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A Cooperative Control Approach for
Multi-quadrotor Formation in Agricultural Scenarios
with Obstacles and External Disturbances

Pablo Raul Yanyachi

Abstract—This research aims to develop a robust cooperative
control approach for the flight formation of multiple quadrotors
in trajectory tracking tasks in agricultural scenarios with
obstacles and external disturbances. For this purpose, a
distributed autonomous control framework is proposed that
integrates a guidance system and an advanced control system
for each quadrotor under a leader-follower control scheme.
The guidance system employs the Artificial Potential Field
(APF) algorithm, which guarantees attraction to the target
while avoiding obstacles. For the control system, a distributed
consensus protocol based on an Adaptive Integral Fast Terminal
Sliding Mode Control (AIFTSMC) is implemented, ensuring
fast convergence and robust tracking of the reference trajectory,
maintaining the alignment of the quadrotors throughout the
entire flight mission. The validity of the proposed approach has
been demonstrated through numerical simulations performed in
MATLAB/Simulink, implementing a representative agricultural
scenario. The results show that the approach offers robust and
efficient performance for multiple quadrotor flight formation
in agricultural environments, even in the presence of external
disturbances and obstacles.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/9413

Index Terms—quadrotor, Multi-UAYV, Formation control, Adap-
tive control.

I. INTRODUCTION

N recent years, cooperative formation control of multiple

quadrotor has attracted a great deal of interest in the
research community, especially in the field of aerospace engi-
neering. This is due to the numerous applications that multi-
quadrotor systems can have in various industries and sectors,
such as cooperative transportation of construction materials
[1], search and rescue missions [2], and precision agriculture
[3].

In the field of precision agriculture, multiple quadrotors can
be used to perform various agricultural tasks, such as crop
monitoring, mapping, spraying, and irrigation, among others
[4], [5]. In this context, using multiple quadrotors for such
tasks would allow efficiently addressing large areas of land
in reduced periods of time, improving operational efficiency
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compared to using a single quadrotor [6], [7]. However, for
these applications to be feasible, advanced control systems
must be developed to enable precise planning and optimal
trajectory tracking quadrotor control is challenging due to the
underactuated nature of these aircraft, which have six degrees
of freedom and only four control inputs, as well as possessing
complex and highly coupled nonlinear dynamics [8]-[10].

Several advanced control strategies have been proposed in
the literature for quadrotors in agricultural applications. For
example, in [11], an adaptive sliding mode control algorithm
based on neural networks was developed for agricultural
trajectory tracking. In [12], a controller based on type-2 fuzzy
neural networks and a hybrid particle swarm optimization
algorithm for autonomous crop inspection was presented.
More recently, in [13], an adaptive sliding mode control
was proposed for position dynamics, complemented by a
fast terminal sliding control for attitude dynamics. However,
these works [11]-[13] focused only on a single quadrotor,
limiting their applicability in large-scale agricultural scenarios.
Although farmers tend to employ a single quadrotor nowadays,
this approach has distinct limitations, such as limited flight
time, reduced coverage, and low payload capacity [14].

Given this, the need arises to employ multiple quadrotors to
overcome these limitations and maximize the potential of pre-
cision agriculture. However, controlling multiple quadrotors
simultaneously adds considerable complexity due to trajectory
planning, the risk of collisions, and the complex nature of these
vehicles’ dynamics [15]-[17].

In this context, the literature has attempted to address
these issues, although work on advanced control of multiple
quadrotors in precision agriculture applications still needs to
be explored and continues to be an active research topic. For
example, in [18], a distributed control law based on sliding
mode control theory was proposed for the formation of three
agricultural quadrotors. However, this approach employed a
linear (conventional) sliding surface, which causes the phe-
nomenon known as chattering, which can damage aircraft
engines in practical applications. In [19], cooperative transport
of loads by multiple quadrotors was studied in the context
of agricultural spraying applications, using a PID approach
for distance-based formation control. Similarly, in [20], a
distributed PID control system for a set of quadrotors was
developed using a swarm algorithm. It is relevant to note that
the latter work [20] performed an experimental performance
comparison between the use of a single quadrotor, which
is most common today, and the use of three quadrotors,
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confirming the superiority of the cooperative approach in
agricultural applications. Despite the advances in these studies
[19], [20], both employed classical PID control laws, which,
although widely used in the literature, do not provide adequate
robustness against large external disturbances, as demonstrated
in the experimental study in [21]. Moreover, those works
did not consider the presence of obstacles in path planning,
despite the fact that the occurrence of obstacles is common
in agricultural scenarios. This highlights the need to integrate
effective guidance algorithms that ensure obstacle avoidance
within the control system.

