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ABSTRACT This article presents a new robust formation control approach for a system of multiple
Quadcopter Unmanned Aerial Vehicle (QUAV) in complex and challenging flight scenarios with large
lumped uncertainties. The aim is to achieve fast convergence to the desired formation pattern, high
tracking accuracy, and solid robustness. To this end, a novel finite-time nonlinear control strategy, Adaptive
Backstepping Recursive Integral Non-singular Fast Terminal Sliding Mode Control (ABRINFTSMC),
is designed. The formation control system of each QUAV, based on ABRINFTSMC, is divided into an
underactuated position subsystem for the outer loop and a fully actuated attitude subsystem for the inner
loop. A Robust Finite-Time Distributed Consensus Formation Control Protocol (RFDCFCP) is developed
for the outer loop to ensure the convergence of the aircraft to the desired formation pattern in a finite time
and maintain its alignment throughout the flight mission. For the inner loop, a Robust Finite-Time Attitude
Stabilization Control (RFASC) is developed to allow the aircraft to track the desired attitude generated by
the outer loop in a finite time. The stability of the closed-loop system is rigorously analyzed using Lyapunov
theory to ensure convergence of all formation tracking errors to the origin in finite time. Finally, numerical
simulations are performed under different scenarios to validate the performance of the proposed method,
and a comprehensive comparative study with recent formation control approaches is carried out. The results
confirm that the proposed formation control exhibits superior performance regarding fast convergence,
tracking accuracy, and robustness, crucial features for multi-QUAV system flight formation.

INDEX TERMS Distributed formation control, multi-UAV system, nonlinear control, quadcopter.

I. INTRODUCTION society, such as cooperative transport of suspended loads [1],

A. CONTEXT AND MOTIVATIONS

In recent years, research on formation control of multi-
ple Quadcopter Unmanned Aerial Vehicles (QUAVs) has
experienced significant growth in the field of aerospace
and control engineering due to their diverse applications in

The associate editor coordinating the review of this manuscript and
approving it for publication was Xiwang Dong.

[2], mapping and inspection of large terrain areas [3], [4],
and search and rescue operations [5], [6], among others.
This interest is due to the distinctive characteristics of
quadcopters as aerial vehicles, which include their flexible
flight capability, small size, and fast maneuverability [7], [8].
Therefore, a group of QUAVs can efficiently collaborate on
complex flight missions, thereby reducing the complexity
inherent in sophisticated tasks and improving efficiency and
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effectiveness, resulting in increased accuracy and coverage
compared to a single aerial vehicle.

With the increasing demand for control of multiple
QUAVSs, developing effective flight formation control sys-
tems is crucial. However, the development of these control
systems poses significant challenges for researchers. In gen-
eral, controlling a single QUAV is a difficult task due to its
nonlinear, highly coupled, and underactuated dynamics with
six degrees of freedom and only four control actions [9], [10],
[11]. Moreover, in practical situations, quadcopter aircraft are
subject to considerable and unknown uncertainties, such as
wind gusts, unmodeled internal dynamics, and variations in
vehicle parameters [12], [13]. Controlling multiple QUAV's
to achieve a common goal is even more complex. These
difficulties stem from the control design methodology, the
communication between all agents, the risk of collisions, and
the inherent complexity of quadcopter dynamics [14], [15],
[16]. Therefore, controlling a multi-QUAV system requires
an advanced, reliable and robust control strategy to address
the issues encountered and achieve high performance in flight
formation stability. This strategy must meet fundamental
criteria, such as fast convergence to the desired formation
pattern, accuracy in tracking the reference trajectory, and
solid robustness against large lumped uncertainties, key
features in multiple QUAVs formation control [16], [17].

In this research, a novel flight formation control strategy
that combines nonlinear advancing control theories with
an adaptive gain adjustment method is designed. The
main objective of this study is to address the problem of
formation control of a multi-QUAYV system by simultaneously
achieving fast convergence, high tracking accuracy, and solid
robustness, all within the same formation control framework.

B. REVIEW OF THE STATE OF THE ART ON THE CONTROL
OF MULTIPLE QUADCOPTERS
Several advanced control approaches have been proposed in
the scientific literature to address the flight formation of a
multi-QUAV system. For example, in [18], a specific back-
stepping control scheme was developed for this application.
Subsequent research, such as [19], also employed backstep-
ping control theory to design a robust distributed formation
control system using a leader-follower scheme. In [20], a self-
triggering sliding mode control was implemented to achieve
the distributed formation of a group of QUAVSs, using graph
theory to manage the communication between the agents.
In turn, [21] proposed a cooperative formation control based
on a leader-follower scheme, using a fractional sliding mode
control strategy and the potential field algorithm. More recent
work [22] combined the backstepping and sliding mode
control theories to develop a robust formation flight control
scheme, further integrating a neural network with radial basis
function to mitigate external disturbances.

Previous research works [18], [19], [20], [21], [22]
focused on the formation control of a multi-QUAV system
using various advanced control approaches. However, these
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works presented asymptotic stability, resulting in a slow
convergence of the states to the equilibrium point, with
an unpredictable settling time that cannot be estimated or
adjusted. This characteristic makes them less suitable for
practical applications, where fast convergence to the desired
formation pattern is crucial in the formation control of multi-
QUAV systems [16], [17]. Moreover, approaches [20], [21],
[22] used conventional sliding surfaces that may suffer from
chattering phenomena, which could cause instability and
affect the performance of the control system in complex
flight missions. To overcome these limitations, the scientific
literature has investigated advanced control approaches with
finite-time stability, which aim to improve the formation
control performance and achieve fast convergence to the
desired formation pattern.

C. RELATED WORK

In recent years, the design of finite-time formation control
approaches has been widely investigated in the literature
in multi-agent systems, including mobile robots [23], [24],
underwater robots [25], [26], and quadcopters [27], [28], [29],
[30], [31], [32], [33], [34], [35]. In the field of multi-QUAV
system formation control, a distributed formation control
methodology with online learning capability using neural
networks was proposed in [27]. However, this work focused
only on finite-time control for the rotational dynamics
of QUAVs, without considering finite-time control for the
complete system dynamics; moreover, external disturbances
in flight formation were ignored. In work [28], a distributed
consensus control approach was designed using a continuous
adaptive non-singular terminal sliding mode control strategy.
In [29], a leader with dynamic input was considered to
develop a finite-time distributed tracking formation protocol
employing second-order sliding mode control. Although
these works, [28], [29] addressed finite-time control for
full quadcopter dynamics, like [27], they did not consider
external disturbances and unknown uncertainties in the
aircraft dynamic system, which does not guarantee the
robustness of the proposed control approaches to unknown
uncertainties and external disturbances.

On the other hand, in [30], a formation control approach
with a leader-follower structure was presented using back-
stepping control theory to design finite-time distributed
control algorithms for QUAVSs position and attitude. In [31],
a new finite-time control scheme was proposed by design-
ing a distributed formation control strategy based on a
sliding-mode variable surface for the position system and a
fast terminal sliding mode control strategy for the attitude
system. The work [32] introduced a formation control scheme
based on a finite-time convergent extended state observer
to improve the disturbance rejection capability and flight
formation tracking performance. Based on [32], the authors
in [33] combined a fast terminal sliding mode control strategy
with a disturbance observer to form a robust finite-time
formation control framework. In the recent work [34],
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a distributed robust formation control strategy based on
sliding mode control theory was developed for a group
of heterogeneous quadcopters characterized by different
physical parameters. In the most recent study [35], the authors
developed a novel fixed/finite-time sliding mode control
strategy that employs Taylor series expansion to predict
subsequent sliding surface responses and achieve an optimal
formation control law.

Although finite-time formation control approaches [30],
[31], [32], [33], [34], [35] have achieved interesting results
in terms of convergence speed and have considered external
disturbances in quadcopter dynamical systems, it is crucial
to highlight some limitations. These works did not consider
other types of uncertainties, such as unmodeled internal
dynamics or variations of aircraft physical parameters.
In addition, the external disturbances considered in these
investigations were limited in magnitude without addressing
more realistic and significant external disturbances. In a
real flight scenario, QUAVs are subject to large lumped
uncertainties, such as wind gusts, modeling uncertainties, and
parametric uncertainties. These conditions must be carefully
considered in the design of formation control systems to
ensure robust and reliable performance in challenging flight
environments.

