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Abstract

Underactuated and strongly coupled Quadrotor Unmanned Aerial Vehicle (QUAV) systems
often face challenges in formation control due to actuator failures, external unknown distur-
bances, and limited communication resources. To address these issues, this paper proposes
a periodic adaptive event-triggered fixed-time fault-tolerant control method based on a
disturbance observer. First, a dynamic estimation and compensation scheme for actuator
faults is developed by combining boundary layer theory with adaptive control techniques.
Next, a fixed-time disturbance observer is designed to accurately estimate and compen-
sate for external unknown disturbances. Furthermore, considering the communication
burden imposed by real-time position updates, a Non-Monitoring Periodic Adaptive Event-
Triggered Control (NM-PAETC) mechanism is proposed to reduce communication resource
consumption, while ensuring that the formation system maintains the desired attitude
angles under the influence of actuator faults and external disturbances. The proposed
method enables fixed-time formation control under limited communication resources, and
the system’s convergence time is independent of the initial state. Simulation results validate
the effectiveness of the proposed method.

Keywords: quadrotor unmanned aerial vehicle; fixed-time control; fault-tolerant control;
event-triggered mechanism; formation control

1. Introduction

In recent years, QUAVs have been increasingly deployed in applications such as
military reconnaissance, environmental monitoring, disaster relief, and logistics owing to
their flexible control, high-speed flight, and precise hovering capabilities [1]. However,
the dynamic model of a QUAV is an underactuated, highly coupled nonlinear system,
which presents substantial challenges in designing stable and robust control protocols
for dynamically complex environments [2]. As the complexity of missions increases,
the performance and task execution capabilities of a single UAV often prove insufficient for
handling more intricate tasks. Consequently, multi-UAV formation control has emerged as
a key research focus.

In multi-UAV formation control, the reliable operation of actuators is critical. However,
as the operational time of QUAVs increases, actuator failures become inevitable, potentially
leading to system instability or loss of control. Therefore, the development of fault-tolerant
control strategies for multi-UAV systems is of paramount importance. Several studies have
proposed various approaches to address these challenges [3-8]. For instance, Miao et al.
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proposed an efficient fault-tolerant control strategy for QUAV systems experiencing ac-
tuator failures [5]. Jiang et al. presented a compensation scheme for actuator faults in
nonlinear MASs based on an adaptive gain mechanism [6]. Similarly, Zhao et al. introduced
an adaptive fault-tolerant controller to mitigate actuator failures in QUAVs [7]. Addition-
ally, Hua et al. applied boundary layer techniques to develop a fully distributed continuous
fault-tolerant formation control protocol for compensating actuator failures [8]. It is note-
worthy that during mission execution, multi-UAV formations must also contend with
uncertainties, such as unknown external disturbances, which pose additional challenges to
achieving formation stability and precise control.

To address the problem of external disturbances, researchers have proposed vari-
ous control strategies, including observer techniques [9], neural networks [10], adaptive
control [11], model predictive control [12], and robust control [11]. Among these, con-
trol methods based on observer techniques have gained increasing attention due to their
advantages. They not only achieve asymptotic suppression of external disturbances but
also provide more accurate responses to complex disturbances. To improve disturbance
rejection in multi-UAV control systems, an adaptive finite-time disturbance observer was
introduced [13]. A fixed-time disturbance observer was also proposed for QUAV systems
to mitigate the compound disturbances affecting the system [14]. Additionally, Zhang et al.
introduced an improved disturbance observer that not only estimates external disturbances
but also enhances the system’s tracking performance and stability by incorporating distur-
bance estimation error parameters [15]. However, in practical applications, systems often
face multiple constraints, such as unknown nonlinearities, time-varying actuator failures,
and external disturbances, all of which adversely affect system performance. Addressing
these issues can significantly increase the communication burden.

What needs to be emphasized is that implementing fixed-time formation control in-
creases the communication cost for UAVs. Given the limited communication resources of in-
dividual UAVs, this constraint reduces the system’s ability to process information and avoid
risks in complex environments. To conserve channel resources, event-triggered control
(ETC) is often introduced to eliminate the need for continuous communication in closed-
loop systems [16], and has been applied in UAVs [17,18], Unmanned Ground Vehicles
(UGVs) [19], and other nonlinear systems [20,21]. While traditional event-triggered mecha-
nisms have demonstrated significant potential in resource-constrained applications [22,23],
their fixed-threshold triggering conditions are unable to flexibly adapt to real-time changes
in system states, thus affecting control performance. To overcome this limitation, dynamic
event-triggered mechanisms (DETC) have been proposed [24]. A dynamic event-triggered
control algorithm has been introduced to achieve distributed formation control in UAVs
with constrained communication resources [25]. These mechanisms dynamically adjust the
triggering conditions based on system state variations by incorporating adaptive variables,
thereby improving communication resource utilization.

On the other hand, QUAV formation control will require faster and more accurate
position and attitude tracking in the future. Studies show that finite-time control improves
the convergence time, accuracy, and disturbance rejection performance of multi-UAV
formation systems [26]. In practical engineering applications, the demand for rapid stability
is even more urgent. Furthermore, the applicability of control methods is often limited
by the difficulty of obtaining initial states. To address these issues, researchers have
begun to focus on fixed-time control to enhance the performance of multi-UAV formation
systems [27,28]. Gong et al. presented a fixed-time controller designed for the attitude
stabilization of QUAVs [29]. A fixed-time control strategy was applied to UAV formations,
achieving fast convergence in the system [30]. The fixed-time control method not only met
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the system’s stability time requirements but also mitigated the impact of initial states on
system stability.

In summary, this paper presents a fixed-time fault-tolerant control method based on a
disturbance observer with periodic adaptive event-triggering, addressing the formation
control problem of multi-UAV quadrotor systems. The proposed method takes into account
actuator time-varying failures, unknown time-varying parameters, external unknown
disturbances, and limited communication resources. The control strategy ensures that the
system maintains formation structure and that the tracking error converges within a fixed
time, even in the presence of these challenges. The main contributions of this paper are
as follows:

1. The method integrates boundary layer theory and adaptive control techniques to
estimate and compensate for actuator faults, achieving formation control in fixed time,
with the system’s convergence time independent of the initial state.

2. The observer quickly estimates unknown disturbances, while the developed NM-
PAETC mechanism reduces communication resource consumption, ensuring the sys-
tem maintains the desired attitude angles during formation control.