In summary, although several advanced control strategies
for quadrotors in agricultural scenarios have been proposed
in previous works [11]-[13], these studies have focused on
controlling a single vehicle. On the other hand, the works
that address the use of multiple quadrotors [18]-[20] employ
classical controllers that do not offer sufficient robustness
to large disturbances and also do not consider the presence
of obstacles in the trajectory planning. Given this situation,
this research proposes developing a distributed autonomous
control framework for the formation of multiple quadrotors
with the ability to follow trajectories in agricultural envi-
ronments that include obstacles and external disturbances.
This framework integrates a guidance system for trajectory
planning and an advanced control system that ensures robust
and reliable tracking of the desired formation trajectory, thus
optimizing performance in this type of application. The scope
of this article is limited to showing verification results of the
mathematics in MATLAB/Simulink software of the proposed
algorithm and control law.

A. Contributions
The main contributions of this research are as follows:

o Unlike the formation control approaches presented in
[18]-[20], this research proposes a distributed au-
tonomous control framework that integrates a guidance
system and an advanced control system. The guidance
system uses the Artificial Potential Field (APF) algo-
rithm, while the control system is based on a distributed
consensus protocol implemented using the Adaptive In-
tegral Fast Terminal Sliding Mode Control Strategy
(AIFTSMO).

o The AIFTSMC control strategy guarantees finite-time
stability, which allows a fast convergence of the quadro-
tors to the reference trajectory. In addition, the adaptive
laws integrated in this strategy ensure robust trajectory
planning and tracking, even in the presence of obstacles
and external disturbances.

o Simulations were carried out in the MATLAB/Simulink
environment, in which a typical agricultural scenario was
implemented with the presence of obstacles and external
disturbances. The results demonstrated that the proposed
guidance and control framework provides robust and effi-
cient performance in multiple quadrotor flight formation
in agricultural environments.

The rest of the paper is organized as follows: Section
IIT presents the problem statement, including the dynamic
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Fig. 1. Flight formation of a multi-quadrotor system [22].

model of the multi-quadrotor system and the objective of
the research. Section IV discusses the development of the
proposed guidance and control system, along with the stability
analysis. Section V presents the results obtained, and finally,
Section VI discusses the conclusions of the research.

II. PRELIMINARIES

A. Graph Theory

Consider a collection of N quadrotor agents that interact
with their neighbors, represented by the graph G = (V, E),
where V represents the vertices and E denotes the edges. An
edge (V;,V;) implies that quadrotor agent ¢ can access the
information of quadrotor agent j and vice versa. The adjacency
matrix of the graph is denoted by A, with elements a;; > 0
if (V;,V;) € E and a;; = 0 otherwise. The degree matrix
is defined as D = diag(dy,...,dn) € RYXN where d; =
Z;.Vzl a;;. Therefore, the Laplacian matrix can be expressed as
L = D — A. Consider a diagonal matrix B = diag(by, ..., bn)
that represents the data flow interconnection from the leader
to the followers, where b; > 0 if the leader agent sends its
information to the follower agent ¢; otherwise, b; = 0.

B. Lemmas

Lemma 1: [25] For any Lyapunov function that verifies
the following inequality V(x) < —wV — wy VI, where the
constants wy > 0,y > 0,0 < IT < 1, there exists a finite
time stability so that the settling time is given by:
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III. PROBLEM STATEMENT

A. Dynamic model of the multi-quadrotor system

Consider a multi-agent system composed of N quadrotors,
as shown in Fig. 1, where it is assumed that each quadrotor
follows the same dynamic model. The motion of the i-th
quadrotor in space can be decomposed into translational and
rotational movements. Each aerial vehicle is associated with
two coordinate frames: one body-fixed and one earth-fixed (see
Fig. 1). Therefore, the dynamic model of the i-th quadrotor is
described as follows [22]:

iy=m;" [(coisOicth; + spisi)u; . — Ez’ adi + dﬁﬁt},
Ui = mjl [(cgzﬁ 50,503 — soici)ui » — ki Ui + df;t],
Zi= mjl [(0@09 Vi — klzzl d-e“} -9,
d;z:J;;[(Ji, Ji2)0 ﬂ/Ji—Ji 0w~k ¢¢ +u;, ¢+dewt]
0=, )| (Ji.o=Ji2) Githi+ i p it — i 007 +ui o+ 5]
i =T, (o= ) $ii — K 07 s+ 551,

