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Highlights

What are the main findings?

* Develops a fixed-time back-stepping formation control strategy for MAV /UAV systems.

¢ Introduces a novel switching threshold event-triggered mechanism.

What is the implication of the main finding?

* Designs a fixed-time filter to deal with the ‘explosion of complexity” problem and
improves the system’s stability.

* Switches the trigger conditions for controller updates according to the system state,
which reduces conservatism while ensuring safety.

Abstract

The cooperative flight of manned and unmanned aerial vehicles (MAV /UAVs) has recently
become a focus in the research of civilian and humanitarian fields, in which formation
control is crucial. This paper takes the improvement of convergence performance and
resource conservation as the entry point to study control problems of cooperative formation
configuration of MAV /UAVs. Following the backstepping recursive design procedures,
an event-triggered fixed-time formation control strategy for MAV /UAVs operating un-
der modeling uncertainties and external disturbances is presented. Moreover, a novel
switching threshold event-triggered mechanism is introduced, which dynamically adjusts
control signal updates based on system states. Compared with periodic sampling control
(Controller 1), fixed threshold strategies (Controller 2) and relative threshold strategies
(Controller 3), this mechanism enhances resource efficiency and prevents Zeno behavior.
On the basis of Lyapunov stability theory, the closed-loop system is shown to be stable
in the sense of the fixed-time concept. Numerical simulations are carried out in Simulink
to validate the effectiveness of the theoretical findings. The results show that compared
with the three comparison methods, the proposed control method saves 86%, 34%, and
43% of control transmission burden respectively, which significantly reduces the number of
triggered events.

Keywords: manned and unmanned aerial vehicles (MAV /UAVs); fixed-time stability;
switching threshold event-triggered mechanism; formation control
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1. Introduction

Multi-agent collaborative flight has extensive applications in both civilian and human-
itarian fields. Among these, the collaborative formation of manned and unmanned aerial
vehicles (MAV /UAVs) holds great significance in humanitarian operations. In international
humanitarian relief operations, the collaborative flight of MAV /UAVs can efficiently ac-
complish tasks such as delivering relief supplies and assessing the conditions of disaster -
stricken areas. This collaborative formation ensures a more efficient and targeted response
to humanitarian crises.

MAV /UAV collaborative flight is a complex process where formation control is cru-
cial [1,2]. In such formations, the MAV follows a desired trajectory while each UAV
tracks the MAV’s trajectory and maintains a specific distance to achieve the desired for-
mation [3]. Numerous studies have focused on multi-aircraft cooperative formation con-
trol [4,5], leading to several typical methods, such as leader—follower [6,7], potential field [8],
behavior-based [9], and virtual structure approaches [10]. However, it is worth mention-
ing that current research on multi-agent formation control mainly focuses on multi UAV
systems [11-13]. In [14], the author developed formation-keeping strategies and corre-
sponding control methods for manned /unmanned aerial vehicle missions. Building on
the leader—follower concept, a two-level hierarchical framework control strategy was pro-
posed for MAV /UAV groups, offering greater efficiency and flexibility [3]. Furthermore,
a three-dimensional cluster space formation control method was introduced to enable
MAV pilots to simultaneously supervise and control UAVs [15]. However, as a part of loD
networks [16], the integration of security, privacy, and resource efficiency in MAV /UAVs
emerges as a critical challenge [17]. Despite these aforementioned existing works, research
on MAV /UAVs collaborative formation control with the dual objectives of enhancing
security and conserving resources remains limited.

In actual flight control systems, limited computing and communication resources are
a common challenge. Traditional formation cooperative control typically employs periodic
sampling, which involves taking system state samples and updating control instructions at
fixed intervals. However, this continuous high-frequency sampling and communication
can lead to significant computational resource consumption and unnecessary actuator wear
and tear [18]. Event-triggered control, on the other hand, dynamically triggers sampling
and controller updates based on state errors or preset thresholds, effectively reducing the
load on computational and communication resources [19-21]. To date, two primary event-
triggered adaptive controller design strategies have been developed: the fixed threshold
strategy [22,23] and the relative threshold strategy [24,25]. The fixed threshold strategy
determines the event triggering condition using a predetermined value, irrespective of the
system’s current state. In contrast, the relative threshold strategy bases its event triggering
condition on an expression linked to the control signal. This means that when the system
control signal is strong, the event triggering condition is heightened. Conversely, when the
control signal is weak, a fixed value in the expression prevents the Zeno phenomenon from
occurring [26,27]. However, when the control signal is too strong, it can result in excessive
control errors. Therefore, combining these two strategies to design a switching threshold
strategy for MAV /UAVs is crucial for maintaining a balance between event triggering
intervals and system performance.

In collaborative formation scenarios, manned and unmanned aerial vehicles must
complete trajectory tracking or formation reconstruction within specific time constraints.
Early research achieved asymptotic stability in multi-agent control systems as time ap-
proached infinity [28-30]. To improve transient performance, finite-time control designs
were proposed [31-34], enabling systems to converge within a finite time. However, since
the settling time for finite-time stability depends on the initial state, convergence may be
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slower when the initial state is large. To address this, fixed-time control was developed
to achieve faster consensus in a fixed time [35]. In [36], a fixed-time integral terminal
sliding mode controller was designed to ensure the convergence rate of UAV systems
and enhance disturbance rejection. A fixed-time disturbance observer-based robust fault-
tolerant tracking control scheme for UAVs was proposed in [37]. Morever, [38] designed an
appointed-fixed-time terminal sliding mode control strategy independent of initial states.
Notably, the works in [35-38] primarily focus on UAV systems. Therefore, a fixed-time
formation tracking strategy is needed for MAV /UAVs.

Motivated by the discussions above, this paper proposes a fixed-time control method
for MAV /UAVs with switched-threshold event-triggered strategy. This method is designed
to improve the formation tracking convergence, reduce computational resource consump-
tion, and minimize unnecessary actuator losses. Compared with the aforementioned
existing works, the main contributions of this article are stated as follows:

e Different to prior works [3,14,15], which neglect convergence performance in
MAV /UAV formation control, this paper proposes a fixed-time backstepping for-
mation controller for MAV /UAV systems under external disturbances and modeling
uncertainties. The stability of the closed-loop system is rigorously proven using
Lyapunov-based analysis.