Based on the state-of-the-art review of multi-QUAV flight
formation control approaches, there is a clear need for
further efforts in designing more advanced control methods
that can deal with large uncertainties lumped in complex
flight scenarios and simultaneously achieve properties of fast
convergence, high tracking accuracy, and solid robustness.
Motivated by this need, we propose a novel finite-time
nonlinear control strategy in this research that combines
advanced control theories of sliding mode and backstepping
with a robust adaptive gain tuning method. This approach
is designed to address the above mentioned challenges and
achieve an efficient distributed formation control system in
complex and challenging flight scenarios.

D. CONTRIBUTIONS
The main contributions of this research are the following:

« A novel nonlinear control strategy called Adaptive
Backstepping Recursive Integral Non-singular Fast
Terminal Sliding Mode Control (ABRINFTSMC) is
designed to address the formation control problem of a
multi-QUAV system. Based on this proposed strategy,
the following schemes are developed for the formation
control system of each QUAV: a Robust Finite-Time
Distributed Consensus Formation Control Protocol
(RFDCFCP) for the underactuated position subsystem
and a Robust Finite-Time Attitude Stabilization Control
(RFASC) for the fully actuated attitude subsystem.
In addition, the finite-time stability of the ABRIN-
FTSMC control strategy is demonstrated through an
extensive theoretical analysis using Lyapunov theory
and mathematical lemmas.
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« In contrast to robust formation control approaches [30],
[31], [32], [33], [34], [35], which consider only external
disturbances with limited magnitude, this research
addresses large lumped uncertainties, similar to those
that a multi-QUAV system would face in a real
flight scenario. These uncertainties include external
disturbances such as wind gusts, variations in physical
parameters, and unmodeled internal dynamics. As a
result, the proposed approach offers greater adaptability
and robustness to complex scenarios with realistic
lumped uncertainties, making it more suitable for
practical implementation.

o The viability and effectiveness of the proposed control
method are validated through numerical simulations,
compared with recent formation control approaches
such as Distributed Robust Formation Control (DRFC)
[34] and Predictor-based Constrained Fixed-time Slid-
ing Mode Control (PCFSMC) [35]. The results obtained,
supported by quantitative comparative analysis, high-
light the advantages and superiority of the proposed
approach in terms of fast convergence, tracking accu-
racy, and robustness, which are key features of the flight
formation of a multi-QUAYV system.

E. MANUSCRIPT ORGANIZATION

Section II presents the preliminaries for the control design.
Section III develops the mathematical model of the multi-
QUAV system. In Section IV, the formation control is
designed. The finite time stability is demonstrated in
section V. The results of this investigation are presented
in section VI. Finally, the conclusions of the research are
presented in section VII.

Il. PRELIMINARIES

This section presents some mathematical concepts and
lemmas necessary for the design of the formation controller
and the finite-time stability analysis.

A. GRAPH THEORY

This study employs a leader-follower scheme to address the
formation control of multi-QUAYV, with one leader (indexed
as 0) and N followers. Graph theory, widely used in multi-
agent systems, defines the communication topology between
the quadcopters.

Consider a group of N quadcopter agents communicating
with their neighbors described by the graph G = (V,E),
where V and E represent the nodes and edges, respectively.
An edge (V;, V;) means that quadcopter agent i can access
the information of quadcopter agent j and vice versa. The
adjacency matrix of a graph is defined as A, whose elements
are a > 01if (V;,V;)) € E and a; = 0 otherwise. The
degree matrix is defined as D = diag(dy, ..., dn) € RN XN
with d; = ZJI\;I ajj. Then, the Laplacian matrix can be
expressed as L = D — A. Consider a diagonal matrix
B = diag(by, ..., by) that describes the interconnection of
the data flow from the leader to the followers, where b; > 0 if

VOLUME 12, 2024



L. F. C. Ccari et al.: Distributed Robust Adaptive Control

IEEE Access

the leader agent shares its information with the follower agent
i; otherwise, b; = 0.

B. DEFINITIONS AND LEMMAS
Definition 1 ([12] (Finite-time stability)): Consider the
nonlinear system:

=f(), x(0)=xo, ey

where x € R”, and the nonlinear function f : D — R"
is continuous on an open neighborhood of the origin D <
R”". The origin x = 0 is a finite-time global convergent
equilibrium of the nonlinear system (1) if it is globally
asymptotically stable. There is an open neighbourhood U <
D of the origin and a function 7 : U\ {0} — (0, co) such that
each solution x(#, xq) of the nonlinear system (1) starting from
the initial point xy € U\ {0} is well defined for z € [0, Ty (xp)),
and lim;_, 7, (xy) X(#, x0) = 0. Tx(xp) is defined as the function
of the convergence time, i.e., the settling time (for xp). The
origin is a finite-time stable equilibrium if it is finite-time
convergent and Lyapunov stable. If U = D = R", the origin
is said to be a globally stable equilibrium in finite time.

Lemma 1 ([36]): Suppose there exists a positive definite
Lyapunov function V(x(¢)) : R” — R, and its derivative
satisfies V(x) < —LyVT 4+ Fy, where Ly > 0,0 < I <
1 and Fy > 0 are positive definite constants, then the origin
of system (1) is stable in finite time for VO < ¢ < 1, when
the settling time is given by:

1-1I

o 1 1-11 _ Fy L
= 0 "eLy (V O ((1 —Q)Lv) )

(@)

Lemma 2 ([37]): For any Lyapunov function that verifies
the following inequality V(x) < —@V — @, V", where the
constants wp > 0, wy > 0,0 < IT < 1, there exists a finite
time stability so that the settling time is given by:

1 vI-Tx©
T < (& (x(0)) + @ B
(1 — Moy o)
Lemma 3 ([38]): The following Young s inequality is true
for x,y > 0 and m, n > 1, such that - +—_1

xm n
w4l @)

m n

Lemma 4 ([39]): For the real variables y| and y», and any
given constants # > 0, v > 0, and k > 0, the following
inequality holds:

Ky Y+ K3 (5)

u V<
lyil*ly2l” < ity

Furthermore, based on ];emma dletyy =1,y =y, u=
l—¢,v=c¢andk = ¢'=< for0 < ¢ < 1. Then, equation (5)
becomes:

_S
lyl* <1 =¢)gT< + |yl (6)
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FIGURE 1. Description of the flight formation motion of a multi-QUAV
system.

Lemma 5 ([40]): Fory; e R,i=1,...,
1, the following inequality holds:

N g N N q
(Zm) §Z|yi|qszv1—q(2m|). )
i=1 i=1 i=1

Ill. MATHEMATICAL MODEL AND PROBLEM STATEMENT
A. MATHEMATICAL MODEL OF THE MULTI-QUAV SYSTEM
Consider a multi-agent system composed of N quadcopters,
as shown in Figure 1, where the quadcopters are assumed to
be identical and follow the same mathematical model. The
motion of the i-th quadcopter withi € {1, ..., N}inspace can
be decomposed into translational and rotational motion. Each
aircraft presents two three-dimensional coordinate frames:
one fixed to the earth and one fixed to the i-th body (see
Figure 1). Therefore, the complete mathematical model of the
i-th quadcopter is described as [11]:

N,and 0 < g <

&= v,
miv; = —mjge; + R uj e, + Fiqg + dfg“, ®
ni = Ri,wi,
Jiw; = —(d)l-T X J,'d)i) + Tim+ Tig+ Tia dte:;t,
where & = [xi,vi,zi17, vi = [ui,vi,wi]’ € R3, m; and

g € RT represent the position, linear velocity, mass, and
acceleration of gravity of the i-th QUAV. The magnitude
ui; € RT denotes the total thrust force generated by
the four rotors, while F;, = —diag(ki,kiy kio)é& €
R3 is the aerodynamic drag force of the same QUAV.
In addition, d, e’“ € R3 represents the external disturbances
in the translatlonal dynamics. On the other hand, n; =
[¢l79171pl , wi = |[pi le"‘t e R? and Ji =
diag(J; x, Jiy, Jiz) € R3x3 represent the orientation, angular
velocity and moment of inertia of the i-th QUAV. The
vector T, = [Uig, Uig, ui,w]T e R3 represents the motor
=20 GT X Ji[0,0, (=D QT €
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R3 represents the torques produced by gyroscopic effects,
and 7;, = —diag(lz,',gg,lEi,@,IE,-J/,)r]iTm € R? denotes the
aerodynamic friction torques. Also, dl-‘i’;‘ € R represents
the external disturbances in the rotational dynamics, and
e; = [0,0, 117 € R3 is a unit vector. Finally, Ri; y Rir
€ R¥*3 represent the rotation matrix and the transformation
matrix, respectively, and are defined as [8]:

_Cl//lce cisOispi—sice; cyisichi+sis;
Ri,t= syict; syisOispitcyice; spisOichi—crisg; |

| —s6; cO;sp; cOice;
1 s t0; c;t6;
Ri,=10 c¢i —s¢i |, )

| 0 s¢i /cti cpi/cb;

where s(e), c(e), and 7(e) are abbreviations of sin(e), cos(e),
and tan(e), respectively.

