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Abstract

Multiple Unmanned Aerial Vehicles (UAVs) have numerous applications in var-
ious areas such as surveillance, industrial automation, and disaster management
equipped with Leader follower configurations. Advance and robust control strate-
gies make sure the safety, reliability, and accuracy of the crucial task performed
by the Multiple UAVs. Multiple UAVs are governed by two separate controllers,
namely formation and trajectory tracking controllers respectively. A challenging
task was to design the controller under environmental effects, disturbances due to
wind, and parametric uncertainties. This thesis proposes a robust adaptive forma-
tion and trajectory tracking control of Multiple UAVs using a simple backstepping
controller, integral backstepping controller, and Super twisting sliding mode con-
troller (STSMC), also showing the comparison between them. All controllers are
tested using numerical simulations performed in MATLAB/Simulink. From the
results presented, it is verified that the integral backstepping controller shows no
chattering phenomena and shows minimum error in tracking the desired reference

trajectories in all dynamics of the UAV under wind disturbance.

keywords: Unmanned Aerial Vehicles, adaptive robust control, super twisting
sliding mode control, integral backstepping Control, trajectory control, formation

control
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Chapter 1

Introduction

1.1 Introduction

This research work proposes a robust adaptive formation and trajectory tracking
control of Multiple UAVs using a simple backstepping controller, integral back-
stepping controller, and Super twisting sliding mode controller (STSMC), also

showing the comparison between them.

The research done for this thesis has been presented in six sections. The first
section relates to the introduction, background history, and summary. The second
section relates to literature review, gap analysis, and problem statement. The
literature review entails locating, assessing, and synthesising relevant literature
on the topic. A gap analysis is the process of determining the difference between
the existing and intended level of knowledge. A gap analysis in the context of a
literature review entails identifying research projects that have not yet been done
or areas where there is a lack of knowledge. The third section relates to system
mathematical modeling and description. Modeling of a single quad-copter and
transnational dynamics of multiple UAVs are the main objective of this section.
The fourth section includes the formation controller and trajectory controller for-

mulations. The fifth section relates to the comparative analysis and simulation
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F1cure 1.1: History of drones balloons [40]

results for proposed different controllers. At the end, conclusions and future work

are mentioned.

1.1.1 Background

The concept of drones takes us back to 1849 when Austria attacked Venice using
an automated air balloon filled with explosives [40]. While the Austrian army
surrounded Venice, two hundred rounds of explosives were fired over the city.
With each ball weighing between twenty to thirty pounds, it caused a widespread
destruction with each impact on the city. Luckily for the Venetians, only one was
on the spot while the others were winded away as the strong wind currents changed
their course of impact.Although this military technology effort is groundbreaking,
the use of hot air balloons doesn’t really fit the profile of being called ”drones” let
alone, military drones, but it’s interesting to see how the military cavalry thought
of the basic concept of a drone more than 170 years ago, this mindset will drive

the evolution of drone technology for centuries and decades to come.
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FIGURE 1.2: Initial design of drone quad [40]

The most common feature that can be seen in modern - commercial drone designs
is their quad-copter configuration. It was the Breguet brother - Jacques and Louis
who came up with the early development technology of commercial drones in
1907. With the help of French Physiologist - Professor Charles Richet, the Breguet
brothers were able to develop an early example of the helicopter’s predecessor, the

autogyro. [40].

The design of Copter at the time was progressive. He made the first-ever vertical
lift of an aircraft. Sadly, it elevated only 0.6 meters high. There a total of four
people were needed for the stability of the structure so it was not considered a
free-flying structure. However, it has been shown that the quad-copter concept is

suitable for flying. More technical development will be needed to make it viable.

Commercial drones have been a very hot topic in the past decade. With increasing
interest in drones, more innovative and interactive have been playing their part in
the development of these drones. Prior to 2010 drones were specifically used for
military or personal purposes. Although with the new decades, new commercial

applications of drones have been proposed, including the use use of drone systems
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FIGURE 1.3: Modern day Quad-copter [40]

in vehicles. Seeing the popularity of drones being increased, The FAA issued a

license for the production of over 1000 drones by 2015 due to high market demand.

The market demand has grown three times since then and is growing exponentially
since then. Drones have made their way into the market by being infused with ev-
ery everyday use gadget. From photo-shoot cameras to aircraft and smartphones,

everything is embedded with drone technology.

1.1.2 Summary

Throughout history, swarming has been a military tactic. People of Scythians,
Bronze age, and even the Mongols and Turks of the early middle ages in groups
adopted variations of tactics. The armies of the steppe peoples consisted mainly
of lightly armed mounted archers. They were particularly effective against the
formations of the Western armies dominated by rigid infantry [41]. Rapid growth
in technology has led to the use of fixed-winged aircraft into a hobby. From
micro-controllers and accelerometers to camera sensors all have adapted to a sin-

gle technology. On top of that, recent achievements and development in drone
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technology, it has now made it possible to fly drones with four or more rotors by

simply adjusting the speed of every individual rotor.

These advancements in drone technology open up newer possibilities for multi-
rotor aircraft. Due to these achievements, these drones can be given more speed,
and stability and enhance their performance which makes them viable for use in
defense, aerial photography, search and rescue programs, oil subject monitoring,

agriculture, and suspended freight delivery. [1].

Some war theorists advocate swarming tactics as the next step in the evolution of
the military doctrine, a ”game-changer” that uses industry terminology. Building
a simple battlefield robot using an algorithm can mimic a swarm of bees or ants
with a great strategic advantage. Elements of swarm tactics have been used by
the military for thousands of years, but corps of automated vehicles could improve

these maneuvers and add a new dimension to warfare [41].



Chapter 2

Literature Review

2.1 Introduction

Formation flight consists of multiple UAVs maintaining the relative distance among
them during operation. In recent times, a lot of attention has been diverted
toward formation flights and their controllers. Because of the capability appli-
cations of drone technology in defensive enterprises, aerial photography, search
and rescue operations, oil subject monitoring projects, and agricultural and
suspended freight delivery. [1]. Multiple UAVs cover more area with multiple
payloads as compared to single payload attached UAVs [2-6]. However, while fac-
ing uncertainties and disturbances during flight, it can be a very difficult challenge
to control multiple UAV formations. The quad-copters six degrees of Freedom non-
linear differential equations are modified around the transnational and rotational

dynamics [7-10].

Multiple formations can be achieved by formation controller, here in this thesis
inverted V shape formation is maintained, in which the leader is at the Vertex
of inverted V and two followers are at the tails of the inverted V. With the use
of suitable control schemes, the modeling uncertainties and the disturbances
due to gust can be compensated. This can be ensured with robust formation, to

compensate for the uncertainties and disturbances introduced at any time.

6
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2.2 Gap Analysis

To resolve the problems of the formation controller of the quadrotor, many re-
search efforts have been made. In [11], for multiple UAVs generic PID controller
with a sliding mode controller (SMC) is used. In [12] for the formation pattern,
a proportional derivative and the fuzzy logic system are proposed by the leader-
follower formation control. In [13-15], for formation control problems, the SMC
method is proposed for multiple UAVs.Multiple UAVs circular trajectory control
formation scheme is discussed in [16]. In [17], A prescribed controller, which en-
sures a robust formation pattern and trajectory is also designed to control the
formation of multiple UAVs. In [18] The controller does not leave any room for
errors or any delay in communication between multiple UAVs. Two UAVs trajec-
tory controller based on PI controller is presented in [19]. Likewise, a nonlinear
controller for multiple UAVs is discussed in [20]. With the use of a prior-bounded
intermediary controller design, it gives the UAVs orientation and control trust

21].

Similar to the prior-bounded intermediary controller, a non-linear controller also
plays a very similar role for multiple UAVs using the gain-turning method [22,
23]. Using a tracking controller for the formation control with an attached
payload based on the Lyapunov function [24]. To address the formation and
tracking control of the quad-copters, a formation controller was designed which
overcame these problems by avoiding collision between multiple UAVs swarm [25].
An adaptive control algorithm is presented in [26]. External disturbances and
motion constraints for the swarm formation are discussed in [27]. ASTSMC and
STSMC controllers are used in leader-follower UAVs configuration with parametric

uncertainties and disturbances [38].