¢  Compared with event-triggered control schemes that use fixed threshold strate-
gies [22,23] or relative threshold strategies [24,25], this paper proposes a novel switch-
ing threshold event-triggered mechanism. This approach enhances resource efficiency
by more effectively conserving system resources.

* By proposing a novel fixed-time command filtered backstepping approach, this pa-
per effectively addresses the “explosion of complexity” problem while enhancing
system stability.

To achieve fixed-time tracking for MAV /UAVs formations, the proposed control
strategy is systematically designed as follows: First, define the system dynamics model.
Then, based on the topology structure, obtain the tracking errors of the MAV and the UAYV,
respectively. Next, design a switching threshold event-triggered strategy according to the
controller input. This strategy can effectively guarantee certain system performance metrics.
Finally, taking external disturbances and model uncertainties into account, introduce
neural networks. Based on the fixed-time convergence rule, design a formation consensus
tracking control strategy to ensure the fixed-time convergence of the tracking error in the
MAV /UAVs system.

The rest of this paper is organized as follows:

In Section 2, the dynamic model of MAV /UAVs is developed, and necessary prelim-
inaries along with problem formulations are provided. Section 3 presents the design of
the event-triggered fixed-time control and its corresponding stability analysis. Simulation
results are showcased in Section 4, while Section 5 concludes the paper.

2. Preliminaries and Problem Formulation
2.1. Notations
Throughout this paper, R"*" denotes real m x n matrices, sign(-) is the signum

function. | - | denotes the absolute value, || - || represents the Euclidean 2-norm of a vector
or matrix. Ay, (D) is the minimum eigenvalues of the matrixD.

2.2. MAV/UAV's Dynamic Model

Suppose that the MAV /UAVs formation consisting of N aircrafts. The connections
among aircraft are described as an undirected graph G = (V, &, A). The nodes V =
{v1,...v,} being connected by edges £ = {(i,j),i,j € V, and i # j}. The Laplacian
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matrix is defined by £ = D — A, where D = diag{d;,...d,} with d; = Z]’-‘:l a;j. Let
A = [a;j] € R denotes the weighted adjacency matrix of G, if jth aircraft receives the
information from ith aircraft, then ajj >0, and otherwise ajj = 0. When there exists a path
from every node to every other node, G is connected.

Given that the dynamics of MAVs and UAVs are identical, their control mechanisms
differ: MAVs are controlled via direct pilot operation of cockpit controls, whereas UAVs
are typically managed by transmitting instructions through ground stations or remote
controllers. Consequently, the dynamic model for the ith aircraft within the MAV /UAV
system is provided in [39].

Pim 0
v, =Rit;+ G+ wa; + D;,
where p; = [x;,y;,z;]T represent the position of ith aircraft, v; = [u;, v;,w;]" is the non-

inertial (body fixed frame coordinates) expression of the linear speed, G = [0,0, —g]" is the
gravity acceleration. D; € )3 denotes external disturbances. T; = [a;;, Ayi, api]T denotes the
]T

control variable, a; = [— % cos 8; cos P;, — % cos f; siny;, — % sin6;|", B; presents the drag
1 1 1

force effect. The rotation matrix R; is

cosb;jcosy; —sinyp; —sinb;cosy;
R; = |cosf;siny; cosyp; —sinf;siny;|. (2)
sin 6; 0 cos ;

Considering the coefficient uncertainties, the accurate information of B; is unknown.
In this sense, B; is decomposed into a known componet Bjy and an uncertain one ABj.
Therefore, &; can be decomposed into a known componet &,y and an uncertain one Ag;.
Then, the speed kinematics is reformulated as

v = Rit; + G+ wjp + Aw; + D;. 3)

Assumption 1. The external disturbance D; is bounded and satisfying dij < dy, where dy is a
positive constant.

In (3), the 3-degree-of-freedom (3-DOF) point mass model mainly consists of four
parts: the control input vectora R;T;, the constant gravity acceleration G, the known and
unknown part of the &g, and the external disturbance D;. Here, T; is the control input
designed later. The uncertain part Ax; is approximated via a Radial Basis Function (RBF)
neural network, while the external disturbance D; is handled through bounding.

2.3. Problem Statement

Given a virtual leader, when the position of the MAV converges to the reference
value relative to it, and each UAV’s position also converges to the corresponding reference
value relative to the MAYV, the desired formation geometry is established. As illustrated in
Figure 1, we define the formation tracking problem as
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Figure 1. Geometrical formation illustration of MAV /UAVs.
pi— Py = Ap;

(4)

pi—p; = Apy,

where p, = [x;,y,,2,]" represents the position of virtual leader, p; = [x;, y;,2;]" represents
the ith aircraft, Ap,, = [Ax;,, Ayir, Az;y]T, represents the relative position between the ith
aircraft and virtual leader, Ap;; = [Axij, Ayij, Azij]T, represents the relative position between
the ith aircraft and other aircraft. Then, the following equations hold

lim (p; = p, — Bp;) =0 )
lim (Pi —pi— AP;’;) =0,

t—o0

According to (5), the formation tracking error is defined as

epi = C1ibi(p; — P, — Bpy) +82i ) i (pi By Apij), ©
]EN,‘

If the ith aircraft is MAV, b; = 1, the tracking error is e;; = &1;(p; — p, — Ap;,) +
$oi L ajj (pi —pi— Api]->. If the ith aircraft is UAV, b; = 0, the tracking error is
JEN;

_ _ V2T ox
epi = Goi jEZNV ajj (Pi -Pi— Api]‘>/ where e, = [e,;, ¢, 5], €5 = Cuibi(xi — xr — Axjy) +
1

Goi ):N aj(x; — xj — Ax;j), E%i = Gubi(yi —yr —AByir) + Goi ZN aij(yi — yj — Dyyg), e =
JEN; JeN;

C1ibi(zi —zp — Dzjp) + &0 L ajj (zi —zj— Azi]-). ¢1; and (p; are positive design parameters.
JEN;

Remark 1. The relative position between MAV and virtual leader Ap,, can be set to 0, which

means that the UAV follows the reference value. Then, the desired geometric pattern can be achieved

by adjusting the relative position between MAV and UAV Ap;;, where Axjj, Ayjj, Azjj are set

according to task requirements.

