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Abstract: This paper investigates the predefined-time formation control of quadrotor unmanned aerial vehicles (QUAVs) under input
saturation constraints. To mitigate the effects of input saturation, an auxiliary system is meticulously designed. In contrast to other
studies which merely attain the asymptotic stability of the auxiliary signals, the auxiliary system proposed ensures the predefined-time
stability, thus contributing the stability of entire system. Subsequently, based on the predefined-time stability criterion, a distributed
formation controller is developed, thus guaranteeing the predefined-time stability and robustness of formation under input saturation.

Finally, simulations validate the effectiveness of the proposed method.
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1. Introduction

In recent years, multi-agent systems (MAS) have emerged
as an effective solution for complex tasks due to their
efficiency, low cost, flexibility, and reliability [1]. Quadrotor
unmanned aerial vehicle (QUAV) formation control, as a
promising application of MAS, has been widely adopted
in search and rescue operations [2], traffic monitoring [3],
As QUAV formation
(QUAVF) systems adapt to complex environments and tasks,

and agricultural spraying [4].

higher flight performance standards are required. Physical
properties and safety factors must also be considered. In
particular, input variables such as thrust and torque must be
limited to ensure vehicle safety and proper operation [5].
Despite some studies having achieved rapid convergence
in formations under input saturation, they often lack the
ability to arbitrarily set the convergence times. Moreover,

while much existing research on formation control has been

conducted, it has overlooked input saturation, thus risking
performance degradation and safety. Therefore, our study
aims to fill this significant research gap by investigating the
predefined-time formation control of QUAVs under input

saturation constraints.

Considering QUAVF adaptation to complex environments
and tasks, the ability for rapid convergence in QUAVF
control becomes crucial to ensure both safety and successful
execution. To enhance the convergence speed, finite-time
formation control has been explored [6]. Several studies [7—
11] have focused on achieving the desired formations in
finite time, but the stability time depends on the initial
conditions and design parameters [12]. In contrast to
finite-time stability, fixed-time stability [13] offers faster
convergence rates, and the upper limit of stability time can
be estimated. The exploration and application of fixed-
time control for QUAVF have been investigated [14-17].
Despite the advantages of fixed-time control in estimating
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the stability time, determining the explicit relationship
between the settling time and the system parameters remains
challenging. The predefined-time control (PTC) method
allows QUAVs to quickly form formations and maintain
stable flights within a user-defined timeframe [18]. Unlike
other approaches where the convergence time depends on
various design parameters and the initial conditions, PTC
simplifies this by depending on one control parameter, which
is the predefined time. This dependency not only streamlines
the tuning process but also enhances the predictability and
control over the system’s behavior, thus facilitating easier
adjustments to meet specific operational needs. In [19], an
innovative practical predefined-time stability criterion was
proposed, which provides clearer guidance for the design of
the PTC. Studies on predefined-time consensus tracking [20]
and adaptive PTC for QUAVF [21] have been presented, but
none simultaneously considered input saturation effects.

In actual QUAVF control, input variables such as thrust
and torque are finite due to physical limitations, such as
exceeding limits leading to motor overheating, battery drain,
and structural damage, thus degrading the performance
and posing hazards. Neglecting the constraints posed
by input saturation can result in control inputs that far
exceed the available actuation capabilities, leading to
significant degradation of the control performance and
potentially catastrophic failures. Research on adaptive
neural networks [22, 23] and auxiliary systems [24] has
addressed actuator constraints.  Continuous theoretical
advancements [25, 26] have been made for single QUAVs.
For collective control, Wang et al. [27] investigated tracking
problems under input constraints, while [28] designed an
input saturation auxiliary system to mitigate the effects of
input saturation. [29] studied the flight formation control
problem of QUAVF with bounded control thrust, yet rapid
convergence time control schemes were not designed.
Although input saturation has been addressed in finite-time
and fixed-time control studies [30,31], these methods do not

allow users to set stabilization time bounds.

