QQZQe + 2(Qe0 - 1)Qe0 (522)

Substituting (5.20) into (5.22) produces
]'/'3 = —e’{Klel — egngz + qZW€2 + 2quq'e + 2((]60 - 1)q'60

1
= —er{Klel — egngg + quWeg + 2qu (2 (geoIs (w —wq) + S (ge) (w+ wd)))

1
a0~ Vel (@~ wa)
= —ef Kie1 — e3 Kaea + gl Wea + ¢ (geol3 (w — wa) + S (ge) (w + wa))
—(ge0 — 1)g (w — wy)
= —elKiep — el Koeg 4+ ¢ Wes + oo’ (w — wa) + ¢25 (ge) (w + wa)

—qe0q? (W —wa) + ¢ (W — wq)

= —elKiey — el Koea + ¢ Wea + qF (w—wq) +¢2 S (ge) (w + wq) (5.23)
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By using the property ¢! S (¢e) (w + wq) = 0, Vs can be rewritten as
Vs = —elKier —ej Kaea+q. Wes + ¢l w — gl wy
= —elKie1 —e3 Koea + q. (w —wa) + ¢ wa +q; Wea — ql wa
= —el Kie1 —e3 Koeg + ¢ we + ¢, (wa + Wea — wa)
= —ef Kiey — ey Kyey — q¢ K3qe + q; we (5.24)
where w, is the virtual control for angular velocity defined by
wo = —K3q. — Weg + wy (5.25)
with K3 being a positive definite matrix.
Define the angular velocity error we as
We = W — Woy (5.26)
Step 4
Define a positive definite Lyapunov candidate Vj
L 7
Vi=Vs+ -w, we (5.27)

2

Differentiating it with respect to time gives

‘./4 = ‘/3 + Wgwe
= —ef Kie1 — ej Koes — ¢ Ksqe + q. we + wl e
= —eleel — engeg — qugqe + que + wg (W — wa)
= —e] Kie1 — ej Koey — g} Ksge + wl qe + wl (&0 — a)

= —e{Klel — egngg — quKgqe + weT (Ge +w — Waq)

= —elTKlel — 62TK262 — quKgqe — weTK4we + weT (Kqwe + qe +w — wq) (5.28)
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Instead of calculating the derivative of w, directly, a low—pass filter is introduced here to

avoid the complex mathematical calculation.

Ta$ + 5 = wa, s (0) = wq (0)

After that, § can be determined by

Wq — S

Td

where 7,4 is a positive time constant.

Define the error of the filter ys

Y2 = 8§ — Wqa

Step 5

Considering the error of the filter, V5 can be defined by

1
V5=V4+§sz?/2

Differentiating it with respect to time yields
Vs = Vi+uysie
= felTKlel — 62TK262 — quKgq6 — weTK4w€
'H*)Z (K4we + de +w— 5) + ?/2Tyz
= —G{Klel — 62TK262 — qZK;gqe — wZK4we

. . —Y2 .
-l—wg (Kqwe + qe +w — $) + yQT(T—d — Wa)

Setting the fifth term in (5.33) to zero yields

Kiwe+qg+w—5=0

Then, (5.34) can be rewritten as

w:_K4wZ_Qe+$

(5.29)

(5.30)

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)
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According to the dynamic model established in 3, (5.35) can be rewritten as follows:

- M, Jz—Jdy MUX Md
w1 j — —g, wswa + + £+ T
w = LZJQ = 7be — JZJ JZ(.Ul(.U +
Y Y
w3 My, _ Jy—Ja MUZ Md
L JZZ 7 wow1 + 7 + Jzz + 73

_K4a:wel — el + 51
= —Kyywea — Qe + 82 (5.36)
_K4zwe3 — Qe3 + 33

Therefore, the following control laws can be derived.

sz + Jz Jy My x Mgy

el —KypWel — Ge1 + Wa1 — w3w2 — —5 5 T T,
) M
T=| T | = | —KiyWwe2 — ge2 + Wa2 — ff’ + & UJZ wiws — MJZY -7 (5.37)
73 —K4,We3 — Ge3 + Wa3 — sz + Jy %2 pwn — A{JUZZ - Aﬁz
with Ky., K4y, K4, being the positive gains.
By substituting w in (5.33) by (5.35) results in
. —Y2 .
Vs = —ef Kier —ed Koes — qf K3qe — wi Kywe + y3 <Td - wa)
T T T T yTy2 T
= —ey Kiep —e3 Koea — ¢ K3¢e — w, Kywe — QTT — Yz Wa
yaya 1
< —elTKlel — egngg — qugqe — wZK4we 272 4 2y2 Yo + = ||wa||
T T T T 1 1
= —e3 Kieg —e5 Koeo — q. K3qe — w, Kywe — i YLy + = ||wa|| (5.38)

