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Abstract
This paper studies a distributed fixed-time dynamic event-triggered formation control framework for a group of
hypersonic gliding vehicles (GHGVs) suffering from internal uncertainties and non-affine properties. The main
challenge is strong coupling of non-affine nonlinear dynamic with hypervelocity characteristics and multi-source
uncertainties make it difficult to design the control protocol. Firstly, by integrating the distributed consensus con-
trol strategy, fractional order control theory and dynamic event-triggered mechanism, a framework of fixed-time
formation control for GHGVs system is constructed. Secondly, to mitigate the issue of ‘explosion of complexity’
(EI), a fixed-time command filter (FCF) is proposed and a compensative strategy is formulated to tackle the impact
of filtering errors. Thirdly, an additional auxiliary differential equation (ADE) is developed to decouple the con-
trol input from the status variable. Several radial base function neural networks (RBFNN) are utilised to handle
the unknown internal uncertainties. Furthermore, a unique dynamic event-triggered mechanism (DTEM) is intro-
duced for each follower, facilitating seamless transitions between two distinct dynamic threshold strategies. Analysis
based on Lyapunov function illustrates that the output tracking error of followers exponentially converges to a small
range within a fixed time, and Zeno behaviour is prevented. Finally, several numerical simulations are presented to
demonstrate the practicability and meliority of the suggested approach.

Nomenclature
HGVs hypersonic gliding vehicles
GHGVs group of hypersonic gliding vehicles
MAS multi-agent system
RBFNNs radial basis function neural networks
UAV unmanned aerial vehicle
ETM event-triggered mechanism
SPFTS semi-global practical fixed-time stability
DITV dynamic internal trigger variable
GHCVs group of hypersonic cruise vehicles

C© The Author(s), 2025. Published by Cambridge University Press on behalf of Royal Aeronautical Society.

https://doi.org/10.1017/aer.2025.10066 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2025.10066
https://orcid.org/0009-0006-5484-936X
mailto:wangzheng0905@nwpu.edu.cn
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/aer.2025.10066&domain=pdf
https://doi.org/10.1017/aer.2025.10066


The Aeronautical Journal 167

GHBGVs group of hypersonic boost-glide vehicles
ADE auxiliary differential equation
EI explosion of complexity
FCF fixed-time command filter
DETM dynamic event-triggered mechanism

1.0 Introduction
Nowadays hypersonic gliding vehicles (HGVs) have emerged as a significant research focus in aerospace
engineering, driven by their capacity for multi-domain operations, superior manoeuverability across
velocity regimes and mission-critical attributes including precision strike capabilities, extended oper-
ational ranges and hypersonic-speed performance [1, 2]. However, successive development of defense
system has resulted in a significant reduction in the operational effectiveness and penetrating capability
of single HGV. In the years to come, groups of hypersonic gliding vehicles (GHGVs) collaborate in a
group format will be more compatible with saturation attacks and coordinated anti-jamming.

The basic theory for GHGVs formation flight is consensus control [3, 4] for the multi-agent system
(MAS). There is a lot of research from various perspectives, such as time varying formation control,
adaptive neural network control [5] and distributed coordinated control [6]. While consensus control
architectures have achieved notable success in small-scale unmanned aerial vehciles (UAVs) operating
at subsonic regimes [7], this control paradigm remains underutilised for HGV clusters due to three
fundamental challenges:

1. Different from simple motion model of UAVs, the system dynamic equation of HGVs is fast time
varying, highly nonlinear, strongly coupled and subjected to unknown inherent uncertainties.

2. In contrast to multi-UAV flying in formation, HGV cannot perform constant altitude and steady
velocity. In the meantime, thrust considered to be unavailable means the energy dissipation
process of a multi-HGV system is irreversible and has a single direction of motion.

3. Compared with UAV missions, HGVs usually glide in formation for a longer time. Although
continuous time-based sampling can effectively ensure the real-time update of the control pro-
tocol, redundant sampling data may be generated, which will result in unnecessary information
transmission and waste of system computing resources.

Hence, the pressing need to optimise communication resource utilisation while bolstering the control
performance of GHGVs, amidst the intricate interplay of time sensitivity and internal uncertainties,
stands as a pivotal research frontier and the driving force behind this paper.