(1
where & = [x;,9:, 27 and v; = [i@y, 9, 2] represent the
position and linear velocity of the i-th quadrotor, respectively,
while m; denotes its mass, and g is the acceleration due
to gravity. The scalar w;, corresponds to the total thrust
force generated by the four rotors, and k; o k; > k; » are the
translational aerodynamlc drag coefficients. Additionally, n; =
(i, 05, 0], [?bu zﬂ/’z] and J; = diag(Ji z, Jiy, Ji2)
represent the orlentatlon, angular velocity, and moment of
inertia of the i-th quadrotor, respectively. The vector 7; ., =
[t;,¢,uig,uip)? denotes the torques generated by the mo-
tors, while J; . represents the rotor inertia. The coefficients
k; b k; 0, k; . correspond to the aerodynamic friction coeffi-
cients for rotational motion. Finally, df¢" = [df3!, d 5", d T

1,x ) Yy )
and dfyt = [df,degt, d represent the external distur-
bances acting on the translational and rotational dynamics,
respectively.

The thrust force u; . and the motor torques w; 4, U;,0, Ui,y
serve as the control inputs for the quadrotor. These control
inputs are generated by the aircraft’s actuators and are deter-
mined based on the angular velocities of the quadrotor’s four

rotors, as follows [23]:

(I Kt Ke Kt Kt M
Uj g —kel kel Rkl =Rl [ Qo
= ) 2
Ui 0 kel —krel kel —rel| [ Q3
Uj o —Kg —Kd K4 Kd Q4

where x; is the thrust coefficient, x4 denotes the drag coeffi-
cient, and [ represents the distance between the centre of mass
of the ¢-th quadrotor and the rotors.

Based on the dynamics of the i-th quadrotor, presented
in (1), it can be observed that the system has six con-
trolled outputs (z;,yi, i, ¢4, 0;,1;) but only four control
inputs (w; -, Ui e, Ui g, Uiy). For this reason, quadrotors are
considered complex underactuated systems. To address the
underactuation problem, the following virtual control inputs
are introduced:
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fiz m; ! (cpisOicp; + sdisiby)u; .
fi| = [mi (cisbisty; — spichi)uiz| . )
fiz m; (epichi)ui » — g

Now, the total thrust force w; . and the desired attitude
angles (¢¢,0¢) are defined as a function of the virtual forces

(fi,e» fiy, fi,») as follows:

Uiz =M, \/(fi,gc)2 + (fi)® + (fi: +9)%
¢ = asin [Tm (f” sinyh? — fiy cosd)g)] , )
6¢ = atan |:fz e (fl » costpd + f; v 51m/1d)]

B. Control Objective

The objective of this research is to develop a robust coop-
erative control approach for the flight formation of multiple
quadrotors during trajectory tracking tasks in agricultural
scenarios, accounting for the presence of obstacles and exter-
nal disturbances. To achieve this goal, the formation control
system must satisfy the following requirements:

o The quadrotors must achieve the desired formation pat-
tern in a short time while avoiding obstacles and main-
taining their alignment throughout the entire flight mis-
sion.

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

lim (& = &) = (55)
Y (5)
Jim (& = &) = ()

where §§ = [5%,5%,5;] € 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 system must ensure adaptability
to enable precise planning and robust tracking of the

reference trajectory.

IV. DESIGN OF THE GUIDANCE AND CONTROL SYSTEM

This section describes the development of the distributed
autonomous control framework for the formation control of
multiple quadrotors in agricultural environments. First, the
guidance system is introduced based on the Artificial Po-
tential Field (APF) algorithm for optimal path planning and
efficient obstacle avoidance for each quadrotor. Next, the
control system is described. The flight controller of each
quadrotor is divided into a position controller and an attitude
controller. A distributed consensus protocol is implemented
based on an Adaptive Integral Fast Terminal Sliding Mode
Control (AIFTSMC), which ensures fast convergence and
robust tracking of the reference trajectories. Finally, the closed-
loop stability of the system is demonstrated using Lyapunov’s
theory. The development of each stage is detailed below:
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A. Guidance System

In this paper, we employ the Artificial Potential Field (APF)
algorithm for quadrotor trajectory planning. While simple yet
efficient, this algorithm simulates virtual forces and is widely
used for obstacle avoidance in robotic systems [24]. In this
technique, two potential fields are modeled: the attractive
potential field, which aims to guide the UAV toward the target,
and the repulsive potential field, which aims to avoid obstacles
and prevent collisions. The model for each of these fields is
explained below.