All of the work cited above directly reflects on different designs and methods used
for the formation of multiple UAVs. The background of the robust and non-linear
control system, itself shows its importance in the control system community today.
For uncertain systems, the robust control is designed with a bounded set [28]. Both

time and frequency domains are kept in the equation to design robust controllers.
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H,, controller is designed in the frequency domain introduced in [28]. Later with
the use of Riccati equations [30], loop shaping [29], and Linear Matrix Inequalities
(LMIs) [31], Hs many variations were reported. The control system performance
varies on certain parameters like loop gains, phase margins, settling time, rise time,
delay time, and overshoot percentage in the excitation signals. The state space
framework reveals the modern approach to designing a robust controller. The
Sliding Mode Controller has made its way into numerous applications in science
and technology, becoming the most widely used controller [32]. SMC variants such
as LMI based SMC [33], global sliding mode [34], higher-order SMC [35, 36|, and
non-singular terminal SMC [37]. In [38] author proposed STSMC and ASTSMC

controllers for leader-follower configuration under uncertainties and disturbances.

The summary of the limitations of previous research are also shown at Table 2.1.

TABLE 2.1: Gap Analysis

Reference Authors, Year Proposed Limitations
Controller
[11] Wua, F.; Chen, Classical PID A Classical PID control
J.;  Liang, Y, control scheme scheme is used for multiple
2017 with a sliding quadrotors with a sliding

mode controller mode controller (SMC).
(SMC) However, the PID-SMC
mentioned  above  does
not take disturbances and
communication delays be-
tween multiple UAVs into

consideration.
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[12]

[13]

[26]

Abbas, R., Wu,
Q, 2015
Khaled, A.G;

Youmin, 7, 2015

Estevez, J.;

Grana, M., 2017

Fuzzy Logic con-

troller

Classical SMC

Adaptive control

algorithm

The author suggested the
use of leader-follower for-
mation controller using
the simple proportionality
derivative controller paired
with the fuzzy logic system.
Unfortunately, the above
controller did not consider
any uncertainties in the
equation.

A traditional SMC method
was taken into considera-
tion. However, what makes
this formation at fault is
that the SMC method of-
fers high-frequency chatter-
ing in the extinction signal
which in response, degrades
the life of actuators.

A model reference adaptive
control algorithm is pre-
sented for a swarm three
quadrotors. The gains of
the controller are turned on-
line. With this, the algo-
rithm of the system is able
to adapt to unexpected dis-
turbances. However, no ro-
bust investigation is carried

out in this method.
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[27]

[38]

Liang, Y.; Dong,

Q.; Zhao, Y.,
2020
Mehmood, Y.

Aslam, J.;Ullah,
N.; Chowdhury,
M.SK.; Alzaed,
AN, 2021

Adaptive Leader
Follower Forma-

tion Control

STSMC and
ASTSMC Con-

trollers

Adaptive control laws for
the formation of swarm
UAVs subject to movement
restrictions and unknown
external perturbations are
discussed.

The authors  proposed
robust trajectory tracking
with parametric uncertain-
ties and disturbances for
quad and swam formation,
however, in the excitation
signals high-frequency
chattering is observed in
SMC methods as the life
of the actuators is drasti-

cally reduced by chattering

phenomena.

2.3 Problem Statement

The previously implemented method performed well based on the proposed design

but had some limitations or drawbacks as discussed in the literature review. Some

of the proposed controllers are highly complex models, do not consider uncer-

tainties, have time delays, have high-frequency chattering in the excitation signal,

are proposed only for attitude and position controllers, and are proposed only for

formation controllers.

Keeping all of these limitations into consideration my contribution would be

proposing an integral backstepping controller for the multiple UAVs flying the

leader-follower configuration under wind disturbances.
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2.4 Summary

A literature review is an essential part of any research endeavour since it helps
to obtain a thorough overview of the current information in field of study. The
literature review entails locating, assessing, and synthesising relevant literature
on the topic. A gap analysis is the process of determining the difference between
the existing and intended level of knowledge. A gap analysis in the context of
a literature review entails identifying research projects that have not yet been
done or areas where there is a lack of knowledge. This can aid in identifying
research areas that are most likely to make a substantial contribution to the field
of study. A problem statement is a clear and concise statement of the research
problem or objective that are trying to address. It clearly identify the research
question, the significance of the problem, and the scope of the research. This
chapter thoroughly covers all the above mentioned literature review, gap analysis,

and problem statement done for the process of this thesis.



Chapter 3

System Description and

Mathematical Modeling

Mathematical modeling transforms problems in the application domain into man-
ageable mathematical formulas by use of hypotheses and arithmetic analysis pro-
viding insights and useful recommendations for building applications. Mathemat-
ical modeling is useful in a variety of applications, providing precise strategies
for problem solving and systematic understanding of the modeled system. It also
enables better system design, control and efficient use of modern computing capa-

bilities.

3.1 Quad-copter Dynamic Model

Fig. 3.1 represents a UAV quad-copter with Earth coordinates Rg (O, X,Y, 7).
UAV body coordinates are specified as Rp (Op, Xp, Y5, Zp) without considering
the inertial coordinate system. let denote by m the mass of the UAV, g represent
the gravity acceleration, and from center of gravity to center of each rotor is

denoted by [. Whereas, ¢, 0, and 1 represents the euler pitch, roll and yaw angles.

The following assumptions were made to construct the model.

12
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Zs

FiGURE 3.1: Quad-copter in inertial reference frame

Assumption 1: The UAV is assumed to be represented by a symmetric rigid

body configuration with mass m.

Assumption 2: The External acceleration disturbance will only affect each UAV’s

X and Y dynamics.
Assumption 3: External disturbances affect each UAV uniformly.

Based on the assumptions mentioned above, in the quad-copter UAV each motor
produces force F;(i = 1,2,3, and 4) is proportional to the square of the angular
speed. As F; is always positive then the quad-copter UAV motors will only turn

in only one direction.

The front right and rear left motors (M1 and M3) rotate in a counter-clockwise
direction, as the front left and rear right motors (M2 and M4) rotate in a clockwise
direction. In a properly trimmed flight, the Aerodynamic torques and gyroscopic

effects tend to cancel each other.

As F represents the total thrust which is the sum of the individual trusts of each

motor.

The quad-copter orientation is denoted by the rotational matrix R : R — Rp

depending upon the Euler angles resulting in the following equation:
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coscosf sin¢gsinfcosy — siny cosf cos ¢ cos b cos + sin ) sin ¢
R(¢,0,7) = |sintcos® sin¢sinfsiny + costpcosf cos ¢ cos fsini) — sin ¢ cos

—sinf sin ¢ cos 6 cos ¢ cos
(3.1)

The drag on the propellers and body of the quad-copter UAV and the thrust of the
rotors generate the external torques. Gyroscopic effects of motors also generate
moments that are to be considered. The ith rotor of quad-copter UAV thrust force

is formulated to be:

1
F;, = §pACTT2wZ'2 = bw,>, (3.2)
where r and A represent the radius and section of the propeller, p represents the
air density, and C7r represents the aerodynamic thrust coefficient.

The drag force at the propeller of the ith rotor and opposed motor torque cause

the aerodynamic drag torque which is defined as:

1
0; = §pACD7’2wi2 = dw,? (3.3)

The Cp represents the aerodynamic drag coefficient. The two constants d > 0 and
b > 0 depend upon the air density, as the drag, lift coefficient and the geometry
of the propellers are shown in Eq. 3.2 and 3.3. The pitching torque is a function
of the difference (F3 — F}), similarly, rolling and yawing torques are formulated as

follows:

T = l(F3 — I1) (3.4)

Ty = l(Fy — ) (3.5)
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Ty = C(F1 — Fa + F3 — Fy) (3.6)

where C'is the proportional coefficient. Due to the motion of the quad-copter UAV
body and the propellers, two gyroscopic resultant torques are produced, defined

below:

, T

M,, = Z QA [0 0 J(=1)""w; (3.7)
i=1

My, = QAJA, (3.8)

where () represents the angular velocity vector in the earth’s fixed frame, the
control inputs formulated for the varying speed of the four rotors of the quad-

copter UAV, are shown as:

(51 F b b b b CL)12
U T, 0 —=Ib 0 b wo?
u=| =" = ? (3.9)
us To —1b 0 b 0 cu32
Uy Ty d —d d —d (.4.)42

From Eq. 3.9, the input u; denotes the total thrust force on the quad-copter UAV
body in the z-axis, the inputs us, us and uy4 denote the rolling, pitching and yawing

torque, respectively.