Neural networks’ ability to approximate unknown functions has led to the development of several
adaptive neural methods in recent years [8, 9]. These strategies excel in handling multi-agent systems
with uncertainties, outperforming traditional centralised control in practicality. Yet, they all rely on
non-finite time for controller design, meaning convergence occurs as time approaches infinity. As is
well-known, the convergence rate stands as a paramount benchmark for evaluating the proficiency of
leader-follower consensus control in MAS. Among the elite methodologies designed to propel this rate,
fixed-time technology has emerged as a preeminent solution, finding extensive application across various
MAS. Distinct from finite-time technology, fixed-time technology exhibits an unparalleled capacity to
dramatically accelerate the convergence rate of nonlinear MAS, transcending the limitations imposed by
the initial states of both individual agents and their interconnected peers. Research on fixed-time tracking
consensus for MAS of different orders is documented in Ref. (10). Inspired by Ref. (11), Fu and Wang
[12] refined the control algorithm for second-order MAS, while Refs (13, 14) proposed fixed-time adap-
tive schemes for nonlinear systems. Additionally, Ref. (15) investigated observer-based adaptive control
for second-order MAS. These adaptive approaches significantly impact MAS control, but traditional
methods only ensure convergence within an unknown interval near zero, making asymptotic stability
challenging to achieve in nonlinear systems. What’s more, the above results stem from simplified dynam-
ics models of MAS. Addressing the formation control of multiple high-altitude, long-endurance vehicles
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necessitates considering additional factors due to their unique flight dynamics and environments, such as
high nonlinearity, unavailable thrust, rapidly changing velocities, non-affine properties and multi-source
uncertainties. Given the promising findings from the prior analysis, it is crucial to devise a formation
control algorithm for the GHGVs system that ensures rapid and highly precise fixed-time convergence.

It is imperative to note that the study proposes distributed fixed-time control protocols based on
the time-triggered mechanism [16–18], an approach that inherently increases communication overhead
and induces inefficient utilisation of communication resources. In contrast to time-triggered strategies,
the event-triggered mechanism (ETM) incorporates predetermined trigger conditions to regulate data
transmission necessity, thereby substantially reducing communication costs. This methodology demon-
strates significant improvements in achieving consensus control for MAS [19–21]. Notably, Zhan and
colleagues devised a fixed-time static switching ETM controller tailored for nonlinear systems, lever-
aging radial basis functional neural networks (RBFNNs) to approximate unknown nonlinearities with
precision [22]. Similarly, Zhu and his team concurrently engineered a finite-time distributed controller
and an ETM for MAS, successfully implementing consensus tracking within the system [23]. Wang et
al. further delved into the consensus control of networked MAS, proposing a fixed-time ETM control
strategy that incorporates a comparative threshold method to guarantee semi-global practical fixed-time
stability (SPFTS) of the system [24]. These advancements demonstrate the superiority and efficiency of
ETM over traditional time-triggered methods in the realm of MAS consensus control. Nevertheless, the
aforementioned ETMs overlook the design of a dynamic internal trigger variable (DITV), resulting in
suboptimal dynamic performance in threshold adjustment.

Based on the above theoretical research and engineering application value, the main challenge of
developing a distributed consensus control protocol for GHGVs is the strong coupling of non-affine
non-linear dynamic with hypervelocity characteristics and multi-source uncertainties. To address this
problem, this paper presents a fixed-time dynamic event-triggered formation control framework. The
crucial achievements can be stated as follows:

• Different from simple dynamic model of UAVs applied in Khodaverdian et al. [25], this is the
first RBFNN-based fixed-time controller for GHGVs applying non-affine non-linear dynamic
coupled with hypervelocity characteristics and multi-source uncertainties. The control model
integrates a fixed-time command filter, auxiliary differential equation and adaptive uncertainty
compensating laws.

• A novel adaptive distributed fixed-time control framework utilising DETM is devised for GHGVs
under directed graphs. In contrast to Du [26] and Cui [27], the control protocol designed in
this paper can adaptively adjust the update frequency, exhibits faster convergence rate while
conserving the communication resources.

• This paper outlines a design blueprint of distributed fixed-time adaptive controller based on
dynamic event-triggered, presenting a versatile model applicable to both GHCVs and group of
hypersonic boost-glide vehicles (GHBGVs).

