4
" acrospace
o ey

Article

Adaptive Event-Triggered-Based Consensus Control for QUAV
Formation System with External Disturbances and
State Constraints

Lijun Liu !, Tongwei Lu 209, Guoxiang Hao 3, Kun Yan 3*{ and Chaobo Chen 3

W) Check for updates

Academic Editor: Gokhan Inalhan

Received: 10 February 2026

Revised: 11 March 2026

Accepted: 23 March 2026

Published: 25 March 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Mathematics and Artificial Intelligence, Lyuliang University, Lvliang 033001, China;
liulijun199108@163.com

2 Hubei Key Laboratory of Intelligent Robot, Wuhan Institute of Technology, Wuhan 430205, China;
lutongwei@wit.edu.cn

College of Electronic Information Engineering, Xi’an Technological University, Xi’an 710021, China;
18003460960@163.com (G.H.); chenchaobo@xatu.edu.cn (C.C.)

*  Correspondence: yankun@xatu.edu.cn

Abstract

In this work, an adaptive event-triggered-based consensus control strategy is proposed
for the quadrotor unmanned aerial vehicle (QUAV) formation system in the presence of
external disturbances and state constraints. Firstly, the disturbed QUAV formation system
dynamic model is established. Then, to address the initial peaking explosion problem in
the traditional active disturbance rejection control method, a time-varying gain extended
state observer (TGESO) is designed to suppress external disturbances. Meanwhile, a novel
barrier Lyapunov function (BLF) is constructed to cope with the adverse effects caused by
state constraints. Furthermore, aiming to alleviate network congestion and reduce commu-
nication burden, the adaptive event-triggered mechanism (AETM) is adopted to design
the formation flight controller. Finally, the stability of the developed consensus controller
and the boundedness of all error signals are proved via Lyapunov theory. Comparative
simulation results demonstrate the practicality of the presented control algorithm.

Keywords: formation control; consensus theory; time-varying gain extended state observer;
state constraints; adaptive event-triggered mechanism

1. Introduction

Along with the rapid advancement of automatic control and artificial intelligence
technologies [1], quadrotor unmanned aerial vehicle (QUAV) has been widely applied in
numerous scenarios, including agricultural production [2], environmental protection [3],
and disaster monitoring [4]. However, single QUAV exhibits significant limitations when
handling complex tasks. Consequently, research on QUAV formation cooperative control
has garnered extensive attention from researchers and scholars. In particular, substantial
research outcomes have emerged from control methods based on consensus theory. In [5],
a distributed adaptive formation control scheme based on consensus theory was proposed
for QUAV formation in the face of uncertainties and unknown external disturbances.
In [6], a consensus formation control method with prescribed performance constraints
was developed for quadrotor UAVs formation to address trajectory tracking and internal
collision avoidance problems. Despite the promising application prospects of the QUAV
formation system, the problem of safe cooperative control remains a critical challenge to
be addressed.
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During practical flight operations, external disturbances seriously affect the flight
performance of the QUAV formation system. To deal with this problem, a variety of
anti-disturbance control approaches have been proposed, such as the disturbance observer
method [7], sliding mode control [8], and active disturbance rejection control (ADRC) [9-11].
Among these methods, the ADRC technique, whose core is an extended state observer
(ESO), has found extensive application in recent years. In [9], an ESO-based finite-time
fault-tolerant formation control method was proposed for the QUAV formation system in
the presence of actuator faults and unmeasurable states. In [10], a distributed cooperative
control algorithm based on a finite-time ESO was designed for the disturbed multi-agent
system to solve the output consensus problem. In [11], an ESO-based distributed double-
loop sliding mode controller design method was proposed for a multi-UAV swarm in the
presence of unit failure or loss. However, to enhance anti-disturbance capability, the ESO
typically requires a relatively large gain to achieve rapid convergence of the observation
error, which also gives rise to the so-called initial peaking phenomenon. To address this
issue, several time-varying gain ESO (TGESO) methods have attracted increasing attention.
In [12], an adaptive ESO was proposed for a class of nonlinear disturbed systems. In [13],
a TGESO-based finite-time fault-tolerant control strategy was proposed for QUAV. In [14],
a robust control scheme based on the TGESO and adaptive dynamic programming was
developed for the disturbed unmanned helicopter to achieve optimal tracking control.
On account of the special rotor structure, the state constraint problem is another factor
that severely affects the flight safety of the system besides disturbances, which merits
in-depth research.

As a typical rotorcraft, the special mechanical structure of the QUAV determines that
its flight state must be strictly constrained within a reasonable range. In particular, if the
roll and pitch angles exceed their predefined limits, the QUAV can easily become unstable.
To deal with the problem of state constraints, numerous effective approaches have been
proposed, such as model predictive control [15], sliding mode control [16], and the barrier
Lyapunov function (BLF) methods [17-24]. Among these, the BLF method has been widely
adopted to handle issues related to constrained QUAV. In [17,18], the adaptive controllers
were designed for nonlinear systems with full-state constraints by applying the integral
BLE. In [19], by utilizing BLF, a robust adaptive fault-tolerant flight controller was designed
for the unmanned autonomous helicopter with full-state constraints and actuator faults.
In [20,21], the BLF-based formation control issues were investigated for multi-QUAVs
under the state constraints. However, the aforementioned BLF-based methods face a
potential singularity problem, and thus their improvement has become a prominent new
challenge in relevant research. In [22,23], a novel controller design method based on the
time-varying barrier Lyapunov function (TBLF) was proposed to address the singularity
problem. In [24], a robust anti-saturation fault-tolerant control scheme was presented
for an unmanned autonomous helicopter with multi-constrained conditions. However,
most of the aforementioned studies adopt time-driven control strategy while neglecting
the problem of limited communication resources, which is a crucial constraint for the
cooperative flight of the QUAV formation system.

It should be pointed out that most research findings on the QUAV formation system
fail to consider the limitation of network resources. Prolonged repetitive and ineffective
network transmission will give rise to resource waste and network congestion. In contrast
to time-triggered mechanism-based methods, the event-triggered mechanism-based strate-
gies [25] can effectively alleviate this problem. In [26], an event-triggered control strategy
was proposed for the fixed-time consensus tracking control problem of a multi-agent sys-
tem. In [27], a robust control scheme based on an adaptive event-triggered mechanism
(AETM) was developed for a saturated nonlinear system with state constraints. In [28],
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an event-triggered-based supertwisting algorithm was proposed to achieve the attitude
control of UAVs. In [29], a distributed adaptive event-triggered neural network control
strategy was proposed for the six-rotor UAVs’ cooperative control problem. In [30], a co-
operative event-triggered filtering algorithm was proposed for the multi-agent systems
consensus control problem. However, when state constraints, external disturbances and
event-triggered mechanisms are considered simultaneously, the problem of safe control for
the QUAYV formation system remains to be further investigated in depth.

Based on the preceding analysis, an adaptive event-triggered anti-disturbance control
strategy is presented for the QUAV formation system based on the TBLF and consensus
theory. The main contributions are summarized as follows:

(1) The proposed TGESO can overcome the initial peaking explosion problem existing in
the traditional fixed-gain ESO approach, thus improving the transient performance of
the QUAYV formation system.

(2) Compared with the traditional BLF-based method when dealing with state constraints,
the developed TBLF technique can overcome the singularity problem that the denomi-
nator of the controller may be zero under certain circumstances.

(3) Compared with the traditional time-triggered control strategy, the designed AETM
can conserve network resources and reduce the computational burden.

This article is structured as follows. Section 2 introduces the problems to be solved.
Section 3 describes the proposed adaptive event-triggered consensus control strategy in
detail. Section 4 conducts simulation experiments. Finally, Section 5 concludes the paper.

Notations: In this article, X € R"*™ is the n x m dimension of a matrix X, I,;x, is
the unit matrix of R"*", ||-|| is the Euclidean norm of a matrix, Amax(-) is the maximum
eigenvalue of the a matrix, and Apn(+) is the minimum eigenvalue of a matrix.