To the best of our knowledge, there exists a significant
research gap in the existing literature regarding the
integration of PTC with input saturation considerations of
QUAVE. Our research targets these issues, and the main

contributions of our work are as follows:

Mathematical Modelling and Control

1) This research endeavors to fulfill the requirement of
maintaining predefined-time stability in QUAVF even under
input saturation constraints. Although the PTC of QUAVF
has been investigated in previous studies [20, 21], the input
saturation has been overlooked. To bridge this gap, this
work presents an integrated framework that incorporates
both aspects, thus enhancing the overall reliability and

practicality of the system.

2) A QUAVF control method is proposed that guarantees
system stability within a predefined time under input
saturation.  Unlike previous approaches [30, 31] that
concentrated on finite-time and fixed-time control with
convergence time depending on the initial states and
complex parameters, this method provided the flexibility for
users to prescribe the upper bound of the stabilization time,

thus achieving predefined-time stability.

3) To mitigate the adverse effects of input saturation, an
innovative predefined-time auxiliary system is designed and
incorporated into the QUAVF controller. While auxiliary
systems in [30-32] can only achieve asymptotic stability
of the auxiliary signals, the proposed auxiliary system
achieves predefined-time stability, ultimately contributing to

the stability of the entire closed-loop system.

The structure of this paper is as follows: in Section 2,
we present the fundamental concepts of predefined-
time stability and establish the mathematical groundwork;
subsequently, Section 3 focuses on the design of the
controller tailored for input-saturated scenarios and conducts
a comprehensive stability analysis; to validate the efficacy
of our proposed control design, Section 4 demonstrates
its correctness and practicality; finally, in Section 5, we
not only summarize the key findings and contributions
of this research but also offer insights into the potential
future research directions, thus paving the way for further

investigations in this field.

2. Preliminaries and problem formulation

2.1. System dynamic

Consider the following QUAVF system, where the leader
is designated as 1 and the followers are numbered from 2
to N. According to [33], the dynamics of a QUAV can be
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described by the following:

i=5 - (S(EICWIC(i) + S WS (i) - 7)@ + Dy,
i = ; S @IS W)C(P) — CWiS (9) — —yz + Dy,
%= ZCO)C() - g - 224+ Dy

o= Ty Tl ey,

b= 72 + 74 I’*m Lekag 4 1,

l,'[},' — J: " Lx I’)(ﬁ;@ _ 'RK“/&"‘D“&’

2.1
where x;,y;,z; represent the positions, and ¢;, 6;,¢; denote
the attitude angles. I ;g is the distance from the center of
mass to the center of the rotor, and J; ,—7; ; are the moments
of inertia. The coefficients K . — %, represent aecrodynamic
damping. m; is the mass, and g is gravitational acceleration.
— D, y. The thrust 7; and control
torques J; ¢, Ji0, Jiy are also included. The virtual leader’s

The disturbances are D, ,

dynamics are described by time-varying signals x;(¢) —4(?).
Additionally, S represents sine (i.e., S(d) = sin(6)), and C

represents cosine (i.e., C(0) = cos(6)).

2.2. Communication topology

A leader - follower formation control [34,35] architecture
is adopted, where UAV1 serves as the leader and the
remaining UAVs are followers. The system’s interaction
topology is comprised of two components: communication

among followers and information flow from the leader to

followers.

Let ¥ = {V,&, </} be the communication graph of
followers. Here, ¥ = {v{,vs,..., vy} represents the node
set, & C ¥ x ¥ is the edge set, and & = [ajjlmxm €

> 0 for
m. An edge (v;,v;) € & implies that node

R™ is the weighted adjacency matrix with g;;

=1,2,...,

v; can receive information from v;, and a;; # 0 if and only

if (vj,v;) € &. An undirected communication topology is
assumed (i.e., (v;,v;) € & if and only if (v;,v;) € &).