2.0 Problem Formulation and Preliminaries
2.1 Hypersonic gliding vehicle model
By ignoring the rotation and curvature of the Earth, we describe the three-degree-of-freedom point-mass
equations of re-entry flight phase for GHGVs as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

ẋi = Vicosθicosσi

ẏi = Visinθi

żi = Vicosθisinσi

V̇i = −CDi ρiV2
i Si

2mi
− gsinθi,

θ̇i = CLi ρiViSicosυi

2mi
− g

Vi
cosθi

σ̇i = CLi ρiViSisinυi

2micosθi

(1)
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where i = 0 represents the HGV as a leader, and i = 1, 2, · · · , K represent the HGVs as followers; Vi

is the velocity; θi is the flight path angle; σi represents the heading angle; xi, yi, zi stand for the position
in the ground coordinate system; υi is the bank angle; mi means the mass, Si means the reference area;
g represents the gravitational acceleration; ρi represents dimensional atmospheric density, denoted by
ρi = ρ0e

− hi
HMCP , where hi = yi, ρ0 = 1.225, HMCP = 7100. The terms CDi and CLi are designated to denote

the coefficients of lift and drag described as CLi = Cα
Li
αi, CDi = C

α2
i

Di
α2

i + Cαi
Di
αi + C0

Di
+ Cδe

Di
δe,i, where δe,i

is the deflection angle of speed brake; αi is the angle-of-attack; υi is the bank angle; Cα
Li

, C
α2

i
Di

, Cαi
Di

, C0
Di

,
and Cδe

Di
are known coefficients.

To ensure the validity of the established motion model,the following fundamental assumptions are
introduced:

Assumption 1. The hypersonic vehicle cluster operates under a constrained flight duration not exceed-
ing 300 seconds, and all vehicles maintain operational altitudes within the stratified atmospheric band
of 20 kilometers to 60 kilometers throughout the mission profile.

Assumption 2. (quasi-equilibrium glide trajectory): It is postulated that all hypersonic vehicles within
the cluster adhere to quasi-equilibrium glide trajectories throughout the flight phase under considera-
tion. This implies that the cluster formation is subject to a strict altitude stability criterion that actively
suppresses potential phugoid-mode oscillations or altitude skipping phenomena.

Assumption 3. The group of HGVs clusters is homogeneous, which indicates that each cluster possesses
similar aerodynamic performance

Define state variables as � i,1 = [xi, yi, zi

]T , � i,2 = [Vi, θi, σi]
T , control input as ui =[−δe,i, CL,icosυi, CL,isinυi

]T , then the actual control signal can be inversely solved by (2)

υi = arctan
(ui(3)

ui(2)

)
, αi = ui(2)

cosυi

, δe,i =
−ui(1) −

(
C
α2

i
Di
α2

i + Cαi
Di
αi + C0

Di

)
Cδe

Di

(2)

Considering the effects of uncertainties and disturbances to which the system is subjected in
engineering practice, we obtain the time-based non-affine nonlinear system:⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

�̇ i,1 = �i,1

( −
� i,2

)
+��i,1

(
� i,1

)
�̇ i,2 = �i

( −
� i,2

)
+ �i,2

( −
� i,2, ui

)
+��i,2

(
� i,1

)
,

ωi = � i,1

(3)

where
−
� i,j = � i,1, · · · , � i,j; �i is known nonlinear function; �i,1 and �i,2 are known non-affine items;

��i,1 and ��i,2 stand for unknown internal uncertainties; ωi is the system output of the i − th follower.
The following assumptions and lemmas are put forward, which will be utilised soon afterwards.

Assumption 4. To avoid singularities, the flight path angle of HGVs should be at
[
0, π/2).