The thrust force u;; and the motor torques t;, are
the control inputs of the QUAV. These control inputs are
generated by the aircraft actuators and are calculated as a
function of the angular velocities of the four rotors of the
aerial vehicle as follows:

Uiz Kt Kt Kt Kt 2
i | | —kl kil il — kil Q)
wig | | okl —wld k)l —uld || Q] (10)
Uiy —Kqg —Kqg Kqg Kg Q4

where k; € R is the thrust coefficient, x; € Rt denotes the
drag coefficient, and [ € R represents the distance between
the centre of mass of the i-th QUAV and the rotors.

Remark 1: In the design of flight controllers for quad-
copters, it is common to employ Small Angle Approxima-
tion (SAA). This technique approximates the Euler angles
(¢, 0, ¥) to very small quantities [41], [42]. This approxi-
mation is justified because, in practical real-flight situations,
the Euler angles of the QUAV tend to vary minimally, and
aggressive maneuvers involving large changes in these angles
are rarely executed [43], [44].

After performing mathematical operations with the model
of the i-th QUAV given in (8) and considering the approxima-
tion of the Euler angles in Remark 1, the complete translation
and rotation dynamic of the i-th QUAV is expressed as:

Xi= m [(C¢l sOicyri + s¢zs¢l)ul z lx-xl + dj?;t]v
= ni; [(cdpisOisri — sqblclﬂ,)ul . —kiyyi + dfjf‘],
Zi=m; [(cd),c@ iz — kizi +d| — g,

$i=J [(-Itv i )0 —Ji Giwi— 1¢¢ +Ml¢+de’“]
9i—r1[(~]zz sz)d’zlﬁz-l—J, r¢zwz 199 +u19+deXt
L ¢i= i,z[(fz,x—fz,y)d)ﬂ, ”W// +ul1ﬁ+d6m]

(1)

where w; = Q| — Q5 + Q3 — Q4 is the total residual speed
of the rotor.

Assumption 1: In this research, it is assumed that the drag
force F; 4, the torques produced by gyroscopic effects z; ; and
the aerodynamic friction torque t; , constitute the unmodeled
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internal dynamics of the QUAV. This is because, in practice,
it is difficult to identify the aerodynamic coefficients of the
aircraft accurately. Therefore, they are considered a type of
uncertainty known as “modeling uncertainty”, present in
both the translational and rotational dynamics of the aircraft:

_A?,lx _]Ei,x)'ci
glg = Agly :Fi,a: _Ifi,y).’i s
—ki zZi
Aglq) _kl ¢~¢ Jl ré 51
A?’? = Aing :Ti,a+fi,g: _k 99 +J1 r¢zw1 . (12)
L ATy —kiy i}

Remark 2: The variation of the QUAV parameters, such
as its mass and moments of inertia, also constitutes another
type of uncertainty known as “parametric uncertainty”.
In the translational dynamics, the variation of the mass is
expressed as Al & = (mi+ Am;). In the rotational dynamics,

the variation of the moments of inertia is expressed as AEU =
(Ji + AJ;). Both modeling uncertainties and parametric
uncertainties are part of the unknown internal uncertainties of
the translational dynamics Aim Am + A ¢ and rotational

= A" + Ap of the QUAV system.

mt
dynamics A} i

B. PROBLEM STATEMENT

For the design of a formation control system, the dynamic
model of translation and rotation of the i-th QUAYV, given
in (11), can be reformulated in the state space representation
as follows:

Xl = X2,

. —1 lum
Xi2 =m;  [(cxi7sXi 90X 118X 75% 10)ui 2+ A"
Xi3 = Xi4,

% lum
Xia = m; ' [(cXi 75%i.08%;, 11— $Xi,7¢Xi, 1)U, AN
Xi5 = X6

T | . . . Alum

Xi,6 = m; [(CX1,7CX1,9)uz,z+ iz ] - &

Xi7 = X; 8,

. ~1 1
Xi8 = Ji,x [(Ji,y_ Ji.Xin0Xi12 + Ui o T4 um]
Xj 9 = X; 10,

—1 1

J; y [(Jz c—JiXigXi12 +uig + A um]’
Xi 11 = Xi,12,

. -1

%in2 =J [Jix—

X 10 =

,y)xl 8Xl 10+ Uiy + Alum]
(13)

where X = [x;, Xi, Vi, Ji, Zi» Zis @is Gis 01, 0, Y ¥ilT € R1Z s
the vector of states.

Remark 3: The terms Alh}(m, where k = (x,y,2,¢,0, V)
in (13), represent the total lumped uncertainties acting on
the translation and rotation dynamics of the QUAYV, respec-
tively. These uncertainties include modeling uncertainties,
parametric uncertainties, and external disturbances. The total
lumped uncertainties are defined as Ahém = A““ +d =

[Alum Alum Alum]T e RS and Alum — Allr;]t dle:](t —

ix > =iy
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[Alum Alhgm, Al‘:pm]T e R3. It is crucial to note that these
total uncertainties are unknown to the formation control
system and will not be considered for the control design,
which adds an additional challenge.

As is known, QUAV aircraft, in addition to exhibiting
nonlinear and strongly coupled dynamics, are considered
underactuated mechanical systems with six outputs and four
control inputs [9]. To address the underactuation problem,
the model given in (13) can be divided into two subsystems:
an underactuated position subsystem and a fully actuated
attitude subsystem. Therefore, the following two models are
introduced and will be used to design the formation control
system.

):(i,l(l) = X; 2(1),
).(i,Z(t) =fie(Xi3, 1),
Yi1(t) = X;1(2),

Xi3(t) = X a(0),
?fi,4(l) = fin(Xi4, 1) + gin(®)ui n(t), (14)
Yi2(t) = X 3(0).

o Underactuated position subsystem. Let X;: =
[Xi1, Xi2l' € R3*2 be the vector of states of the
underactuated position subsystem, where X; | = & =
[Xi1, %3, %51, Xiz = vi = [Xi2,Xi4,X;6], and
Yi 1 = &; is the vector of controlled outputs. The function
fi6(Xi3, 1) = [fix. fiy. fi2]" is defined as:

fix ] [ [(chisticVitsisyius ,
iy |=| m; [(cishisi—spicyriu -
fiz mi; ' [(egicOu; ; —

fieXi3, )=

(15)

Remark 4: The vector f; £(X; 3, t) represents the virtual
control inputs for the underactuated position subsystem,
corresponding to the forces along the x, y and z
directions. These expressions are introduced to address
the underactuation problem and mitigate the coupling
between the translational and rotational dynamics of the
QUAV system.
o Fully actuated attitude subsystem. Let X;, =
[X:3,Xi4]T € R3*? be the state vector of the fully
actuated attitude subsystem, where X;3 = n; =
[xi7, Xi9, Xi11], Xia = ;i = [X;8, %10, Xi,12], and
uiy = [uig, o, um/,]T € R3 is the vector of control
inputs. Yi» = [¢, 0, ¥i]7 € R is the vector of
controlled outputs. The functions f; ,(X; 4, ) y gi 5(?) are

defined as:
_ﬁ',(f) xl[(]z y—Ji 2)9 1».”1
fi,n(Xi,Lt): ﬁ,(? = yl[(-]tz_ zx)gbt‘!/z s
i r,-,; [(Jix —Jiy)ib
- -1
8i,¢ Ji,xl
gin=1gio |=|7i, |- (16)
| 8iy J!