Based on the weighted adjacency matrix <7, the Laplacian

matrix L = [jjlnxm € R™ is defined as follows:

m

Zaikv i = j3

I =15 (2.2)

—daij, i # ]

The leader - follower interaction is represented by a

diagonal matrix B = diag{by,...,b,}, where b; > 0
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means follower i can directly receive leader information, and
b; = 0 otherwise. This topology enables internal cohesion
among followers and synchronized tracking of the leader’s
trajectory, thus allowing the QUAVF to perform cooperative
tasks effectively.

2.3. Radial basis function neural network (RBF-NN)

There are many nonlinear functions that are difficult
to represent in the six-degree-of-freedom dynamics model
of the QUAYV, and many complex nonlinear functions are
introduced during the control design process [36, 37].
In order to facilitate the design of the predefined-time
control algorithm, a function approximator is introduced to
approximate the nonlinear functions. Currently commonly
used function approximators are radial basis function neural
network (RBF-NN) and fuzzy logic systems, this paper
uses RBF-NN to fit the nonlinear function, which is briefly
described as follows.

RBF-NN is a function approximator and widely used in
controller design. In this article, it is utilized to fit an
unknown and continuous nonlinear function F(X), with the

following formula holding:

F(X) = WISX) + &X), (2.3)

where W € R represents the ideal weight of the neural
network, S(X) € R’ is the output vector, and / denotes the
number of neurons. The approximation error, £(X) € RY,
satisfies ||e(X)|| < &*, where " denotes an unknown positive
constant.

The basic function of RBF-NN is defined as follows:
—lIX - Ci”z]

Py (2.4)

si(X) = exp(

where o; > 0 denotes the width parameter of the i-th neuron,

ci=lciny. .., c,-p]T denotes the central value.

2.4. Problem formulation

Given the physical constraints on the actuators of QUAVSs,
To

address these input constraints, we first transform the QUAV

the issue of input constraints cannot be ignored.

dynamics model (2.1) into a more simplified form:

Pix = Vi, (2 5)
vi,‘r = g‘rui,‘r + fi,‘r + di,‘rs
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where 7 represents any of the variables x;, y;, z;, ¥;, ¢;, 0; for
i=12,...

correspond to x;, ¥;, Zi» @i, i, Y; respectively; the velocity

,N. The position components, denoted as p; r,

components, represented as Vit correspond to X;, Vi, Zi, (j&i,
0;, y; respectively. The gravitational coefficients are given as
8ix = mi for position axes and ]L for attitude axes.

The damping forces consist of two parts. For translational
q(i,x . — (K}\ .
T K fiy = T i
and f;, = —(K?z, — mg. For rotational motion, the attitude

‘ LT LixK,
O~ ~ i,
Luing,, and o = I”qw -

motion, they are expressed as f;, =

damping terms are described by f; 4 =
_ T I ix 7, ‘K,
fio = ¢ lﬁl R

zR'wa

22 Dir represents the external disturbances.
After obtaining the control input v;., the relationship
between control inputs, total thrust, and torques is given by

the following:

x = (SO)CWIC(i) + S Wi)S (9T,
= (DS WiC(¢i) — CW)S (@i T,
Uiz = COHC(@)T s

Ti= Jud i+, (2.6)
Upp = ji,tp,

uio = Jio
I/t,',(p = I,w.

Due
trajectory dynamics, only the desired heading angle (yaw)

to the coupling between attitude dynamics and

¥4 can be directly designed. Based on this designed heading
angle, the desired pitch angle 6; and desired roll angle ¢, are
calculated as follows:

. [VixSINYy — vy COSYy
¢4 = arcsin s
Ti
. (2.7)
Ujx COSYy + Uy SINYy
6, = arctan .
Uiz

Let v} denote the saturation limit of the control input v;,
which corresponds to the i-th UAV. In order to effectively
handle the issue of input saturation, the control signal u; - is

constrained as follows:

* *
Ui Vir 2 [Z
Uiz Vir U” <vir < u 2.8)
* *
U Ui < U, ..