Assumption 5. For functions in non-affine form, there is positive lower bound �
−

and upper bound
−
�

satisfying the following form

0<�
−
≤||

∂�i,j

( −
� i,j+1

)
∂� i

||≤ −
�<∞ (4)
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Lemma 1. [27] For any positive constants p1,p2 and χa, it produces

|x1|p1 |x2|p2≤ p1χa

p1 + p2

|x1|p1+p2 + p2χ
−p1
p2

a

p1 + p2

|x2|p1+p2 , (5)

Lemma 2. [27] For any x2 ≤ x1,x3 ≥ 0,x4 > 0 and p> 0, it yields{
x1+p

2 − x1+p
1 ≤(x1 − x2)1+p

xp
3(x4 − x3)≤ x1+p

4 −x1+p
3

1+p

(6)

Lemma 3. [28] For any ζ > 0 and x ∈R, we have

0≤ |x| − x tanh
(

x

ζ

)
≤ιζ (7)

where ι is a constant satisfying ι= e−(ι+1), ι= 0.2785.

Lemma 4. [29] For any x ∈R,μ ∈R
+, we have

|x| − x2

√
x2 +μ2

≤μ (8)

Lemma 5. For any matrix X ∈R
m×1 and positive parameter τ meeting 0< τ < 1, there exists

−τX≤τ [∣∣Xi,1

∣∣ ,
∣∣Xi,2

∣∣ , · · · ,
∣∣Xm,1

∣∣]T (9)

2.2 Graph theory
In the MAS, a communication network between agents is described by a graphR= (V , ε, A), whereV =
{1, 2, . . . , n} is set of nonempty nodes, ε = {(ni, nj

)} ∈ V × V represents the set of edges, A= [aij

] ∈
R

n×n is adjacency matrix. If
(
ni, nj

) ∈ ε, aij > 0, then the agent i can pass information to agent j. If(
ni, nj

)
/∈ ε, then aij = 0. Assume that agents do not have access to information about themselves, which

means aii = 0. For undirected graphs, the adjacency matrix exhibits symmetry implying aij = aji > 0.
For directed graph, the adjacency matrix is asymmetric.

Definition 1. If there exists a path between any two nodes ni,nj, the undirected graph R is connected.

The degree matrix P = diag (pi) ∈ Rn×n of graph R represents the sum of the outdegree and indegree
of a node. Note that P is a diagonal array and the diagonal elements are pi =∑j∈Ni

aij, i = 1, 2, . . . , n.
Define the Laplacian matrix as L=P −A, we have

Lij =
{∑

j∈ni

aij, i = j

−aij, i �= j.
(10)

Consider the information sharing between leaders and followers to be unidirectional, i.e. the leaders
can pass information to the followers, but the followers’ information cannot influence the leaders. Define
D = diag (d1, d2, . . . , dn), note that di = 1 when followers can get information from the leader, otherwise
di = 0. Denote H=L+D as the communication topology matrix, which represents the information
transmission relation between leaders and followers. When at least one follower can get information
from the leader and the undirected graph is connected, H>> 0.

2.3 Fixed-time theory

Lemma 6. [30] Regarding a dynamic system �̇ (t)= χ (�, t),� (0)=�0, if the Lyapunov function L (x)
is positive definite meeting

L̇ (x)≤ − c1L (x)− c2Lp (x)− c3Lq (x)+ δa (11)

https://doi.org/10.1017/aer.2025.10066 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2025.10066


The Aeronautical Journal 171

where c1,c2,c3 are positive constants, 0< δa <+∞, p and q are odd numbers meeting 0< p< 1, q> 1.
Then the system exhibits semi-global practical fixed-time stability, with the residual set of the solution
fulfills

x ∈
{

x |L( x)≤min

{
δa

(1 −�ε)c1

(
δa

(1 −�ε)c2

) 1
p
(

δa

(1 −�ε)c3

) 1
q

}}
(12)

where �ε is a constant satisfying 0<�ε < 1. Then the calculation of the settling time is performed as
below

Ts≤max

⎧⎨⎩ ln
(

1 + c1
�εc2

)
c1(1 − p)

,
ln
(

1 + �εc1
c2

)
�εc1(1 − p)

⎫⎬⎭+ max

⎧⎨⎩ ln
(

1 + c1
�εc3

)
c1(q − 1)

,
ln
(

1 + �εc1
c3

)
�εc1(q − 1)

⎫⎬⎭ (13)

By utilising inequality ln(1 + x)< x, x> 0, we obtain⎧⎪⎪⎨⎪⎪⎩
max

{
ln
(

1+ 1
�ε c2

)
c1(1−p)

,
ln
(

1+�ε c1
c2

)
�εc1(1−p)

}
< 1

c2�(1−p)

max
{

ln
(

1+ c1
�ε c3

)
c1(q−1)

,
ln
(

1+�ε c1
c3

)
�εc1(q−1)

}
< 1

c1�ε (q−1)

(14)

According to the conclusion in Cheng [30], the upper bound of settling time Ts is tighter than that in
Cui [27].