2. Problem Formulation and Preparation
2.1. Graph Theory

Define an undirected graph A = (V,E, A) to establish the information interaction
between virtual leader and i-th QUAV, where V = (1,..., N) denotes the set of the nodes,
E € V x V(A) represents the set of edges, and (i, j) € E indicates that i-th QUAVs and j-th
QUAV can exchange information. The neighborhood set of the i-th QUAV is denoted as
N(j) = {j € V|(i,j) € E}. The matrix A = [a;;] € RN*N is the adjacency matrix, where
a;j > 0 if the i-th QUAV can obtain information from the j-th QUAV. A = diag{A1,... AN}
as the diagonal matrix, Laplacian matrixis L = A — A.

When a virtual leader exists in the undirected graph, an incidence matrix exists
B = diag{by,...,by}, and b; > 0 indicates that the i-th QUAV can interact with the leader
for information exchange, otherwise b; = 0.

2.2. The Model of QUAV

The structure of the QUAV is shown in Figure 1, where Cx = {xg,yg,zg} and
Cp = {xp,yp, zp} represent the inertial frame and the body frame, respectively. On the ba-
sis of the Newton—-Euler theorem, the nonlinear model of the i-th QUAV can be formulated
as follows [31]:

b=V,
V; = Rill; + G; + Dj; 1)
21‘ = H;();

Q=] x [iQ + [, 'M; + Dy

wherei = 1,..., N represents the i-th QUAV, P; = [x;,y;, zi]T is the position vector of the i-
th QUAV in the inertial frame Cg, V; = [u;,v;, wi]T is velocity vector, &; = [¢;,6;, ¥;]” stands
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for the three Euler angles in the body frame Cg, Q; = [p;, q;,7;]" is the angular velocity,
R; = RE/m, m is the mass of the QUAV, G; = [0,0, g] , g denotes the gravitational accelera-
tion, U; = [0,0, —F;]7, F; denotes the total lift, H; stands for the attitude kinematics matrix,
Ji = diag{Jixx, Jiyy, Ji == } represents the moment of inertia matrix, M; = [Miy, My, Mi]"
denotes the three-dimensional torque, D;; = [Djy, Dy, D; ] and D;, = [Djy, Djs, Djy] T
indicate the external disturbances acting on the QUAV.

Figure 1. The QUAV structure diagram.

2.3. State Constraint-Related Descriptions
The full-state constraint of the i-th QUAV is described as

o <" <t ()
wherem = p,®@and n =1,2.
To tackle the potential singularity issue, _kd,-,mn and k¢, un are constructed such
that [24]
_kdl-,mn < _kbi,mn < eimn < ku,»,mn < kci,mn 3)

where ke, mn = 61ka;mn, ki, mn = 62Ky, mn, and 61 € (1,2], 0, € (1,2] are the positive constants.
Select the following TBLF

Hmn kz,' 1—Hmn k%
Vi = = In gt — o 5 In g (4)

1
b; mn l mn

2 _p2
kal-,mn Cimn

The specific definition is

ky. (t it 1,e >0
bz,mn( ) ynn us ,Hmn(e) — (5)
kuimn<t>:ni _yim OIESO
where e is shorthand for e; ;.
Differentiating V" yields
rmn 5 mn k mn kﬂirm”
Vi = éi,mnei,mn €imn — ( H )k ei,mn - Hi k €imn (6)
b;,mn a;,mn
1—pgmn H™
Where gi’mn - k%- mn: z'zmn + k% ,mn ezzmn
is ,

The control objective is to design an event-triggered anti-disturbance controller for the
QUAV formation system with full-state constraints and external disturbances, ensuring
that each QUAV can track the virtual leader and maintain a certain tracking distance.
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)(1’?{ p = {xf, y?,zﬂ ! and [¢g,04, 4] = [0,0,0]T are the desired positioning offsets of the
i-th QUAV. The target trajectory of each QUAV is dynamically adjusted based on the
information of its neighboring QUAV. Moreover, ensure that the formation tracking signal
yf{m =Yop+ )(gm tracks the virtual leader’s trajectory yo , and further ensure that the i-th
QUAV tracks its desired roll angle ¢;; and desired pitch angle 6;;.

In order to fulfill the control objective, it is essential to introduce the assumptions and
lemmas below.

Assumption 1 ([13]). Suppose that the disturbances d; ,(t) and d; o (t) are bounded, and there
exist constants w1, &y, &1, &y > 0 such that

| dip(t U lldiet)|| < az

dip(t)|| < a1, [|d, -
|dip (1| < &1, ||dio(t)]| < &2

Assumption 2 ([22,24]). The time-varying constraints /" and 70;"" and their first-order deriva-
tives are smooth and bounded.

Assumption 3 ([29,32]). The directed graph contains a spanning tree with the root node leader.

Lemma 1 ([29,33]). For any positive constant &, > 0 and variable s € R, the following inequal-
ity holds

0<|s|— stanh(éﬂ) < &p@p 8)
where @, = 0.2785.

Lemma 2 ([22,24]). For any constant |ky| > |by|, the following inequality holds

2 2

b k
>in ©)
E-rB="E-B8

Lemma 3 ([22,24]). For variable cy, ky and k3 such that |ky| > |k3| > |c1| and k%/tanh (k,;z) >
k3, the following inequality holds
2 2 K2

a 1

n (10)
7 2< 72 2 2 >

ki—ci —ky—ci  ks—cf

Lemma 4 ([19]). For the bounded initial conditions, and a positive definite function A(x) satisfying
o1 ([lx]) < A(x) < ox(||x]]), if A(x) < —paA(x) + g holds, where p, > 0, pg > 0, 91 and
d2: R" — Rare class K functions, then the solution x(t) is uniformly bounded.

3. Main Results

In this section, the design of the adaptive event-triggered consensus controller is
detailed. To clarify the controller design process, the model of the i-th QUAV is rewritten as:

Tipl = Tp2
Tipo = lipthip + Gi + Dip

. (11)
o1 = Himiez
fier = lioTi + fio + Dio
where 7,1 = P, me1 = %, me2 = (i u;, denotes the control input of the
position subsystem, D;, = D;1, u;, = [~F, —F,—F]T, lip = diag{\1, N2, A3},
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A = (cos ¢; sin 6; coslp,Jrsmtp, sin ¢;) JAy = (cos ¢; sin6; sin;,llzifsintpi cost,bi), As = (cos¢7incosl9,v)l ll‘,@ =T,
fio = —J 1 x LQN T, = M;, Djg = Dj»

3.1. Design of TGESO for Position Loop

By regarding d; , as a new state 71; ;3, the nonlinear dynamics of i-th QUAV can be
further described as:

Tipl = Tp2
T2 = lipttip + Gip + T p3 (12)
Tips =M

where d;, = ;3. According to Assumption 1, it can be obtained #; is bounded with

[mll < a1
Based on (12), the TGESO is constructed as follows:

Tip1 = Tip1 — i

Rip1t = Ripo + Vip1e(t) i p1

A o R 5 B
TC,p2 = li,pui,p + Gi,p + 70, p3 + Yip2€ (t) TC,p

Tips = Vips€> () i

(13)

where 7; ,i(j = 1,2,3) are the estimations of 71; ,;(j = 1,2,3), 7ip1 = diag{v11, 712,713},

Yip2 = diag{v21, 722,723}, and 7; p3 = diag{ys1, 32,733} are the designed positive con-
stants. ¢(t) is a time-varying function, which is given by:

Ine

€o, t> g

€(t) _ o Kln(l;?() (14)
(1+x)", 0<t<x]n(1+;<)

where gy and « are the positive constants.
By defining the observation error of the TGESO is 7; p; = 7 pj — 7 pi(j = 1,2,3),
according to (12) and (13), we have

Tip1 = Tip1 — ip1 = o — Yip1€(t) ip
Tipp = Tlipo — M = i pz — Vipoe>(t )ﬁ (15)

ﬁi,pfﬁ =Mm—- 7i,p383(t)ﬁi,p1
By defining the new auxiliary variable 8;(i = 1,2,3) as follows:

= gz(t)f[i,pl
B2 = e(t) 7t p2 (16)
O3 = 7T p3

Since ¢(t) is a piecewise function, the analysis is split into two cases.
Case 1: when t > — 1080 __ it js recognized that e(t) = &g, we have

xIn(1+x)
191 = E%)ﬁ'i,pl
U2 = €07t (17)
U3 = 7T p3

Based on (15)—(17) and taking the time derivative of ¢;(i = 1,2,3), we can obtain
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81 = =i peod + €0ty = €57 1
By = —ip€od1 + €083 = €077 po (18)
B3 = —7ip3€001 + 11 = Ti

By defining ¢, = [¢],91,9]] T, it gives

. —Yip1 I3xz O3x3 031
O=c¢o|—Yip2 Osxs IDax3|0p+ |03x1
(19)
—Yips 03x3 O3x3 m

where 0 and I represent the zero matrix and the identity matrix, respectively. 3 x 3 and
3 x 1 specify the dimensional information of matrix, respectively.