For any given positive constant p [56], the set Q,, = {ee1+1eles+ql g+ 3wl we+1ylys <
2p} is compact in R'2. Hence, there exists ® > 0 such that ‘% llwall ‘ < ® on ,. Therefore,

(5.38) can be changed to

. 1 1
Vs < —ef Kiey — el Koeg — qf K3qe — w!l Kywe — (Td - 2> ysys + ®

1 1 1
< —2K; (26%1) — 2K, <262T€2) — K3 (qFqe) — 2Ky <2wZ we>
_ - P
( d > <2y2 yQ) *
1 1 1 1
< —a (261T61 + 56562 +qXqe + §weTwe + 2ygy2> +®

= —aV5+® (5.39)
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Td

with @ = min{Amin (2K1) , Amin (2K2) , Amin (K3) , Amin (2K21) (Q—Td)} and 0 < 74 < 2.

It follows from (5.39) that the solution of Vs is 0 < Vs (t) < % + [Vg, (0) — %} e~ which
results in all the signals of the closed-loop system are bounded. The main result of this section
can be summarised by Theorem 1 in [56]: With V,, (0) < p for any initial conditions with p
being an arbitrary positive constant, if there exists the design parameters K1, Ko, K3, Ky,
and 74, such as the signals of the closed—loop system are semiglobally uniformly ultimately
bounded and the tracking error converges to an arbitrarily small neighborhood of the origin by

adjusting the design parameters appropriately, then the system is bounded with the control

law in (5.37), the virtual controllers in (5.25) as well as the first—order low—pass filter in (5.29).

5.2 Simulation Results

In this section, the simulation results for P, V, @), and w are shown in Fig.5.1, Fig.5.2,
Fig.5.3, and Fig.5.4. After tuning by the method of trial and error, the gains for the proposed
controller are set to K1 = 0.0113, Ky = I3, K3 = 10015, K4 = 100[3, and 754 = 0.01. The
initial quaternions are randomly chosen as 0.9569, 0.0589, 0.1685, and 0.2289, which are
associated to the Euler angles 0.5, 0.3, and 0.2 rads. The initial values for the position
and linear velocity are [ 0 0 0 }T and the initial angular velocity is [ 0 00 ]T. The
stability is achieved and the performance of the proposed controller is satisfactory. As shown
in Fig.5.1, the position can arrive at the desired position in around 15s, and the velocity can
be stabilized in around 15s as shown in Fig.5.2. As for the attitude and angular velocity

in Fig.5.3 and Fig.5.4, both of them can be stabilized in around 5s. Overall, the proposed

controllers have a good performance for position control.
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Chapter 6

Conclusion

6.1 Achievements of the Thesis

In this thesis, inspired by the previous contributions in literature, various controllers have

been designed for both attitude stabilization and position tracking problems.

The coordinate systems and flight principles of an FW-MAV have been introduced first
and based on the Newton—FEuler formalism, a mathematical model has been developed to
describe the dynamics. In order to avoid the gimbal lock problem, the dynamic model with
a unit quaternion representation has been also used. In this thesis, the attitude stabilization
of the FW-MAV has been ensured by the roll, pitch and yaw control torques (71, 72 and 73),
while the forward and vertical movements of the FW-MAV are generated due to a thrust
force f, and a lift force f,, separately. All the forces and torques are controlled by the

parameters of the flapping and feathering angles.

Coming after the theoretical analysis, 3 controllers based on backstepping technique have
been designed for attitude stabilization. Due to the uncertain terms in the dynamic model,
an adaptive fuzzy estimator has been first added to the backstepping controller to estimate
unknown parameters. Later on, considering the uncertain terms as external disturbances, the

H, control strategy has been adopted. To deal with the singularity problem, the adaptive

69
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fuzzy backstepping scheme has been also applied to a dynamic model constructed with a

unit quaternion representation.

Subsequently, for the position tracking problem, to ensure the trajectory and velocity follow
their desired values, a controller has been developed with the backstepping method based
on a unit quaternion representation. In order to solve the intensive computation problem
of repeated differentiations of virtual control, a DSC technique has been adopted in the

controller design process.

As the simulation results shown, the proposed controllers have a good and effective perfor-

mance in both attitude and position control for the system of an FW-MAV.

6.2 Future Work

Although the provided analyses and methodologies have some contributions to the FW-MAV

system, the future work is quite extensive for this thesis.

1) The problem of modelling. A simplified and idealized model is used in this thesis, which
has great differences from the real insects. Actually, the flexible wings play an important
role in the generation of the aerodynamic forces and torques, while the modelling for them
is extremely difficult. Therefore, how to simulate a more accurate model for the wings and
choose more reasonable parameters for the aerodynamic models will be done in the future

work.