1) Attractive Potential Field: Let & = [x,y,z]T be the
current position of the quadrotor, and &; = [z4,Ya, z4)” be
the reference position. Therefore, the attractive potential field
can be expressed as:

L) = yka=(E €)% ©

where Z(£,&4) = ||€ — &4 denotes the Euclidean distance
between the quadrotor’s current position and the reference
position, and k, is a positive-defined attraction constant.

The attractive force F,(&;) of the quadrotor can be defined
as the negative gradient of (6):

Fi(&) = =VTa(&) = —kaE(€, €a)- (7

2) Repulsive Potential Field: Let Xops = [Zobss Yobs, Zobs)
represent the position coordinates of an obstacle; the repulsive
potential field can be expressed as:

2
Yoo (ot — ) i TI(6) < Tho -
0 if T1(¢) > T,

Fr(fi) =

where TI(§) = ||€ — xobs|| denotes the Euclidean distance
between the quadrotor and the obstacle, Il denotes the
obstacle’s influence distance, and k, is a positive-defined
repulsion constant.

The repulsive force F;(€) of the quadrotor can be defined
as the negative gradient of (8):

Fi(§) = — VI(&)

o (g — 1) S €a) i TH(E)<Ts
0 if TI(&)>TIops.
©))
Finally, the total force acting on each quadrotor is the sum
of the attractive and repulsive forces, as follows:

Fr=F(&)+Y F (), (10)
k=1

where n is the number of obstacles in the flight scenario.

B. Control System

1) Position control: In this subsection, we design the
virtual control inputs (f; z, fiy, fi,-) for the translational
dynamics control of the i-th quadrotor. To do this, we first
define the formation tracking errors as:

N
Cia Zjil aij (@i — x5 — 03;) + bi(w; — w0 — 65p)
€iy Zszl aij(yi — yj — 6;) + bi(yi — yo — 0j)
Ciyz 2 j—1 @ij(zi —

Zj — (SZZJ) + bz(zl — 20 — 5220)
(11

where &; and &y represent the position of the i-th quadrotor
and the leader of the group, respectively. The term 6% =
[07;,81;,05]" € R® denotes the desired position deviation
between the i-th agent and the j-th agent.

By taking the time derivative of the formation tracking

errors (11), we have:

N . o
€ix Zjﬁl aij(xi - CCj) + bi(&; — xo)
Ciy| = ij‘vzl aij (9 — 95) + bi(Fi — o) (12)
Gz > i1 @ij (% — 25) + bi(2i — 20)

The objective is to ensure that the tracking errors converge
to zero; therefore, we propose the following integral sliding
surface, defined as:

) t
C1z€i,z + C22€i 5 + C3z fo [lei,z|*"sgn(es )] dt

Six
Si,y ClyCiy T CayCiy + C3y fot[\ei,yl% sgn(e;,y)]dt
Si,z Clzéi,z + CQzei,z + C3z fO [|ei,z|az Sgn(ei,z)}dt

(13)
where ¢1, Cax, C3 fOr K = (2,3, ) are positive constants rep-
resenting the controller parameters. The exponents o, oy, o,
satisfy 0 < a, < 1 for k = (x,y,z). Taking the time
derivative of the sliding surfaces gives:

r .. . «
Clz€i,x + C2z€i,x + C3x|ei7m| msgn(ei,w

éi,y = C1yéi7y + ngéiﬂ + C3y|6i,y|a” sgn(ei,y)

_Clzéi,z + CQzéi,z + C3Z|6i,z‘a2 Sgn(eiyz)

cu(ZjV:l aij(&; — @) + bi(¥; — &o))+
CZacéi,a: + C3w|6i,w|ax Sgn(ei,x)

_ | e (S5 ass i — i) + il — o))+
Coyiy + C3yleiy|“vsgn(e; y)
Clz(Z;-V:l aij(Z — Z;) + bi(%i — %))+
C2.6;- + c3zles |2 sgn(e; )

Si,x

Si,z

(14
By enforcing the sliding mode condition $;, = $;, =
5;,» = 0, the equivalent control law is designed as follows:

[ 1 N . .. T
(S @) (cu(Zj_l @i + bido)+

1001 aij + b)) ki o — Conbin—

ot sgn(ei,$)>

03x|6i,x
1 N .. ..
— Va0 + b
:qz c1y (50, aij+bi) < 1y(Zﬂ:1 Y5+ ifo)+
eq | _ N 7. .
Uiy | = Cly(ijl aij + bi)kiy Ui — Coy€iy—

cayleiy|*vsgn(eiy)