[2%4
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C. CONTROL OBJECTIVE

The main objective of this article is to design a robust
formation control strategy for a multi-QUAV system using
a leader-follower scheme to achieve high performance and
robust flight formation capability in the presence of large
lumped uncertainties. To achieve this goal, the formation
control system must meet the following requirements:

o Reach the desired formation pattern in a short time and
maintain its alignment throughout the flight mission
while following the reference Cartesian trajectory.

o The formation tracking errors must converge to zero in
a finite time and remain in the vicinity of the origin, i.e.:

,li?,l & — &) — B,
7 (17)
Jim (& = §0) = (o).

where 8‘é (85, SZ, 8;]T € R3 represents the desired
position dev1at10n between the i-th aircraft and the j-th
aircraft that determines the desired formation pattern.

o The formation control law must ensure robust adaptive
capability in large lumped uncertainties, similar to those
that a multi-QUAV system would face in a real flight

scenario.

IV. FLIGHT FORMATION CONTROLLER DESIGN

A. ROBUST FINITE-TIME DISTRIBUTED CONSENSUS
FORMATION CONTROL PROTOCOL (RFDCFCP)
Considering the underactuated position subsystem in (14).
We define the consensus formation error for the i-th QUAV
as:

3ij) + bi(5i — &0 — dio),

N
6,%1 = Zaij(%'i —§ -
j=1

N
&1 = > agvi — v + bi(vi — v), (18)
j=1
where &;, v; and &, vy denote the position and linear velocity
of the i-th follower QUAV and the group leader, respectively.
35 = 85,8, 871" € R3 represents the desired position
dev1at10n between the i-th aircraft and the j-th aircraft.
Remark 5: The formation errors in (18) can also be
expressed compactly for a general multi-agent system as
follows:

=L+BL-[V—-(1,...,

where Ef = [eil, ..,ei],l]T and E, = [éil, - éf\,gl]r are
the consensus formation errors, € = [&1, ..., SN]T and V =
[vi,va,...,on]T represent the position and velocity of the
QUAV agents. A = [8;, 1, - .., Snj]”, and ® denotes the
Kronecker product.

Considering (18), we define the first Control Lyapunov
Function (CLF) as:

N )vx1 @& — AT,
Nvx1 ®@&l1", (19)

1
Vi) = E(ej D2 (20)
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Deriving in time (20), we obtain:

Vfl = e?lelsl =e 1(2%(\11 vj) + bi(vi — Uo))

J=1
Za,,u, bvo) 21)

To guarantee the stability of the first CLF, i.e. Vigl <0,
we assume v; as the controlling term. Therefore, we introduce
a virtual control input Tf , such that v; = Tf , and define it
as:

1

&

YW == Eav—i—buo ke) (22)
i Z]_lay-i-b( ] §€i1

where k¢ = diag(ky, ky, k) € R3*3 is a positive definite
diagonal matrix representing the controller parameters, with
parameters k, > 0, ky, > 0, k; > 0.

Considering the virtual control input Tf , @ NEW CONsensus
formation error variable defined as:

eiz = v — Tf
1
= v — m(z%v] + bijvo — kge] 1)
(23)

Deriving in time (23) and considering the underactuated
position subsystem in (14), we obtain:

N
1
£ .
€r=Vi- av—i—bvo—ke)
i2 i Zj—l ayt+b; (z ijVj §€1
1 N
= fige — —(ZaUUJ + bivg —kge)
Z] | aij+bi

(24)

The introduction of ¢ 2 forces the derivative in time of the
first CLF to have the followmg form:

Vii=els ((Z“u +b)[ef,+ 17 ]~ Zazjvj—bi%)

j=1
=e; l(jzla,fl-b lz—l-(z] s Za,]v]
N
+ bjvg — kéeﬁl))(zaij + b,‘) —Zaijl)j - bil)())
j=1 j=1
N
= —ke(e}? + (D ay + bi)e] e 5. (25)

It is clear that if ei =0, VE < 0 is guaranteed. The goal

now is to achieve that es2 = 0. To address this purpose, in the
present stage of the formation control design, we implement
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a recursive second-order sliding mode structure inspired by
the works [45], [46]. To this end, in this research, we propose
a novel integral non-singular fast terminal recursive sliding
surface, defined by:

1
Oi¢ = eﬁz—i—/o [“1612 B; |el§’2|)~$sign(eﬁz)] dt,

Sig = Oig + /0 [agai,g + ﬂ§|oi,g|kfsign(ai,g)] dr, (26)
where af, ag, ,315, ,35 e R3*3 are positive definite diagonal
matrices representing the controller parameters. The expo-
nent A¢ satisfies 0 < A¢ < 1. Deriving in time (26), we obtain
the following expression:

Oig = e, 2t 0‘16, 2t :31 |e: 2|)‘551gn(el 2)s
Sig = 6ip + 501 + Biloigesign(ois). (27

The robust formation control law required to achieve the
desired formation pattern in a finite time and maintain its
alignment throughout the flight mission is designed for the
i-th QUAV as follows:

fie = [uz% + ugs] : (28)

where uf ¢ represents the reaching control term and is
responsible for providing fast convergence of the system
states from any initial state to the sliding surface s; ¢ by
compensating for nonlinearities and uncertainties, while u
represents the equivalent control term and is responsible for
maintaining the system states on the sliding surface s; ¢ = 0.

To achieve a fast convergence rate in a finite time to the
sliding surface, a reach control term proportional to the power
rate is proposed:

W, = —kysig — k5 Isig " sign(si g), (29)

where lEf and 125 are positive definite diagonal matrices
representing the gains of the reaching control term. The
exponent Ag satisfies 0 < Ag < 1.

On the other hand, the equivalent control term u; . can be
obtained from the sliding mode recursive structure (26) For
this purpose, we define the second CLF as follows:

eq

1
Vi = 50’ (30)
Deriving in time (30) and substituting (27), we obtain:
sz = Si,é@i,é)

= Si¢ (di,g + agﬁi,g + ﬂg |0 ¢ |1 Sign(Gi,g))

Slé( €, +alel ,+ /31 le; 2|)“551gn(el 5)

+ 05016 + B3 loig | sign(Gi,é))
1 N
RN SESR pt
(Zaljvj+b,v0 kgel)

= Si¢ (fi»f -
Z}vzlaij-l-bi =1
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+ alez 2t ﬁl |el 2|A§Slgn(el )+ 0‘201 £
+ BSloie sign(o,-,s)). (31)

The stability of the second CLF is guaranteed when the
sliding manifold is reached, i.e., s,,g = §j¢ = 0. Thus, for
this in (31), we consider f; ¢ = u . Therefore, the equivalent
control term is designed as follows

1
[e% = —(Zauv,+b Vo — kgel)

Z/ 1aij + b

— ozfefz ﬂl |ei,2|}‘E sign(eiz) — ago,-,g
— B3 Lo sign(oye). (32)
Now, the total thrust force u; ; and the desired attitude
angles (¢>ld,61d) are defined as a function of the virtual

forces (fi x, fi,y, fi,z), so recalling the expression in (15) and
combining with (28), and performing some mathematical
operations we obtain the total thrust u; ; and the desired angles
for the i-th QUAV as:

tie = mi J i + (i)? + iz + 82,
¢l?’ = asin u—l i x sml//id —fiy coswid)] , (33)

[2%4

6 = atan : (fi.x cosyrd + fiy sim//id):| :
iz T8

B. ROBUST FINITE-TIME ATTITUDE STABILIZATION

CONTROL (RFASC)

Considering the fully actuated attitude subsystem in (14).

We define the attitude tracking error for the i-th QUAV as

follows:

n
L= i — i, (34)

where 1; = [¢;, 6;, ¥i]” € R? and i = [, 67, 1" € R?
represent the Euler orientation angles and the des1red attitude
signal, respectively.

In this case, the control law that allows tracking the desired
attitude angles, generated by the outer loop RFDCFCP, stably
and in a finite time for the i-th QUAY, is designed as:

iy =g [uf;l + u,{n] , (35)

where u i 4 and u; iy Tepresent the equivalent control term
and the reachmg control term for the fully actuated attitude
subsystem, respectively. Therefore, performing the same

procedure as the RFDCFCP, the reach control term ul p A and
the equivalent control term u i 9 are designed as follows:

_ .
), = —k'siy — k] Isi p"7sign(si ), (36)
and
Cq . A
U = iif —kne | —alely — Bllel | sign(e],)
- 0520i,n - ,32 |Ui,n| ”Slgn(o’i,n) _fi,nv (37)
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where the sliding surfaces o; , and s; , are defined as:

‘3?,2 + / [0‘161 )+ ﬂl le;. 2|’\’751gn(e 2)] dr,
0

O’i,,]
t

Sin = Oin +/ ()i + By loy|*7sign(oi )] dr.  (38)
0

Remark 6: In a practical situation of flight formation,
QUAVSs are subject to large lumped uncertainties, such as
wind gusts, variation of aircraft physical parameters (e.g.,
transport of a suspended load), and unmodeled internal
dynamics, as discussed in Remark 3. It is difficult to acquire
precise knowledge of these uncertainties and their upper
bounds due to their complex nature, which makes them
completely unknown to the controller and could affect its
performance in a practical situation. Therefore, it is necessary
to implement robust adaptive techniques to the control system
that can handle large lumped uncertainties during a flight
formation mission.