2) More advanced control algorithm. For a nonlinear system with time—varing parameters
and external disturbances, there are some existing control methods with good performance,
such as the neural network, genetic algorithms, and extended observer, which should be

conducted on the FW-MAYV system in the future.

3) Experimental tests. Because devoting too much time into theoretical exploration and the
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limitation of personal knowledge, only simulation results have been done for the proposed
controllers in this thesis. In the future study, both indoor and outdoor experimental tests

should be accomplished to make sure that the controllers can perform well in practice.



Appendix A

The Proof of i =Wg,

In this section, according to [54], the expressions of W and ¢. as well as the proof of

i = WTq, will be illustrated in details.
Similar to (5.17), ug can be defined by
1 T
pa=—R(Qd) f-g (A1)

where R(Qq) is given by
—2¢3, — 2¢% + 1 2¢a0qas + 2q019a2  29a193d — 20dodd2

R(Qd) = | 2qa1qa2 — 2qa0qas —20% — 2625+ 1 2qa0qa1 + 2¢a2qas (A.2)
2¢d0qd2 + 29d19d3  29a2qa3 — 29d0qd1  —2q — 2G5 + 1

with qqo, ga1, ga2 and gg3 denoting the components of unit quaternion gg.

By substituting R (Q4) into (A.1), it follows that

td = [ pa1 paz  pas ]T:%R(Qd)Tf—[O g o]

T
1 —2¢% — 2¢35 + 1 2qa0qas + 2901942 2941934 — 2dd0qa2 f 0

= - 2¢a19d2 — 2qd0qa3s  —243; — 245 + 1 2qa0qa1 + 2qa24as Ty | -1 9
2qd0qa2 + 2qa1943  20d29d3 — 2qa0dar —2q3; — 2q% + 1 f= 0

According to the analysis in Chapter 5, f., gso and g43 can be set to zero, then (A.3) can be

72
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rewritten as follows:

which implies that

Solving these equations gives

Ja
aq

a2

Therefore, it follows from a1 = (1 — 2qc2ﬂ) that ¢41 can be determined by

fa
Kd1 m
Hd2 7(1725“)@
1d3 2440941 fy
m
_ Ja
Hd1 = E
1—2q3) f,
o = U228
~ 2q409a1 fy
Md3 - T
mpdy
2 m (ptaz + 9)
i) =
mpds3
2440941 = Fy

—_

qd1 = 5(1—611)

Similarly, g4o can be expressed as

qdo = 77—
2qa1

Due to qﬁo + qfﬂ + qgg + q23 =1, the following is true

that is,

which is equivalent to

1 a9 2
—(1 = . =1
2( a1)+<2qd1>

-9

yap # 1

(A.4)

(A.8)
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Replacing a1 and as with ™ ;;—i—g) and m}ﬁ‘f’ yields

R el R )

which can be rewritten as

m? (gn + 9)°  2m (puan + g) _ 2m (pa2 + g)
+14 ARSI =g TARTY)
Ty Ty Ty

(mﬂd3)2
fy?

that is,

(mpaz)® | m? (paz + 9)°
fy? fy?

=1

Solving it gives

fy= m\/uﬁg + (paz + 9)° (A.10)

Therefore, (A.9) can be rewritten as

az _ Mfld3 _ Hd3
21 2fyqm 2Qd1\//ﬁ33+(ud2+g)2
Hd3

2,/3 (1= a0)\ /i + (e + 9)°
Hd3

(1 _ \/LQ))J \/;@3 + (a2 + 9)°

135t (taatg

qdo =

N[ =

Hd3

(1 A 2) (uflg + (paz + 9)2)

N[

#23+(d2+g)

Hd3

\/5\/ <(u33 (i + 9)2) = (s + 9) \ 125 + (pan + 9>2)

Set & = pg3, Yy = pa2 + g, and t = /22 + y2. Then, z = +/(t — y) (t + y). As a result, qqo
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can be expressed as

x
ddo =
\/5\/((932 +y2) —y/a? + yQ)
VA et VAl )
V2\/(t2 — yt)
_ Lty
2t
Therefore, lim,, , o~ qao = lim,_,o- gao = limz, <— (t;rty)> = —1 and lim, .0+ gi0 =

lim, o+ qqo = limy < (t;rty)> = 1. Hence, ¢q40 can be computed by

_1a if Hd3 = 0~
£ , if pag #0

4do = \/5\/<(u33+(ud2+9)2)—(ud2+y)\/u33+(udz+g)2)
1 if Hd3 = 0+

Set Z = % Then, when ug3 # 0, the expression of gqp can be simplified by

1
V21 + 22 — 21+ 22

qdo =

limy o0 g0 = lim%_>OO qdo = limud2+g_>oo qdo = lim, ;49500 qao = 0. Therefore, g49 has
13