Mathematical Modelling and Control

This formulation ensures that the input signal u; ; remains
within the predefined bounds, thereby mitigating the effects
of input saturation on the control system.

The position tracking error is defined as follows:

N
lir = Z aij((pi,-r —0i7) — (pj,‘r - Oj,r)) +bi(pir — 0ir — Paz)s

j=1
2.9
where o0;, denotes the deviation of the i-th QUAV in the 7
direction from the desired state trajectory pg ;.

Control objective: Through the control design, the
formation system dynamic can track the designed trajectory
in a certain formation in a predefined-time with input-
saturation and bounded disturbance. Moreover, according
to the properties of the function tanh, singularities can
be avoided, and nonsingular PTC of the QUAVF can be
achieved.

Lemma 1 (see [19]) For the nonlinear system (2.1),
if there exists a radially unbounded positive definite

continuously differentiable function V that satisfies:

LT _n
— VI A,

. Ve 1
Ve-——vyit_
nTy

2.10
T (2.10)

where Ty > 0, n, ¢ are control parameters with 0 < n < 1,
¢t = V2 + 1, and A is a non-negative constant related
to system uncertainties, the nonlinear system is said to
be practically prescribed-time stable [38]. Moreover, the
system’s stabilization time upper bound is Ty = T4, and the

trajectory convergence domain is given by the following:

2mT,A
sz{x:V< 124 }

T

2.11)

Lemma 2. (Young’s inequality) For any variables

X1, X3 € R, the following inequality holds:
(2.12)

_p
b Pleal? < —L—mlxg P49+ —L g E e,
D+ +q

where p > 0, g > 0, and m > 0 are constants.

Lemma 3. For any variable x € R, the following

inequality is true:
x| — x tanh (f) < xg, (2.13)
S

where k = 0.2785, and ¢ > 0 is a control design parameter.
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Lemma 4. For any non-negative variables xi, x,, x3, and

X4 < X3!

1+p 1+p
- xl )7

(o —x) < (x, (2.14)

T 1l+p
(x5 —x4)? > xZ - xg, (2.15)

where p > 0 and q > 1 are constants.

Lemma 5. (Sum inequalities) For any variable x; € R (i

= 1,2,...,n), the following inequalities hold:
n n p
Dl > (Z |x,-|] (2.16)
i=1 i=1
n n q
D bl = (Z |x,»|) 2.17)
i=1 i=1

where 0 < p < 1 and 1 < g < oo are constants.
3. Predefined-time control for input-saturated systems

In this section, the predefined-time controller is designed
for QUAVF with input-saturation. And the predefined-time

stability of the formation system is analysed.

3.1. Predefined-time control design

Based on the system dynamic (2.5), where the first
equation describes the position dynamics and the second
one describes the velocity dynamics affected by control
input and disturbances, we construct an error system to
achieve predefined-time formation under input saturation
constraints. For position control, we introduce the tracking
error z;r from (2.9). For the velocity dynamics, we
decompose v;; by introducing two auxiliary signals: a filter
output signal &;, for predefined-time convergence and an
anti-saturation signal y;. to handle input constraints. This

leads to the following:

Sit,l = Zits
Siz2 = Vit — Qir — Xiz»

where s; -1 and s; - denote the system errors, with z; - being

3.1

the position tracking error defined in (2.9).

The filter is designed as follows:

ym vy f-z_n
Qi =— _y—fil;" tanh | /% 257
Ty ™" Ty Six (3.2)
T e
Ty gi,-r W& rs

Mathematical Modelling and Control

where &, = &;; — a; denotes the filter error, and «; ; is the
intermediate control signal that servers as the filter input.
The constants are defined as follows: y = (24N)g =1+
V2,1 = 21%3 ] = 21-3. The filter’s initial value is set to
@i-(0) = @;+(0), and w; ; is a design parameter that satisfies
wir = 1.