2.4. Control Objective

This study aims to design an event-triggered fixed-time tracking controller that ensures
the designed formation geometry is well-maintained for the MAV /UAV system under
external disturbances and modeling uncertainties.
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To design the fixed-time formation tracking controller, several lemmas are introduced.
Lemma 1 ([40]). Consider the system
() = f(x(t)), %0 = x(0), (7)
suppose that there exit a radially unbounded Lyapunov function V(x) so that
V(x) < —1V*(x) —a VP (x) +¢, (8)

where 07 > 0,00 >0, > 0,0 < < 1,0 < g < +oo, then the system is practically fixed-time
stable, and the residual set of the solution of system(7) can be given by

V(x) < min{ ((1 _go)gl ) %’ ((1 _go)az> ’ } ©)

where o € (0,1), the settling time is given by T < Tmax = glo(i_l) + 020(%_@.

Lemma 2 ([41]). Forx € R,t € R,and 1t > 0, then

2
a Va2

Lemma 3 ([42]). For x € R,y € R, ¢1, c2, c3 are positive constants, then

0 < [x] <V (10)

a

[T y|? < —T g2 4 — 2 2|y [t (11)

1+ 1+
Lemma 4 ([43]). Forx; € R,i € N, then

b

n b n n
<Z |xi|> <Y |n’< n”’(Z Ixi> , (12)
i i—1 i—1
ifb > 1, then

i=1

n n b
Y |xi|" > nlt (Z |xi> : (13)

3. Event-Triggered Fixed-Time Formation Tracking Control Design

This section is devoted to developing an event-triggered fixed-time formation tracking
control machine for the purpose of guaranteeing fixed-time formation tracking under
modeling uncertainties and external disturbances. The proposed control frame-work is
shown in Figure 2.

To reduce the communication burden, a new switching threshold event-trigger strategy
is designed as follows:

Ti(t) = Ti(ty), VE € [t trya), (14)

thy1 = iﬂf{f € R‘ lex,| = a14i + agiior|ex,| = a1y + agyior|ex,

> Aypi + Aopi } (15)
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¢|Til, |7 <D,

a:;; =
Y m, |l > D,

(16)

ajg + Ape et

, (17)

A2ji =

where 7;(t) = [1i(t), (1), T (D)]T, Ti(t) = [17;(tn), T;(tn), T (00)]T, ex; = Ti(t) — Ti(t)
is measure error, T;(t) is control law, which will be defined later. D is user-designed
parameter, j € [t,y, p]. ¢, m1, ajp, A1, Aip, kig are positive design parameters.

Nonsingular fixed-time controller
with event-triggered strategy (20)
Ti(lh) T
u,
- Intermediate
i—th control law (21)
N il
’ ‘ Adaptive law (22) ‘
aircraft dynamic v I T "
He — — ;
Fixed-time Radial basis function
nonlinear filter (25) | | neural network (28)
P, o1
[ 2
Virtual controller (24
) | irtual controller (24) ‘
1 ? IAp
‘ Desired trajectory ‘ ‘ Relative position ‘

Figure 2. Proposed framework of the controller design.

According to (17), we have

1
agji < F(aio + Ai), (18)
0

It follows from (14)-(18) that we arrive at

T, =0T+ 6, (19)

where T; = diag{(1-+mgsign(ti) ) (1-+n2¢sign(t,) ' (1+na¢sign(t,)) '}, & =
[=mm/ (1 +mesign(wi)), —r2m/ (1 + mgsign(t,i)), —nam /(1 + mpa¢psign(t,))]". [m| <
L ;| < 1, [53] < 1.When |t3] < D, m = k%(aio + A1), when |7;| > D, ¢ = 0,
m=my + kl%(aio +Ain).

In (19), 'r; is a control variable that will be designed later, and t; is the control input
of the system. When ; satisfies the event-triggering conditions specified in (14) and (15),
the current 7; is applied as the control input of the system at time t;, denoted as 7/(t;).
The control input of the system remains }(f;,) until the next event-triggering condition is
met, at which point the control input is updated to T/ (tj1).

Remark 2. Different from the triggering mechanisms in [22-25], our proposed switching threshold
strateqy combines the fixed threshold strateqy and the relative threshold strategy. Specifically, when
the control signal Tj; is relatively small, the relative threshold strategy is employed; otherwise,
the fixed threshold strategy is applied. This hybrid approach effectively ensures certain system
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performance metrics. Moreover, by incorporating ay;j; into this technique, we guarantee that the
event-triggered time interval t* remains lower bounded, even when e-j; converges to zero.

A nonsingular fix-time control law is developed as

o = _lA"i_lRfleUi(u,-Tui) , 20)
\/elepiuiTu; + ¢
where e,; = v; — vy; is speed tracking error, u; is defined as
u; =Ksiey|leqil| ™% + Kyieoil|eoi | % + Giepi + G
+aig — Vg + )\izH Ly % + Ribmax, (21)

where K3; = diag{ksu;, kazi, kazi}, ksji > 0,Ky; = diag{ky1i, kazi, kazi}, kaji > 0, > 0,0 <
B <1, H; = [esnh}hir, epihbhin, €Ui3h;ghi3]T, hij is basis function in radial basis function
T , _
neural networks, Smax = |12, 124, 1% | , i = diag{(1-¢) " (1-¢) 1 - ¢) '},
The adaptive update law is designed as

T
. yelH; X
A= % — Xivilis (22)

where 7, x; are positive design parameters.