2.4 Radial basis function neural network (RBFNN)
In this section, the RBFNN can approximate an arbitrary smooth continuous function with arbitrary
accuracy is introduced. Define input variable as x ∈R, weight vector as � ∈R

p×m, Gaussian basis

function vector as F (x)= [F1 (x) , · · · , Fp (x)
]T , �j (x)= e

− (x−μj)2

2σj
2 , j = 1, . . . , p, where μj represents the

centre of the basis function, σj is the width of the Gaussian basis function. The expression of the RBFNN
is denoted as �= �*TF (x)+ ε (x), where �* is the ideal weight vector, the basic functions satisfy
||F (x) || ≤ FM, ε is the approximation error satisfying |ε| ≤ εM,|ε̇| ≤ εm.

Assumption 6. [31] To meet the persistence of excitation, we introduce a noise to enable the basis
function F (x) and its derivative Ḟ (x) to meet ||F (x) || ≥ χ *

α
, ||Ḟ (x) || ≥ χ *

β
, where χ *

α
, χ *

β
are positive

constants. In addition, we derive ||Ḟ (x) || ≤ Fm in combination with || F (x) || ≤ FM.

3.0 Main Results
In this section, a distributed fixed-time dynamic event-triggered formation control protocol is developed
for GHGVs systems confronting internal uncertainties and non-affine nonlinearities. This section is
organised into three subsections to hierarchically resolve the defined problem. Firstly, the non-affine
dynamics are transformed into an extended affine system through the development of an auxiliary
differential equation to resolve inherent nonlinear constraints. Secondly, a composite uncertainty mit-
igation strategy is established, employing boundary estimators and RBFNNs to address unmodeled
disturbances, while FCFs are proposed to eliminate EI. Additionally, a hierarchical control frame-
work is synthesised, formulating compensation laws and virtual control laws via recursive backstepping
procedures from Step 1 to Step 3, and establishing distributed event-triggered control signals to opti-
mise communication efficiency among followers. The schematic representation of the proposed control
architecture is illustrated in Fig. 1.
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Figure 1. Schematic representation of the fixed-time DETM control architecture.

3.1 Expanded nonlinear affine system
Evidently, the system (3) exhibits significant nonlinearity and non-affine property due to the coupling of
states � i,1, � i,2 and control input ui, which leads to high-frequency jitters as noted in Shaffer [32]. Thus,
we add an additional auxiliary differential equation u̇i = ufi to the system. Define � i,3 = ui, we rewrite
the system (3) as follows ⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

�̇ i,1 = �i,1

( −
� i,2

)
+��i,1

(
� i,1

)
�̇ i,2 = �i

( −
� i,2

)
+ �i,2

( −
� i,3

)
+��i,2

(
� i,1

)
�̇ i,3 = ufi.
ωi = � i,1

(15)

3.2 Adaptive RBFNN fixed-time dynamic event-triggered control protocol design

Definition 2. For any given bounded initial state, if

lim
t→Ts

||ωi (t)−ωd (t)−ωe
i (t) || ≤�d (16)

it is believed that the follower i can track the trajectory of the leader within a fixed time, and the control
objective is achieved. In (16), Ts is the fixed convergence time, ωd is the observed position of the leader,
ωe

i is the desired relative distance between the leader and the follower i, �d is a small positive constant.
To implement the controller, the following assumptions are proposed:

Assumption 7. The output of the leader and its derivatives of all orders exist and are bounded.

Assumption 8. To ensure the effectiveness of the control inputs, the unknown internal uncertainties are
bounded.

Step 1. Define the position tracking error for the follower i as

zi,1 =
K∑

j=1

ai,j

(
ωi −ωj

)+ di

(
ωi −ωd −ωe

i

)
(17)
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where ωi and ωj represent the outputs of follower i and follower j, respectively. di represents the
connection between follower i and leader 0; ai,j is the connection between follower i and j.