The dynamics of the auxiliary signal is designed as

follows:

YT yr _

- ﬁx};n - ;Uy_TXiT” — WitXir + & (Uir — Vi),
d

(3.3)

where y, = (6N)g, and @;; > g2 is an auxiliary signal

Xiz =

design parameter. Additionally, the initial value is set to
Xi~(0) = 0. According to (2.6), u;r —

meaning there exists a constant v;_such that [u;  —v; .| < v} .

v;r is bounded,

Considering (2.5)—(2.9) and (3.1)-(3.3), the error
dynamic equations can be rewritten as follows:
Sizn = Li(Sizo + &ir + @ir + xio) + Fig, 3.4)
S[,T,Z = &Vir t Fi,‘r,Z + di,Tv
N
where L; = Z a;; + b;, and Fi‘T,2 = fi,‘r - &i,‘r +
=1
1 yr 1- .. .
% )(i;” + /;T/i—i;d )(l.’T” +@; xi.. Additionally, F; 1 = —L;0;—
N

Z a;j(Vjr — 0j7) — bipar. Due to unknown parameters such
=1
as air resistance coefficients, the nonlinear terms F; . are

unknown continuous functions. According to the RBF-NN

theorem, it can be deduced that

Fizi = ﬁz,,k%,r,k + Eirks 3.5)
where |[#; il < 97, and le; il < &7,
First step: Design the following Lyapunov function:
1, 1.,
Viea = 58ie1 + 580 (3.6)

~

where A;; = Aj; — Aj, and

- *2 *2 *2 *2 %2
Air = max{dy . &7 1, 0775, 805, d 7, 1)

By taking the derivative, the following equality can be

obtained:

Vied = SiztSint — NizAir

Sie (Li (Siz2 + &ie + Qix + Xix) (3.7)

~ A

T
+0  Pie) Si,r,l) - Az
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Applying Young’s inequality, the following inequalities
can be obtained:

1 1
Lisiz1(Siza + &ix) < Nielisio) + EAI',TS[Z’T,Z + 55,2 . (3.8)

T 2 T 2
Sie (W 1@iet + 1) S NieSi 19, 1@Pint + NieSi oy + 7
(3.9

Substituting the above inequalities into (3.7) leads to the

following:

2
Vi,T.l < si,‘r.l (Ll (si,‘r,Z + fi,T) + pi,‘r,lAi,‘rsi,‘r,l)

X (A 2 1 2 1
—Ai,T (Ai,‘r — pi,T’lAi’Tsi,‘r,l) + EAi,TS'

12
71,2 + Egi,‘r +

(3.10)
where p; -1 = 1+ L? + QDZ:T,]QDi,‘r,l-

Design the intermediate control signal as follows:

2-n
o ~1|_yn 4+ _ yr 1-q ¥ Six
¥ir = L [ Ty Sie) ~ T, i tanh (/_lr]Td Gi,T

—LiXiz — PizaNizSiz1]

(3.11)
Substituting into (3.10) leads to the following:
v < 2 gn 2eng o yr S pay
inl S T Siel T Tyry Sic2 RO\ o i
_[\i,‘r (Ai,‘r — Pirl Siz,_r’l) (3 12)

1 2 12
+3NixS o+ 36 + Aint,s

where A = %

Second step: design the following Lyapunov function:

1 1
Vi,T,2 = Vi,‘r,l + ES?,TJ + Eé:lz‘r (313)

Taking the following derivative:

Vi,T,Z =Virl + si,T,Zsi,T,2 + gi,‘rfi,‘r

— Y T
= Virl + Sit2 (g‘rvi,‘r + 79,-’7,2901',1,2 + Eir2 + di,‘r)

21
_ YR L24m _ m @2 yr Six
ATy é:l',T T, gi,T tanh (;qud Gi,T

~wirl, = Eirllis.
(3.14)
Applying Young’s inequality (Lemma 2) leads to the
following:
Si,r,z(ﬂiT,T,zsﬂi,T,z + &z +diz)
3 (3.15)
< NirSiepPinapics + 2iSier + 7