1 N . .
a0 <Clz<2j=1 aij%; + biZo)+

Clz(Z;v:l aij +bi)ki 22 —
63z|ei,z|a2 Sgn(ei,z)>

C22€4 72—

(15)
To achieve fast convergence of the ¢-th quadrotor’s states to
the sliding surfaces s; , S;,4, and s; ., the following reaching
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control law is designed:

~

1 [ armey ChEsie R lsial e sign(s:.0))

il 12| et ey (Rt Y lsi Prsign(siy)

T ’ - ’ ~

vl | e (RS —Hlsas | sign(ss )
(6)

where the exponents Az, Ay, A, satisfy 0 < A, < 1 for
k = (z,y,2), and the coefficients k¥, k%, kY, kY, k7, ki are
the estimates of k{, k%, ki, kY, k7, k3 and are updated using
the following adaptive laws:

Y BN

Bl Jeflsial?] B2 [P5lsial"

k| = [PPlsinl?] s [y | = | P lsigM ! (17)
%j ;012|5i72|2 /k; P35 |si Z‘)\ZJFI

where p¥, pi for k = (z,y, z) are positive constants.

Remark 1: The adaptive laws designed in equation (17)
ensure a robust and reliable control system for the quadro-
tors, particularly in agricultural environments characterized
by external disturbances and obstacles. These laws allow the
system to dynamically adjust control actions, ensuring efficient
flight formation and safe collision avoidance while maintaining
formation stability throughout the mission.

Thus, the virtual control inputs are defined as:

eq

fi,m uz,w + ug,m
eq

fiy| = Uy + u;’y (18)
[&

fi2 Ui, + U,

By substituting the equivalent control laws (15) and the
reaching control laws (16) into (18), the virtual control inputs
for the position dynamics of the i-th quadrotor are obtained:

1 N .
1o (5N, ai;+b7) <C“(Zj:1 aijij + bito)+

N
leﬁ(zj:l

Qij + bz)];?zgl'z - CQ:céi,acf
C3m|ei,x|azsgn(ei,z)*
kfsw — k%|5z,x‘>w Sign(si,w)

1 N . .
G ) (Cly(zj_1 aijijj + bifjo)+

jcc” c1y (350 aij + bi)Eiy i — C2y€iy—
2
i Z cayleiy|“vsgn(eiy)—

ki siy — k3| siy vsign(siy)

1 N s T
C1Z(Z§V=1 aij+bi) clz(zjzl tijj + bzz(])—l—

c1: (300 aij + biki 22 — Cazéia—
c3zle;, .| %7 sgn(e; ;) —

k§|si7z|’\zsign(si7z)

Tz
kl Si,z —

(19)

Theorem 1: Considering the translational dynamic model
given in (1), the sliding surfaces defined in (13), and the
control law designed in (19), the states of the translational
dynamic system will converge to the sliding surfaces (13) in
finite time. Consequently, the tracking errors defined in (11)
will also converge to the origin in finite time.
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Proof 1: In order to prove Theorem 1, we define the
following Lyapunov function:
1 2
§(Sz,w) .
Deriving the time V, and replacing the expression (14) we
obtain the following:

Vo= (20)

=Six ClT Zau +b ( 7I0))+
2D
C2a:ei,a: + C3a:|ei,w| 'Sgn(eiﬂ/’)]
=Siz| = k{siz — k§|si,w|’\msign(si7w)]
=~ k{(sia)” = K3 (s1.2) ™
By performing some mathematical operations, we obtain:
. Ag+1
V, = — 27 [Vi] - AR 22)

According to Lemma 1, the states of the translational dynamic

93, .99

system “z” reach the sliding surface s; ,, in a finite time given
by:
2 k3 4 kP (V,(0) ="
T = In(-2 z . (@3
P =A™ ks ) @

Remark 2: By applying the same procedure as in Proof 1, it
follows that the states "y and 2" of the translational dynamic
system converge to the sliding surfaces s; , and s; . in finite
times T, and T, respectively.