Using the Newton-Euler formalism for dynamic modeling, the dynamic governing

equations of quad-copter appears as:

m¢ = Fin + Fa+ F, 3.10)

JQ =M — My, — My, — M,,
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Where Fy, = R(¢,0,v) [0,0, Zle FZ-}T represents the total thrust force of all
rotors, Fy = diag<k17k27k3)éT represents the air drag force, F, = [O,O,mg]T
represents the gravitational force, M = [T¢,T@,Tw]T represents the total rolling,
pitching and yawing torques, respectively, M,b and M,p represents the gyroscopic
torques and M, = diag(ky, ks, k¢) [¢2,92,¢2]T represents the aerodynamic fric-

tional torque.

By putting the forces and position vector into Eq. 3.10 results in the transnational

and rotational dynamics of the quad-copter UAV which are expressed below:

Xz = UM(COS lpl Sil’l 92 COS sz + Sil’l 1/)2 SiIl ¢z) — DXia (3].1)
MQi
Y, = Uy;(sin 4 sin 0; cos ¢; — cos 1); sin ¢;) — Dy, (3.12)
meq;
Zi=g— Uyi(cos 0; cos ¢;) — Dy, (3.13)
meqi
. Iyi — ]zz : lz Jfri )
i = =0 + Ugi— — ——0;Q; — Dy, 3.14
0; = Wi + Usi—— — =08 %i — Da, 3.15
I ¢t + Us I, [yi¢ 0 (3.15)
and,
o L — 1y li
Y = —] ' v (bzez + U4ir - Dm’ (3.16)

Eq. 3.11-3.16 represent the overall mathematical model of the UAV quad-copter,
where i is an indication for [L, f], where f = [F'1, F2]. The subscript L is an
indication for the Leader UAV, while F'1 and F'2 indicates the follower 1 and 2,

respectively.

Now are are ready to display the error dynamics for the formation control.
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Y
A
YL
- VyL 4 Leader dxr2
Yoo ‘ VXL XL
l
1
1
1
1
1
1
1
1
1
1
1
YR oo i
Yr2|___ ! :
| : .
! i
Follower 1E l ! Follower 2
| | !
I 1 |
I 1 |
I I |
I I |
| 1 d
| 1 d
I 1 d
I 1 d
I 1 i
I 1 i
1 1 i
1 1 i

XF1 XL XF2

FiGURE 3.2: Leader-Follower configuration

3.2 Formation Error Dynamic Model

The overall dynamics model is shown in Eq. 3.11-3.16. Fig. 3.2 and 3.3 repre-
sents the leader-follower configuration of Multiple quad-copters. The transnational

dynamics are defined as,

X, =V cos(;) — Vi sin(v;) (3.17)

and,

Y, = Vy, sin(v);) + Vi, cos(1) (3.18)

and the angular error dynamics are,

Y =wyp (3.19)



System Description and Mathematical Modeling 18

I I
d'xr, d'yr
Leader
Reference

XavLs Ydr s Zar

Xar» Yars Zar

Controller

Xar» Yar

=
=
=
=
E
=
e
=

Fyp Follower UAV
Position Control

Leader Position
Controller

y
Fyp, Follower UAV

Attitude Control 0

Leader Attitud
Controllers

Vx) W d
y VY
e \ _‘_|

] X,

o, X D, Y

‘Pd, Y9 ‘Pds Z’

Q Z Q \I,
¥y

Leader UAV Fin, Follower UAV

FicUre 3.3: Block diagram

In inertial frame Vx; and Vy; represents X and Y directional velocities. As-
suming the follower UAV maintains a distance of dx; and dy; in the X and Y
planes, respectively, from the leading UAV. Mathematically, dx; and dy; are

expressed as follows:

de = — sin(wL)(YL - Yf) — COS(wL)(XL - Xf) (320)

and,

dyf = — COS(¢L)(YL — Yf) — sin(wL)(XL — Xf) (321)

where dx; = d;cos(¢), dys = d;sin(¢) and Xy = [Xp1, Xpo]. On the other hand,

the b error dynamics is defined as : ey, = 1y —1. Taking the 1st time derivative
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of Eq. 3.20 and 3.21 and then computing along Eq. 3.17 and 3.18 results in the

following equations:

de = dywa — Vyf Sin(ew) + va COS(ew) — VXL (322)

dyf = —dewL + Vyf COS(ew) + VXf sin(ew) — VYL (323)

where Vy 1, Vxy, and Vy¢ represents velocities in longitudinal and lateral regions
of the leader UAV and its respective follower UAVs as follower 1, and follower 2.
The error equation between regional dynamics of lateral and longitudinal Eq. 3.22

and 3.23 is shown below:

X =FX)+GX)w (3.24)
exf exf Vxs

where, X = |ey X = eys| v = |Vy,| are position, velocity, and control
ey €y Wr

input vectors. In addition F(X) and G(X) are nonlinear vector fields which are

explained as:

€y fWr, + VXL - CL)deyf

F(X) = | —exywr + VWi — degl(f (325)

€y

—cos(ey) sin(ey) 0
G(X) = | —sin(ey) —cos(ey) 0 (3.26)
0 0 1
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It is important to report that the reference trajectories for the followers” UAVSs

are:

de = XL — dyf Sin<¢L) - de COS(¢L) (327)

Ydf = YL — dyf COS(IpL) - de Sin(Q/JL) (328)

Now, the mismatch between the reference trajectories ad the actual trajectories
of the quad-copters can be defined as exs = dgl(f —dxyand eyy = d§l/f —dyy. The
detailed formation error dynamics are presented. Now it is suitable to summarize

the chapter.

3.3 Summary

Quad-copters are indeed considered under-actuated systems, meaning that there
are fewer control inputs than degrees of freedom. This can make them challeng-
ing to model and control, as there are not enough inputs to directly control all
the states of the system. Modeling an under-actuated quad-copter requires a de-
tailed understanding of the system’s dynamics, including the effects of aerodynam-
ics, propulsion, and actuator dynamics. The model should take into account the
nonlinearities that arise from the system’s under-actuation, such as the coupling
between different states and the constraints on the control inputs. In addition,
modeling an under-actuated quad-copter also requires taking into account the
physical limitations and constraints of the system, such as the maximum rotor
speed, the maximum torque and thrust produced by the rotors, and the maximum
tilt angles of the aircraft. This chapter briefly explains the overall transnational
and rotational dynamic modeling of the quad-copter under mentioned assump-
tions. Furthermore, the formation flight controller and its transnational dynamics

have also been addressed to follow up the swarm formation in the inverted V style.



Chapter 4

Formation and Trajectory

Controller Formation

In this section, first, all the formulations of formation and trajectory controllers are
designed accordingly to ASTSMC, then second accordingly to the backstepping
controller; and finally third accordingly to the Integral backstepping controller.

4.1 Adaptive Super Twisting Sliding Mode Con-

troller

4.1.1 Leader UAV Control Formulation

Before deriving any control scheme, the following assumptions are made:
Assumption 4: the following condition is true for the uncertainty terms:

| Dx
| Dy,

Ay || Dyill < Qg 5 [|[Dzil| < Az || Dy,

<
< Ag

< Ay ;5 || Dy,

< Ay g

where, Ay, Ao, As;, Ay, Asi, Ag; denotes the upper bound of the uncertainties.

21
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In this section, considering [38] using the adaptive super twisting sliding mode

control method the attitude, altitude, and position controllers are designed.

4.1.1.1 Attitude Control

For the leader UAV, let the desired Euler angle commands be set as ¢q4r, Gar, Yar,

then accordingly to these desired commands let the phi desired sliding manifold:

S¢L = ]{?16¢L + k’QGé)L (4.1)
where, Sy, , k1, ke and ¢ denotes the sliding surface, design constants and loop

error dynamics for ¢y, loop. Where ey, = ¢r, — ¢ar, €4, = gb'L — (b;lL- Taking First

order derivative with respect to time of Eq. 4.1 results in,

S¢L = kle(l.ﬁL + er;i;L (42)

After combining Eq. 4.2 and 3.14 expressed as follows:

. Ly~ 1L - - L,
S¢L = kled;L + k2 |: = LngL + U2L_L .