Mathematical Modelling and Control

2

1 1
. 2 EY)
—&irliz < zfi,r + zai,‘r'

Substituting the above inequalities into (3.14), and

(3.16)

considering the definition of w; .,

_ _ 2-n
. S
Viea £ LA B YR i ]

ST o T | 2
AnT, *° AnT, " Ty ¢i, 7T

2
~ A 2
- Air (Ai,r - Zpi,r,ksi,r,k]

k=1 (3.17)

+ Sit2 (gUi,‘r + Pi,T,ZAi,rSi,r,2) + Ai,‘r,2

% yn Fr £
Y S?:Tl _ _7 si2;7] tanh _7 liT ’
Ty Ty - T, 6L, 7
where pic2 = 3 + @ pic2, Nira = Airy + 507 + 5.

Design the control signal and adaptive law as follows:

2-n
S P e B S yr Sic2
Vir = 8¢ [ Ty Si,T,Z Ty si,‘r,2 tanh (/_hde Si,T
_pi,T,ZAi,‘rsi,T,Z] 5
(3.18)
. — 2
A _—  _hym Al+n _ hGm A l-n ) 2
Air = Ty Ai,T Ty AivT " /;‘1 PitkSizpe (3.19)

where i = 2 + 1, h = 2 — ;. The initial value of the adaptive
parameter /A\,-,T is set to /A\i,T(O) > 0.

3.2. Stability analysis

By substituting Eqs (3.18) and (3.19) into (3.17), the

following inequality is obtained:
2
A o 2+n
Viee < =37, Z Sk
k=1
2

_ s2—n
bz 2— YT itk
—/-1'77% Z s, 1 tanh | =—— —"=
o T, 6i, T

_ YT g2 Ym g2 yr f,,,
/lané:i,T iqT(/fi,T tanh(- i,

LN s B A LS
thaNie AT+ he A,

+Ai,‘r,2-

hynr  hyrn

By considering (3.17), it can be obtained that 77, T

2

0, Z p,-,T‘ksiZ,T’k > 0. It’s obvious that A is continuous. Let
k=1

f\(O) > 0, and suppose there exists A(tz) < 0 where t, > 0.

Then, it can deduce that there exist #; € (0, ;) such that

At =0,

. (3.21)
AW <0,t€(t,b].
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Thus, according to the form of (3.17), it should be noted
that for ¢ € (¢, 1], A > 0 holds. Then, integrating A with
respect to time from #; to t, yields the following:

jwﬂmzA@g—Am)zAm)>a (3.22)

n

Then, it contradicts the hypothesis. Thus, for A(O) > 0,

A@@) > 0forz> 0.
For the terms A,TAIJ”7 and A, A””,

Lemma 4, the following inequalities can be obtained:

according to

A AL+ 1 2+ 22+
Ai’TAi,‘rq S n ([\i,‘z"7 - Ai.‘rn) (3.23)
1 2+ 2+
< n (2/\1‘,‘1"7 - Ai,‘rn) ’
N, Al=n 1 (A2 _ A2-n
Ai’TAi,T = 7 (Ai,‘r - Ai,‘r ) (3 24)
1 2— N2-
= h (ZAi,TU - Ai,‘rq) :
2- spo
It should be noticed that ——”s”z tanh( y? ”k) and
nTy Si,T
2-n ym f,zrll
AnT f tan h( T czr) need to be further processed.

According to Lemma 3, the following inequalities can be
deduced:

2-1
_yrm 2-n Sizk _ym 2-n .
Ty sl‘rktanh(/lnT Cl‘r) S Ty Sizk + Ko (.25
Jm g £ . 326
_m g2 yr_ S _ )
e anh (-5 ) < - B kg (326)

By substituting inequalities (3.23)—(3.26) into (3.20), the
following inequality can be obtained:

2

: yr 2+ YU 24 YU 24
Vira < T T4 Z Sick ~ T, i T, é:
=1 d
2 —
2- T 2 T 2
= i Z - —y i - 7 6 - + Al‘[‘?
Tty £ 0,7, AT, ™ /l?]T
(3.27)
_ 2yn p 247 2yn p 2-n
where Ai,‘r = Ai,‘r,Z + 3K§‘,"T + /lanA‘ TiTa N

For the QUAVFE, the Lyapunov function is constructed as
follows:

<
[

Vi‘rZ

Zz”k+ A

(3.28)

M=M=
[YIM [UM

2
gi,‘r .