C. ADAPTIVE LAW DESIGN

In this section, the design of a robust adaptive tuning method
is presented to adaptively tune the controller gains without
knowing the upper bound of the lumped uncertainties, i.e.,
counteracting the uncertainties by mitigating the chattering
effect. For this purpose, the reach control terms of the
RFDCFCP and RFASC presented in (29) and (36) are
modified as follows:

]zglsz £ — k §2|S, £ |)LE sign(s; ),

ig ~ (39)
Uin = _kz 15, _k12|slrl| "sign(s;, n)

where kiyl, kfz, kZ , and kl.'?z are the adjustable control gains.
Then, the adaptive laws for the reach controller are given by:
[ /2,-&1 = k1$|si,$|2§ /25 = kzslsi,gl'\ﬁl,
X A (40)
lel = k1n|5i,17|2§ k2n = k2n|5i,n|kg+lv
where k{, k5, k" and k)] are the adaptive gains employed to
tune ]251 , 1252, 121.'?1 and 1222 respectively.

Remark 7: With the control laws designed in (28)
and (35), together with the adaptive laws developed in (40),
an efficient and effective formation control law with finite
time stability is obtained; this proposed approach eliminates
the need for prior knowledge of the upper bounds of lumped
uncertainties. Moreover, this adaptive control approach
mitigates the chattering phenomenon.

V. STABILITY ANALYSIS
This section investigates the finite-time stability of the
closed-loop control system under the proposed control law.
To analyze the stability, we consider the following theorem:
Theorem 1: Considering the dynamic model of the
multi-QUAV system described in (11) and under the
formation control law design according to (28) and (35),
together with the adaptive laws designed in (40), the
closed-loop control system is stable in finite time. This
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implies that the formation tracking errors converge to zero
in finite time and are constantly maintained in a small region
around the origin.

Proof 1: The proof of Theorem 1 consists of two steps: 1)
Convergence during the reaching phase: We prove that the
reaching time is bounded, i.e., the states of the multi-QUAV
system reach the sliding surface from any initial condition in
finite time 7. 2) Convergence during the sliding phase:
After reaching the sliding surface, we prove that all signals
within the closed-loop control system are bounded and
that the states of the multi-QUAV system converge to the
equilibrium point in finite time 7.

Step 1. In this step, we demonstrate the convergence of
the states of the multi-QUAV system to the sliding surface.
To achieve this, using the expression of the sliding surface
given in (26) and its derivative in the time given in (27) and
replacing the expression (24), we obtain:

S,‘\f = O"ig + Olgt)‘i e+ ﬂ§|0'i,§ kasign(a,-,g)
= efz + ocfefz + ,B‘f |e§2|)‘5 sign(e§2)
+ azm,g + ,32 oy & sign(oj ¢)
N

1 . . £
=fie — —( a;v; + bivo—kgel)
ZJ aii +b Z
+ 0‘16, 5+ ,35|el 2|A5 51gn(el )+ azal £
+ /32|(7i,g:| * sign(oy ¢). (41

Substituting the control law expression (28) into (41),
results in the following expression:

N
1 ( . . . £ £
_— aijvj—i—bivo—kgel) aje; ,
Zjvzlaij"‘bi ; "

— B les e sign(e; 2)—ﬂ§ |06 "¢ sign(o )

G

— a;vi+bivy— kgel)
zj 14 +b; Z

+ 0‘1 & 12T B Ieivzle mgn(ei‘z) + ago,;g

+ B3 loig " sign(org) + ul . 42)

Sif =

—oécr,-’g —

By performing some mathematical operations, we obtain:
Sig = ule = —kisig — k5 lsig/Msign(sie).  (43)

Then, we choose the following candidate Lyapunov
function:

N
1
Vi, = le E(s,,g)z. (44)
=
Deriving in time (44), substituting (43), and performing

the corresponding mathematical operations, we obtain the
following expression:

N
Vie = > siz(ig)
i=1
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— kisig — K Isig| " sign(sie))

N
=D si(
i=1

N N
= ki D sty — k3 D lsele !
i=1 i=1
N N 2etl
_ 1 g+l _ 1 2
§ 2 =78 2
DAY DT
i=1 i=1
N N 1 I1
§ 2 nyé 2
e DT AR DT
i=1 i=1
I
< =2k [Vie] = 2"k5 [Vie ] 45)
where IT = #

Then, according to Lemma 2, it follows that the states of
the multi-QUAV system reach the sliding surface s; : = 0 in
a finite time given by:

L [ZIEfVé‘“(O) +2“1€§}
= — n —
25 (1 — 1) 2MjS

Step 2. In this step, we demonstrate that the consensus
formation errors in (18) and (23), the control law designed
in (28), and the adaptive laws designed in (40) will not lead
the multi-QUAYV system to instability and will converge to the

equilibrium point in finite time. To achieve this, the following
candidate Lyapunov function is defined:

1 Y 1 Y 1Y
=320+ Z(Eﬁz)z +5 2 @)
i=1 i i=1

1 N N
+ 5 D e + Z & (k)% + Z &5 (ki )?.
i=1 i=1

(47)

(40)

where ks1 and ké2 are the adaptive estimation errors. Then
kfl = kg — kE kg = k5 — kE and the constants ;1 , 4“2 are
con31dered greater than zero.

Deriving in time (47), we obtain:

N N N
= Zeil(éil) + Zeiz(éiz) + Zﬁi,s(fﬂ,s)

i Zs, (Gie) + Z LG + 3RS
i=1
(48)

By replacing the adaptive parameters into (43), substituting
the expression of §; ¢ into (48), adding and subtracting some
terms, we obtain the following:

N N N

= Z%(éiﬂ + Zeiz<éiz> + 2 01:(61e)
[ =1 =1

+ Zst £ 151 £~

?2 |si. | sign(si )
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+ Z RS kD + Z SRk

i=1

N N
= Zeil(éil) + Do)+ D 0isGie)
i=1 i=1 i=1

N N .
+ Z(_’zig,l(sivé)z_lzfz|si,é |A$+l) +Z§1$’;§1(’251)

= 1 i=1
+ Z SR, (k) + Z (kf (si.6)* — ki (s1.6)?

=1 =1
K5 sig et — K lsig ). (49)

Substituting the adaptive laws into (49), we obtain:

N N N
Ve = ejl(éjl)+Ze§2(é§2)+zai,g(di,§)
i=1 i=1 i=1
N
+ D (e PR lsi et
1

=

=

N
D e Rk i) DRk (i)

i=1 i=1

(=K (si6)? — K5 Isi g2 H). (50)

M=

+
1

By grouping common terms together, the following
expression is obtained:

Ze 1@ 1>+Ze 2@ 2)+Zaz§(0zg)

._.

[(sl 5) - é‘l k (si,f)z]lzié,l_'_

Mz

+

I\
—

[|si’§|kg+l _ C§k§|Si,s |xg+1],;§2

L

n
Mz

Il
—

(=& Gsie)? — k3 Isie P H). 51)

M=

+
1

By substituting the expressions of el I 52’ and 7 ¢

into (51), we get:
N
& & &
Ze kéell Zez,z( Qe
i=1

N
— Biled ,*esign(ef ) + D oie (— a1

=1
N
Z“‘kfl
i=1
N

+ Z (=K (si6)? — /%Ingl*é“)

i=1

— B3 loi e sign(o; ) —

N
- mak
=1
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N N
St s
i=1 i=1
N
+ Z (-

- Zﬂzk

N
ag(cn',s)z— ,35 o716 H1) — Zﬂlkfl

Z (= kf (si.0% — K3 lsie ),
(52)

Where w1 = (sig)® — §1k (st)2 and py = |spghet! —
k | g |x§+1 Employing Young’s inequality according to
Lemma 3, expression (52) can be rewritten as follows:

N N
== et 2+ (el
i=1 i=1
12 4+ (e§2)2(kg+l) N
— B —) +> (— o5 (076
i=1

N

+> (— kS (si6)?