Here, by selecting parameters properly A, can be guaranteed to be a Hurwitz matrix.
This indicates the existence of a positive definite matrix M, verifying

ApMy + MyA, = —Q, (20)

where Q) is the positive definite matrix.
The Lyapunov candidate function is chosen as:

Vip = 8, M8, (21)
Invoking (19) and differentiating (21), we can deduce

Vi = 8, M8, + 8, M, 8,
—e0t, Qpdp + 20, M,B,

< —eoﬁngz‘}p + ||19,,H2 +v3 (22)
< —ﬂ;(SOQP — I3><3)19p + 1/%
< —0119;19,, +v3

where ||[M,B,|| < 15, 1, is the positive constants, 01 = Amin (€0Qp — I3x3)-

Case2: when 0 <t < %, we have ¢(t) = (1 + )", based on (15) and (16)

By = 2e(t)e(t) 7t pn + €2(1) (ﬁi,pz - %,ple(t)ﬁi,pl)
= 2K£2(t) f(,‘,pl + EZ(t) (ﬁi,pz - 'Yi,plg(t)ﬁi,rfl)

= —Yip1e(t)01 +2x0 +e(t) 02,

82 = ()75 + () (g — V1o (D7t ) (23)

Ke() 70 + () (i3 = igae? (D)7 pn )

= —Yipe(t)01 + K02 +e(t)0s,

B3 = —vipae(t) b1 + 1.
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Similar to case 1, it can be concluded that

. —Yipt I3xz 03x3
O=ce(t)|—Yip2 O3x3 Iax3|?
—Yip3s 03x3 O3x3

2kI3x3  e(t)  O3x3 031 (24)
+ | 03x3  xl3x3 O3x3 |0+ [O3x1
03x3  0O3x3  0O3x3 m
= E(f)Apﬁ-F Bp119+ Bp2

Now, the same Lyapunov function (21) is adopted, and its time derivative becomes

T 3 3T
Vi1 = 9, Mpd, + 8, M8,
—&(t)8,QpBy + 28, MyBy18, + 28, M,B, (25)
_S(t)ﬁngﬁp + 21’1”19;7”2 + ||l9pH2 + V%

IN

where ||[M,By1|| < 11, and v; is the positive constant.
By analyzing the properties of the function e(t) = (14 «)", the variation range of

Ingg

e(t) € (1,em), where ¢,y = (1 4 x) (049 . Thus, it is determined that
—&(t)8,Qpt, < —8,Q,0, (26)

Substituting (25) into (26), we can obtain

N

Via < =0, (Qp — 2111353 — I3x3) 9 + 13

(27)
< —028, 8, + 13
where 02 = Amin (Qp — 2111353 — I3x3).
By combining the conclusions from (22) and (27), we obtain
; T 2
Via < —om®p 0y + 13 (28)

where o)1 = max{o1,07}.

3.2. Design of TGESO for Attitude Loop
By regarding d; ¢ as a new state 77; g3, the nonlinear model of i-th QUAV can be further
described as:
o1 = Himien
i@ = I;¢ oTi + fio + Ties (29)
Tti,@3 = 12
where d; @ = 71; @3. According to Assumption 2, we arrive at 77, is bounded with ||772 || < as.
Based on (29), the TGESO is constructed as follows:

o1 = Tie1 — Tie1

ftier = Hitioo + 7i@1€(t) 7ti01

Fier = Lo + fie + Ties + Tiexe? () o1
T3 = Vi3 (1)1

(30)
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where 7;0;(j = 1,2,3) are the estimations of 71;0;(j = 1,2,3), 7ie1 = diag{va1, 742, 13},
Yiex = diag{ys1, 52,53}, and ;@3 = diag{ve1, V62, V63 } are the designed positive con-
stants. The time-varying function ¢(f) is consistent with that of the position loop.

By defining the observation error of the TGESO is 7, 0; = 70, — 7ti0;(j = 1,2,3),
according to (29) and (30), we have

i1 = Tie1 — Mo = e — Yiele(t) Tiel

3 . A = 2 -

Tlier = Tie2 — Mo = @3 — Viee () i1 31)
2 o 3 ~

i@ = 12 — Yi@3& (t) T on

The proof process of the observer in the attitude loop is analogous to that in the
position loop, and is abbreviated herein due to space constraints.
The Lyapunov function candidate is selected by:

Via = 95 Moo (32)

Then, we can obtain
Via < —oampP4% + 13 (33)

where o = max{os,04}.

3.3. Design of Controller for Position Loop

The consensus error is defined as:
N d d d
Cipl =) ﬂi,j((ﬂi,pl - Xi,p) - (ﬂj,pl - Xj,p)) + b; (ﬂi,pl —Yop — Xi,p> (34)
j=1

where )(g p denotes the desired position offset.
Taking (34) the time derivative gives

N

. . . . .d
Cipr =y i (7ip1 — 75jp1) +bi <7Ti,p1 - ”i,pl)
j=1
- d
=Tt o — Z; ai,j70j,p1 — biTt (35)
]:

N
. .d
=Ti(eipa +aip1) = ) i = birti o
]':

N
where I'; = v; + b;, v; = Y. ajj, and e; yp = T pp — &j p1-
=1
Then, the virtual control law is designed as:

1 N .
Xjp1 = T (kzlei,l)l + Z a; j7Cj p1 + biT[ZPl — ]/li,1> (36)
i =1

where kiﬂjl = (ki,1 + Em), ki,l = diag{kl-,n,ki,u, ki,13} is a designed positive matrix, ]Eu =

: 2 : 2
e . 1\ (s, 1( ks, :
diag{ki11, ki1 kirz}, kinn = \/(1 —H! )< i pl) +H! (k"’l) +6i1n, Oi1n is the de-

kb,-/pl a;,pl
1 d iti tant _[ . 4}T . _ 1, . tl’th2 2
signed positive constant, (i1 = K11, Hi12, Hi13] » Hiin = 2B €i,p1nXipln 1@ 26 el‘,mei,pm ’
1 1
) 1 o)
pln = 332 7 2 2
Lpln kc,-,pn € pin k

=, and fy is the designed positive constant.
dipn” “ipln
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Substituting (36) into (35) produces

Cipt = —ki1eip1 +Tieip2 — pin 37)

Select the following TBLF:

1 2 pl 2
gt HoCip) o Ko 1-H (o) - ke 28
R A 2 e 2 (38)

b;,pl i,pl a;,pl i,pl
Differentiating (38) yields
3 k k

- pl . 1\ *b;,pl 1%a;,p1
VI =Y Cieipm <€i,p1 - (1-H/ )k ey — HY kﬂ L ei,pl) (39)

n=1 bi,pl a,pl

Substituting (37) into (39), we can acquire

. pl_ 3 . . . . pl kb‘,pl . pl ka-,pl .
Vl‘ —anl éi,lnel,pl |:k;i1el,p1 + rlez,pz - ,ul,l - (1 - Hl' )kbz,pl el,p] - Hl' kal' el,pl

ipt (40)
SZ?;:l [éi,pnei,plriei,pZ - ﬁgi,pne%pl)(i,pl tanh(ﬁel%pl)(%m)} - Ni,lki,lelz,m
where Njy = diag{C;11,Cin2, Gina}-
Passing a; ;1 through first-order filter yields
NipSip2 + Gip2 = Kip1 (41)
Gip2 (0) = &ip1 (0)
where Mip = diag{ﬂi,pl/ i, p2, Mi,p3 } .
Defining the filtering error as x; , = ¢; ;o — &; p1, and we have
Rip = —1; , Kip + Qin (42)
where Q; 1 is a bounded smooth function, and Q;;1 < Q; ;.
Taking the derivative of ¢; ;5 yields
6 n = TTin — Qs
i,p2 i,p2 i,pl (43)