Mathematical Modelling and Control

Differentiating the above Eq (3.30) yields the following:

N 2
il 24y YT g2p VT 24y
V< - 2+ _ 2 YT
1=Zl g AnTy kz itk AT, iT T, g,,-r
— 2 _ _
s 2-n YT 22y YT 2
— SR 2.
Ty & Ty T Ty i LT
(3.29)

Taking the derivative of the Lyapunov function, and

applying Lemma 5, the following can be obtained:

2 =2 2 T [
-7 Z Z(Z I:Z +A; +§i,:’7) = _TVHZ’
i=1 teE k=1 nta
(3.30)
‘y7T n
-5 Z Z(Z S+ AT+ ET) < - - ARV
i=1 TeE k=1 nta
(3.31)
Thus, (3.29) can be rewritten as follows:
V<_Zyl+i_Xmyl-3 LA (3.32)
nTy nTq >

where A = ZN: Z Air.

Based onltlller(i;ﬁnition of V, the variables s; .1, 1~\,<,T, Sir2s
and &;, are bounded and achieve predefined-time stability.
From (3.1), the error system z; - and v;; — &;r — i are also
bounded and converge to zero. Since A} is constant and
a;. 1s bounded, both IA\,-,T and ¢;; remain bounded. For the
auxiliary system y; -, its stability is analyzed through s; .5 =
~Xix-

Consider the dynamics of the auxiliary system and

A
Ui,‘r - a’i,‘r

construct the following Lyapunov function:

v—}jzlxn (3.33)
i=1 1eE
Differentiating this function yields the following:
N
Z ZX[,TX[,T
i= 1 T€6
_ + 7_’” 77)
= Xiz — 50 )( (3.34)
+ Z Z (_w)(iz,-r + g‘r(”i,r - Ui,‘r)Xi,‘r) .
i=1 7e&

According to the Young’s inequality (Lemma 2), the
following inequalities can be obtained:
&r(ir — Vit)Xix < g‘r)(” +3 V*z (3.35)
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Substituting (3.35) into (3.34) yields the following:

N _
. Vi 2+n YU 2 1 %2
W E o YT 2y — ) (336
X ( /lanXz;r /l?]TXm’T 4 vl,T ( )

i=1 7€&

By substituting the above inequalities, it can be rewritten

as follows:
V<= E V- T A, (3.37)
u 1
where A, = Z Z (va%)
i=1 7eE

Due to the stability analysis of (3.37), the auxiliary system
achieves predefined-time stability. By (3.1), this ensures
the boundedness of v;;. According to the controller (3.18)
and input saturation (2.8), both v; ; and u; - remain bounded.
Therefore, the QUAVF system converges to a residual set
within the predefined time 7.

The QUAVF control method proposed in
this paper achieves predefined-time stability and effective
Unlike the

finite-time or fixed-time control methods that rely on

Remark:
handling of the input saturation constraints.

complex parameter tuning, our approach can allow users
to directly set the upper bound of the stabilization time
and facilitate easier practical deployment. Furthermore, in
contrast to other the auxiliary systems that only ensure the
asymptotic stability of auxiliary signals, the auxiliary system
we designed can achieve predefined-time stability. Then,
it is integrated into the distributed formation controller to
effectively contribute to the predefined-time stabilization of
the entire QUAVFE.