2) Attitude Control: In this subsection, we design the
control inputs (u; ¢, u; e, u;) for the rotational dynamics
control of the ¢-th quadrotor. To achieve this, we define the
attitude tracking errors and their derivatives as follows:

[eig ] [ — ¢

€io| = 01 — Q,Ld

_ez;w ¢ - 7/};1_

cio] [0 — o] &9
61’9 = 9 — 9d
[ Ci [ ¥i — 21_

To ensure that the attitude tracking errors converge to zero,
we propose the following integral sliding surface:

Si¢ Crobip + Cageip + C3o | (€i,g)ldt
Si,0 | = | C19€i,6 + C20€i9 + C30 fo [lei,0]*?sgn(e;,0)]dt
. t
519 C1ybig + Capeiyp + csy [y llesy| v sgnlesy)]dt
(25)
where ¢y, ok, 35 cOn £ = (¢p,0,1) are positive con-

stants representing the controller parameters. The exponents
0, 0g, 0y satisfy the inequality 0 < o, < 1 con kK =
(¢,0,1). Taking the time derivative of the sliding surfaces
gives:

$i,6 C1p€i,p + C2€i,p + C3glesp|**sgn(esg)
Si0 |=| c10€i,0 + C20éi0 + c39lein|“?sgn(e; o)
$ig]  |C19€iy + Capliy + cayleiy| v sgn(eiy)

(26)
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By enforcing the sliding mode condition $; 4 = $;9 = §; 4 =
0, the equivalent control law is designed as follows:
oy o
o <—C1¢J iy —Ji2)0ithi—
Ji,reiwi*ki,rﬁq&%] —C2¢€i.p—
cagleq ol sgn(ess) + crp
ujqu Cle _CIOJ [(Jz,y zz) ﬂ/&
u:?e = Ji,raiwi_ki@(bg] —C20€;,0— 27)
ed
e calei o] sgn(eip) + c106;
Ji
H ChbJLJ [( T zy)(bz T
kigt?] = cavéig—
capleiy | sgnleiy) + Chﬂl}f)

To achieve fast convergence of the i-th quadrotor’s states to
the sliding surfaces s; 4, $;,9, and s; 4, the following reaching
control law is designed:

Jiz .
w4 2 (55,6 k5 |31, sign(si,s))
uiy | = 'ﬁj;( ki’sze —KY|si0Msign(sig)) | (28)
r Ji.
Wi iy = (- kl Szw—k2|szw| Avsign(s;,y))

where the exponents Ay, Ag, Ay satlsfy 0 < A < 1 for
Kk = (¢,0,1), and the coefficients k: k¢ K¢ k; k%,kw are
the estimates of kl , kg’ , k: kg ,kf’, k:2 and are updated using
the following adaptive laws:

=P -9

) PfZIsi,anQ ]?g P2<z|sz-,¢\i“11

k| = pb} ko | T pi)|57?7y| ot (29)
-y Siwl? W S; 0|0

5, p1 180yl %y M

where pf, p5 for k = (¢,0,1) are positive constants.

Thus, the attitude control inputs are defined as follows:

€q r

Ui Uig Ui

Uip | = | Ut U (30)
[&

Ui,y Uz'?w + u;,

By substituting the equivalent control laws (27) and the
reaching control laws (28) into (30), the control inputs for

the rotational dynamics of the i-th quadrotor are obtained:

[(J Jz,z)elwz*

Jz 7"9 Wi — kz qb(b } - CQqSez qS_
c3pleis| ¥ sgnle; ») + cl¢¢ —

Jix

Ci¢

< 61¢J

kfsi,fﬁ — k§|sz¢| ¢sign(s; ¢)
Ji. _ .
s \ Cin,xl [(le — Ji2)0ithi—
Uu; L
ul],(Z _ JZ r0i0; — k; ¢>¢ ] — nge2 0— 31)
uz'l’w cales,0|*sgn(ein) + c10f—

/“d 8i,0 — kg|5i,9|)\951gn(5i,0)

z_zl [(J%T - Jl,y)gbloli

Fig?] — copbiy—
Capley | sgn(e; p) + crydi—
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Remark 3: By following the same procedure as in Theorem
1, it is concluded that the states of the rotational dynamic
system converge to their sliding surfaces in finite time. Con-
sequently, the tracking errors defined in (24) also converge to
the origin in finite time.

C. Stability Analysis

Theorem 2: Considering the system (1), along with the
sliding surfaces (13) and (25), the control laws designed in
(19) and (31), together with the adaptive laws in (17) and
(29), will drive the tracking errors to the origin in finite time.
Consequently, the states of the system (1) will reach their
desired values in finite time.

Proof 2: We define the following Lyapunov candidate
function as follf)ws: , o, o,

V =g lse)® + g (R 4 5 ()%
where k:”” and k are the adaptive estimation errors. Then l%f =
k"” kT, k% = kx k3.