The structure of the article is outlined below. Section 2 introduces the dynamics model
of a QUAV, covering actuator failures, relevant definitions, and lemmas; Section 3 constructs
a fixed-time observer and verifies the system stability; Section 4 presents a periodic event-
triggered fixed-time fault-tolerant control method; Section 5 validates the feasibility of the
control strategy through simulation experiments; finally, Section 6 summarizes the main
findings of this study.

2. Problem Formulation
2.1. Dynamics Model of a QUAV

The center of mass of the UAV in the ground coordinate system is represented by
Pe = [Xk Yk zk]T € R3. The UAV’s orientation is described by the Euler angles: roll
¢x, pitch 0y, and yaw . The angular velocity vector in the ground frame is given by
A =[x, O, yi] Ters. Figure 1 presents a multi-UAV system composed of a QUAYV,
with the notation and orientation definitions provided in Table 1.

F
F, Rotor 1
Rotor 4 Z,

Rotor 3

y 9.~  Ground coordinate system

Figure 1. Ground and body coordinate systems.
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Table 1. The coordinate frame.

Notation Orientation

Oy Center of gravity of the QUAV
OpXp The roll axis pointing in the forward direction of the QUAV
OpYp The pitch axis pointing to the left side of the QUAV
OpZy The yaw axis is perpendicular to O, X and points upward

Oe Initial position of the QUAV
OeXe Pointing north and parallel to the Earth’s horizontal plane
OeYe Pointing in the true east direction and perpendicular to O Xe
OeZe Pointing upwards, perpendicular to to both O Xe and OeYe

The dynamic model of a QUAV with parameter uncertainties and external disturbances
is considered [14,18]:

U K N
X = ﬂ(cos ¢ sin 6 cos Py + sin ¢y sin Py ) — ﬂxk + k1
k Ty Ty
L Uk K2 N2
= 0 —_— I — —
Tk - —= (sin ¢ sin Oy cos P — cos Py sin ) e y + e
K N
Zx = kl(coscpkcosé)k) g—ﬁ =2
my Ty my 1)
.. Uk A Ik, — Ik, a)k]k, R Kk4 . Nk,4
Pk = 7= + O —— + O — =y +
Ik,z Ik,x Ik,x Ik,x Ik,x
.. U3 .. Ik, — Ik, (Dk]k, . Kk,S . Nk,5
O = == + Pt~ — r4’*79k+17
Iy.» Ix Iy ky
oo Uk s Tox — Iy Kig
i = L . e
Ik,z Ik,z Ik z kz

where my represents the mass of the UAV; unknown disturbances in the system are repre-
sented by Ny ,(v =1,2,...,6); g represents the gravitational acceleration; Iy ,, Ik,y and Iy ,
denote the moment of inertia of the body coordinate axes O, X;, OpY; and O Zy, respec-
tively; | represents the distance from the center of the rotor to the centroid; J; , denotes the
inertia moment of the rotor; @y is overall residual rotor angular vector; Ky , (e=1,2,...,6)
represents the unknown aerodynamic coefficients of the kth UAV in the dynamics of po-
sition and attitude. Furthermore, the relationship between the control input u; ; and the
rotor thrust F ; is given by

upg = Cyy (w,%rl + le,z + w,%,3 + WI%A) = Z?Zl Fy; 2)
ugp = Cpy (wl%,z - “’1%,4) =Fo— Fa 3)
U3 = Cpy (wf?,s - wl%,l) = F3— Fa 4)
Uka = Cra (w/%,z + Wiy — Wis — “’1%,1) ®)

where Cy; represents the lift coefficient, the coefficient of rotor thrust acting in the yaw
direction is represented by Cy ,, wy ; represents the rotor speed, and Fy ; is the lift generated
by the rotor.

Assumption 1 ([14]). The ground is considered a horizontal plane while neglecting the effect of
Earth’s curvature, with the gravitational acceleration maintained at g.
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Assumption 2 ([31]). The QUAV possesses absolute symmetry, and the geometric center of
the body remains constant; there exists a disturbance ¥y ,(t) in the system that is continuous,
differentiable, and bounded, such that |Nk,z;| < zy,, where zy ,, is a constant.

Assumption 3 ([32]). The signals xél, yfj, z;, l[J{ii € A, (i = 0,1) of the virtual leader are known,
continuous, and bounded, where (i) denotes the ith derivative of the variable, and they possess at
least second-order continuous derivatives.

2.2. Definition and Lemma

Lemma 1 ([33]). Consider the system % = f(x), where x € R". If there exists a positive definite
and continuous function V (x) that satisfies the following condition:

V(x) < —¥Vil(x) — ®VP(x) 4T (6)

where ® >0,Y >0,0<q1 <1,g92 > 1,and I > 0 are constants, it can be deduced that the
system x = f(x) exhibits practical fixed-time stability. The residual set of the solution is denoted by
©, and the predefined convergence time by Ty,.

0= {x|V(x) gmin{<(1 _8}\)‘?)411/((1 _SA)q)>qlz}} 7)

1 1

S el D) ©
where 0 < A < 1.
Lemma 2 ([34]). For x € and 6 > 0, one has
0< x| - Xtanh(%) < 0.27856 )
Lemma 3 ([35]). For x1 €, x2 €,01 > 0,8, > 0and k > 0, one has:
el < Skl 4 2kl (10
by + 61 0y + 01

Lemma 4 ([36]). Given thatk; > 0fori=1,2,---,n,0<b; <1,and1 < by < oo, one has:
n by no
Yok | <Y a1

n by 1 n
b
(Z ki> < o LK (12)
i=1 ‘
Lemma 5 ((Young's inequality) [37]). For Vx; € Rand Vx; € R, one has:
Kb b 1
_ _ M
X < 4 lx1]” + P‘K”m' (13)

whereb>1,‘14>1,K>0and;4—1:hl—1.
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Lemma 6 ([38]). For x3 € and any by > 0, one has:

X3

0 <|xs| <bs+ (14)

2.3. Actuator Faults

In practical applications, the influence of external uncertainties or factors such as
hardware aging and wear can lead to actuator failures in UAVs. These failures inevitably
result in discrepancies between the actuator’s input and output, thereby affecting the
system’s performance. Inspired by [39], actuator failures can be described using the
following mathematical model:

Wi (t) = o (it o(£) + Ty (1), £ > £ (15)

where i, and uy , represent the input and output of the actuator, respectively. hy ,(f)
indicates the health factor, i , (t) represents the uncontrollable parameter portion of the
f

control signal, #,  denotes the moment when the actuator fails, and v denotes the number
of actuators.