4. Simulation

A 6-D QUAVF control problem is considered in the
simulation. The parameters in the system dynamic of each
UAV is shown as follows: mass m = lkg, aerodynamic
damping coefficients K;, = 0.01, moments of inertia 7, =
I, = 50x103kg-m?, and I, = 20x1073kg-m?. Additionally,
the external disturbance is set as 9; = 0.01 sin(?).

The desired formation pattern is a square with side length
4 m in the xy-plane. UAV1 (leader) is positioned at (-
2, 2), while UAV2-4 are at (2, 2), (-2, -2), and (2, -2)
respectively. The initial positions slightly deviate from the

desired pattern: UAV1 at (-2.1, 3.1), UAV2 at (2.1, 3.1),
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UAV3 at (-2.1, -1.1), and UAV4 at (2.1, -1.1), with zero
initial altitude and attitude angles for all UAVs.

The control parameters are defined by the ratio parameter
n = % and the predefined time 7, = 10 s. The other
controller parameters are set as: the scaling factors ¢;, =
0.005 in the virtual control design (3.11) and ¢;, = 0.001
in the control input design (3.18), w;; = 12 for x and y
directions, w;, = 15 for z direction, w;, = 5 for attitude
angles, and @; . = 1 for all velocity controllers.

The communication topology between the leader and
followers is illustrated in Figure 1. Figure 2 shows the 3D
trajectories of the QUAVF. The formation stabilizes before
the predefined time 7; = 10s.

= auna
-

.

-
QO QO
[amn o

Figure 1. Communication topology.
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Figure 2. 3D trajectories.

Figure 3 presents the position tracking in all coordinates,
where the leader follows (x; = sin(0.5¢), y; = cos(0.5¢)) in
the xy-plane and the z; = 0.5¢ in z-direction. As shown
in Figure 4, the tracking errors converge within 7; = 10 s.
Figure 5 shows that under the proposed auxiliary system,

the control signals strictly respect their saturation constraints

*

v;, = v;, =4and v; = 11 while maintaining the formation

performance.
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derived from translational control (2.7). All attitude control

. £ * k
- inputs respect the bounds v}, = vi, = v = 1.
i, iy iy
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results where the yaw angle converges to ¥, = 0, while

the roll and pitch angles track their computed desired values Figure 9. Pitch angle control.
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The simulation results comprehensively validate the
effectiveness of the proposed control strategy under the input
= v:.:y 11, and

= v;, = v;, = 1). Both the position and attitude
tracking errors converge to a neighborhood of zero within
10 s (Figures 4 and 6), thereby
demonstrating accurate formation control. The predefined-

saturation constraints (v}, =4, v, =

Vig
the predefined time T, =

time auxiliary system effectively handles the input saturation
while maintaining the formation stability. Moreover, by
setting these saturation bounds below the actual physical
limits, the method provides a practical solution that prevents
system overload and ensures a safe operation in real

applications.

5. Conclusions

This paper proposed a PTC approach for QUAVF
systems under input saturation. Unlike conventional finite-
time or fixed-time control strategies, which often depend
on complex parameter tuning and lack flexibility in the
stabilization time, our method enables the user to directly
specify the upper bound of convergence time. Moreover,
by incorporating a predefined-time auxiliary system, we
mitigate the negative effects of input saturation, thus
ensuring both stability and rapid convergence within a
defined timeframe. This study addresses a critical gap in
existing research.

The simulation demonstrated the effectiveness of the
proposed method, thereby showing its ability to maintain
stability of QUAVF even under input constraints. This work
advances the theoretical understanding of predefined-time
control while providing a robust solution for the deployment
of QUAVF systems in complex environments.

Future research directions are threefold: first, refining the
auxiliary system design to accommodate a broader range
of operational conditions and exploring the application
of this framework to other multi-agent systems; second,
investigating the impact of communication topology
and networking effects, which are particularly relevant
for underactuated quadrotor systems; third, conducting
experimental validation on physical QUAV platforms to
further demonstrate the practical applicability of the
proposed method. These extensions will enhance the

Mathematical Modelling and Control

versatility and real-world applicability of our approach.
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