Deriving in time (32) and performing the corresponding

mathematical operations, we obtain the following expression:

(32)

. k/,x . kx .
Vv =Sz 5i’m + — k‘ kx
($i,2) Pl( 1)+ p2( 5)
—Sz T Clw Za’lj + b ( - a)‘o))+
R e R
son(e; )] + = (kF) 4 —2 k
()] + i) + L i)
=S4, mclz (Zaz] +b fz x z xxl —Cig (Z:aw +bi J)o)
Jj=1 Jj=1
, kx - kE :
C22€i z “sgn(e;q)] + *( 1)+ %(I%)
} 1 P32
=si0 [Uf o] + — (kT) + =2 (k3)
P1 P

(33)
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Substituting the reaching control law given in (16) and the
adaptive laws given in (17) into expression (33), we obtain:

V :Si,x( — 76\%81"1 — %;\si,zr\”sign(sm))—i—

Rz kg :
pgf( 1) p;’( 3)
~ ~ b s
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(34)
From expression (34), we can conclude that s; ,, converges to
zero in a finite time. Moreover, the convergence of the adaptive
parameters k7 and k3 are also ensured.

V. RESULTS AND DISCUSSIONS

This section evaluates the effectiveness of the proposed
control framework through numerical simulations in the MAT-
LAB/Simulink environment using the block diagram shown in
Fig. 2.

l-"ulb- Yobes Zoba)

Position

e JIM'MM”): Control r
Potential AIFTSMC '
FieldC Nonlinear Attitude
1 g |1 9:%2 | Control
(A Decoupling —p
Equations AIFTSMC

oo

(z.9,2)

Fig. 2. Proposed Control Block Diagram.

The proposed control system for cooperative multi-
quadrotor formation in agricultural environments with ob-
stacles and external disturbances is based on a robust con-
trol approach implemented in MATLAB/Simulink. Initially,
the APF module receives the coordinates of the obstacles
(Zobs, Yobs, Zobs) and generates a reference trajectory for the
it quadcopter (x4,Yd,2q) to avoid collisions. Then, the
AIFTSMC position controller computes the control forces
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TABLE I
CONTROL SYSTEM PARAMETERS

Parameter Value Parameter Value
Clz, Cly, C1z 1 pf,pg,pf 1.2
C2z, C2y, C22 2.031 P55 P35 P5 3
C3z,C3y,;C3z 0.051 )\acy)\yy)\z 1.2
C1¢,C16, Clyp 1.5 Aps Aoy Ao 1.2
€265 €20, C29p 12 pl, 0%, pY 2
€365 €30, C31p 0.2 Py 0%, PY 4
Qugy Oly, Oz 0.25 kq 3
Qg, Oy, o) 0.2 kr 0.5

(fe, fy, f») by comparing the reference with the current po-
sition (x,y, z). These forces are transformed into the de-
sired inclination angles (¢4,64) and (u.) through nonlin-
ear decoupling equations, facilitating attitude and position
control, respectively. Subsequently, the AIFTSMC attitude
controller adjusts the control signals (uy, ug, uy) to stabilize
the quadrotor’s orientation. Finally, the quadrotor’s dynamic
model executes these control signals, while state feedback
continuously updates the control system, ensuring stable and
precise flight. The block diagram represented in the Fig. 2, is
the same for the three quadcopters under guide of the Artificial
Potential Field (APF) module.

A typical agricultural scenario [26] is implemented, simu-
lating a 160-square-meter crop area where the quadrotors must
fully cover the zone, encountering both obstacles and external
disturbances caused by wind. The flight formation consists of
three quadrotors (QUAVs), with the first QUAV acting as the
group leader while the remaining two follow. Communication
between the aerial vehicles is managed using graph theory,
represented by a directed graph. The formation pattern is set
in a straight line with a 1-meter distance between agents, as
shown in Fig. 3.

Fig. 3. Communication topology and formation pattern.

The adjacency matrix, the degree matrix, the Laplacian
matrix, and the leader matrix are defined as:

0 0 0 0 0 0 1 0

R R E R

(35)

The physical parameters of the aerial vehicles are: m; =
1.6kg, J; = diag(0.0232,0.0249,0.0342)kgm?, | = 0.2m
and ¢ = 9.8m/s?. The parameters of the proposed control
framework are presented in Table 1.

The initial positions of the three quadrotors are set as:
£1(0) = [0.5,0.5,0.01]%,m, &(0) = [~1,-2,0.01]" ,m y
€(0) = [-1,2,0.01]7, m. Throughout the trajectory, the
quadrotors must avoid three strategically placed obstacles
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Fig. 4. 3D flight formation of the agricultural scenery.

in the environment. Additionally, they are subjected
to external disturbances caused by wind, modeled as:
digt = [0.5c0s8(0.5t) + 0.5sin(0.5t),0.65in(0.2t) +
0.4 cos(0.4t), 0.5 cos(0.5¢t)]T, (N.) and devt =
[0.1 cos(t),0.1sin(t), 0.5 cos(0.5¢)]7, (N.m.).