In (20), the control variable 7/ is designed based on the proposed switching thresh-
old event-triggered fixed-time convergence control strategy. By substituting it into (19),
the control input T; of the system can be obtained.

Theorem 1. Given dynamic models (1) and (3), dynamic controller (20), intermediate control law
(21), parameter adaptation laws (22) and switching threshold event-triggered mechanism (15), all
signals remain bounded and the formation tracking error converges to the origin within a fixed time,
even in the presence of modeling uncertainties and external disturbances.

Proof. step 1: From (6), its time derivative is

epi = 8ivi — Guibip, — Cubibp, — 8o ) aij (Pj + APi]'>, (23)
jeN;

Design the virtual control signal v,; as

1

202 282
0 =~ ((Kuiepilep]|* + Kaieyieyi][*2)
+Ciibip, + Giibibpy, +Cai ), aif (Pj + APZ«]') > , (24)
JEN;
where Ky; = diag{ky1;, k12, k13i }, kvji > 0, Ko; = diag{kau;, kazi kosi}, kaji > 0,8 = &uibi +
Goi L ajj.
JEN;

To avoid the explosion of complex v,;, a nonlinear filter v,; is introduced to guarantee
the overall fixed-time convergence as

Ogi = —Kj (yviHyvi ”2“72 + yviHyvi”zﬁiz)/ (25)
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where & > 0,0 < B < 1 is fixed-time constants of fixed-time filter. x; = diag{y;, «o;, k3, },
Kji > 0, vg4; is filter output, the filter error is defined as y,; = v4; — v

Remark 3. The novel fixed-time command filter helps avoid the issue of complexity explosion.
Meanwhile, according to (24), v.; is related to the formation tracking error epi- When ey is large, v
undergoes significant oscillations, which affects the stability of the system. By using the fixed-time
filter, the impact of e,; on the system can be avoided, making the system more stable.

Let e,; = v; — vy;. By using (24) and (25), we have

eyibpi = €y (Civi — Guibip, — G1ibidp;, — 8o ) aij (i’j + APg))

JEN;

= ey (Ci(evi + 06 + Yyp) = S1ibip, — Cuibibpy, — Cai ), aij (Pj + APi]'>>

JEN;
= e (KliepiHepiHM_z + KZiepiHePinﬁ_2) +Giepi(eoi + - (26)
step 2: From (3), taking the time derivation of 5 mew denotes
ele, = el (RiT; + G + wjg + Aa; + D; — 7). (27)

Using radial basis function neural network [44] to approximate uncertain component
A, A = [Dajy, A, Az
T
Awjj = Wi hij + 1, (28)
where W;‘jT e RMx1 jg an ideal weight matrix, hi]- € R®M is a basis function vector, ll-]- isa

bounded approximation error.
Then, we have

3
ADCZ + D 2 Evl]W*Thl] + Z evij(lij + dl]) (29)
=1

Using Young’s inequality, we obtain from (29) that

TAH, el 3 g7
el (Ax; + D;) = S 21 + e”’e“+ +Z 2 (30)

where A; = max{W} TWl*l, Wi TWl*z, Wi TW* 5p Hi = [emlhllhll,ewzhlzhﬂ, ew3hl3hz3} ,
there exists a unknown constant g;; such that |Zij =+ dij] < gij-
Based on (19) and (21), one has

eglevZ = e;(R-TZ- + G +ajy+ Aw; + D; — vy)

- T(Rrr +Ri6; + G+ ay+ Aw; + D; —vdl—ul—i-u)

Ul

=e 1( KSIEUZHEWHM 2_K4zevzl|ew” 2h- 2+RrT + R;J;

+Aw; + D; — giepz S R;0max + ul) (31)



Drones 2025, 9, 710

10 of 19

—m —1im _m_ 5. ) :
Note that —¢ < Trngsisn(%) < T We have R;d; < R;dmax- Take (30) into (31), we
can obtain
5 200—2 28—2 /
et < —enKaieyillew |2 — enKayieyllewl|P 7 + el R,
T
e AH; 3 g
% — Czemepz + ewul + + Z il (32)

=

Consider the following Lyapunov function candidate

lr, . 1a 1,
L= 2 Ple}” +5 2 vzevl + zywyvz ’)/i /\i (33)

where A; = A; — A;, v;, are positive design parameters.
Based on (26) and (32), the time derivative of (33) leads to

, 20—2 28-2
L < —efs(Kueyillep]* 7+ Kaiepi e %)
T
_ _ ’ e .AH;
— el Ksiealea 2 — eliKuiecieail P2 + el RyTiz; —
1 3 3 2
. % % 1
+ egiui + yzl- (yw- + §iepl) + —AA+ = Z —] (34)
Yi 2 = 2
Note that x < x™ +x", x > 0,0 < m < 1,n > 1, the following inequality holds
T 2 28 @7
o (1 + Eiepi) < =i (el + 1yl ) + 5 (35)

where x; = Amin (%) — %, and there exists a positive constant @; so that||<;‘lep1 Vi H < ;.
Considering that T; is bounded and satisfied T;<f; = diag{(1—¢) " (1—¢) (1 —¢) ' }.
Invoking Lemma 2, it follows along (20) that

el e (u;Tu;)

/T
em.eviu,»Tui + E;

< VE — ey (36)

T ) A‘ / _
e, Rilit; = —

By substituting (22), (35), and (36) into (34), we have

L< *e;iKliepiHepina_z

- egiK%epiHepi Hzﬁ_

) 28-2
— el Ksieyl|eq || — eliKyieni| eq]| P

3 8%
— i (P + il ) — aiihs + S +\F+ +Z = (37)
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<o\ & >\ B
Adding and subtracing the terms of x; (2):;1> , Xi (;‘%) , the (37) can be rewritten as

L< *EZiKuepiHepin“_Z - e;iKZiepiHePinﬁ_z

— el Ksieoi ||| % — el Kuieo]|eni] P

2 2 3.4
= 5 (ol + llygl %) = 2:2iAs

(Y (Y (Y (Y
"\ 27i "\ 27 "\ 27i "\ 27

’+¢*+3+Zg” (38)