_— 0.0, — Dy, — ba 4.
I A oL ¢dL:| (4.3)

Let ay;, = IyL[_LIZL,aQL = fﬁ i = ILL, then Eq. 4.3 becomes:
S;;SL = kil%L + ko alLH'LQﬁ.L + Uspbir — GQLQ.LQTL - D¢L - (ﬁ;L (4-4)

Then the equivalent and switching control law using the super twisting algorithm

for the ¢y, loop is shown below:

1 [~k . . .
Uspe = — (—1 ep, — a0 + axr0rQp + ¢dL> (4.5)
bir \ ko
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ks . ks
Vst = — 221155, (P2 5gn (S, ) — 22 / sg(Ss,) (4.6)
bir bir

From Eq. 4.5 and 4.6, the total control action leads to the following expression:

Usr, = Usre + Usps (4.7)

Similarly, 6, and v loops the sliding surfaces for pitch and yaw controllers are

defined as follows:

S@L = ]{JgegL + /{346éL (48)

S»L/,L = k56¢L + k6€¢L (49)

Now for Eq. 4.8 and 4.9 working for controller is shown below:

1 [—ks o . .
Usre = . (k—geeL — a3 oYL + asp ol + 6’dL> (4.10)
2L 4
kSS 0.5 ks4
Usps = —b—\50L| sgn(Sp, ) — 2 sgn(Sy, ) (4.11)
2L 2L
1 [ —ks o .
Usre = — —56¢L — a5 L0 + Yar, (4.12)
bar, \ ke
k55 0.5 ksG
UsLs = —b—|S¢L’ sgn(Sy,) — b sgn(Sy, ) (4.13)
3L 3L

_ LI _ _ — oIy _ 1L
Where, ag, = =78 aar, = 75, bap = 70 a5 = =77, bar = 75 and Ky, kg, ks,

ky, ks, ke, kg1, k2, ks3, ksa, kss, ksg denotes controllers and sliding surface gains. Also,



Formation and Trajectory Controller Formation 24

error dynamics for 6, and 1y, loops are defined as, eg, = 01, — 041, €9, = 9.,; - 95.1L,

Cyr = w - @Zde, el'bL = ¢L - de-

Theorem 1. Attitude dynamics states in FEq. 3.14-3.16 will coincide to the

origin in finite time [39] using proposed controllers of Eq. 4.5-4.13.
Proof. Accordingly to theorem 1, stability proof of ¢, is derived.

The same procedures can also be used for the other two attitude dynamics 6y,

and 9. Eq. 4.6 can also be adjust accordingly to this equation:

ks
Uars = _b . |S¢L|0’5sgn(S¢L) + VgL (414)
1L
As, vy, is composed from the following equation: vj, = I’fli sgn(Sy, ). By merging

Eq. 4.14 and 4.5 into 4.4 results into following expression:

: ks .
S¢L = —b1;|S¢L|O5$gn(S¢L) + Vg, — D¢>L (415)
. st
Vo = ESQ%(S¢L) (416)

For ¢ loop dynamics let the Lyapunov function :

2
Vi, = 2X2|Se, | + 0.5U¢L2 +0.5 (A1\5¢L|0'5sgn(S¢L) — v¢L) (4.17)

Where, \; = l’% and \y = Ks2

bir’

New state vector is defined as follows: 1y, T = [|S¢L|O'5sgn(S¢L) U¢L:|' Defining

. Ahg + A =X . '
Matrix Py, = and then the Lyapunov function is modified as
—A 2

follows: V,, = ng,7Pny,. First order derivative with respect to time of the

Lyapunov function with Eq. 4.16 formulates the following expression:
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1

Vo, = —W%LTQ%L + Aurqe, M, (4.18)
oL
2% + M2 =\
Where, Qy, = % 2 \ ! X "l and Go, T = (200 + %)\12 — 2A1). Under con-
-\

sidering assumption 4 Eq. 4.18 will be simplified as follows:

: A ~
V¢L - - 0.5 n¢LTQ¢>L Ner, (4'19>
2|S¢L|

2X + A1 — (% + )\1) Agr, =M+ 24y

Where, Qy,” = . If Qg,” > 0 then
—A1 +2Ay, 1

Eq. 4.19 is negative definite, also if A\; > 2A47, Ay > Al%’ then Q- > 0

and V,, < 0.

Remark 1. Using procedures adopted in [39] A proof of the convergent nature can

be obtained in a finite amount of time.

4.1.1.2 Altitude and Position Control

Initially, the UAV quad-copter altitude control system is derived, then using
a transformation matrix the position controllers are calculated. The sliding

manifold for the desired altitude Z;;, is expressed below:

SZL = k’Z@ZL + k?geéL (420)
Where, k7 and kg depicts the design constants. The error calculated is as follows:

ez, = 2L, — Zar, €z, = ZL - Z;iL. Taking the first order derivative with respect

to time of Eq. 4.20 leads to the following equation:

Sz, = krey, + ksez, (4.21)
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Merging Eq. 4.21 and 3.13 gives us:

— Dy — Zg (4.22)

Sz, = krez, + ks | g — Urp(cosfy cos ¢L)m
oL

Making use of the super twisting SMC theory, the leader UAV altitude controller

is formulated as below:

ko . ki,
Uz, = _k_7eZL + Zyp, — _|SZL| SQTL(SZL) — k_s / sgn(Sz,) (4.23)
8 3
mQr k7 kyr 05 kot /
Ur = — %%  |g— A ks
M cos 01, cos ¢y, {g ( ks PR ‘SZL‘ sgn(Sz,) s sgn(Sz,)

(4.24)

Where, Uz, = = Z; = g — (cosfy cos éy) UILL represents the virtual control law.
Using the same concepts presented for the ¢ loop, altitude stability proof is
derived. To derive the XY controllers, let:

Uxp = Uyr(sinvy sin ¢p + cosy sin 0y cos ¢r) (4.25)

maqor

Uy, = Ui(— cos )y sin ¢, + sin )y, sin 0y, cos ¢ ) (4.26)

mQL

Eq. 3.11 and 3.12 are altered for the leader UAV which are expressed below:

X, =Uxp — Dx1 (4.27)

Y. = Uy — Dyy (4.28)
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Sliding manifolds for the leader UAV position loop can be expressed in the follow-

ing form:

SXL = k‘gGXL + kloej(L (429)

Sy, = kney, + kizey, (4.30)
Where, kq, k19, k11, k12 denotes the design constants and the error dynamics are
expressed as follows: ex, = Xp — Xyr, ex, = X; — X'dL, ey, = Y, — Yy,

ey, = YL —Y;L. Taking first order derivative with respect to time of Eq. 4.29 and
4.30, then combining it with Eq. 4.27 and 4.28 formulates to following equation:

Sx,, = keex, + kw[Uxr — Dxr — Xa] (4.31)

Sy, = kuey, + ki[Uyr — Dyr — Yar (4.32)

From Eq. 4.31 and 4.32 following virtual controllers Uxy and Uy are derived:

2 ko . ks . ks
Uxr = (XdL — ek, — —|Sx, | sgn(Sx,) — = / SQH(SXL)> (4.33)
klo /{710 kl(]

. ki1 ks ks
Uys = (YdL—ien—iww%gn(sn)— = [ sgn<syL>) (4.34)
k12 le k12

Using same concepts presented for ¢ loop, the S }(L and SifL are expressed as

following:

ksg
K10

S)'(L = — |SXL|0'5sgn(SXL) + Ux, — DXL (435)
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kle

vx, = p sgn(Sx,) (4.36)

10

. k,

SYL = — k1121 ’SYL|O'5SQ7’L(SYL) + Vy;, — DYL (437)

ks
vy, = klzsgn(SyL) (4.38)

12
Where, vy, = —kﬂosgn(SXL), and vy, = —’2‘1121sgn(SyL). For X and Y loop

dynamics let the Lyapunov functions be:

1 2
Vx, = =5ux 2+ 2M0|Sx, | + = ()xg\SXL\ ’sgn(Sx,) —vx,) (4.39)
1 2
Wi = goy 24 2X0| Sy, | + 5 ()\11\51@| *sgn(Sy,) — vy, ) (4.40)
Where, \g = Zlg, Ao = %—1100, Al = %—1121, Alg = 12—1122 The new state vec-
tors can be defined as follows: nx;? = [|SXL|0'53gn(SXL) UXL:|; nyl =