Assumption 4 ([40]). In the actuator failure model, the continuous “health factor” hy ,,(t) and the
uncontrollable parameter hy ,(t) are time-varying, unknown but bounded, satisfying 0 < hyo <
hk,v(t) < 1land |hk/0’ < flk,v < 00, flk,v > 0.

3. Fixed-Time Disturbance Sliding-Mode Observer and Stability Analysis

During mission execution, UAVs may encounter unknown external disturbances such
as wind speed variations and airflow turbulence, which can affect their flight trajectory
and attitude. To accurately estimate and compensate for these disturbances, an observer
was designed to provide estimates of the disturbances within a fixed time, enabling a
rapid response.

For the position subsystem, taking the xj direction as an example, 7,11 = x; and
Ty12 = X are set to construct the corresponding second-order system model:

T =T
11 = T2 (16)
T2 = Fo1 +dka

where Fy 1 = % (cos ¢ sin 6 cos Py + sin ¢y sin ) = % (Ag + Sg) is the known input-

. Ki1 . Nyq . . . .
related nominal term, and dj ; = — mi}:xk + mLkl is the unknown composite disturbance in
the x; direction.

Assumption 5. The composite disturbance dy , (t) is continuous and bounded. That is, there exists
an unknown positive constant dy , such that |dy ,(t)| < dy,,k=1,2,...,N,o=1,2,...,6.

Remark 1. The composite disturbance dy ,(t) contains not only the external disturbance but
also the uncertain damping term and the nonlinear coupling term in the corresponding channel.
Therefore, the disturbance observer is designed to estimate dy. ,(t), rather than only the external
disturbance.

To achieve disturbance identification and estimation, the auxiliary variable is intro-
duced as ¢x1 = Tg12 — Ok 1-
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The auxiliary dynamics are designed as
k1 = Fra + A1tk (17)

where A ; is the observer gain, and vy ; is the discontinuous injection term. Since dy; =
12 — Fy 1, one obtains
Pr1 = A1 — A1V (18)

The discontinuous injection term is designed as
Uk1 = Kk 1,1 @k + K1, 2580(Pk1) + K138 (@) + Kk 1,a8ig’ (@1) (19)

where ;1 ; > 0, (i = 1,2,3,4), are observer design parameters. The operator sig®(-) is
defined as

sig”(¢) = |¢|"Sgn(¢) (20)

where Sgn(-) denotes the Filippov set-valued sign function, i.e.,

1, ->0
Sgn(-) = [-1,1], -=0 (21)
-1, - <0

The disturbance estimate is defined as the equivalent value of the discontinuous
injection term:
7 e
di1 = Ak,lvki (22)

where dy ; denotes the estimated value of di;, and 0 < |d ;| < dj 1 holds.
Accordingly, the disturbance estimation error is defined as

i1 = diy — dg (23)

The fixed-time stability of the designed observer is demonstrated under the given
assumptions by choosing the following Lyapunov function:

1
Viia = 59k (24)
By differentiating Vj ; 4, one has

Viid = Pr19Pk1 = Pk (dx1 — Ak1vka)

2
= —Ap1Kk1,1Pk1 — Me1Kk1,2] Pk (25)
2 4
— M1ki,3 P ™ — Agarkalor ™+ di1 9k
According to Assumption 5, one has dj 11 < d_k,l Prl-
Therefore,
) ) _
Vitd < = Meaki1Picr — Mot (k12 — i) [k 26)
2 4
— Akaki13l 901 17T — Ak ke 4l9r
If the observer parameter satisfies Ay %y 12 > d_k,l, then
; 2 4
Vierd < —Akakicn,sl @™ — Axakicr,al e (27)
: 29 — »qy/1 4 _ 2 btai
Since |@i1|[* = 29V, 4, |9k |* = 4V, 4, one obtains
y q 2
Via < =11V 0 — k12Vira (28)
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— — 2
where 11 = 29Ak1K01,3, C1,0 = 27 Ak 1K 1,4
According to Lemma 1, the auxiliary variable converges to zero within a fixed time.

The settling time satisfies
1 1

+
cia(1—q)  ckip

As t > Ty 4, after the sliding manifold is reached, the sliding motion is maintained in

Ti14 < (29)

the Filippov sense, namely, ¢x1 = 0, ¢ = 0.

From ¢y = di1 — Ak10k1 = 0, the equivalent injection term satisfies dy 1 = Ay v;%
Since the disturbance estimate is defined as dAk/l = Ak1 vi?l, one obtains dAk,l — dy 1. Therefore,
the disturbance estimation error satisfies

dir = di1 —diy — 0(t > Ti1a) (30)

Thus, the proposed observer not only guarantees the fixed-time convergence of the
auxiliary variable ¢ ; but also proves that the disturbance estimation error converges to
zero after the observer settling time.

Similarly, the discontinuous injection terms for vy, z, ¢k, 6, and ;. are designed as

Uk2 = K21 Pk + Kk 22580(Pk2) + Kk 2381827 (@ 2) + i 24518 (@12)
Uks = K31 Pks + k32580 (@ 3) + K13,3518%7 (@) + Kk 3,4518° (9 3)
Ura =K + Kk 42Sgn( )+ K '2"’1( )+ K '3( ) (31)
k4 k4,1 Pk 4 k42980 Pk 4 k,4,3518 P4 k44518 (Pk4
Uks = K51 Pk5 + Ki5058N (@ 5) + K 5,3518%7 (@ 5) + i 54518 (9 5)
(Pke6) Yprp) ?(¢re)

o . 2g— .
Uk = K61 Pk6 T Ki62580(Pr6) + Kk 635187 (Pr6) + Ki 64518 (@k 6

where K 4, 1, Kk 2, Kk v 3, Kk 4 are positive-definite parameters of the injection items, and
/\k,ZJKk,U,Z > d_k,v holds.

Consequently, the proposed fixed-time disturbance observer can reconstruct the un-
known composite disturbances within a fixed time. This result provides a rigorous basis
for the subsequent disturbance compensation in the controller design.