= li,pui,p + Gi,p + Di,p - é‘i,pl

Defining «; ,» = I; yu; ,, we propose the position loop control signal «; ;, as follows:

. A 1A e
Wi pp = —ki€ipa + Gip2 — Gip — Dip + 3pip + %Ni,zlei,rﬁ = Lieipn (44)

where kj, = (kio +ki2), kio = diag{kix, kiz, ki23} is a designed positive matrix, kip =

) 2 , 2
. _ _ _ _ 2 k y 2 k,,l,, .
diag{kio1, kiza, kioz}, kion = \/ (1 —H )(b’ ”2) +HY (k - 2) + 3iom, Oiop is the de-

kbi,p2 a;,p2

. . _ T _ 1 1.2 .2
signed positive constant. p;1 = [pi21, Hi2, Hios] » Hion = 385 Cip2n Xi p2n tanh(%ei,ﬂn )(i,pZn),
HP (e; 1-HP (¢ . . o
Xipon = - (eip %") + ( 2 2n) ,and B, is the designed positive constant.

¢j,p2n ~Cip2n d;,p2n ~Cpon
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To conserve the system’s limited network resources, the AETM is designed at
k€ [tiﬁ, tﬁ.‘“) as [34,35]:

wip(t) = ipr = Xip ’canh(?(”'ﬁ’:’ei’p2

Lp
wip(t) = wiy(1F), ke 2%, vt € [1f, 441 (45)
0 = inf{t >t | @ (]| = x5, )t =0

where wj ,(t) is the auxiliary control input signal, u; ,(t) is the actual control input signal.

triggering error é’i,pu(t) = wi,p(t) - ui,p(t), triggering threshold x;‘, p = Xip + 70‘1‘;;”‘31'0;/1’7 ‘1| -
®i,p, Oi,p1, i p2, Xips Xips Qip are positive parameters to be designed. w;,(t) = u;,(t) +

0i,p(£)Xips 0i,p(t) is a continuous time-varying parameter, |o; ,(t)| < 1.
Substituting (44) into (43), we can deduce
é: = —k:re; + 3u; +ﬁNil€‘ + T _ 711{' +Q (46)
i,p2 — ,2C1,p2 Hi2 7 il i,p2 nz,p3 771',;7 iLp il
The Lyapunov candidate function is chosen as:
1 2 1
Vip _VF’ +VP +V11+2K1pxl,p 47)

Taking the time derivative of (47), we have

3

1 1
<) |:€i,1nei,plriei,p2 - Egi,lnez‘z,pl?ﬁ,pl tanh<2/31€%,p1?€%p1>}

3 iy 2
—i—n;l Cioneipo —a-l-Qm [‘3 =——Ciome? p2Xip1 tanh ,3 ,pz?fi,pl us)

T T - P17 2
— Nikine 1 — Nigkioe? o — om0y + el )Nt 3 — > Cip2Cip2 T V2

+ 0, (=i + Qi)

where N;» = diag{C;21, i, Cis}-
Let

[1]

1 1
1= Gineiprlieip — 2*'[31@,1;1612,;;1?(1',;:1 tanh<2ﬁ1€%p17(ﬁp1)
(49)

[1]

K
2 = Cion€ip2 (—Z'p + Qi,l) 26 = Cione; - p2Xipl tanh< 26 ,szlz,p1>

il

Then, by using the Lemma 1 and Young’s inequality, we can obtain

(50)

A
Ral
=
ke
=
+
Q

1
T
Ki,in,l = 5K,

1_1 .
Eni,psNi,z 70, p3

A\

1
T " T
¢i,p2Ni2Tips < 5€;pNieipo +
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Invoking (50) into (48), we can compute

14 B2

52
3 i

. 1
T T T
Vi,p S _ei,plNi,lki,lei,pl — ei,pzNi,Zki,Zei,pl + Eei,p2Ni,zeirP2 +

T 1, B2 1 T 1_ 7 N
+ Ki,p <_T/i,p + 2771' ) + 2) Ki,p — 0M119p l9p + Eni,p3Ni/2ni,p3

+ 18w)p + V3 (51)
—I— ,8217;; + 2171.,;)

KI,P

T T T
< = Nikipeipt — e pNip(kiz — 1)eip — &j, < >

N; 148, -
19;{(01\41 2"2)19,,+ 2ﬁ2Q§1+18w,,+u§

Defining u;, = (i1, Ui, M,"3]T and giving the reference attitude angle 1; 4, the i-th
QUAV total lift F; and the reference attitude angles 6; ; and ¢; ; can be given by the following

equations: [13,31]

4,4 — arctan [ (uj1sin ;4 — u;o cos P 4) cos 91‘,‘1}
id —
Ujs
U;1COSY; 4+ U;» sSin;
04 = arctan[ i1 lp"du i2 lp"d} (52)
i3
_ o mhiz
cos ¢; 4 cos B 4

3.4. Design of Controller for Attitude Loop
Define the i-th QUAV tracking errors as:

d
ol =T el — T

1,01 1,01 101 (53)
€i,e2 = 7,02 — X001

where 7'[?(91 denote the desired attitude angle, and a; g; represent the designed virtual
control law.
Differentiating e; g1 yields

. . d
6,01 = 101 — i @1

y (54)
= Hi(eio2 + ®io1) — o1
Passing nf@l through first-order filter yields
121601 + Gie1 = ﬂfgl (55)
Gio1(0) = 7, (0)
where 121 = diag{1;e1, ;02 1i,03}-
Define the filter error as x; 91 = G, @1 — 7'(;%@1, and we have
Ki@1 = —1; Ko+ Qia (56)
where Q; ; is a bounded smooth function, and Q;» < Q;».
Then, we design the virtual control law as:
aio1 = H ' (—kiseio1 + Cio1 — 3pi3) (57)
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where kfy = (kjs+ki3), kiz = diag{kis1,ki3 kiz3} is a designed positive matrix,
: 2 : 2

_ P _ ko, o,

kiz = diag{kis kiz kizs}, kigm = \/ (1-HP) (ki21> + HY 1(k,,',,21> + ians ian

is the designed positive constant. p;3 = ﬁei,@ln Xi@ln tanh(ﬁel%@ln X%®1n>, Xioln =

o1 o1

12‘1,' (ei,®21n) + 1;H,- (ei,2®ln)

k. o1n € .o1n k. o1n—€iotn
1 1

Substituting (57) into (54), we can compute

, and B3 is the designed positive constant.

éo1 = —kiseie1 + Hejoo — 3ti3 — 1 31 ki01 + Qin (58)

Select the following TBLF:

2 2
o1 HP'(eio1) ki on 1— H® (e;01) kz.on
Vo = 7 In — > + > In 5 (59)
k01 — € o1 k.01~ Con
Taking (59) the time derivative gives
3 k k
. . .01 b;,01
VOl =Y Cisueion (6’1‘,@1 — HP lkaiei,ﬁbl - (1 — HP 1) kei,®1> (60)
n=1 a;,01 ;01
Substituting (58) into (60), we can calculate
701 ! o1 kai,@)l o1 kb,-@l
VOl =Y Cisneion | —kigeion — H; eijo1 — (1 - H; )k eio1 + e — Hi3
n=1 ka; 01 b;,01
<i§ e ( “lxie1+Q ) 35 21X tamh(le2 X2 ) oy
< 31,01\ — ;1K@ i2) — 55 Ci3ne i 526 '
= i,3n€i 01 ;i 21%i,01 i2 285 i3n€; @1Xi,01 285 101X 01
— e/o1Niakizeio1 + ¢} o1 NizHej oo
where Nj3 = diag{(;31, i3, Ciz3}-
Passing «; @1 through first-order filter yields
131602 T Gi@2 = %01
o / ’ (62)
{ 61,02(0) = 7l (0)
where 131 = diag{1;e4, 1,05, 1,06 }-
Define the filter error as k; g2 = G; @2 — #; 1, and we have
Ki@2 = *71[311Ki,®2 + Qi3 (63)
where Q); 3 is a bounded smooth function, and Q; 3 < Q_,'/g,.
Differentiating e; g yields
éi,02 = Tie2 — &i o1
1 1 1 (64)