[\SYLIO'E)SQH(SYL) vy, | - Following creative matrices are defined as: Pxp =

Ao+ A" — A a4+ A2 — A
o ’ ; Pyp = o "1 and then the Lyapunov

_)\9 2 —)\11 2
function is modified as follows: Vx, = Cnxr T Pxrnxrn + Dx:"Dx1 ; W, =

Cny T Pyinyr + Dy "Dy . First order derivative with respect to time of the

Lyapunov function along Eq. 4.35-4.38 yields the following relation [45]:

. 1
Vx, = |S |0 —55 XL "Qxnxr + G Dxraxit " nxe + Dxr” Dx; (4.41)

XL

. 1
Wy, = ——=nvi Qvinyve + GDyrayi "y + Dy Dyy (4.42)

|SYL|
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2A10 + Ao — A 215 4+ Apq2 2\
—A9 1 —A 1

ax1” = 2o+ 2N’ — INo); avr” = (2M2+ 1M’ = A1), As Dy and Dy
are scalar quantities so Dx:T = Dyx; and Dy;” = Dy , then adaptive laws

are formulated:

Dxr, = —Caxr nxr (4.43)

Dy = —Gavi nyL (4.44)

Where, (; and (» denotes the adaptation gains. Accordingly to Assumption 4,
and by combining Eq. 4.41-4.42 with Eq. 4.43-4.44 yields the following simplified

expressions as follows [39]:

: A _
Vxr = ——Q%WXLTQXL NXL (4.45)
2’SXL’
- A11 T -
Wir=———3vr Qxr vL (4.46)
2’SYL|

2)\10 + )\92 — (41‘% + )\9) EAlL — )\9 + 2EA1L

Where Qx;” = and Qy;~ =
—Xo +2EA L 1
21z + A 2—<4A12+)\ >EA ~ Ay 4 2EA . .
12 11 A11 u 2L H 2L Vxr and Vy [ are negative
=11 +2EAy; 1

definite only if Qx;” > 0 and Qy;” > 0. If gains satisfy the following criteria

2 2
Ao > 2BA 1, Aig > N PGREAHINL S Ay > 2B yp, Mg > Ay EGRR TR
then QXLM > 0 ; CQYLm > (0 and VXL < 0 ; VYL < 0. Where EAlL =

Dxrp, — Dxp and EAyp, = Dy

— Dy, denotes the estimation er-

estimated estimated

ror of the adaptive loops.
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Uxr and Uy, are the virtual controllers for the desired reference trajectories of

¢q and Og:

U

%mQL = cos 1y, sin @y, cos ¢y, + sin ¢y, sin Yy, (4.47)
1L

Us

%mQL = siny, sin @y, cos ¢, — sin ¢y, cos Yy, (4.48)
1L

Multiplying Eq. 4.47 with sinv and Eq. 4.48 with cos, then the difference

between the obtained equations leads to the following equation:

Uxrm Uyrm
XL QLSinw_ YILMQL

= qi 4.49
o PO Gos = sin g (4.49)

From Eq. 4.49 the reference command for ¢ loop as follows:

U U
¢ar, = sin' ZXLTQL. siny — ZYLTQL cos (4.50)
UL UL

Multiplying Eq. 4.47 with cost and Eq. 4.48 by sin ), then adding the resulting

equations formulates to the following equation:

U U
XLMQL COS'Lp + L,'TLQL Sinw = sin edL CcOS QbL (451>
UIL UlL

Squaring Eq. 4.49 and putting sin¢;? = 1 — cos ¢, formulate to the following

equation:

U U 2
CoS Pa, = \/ 1- {%”ZQL sin ¢ — %”ZQL cos (4.52)

Putting Eq. 4.52 in Eq. 4.51 formulates the reference command for 6 loop:
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Uxrmqr Uvrmqor
2L cosY + —+—Esiny
fq = sin”! Uir Uiz (4.53)

Uxrmqgr Uyrmgr 2
1 — | 2L giny — 9L
T P 0o, Cos (0

4.1.2 Leader Followers Formation Control

The sliding surface for the required trajectory of the followers’ UAVs can be

formulated as follows:

SXf:Xf—l-)\/Xf (4.54)

Where A denotes the sliding surface gain matrix. Taking first order derivative with
respect to time of Eq. 4.54 and combining it with Eq. 3.24 yields the following

expression:

S).(f :F(Xf)—FG(Xf)Uf—i—)\Xf (455)

The followers’ UAVs desired lateral and longitudinal velocities are formulated as

follows:

vy, = G(Xyp) = F(Xy) — AX/] (4.56)

vy, = —771|SXf\0'5sgn(SXf) — n2/sgn(SXf) (4.57)

To ensure stability, the same procedure as for the attitude loops is applied here.
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4.1.3 Followers UAV Controllers Formulation

As the reference position trajectories are generated by Eq. 3.27 and 3.28 then
governed by the formation controller mentioned in Eq. 4.56 and 4.57. For the
rest of the followers” UAVs, the analysis and derivation are the same as the leader
UAV. Simplified endmost control laws are mentioned, let the sliding manifolds for

attitude be expressed as follows:

S¢f == k’lf6¢f =+ k)gf@éﬁf (458)
ng = kgf@gf + ]{Z4f€éf (459)
Swf = k5f€¢f + kﬁf@,;,f (460)

Where, f = [F}, Fy] as F} and F, represents the follower 1 and follower 2 UAVs
respectively. Also kif, kof, ksf, kaf, ksf, key denotes the sliding surface design
constants for followers UAV. Where ey, = ¢ — dar; g, = 0y — Oy €y, = V5 — g

Similarly attitude and position sliding manifolds are expressed as follows:

SZf = I{I7fezf + /fgfe.Zf (461)
SXf Zkgfexf+k10f€j(f (462)
Syf = kufeyf + k12f€§'ff (463)

Where, k7, ksg, kof, kiof, k117, K12y denotes the sliding surface design constants
for followers UAV. Where ez, = 2y — Za; ex, = Xy — Xgp; ey, =Yy — Yy, Using
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the same procedures adopted for attitude, altitude, and position, controllers

for the followers UAVs are formulated as follows:

1 [~k | . . .
Uspe = — Y ep, — a1p0p0 + agplp s + Py (4.64)
biy Ko s

ks ks
Usps = — bllfflsfbﬂo'BSgn(SQz,f) — 2f /sgn(5¢f) (4.65)
1 —ksr . .o . .
U3f€ - 3f ey, — a3f¢fwf + a4f¢erf + Gdf (466)
bay \ FKuy
ks ks
Usps = — b23ff ’59f|058gn(59f) bef /sgn(ng) (4.67)
1 [ —kss . .o .
U4fe = _5f€¢f — a5f<bf9f + wdf (4.68)
bss \ FKes
ks . ks
Usps = — b;f ]S¢f|05sgn(5wf) — Kif / sgn(Sy,) (4.69)
moy kg . ;' ksry 05 kssy
Uyy=—F>F""—F 19— | 7" Za — —|S Syp) — —= S
) [9 ( g 21 T 2 kay 0289l Szp) = 5 | sgnd )Zf)
(4.70

. k ) S ks
Uxy = (de— kgfeXf_ 9f|S f] sgn(S 7)) — kllo():/sgn(SXf)> (4.71)

.. k . ks . ks
Uys = (Ydf — ey — ZH Gy “Psgn(Sys) — kuf /Sgn(SYf)) (4.72)
K12y Ki2g 127
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Dxf = CfSx; (4.73)
Dy = Gof Sy, (4.74)

bar = sin! [m siny — UYmef coS @Z)} (4.75)
Uy U,

Uxén;w cos ) + mef sin v (476

de = SiIl_1

Uxymqy Uy ymqs 2
1 — | 2Ll giny — 2L cos
th; V== (4

4.2 Integral Backstepping Controller

In this section, we will formulate the integral backstepping controller only on the
position controller to check the robustness of the controller. To easily implement a
backstepping control strategy, the acquired mathematical model is converted into

the state space form:

Xi = f(X:,Uy) (4.77)

Where, i is an index representing [L, f], as f = [F'1, F'2]. The subscript L denotes
the Leader UAV, while F'1 and F2 denote Follower 1 and 2 respectively. Here,

X;,U; denotes the state vector and input vector.
T

= [ ¢z 0; 6; i w@ 2 Z o T Yi Ui (4.78)

State vector can also be written as:
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X = [x1; T T3 Tai Ty Te;i Tz Tsi Toi Tioi Tii T12i) (4.79)

Where control inputs cn be written as:

From Eq. 4.77-4.79 and Eq. 3.11-3.16 state space model is modified as follows:

T1; = To (4.81)

T = C1iT4iT6i — C2iT4i8lri + d1;Us; (4'82)
T3i = T4 (4.83)

Ty = C3iT2 T — C4iT2i i + doUs; (4'84)
T5; = T (4.85)

Tei = C5iT2; a5 + d3; Uy (4.86)

T = T (4.87)

Uli
meg;

(4.88)

Tgi = g — (Cos x3; cOS T1;)
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Tog; = X105 (489)
) ) . ) 1i
Tip; = (Sinxs; sinxy; 4 cos T5; sin x3; cos xq;) (4.90)
in
L1153 = T124 (4-91)
. . ) ) Ui
T12; = (— cos x5 sin xq; + sin x5, sin xs; cos T1;) (4.92)
in
o Ayl RN = b Ll o = b
Where, C1; = I; Co; = Toi? dlz — L.’ C3; = Iyi y, C45 = Iyi’ sz - Iyz"
Lyi—T,; L
Cor = T dsi = 71

4.2.1 Leader UAV Control Formulation

In this section, using the integral backstepping control method the attitude, alti-

tude, and position controllers for leader UAVs are designed.