4. Periodic Adaptive Event-Triggered Fixed-Time Fault-Tolerant Control
Design and Stability Analysis

4.1. Periodic Adaptive Event-Triggered Fixed-Time Fault-Tolerant Control Design

Given the coupling between the position and attitude subsystems, the auxiliary posi-
tion controllers uy ,, 1y, and uy , are defined as follows:

. . . . Kei, , N

X = L;’;—':(cos ¢y sin 6 cos Py + sin ¢ sin Py ) — mi;{]xk + mikl

Ly . . Ko . | R

Wk = mka (sin ¢y sin 6y cos Py — cos ¢y sin Py ) — mL,’(Z]/k + mLkZ (32)
. Kz, | X

Zp = %cos%cos@k -g- mifzk+ milf

For the position subsystem, taking the fixed-time formation control method in the x;
direction as an example, the coordinate transformation is defined as follows:
N
ka1 = X Ak (Xk —Xj—pp+ Pf) + b (3 — x0 — p§)

= (33)

€12 = Xk — &p1,1

where ¢ 11 represents the formation error, ey 1 » is the virtual error, pi and p}‘ represent
the relative distances that the kth and jth follower UAVs need to maintain with the leader
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UAV, respectively, and the virtual control law to be designed next is denoted by &y 1 1. by
represents the communication weight between the kth follower UAV and the virtual leader.
The Lyapunov function Vj ; 1 is defined by:

Vg = Eeil 1 (34)

Based on (33) and (34), we obtain:

N
Vi1 = (b + Di)exexiz + (b + Diex,1ax1,1 — €1 (Dkxo +) ﬂkj*j) (35)
=1

N
where Dy = ). ay; denotes the in-degree of the kth UAV in the communication topology.

j=1
g 11 is designed as follows:

1 29—1 3 ; N
Q1) =7 (_rk,l,leklg 1 — fra1€i +Dxto+ ) agjX; (36)
by + Dy o v =

where 1,11 > 0and f; 11 > 0 are design parameters.
Based on the system (1) and the actuator failure (15), one has:

Ny 1
My

) _ K1 |

X = (i1 (V)i 1 + i1 (1)) (Ag + Sg) /iy — s (37)
where iy , 1 represents the control input to be determined using the backstepping method.
Then, two functions ¢x1 = (cos ¢y sin by cos Py + sin Py sin Py ) g 1 () /my and ;1 =
(cos ¢y sin By cos Py + sin ¢y sin g )7y 1 (t) / my are defined. According to Assumption 2, vy 1

and ¢y 1 are bounded. Therefore, the boundaries can be determined as ¢;1 = L and

k1
Tt = supo{[ve1]} > 0,6y = infio{cia} > 0.
To reflect the maximum impact of unknown time-varying actuator failures on system

performance, two adaptive parameters ¢y ; and 4y ; are designed. The upper bounds of g; 1
and 1y ; are estimated separately. The estimation errors are expressed as i1 = Gx1 — Ck1
and k1 = Ve1 — Tr1-

Define the Lyapunov function as Vj 1 »:

Gkl 1
G T Yin (38)

1
Viio=Vii1+ €, +
v 1, k1,2 277](,1

2

where 77,1 > 0 and py 1 > 0.
The derivative of Vj 1 » is given by:

. _ . : Sk1 . s
Vi12 =ek1,2(Gk1 k1 + Vi1 + k1 — dx11) + Vi — 7’71;1 Ck1Gk1

. (39)
— — V1Y
Hi1 k1
From the further derivation of (39), one has:
Viro <Vi11 + €126k1ikx1 + Vit €12 | 4 ek12dk1 — €120k
Ek,l (;_. (f 1 ,7 A,)/ (40)
— —=Ck16k1 — — VK1 Vk,
Mk o Hia k1

Unlike most existing event-triggered control strategies based on relative thresholds,
this paper proposes an NM-PAETC strategy that directly calculates the next triggering
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time based on the current system state without the need for continuous monitoring of the
triggering condition. When the control signal changes rapidly, the NM-PAETC shortens
the update interval to ensure system stability and accelerate convergence. Conversely,
as the rate of change of the control signal decreases and the system approaches stability,
the update interval is extended accordingly, significantly reducing the consumption of
communication resources. Therefore, the NM-PAETC strategy is designed as follows:

_ k1
U1 (t) = Vi1 (tlsf’l),i € [tlsf’llts;l) (41)
t];'l + tstep, }\k,l(t) > Mk,1,3
k1
k1 (42)
s+1
@ 1|1 t M .
1y o1 |11 (8)] + kLL Aea(t) < Miss
max{Mj 12, A1(t)}
1
Vi1 (t) = ag1p — 58Kk12 (43)

where ay 1 » represents the virtual control law designed later, 0 < @ < 1and My 17 > 0

are design parameters; t*1 € z* denotes the most recent update time, and t’s(il €zt

represents the next update time calculated based on the current state; tsp is an arbi-

trarily small positive constant; M1, > 0 and Agq(t) = ‘v‘k,m(t)‘ are the rates of

t=t&1
change of the control signal, My 1 3, and Ay 1 (t) is the maximum tolerable growth rate, and
0 < Myi,3 < Mggp.

According to (36) and (37), for t € {tls(’l, tlgil),

V1,1 (F) = 1,1 ()] < @pr |iigen (8)] +

My, can be obtained. Additionally, 11 () = Vk']']l(jr)(:_k ﬁ?;;ﬁ}t’i’l(t), 0 < Gria(t) <1,

0 < Cx12(t) <1 canbe derived. Therefore, we can derive the following:

Ck1€k,1,2%k,x,1 =Gk,18k,1,2 { 12 - 12 — MG () (44)
AR S+ Gp(@kr 214 Epia(@ky) 14 Ckip() @k
According to Lemma 5, one has:
2
Ck1€k,1,28kx,1 SCk1€k,1,28k,1,2 T Ck1 | — e ‘ Mi11%1,2 }
A6k1,2Mkx,1 S6k16k,1,20%,1, , 2
2(1+ fjk,l,z(t)wk,l) 1+ gk,l,Z(t)wk,l (45)
1> 2
SGk1ek12%12 + 58k M1
where ¢, ; = sup{ck1} > 0.
£>0
a1 o is designed as follows
B ek,l,zgi,lai,l,z 46
12 =~ > (46)
\/ €126k %12 Tl
where [ ; > 0is a design parameter.
According to Lemma 6, the following can be obtained:
2 a2 22
S%1%,1,25k,1%,1,2 .
< Gpqlk1 = G q 1Ck18K1,26k,1,2 (47)