=

Using Young’s inequality, we can obtain

i < —Kije g iy (39)
Vi 2
where y; = 2§—€1, with ¢ > %
Using Lemma 3, we have
52\ P
/\12 Xl/\z
N _ - ;s
X’<27i> < S L x(l= pBTE. (40)

From (39) and (40), it follows from (38) that

L< —"’r;zrn'KlieiﬂiH‘ﬁﬂ'”zai2 "’r;zrziKZieiﬂiHepini2

— e Kaieoil| ey 2 — egiKuiey o2
32\ % 52\ P 32\ %
T 2B Xixe o (ALY (AL (AL
KZ(Hyw” + ||ym|| ) 2,)/[ 1 XZ(Z’)’Z Xl 2,)/1 +Xl 2,)/1
j 3 g7
+%%+ML%WW+I+Jw7+Z” (41)

Suppose that there exist unknown constants ¢ such that max{A?,27;} < c. The fol-
lowing two cases are discussed.
Case 1: If ;\12 < 27, then

;\12 Xi 2 o
il — )\ 42
Xi (2’)’i> 2’)/1 ( )

Case 2: If 7\12 > 2v;, then

2\ X e\ xi
) - A2 = () Le>0. (43
X (2%‘) 29,71 = X\ 2 27, )
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Summarizing Case 1 and Case 2, we have

L< *EgiKliepiHepiuza_z - E;iKZiepiHepiﬂzﬁ_

202 28-2
— eliKsievi e[ % — el:Kyieoi]|evi ]| P

a2\ a2\ e\
o 12e 12BN _ . i DV e N Xl
s (Il + ) xz(%) m(z%,) wra) — e

B

PRI SN w

Define k1; = Amin(Ky;), ko = )\min(Kzl) ks = Amin(Kg,) ky = Amin(Ky;), { =
4 X X gl
Xi(z%,.) —%C+%/\%+X1i(1—ﬁ)ﬁl P+ +\F+ + Z 2
It follows from (44) that

o (el (llewll?)"

L< 2h< ; )—2@( 5 )
() )
_zﬁk%(He;iHZ)ﬁ_zﬁk4i<ue;n2>ﬁ
—2Px; (”y;”z>ﬁ — Xii <§i>ﬁ +¢ (45)

Define o = 417“ . min{Z“kli, 2“](31‘, 2“1(1‘, Xli}r 0y = min{25k2i, Zﬁk4l‘, 2'31(1',)(11‘}. Ac-
cording to Lemma 4, we have

L<—rLl*—olP+( (46)

Recalling Lemma 1, it can be conclued that the system is practically fixed-time stable,

L(x) Smin{<al(1€O)>;,(02(1g0)>é} (47)

The setting time is

and we can derive

= 48

opo(a —1) + co(l—B) 48
Remark 4. Note that e,; can be made arbitrarily small by increasing Ks;, Ky;, y; and decreasing
Xi- Therefore, the formation tracking error can be made arbitrarily small by appropriate choice of the
design parameters. During the simulation, it is also important to choose suitable ¢, my, ajy, A, Kio
to balance triggering times and control perfermance.

Further, it is proved that Zeno behavior can be avoided. We define e;(t) = /(t) —
T;(t). From (20) and (46), 'r; is a function of the bounded variables. Then, we have
4 |es;| < |t!|. It can be concluded that | /| is bounded for the entire closed-loop system
and satisfying | ]| < #;, where 8+; = [017;, 921, 031;]7, in which 87 is positive constant,
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j = 1,2,3. The (16) reveals that e;(t;) = 0 and lim;,, ,e;(t) = m, we obtain that the
lower bound of time intervals £ satisfy ¢* > 2. The proof of Theorem 1 is completed. [J

4. Performance Evaluation

In this section, we present numerical simulations to verify the effectiveness of the
proposed event-triggered fixed-time control strategy.

4.1. Simulation Setup
4.1.1. Simulation Metrics

The communication topology of MAV /UAVs is shown in Figure 3. The initial states
are given in Table 1. The external disturbance D; = [0.2cos(t),0.2sin(t),0.3 sin(t)]".
The desired trajectory for MAV is given as: x,4(t) = 140t, y;(t) = 0, z;(t) = 3000 —
150t(0 < t < 10),z4(t) = 1500(t > 10). In addition, the desired relative position of each
aircraft in the MAV/UAVs system is set as Ap;, = [0,0, 07, Ap,, = [—100,100, 0T,
Apy, = [~100,-100,0]".

MAV
i=1
a, = 1 01 =1
A : ¥ ) ; 4
UAV UAV
i=2 i=3

Figure 3. Communication topology.

Table 1. Initial States of MAV /UAVs.

v(0) x(0) y(0) z(0)
MAV; 160 m/s 100 m 0Om 3000 m
UAV, 140 m/s —10m 145 m 3000 m
UAV; 150 m/s —25m —170m 3000 m

The desired trajectory for MAV is given as: x;(t) = 140¢t, y;(t) = 0, z4(t) =
3000 — 150¢(0 < t < 10),z,4(t) = 1500(¢ > 10). In addition, the desired relative position of
each aircraft in the MAV /UAVs system is set as Ap,, = [0,0,0]", Ap,, = [-100,100,0]",
Aps; = [-100,—100, O]T. The nodes of RBF neural network are selected as 9, and the
width is 5 [35]. Denote ®; = [pl, o], TI-T]T € R?. The basic function is h%(@)i) =

exp| (@i = ) (@i~ Y))/ %], 1 =1,...,0.