=1

2
¢ 12 4 (Gi,S)Z(A§+1)

o (si,ww)
- e

12+
—ZM( 3 > )

i=1

Yo P45
—Zm( : ) (53)

Performing the mathematical operations and applying the
distributive property to the terms where Lemma 3 was used,
the resulting expression is:

N
(€)?

ZZkg +Z( 25
i=1
_ ? _,%(s-g)?%*“) i( (k‘i)z)
i=1
_i(% N m(’;iiz)z)_ (54)
Multiplying and dividing some terms by 2**! and

grouping the constant terms, the following expression is
obtained:

(i) )2

é(alé)

—_

2 N 2
- > Al DIE o’
2 N
B 2)Lé+1,3§ (ei,Z) (a1 + Z E (O'z E)
2 2A5+1 -
=
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N
~ 2he+1 gt (oi,s)wﬁl)) + ( — 2k} Gie)®
1

2 2)»54—1

PR ey 3
2 2)»15-‘1-1 < K1 2

y ]
—Z ("2>2 BB R m om
2 2 2 2 2

(55)

Using the change of variable IT = Ag¢ + 1 for a better
representation, we obtain:

(56)

Applying Lemma 4 to certain terms,
expression is obtained

22]{5 [[( b ‘)Ti :] 2

the following

(57

8
where E = (1 — I)IT7=T. Then, applying Lemma 5 and per-
forming some mathematical operations, the expression (57)
can be rewritten as:

Ve <~{2k {Z(

i=1

)} (20 +2M-1g8 }[Z( 52)2}
1 2

i=1
N 2411
£ 16 [ N08) =g 176 | ~—6i0)
—Ra5 +2" 1/32{21: } —Rk; +2" % Ll—z ]
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N kP (k5)? o
—{m}[; S }—{ 2}[; 5 } [ : &
+205E + 205 B4+ 2k; B+ 11 B + 12

B B K le

< —LyVT 4+ Fy, (58)

where Ly = max{2kg, 25 +21-1 85 205 + 21165 215 4
2M1ES, p1, pa). Fy = max{2kig B+ 205 B + 20,8 +

76 = 'Big, 1 /352 125 M1 “2
2 E+ B+ B -5 —F -5 - -2}

ThlS analysis shows that the Lyapunov candidate function
defined in (47) gradually decreases, implying that Ve < 0.
As a result, V¢ is bounded, ensuring all signals within the
system are bounded and do not diverge to infinity. Therefore,
according to Lemma 1, the states of the multi-QUAV system
converge to the equilibrium point in a finite time, defined as:

1-1

T, = ;(Vl_n(x(O)) _ (L)H)
(1 —IeLy (I—-o)Ly
(59

Finally, the total time required for the closed-loop control
system to reach the desired stablhty 1n finite time and for
the consensus formation errors (e 1€ 2) of the RFDCFCP
to stabilize at zero equ111br1um durlng the sliding motion
(s;,e = 0)is given by TS = T, + T;. Thus, completing the
proof.

Remark 8: Following the same procedure used in the proof
of Theorem 1, it can be shown that the attitude tracking errors
(ezl, ez ,) of RFASC stabilize at zero equilibrium during
sliding motion (s; , = 0) at finite time 7.

VI. RESULT AND DISCUSSION

To validate the theoretical findings and demonstrate the
effectiveness of the proposed control system for flight
formation of a multi-QUAV system, the control approach
was implemented in the Matlab/Simulink environment under
different flight scenarios. For this purpose, we configured
two complex and challenging flight scenarios with large
uncertainties, similar to real flight conditions QUAVs
would encounter. In addition, to evaluate the convergence
time, tracking accuracy, and robustness properties of the
proposed control method, we conducted a comparative
analysis with two recent multi-QUAV formation control
approaches: Distributed Robust Formation Control (DRFC)
[34] y Predictor-based Constrained Fixed-time Sliding Mode
Control (PCFSMC) [35].

The flight formation consists of a virtual leader and
three follower QUAVs. The virtual leader is responsible for
providing the reference Cartesian trajectory for the multi-
QUAV system. The communication topology between the
agents is described by a directed graph, where the desired
formation pattern is set as an equilateral triangle, as shown in
Figure 2. For this purpose, the adjacency matrix, the degree
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FIGURE 2. Communication topology between QUAV agents and the
desired formation pattern.

matrix, and the palace matrix are defined as:

000 000 0 o0
A=(100|,D=|010|,L=]-1 1
010 001
(60)
The desired position deviation between the leader and the
followers is set as follows:
& & £
819 = 9] — 9.
= (0, v/3,01" — [0,0,01"),

=it -
= ([fscos(%”), ﬁsin(%), 01" — 10,0, 017),
550 = 55— o
= ([ﬁcos(%), \/gsin(%), 01" =10, 0, 017).
(61)

The Adjacency Distance (AD) between the follower
QUAVSs is set to 3 meters, and the Relative Distance (RD)
between the followers and the virtual leader is set to
1.73 meters. This ensures that the desired formation pattern
has the geometric shape of an equilateral triangle with 3-
meter sides.

The simulations were performed using the DJI-F450
quadcopter model, whose physical parameters are detailed
in Table 1. The parameters of the formation control are
presented below:

o RFDCFCP. i) Equivalent control: k, = k, = k
L5, 0f = o = af = 00025 8f = B = Bj
0.0013,05 = o5 = o = 12,8 = B, = B;
4,7y = Ay = A, = 0.2. i) Reach control: ki = k| =
ki=2,ky =ky =kj =167, A =1, =2;=0.2

« RFASC: i) Equivalent control: ky = kg = 60, ky, =
50 = of = o = 0176, = B¢ = B/
0.001,0f = of = af = 44,80 = pf = p) =

2~
1
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TABLE 1. Physical parameters of the DJI-F450 quadcopter [12].

Parameter Value Unit
m; 1.636 kg
Jix 0.0232 kg m?
Jiy 0.0249 kg m”
Jiz 0.0342 kg m?
I 0.225 m
g 9.81 m/s?

2, Ap = Ao = Ay = 0.2.i0)Reachcontrol *? = kle =
k=208 =k = k) =1.67,05 = hg = Ay = 0.2

A. FLIGHT SCENARIO 1

In this scenario, different uncertainties such as wind gusts,
modeling uncertainties, and parametric uncertainties are
considered; these lumped uncertainties acting on QUAVs are
divided as external disturbances and internal uncertainties,
which are defined as:

a) External disturbances: External disturbances affecting
the quadcopter dynamics are represented as wind gusts
injected into the multi-QUAV system at instant + = 15s.
The expressions of these external disturbances are given as
follows [47]:

df;t=—1.6sin(0.1t)+0.85in(0.44t)+0.16sin(1.75t)—|—

0.112sin(0.28¢) m/s?,

dSy' = sin(0.41) + cos(0.7t) m/s,

dS' = 0.8c0s(0.7¢) m/s?,

dSy'= d' = d = 0.02c0s(0.7t) rad/s’.

(62)

b) Internal uncertainties: bl) Modeling uncertainties:
Represents the unmodeled dynamics of the QUAYV, as dis-
cussed in Assumption 1. b2) Parametric uncertainties:
Represents the variation of the physical parameters of the
QUAYV; for this, we consider parametric uncertainties of
+20% on the mass and moments of inertia, i.e. m; = 1.963kg,
Jix = 0.027kg m?, J;y = 0.029kg m?, J; ; = 0.041kg m>.

For this scenario, the initial positional conditions of the
three QUAVSs are set as £(0) = [—1,3,0.01]7m, &(0) =
[—1,—1,0.011"m, £&(0) = [I,—3,0.01]"m. The initial
velocities of the three aircraft are configured to zero. The
following Cartesian trajectory is established for the virtual
leader:

£0 = [x0, y0, 201" = [2.5¢0s(0.21), 2.5sin(0.2¢, ), 31" m.,
(63)

while the yaw angle of each aircraft for this and the other
scenarios should be stabilized to zero, i.e., wld =0 rad.