-1 .
=fio + Lot +Die —dien

Defining I, @1 T; = &; @2, we propose the attitude loop control signal «; @, as follows:

. A 3
w2 = —kjsei02 + ¢ie2 — fie — Die +3pia+ %NiAlH "He; (65)
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where k¥, = (kja+kia), kia = diag{kia1, ki, kisz} is a designed positive matrix,
: 2 : 2
e - ky, ko
= diag{kia, kis kigs}, Kian = \/ (1-H?) (kigi) + HP 2<k£,§§> +0ian s Oian

is the designed positive constant. ;4 = ;ﬁei,@ﬁ Xi©2n tanh(ﬁel%@z” x%®2n>, Xiowm =

HO2(e;, ®2n) + 1-H®? (¢, ®2n)
2
kc ,02n 1®211 kd 021 l@Zn

Similarly to the position system, the attitude system AETM is designed as:

,and B4 is the designed positive constant.

wie(t) = a; g — Xl@tanh<x’®7é)p2)
uo(t) = wie(t), ke Z* (66)
B = int{t > & | geu(D)] > Xo 1 =0

where wj g (t) is the auxiliary control input signal, u; () is the actual control input sig-
nal. ¢ eu(t) = wie(t) —uie(t) is triggering error, triggering threshold x;o = Xxie +

m, % @,0;01,0i02, Xi©, Pi@® are positive parameters to be designed. w;eg(t) =

uje(t) +o;e(t)xie is a continuous time-varying parameter, |0; o (f)| < 1.
Substituting (65) into (64), we can deduce

. N 31— _
o2 = —kisei@2 +3pia+ ez + Qi3+ %Ni,f H'He;pp — 771-,3117@,@2 (67)
The Lyapunov candidate function is chosen as:
o1, e 1 1
Vie=Vi +Vi +Vip+ 27{1 e1kio1 ZKZ 02Ki,02 (68)

Differentiating V; g yields

3 K 3 1

01

<) |:€i,3nei,®l( ;71, » +Qi,2) - %éiﬁne%@l)ﬁ,@l fanh<2/33612,@1)(12,@1>]
L,

3
+) [@i,z;n@i,@z(
n=1

+ Qz 3) ,B gl 4n€; @2?(1 02 tanh( ,B €; ®2X12,®2>

771
T T Bs r T T (69)
— ¢ 01Niskize; 01 + ¢ @1 NigHej @2 — jei,@zH He;j@p — €; 9aNiaki€i o2
+ejeaNiaftio3 + Kl (_W;zllci,(al + Qi,z)
+ Kg:®2 (—17;31’@,@2 + Qi,g,) - OMzﬂ(gl?@ + UZ
where N; 4 = diag{; 41, i42, (i3 }-
Then, by using Young’s inequality and Lemmas 1-2, it yields
T < 1 T T N 183 T HTH
¢j@1NizHiei@2 < %ei@lNis 36,01 T 5 €0 €2
. 1 1. -
€E@2Ni,4ﬂi,®3 < EeE@ZNiAez-,@z + 5771‘7:(931\]1',4 i3 70)
1 1~
’Cz@ Qix < EICiT,@)lICi,Gl + inzz
1 1~
KlenQis < EICZ@ZICi,@z + Ele,s
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Substituting (70) into (69), we can derive

>

n=1

3 Ki

=+ Z [€z4nel®2< 402 +Q13) ﬁ €14nez @2Xi,02 tanh( ,B 1@2X12,®2>:|
3
'y

Kio1 3
|:§z 3n6i,01 ( 1111,21 + Qi,2> 2,6 52 Gi 37161 01Xi,01 tanh( ‘B € G)]X%@])
L%

131

2
25 ’71 3n 1@2 2’5 Ha Vi pmez @2Xi, pl tanh( Zﬁ 1p1X1 pl):| + Vy (71)

1 7
T T 2
+ —e; 1 Niskiseio1 — € @Niakisei @2 + ¢, loaNiaei o2 + Q 2t 5 Q

T -1 T 1 1 1
— K@i Ki,01 — K e2'i3 "2 + 2’9 e1kie1 2’9 @Koz + 57, LsNiaTti03
T
— 0M219®l9@
Let

z@l

m

1 2
+Qi,2) ﬂSCz3n z@le@ltanh<2’B z@lXi,G)l)

= 13nez @1(
Mi2n

m

2 3
Giane z®2( Z +Qz3> 2B, €z4n31®2Xz®2tanh< 2B l@zX?,@z) (72)

Mi3n

[1

2 2 2 2 2
= —0r €00 — =—Ci pm€ionXipl tanh | —e? | X
5 2/33 €1,3n 1,02 2[33 Cl,]ﬂm i@2Xi,p1 (2‘[33 1,;717(1,;71)

Applying Young’s inequality, we can derive

2
- = 3 K o1
m+m§éG%ﬁ# +@J+mp

i,2n
(73)
agm ﬂ+Q +40,
Mi3n
Substituting (73) into (71), we can compute
T ﬁs
Vio < —ele1Nigkiseio1 — €l eon | Niakis — €2
i .53’7 — 1 1+ B3
_Kl?:®l< i2 Kl®1+v4+ Zﬁ 12
(74)

; 4 —1
_ Kij:G)Z (171'3 ﬁ 171 3 Ki@2 + 3009][,
1

N;4
—ﬁg(OMz— >l9 + Jr2ﬁ4

3.5. Stability Analysis

To sum up, the main contributions of the above study can be summarized as the
following theorem.
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Theorem 1. For the i-th QUAV model (1), the TGESO are constructed as (13) and (30). By apply-
ing the proposed event-triggered consensus formation controllers (44) and (65) together with the
AETM (45) and (66), all state variables of the QUAV formation system satisfy the state constraints,
all tracking error signals are uniformly bounded, and the Zeno behavior is avoided.

Proof of Theorem 1. Consider the Lyapunov function candidate as: [J
Vi, =Vip+Vie (75)

Differentiating Vy,, we can deduce

- 1= By ) +21;)
Vi, < —el 1Nitkineipn — el )Nio(kip — Deipn — K{;,( 2 Kip

Nij 1+ B3
- 19,? (OM1 - l') 9 — ] e1Niskiseio1 — €l on (Ni,4ki,4 - Tﬁl ) €02

2
-1 'B -1 I -1 ‘B 1 I (76)
Nin — P35 — N:in — Bal; s —
— ko1 ( 22 > 12 )Ki,G)l +48@) — Koy ( & > L ) Ki @2
N; + 1+ 1+
_195<0M2‘21A>‘9®+v%+vﬁ+ ﬁ2Q11+ ﬁ3le+ ﬁ4Q
Furthermore, we can obtain
3 3 3
y 1 ® 1 + ,33 )
VH,- S - Z ki,lj‘/fl]‘ - Z (ki,Z - ’Y) 12] Z k13‘/1 2 Z <ki,4 — LY ‘/i,Zj
j=1 j:1 1,2] j=1 ’)’1,4]
o ~I—pany, +21;, T Nin — By —1 N
i,p 2 i,p i,01 P 1,01
-1 -1 (77)
n = Pania — 1 N
_ K}:@)z <’71,3 132;71,3 Ki,@Z — 19’;1; <OM1 - 21'2) l9p + 48(DP
N; + 1+ 1+
ﬁé(OMzzlA>l9@+v%+vi+ Py B e

< —YaVy + Yo

where

Amin (2ki 1), Mmin <2ki,2 - %Zjl),/\min(Zki,s)/ Amin (Zki,4 1; f3 I )
¥ =mind Amin (201 — Nia), Amin(20m2 = Nia), Amin (1 = o7} + 2,7i,p1>, >0,
A (172" = B2 = 1), A (15— P = 1)
1+ ﬁz 1+ ﬁs 2, Lt .34