Define li =∑K
j=1 ai,j, combining (15-17), we have

żi,1 = (li + di) ω̇i − liω̇j − diω̇d − diω̇
e
i

= (li + di)
(
�i,1 +��i,1

)− li

(
�j,1 +��j,1

)− diω̇d
(18)

Define��1 = || (li + di) ��i,1 − li��j,1||, RBFNN is exploited to compensate the deviation induced
by unknown nonlinear function ��1

�
−
�1 = �T

i,1Fi,1 + εi,1 (19)

in which Fi,1 is the basis function vector, �T
i,1 is the weight vector,

∣∣εi,1

∣∣≤ ζi,1. Define ϑi,1 = ||�i,1||2, then
the estimation error

∼
ϑ i,1 can be written as

∼
ϑ i,1 = ϑi,1 − ϑ̂i,1, where ϑ̂i,1 is the estimation of ϑi,1.

In conventional backstepping control, the control signal �c
i is subject to repeated differentiation,

where increasing system order necessitates proportional differentiation operations, thereby inducing the
EI phenomenon. To resolve this inherent limitation, we implement a fixed-time command filter (FCF)
that

�τ �̇
d

i = (�d
i − �c

i

) ||�d
i − �c

i ||p−1 + (�d
i − �c

i

) ||�d
i − �c

i ||q−1
, �d

i (0)= �c
i (0) (20)

where �d
i is the output of the FCF and �c

i is the input; �τ stands for a little parameter.
To tackle the impact of filtering error, a compensative strategy is formulated as

ϒ i,n = zi,n − wi,n, n = 1, 2, 3 (21)

The first order error compensative signal wi,1 is defined as

ẇi,1 = −τi,1wi,1 −μi,1wi,1||wi,1||p−1 − λi,1wi,1||wi,1||q−1 + (li + di)
(
�d

i,1 − �c
i,1

)
(22)

in which τi,1, μi,1, λi,1 are positive design parameters; p and q represent odd numbers to be designed,
satisfying 0< p< 1, q> 1.

The virtual control signal �c
i,1 of the follower i in the first order subsystem is devised as follows:

�c
i,1 = 1

li + di

⎡⎢⎣−τi,1ϒ i,1 − χi,1ϒ i,1||ϒ i,1||p−1 − λi,1ϒ i,1||ϒ i,1||q−1

−ϒ i,1

2
− ϒ i,1

2�2
i,1

ϑ̂i,1FT
i,1Fi,1 + li�j,1 + diω̇d

⎤⎥⎦ (23)

where χi,1 and λi,1 are positive design parameters.
Define the second order subsystem error as zi,2 = �i,1 − �d

i,1, Construct the Lyapunov function

Li,1 = ϒT
i,1ϒ i,1

2
+ wT

i,1wi,1

2
+

∼
ϑ

2

i,1

2κi,1
, in which κi,1 represents a positive parameter. According to the derivative

of tracking error (18) and compensative strategy (21), we get

L̇i,1 = ϒT
i,1ϒ̇ i,1 + wT

i,1ẇi,1 +
∼̇
ϑ i,1

∼
ϑ i,1

κi,1

= (li + di)ϒ
T
i,1

(
�i,1 +��i,1

)− liϒ
T
i,1

(
�j,1 +��j,1

)
− diϒ

T
i,1ω̇d − ϒT

i,1ẇi,1 + wT
i,1ẇi,1 −

˙̂ϑ i,1

∼
ϑ i,1

κi,1

(24)

The RBFNN weight updating law is designed as

˙̂ϑ i,1 = κi,1ϒ
T
i,1ϒ i,1

2�2
i,1

FT
i,1Fi,1 − ξi,1ϑ̂i,1 − ςi,1ϑ̂

p
i,1 −�i,1ϑ̂

q
i,1 (25)

with ξi,1, ςi,1 and �i,1 being parameters to be designed.
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According to Young’s inequality and Lemma 2, we get(
(li + di)ϒ