Ck1€k120k12 < —
k12561 %12 T
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Based on the definition of {j 1, one has:
= G 16k1RK1,26k,12 — Gy 15k 18K,1,2€K,1,2
= = G Gk1®h1,28k12 — 61 1 ®k1,26k,1,2(Ck1 — Ck1) (48)
~ Gp1GkARK1,26k12 = —Rk1,26k,1,2
Substituting Equation (39) into Equation (40), one has:
Sk1 - 1 1, (49)
= =G (Ck1 — M 18k120k12) — ——Vk1Vk1 + 56k 1 Mi1 1 + 61 lka
Tt ( k11 ) i 5 Sk 11,1 T 6p g
The design of &; ; ; is given as follows:
_ 291 » .
1o =Tk120%0 2 + fe12€h10 + Akt — dk11 + (Ok + Di)ex
(50)
+7k1tanh< klz)
Bra
where 0 < 7,17 and 0 < f; 1, are design parameters.
Substituting (50) into (49) and Lemma 2, one has :
g 2k ~ A _
Viip < — Z 10 kl v Z fr1ver 10 ’7k,1 i1 (Sx1 — Mer@cr 26k1,2) 6 ikka
v=1 ’
1 1 k1,2 - (51)
+ 50k Mi1 1 — — Tk <7k 1~ Mk1€k12 tanh( +0.2785Yk1 Bk 1
2 M1 Bi1
+ e 100k
The two adaptive laws are designed as follows:
U1
le—Ukl“k126k12_£k1€k1_7€k1 (52)
k1
k1,2 N k1 .3
V1 = Hriek12 tanh( ) — 11Tk — 77 (53)
Bra Hia
where ¢ 1 and 1 ; are design parameters.
Substituting Equations (52) and (53) into (51), we obtain:
Speaber (T4
Vk12<_z7’k1v €10 kam 10 T Ck16k1 + — >
vfl A k1 (54)
+7’Yk17k1+ B 51198 + 01 + 1,20k
P Hia
where ;1 = G 1M;,/2+ Siqli1 +0.2785%)1 Bra
Based on Lemmas 3 and 5, one obtains the following results:
q
Ek 1‘€k,1 gk 1€k,1 > gk 1&(,1 >
——Ck16k1 < ——C ¢ + Y, (55)
M RS T R\ 2y R '
L 19 < g2 (lk'l Ti )qﬂm (56)
S T [ T 2y M '
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1
where Y1 = (1 —¢q)g™ 7.
Incorporating the definitions of ¢y ; and 1, and according to Lemma 5, one has:

=4 =4
Sl . 4 ( ) ( 1 )2 S t1Gk1 36, 1tk1Gkq
k1 Gil4-9 - ’ : : 57
et k161 =~ pkl 21k gkl i 127, " 4771041 7
2 ~4 3 4

k1 . .3 % 1 1Tk 1Yk
2 ’Yk,lr}/k,l <- <4lk,l - 9lk,1pk,1 'Ykl + 2 + 2 14 (58)

k1 24k 12p, 4104

Substituting (55)—(58) into (54), one obtains:

gkllngNz 1
Vk12<_2”k1v Klo ka1v€k10+5k1 2 Ck1

v=1 v=

—c la(4-907 Lo\ (g (59)
Sk1tk1 Pk 21 5 5k1 2rr Yk
4 1 2 .
— (4lk,1 — 9lk,1P;§,1) (2 e Tk 1) + ex,1,20k1

liq G, b1t 36, L 1Ch U1Te 3.7
Gl o Stk 5k Sk1KIOk1 | 1 52 k1 Tkl k1Kl
where 61 = e Ck1 + 12,7]%] 4;7]%'1,0‘]:1 - i Tie1 12#;2(/1 + 4?‘%,1!’21

According to Lemma 4, one obtains:

’

+ 0k 1

. 21, \' 21, \° G o \7 )
Vit <—¥r11| Y %10 | D11| Y %10 | ~ Fi1, (2171;1 §k,1) + e 1,20k

v=1 v=1 ,

2 q 2
Q lk,l 2
- q’k,l,z 2’7 Gk 1 - 11fk,l,s 2;4 - q>k,1,3 21 k, + ‘Sk,l

_ . _ _ 4 o
where ¥ 1, = 21 mln{rku,fklz} Yi12 = 1 Yers = 4, Prin = 2min{ fi11, fi12},

(60)

4l — 9éklpk1 4
Dp12 = BT D15 = 4tk1 — k107 1 -

According to Section 3, define T; = maxi—1 _n(Ty,4), such that while t > Ty, di, = 0

v=1,...,.6

holds, thereby ek,v,2d~k,v = 0 holds.
For the kth UAYV, choose the control-related Lyapunov function as

6
c = Z Vk,v,Z (61)
v=1

Combining the Lyapunov inequalities of the six subsystems, and using Lemma 4,
for t > T;, one has
Vie < chch Dy Vi + O (62)

6
where & = ¥ 8o, i = ming_1, Vi and O = tming_y,  6Ps o
-1

=
Furthermore, define the total control-related Lyapunov function of the multi-UAV
formation system as

N
=Y Vic (63)
k=1
Then, for t > Ty, it follows that

VC S _IYCch - CDCVCZ + 5(: (64)
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N 6
k=1, ,N; k=1,.,N;
where 6. = k§1 v; O v, Yo = min v:l’,..'.{\é"Pk,v and ®. = ggmin v:i,..’.{g'q)k,v
According to Lemma 1, the control-related closed-loop signals are practically fixed-

time stable after T;. The convergence time of the controller stage satisfies

1 1
<
Te=g50=9 " o0 (65)

where ¢ is an uncertain constant satisfying 0 < ¢ < 1. Therefore, the total convergence
time of the closed-loop formation system satisfies Ts < Ty + 1.

4.2. Stability Analysis

Theorem 1. Under the conditions of Assumptions 1-5, by using the fixed-time disturbance observer
in Section 3, control laws (36), (43), (46), (50), adaptive laws (52) and (53), and the NM-PAETC
scheme (41)—(43), it can be ensured that all closed-loop signals of the multi-UAV system, subject
to time-varying actuator failures, remain bounded, and all follower UAV's can form and maintain
formation within a total fixed time. In addition, Zeno behavior is effectively prevented.