The results for this scenario are presented in Figures 3-6.
The temporal position response of the three QUAVs is shown
in Figure 3. In this figure, the proposed RFDCFCP approach
allows the aircraft to reach the desired formation quickly.
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FIGURE 3. Temporal position response of the quadcopters, including the
virtual leader.
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FIGURE 4. Linear velocity of the quadcopters.

Moreover, the formation has been successfully maintained
while following the reference Cartesian trajectory despite
large lumped uncertainties. The linear velocity is illustrated
in Figure 4, where it can be seen that all three aircraft achieve
a fast and stable consensus to maintain the desired formation.
The temporal attitude response of the QUAVSs is presented in
Figure 5, where it is noted that the proposed RFASC approach
allows tracking the attitude angles stably, adjusting to the
desired attitude generated by the RFDCFCP. The four control
inputs of the three QUAVs are illustrated in Figure 6.

For a more comprehensive evaluation, we compared
our formation control system with the DRFC [34] and
PCFSMC [35] control methods. The results of the three
control methods are presented in Figures 7-12. Figure 7
shows the flight formation of the three QUAVs in 3D and
2D under the proposed control system. Our control method
succeeds in achieving and maintaining the desired formation
pattern stably throughout the flight mission, with accurate
tracking of the reference Cartesian trajectory. Although the
PCFSMC and DRFC formation controllers in Figures 8 and 9
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FIGURE 6. Control inputs.

also succeed in maintaining the desired formation pattern,
our proposed method exhibits better tracking accuracy
than the other controllers. This is clearly evidenced in
the 2D flight formation in Figures 7(b), 8(b), and 9(b),
where with our proposed method, all three QUAVs robustly
track the reference Cartesian trajectory. Moreover, lumped
uncertainties affect our proposed method significantly less,
demonstrating its superiority in robustness and adaptability.
On the other hand, the formation tracking errors, adjacent
distances, and relative distances for this flight scenario under
the three formation controllers are presented in Figures 10,
11, and 12, respectively. The formation tracking errors of the
proposed control system in Figure 10(a) achieve fast conver-
gence to zero in finite time and are consistently maintained in
the neighborhood of the origin, even in the presence of large
lumped uncertainties. Furthermore, the adjacent distances
and relative distances presented in Figure 10(b) demonstrate
that the desired formation pattern has been successfully
maintained without any geometric deformation. The indices
converge rapidly to their desired values of 3 meters and
1.73 meters, respectively, and remain constant throughout
the flight formation. Compared to the PCFSMC and DRFC
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FIGURE 7. Results of the formation control of the proposed method (a) Viewed in 3D (b) Viewed in 2D.
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FIGURE 8. Results of the formation control of the PCFSMC method (a) Viewed in 3D (b) Viewed in 2D.
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FIGURE 9. Results of the formation control of the DRFC method (a) Viewed in 3D (b) Viewed in 2D.
control methods shown in Figures 11 and 12, the formation as well as the adjacent and relative distances, it can be clearly
errors also converge to zero. However, by reviewing and seen that our control system demonstrates superior robustness

comparing the zoomed regions in the interval [30-70]s, and tracking accuracy compared to the PCFSMC and DRFC
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FIGURE 12. Results of the DRFC method: (a) Formation errors (b) Adjacent and relative distances.
methods. Furthermore, it is observed that due to variations In contrast, our proposed control method maintains these
in the physical parameters of the aircraft, such as mass errors at the zero origin throughout the flight mission. This
and moments of inertia, the altitude formation errors of the is clearly illustrated in the zoomed regions of Figures 10(a),

PCFSMC and DRFC control methods never reach zero origin. 11(a), and 12(a), respectively.
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FIGURE 13. Wind speed generated by the Dryden model.
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FIGURE 14. Temporal position response of the quadcopters, including the
virtual leader.
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FIGURE 15. Linear velocity of the quadcopters.

To provide a more accurate quantitative comparison of the
obtained results and confirm the theoretical findings of the
proposed control system, we use the performance indices of
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FIGURE 17. Control inputs.

TABLE 2. Convergence time analysis.

Performance index
Control

Aircraft Settling time
method
€1 € i1
DRFC 4.298 3.888 -

QUAV 1 PCFSMC 3.801 3.485 -
Proposed 3.310 1.920 3.140
DRFC 3.982 3.701 -

QUAV 2 PCFSMC 3.769 3.084 -
Proposed 2.250 2.090 3.140
DRFC 4.663 3.330 -

QUAV 3 PCFSMC 1.715 2.884 -
Proposed 0.920 2.610 3.100

settling time and RMSE. The settling time is defined as the
time it takes for the system tracking errors to converge and
stabilize within a range of 2.5% concerning the origin. On the
other hand, RMSE is a metric that evaluates the performance
of the control system in terms of tracking accuracy and
robustness. These indices are calculated for each control
system and are presented in Tables 2 and 3, respectively.

Table 2 shows that our proposed control system exhibits

lower convergence times for all errors than the PCFSMC and
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FIGURE 18. Results of the formation control of the proposed method (a) Viewed in 3D (b) Viewed in 2D.
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FIGURE 19. Results of the formation control of the PCFSMC method (a) Viewed in 3D (b) Viewed in 2D.
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FIGURE 20. Results of the formation control of the DRFC method (a) Viewed in 3D (b) Viewed in 2D.

DRFC controllers. This confirms the outstanding property of other hand, Table 3 shows that our control system exhibits
fast convergence in finite time of our control system. On the lower RMSE values compared to the PCFSMC and DRFC
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TABLE 3. RMSE analysis.

Performance index
Control erformance inde:

Aircraft method x Rg}/lSE ~
i1 i1 i1
DRFC 0.406 0.138 0.394
QUAV 1 PCFSMC 0.409 0.156 0.374
Proposed 0.251 0.093 0.216
DRFC 0.161 0.159 0.391
QUAV 2 PCFSMC 0.172 0.170 0.374
Proposed 0.097 0.102 0.215
DRFC 0.138 0.242 0.392
QUAV 3 PCFSMC 0.133 0.241 0.346

Proposed 0.081 0.148 0.214

controllers. This confirms the remarkable robustness and
tracking accuracy property of our control system. Overall,
the quantitative results obtained in Tables 2 and 3 verify the
superiority of our control method proposed in this research
regarding fast convergence in finite time, tracking accuracy,
and robustness.

B. FLIGHT SCENARIO 2
For further evaluation of the robustness and adaptability
capabilities of the proposed control system, this flight
scenario simulates the entry of the QUAVSs into a windy area
with more realistic wind speeds than in the previous scenario.
In addition, uncertainties of unmodeled internal dynamics
and variations of aircraft physical parameters are considered.
This approach reflects practical conditions where all these
large lumped uncertainties simultaneously affect the aircraft
dynamics. For this purpose, lumped uncertainties are defined
as:

a) External disturbances: Suppose that the QUAVs enter
a windy area with wind speeds that can reach a velocity of
8m/s, as shown in Figure 13. For this purpose, the Dryden
wind model is considered an external disturbance in this flight
scenario [48]. Therefore, the components of dfg“ along the
three axes are expressed as:

A = —Kq < (i — W)? sign(i; — Wy) m/s?,

,X
df' = —Ka (i — Wy)? sign(i — W) m/s?, (64)
dS' = —Kq (i — W.)? sign(z; — W2) m/s?.

where Ky ,Kqy, Ki: € R*'. The terms Wy, W, W,
represent the total wind speeds along the three axes. b) Inter-
nal uncertainties: bl) Modeling uncertainties: Similar
to the modeling uncertainties of the previous scenario.
b2) Parametric uncertainties: For this flight scenario,
parametric uncertainties of +30% on the mass and moments
of inertia are considered.

The initial positional conditions of the three QUAVs
are configured as &(0) = [—1,4,0.011"m, &(0) =
[0.01, —2,0.0117m, £&(0) = [1,1,0.01]"m. The initial
velocities of the three aircraft are set to zero. The fol-
lowing Cartesian trajectory is established for the virtual

VOLUME 12, 2024

TABLE 4. Convergence time analysis.