The designed parameters specified in (19)-(21), (24), (25), (27), and (28) are set as
follows: m1 = 2,419 = a9 = a3 =1, ¢ = 05, A1) = A1 = Az1 =1, App = App =
Ay =1, k1o = kao = ksop = 1, D = 5, ¢ = 0.0001, K11 = diag{20,200,2}, K1 =
diag{20,20,40}, K13 = diag{20,20,60}, Ky = diag{10,120,1}, K» = diag{10,10,20},
K23 = diag{lO, 10,30}, K31 = K32 = K33 = diag{0.5,0.5,0.5}, K41 = K42 = K43 =
d1ag{03,03,03}, a =12, ‘3 = 0.8, gll = C]z = {:13 =1, 621 = §22 = 623 =1, bl =1,
by = by = 0, k1 = diag{1000,20,1000}, k5 = &3 = diag{1900,1000,1000}, 11 = 7, = 73 =
diag{0.25, 0.25, 0.25},)(1 = X2 = X3 = 0.2, bl =1, bz = b3 =0, a1p = a13 = a3 = d3p = 0,
ap =az = 1.
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4.1.2. Simulation Scenarios

The task is set as a humanitarian mission, where the virtual leader provides the
trajectory reference. Given the formation scenario involving a manned aerial vehicle
(MAYV) and two unmanned aerial vehicles (UAVs), the MAV is tasked with tracking the
predetermined trajectory. During this process, the MAV issues specific operation tasks to
the UAVs. Each UAV follows the MAV’s trajectory precisely, thereby forming a designated
formation.

4.2. Experimental Results

Experimental results are presented in Figures 4-7. Figure 4 illustrates the position
of each aircraft in the MAV /UAV system. Successful formation synchronization tracking,
as observed in Figure 4, confirms the effectiveness of the proposed control methods. Po-
sition errors for e, e, and ep3 are shown in Figure 5a—c. Despite model uncertainties
and external disturbances, the proposed fixed-time formation control method maintains
high-precision tracking. Figure 6 displays the relative position curves between each UAV
and the MAYV, indicating that the three axes of relative position converge to the desired
values within 4 s. According to (48), the maximum convergence time of the fixed-time
control method is Ty = 35s. Obviously, the simulation result meets the requirement of
the setting time.

The time interval and the number of triggering events are depicted in Figure 7. It is
clear that throughout the simulation process, all triggering intervals have positive execution
times, indicating that there is no Zeno behavior under the proposed event triggering
mechanism. Additionally, to verify the superiority of the proposed model, comparisons
were conducted with three control methods. The first is periodic sampling control, which
removes the event-triggered strategy in the proposed model (Controller 1). Furthermore,
we compared with fixed threshold event-triggering control (Controller 2) [22] and relative
threshold event-triggering control (Controller 3) [24]. The result is shown in Table 2. It can
be seen that compared with the three comparison methods, the proposed control method
saves 86%, 34%, and 43% of control transmission burden respectively, which significantly
reduces the number of triggered events.

m— MAV 1

3000 UAV 1
........ UAV 2

-_—

2500

Z(m)

2000

1500
200

— N

o —<

Se—X
2000 2500
Y (m) 200 500 1000 1500

X (m)

Figure 4. MAV /UAVs group formation.
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Figure 5. MAV /UAVs position tracking error curves. (a) x-direction variation curve. (b) y-direction

variation curve. (c) z-direction variation curve.
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Figure 6. Response curves of relative positions for MAV/UAVs . (a) x-direction relative distances. (b)

y-direction relative distances. (c) z-direction relative distances.
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Figure 7. Event-triggering time.

Table 2. The event-triggering times of the controller under different controllers.

Control Schemes MAV; UAV, UAV;
Compared controller 1 20,000 20,000 20,000
Compared controller 2 3375 4410 4287
Compared controller 3 4542 4523 4953

Proposed controller 2150 4014 1807

5. Conclusions

This paper presents a novel switching threshold fixed-time event-triggered formation
control mechanism for MAV /UAVs operating in environments with external disturbances
and modeling uncertainties. A fixed-time filter is employed to estimate the desired ve-
locity while eliminating the impact of speed oscillations on system stability, enhancing
the robustness of the system. Additionally, a switching threshold event-triggered mech-
anism is developed to effectively reduce communication and computational burdens by
adjusting the triggered moment according to system performance. As a result, the closed-
loop system achieves practical fixed-time stability with all signals remaining bounded.
Numerical simulations are provided to confirm the effectiveness of the proposed control
mechanism. Demonstrating that the formation tracking errors converge to zero within a fix
time, meanwhile, the desired formation configuration is successfully maintained even in
the presence of disturbances and modeling uncertainties. Moreover, the event-triggering
times is significantly reduced. In practical applications, as the number of event triggers is
effectively reduced, the frequency of communication and the update frequency of actuators
decrease. In actual flight control systems with limited computational and communication
resources, this will effectively reduce the waste of resources and enhance system stability.

While this study has demonstrated the effectiveness of the proposed fixed-time control
strategy for MAV /UAVs, several promising directions warrant further investigation. First,
the dynamic model employed in this study is a 3-degree-of-freedom (3-DOF) point mass
model, primarily focusing on the trajectory tracking of manned /unmanned aerial vehicle
(MAV /UAV) formations. To achieve a more precise system description, future research
will incorporate a nonlinear 6-degree-of-freedom (6-DOF) dynamic model with twelve
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state variables. This enhanced model will enable the decoupled analysis of rotational
and translational dynamics while explicitly accounting for practical aircraft constraints,
including pitch angle, roll angle, and heading angle limitations. Second, future work
will focus on adopting a deep learning-based hierarchical active fault-tolerant control to
estimate and compensate the actuator faults to enhance the fault tolerance of the system.
Additionally, we plan to design a predefined-time stability control strategy for MAV /UAVs.
Compared with fixed-time control method, the predefined-time control method allows
the settling time to be determined by specific parameters, thereby further improving the
convergence performance of the system.

Author Contributions: Conceptualization, X.H.; methodology, X.H. and M.L.; software, Y.S. and D.S.;
validation, B.Z.; formal analysis, B.Z.; investigation, Y.S.; data curation, P.Y.; writing—original draft
preparation, X.H.; writing—review and editing, D.S. and M.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This work is supported by Natural Science Basic Research Program of Shaanxi (2024JC-
YBQN-0668), Shaanxi Key Project 2025JC-QYCX-052, Project for Science and Technology under
grant 2022-JCJQ-QT-018, Young Talent Fund of Association for Science and Technology in Shaanxi
under grant 20220101, Postdoctoral International Exchange Project under grant YJ20220347, National
Natural Science Foundation of China under grant 62303489 and GK]JJ24050502, Postdoctoral Science
Foundation General Program under grant 2022M723877 and Postdoctoral Science Foundation Special
Funding under grant 2023T160790.