Yo =13+vi+ Q11+ Q 5+ 48,

Furthermore, it can be obtained that tlim Vi, (t) — % Taking the definition of Vj,
— 00 !

into account, when H"* = 1, we have

ke mn(t) -
lnm < ZM =1 (78)

a;,mmn imn

https://doi.org/10.3390/aerospace13040308


https://doi.org/10.3390/aerospace13040308

Aerospace 2026, 13, 308

17 of 30

g . o o d d .
In addition, according to X = e;@1 = 701 — 7T} @1 and ‘ni@l‘ < 11, we can obtain

Iz < ‘77;‘%@1’ +leio1| < hie1 + 1 < 91. Therefore, the system state ¥; satisfy the re-
quirement. And «; @; is a function of ¢; g and 7‘(?{@1. Since ¢; @1 and 7‘(;’{@1 are all bounded,
the boundary of ¥; exists. Considering ¢; g» = ;@2 — &; @1, it can be proved that system
state (); also satisfy the requirement in the same way. Ultimately, all states of the QUAV

formation system are in the required compact set. We obtain the following inequality:
R R (79)

Moreover, for the AETM, we have [36]

4
dt

d
e”i/pu(t)| = E|wi,p(t) - ui,p(t)| < Wi p(t) (80)

According to (45), wi,p(t) is continuous and bounded, we have wip < p, with p > 0.
Then, due to ¢ (tf) = 0 and lirr}c & pu(t) = X;‘p, we have t* > x;‘p / p. Therefore, Zeno
t— ¥ 5 !

behavior is proven to be excluded. This concludes the proof.

4. Simulation Results

To demonstrate the performance of the proposed adaptive event-triggered consen-
sus control strategy, we carry out simulations with one virtual leader and four follow-
ers. The corresponding communication topology is shown in Figure 2. The initial

states of the four followers are given as follows: Pjy = [1,—1,0] T, Py = [-1,1, O]T,
Py = [2,-2,01", Py = [-2,2,00", Z1p = Zpg = T30 = Zg = [0,0,0)". The po-
sition offsets in the formation are selected as: thi,p = [1,-1, O]T, )(g,p = [-1,1, O]T,
xg,p =[2,—2,0], Xg,p = [-2,2,0]". The virtual leader is specified the following desired

trajectory: yo,, = [0.5sin(7tt/8),0.5cos(7tt/8),0.1t,0.5rad] T

Figure 2. The communication topolopy of the QUAV formation system.

The mass of each QUAV is m = 1.4 kg, the gravitational acceleration is ¢ = 9.8 m/s?,
the inertia matrix is ] = diag{0.0211,0.0219,0.0366} kg - m?. The selected controller pa-
rameters are given as: k;; = diag{2,2,2}, ki, = diag{5,5,5}, ki3 = diag{10,10,10},
ki,4 = dillg{lS, 15, 15}, 51‘/1" = 51‘/2” = 51‘/3” = (51'/4” = 0.01, ﬁl = ﬁz = ﬁg = ﬁ4 = 0.5.
The parameters of the AETM are given as: %;, = 0.01, x;0 = 0.5, xip = xi@ = 0.03,
0ip1 = i1 = 0.001, 0 p = 0 @2 = 0.1, &; , = 1. The parameters of the TGESO are given
as: k = 2, &9 = 80, Yip1 = diag{1,1,1}, Yip2 = diag{1,1,1}, Yips = diag{1.5,1.5,1.5},
Yie1 = diag{1,1,1}, viep = diag{3,3,3}, vies = diag{1.5,1.5,1.5}. The external distur-
bances applied to the four followers are as follows:
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[ 0.3sin(0.4t) | [ 1.1cos(0.5t) |
Dy; = | 12sin(0.3t) |, Dy = | 1.2cos(0.1t)

| 1.3sin(0.5¢) | | 1.2cos(04t) |

[ 1.2sin(0.1t) | [ 1.1cos(0.2t) |
Dy; = | 13sin(0.2f) |, Dyy = | 1.1cos(0.3t)

| 1.1sin(0.4¢) | | 1.1cos(0.1t) |

[ 1.25in(0.3¢) | [ 1.3c0s(0.3t) |
D31 = | 1.1sin(0.3¢) |, D35 = | 1.1cos(0.1t)

| 1.2sin(0.3t) | | 1.2cos(0.4t) |

[ 1.1sin(0.4t) | [ 1.4cos(0.5¢t)
D41 = | 1.3sin(0.3f) |, Dy = | 1.2cos(0.2t)

| 1.2sin(0.5¢) | | 1.3cos(0.1t) |

Meanwhile, the following state constraints are considered (i = 1,2,3,4):

= [0.5sin(7tt/8) +5, 0.5cos(rt/8) +3, 0.1t +2]7
Eflz [0.5sin(7t/8) — 3, 0.5cos(ntt/8) — 5, 0.1t —2]"
7h' = [0.5sin(7t/8) +3, 0.5cos(rt/8) +5, 0.1t +2]”
g;’l: 0.5sin(rt/8) — 5, 0.5cos(rt/8) — 3, 0.1t — 2]T
= [0.5sin(7tt/8) + 6, 0.5cos(rt/8) +2, 0.1t +2]"
Eglz 0.5sin(rt/8) — 2, 0.5cos(rt/8) — 6, 0.1t — 2T
= [0.5sin(7tt/8) +2, 0.5cos(mt/8) +6, 0.1t +2]"
EZ = [0.5sin(7t/8) — 6, 0.5cos(mt/8) —2, 0.1t —2]"

ﬁfz [sin(0.4t) + 4, sin(0.4t) + 4, sin(0.4¢) —|—4]
7 = [~ sin(0.4t) — 4, — sin(0.4t) — 4, — sin(0.4t) — 4]"
=o1 _ [T 7 3T
T [6’ 6’”]
o1 _[.m _m T
L= { 6" 6 ”]
72 = [10e + 4,100 +4,10e " 4 4]
7@ = [~10e™" —4,—10e~" — 4, —10e~" —4]"

Figure 3 illustrates the 3D trajectory tracking of the formation composed of four
QUAVs. The black solid line represents the trajectory of the virtual leader, while the orange-
red, light-blue, purple, and green curves correspond to the flight trajectories of the four
QUAVs, respectively. Moreover, Figure 4 presents the 2D side view the flight trajectories of
all QUAVs. In summary, the four QUAVs achieve tracking of the virtual leader trajectory
and maintenance of a prescribed formation.
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|— QUAVO (Leader) QUAVI — QUAV2 — QUAV3 —QUAV4|
59
4 -~
34 QUAV QUAV QUAV! QUAV QUAV3
£
N 2
1
0> Take-off0
3 Take-off4 Take-off2 Take-off1 Take-off3 3

X (m)

Figure 3. The 3D trajectories of the QUAV formation system.

Specifically, Figures 5-8 show the tracking results of each QUAV under position
constraints, respectively. Figure 9 shows the attitude angle constraint curves of the four
QUAVs, where the black dashed lines represent the constraint boundaries of the attitude
angles. It can be observed that the four QUAVs under external disturbances can still quickly
track the trajectory of the virtual leader in terms of position and attitude outputs while
maintaining a fixed offset, thereby preserving the predefined formation. Figure 10 shows
the velocity constraint curves of the four QUAVs, where the black dashed lines represent
the constraint boundaries of the velocity. Figure 11 shows the angular rate constraint curves
of the four QUAVs, where the black dashed lines represent the constraint boundaries of the
angular rate. From Figures 10 and 11, it can be observed that the angular rate and velocity
are able to track the derivatives of the virtual leader trajectory. The four QUAVs exhibit fast
trajectory tracking responses, and all state variables satisfy the full-state constraints.