Proof of Theorem 1. According to the observer stability analysis in Section 3, for each
k=1,2,...,Nandv = 1,2,...,6, the auxiliary variable ¢; ,, converges to zero within a
fixed time Tj ;, 4. Define T; = mﬂxki,::l{','f_’fg;Tk,v,d- Then, for t > T, one has Pr, = 0, ¢, = 0.
By the equivalent injection principle, the disturbance estimate satisfies dj ,, = dj , and
hence d~k,v =diy — dAk,v =0.
For t > Ty, the disturbance estimation error term in the control Lyapunov analysis
satisfies ekﬂ,’zafkm = 0. Therefore, the closed-loop Lyapunov derivative can be written as

Ve < -V - @ V2 + 6, (66)
According to Lemma 1, the closed-loop formation system is practically fixed-time
stable after the observer settling time. The controller-stage settling time satisfies

1 1
91—q) D0 67)

T. <
c,\PC

where ¢ is an uncertain constant satisfying 0 < ¢ < 1.
Thus, the total convergence time T; satisfies

T, <Ty+Te (68)

The compact residual set is given by

Ve(xe) < min{ <(1 _‘5;)%) %, <(1 —529)4%) %} (69)

where Xc = {ek,z;,lr Ck,0,2/ gk,v/ '7k,v } .
Since the upper bounds T; and T, do not depend on the initial conditions, the total

Oc = xc

convergence time is independent of the initial conditions. From the definition of V, ,
the variables ey ,, 1, € 2, Z ko and ¥y , are bounded. In addition, since the observer errors
are fixed-time convergent and the adaptive parameters are bounded, all closed-loop signals
remain bounded.

To demonstrate that the proposed NM-PAETC scheme excludes Zeno behavior, it is
necessary to prove that the inter-event interval has a strictly positive lower bound.
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Define the triggering error as

eu(t) = Vo1 (t) — ko1 (t) (70)

where vy 1 (t) denotes the continuously evolving control signal, and iy ,, 1 (t) represents
the sampled-and-held control input.
According to the event-triggering mechanism, the control input remains constant over

the interval t € [t7, t’;’fr’l), such that @y ;1 (1) = Vg1 (£57) holds.

Therefore, at the triggering instant, one has

e (t’S"”) —0 71)

Since the sampled control signal remains constant during the holding interval,

Uk () =0 (72)

Thus, the derivative of the triggering error becomes

éu(t) = Vg (t) (73)

Taking absolute values yields

leu(t)] = |Vkon(t)] (74)

From the controller definition, the following can be obtained:

1
Vkol = &2 — Eek,v,Z (75)
. . 1,
Vkol = &2 — Eek,v,Z (76)

According to the Lyapunov stability analysis in Theorem 1, all closed-loop signals
remain bounded. Therefore, there exists a positive constant 7 , ; satisfying |Vk,v,1(t)’ <

17k,v,l-
Integrating the triggering error dynamics over the interval [£7, {] yields

t
eu(t) = eu(t) + |, Vkor(D)dT (77)

Since e, (%) = 0, one obtains
t
eu(t) = [, Vhon (V)T (78)
Applying the triangle inequality leads to
t
e < [, [roa(0)ldr (79)

Substituting the boundedness condition gives

lew(t)] < Vkp1 <f - flsf’v) (80)
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According to the triggering condition, at the next triggering instant
eu(tf’fﬁ’ = W g1 (F) | + My (81)
Combining the above expressions yields
Vko,1 (tls(’fl - t’;’v) > @ |lio1 (E) | + Mion (82)
Hence, one has .
tlsffl ko > Wk oltg01 (F)] + My o1 (83)

17k,v,l

wk,vlﬁk,v,l(t)‘+Mk,v,l > 0 Thus
Vk0,1 : ’

— t%% > 0 holds. Therefore, the inter-event interval possesses a strictly positive

Since wiy > 0, M1 > 0,7k,1 < 00, it follows that

kv _ ko
b =100
lower bound, implying that infinitely many triggering events cannot occur within a finite

time interval. Hence, Zeno behavior is successfully excluded. [

5. Simulation and Results

This section explores a formation tracking control study, where three follower UAVs
track a virtual leader UAV, aiming to evaluate the effectiveness of the control method
proposed in this paper. The communication topology among the UAVs is shown in Figure 2,
with the virtual leader UAV labeled as 0’ and the follower UAVs labeled ‘17, '2’, and '3’.

Figure 2. System communication topology structure diagram.

To comprehensively evaluate the proposed NM-PAETC mechanism, the simulation
validation was designed under three distinct operational scenarios: (1) Normal Opera-
tion: The multi-UAV system operated under nominal conditions for the first 5 s to es-
tablish and maintain the desired formation; (2) Compound Fault and Disturbance Injec-
tion: After 5 s, time-varying actuator faults and external unknown disturbances were
simultaneously injected to rigorously test the fault-tolerant and disturbance rejection ca-
pabilities; (3) Communication-Constrained Validation: Under these faulty conditions,
the communication-saving effectiveness of the NM-PAETC mechanism was validated by
comparing its trigger events with a traditional continuous-time mechanism.

Remark 2. In this section, the numerical calculations were performed using ODE45 solver in
MATLAB (2022b) with a fixed simulation step size of 0.01 s. Furthermore, the multi-UAV system
operated normally for the first 5 s to establish the desired formation, after which time-varying
actuator faults and external unknown disturbances were simultaneously injected to rigorously
evaluate the fault-tolerant performance and disturbance resilience capabilities of the proposed NM-
PAETC mechanism.
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The developed adaptive event-triggered control method was as follows:
1 29-1 3 ) 1 N
A1 =———— | —Trg16, 61 — frs1€raq )| + ————— | DiXo + Ao X 84
k31 =D, ( kS1Cs1 — feS1Csn b + Dy \ DK ggl kgXg (84)
_ _ 2q—1 3 dA s b D
MeS2 =TkS26 50 T frs26ks0 ks — dksa + (b + Di)ers
€k (85)
+ '?k,% tanh (k’\s’z >
Brs
A - A kS 23
Cks = Mko®s.20k32 — liabes — =Gy (86)
S
A ah €S2 N S o3
TS = Mk 32 ta — 3 TeS — Tes (87)
Brs i,
22 =2
Ek,@,zg ~ ~
B0 = — e (3= 1,2,3) (88)
\/ ¢328k s, Tlis
k, ko ok
ko1(t) = Vio1 (ts v),t € [ts ° tsfl) (89)
k1 /\ M
ts + tstep/ k,v(t) > k0,3
kv
o — (90)
s+1 _
ko | kool ()] + Migq i <
ts 2 ’ k,v(t> = Mk,v,3
maX{Mk,v,Zl k,v(t)}
1
Vk,o,1 (t) = Q&kp2 — Eek,v,Z (91)
MR1 = —TeRekR1 — foreerl T Pra(R =4,5,6) (92)
T pek 2 263 pits
kR 25K RY Kk, R,2
X R2 = — > > 7 > (p =12, 3) (93)
\/ en 2k nFin2 Tln
_ 2q—1 2 . — N
Qg3 2 :7’k,§R,25k,q§R,2 + firating +en1 T dew — dp1 + 1 ko Fin tanh< (94)
A o _ / A Ek,% 3
Ck® = Mk pbk R 26k %2 — Lo RChR — %Qk,gfa (95)
Yer =I""% ﬂk%ﬁeké)?ztanh<€k'm) — rFYer — [kﬁ”ﬁm (96)
s SOk, Ry ” ,Bk,§R , , iR k,