Data Availability Statement: Data are contained within the article.

DURC Statement: Current research is limited to the civilian and humanitarian fields, which is
beneficial to international humanitarian relief operation and does not pose a threat to public health or
national security. Authors acknowledge the dual-use potential of the research involving MAV /UAVs
formation control and confirm that all necessary precautions have been taken to prevent potential
misuse. As an ethical responsibility, authors strictly adhere to relevant national and international
laws about DURC. Authors advocate for responsible deployment, ethical considerations, regulatory
compliance, and transparent reporting to mitigate misuse risks and foster beneficial outcomes.

Conflicts of Interest: Author Boyang Zhang was employed by the company Beijing Blue Sky Science
and Technology Innovation Center and Author Peng Yu was employed by the company China
Airport Planning & Design Institute Co., Ltd., Northwest Branch. The remaining authors—Xueyan
Han, Maolong Lv, Di Shen and Yuyuan Shi—declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a potential conflict of interest.

References

1. Lee,],; Song, Y,; Park, D.; Jung, M.; Kim, B. Workload reduction effect of PVI(pilot-vehicle interface) operation based on the high
level command for the pilot in manned-unmanned teaming mission. J. Korean Soc. Aeronaut. Space Sci. 2023, 51, 735-741.

2. Zhao, L, Liu, Y;; Peng, Q.; Zhao, L. A dual aircraft maneuver formation controller for MAV /UAV based on the hybrid intelligent
agent. Drones 2023, 8, 7050282.

3. Wang, H.; Liu, S.; Lv, M.; Zhang, B. Two-level hierarchical-interaction-based group formation control for MAV /UAVs. Aerospace
2022, 9, 510.

4.  Gong, B,; Li, Y,; Zhang, L.; Ai, ]. Adaptive factor fuzzy controller for keeping multi-UAV formation while avoiding dynamic
obstacles. Drones 2024, 8, 8080344.

5. Hu,]J.; Xu, Y,; Jiang, B. Game-based fault-tolerant formation containment control for fixed-wing UAVs under the fully actuated
system framework. Aerosp. Sci. Technol. 2025, 160, 110052.

6. Zhu, H.; Wu, S. Leader-follower formation reconfiguration control for fixed-wing UAVs using multiplayer stackelberg-nash
game. Drones 2025, 9, 9060439.

7. Lv,M.,; Yu, W,; Cao, ].; Baldi, S. Consensus in High-Power Multiagent Systems With Mixed Unknown Control Directions via
Hybrid Nussbaum-Based Control. IEEE Trans. Cybern. 2022, 52, 5184-5196.

8. Ren,]; Mcisaac, K.; Patel, R. Modified Newton’s method applied to potential field-based navigation for mobile robots. IEEE

Trans. Robot. 2006, 22, 384-391.



Drones 2025, 9, 710 18 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Qiu, H.; Duan, H.; Fan, Y. Multiple unmanned aerial vehicle autonomous formation based on the behavior mechanism in pigeon
flocks. Control Theory Appl. 2015, 32, 1298-1304.

Zhou, D.; Wang, Z.; Schwager, M. Agile coordination and assistive collision avoidance for quadrotor swarms using virtual
structures. IEEE Trans. Robot. 2018, 34, 916-923.

Fu, X; Pan, J.; Wang, H.; Gao, X. A formation maintenance and reconstruction method of UAV swarm based on distributed
control. Aerosp. Sci. Technol. 2020, 104, 105981.

Li, B.; Chen, M.; Yang, H.; Zhao, N.; Wang, G. Air-ground cooperative UAV formation control algorithm design and simulation
for communications. . Electron. Inf. Technol. 2023, 45, 2839-2846.

Zhang, B.; Lv, M,; Cui, S.; Bu, X,; Park, J. Learning-based optimal cooperative formation tracking control for multiple UAVs: A
feedforward-feedback design framework. IEEE Trans. Autom. Sci. Eng. 2025, 22, 11-23.

Dong, Z.; Zhang, M.; Liu, Y. Control method of manned/unmanned aerial vehicle cooperative formation based on mission
effectiveness. In Proceeddings of the IEEE Chinese Guidance, Navigation and Control Conference (CGNCC), Nanjing, China,
12-14 August 2016.

Huo, M.; Duan, H. Three-dimension cluster space formation control of manned/unmanned aerial team subject to input constraint.
IEEE Trans. Ind. Inform. 2024, 20, 8596-8604.

Adil, M,; Song, H.; Jan, M.; Khan, M.; He, X.; Farouk, A.; Jin, Z. UAV-assisted IoT applications, QoS requirements and challenges
with future research directions. ACM Comput. Surv. 2024, 56, 1-35.

Javanmardi, S.; Nascita, A.; Pescape, A.; Merlino, G.; Scarpa, M. An integration perspective of security, privacy, and resource
efficiency in IoT-Fog networks: A comprehensive survey. Comput. Netw. 2025, 270, 111470.

Yu, Z.;Li, Y,; Lv, M,; Pei, B,; Fu, A. Event-triggered adaptive fuzzy fault-tolerant attitude control for tailless flying-wing UAV with
fixed-time convergence. IEEE Trans. Veh. Technol. 2024, 73, 4858-4869.

Huo, Y.; Li, S. Event-triggered bipartite formation control for switched nonlinear multi-agent systems with function constraints
on states. Actuators 2025, 14, 14010023.

Yin, T.; Gu, Z; Xie, X. Observer-based event-triggered sliding mode control for secure formation tracking of multi-UAV systems.
Actuators 2023, 10, 887-898.