Performance index

Aircraft glzrtl}tlr;ﬁ x Settlir}g time .
i1 i1 i1
DRFC 4.095 7.989 -
QUAV 1 PCFSMC 3.596 6.506 -
Proposed 3.290 3.270 3.070
DRFC 5.794 3.933 -
QUAV 2 PCFSMC 4.056 3.180 -
Proposed 2.540 2.940 3.070
DRFC 4.069 7.989 -
QUAV 3 PCFSMC 3.095 6.540 -
Proposed 2.080 3.310 3.060
leader:

£0 = [x0, y0, 201" = [2.5c0s(0.2¢), 2.5sin(0.4¢, ), 31" m.
(65)

The results for this scenario are presented in Figures 14-
17. The temporal position and linear velocity response
of the three QUAVs are shown in Figures 14 and 15,
respectively. These figures reveal that, despite being subject
to realistic wind gusts and internal uncertainties, the proposed
RFDCFCP approach allows the aircraft to reach the desired
formation quickly. Furthermore, it can be observed that the
aircraft achieves a consensus, maintaining the desired for-
mation satisfactorily while following the reference Cartesian
trajectory. The temporal attitude response of the QUAVs is
presented in Figure 16, where it is noticed that the proposed
RFASC approach allows tracking the attitude angles stably,
adjusting to the desired attitude generated by the RFDCFCP.
The four control inputs of the three QUAVSs are presented in
Figure 17.

The comparison results of our proposed control system
with the PCFSMC and DRFC methods are presented in
Figures 18-23. Figure 18 shows the flight formation of
the three QUAVs in 3D and 2D under our proposed
control system. As in the previous scenario, our proposed
method achieves and maintains the desired formation pattern
stably throughout the flight mission, with accurate tracking
of the reference Cartesian trajectory. In comparison, the
PCFSMC control method, although maintaining the desired
formation pattern, demonstrates to be sensitive to large
lumped uncertainties. This is evidenced in Figure 19, where
wind gusts and internal uncertainties clearly affect the
control performance of the QUAVs, resulting in a loss
of accuracy in tracking the reference Cartesian trajectory.
On the other hand, the DRFC control method is the most
affected in this comparison. This controller demonstrates low
robustness and lower tracking accuracy, as seen in Figure 20.
Overall, the proposed formation control system demonstrates
its superiority in robustness and adaptability, unlike the
PCFSMC and DRFC methods, which exhibit more noticeable
deviations and fluctuations in their formation, especially
visible in the 2D flight formation in Figures 19(b) and 20(b).

113401



lEEEACCGSS L. F. C. Ccari et al.: Distributed Robust Adaptive Control

I QUAV 1 QUAV 2 QuAv 3] 6 T T T T
) T : : : : T T . J— 2AD AAD T Reference
0 5 4
EO —
=r 7 z, ,
y o o
, 20 30 40 50 60 70 a_
4 . | | ) | | | | | L5
10 20 30 40 50 60 70 80 90 100
Time (s)
P B
T T | , | | | | | | |
2 04 1 0 10 20 30 40 50 60 70 80 90 100
Eo Time (s)
- 0
e % 30 40 50 60 70 | 5T : : . : : ]
4 L | | | | | ! 1 | aRD aiD aBD — = — . Reference
0 10 20 30 40 50 60 70 80 %0 100
Time (s) — 4 4
0 - - - =
£ 0.2 . T 5 i
< 0.4 -
o o 0.6 1
20 30 40 50 60 70
| | | | | | . . L 0 . : : ! . : ! : :
0 10 20 30 40 50 60 70 80 % 100 0 10 20 30 40 50 60 70 80 90 100
Time (s) Time (s)
(@ (b)
FIGURE 21. Results of the proposed method: (a) Formation errors (b) Adjacent and relative distances.
I QUAV 1 QUAV 2 QUAV 3] 6 T T T T T
2 o T T T T T 7 aAD dAD aAD = = = .Reference
g A ] \/\w ~ 5k 4
o -0.4 g
-2 -0, b A 4 4
20 30 40 50 60 70 =
4] | | . | | | | | | 5
0 10 20 30 40 50 60 70 80 20 100 3 _
Time (s)
2 0.4 1 ]
E o M~
S 0 p
R -0.2 : g _
0 30 40 50 60 70
) | | | | | | | | |
) 10 20 30 40 50 60 70 80 20 100
Time (s)
0 . .
TN
En 1
) 40 50 60 70 4
3 | | | | | | | | |
0 10 20 30 40 50 60 70 80 20 100
Time (s) Time (s)
(@) (b)

FIGURE 22. Results of the PCFSMC method: (a) Formation errors (b) Adjacent and relative distances.
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FIGURE 23. Results of the DRFC method: (a) Formation errors (b) Adjacent and relative distances.

The formation tracking errors, adjacent distances, and formation controllers are presented in Figures 21, 22, and 23,
relative distances for this flight scenario under the three respectively. Figure 21(a) highlights that the formation
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TABLE 5. RMSE analysis.

Performance index

Aircraft Control RMSE
method o ny z
i1 i1 i1
DRFC 0.408 0.248 0.497
QUAV 1 PCFSMC 0.395 0.377 0.383
Proposed 0.249 0.161 0.215
DRFC 0.288 0.383 0.492
QUAV 2 PCFSMC 0.282 0.373 0.385
Proposed 0.168 0.249 0.215
DRFC 0.265 0.328 0.491
QUAV 3 PCFSMC 0.245 0.332 0.389
Proposed 0.147 0.209 0.215

tracking errors of our proposed control system achieve faster
convergence to zero and consistently remain close to the
origin neighborhood despite realistic wind gusts, modeling
uncertainties, and variations of aircraft physical parameters.
This demonstrates that the desired formation pattern has
been successfully maintained without any geometric defor-
mation, as seen in the 3D flight formation in Figure 18.
This behavior is supported by observing that the adjacent
distances and relative distances of the three QUAVs in
Figure 21(b) rapidly converge to their desired values of
3 meters and 1.73 meters, respectively, and remain constant
throughout the flight formation. In contrast, the PCFSMC
and DRFC methods show that the formation tracking errors
(see Figures 22(a) and 23(a), respectively) are inevitably
affected by the large lumped uncertainties, experiencing
more significant fluctuations and deviations. Looking at the
zoomed regions in the interval [20-80]s, it can be seen that
the errors of these control methods do not remain close to
the neighborhood of the origin, indicating that the desired
formation pattern has not been satisfactorily maintained and
geometrical deformations have occurred. This is evidenced
by looking at the adjacent distances and relative distances of
the PCFSMC and DRFC methods in Figures 22(b) and 23(b),
along with their 3D flight formation in Figures 19 and 20,
respectively.

The settling time and RMSE performance indices are
calculated for each control method and presented in Tables 4
and 5 to provide a quantitative comparison of the obtained
results. Table 4 shows that our proposed control system
exhibits lower convergence times in all formation track-
ing errors compared to the PCFSMC and DRFC control
methods. This confirms the outstanding finite-time fast
convergence property of our control system. Moreover,
in Table 5, it is observed that our control system exhibits
lower RMSE values compared to the PCFSMC and DRFC
controllers, which ratifies the remarkable robustness and
high tracking accuracy of our control system. Overall,
the quantitative results obtained in Tables 4 and 5 verify
the superiority of our control strategy proposed in this
research regarding fast convergence in finite time, tracking
accuracy, and robustness in a complex and challenging
flight scenario with realistic wind gusts and large internal
uncertainties.
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VIi. CONCLUSION AND FUTURE WORK

In this research, a distributed robust control system has
been designed to address the flight formation control of
a multi-QUAV system in complex and challenging flight
scenarios with large lumped uncertainties. For this purpose,
a novel nonlinear control strategy, ABRINFTSMC, has been
designed. Based on this proposed strategy, an RFDCFCP has
been developed for the underactuated position subsystem, and
for the fully actuated attitude subsystem, an RFASC has been
developed. The effectiveness of the proposed method has
been verified by numerical simulations and compared with
recent formation control methods.

The obtained results have demonstrated the outstanding
capability of our proposed control system to quickly achieve
and consistently maintain the desired formation pattern
throughout the flight mission, even in challenging environ-
ments with the presence of realistic wind gusts, unmodeled
internal dynamics, and varying physical parameters of the
QUAVs. By performing quantitative comparative analysis
with PCFSMC and DRFC works, the superiority of our
proposed control method in terms of fast convergence in
finite time, tracking accuracy, and robustness has been
evidenced.

In future works, we include the practical implementation
of the proposed control system for formation control
with DIJI-F450 physical aircraft in a real flight envi-
ronment. In addition, we plan to implement the pro-
posed method for the cooperative transport of suspended
payloads.
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