1, t < 5s

It (1) =
=905, 0.5¢-05(t-5) > 5g

The actuator operates normally for 5 s, and the failure model after 5 s was given by:

97)
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Or t < 5s

1 (t) =
k1(t) 0.4+ 04e-05(-5) ¢ > 5g

(98)

Assuming the required attitude angles to satisfy Equation (1) are ¢ 4,0 4, and ¢y 4, it
is necessary to solve for 8y and ¢y to achieve tracking of 6 ; and ¥y 5. Based on the state
equations of the position subsystem, the auxiliary position controller can be derived as

Ux = G181 + T Uky = Ck2llky1 + Tk and gz = Catlkz1 + Vi 3-

hiq(t)it Ty 1 (t . . .

Upy = %}w (cos ¢y sin B cos Py + sin ¢y sin Py,
Ny o (B)idg 1 +hg o (¢ . . .

Uy = %k“() (sin ¢y sin O cos Py — cos ¢y sin Py 99)
his(t)id Ty s (t

uk,Z — %]j—kﬁ() coS (Pk CcOS Gk — g

Using sin?(-) + cos?(+) = 1and (99), uy1 and the desired target states ¢ 4 and 6 4 can
be expressed as follows:

2
U1 = mk\/u%,x + ”%,y + (U2 +8)
Pr.q = arcsin( 7 (uk,xSin(BUk,d) - Mk,yCOS(IPk,d))) (100)

6 4 = arctan ul::’jrg (uk,xcos(lpk,d) + uk,ysin(lpkld)>>

In the example validation, the parameter design for QUAVs was as follows (sim-
ilar to [14]): mj = 2 kg, Kk,l = Kk,z = Kk,S = 0.01 N-s/m, Kk,4 = Kk’5 = Kk,6 =
0.001 N -s/(rad -m), X1 = 0.5sin(t) + 0.5sin(xx) N, Xy, = 0.5sin(t) + 0.5sin(yx) N
N3 = 0.5sin(t) + 0.5sin(z)N, I, = 1.5 N-s?/rad, R4 = 0.5sin(t) + 0.5sin(6;)N
Iy = 15 N-s?/rad, R 5 = 0.5sin(t) + 05sin(¢;)N, I, = 1.5 N-s?/rad, N =
0.5sin(t) + 0.5sin(¢x)N, g = ¥/5.

o K X Kia
The composite disturbances were denoted as dy; = —Lx + 2, dp = —mifyk +
Nkz K3 Nks i Ty —Ikz Kk4 Nk4 i LI, K5
ks = =24+ 52, gy = O 7 — TG+ 2, dys = <PklPk Zlkj et
N )1 “x X
ﬁ, die = Prbr = Iz _ k64> + 1L The controller parameters werery11 =111 = 0.1,

Iy
fk,;,l fion =5, r1,3,1 4, f 1,3,1 =2, rpp =15 fi12= fip0 =220, fi33 =065,
"a1=nrs51="e61 = 2, fia1=hfisn=fien = 15, nap=risa=riep=1
fiaz = fis2 = fiep =40, i1 =1 (k = 2,3;] = 1,2), ni31 = fiz1 =2, k2 =2,
fri2 =225, frap =210, fr3o =60, rip; =0.1(k=2,3,E=4,5), frp1 =230, rpe; =2
(k =2,3,] =4, 5)/fk,6,1 =20, Tke2 = 20, fkr6/2 = 35, ki1 = 0.001, Kkll = 0.001, Mkl = 0.01,
Br1 =001, 111 =1,Ik11 =001, k1 = 13, kg0 = 0.01, K 3 = 11, kg, 4 = 10. The sys-
tem’s initial states and attitude are shown in Table 2.

The simulation results are shown in Figures 3-8; Figure 3 illustrates the trajectory of
three QUAVSs following the virtual leader. The multi-UAV system operated normally during
the first 0.5 s, achieving a linear formation and following the predetermined trajectory.
After 5s, even with time-varying failures occurring in each UAV, the system maintained
the linear formation and continued to follow the designated path. Figure 4 illustrate the
system outputs, where the positions of each UAV in the different directions successfully
formed the required formation.
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Table 2. Initial states of UAVs.
Translational Initial States
Case x1(0) x,2(0) Yk1(0) Yk,2(0) zi,1(0) zk,2(0)
UAV 1 25m 0Om/s 8.9 m Om/s Om Om/s
UAV 2 3.6m 0Om/s 9.8 m 0m/s 0Om Om/s
UAV 3 47 m 0Om/s 10.9 m Om/s 0Om Om/s
Rotational Initial States
Case #x(0) wy,4(0) 0x(0) wyp(0) ¥ (0) wy,y(0)
UAV 1 0.1 rad Orad/s 0.1 rad Orad/s 0.4 rad Orad/s
UAV 2 0.1 rad Orad/s 0.1 rad Orad/s 0.4 rad Orad/s
UAV 3 0.1rad Orad/s 0.1 rad Orad/s 0.4 rad Orad/s
100
N 50
0L
-10
Figure 3.
15 15 Ep—— 150 71071‘;11 ™
10F 10 4 7
. . 100 ) _
- 0 10 Tm:j(g) 20 25 30 - 0 5 10 T”::(s) 20 25 30 0 5 10 T”:eS(s) 20 25 30
(a) (b) (c)

Figure 4. Position control of follower UAVs in the presence of actuator faults. (a) Formation tracking
trajectory in the x direction. (b) Formation tracking trajectory in the y direction. (c¢) Formation
tracking trajectory in the z direction.