Lin, X,; Liu, J.; Yu, Y,; Sun, C. Event-triggered reinforcement learning control for the quadrotor UAV with actuator saturation.
Neurocomputing 2020, 415, 135-145.

Xing, L.; Wen, C.; Liu, Z.; Su, H.; Cai, J. Event-triggered adaptive control for a class of uncertain nonlinear systems. IEEE Trans.
Autom. Control 2017, 62, 2071-2076.

Yang, T.; Dong, J. Distributed event-triggered fixed-time DSC of multiagent systems. IEEE Trans. Syst. Man Cybern. Syst. 2024, 54,
2484-2494.

Cao, L.; Zhou, Q.; Dong, G.; Li, H. Observer-based adaptive event-triggered control for nonstrict-feedback nonlinear systems
with output constraint and actuator failures. IEEE Trans. Syst. Man Cybern. Syst. 2021, 51, 1380-1391.

Shi, Y; Li, J.; Lv, M.; Wang, N.; Yuan, Y.; Chang, J. Synergistic Constrained Control of 6-DOF Fixed-Wing Multi-UAVs With
Dynamic Self-Triggered Communication. IEEE Trans. Autom. Sci. Eng. 2025, 22, 14818-14832.

Chai, J.; Lu, Q.; Tao, X.; Peng, D.; Zhang, B. Dynamic event-triggered fixed-time consensus control and its applications to magnetic
map construction. IEEE/CAA |. Autom. Sin. 2023, 10, 2000-2013.

Shen, G.; Huang, P.; Ma, Z.; Zhang, F,; Xia, Y. Distributed adaptive dynamic event-triggered secondary control for islanded
microgrids with disturbances. IEEE Trans. Smart Grid 2023, 14, 4268-4281.

Lv, M,; Yu, W,; Cao, J.; Baldi, S. A Separation-Based Methodology to Consensus Tracking of Switched High-Order Nonlinear
Multiagent Systems, IEEE Trans. Neural Netw. Learn. Syst. 2022, 33, 5467-5479.

Shen, Q.; Jiang, B.; Shi, P.; Zhao, J. Cooperative adaptive fuzzy tracking control for networked unknown nonlinear multiagent
systems with time-varying actuator faults. IEEE Trans. Fuzzy Syst. 2014, 22, 494-504.

Thunberg, J.; Hu, X.; Goncalves, ]. Consensus and formation control on SE(3) for switching topologies. Automatica 2016, 66, 63-82.
Tian, B,; Liu, L.; Lu, H.; Zuo, Z.; Zong, Q.; Zhang, Y. Multivariable finite time attitude control for quadrotor UAV: Theory and
experimentation. IEEE Trans. Ind. Electron. 2018, 65, 2567-2577.

Yang, W.; Cui, G.; Li, Z.; Tao, C. Fuzzy approximation-based adaptive finite-time tracking control for a quadrotor UAV with
actuator faults. Int. |. Fuzzy Syst. 2022, 24, 3756-3769.

Wang, G.; Wang, X,; Li, S.; Lu, K. Order-supplementary finite-time trajectory tracking control of quadrotor unmanned aerial
vehicles. Nonlinear Dyn. 2024, 112, 8229-8247.

Wang, C.; Yang, N.; Li, W.; Liang, M. Event-triggered finite-time fuzzy tracking control for a time-varying state constrained
quadrotor system based on disturbance observer. Aerosp. Sci. Technol. 2024, 151, 109325.

Lv, M.; Ahn, C.; Zhang, B.; Fu, A. Fixed-Time antisaturation cooperative control for networked fixed-wing unmanned aerial
vehicles considering actuator failures. IEEE Trans. Aerosp. Electron. Syst. 2023, 59, 8812-8825.



Drones 2025, 9, 710 19 of 19

36.

37.

38.

39.

40.

41.

42.

43.
44.

Cui, L.; Zhou, Q.; Huang, D.; Yang, H. Fixed-time disturbance observer-based fixed-time path following control for small
fixed-wing UAVs under wind disturbances. Int. J. Adapt. Control Signal Process. 2024, 38, 23-38.

Liu, K;; Wang, R.; Zheng, S.; Dong, S.; Sun, G. Fixed-time disturbance observer-based robust fault-tolerant tracking control for
uncertain quadrotor UAV subject to input delay. Nonlinear Dyn. 2022, 107, 2363-2390.

Li, B.; Gong, W.; Yang, Y.; Xiao, B.; Ran, D. Appointed fixed time observer-based sliding mode control for a quadrotor UAV under
external disturbances. IEEE Trans. Aerosp. Electron. Syst. 2022, 58, 290-303.

Xiang, X.; Liu, C,; Su, H.; Zhang, Q. On decentralized adaptive full-order sliding mode control of multiple UAVs. ISA Trans. 2017,
71,196-205.

Ba, D.; Li, Y,; Tong, S. Fixed-time adaptive neural tracking control for a class of uncertain nonstrict nonlinear systems. Neurocom-
puting 2019, 363, 749, 273-280.

Wang, C.; Lin, Y. Decentralized adaptive tracking control for a class of interconnected nonlinear time-varying systems. Automatica
2015, 54, 16-24.

Wang, H.; Zhu, Q. Adaptive output feedback control of stochastic nonholonomic systems with nonlinear parameterization.
Automatica 2018, 98, 247-255.

Zhou, Z.; Tie, L. A new class of finite-time nonlinear consensus protocols for multi-agent systems. Int. J. Control 2014, 87, 363-370.
Zhou, N.; Kawano, Y.; Cao, M. Neural network-based adaptive control for spacecraft under actuator failures and input saturations.
IEEE Trans. Neural Netw. Learn. Syst. 2020, 31, 3696-3710.

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.



	Introduction
	Preliminaries and Problem Formulation
	Notations
	MAV/UAVs Dynamic Model
	Problem Statement
	Control Objective

	Event-Triggered Fixed-Time Formation Tracking Control Design
	Performance Evaluation
	Simulation Setup
	Simulation Metrics
	Simulation Scenarios

	Experimental Results

	Conclusions
	References