Figures 12-15 show the estimation errors between the actual disturbance values and
the estimated disturbance values of the four QUAVs. For the sake of clarity, the blue
solid line denotes the estimation results of the ESO, and the red solid line denotes the
estimation results of the TGESO. The parameters of the conventional ESO are given as:
Yipt = diag{1,1,1}, Vipz = diag{3,3,3}, Vips = diag{25,25,25}, vie1 = diag{1,1,1},
Yie2 = diag{10,10,10}, v; @3 = diag{100,100,100}. From the figures, it is evident that
the conventional ESO can achieve basic disturbance estimation, but there is an obvious
peaking phenomenon in the initial stage. In contrast, the TGESO adopts a smaller gain
in the initial stage, thus avoiding the obvious initial peaking phenomenon in disturbance
estimation. The simulation results indicate that the TGESO not only effectively suppresses
the initial estimation overshoot but also improves the accuracy of disturbance estimation.
Figures 16 and 17 present the observer estimation performance test under strong disturbances.
The given strong disturbance is set as: D; = [100sin(0.2t); 100sin(0.3t); 100 sin(0.05¢)],
D, = [100sin(0.5¢); 100 sin(0.1¢); 100 sin(0.4t)]. It can be seen that the disturbance estimates
still maintain good tracking performance under stronger disturbances.
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Figure 4. The 2D trajectories of the QUAV formation system.
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Figures 18 and 19 take the three-dimensional torque of QUAYV 2 as the illustration object
and conduct a comparative analysis of the event-triggered mechanism with the adaptive
threshold proposed in this paper and one with a fixed threshold. Specifically, in Figure 18,
the black solid line, red solid line, and blue solid line correspond to the control input signals
under time-driven, AETM, and fixed threshold, respectively. Figure 19a shows the number
of trigger under the AETM, and Figure 19b shows the number of triggers under the fixed
threshold. Figure 19 illustrates that, with basic tracking performance guaranteed, the event-
triggered strategy with adaptive threshold has fewer trigger counts and positive sampling
intervals, which avoids Zeno behavior and eases the system communication burden.
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Figure 12. Comparative estimation errors under the TGESO and ESO.
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To more clearly observe the influence of different triggering mechanisms on system
performance, a simulation period of 40s is used. The system’s transmission cycle #, actual
transmitted data volume 7n, and data transmission rate r are shown in Table 1.

Table 1. Comparison of system performance under different trigger mechanisms.

Method n h r
Time-driven 40,000 0.001 100%
Fixed threshold 14,595 0.001 36%
AETM 13,419 0.001 33%

Table 1 shows that the QUAV formation system under the proposed AETM requires
fewer actual data transmissions than the fixed-threshold scheme. This demonstrates that
the developed AETM can further reduce the communication burden while preserving
satisfactory tracking performance, thereby improving network resource utilization.

5. Conclusions

This paper studies the adaptive event-triggered formation tracking control problem
for the QUAYV formation system in the presence of full-state constraints and unknown
external disturbances. Firstly, the TGESO designed specifically for external disturbances
not only overcome the initial peaking explosion problem of the traditional ESO, but also
exhibits superior estimation accuracy and fast response performance. Moreover, based on
the backstepping method, a formation tracking scheme is developed, enabling all state
variables of each QUAV to track the corresponding trajectory signals of the virtual leader
without violating the prescribed state constraints. Then, the AETM is adopted in the
QUAV formation system, which reduces unnecessary transmission of network resources.
Finally, the efficacy of the proposed adaptive event-triggered consensus control algorithm
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is validated by means of numerical simulations. In the future, the parameter tuning method
and the issues involved in real-flight experiments will be further investigated.

Author Contributions: Conceptualization, K.Y.; methodology, K.Y. and G.H.; investigation, L.L. and
G.H.; writing—original draft preparation, L.L. and G.H.; writing—review and editing, T.L. and K.Y.;
supervision, K.Y.; project administration, L.L. and C.C.; funding acquisition, T.L. and C.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China
under Grants 52572455 and 52572487, the Shanxi Province Higher Education Institutions Science
and Technology Innovation Program Project under Grant 20241374, the Lvliang City Introducing
High-level Scientific and Technological Talents Key Research and Development Project under Grant
2024RC28, the Shaanxi Provincial Education Department Service Local Special Plan Project under
Grant 24JC038, the Hubei Key Laboratory of Intelligent Robot under Grant HBIR202403, and the 2023
Youth Innovation Team of Shaanxi Universities.

Data Availability Statement: All data generated or analyzed are included in this study.

Acknowledgments: The authors thank the colleagues for their constructive suggestions and research
assistance throughout this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Adil, M,; Jan, M,; Liu, Y.; Abulkasim, H. A systematic survey: Security threats to UAV-aided IoT applications, taxonomy, current
challenges and requirements with future research directions. IEEE Trans. Intell. Transp. Syst. 2022, 24, 1437-1455.

2. Duan, B,; Fang, S.; Gong, Y.; Peng, Y.; Wu, X.; Zhu, R. Remote estimation of grain yield based on UAV data in different rice
cultivars under contrasting climatic zone. Field Crops Res. 2021, 267, 108148.

3. Li, C;Liu, M,; Hu, Y,; Wang, H.; Xiong, Z.; Wu, W,; Liu, C.; Zhang, C.; Du, Y. Investigating the vertical distribution patterns of
urban air pollution based on unmanned aerial vehicle gradient monitoring. Sustain. Cities Soc. 2022, 86, 104144. [CrossRef]

4. Zhang, Q.; Bai, Z.; Huang, G.; Kong, J.; Du, Y.; Wang, D.; Jing, C.; Xie, W. Innovative landslide disaster monitoring: Unmanned
aerial vehicle-deployed GNSS technology. Geomat. Nat. Hazards Risk 2024, 15, 2366374. [CrossRef]

5. Guo, H,; Chen, M,; Jiang, Y.; Lungu, M. Distributed adaptive human-in-the-loop event-triggered formation control for QUAVs
with quantized communication. IEEE Trans. Ind. Inform. 2022, 19, 7572-7582. [CrossRef]

6. Yang, K.; Dong, W.; Tong, Y.; He, L. Leader-follower formation consensus of quadrotor UAVs based on prescribed performance
adaptive constrained backstepping control. Int. ]. Control Autom. Syst. 2022, 20, 3138-3154. [CrossRef]

7. Shao, S.; Chen, M.; Hou, J.; Zhao, Q. Event-triggered-based discrete-time neural control for a quadrotor UAV using disturbance
observer. IEEE/ASME Trans. Mechatron. 2021, 26, 689-699. [CrossRef]

8. Gao, Y,; Wang, W,; Yang, C.; Zhang,Y.; Qie, T. A new reaching law for anti-disturbance sliding mode control of steer-by-wire
system. IEEE Trans. Veh. Technol. 2025, 74, 4064—4075.

9.  Wu, Y, Liang, H.; Xuan, S.; Zhang, X. Extended state observer based finite-time fault-tolerant formation control for multi-UAVs.
J. Frankl. Inst. 2024, 361, 107158. [CrossRef]

10. Wang, Y;; Yuan, Y.; Liu, J. Finite-time leader-following output consensus for multi-agent systems via extended state observer.
Automatica 2021, 124, 109133. [CrossRef]

11.  Xiao, H.; Yang, Y,; Yu, D.; Chen, C. 3D Self-triggered-organized communication topology based UAV swarm consensus system
with distributed extended state observer. IEEE Trans. Netw. Sci. Eng. 2025, 12, 3985-4000. [CrossRef]

12. Pu, Z; Yuan, R, Y], J.; Tan, X. A class of adaptive extended state observers for nonlinear disturbed systems. IEEE Trans. Ind.
Electron. 2015, 62, 5858-5869. [CrossRef]

13.  Shen, H.; Du, J.; Yan, K,; Liu, Y.; Chen, J. VGESO-based finite-time fault-tolerant tracking control for quadrotor unmanned aerial
vehicle. Int. |. Aerosp. Eng. 2024, 2024, 2541698. [CrossRef]

14. Yan, K.; Chen, H.; Chen, C,; Gao, S.; Sun, ]J. Time-varying gain extended state observer-based adaptive optimal control for
disturbed unmanned helicopter. ISA Trans. 2024, 148, 1-11. [CrossRef] [PubMed]