Additionally, the angles necessary to ensure system formation and stability were
derived from Equation (100) and tracked accordingly. Figure 5a,c,e represent formation
errors. Figure 5b,d,f show that the derived angles closely align with the ideal angles, thus
confirming the feasibility of the proposed derivation method. The system’s formation error
can be maintained within a range of £5% within 1 s, while the angle tracking error can
similarly be kept within a range of £0.05 rad\s within 0.5 s. The system’s position and
attitude are precisely controlled, which also highlights the advantages of using fixed-time
control methods.
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(f) Attitude tracking errors ¢3, 03 and 3

Figure 5. Position and attitude tracking errors of the follower UAVs.

The external disturbances and the observer’s measurements of the system are shown
in Figure 6. The observer effectively estimates external disturbances within approximately
0.5 s, with the resulting estimation errors remaining within acceptable limits. It is capable of
estimating and compensating for external disturbances effectively, thereby eliminating their
impact on the system and significantly enhancing its disturbance resistance. The application
of the observer leads to a reduction in the system'’s position formation error and reference
angle tracking error. Unlike relying solely on the robustness of the controller to address
external disturbances, the system with the fixed-time disturbance observer can effectively
counteract external disturbances, enabling the proposed control method to better handle
variations in disturbances and maintain the stability and precision of formation flight.

Figure 7 illustrates the control signals of each actuator. It can be observed that the fault
occurs after 5 s, with a significant discrepancy between the actuator’s input and output.
The red line represents the output control signal of the faulty actuator, highlighting the
impact of the fault on system performance. However, the designed controller quickly
mitigates these effects, ensuring rapid recovery of formation control while keeping the
formation error within the allowable range.
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Figure 6. Disturbance observation errors of the follower UAVs.

Figure 8 shows the trigger interval times under the NM-PAETC mechanism, with the
fixed step size of 0.01 s chosen in the experiment. The bandwidth resource saving rate
was calculated by the ratio of the reduced number of trigger events to the number of
triggers required by the continuous-time control method. While achieving bandwidth
savings, the system maintains stable formation control, with the desired attitude angles
closely matching the actual attitude angles. Clearly, the proposed NM-PAETC method not
only effectively reduces communication resource consumption but also ensures formation
control of the quadrotor UAVs under ideal attitude angles. Additionally, the detailed
triggering data and the percentage of bandwidth savings are shown in Table 3.

To further clarify the novelty and practical advantages of the proposed method, Table 4
presents comparisons with representative studies cited in this manuscript. Existing studies
mainly focus on specific aspects, such as actuator fault compensation [5], disturbance obser-
vation [14,16], or event-triggered communication strategies [13,18]. However, only limited
attention has been given to simultaneously integrating actuator fault accommodation,
fixed-time disturbance estimation, adaptive event-triggered communication, and Zeno-free
guarantees into a unified framework. Compared with existing methods, the proposed ap-
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proach combines a fixed-time disturbance observer with the NM-PAETC mechanism, while
accounting for time-varying actuator failures and communication constraints. Furthermore,

the proposed control scheme does not require online optimization or iterative numeri-

cal procedures, which reduces computational burden and enhances practical real-time

applicability.
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Figure 7. Control signals following actuator failures for follower UAVs.

Table 3. Table of event triggers for each UAV.

Item Actuator 1 Actuator 2 Actuator 3

CTTM 3000 3000 3000
Percentage / / /

UAV 1 1549 1438 1200
Percentage 48% 52% 60%

UAV 2 1276 1145 1071
Percentage 58% 62% 64%

UAV 3 1314 1222 940
Percentage 56% 59% 69%

Table 4. Comparison with representative existing studies.
Ref Actuator Disturbance Fixed- Event- Zeno- Online
) Fault Observer Time Triggered Free Requirement
[5] v X v X X X

[13] v v X v X X

https://doi.org/10.3390/act15070366


https://doi.org/10.3390/act15070366

Actuators 2026, 15, 366

22 of 25
Table 4. Cont.
Ref Actuator Disturbance Fixed- Event- Zeno- Online
) Fault Observer Time Triggered Free Requirement

[14] v v X X X

[16] X v v X X X

[18] X v X v X X

[29] v X v X X X
Proposed v v v v v X
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Figure 8. Update interval of control signals for the follower UAVs.

Remark 3. To further clarify the methodological advantages of the proposed control scheme, a com-
parison with representative finite/fixed-time observer-based and adaptive/NN-based FTC methods is
provided. Existing finite-time observer-based methods can estimate unknown disturbances within a
finite time, but their convergence time is generally related to the initial estimation error. Fixed-time
observer-based methods improve this issue, although they are often not simultaneously combined
with adaptive event-triggered communication and actuator fault compensation. In addition, adaptive
or NN-based FTC methods can compensate for unknown nonlinearities and actuator faults, but they
usually introduce additional adaptive parameters or neural network weights, which may increase the
online computational burden. In contrast, the proposed method integrates fixed-time disturbance ob-
servation, adaptive compensation for time-varying actuator faults, and the NM-PAETC mechanism
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into a unified framework. Therefore, the proposed control scheme can ensure fixed-time convergence,
reduce communication resource consumption, and avoid Zeno behavior without relying on online
optimization or complex NN approximation structures.

From the simulation results presented above, the theoretical analysis is validated,
demonstrating that stable formation control in quadrotor UAVs can be achieved within a
fixed time, even under time-varying actuator failures.

6. Conclusions

This work presented a periodic adaptive event-triggered fixed-time fault-tolerant
control method for QUAYV systems, effectively addressing the challenges of actuator faults,
unknown external disturbances, and limited communication resources. Theoretical analysis
confirmed that: (1) time-varying actuator faults were accurately estimated and compen-
sated; (2) both system and observer errors converged within a fixed time; (3) the communi-
cation burden was notably reduced, enabling the QUAV to maintain formation control at
the desired attitude angles while avoiding Zeno behavior. The effectiveness of the proposed
method was further validated through simulation results. Furthermore, extending the
proposed control framework and the NM-PAETC mechanism to other multi-rotor UAV
configurations with redundant actuators would be a highly interesting direction for our
future research.
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