three asymptotic lines which are g0 = —1, ggo = 0, and ¢q0 = 1. As a result, g4 is a

continous function of g0 and pgs.
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On the other hand, (5.17) can be rewritten as

o= —ptpa
- —%R @  f+er—R(Qu)" f—¢g
= (RQ"-R@Q)")
= R (B-RQRQ)) S
= R@T (s~ R(Q)
= R@Q" ([5G0 a 250 a0 2560 a |)[ £ £ 1"
= R (25 (k)" gefe + 25 ()T ey + 25 (ko) g1
- —%R Q)" (25 (k)" f1 428 (k)T fo 4 25 (ks)” f3> Qe
g (A.11)

where R (Q.) = R(Q) R(Qa)".

Define the following vectors

ki=S (62) Qe + Qe0€iyt = 1,2,3 (A.l?)

where e; = [1 0 O]T,egz [O 1 O]T, and eg = [0 0 I]T. Then, it can be
proved that

(Ig - R (Qe)) €; = —-25 (]Cz) qe,i = 1, 2, 3 (A.13)
As an example, (A.13) can be verified for i = 2 as follows. Due to
0 0 1 el 0 Ge3
ko= S(e2)qe+geoe2=1| 0 0 0 G2 | | g0 | = | Qeo (A.14)
-1 0 0 qe3 0 —Gel

—2S5 (k2) ge can be written as

0 Gel Ge0 Gel —2¢e09e3 — 2Ge1Ge2
—25(k2)ge=—2| =1 0 —qe3 | | g2 | = 2q2, + 292 (A.15)

—Ge0  (e3 0 Ge3 2C]eOQel - 2QGQQe3
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In addition, (I3 — R (Q.)) e2 can be determined as

(I3 - R Qe)) €2

(
100 _2(]22 - 2(]23 + 1 2¢e0Ge3 + 29ge19e2  24e19e3 — 2de0qe2
= 0 1 0| —| 2ge1ge2 — 2¢e0ge3  —2¢2 — 2¢2 + 1 2e0Ge1 + 2e2e3
0 0 1

QQeOQGQ + QQeIQeB QQeQQe?) - QQEO(]@I _2q21 - 26]32 +1

_QQGOQGB - QQdQGQ
= 2¢7, + 2425 (A.16)
QQEOQel - QQeQQe?)

which, together with (A.15), implies that (I3 — R (Q.)) e2 = —25 (k2) ge.

Therefore, i can be expressed as

i = —%R(Q)T(IS*R(Qe))f
= R@QT([ 28 )a 25 h)a —25k)a D[ Lo Sy £ 1"
= %R (Q)T (S (kl) Gefz + S (k2) Qefy + S (k3) Qefz)
2

= —R Q)" (S (k1) fo + S (k2) fy + S (k3) ) qe

= W, (A.17)

which implies that W can be calculated by

W= % <S (k)" fo+ S (ko)™ fy+ S (ks)" fz> R(Q) (A.18)



Appendix B

The Expression of w;

It follows from (3.50) that

a !
= 9 4 ]
wd [ qdaols + S(qa) ] Qa

—qd1  —qd2 —9d3 ’ qdo

_ 9| o —4d3  Gaz da1
qd3 qao  —4d1 qd2

—qd2  9d1  4do qd3

Differentiating (A.8) and (A.9) with respect to time gives

ONEY

a2 (2¢41) — 2a2qm
(Qle)Q
where a1, Gz, and f, can be determined by differentiating (A.6), (4.7), and (A.10), which

ddo =

are given by

Mgz fy —m (ptaz + 9) fy

a;r =

13
. mpgzPy — pympas
ay = })2
)
. 1 1 . .
fy = (214 fa3 + 2 (a2 + g) fraz)

im
2
\/ 1 + (a2 + 9)

with figo and fig3 being the derivatives of the second and third components of pg in (5.16).

78



Appendix C

Simulation Results for Torques and
Forces of Wings

The simulation results for torques and wings are shown here, where vy, vo, v3 and vy are
the amplitudes of the feathering and flapping angles, v; and v3 are for the left wing, while
vg and vy for the right wing. The first six figures show the relationship between v; and
forces and torques. By increasing vy, f, will increase while f, and f. will decrease, and
torques does not change. In the next six figures, by increasing vy, f, will increase while
f» and f, will decrease, and torques does not change either. According to the simulation
results for v3 and forces or torques, f, can increase with bigger vz, while f,, f. and torques
change non-linearly. In the last six figures, by adjusting v4, both forces and torques change

non-linearly.
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