15.  Ye, H.; Chen, M.; Wu, Q. Flight envelope protection control based on reference governor method in high angle of attack maneuver.
Math. Probl. Eng. 2015, 2015, 254975. [CrossRef]

16. Cruz-Ortiz, D.; Chairez, I.; Poznyak, A. Sliding-mode control of full-state constraint nonlinear systems: A barrier Lyapunov

function approach. IEEE Trans. Syst. Man Cybern. Syst. 2022, 52, 6593-6606. [CrossRef]

https://doi.org/10.3390/aerospace13040308


http://doi.org/10.1016/j.scs.2022.104144
http://dx.doi.org/10.1080/19475705.2024.2366374
http://dx.doi.org/10.1109/TII.2022.3211508
http://dx.doi.org/10.1007/s12555-021-0437-x
http://dx.doi.org/10.1109/TMECH.2021.3051835
http://dx.doi.org/10.1016/j.jfranklin.2024.107158
http://dx.doi.org/10.1016/j.automatica.2020.109133
http://dx.doi.org/10.1109/TNSE.2025.3567462
http://dx.doi.org/10.1109/TIE.2015.2448060
http://dx.doi.org/10.1155/2024/2541698
http://dx.doi.org/10.1016/j.isatra.2024.02.028
http://www.ncbi.nlm.nih.gov/pubmed/38429141
http://dx.doi.org/10.1155/2015/254975
http://dx.doi.org/10.1109/TSMC.2022.3148695
https://doi.org/10.3390/aerospace13040308

Aerospace 2026, 13, 308 30 of 30

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zhao, W.; Liu, Y,; Liu, L. Observer-based adaptive fuzzy tracking control using integral barrier Lyapunov functionals for a
nonlinear system with full state constraints. IEEE/CAA ]. Autom. Sin. 2021, 8, 617-627. [CrossRef]

Tian, D.; Song, X. Addressing complex state constraints in the integral barrier Lyapunov function-based adaptive tracking control.
Int. J. Control 2023, 96, 1202-1209. [CrossRef]

Yan, K.; Wu, Q. Adaptive tracking flight control for unmanned autonomous helicopter with full state constraints and actuator
faults. ISA Trans. 2022, 128, 32-46. [CrossRef]

Cui, G.; Xu, H.; Chen, X.; Yu, J. Fixed-time distributed adaptive formation control for multiple QUAVs with full-state constraints.
IEEE Trans. Aerosp. Electron. Syst. 2023, 59, 4192—-4206. [CrossRef]

Chen, J.; Hua, C.; Wang, F; Guan, X. Distributed adaptive containment control of uncertain QUAV multiagents with time-varying
payloads and multiple variable constraints. ISA Trans. 2019, 90, 107-115. [CrossRef]

Lu, S.; Chen, M,; Liu, Y.; Shao, S. SDO-based command filtered adaptive neural tracking control for MIMO nonlinear systems
with time-varying constraints. IEEE Trans. Cybern. 2023, 54, 5054-5067. [CrossRef] [PubMed]

Lu, S.; Chen, M.; Liu, Y,; Shao, S. Adaptive NN tracking control for uncertain MIMO nonlinear system with time-varying state
constraints and disturbances. IEEE Trans. Neural Netw. Learn. Syst. 2022, 34, 7309-7323. [CrossRef] [PubMed]

Yan, K; Zhao, J.; Fang, J.; Zhang, P.; Cheng, B.; Yu, X. Adaptive fault tolerant compensation control for unmanned autonomous
helicopter with multi-constrained conditions. ISA Trans. 2025, 167, 1339-1350. [CrossRef] [PubMed]

Xing, L.; Wen, C.; Liu, Z.; Su, H.; Cali, J. Event-triggered adaptive control for a class of uncertain nonlinear systems. IEEE Trans.
Autom. Control 2016, 62, 2071-2076. [CrossRef]

Liu, J.; Zhang, Y.; Yu, Y.; Sun, C. Fixed-time leader-follower consensus of networked nonlinear systems via event/self-triggered
control. IEEE Trans. Neural Netw. Learn. Syst. 2020, 31, 5029-5037.

Wang, L.; Chen, C.; Li, H. Event-triggered adaptive control of saturated nonlinear systems with time-varying partial state
constraints. IEEE Trans. Cybern. 2018, 50, 1485-1497. [CrossRef]

Tian, B.; Cui, J.; Lu, H,; Liu, L.; Zong, Q. Attitude control of UAVs based on event-triggered supertwisting algorithm. IEEE Trans.
Ind. Inform. 2020, 17, 1029-1038.

Wu, Y.; Chen, M,; Li, H.; Chadli, M. Event-triggered-based adaptive NN cooperative control of six-rotor UAVs with finite-time
prescribed performance. IEEE Trans. Autom. Sci. Eng. 2023, 21, 1867-1877. [CrossRef]

Song, W.; Wang, ].; Zhao, S.; Shan, J. Event-triggered cooperative unscented kalman filtering and its application in multi-UAV
systems. Automatica 2019, 105, 264-273. [CrossRef]

Yan, K.; Fan, J.; Tang, J.; He, C. Fault detection and distributed consensus fault-tolerant control for multiple quadrotor UAVs
based on nussbaum-type function. Aerospace 2025, 12, 734.

Liu, S; Jiang, B.; Mao, Z.; Zhang, Y. Decentralized adaptive event-triggered fault-tolerant synchronization tracking control of
multiple UAVs and UGVs with prescribed performance. IEEE Trans. Veh. Technol. 2024, 73, 9656-9665. [CrossRef]

Zhang, B.; Sun, X,; Liu, S.; Lv, M.; Deng, X. Event-triggered adaptive fault-tolerant synchronization tracking control for multiple
6-DOF fixed-wing UAVs. IEEE Trans. Veh. Technol. 2021, 71, 148-161. [CrossRef]

Zhu, C.; Chen, J.; Iwasaki, M.; Zhang, H. Event-triggered deep learning control of quadrotors for trajectory tracking. IEEE Trans.
Ind. Electron. 2023, 71, 2726-2736. [CrossRef]

Lin, G.; Li, H.,; Ahn, C.; Yao, D. Event-based finite-time neural control for human-in-the-loop UAYV attitude systems. IEEE Trans.
Neural Netw. Learn. Syst. 2022, 34, 10387-10397.

Guo, Y,; Tian, Y,; Ji, Y.; Ge, Z. Fixed-time consensus of nonlinear multi-agent system with uncertain disturbances based on
event-triggered strategy. ISA Trans. 2022, 126, 629-637.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/aerospace13040308


http://dx.doi.org/10.1109/JAS.2021.1003877
http://dx.doi.org/10.1080/00207179.2022.2036371
http://dx.doi.org/10.1016/j.isatra.2021.11.012
http://dx.doi.org/10.1109/TAES.2023.3237784
http://dx.doi.org/10.1016/j.isatra.2019.01.001
http://dx.doi.org/10.1109/TCYB.2023.3325456
http://www.ncbi.nlm.nih.gov/pubmed/37938942
http://dx.doi.org/10.1109/TNNLS.2022.3141052
http://www.ncbi.nlm.nih.gov/pubmed/35139026
http://dx.doi.org/10.1016/j.isatra.2025.09.019
http://www.ncbi.nlm.nih.gov/pubmed/41058409
http://dx.doi.org/10.1109/TAC.2016.2594204
http://dx.doi.org/10.1109/TCYB.2018.2865499
http://dx.doi.org/10.1109/TASE.2023.3241182
http://dx.doi.org/10.1016/j.automatica.2019.03.029
http://dx.doi.org/10.1109/TVT.2024.3371166
http://dx.doi.org/10.1109/TVT.2021.3129267
http://dx.doi.org/10.1109/tie.2023.3266560
https://doi.org/10.3390/aerospace13040308

	Introduction
	Problem Formulation and Preparation
	Graph Theory
	The Model of QUAV
	State Constraint-Related Descriptions

	Main Results
	Design of TGESO for Position Loop
	Design of TGESO for Attitude Loop
	Design of Controller for Position Loop
	Design of Controller for Attitude Loop
	Stability Analysis

	Simulation Results
	Conclusions
	References