4.2.1.1 Attitude Control

For Eq. 4.81 and 4.82, for ¢ loop of the UAV leader let the positive definite

Lyapunov function be as follows:

1
V(GlL) == §€1L2 (493)

Where, e1;, = 147, — x11. Taking first order derivative with respect to time of Eq.

4.93 yields the following expression:

V(eir) = eireir (4.94)
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V(eiwr) = eir(@iar — zar) (4.95)

The system is guaranteed to be a stable system [29] if the time derivative of a
positive definite Lyapunov function is negative semi-definite accordingly to the

Krsovskii-LaSalle principle. Stability of e;; is obtained by virtual control input

Zay,.

Top, = T1ar, + kipein(kip > 0) (4.96)

Augmented Lyapunov function is expressed as follows:

1
V(eir,ear) = §(€1L2 + €2L2) (4.97)

Where, es;, = o1, — 2141, — kire1r. Taking first order derivative with respect to

time of Eq. 4.97 yields the following expression:

V(eir,ear) = erreir + earesr, (4.98)

V(eir, e2r) = e1n(T1ar — @ar) + ean (s — xigr — kipeir)

V(eir, ear) = e1n(T1ar — Xar) + €arn|c1iTaite; — Coix4i i + d1;Us;

— T1ar, — kin(@iar — zin)]  (4.99)

Rearranging and using esy, + kipeir, = xop, — x1qr, yields the following expression:
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V(eir, ear) = ear(c1ovar®er+dipUs,—Qrpcora) —eo (xigr, — kiz(ear + kireir))

— €162, — k‘lLelL2 (4100)

The control input Usy, is derived from Eq. 4.100 satisfying V(elL', ear) < 0.

1

Uar, = I lerr — ZapTercir — TarcarQer — cip(ear + kipeir) — karear] (4.101)
1L

Where, kip, ko, are positive design constants. Similarly, the same procedure

adopted for # and v loop of Leader UAV, formulated controllers are expressed

as below:
1
Usp = . lesr — opxercsr — TarCarlr — cap(esr + kspesr) — kapear] (4.102)
2L
1
Usr, = o lesr, — Tor@arcsr, — Csplesr + ksrest) — kereer) (4.103)
3L

Where, e3;, = Zsqr — T35, €4, = Tar, — T3qr, — K331} €51 = Tsdl — TsL, €6L =

Ter, — Tsar, — ksresr. Also ksp, kar, ksp, ker, are positive design constants.

4.2.1.2 Altitude and Position Control

The altitude control system is derived first, then position controllers are formu-
lated using a transformation matrix. For Eq. 4.87 and 4.88, for desired altitude

of the UAV leader let the positive definite Lyapunov function be as follows:
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1
Verr) = §€7L2 (4.104)

Where, e7;, = 2741, — x71,. Taking first order derivative with respect to time of Eq.

4.104 yields the following expression:

V(er,) = ereis (4.105)

V(err) = err(w7ar — si) (4.106)

The system is guaranteed to be a stable system [29] if the time derivative of a
positive definite Lyapunov function is negative semi-definite accordingly to the

Krsovskii-LaSalle principle. Stability of e;;, is obtained by virtual control input

I8y, -

xsr, = Trar, + krpern(krp > 0) (4.107)

Augmented Lyapunov function is expressed as follows:

1
V(err,est) = §(€7L2 +es”) (4.108)

Where, es;, = s, — x7qr, — k7re7r. Taking first order derivative with respect to

time of Eq. 4.108 yields the following expression:

V(err,esr) = erperr + esrest (4.109)

V(err,esr) = err(w7ar, — xsr) + esp(sn — x7ar — krrerr)
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. , U
V(ers, esp) = erp(7ar — wsn) + esplg — (cos zsy, cos z1y, ) —=

— T7dr

— k7L(.CL'7.dL — 1‘7[)] (4110)

Rearranging and using egy, + krrerr, = x7r, — X741, yields the following expression:

V(err,esr) = esr, ((Cosng cos )

L ) — esr, (wrar, — krn(—esp — krrerr))
maqgr

— €7L€8L, — l{?7L67L2 (4111)
The control input Uy, is derived from Eq. 4.111 satisfying V(em., esr) < 0.

maqgr
COS 31, COS Ty,

Ui = [_€7L +9g+ k?L(QSL + kﬁ7L67L) + k’gLegL] (4.112)

Where, k;p, ks, are positive design constants. To derive the XY controllers, let:

Uxp = sinxspsinay;, + €os sy, sinxsy, cos Ty, (4.113)

Uy, = —cosxspsinxyy + Sinxsy Sin sy, cos Ty, (4.114)

Modified Eq. 4.90 and 4.92 expressions as follows:

U

ior, = Uxp—— (4.115)
meg;
U

wior, = Uyp—— (4.116)

in
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Using the same procedure adopted for attitude and altitude loop of Leader UAV,

formulated position controllers Uxy and Uy, of Leader UAV are shown below:

maqr
Uxr = UQ leor, — kor(e10r + koreor) — kroreror] (4.117)
1L
mQL
Uyr = i le11r — kiiz(erar + k1ireinr) — kiareiar] (4.118)
1L
Where, eg;, = Toqr, — Tor, €101, = Tior — Todr, — Kor€or; €11, = TiidL — T11L,

€12, = Ti2z — Tiiar — kuzenr. Also kor, kior, ki1, ki2r are positive design
constants. Modified formulated position controller Eq. 4.117 and 4.118 with

integral part to enhance its robustness and stability properties are expressed as

below:
mQL
Uxp = i leor — kor(e1or + koreor) — kioreior — /klgL@mL] (4.119)
1L
mQL
Ure = U leniz — kun(eir + kureinr) — kareiar — /k14L€12L] (4.120)
1L

Where, ki3r, k14, denotes positive design constants. Reference trajectories for

¢(r141) and O(x347) can be derived as given below: Let:

re = egr, — kor(€10r + koreor) — Kioreior (4.121)

ro = enr — kuir(eier + kiizeirn) — kiareiar (4.122)

Modified Eq. 4.117 and 4.118 can be written as:
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Uxp = —TZQL re (4.123)
1L

Uyp = _T;QL ro (4.124)
1L

Rearranging and putting values of Ux; and Uy, from Eq. 4.113 and 4.114:

. ) ) U
[sin x5y, sin 1y, + cos x5y, sin 237, oS 17 Lo re =0 (4.125)
maqor
. . . Ui
[— cos w5y sin 1, + sin sy, sin 237, cos 1] +1r9=0 (4.126)
maqgr

Multiplying Eq. 4.125 with ry and Eq. 4.126 with r4, then the difference between

the obtained equations leads to the following expression:

sin x1z[Uyp sinasy, + Uxp cosws| = cosxyp sin s, [Uxy sin sy, — Uy, cos xsr)]

(4.127)
Multiplying Eq. 4.113 with cosxs;, and Eq. 4.114 with sinxsz, then the sum of
the equations obtained gives the following expression:

Uxy cos x5y, + Uy sin zs;, = sin o3y, cos o1 [cos 1517 + sin w517 (4.128)

1 UXL COS Tsr, + UYL SiIlJZ5L

T3, = sin~ (4.129)