Fig. 4 presents a 3D view of the simulation of the for-
mation flight of three quadrotors (QUAVs) in an agricultural
environment with the presence of three obstacles and external
disturbances. The simulation demonstrates the effectiveness of
the proposed control framework, which integrates a guidance
system based on the Artificial Potential Field (APF) algorithm
(10) and an advanced formation controller, AIFTSMC (19),
(31). As seen in the figure, the three quadrotors successfully
follow the desired formation trajectory, effectively avoiding
obstacles, fully covering the assigned agricultural area, and
maintaining stable formation throughout the entire flight mis-
sion.

The temporal evolution of the quadrotors’ positions and
linear velocities is shown in Figs. 5 and 6. In Fig. 5, it can
be observed that despite external disturbances, the proposed
system ensures robust formation trajectory tracking. The three
obstacles along the route are effectively avoided: the group
leader faces the first obstacle, while followers 2 and 3 avoid
the second and third obstacles, respectively. The quadrotors
successfully avoid the obstacles without significantly deviating
from the formation. This behavior highlights the capability
of the guidance system to autonomously manage obstacle
avoidance and quickly restore the desired trajectory after each
evasive maneuver.

Fig. 7 shows the temporal evolution of the formation track-
ing errors, with fast convergence to zero. The system manages
to keep the errors within a small neighborhood around zero,
even in the presence of external disturbances. Fig. 8 illustrates
the relative distances between the quadrotors. The desired for-
mation pattern, with 2-meter distances between the followers
and 1 meter relative to the leader, is consistently maintained
throughout the flight mission, reflecting high precision in the
formation dynamics.

Furthermore, the temporal evolution of the attitude of the
quadrotors, represented by Euler angles, is shown in Fig.
9. The angles stabilize at the desired references, underscor-
ing the controller’s ability to maintain proper orientation in
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Fig. 5. Evolution in time of quadrotor position: a) In X, b) In Y, and ¢) In
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Fig. 6. Evolution in time of the linear velocity: a) In X, b) In Y, and ¢) In Z.
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Fig. 7. Evolution in time of formation errors: a) In X, b) In Y, and ¢) In Z.
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Fig. 8. Distance between quadrotors: a) Between followers, and b) Between
leader and follower.

the presence of disturbances. Fig. 10 displays the applied
control signals, verifying their smoothness and effectiveness
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Fig. 9. Evolution in time of the attitude of quadrotor: a) In ¢, b) In 6, and
c) In ¢.
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Fig. 10. Evolution in time of the control inputs: a) In Z, b) In roll, ¢) In
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Fig. 11. Evolution in time of adaptive gains of quadrotor 1, 2 and 3: a) In
X,b)InY, and ¢) In Z.

throughout the mission. Finally, Fig. 11 illustrates the adaptive
gains of the AIFTSMC system, which dynamically adjust the
control parameters in response to environmental variations,
confirming the adaptability and robustness of the proposed
control framework.

VI. CONCLUSIONS

In this paper, a distributed autonomous control framework
for multi-quadrotor formation flight in agricultural scenarios
has been proposed. This framework integrates both a guidance
system and a control system for each quadrotor. The Arti-
ficial Potential Field (APF) algorithm is implemented in the
guidance system, while a distributed consensus protocol based
on the Adaptive Integral Fast Terminal Sliding Mode Control
(AIFTSMC) strategy is designed for formation control.

IEEE LATIN AMERICA TRANSACTIONS, Vol. 23, No. 6, JUNE 2025

The results obtained through numerical simulations confirm
the effectiveness of the proposed framework in agricultural
environments characterized by the presence of obstacles and
external disturbances. The approach achieved complete cov-
erage of the agricultural area while maintaining the desired
formation pattern between the quadrotors throughout the flight
mission. Furthermore, it demonstrated remarkable capability in
obstacle avoidance and quickly restoring the desired trajectory,
maintaining the stability of the formation pattern during the
entire mission. The adaptive laws allow for dynamic adjust-
ment of control actions, providing robust and reliable system
control in the presence of external disturbances.

In future work, we propose experimental validation us-
ing the proposed algorithm and control, comparing it with
other control laws in complex agricultural scenarios. The
algorithms and controls can be implemented in a distributed
autonomous control framework such us PX4-Autopilot on DJI-
F450 quadrotors.
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