COS T1J,

Putting Eq. 4.129 into 4.127 yields to the following expression:

T, = Sinil [UXL sin Ts1, — UYL COS JI5L] (4130)
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4.2.2 Followers UAV Control Formulation

As the reference position trajectories are generated by Eq. 3.27 and 3.28 then
governed by the formation controller mentioned in Eq. 4.56 and 4.57. The rest of
the followers’ UAVs controllers have the same derivation and analysis as same as
leader UAVs. Simplified final control laws, errors, position, altitude, and attitude

controllers for followers UAVs are shown below:

1
Uzp = d_lf le1f — Tapzorery — wapeapSly — ciplear + kigery) — kopeap]  (4.131)

Usp = d%f lesf — xapwepcap — TopCapSlip — cap(ear + kapesy) — kagear]  (4.132)
Uss = digf ey — @agzagcsy — csplesy + kspesy) — Koreey] (4.133)

1f = mgﬁ:ﬁ%[—ew + g+ krpesy + krpery) + kspesy] (4.134)

Uxy = ngff leor — Kog(eror + koseor) — kroperor — / ks seioy] (4.135)
UYf = Tg—if[enf - k11f(€12f + kllfellf) - k12f€12f - /k14f€12f] (4-136)

(4.137)

. Uxscosxsr+ Uyrsinzx
vy — sin-1 | Lxs 085 + Uyy 5f]

COS T ¢

z1p =sin" ! [Uxysinasp — Uy s cos z5] (4.138)
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Where, f = [F1, Fy] as F} and F; represents the follower 1 and follower 2 UAVs
respectively. Also ey = x1gp — 1y, €2f = oy — Tigr — kigery; esp = Tagp — T3y,
eaf = Tap —X3df —ksgesy; €5y = Tsap —Tsy, €6y = Top —Todf —Kspesyp; erp = Trgp —Try,
esy = Ty — Trar — krpery. Also kig, koy, sy, kag, ksy, ke, kg, ksy, Kor, kiof, Kiigs

kiaf, kisf, kiap represents the positive design constants. The reference

4.3 Summary

It can be difficult to create a controller for a system that is under-actuated and
compensates for disturbances. This chapter provides a full explanation of the
design of the proposed controllers needed to manage the altitude, attitude, and
position of the leader and followers UAVs. One approach to designing a con-
troller for an under-actuated quad-copter is to use a back-stepping method. This
approach involves using a recursive design process to design a controller for each
subsystem of the quad-copter, starting with the outermost subsystem and working
inward. At first, a controller is designed to control the attitude of the quad-copter
by using the propeller speeds as inputs. Then, a controller is designed to control
the angular velocity by using the attitude controller and the propeller speeds as
inputs. And finally, a controller for the position of the quad-copter is designed by
using the attitude and angular velocity controllers as well as the propeller speeds
as inputs. Another approach to control under-actuated quad-copter is using the
sliding mode control. This method uses a control law that guarantees that the
system states remain within a small neighborhood of the desired equilibrium point,
known as the sliding surface. In any case, both approaches require precise knowl-
edge of the dynamics of the quad-copter and advanced control techniques such
as Lyapunov stability analysis and nonlinear control. Moreover, The formation

controller has also been described in depth for the leader-follower configuration.



Chapter 5

Results and Discussions

In this section, the proposed Backstepping, Integral Backstepping, and ASTSMC
controllers are tested for the multiple quad-copters system. Since UAVs are
identical, the UAV parameters of the leader and follower UAVs are identical
and are given in Table. 5.1. ASTSMC control parameters for the leader and
followers UAV are homogeneous and are given in the Table. 5.2. Similarly, In-
tegral backstepping control parameters are also identical and are given in Table.

5.3. Formation control loop parameters and parametric uncertainties are chosen

1.5 0.1 0.05
as follows: A\py = Apo = | 1.5|, MFp1 = Mpe = 0.1 [, M2r1 = M2r2 = |0.05];
0.5 0.075 0.02

ay; = 2.5aq;, ay; = 2.5a9;, az; = 2.5as3;, ag; = 2.5ay4;, as; = 2.5as;, by; = 1.75by;,
ba; = 1.75by;, bs; = 1.75b3;. Reference command and trajectories for the leader
UAV are defined as follows: Xy, = sint, Yy, = cost and Zg, = t. As it is
assumed that disturbance would only be applied on the X and Y dynamics of
the leader UAV and would be same for the rest of the followers UAVs. External

acceleration disturbance applied on X and Y dynamics are shown at Fig. 5.1.

Fig. 5.2 shows the applied external acceleration disturbance on the leader follower
UAV trajectory tracking. Fig. 5.3-5.6 shows the clear picture of the Fig. 5.2
reference trajectory tracking in 2D plane separately of each UAV. Fig. 5.6 shows

the combined 2D plane view of the leader-followers reference tracking under wind

45
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R
Acceleration disturbance applied to X dynamics
Acceleration disturbance applied to Y dynamics
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Time (s)
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FIGURE 5.1: External acceleration disturbance applied on X and Y dynamics

TABLE 5.1: UAV Parameters for the Leader-Followers configuration

Representation

Numerical Value Unit

mqor = Mr1 = Mg2

L =1lp1 = lp
Jrp = Jp1 = Jp2

IxL = [xFl I )

1

Y

L — [yFl = dyF2
IzL = IzFl = 1zF2

0.65
0.23
6.52107°
7.5201073
7.521073
1.321072

kg

m

kg.m?
Ns?rad™!
Ns?rad™!
Ns?rad!

TABLE 5.2: Leader and Followers UAV Control parameters for all loops using

ASTSMC

Key Parameters

Numerical Value Key Parameters Numerical Value

ki
ksl
ks
ksS
ks

200
70
200
50
95
4.6
97
300
60
2.5
60
2.5
1.5

ks
ks2
ka
ks4
ke

1

15

1

10

1

0.5

1

1.5
1000
180
1000

2.5
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TABLE 5.3: Leader and Followers UAV Control parameters for all loops using

z (m)

Integral Backstepping Controller

Parameter Value Parameter Value

kq 5 ko 5
ks D ky )
ks, 2 ke 2
k7 5 ks 4
k’g 5 klO 4
k 11 5 k' 12 4
k13 10 k14 10
% — Leader with Integral backstepping
—— Follower 1 with Integral backstepping
Follower 2 with Integral backstepping
30 - ==~ Leader Reference
- === Follower 1 Reference
2% -~ Follower 2 Reference
~— Follower 1 with simple backstepping
—— Follower 2 with simple backstepping
20 — Leader with simple backstepping
Leader With ASTSMC
15 Follower 2 With ASTSMC
—Follower 1 With ASTSMC

FIGURE 5.2: Trajectory tracking of XY Z under wind disturbance
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— Leader with Integral backstepping
- -~ Leader Reference

— Leader with simple backstepping
Leader With ASTSMC

05—

Y (m)
T

05—

15 - 0.5 0 05 1 15

FI1GURE 5.3: Trajectory tracking of Leader XY under wind disturbance

disturbances. From the outcome, it is cease that in the existence of external
disturbances, the Integral backstepping controller ensures robust behavior with
great performance, as the ASTSMC controller also shows good performance little
slow as compared to Integral backstepping, while steady-state error is observed
in a simple backstepping controller in the X and Y dynamics in the trajectory

tracking characteristics of the leader and followers’” UAVs.

More detailed differentiation of the UAV trajectory tracking characteristics
of the preceding follower. The trajectories of X and Y are shown in Fig. 5.7
and 5.8 for the leader UAV. From Fig. 5.7, after disturbance introduced at
t = 15s, the tracking error ey is 0.15m with the simple backstepping controller,
0.14m with ASTSMC, and 0.069m with integral backstepping controller. As inte-
gral backstepping ensures robustness and the lowest error. furthermore, suitable
compensation was added by adaptive term Dy of ASTSMC to neutralize the

external disturbance by switching to -80.
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- : ~—Follower 1 with Integral backstepping
£ a- - -~ Follower 1 Reference
> L ~—Follower 1 with simple backstepping
L —Follower 1 With ASTSMC
4
5
61—
iL Co e Coe o b 1 Cl e
7 6 5 4 3 2 1 0 1

FI1GURE 5.4: Trajectory tracking of Follower 1 XY under wind disturbance

r Follower 2 with Integral backstepping
[ - - - - Follower 2 Reference
[ —— Follower 2 with simple backstepping
0 ; Follower 2 With ASTSMC
=
2
Eab
> L
4
5
6
B \ \ \ \ \ \
1 0 1 2 3 4 5 6

FI1GURE 5.5: Trajectory tracking of Follower 2 XY under wind disturbance
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— Leader with Integral backstepping
——Follower 1 with Integral backstepping
Follower 2 with Integral backstepping
- == Leader Reference
- ==~ Follower 1 Reference
- ==~ Follower 2 Reference
Follower 1 with simple backstepping

——Follower 2 with simple backstepping
— Leader with simple backstepping
Leader With ASTSMC
Follower 2 With ASTSMC
— Follower 1 With ASTSMC

FIGURE 5.6: Trajectory tracking of Leader-Followers XY under wind distur-
bance

Similarly from Fig. 5.8, the ey tracking error is 0.12m with simple backstep-
ping controller, 0.042m with ASTSMC, and 0.039m with integral backstepping
controller. As integral backstepping ensures robustness and the lowest error. fur-
thermore, suitable compensation was added by adaptive term Dy of ASTSMC
to neutralize the external disturbance by switching to -100. Similarly, for follower
1 and follower 2 the X and Y trajectories with respect to time, errors, and

adaptive terms are represented in Fig. 5.9-5.12.

Fig. 5.13 and 5.14 shows 6 and ¢ tracking performance for leader and follower
UAVs with ASTSMC, simple backstepping and integral backstepping controller
respectively. From the outcome and external disturbance applied at ¢ = 15s, it is
cease that the proposed integral backstepping controller shows better performance
at tracking the desired 0 and ¢ reference commands. Furthermore, Fig. 5.15
and 5.16 shows the dissimilarity between 6 and ¢ in correspondence with their
generated reference and commands using ASTSMC, simple backstepping, and

integral backstepping controllers. From this outcome, it is apparent that this
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FIGURE 5.7: Trajectory tracking of Xeqder under wind disturbance
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FIGURE 5.8: Trajectory tracking of Y7eqqer under wind disturbance
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FIGURE 5.9: Trajectory tracking of X poyower1 under wind disturbance
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FIGURE 5.10: Trajectory tracking of Yroower1 under wind disturbance
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FIGURE 5.11: Trajectory tracking of X pojiower2 under wind disturbance
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FIGURE 5.12: Trajectory tracking of Ypoowero under wind disturbance



Results and Discussions

54

0.6 “ ﬁu(ASTSMC] —6llASTSMC} lu\"" ple i ﬂl(‘ ple ﬂd[lnlegral I}lllnleqral i "‘
o 04 Ladddy it
& k 14 M%;W WWNM (AL .W\\‘“VW W“‘Y[v,l“l\ oA “u‘ “’“
: Q AL TR VDY 030N y
sk, m f AT IS
< ol "MWWUWM W\'HM\,MMA i
)U.«mw”w L “wm ﬁ“““ ”M:\MWA
M il
- | \ | ]
0 5 10 15 20 25 30
I
O, ((ASTSMC) —— 6, (ASTSMC) Oy Simple Backstepping) ——— 0, (Simple Backstepping) O,{Integral Backstepping) O (integral Eacksupping)L
z LAY JULLLLY T
g MUK (ARG ) Dol
wll A J*‘Y%‘y’umim W“vw‘ il w“v‘y“ Ut WL
& m WHMA’JJ‘»mw ) 1 i i W«“ “WWW
U‘u‘uﬁMMMVfWM v q "th ”J
L)1 1k TV i ‘ i
0 5 10 15 20 25 30
08 71— T
0 ﬂ ‘ NFM[ASTSMC) —EH[ASTSMC) Bnd(s\mple Backstepping) —iln(SlmpleBackl(eppinn] ilndilnhqul Backstepping) Bnilnhqlal Backswpping)L
< n.ai | i \M\ \ \ \I\ m Ml
i I | Wﬁ lii ‘I‘ M I H‘Wﬁ]M VVJ%WMMMM W“ \ WV}
ol | || il nl“ 17 f iy “ muw U Tl wm\ me ‘mnmwm wt
o ] A
S ol H?L ‘.uh»jWWHW f“‘ 1 ‘W‘ il HHH«\UH (ﬂ( W —
’ il VIt LTI
a2l )W ‘ RUL ] ‘ i .
0 5 10 15 20 25 30
Time(s)

FiGURE 5.13: Tracking comparison of # under wind disturbance

proposed integral backstepping controller produces suitable reference commands

for # and ¢ for the required leader and follower UAVs.

For leader and followers” UAVs, on ¢ and Z loops since there are no external distur-
bances applied, their behavior with each controller is almost the same as presented
in Fig. 5.17 and 5.18. Fig. 5.19 shows the formation controller robustness for
tracking the reference commands in the X and Y plane of the followers’ UAVs.
Required distance is explicitly sustained between the followers’ UAVs and their

respective leader UAV from this outcome, beside the transient errors.

Finally, Fig. 5.20 represents the proposed control scheme inputs simulation results.
For a clear view of the simple and integral backstepping controller, it is separately
represented in Fig. 5.21. From the presented results, it is concluded that the in-
tegral backstepping controller performs greatly without any high-frequency chat-
tering phenomena noticed at the ASTSMC controller, as chattering phenomena
reduce the lifespan of the actuators, also integral backstepping controller shows

great performance with trajectory tracking under wind disturbance. Moreover,
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FIGURE 5.14: Tracking comparison of ¢ under wind disturbance
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FIGURE 5.15: Difference between desired 8 and commanded 6 under wind
disturbance
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FIGURE 5.16: Difference between desired ¢ and commanded ¢ under

disturbance
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FI1GURE 5.17: Difference between desired Z and commanded Z tracking
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FIGURE 5.19: Formation controller tracking
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FIGURE 5.21: Control inputs of simple and integral backstepping controller

the virtual X,Y control output represented in Fig.5.13 and 5.14 of the integral

backstepping controller also show no chattering phenomena and great performance

with trajectory tracking under wind disturbances.



Results and Discussions 59

5.1 Summary

The MATLAB Simulink software has been utilised for the simulations, provid-
ing results are explained in great detail in this chapter. The proposed integral
backstepping controller’s robust performance is validated with the least amount
of error in monitoring the intended reference trajectories in all UAV dynamics
under wind disturbance. Additionally, it is demonstrated that the proposed inte-
grated backstepping controller exhibits no chattering in control signals, in contrast
to the ASTSMC, which exhibits increased chattering and shortens the life of the

actuators.



Chapter 6

Conclusion and Future Work

6.1 Conclusion

This thesis presents an integral backstepping controller and a comparison with
a simple backstepping controller, and ASTSMC controller for trajectory and for-
mation controllers for leader-follower configuration. Parametric uncertainties and
wind disturbance in the form of external acceleration disturbance are applied to

the leader and follower UAVs X and Y dynamics.

The robust performance of the proposed controller integral backstepping con-
troller is verified with minimum error in tracking the desired reference trajectories
in all dynamics of the UAV under wind disturbance. It is also presented that the
proposed controller integral backstepping controller shows no chattering phenom-
ena in control signals while ASTSMC shows greater chattering phenomena which
reduce the life of the actuators, thus controllers which show chattering phenomena

are not favorably considered idle for the practical life implementation.

Moreover, the formation controllers using the proposed controller’s integral back-
stepping controller accurately maintain the desired distance between the leader
and each follower’s UAV, but the ASTSMC controller exhibits starting transient

eIror.
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6.2

Future Work

Following areas could be focus for future work:

1.

2.

4.

Implementation of proposed controllers on real quad-copter hardware.

The length of time it takes for sensor data to be acquired, analyzed, and
then used to operate the aircraft is referred to as the sampling delay. This
delay can be caused by a number of variables, including the frequency with
which the sensors are polled, the time required to analyze sensor data, and
communication latency between the multiple quad-copters and the ground
control station. In general, the objective would be to reduce sampling latency
so that the quad-copter responds to inputs as rapidly as feasible. If the
sampling delay is too large, it can lead to unstable or unpredictable flight

behavior.

Fault identification, whenever a leader UAV stops working due to any condi-
tion, one of the follower UAV take becomes the leader and other UAVs start

following that leader in a specific leader-follower configuration.

Designing adaptive controller for mass varying UAV for multiple applications
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