T
i,1��i,1 − liϒ

T
i,1��j,1

)≤ ϑi,1ϒ
T
i,1ϒ i,1FT

i,1Fi,1

2�2
i,1

+ �2
i,1

2
+ ||ϒ i,1||2

2
+ ζ 2

i,1

2

∼
ϑ i,1ϑ̂i,1 ≤ ϑ 2

i,1

2
−

∼
ϑ

2

i,1

2

∼
ϑ i,1ϑ̂

p
i,1 ≤ 2ϑ p+1

i,1

p + 1
−

∼
ϑ

p+1

i,1

p + 1

∼
ϑ i,1ϑ̂

q
i,1 ≤ 2ϑ q+1

i,1

q + 1
−

∼
ϑ

q+1

i,1

q + 1
(26)

Through the synthesis of (22-26), it can be inferred that

L̇i,1 ≤ −τi,1||ϒ i,1||2 − χi,1||ϒ i,1||p+1 − λi,1||ϒ i,1||q+1 + τi,1ϒ
T
i,1wi,1 +μi,1ϒ

T
i,1wi,1||wi,1||p−1

+ λi,1ϒ
T
i,1wi,1||wi,1||q−1 − τi,1||wi,1||2 −μi,1||wi,1||p+1 − λi,1||wi,1||q+1

+ �2
i,1

2
+ ζ 2

i,1

2
+ (li + di)ϒ

T
i,1zi,2 + (li + di)wT

i,1

(
�d

i,1 − �c
i,1

)
+ ξi,1

κi,1

⎛⎝ϑ 2
i,1

2
−

∼
ϑ

2

i,1

2

⎞⎠+ ςi,1

κi,1

⎛⎝2ϑ p+1
i,1

p + 1
−

∼
ϑ

p+1

i,1

p + 1

⎞⎠+ �i,1

κi,1

⎛⎝2ϑ q+1
i,1

q + 1
−

∼
ϑ

q+1

i,1

q + 1

⎞⎠ (27)

Step 2. According to Step 1, the error in second order subsystem for the follower i can be written as

zi,2 = �i,1 − �d
i,1 (28)

The compensative signal wi,2 is defined as

ẇi,2 = −τi,2wi,2 −μi,2wi,2||wi,2||p−1 − λi,2wi,2||wi,2||q−1 + ∂�i,1

∂� i,2

�d
i,2 − ∂�i,1

∂� i,2

�c
i,2 (29)

The non-affine item �i,1 takes partial derivatives of � i,1 and � i,2 respectively, we have
�i,1

∂� i,1

= 03×3 (30)

∂�i,1

∂� i,2

=
⎡⎣ cos� i,2(2)cos� i,2(3) −� i,2(1)sin� i,2(2)cos� i,2(3) −� i,2(1)cos� i,2(2)sin� i,2(3)

sin� i,2(2) � i,2(1)cos� i,2(2) 0
cos� i,2(2)sin� i,2(3) −� i,2(1)sin� i,2(2)sin� i,2(3) � i,2(1)cos� i,2(2)cos� i,2(3)

⎤⎦ (31)

Introduce the error in third order subsystem as zi,3 = �i,2 − �d
i,2. Thus, combining dynamics model

(15) and compensative strategy (21), we take the derivative of zi,2 as

żi,2 = �̇i,1 − �̇
d

i,1

= ∂�i,1

∂� i,1

�̇ i,1 + ∂�i,1

∂� i,2

�̇ i,2 − �̇
d

i,1

= ∂�i,1

∂� i,1

(
�i,1 +��i,1

)+ ∂�i,1

∂� i,2

(
�i + ϒ i,3 + wi,3 + �d

i,2 +��i,2

)− �̇
d

i,1 (32)

Similarly to step 1, define ��2 = ||∑2
k=1

∂�i,1

∂� i,k
��i,k||, the estimation based on RBFNN is written

as �
−
�2 = �T

i,2Fi,2 + εi,2, where
∣∣εi,2

∣∣≤ ζi,2. Define ϑi,2 = ||�i,2||2, the estimation of ϑi,2 as ϑ̂i,2, then the
estimation error

∼
ϑ i,2 can be written as

∼
ϑ i,2 = ϑi,2 − ϑ̂i,2.
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We devise the virtual control signal �c
i,2 of the follower i in the second order subsystem as

�c
i,2 =

(
∂�i,1

∂� i,2

)−1

⎛⎜⎝−τ,2ϒ i,2 − χi,2ϒ i,2||ϒ i,2||p−1 − λi,2ϒ i,2||ϒ i,2||q−1 − ϒ i,2

2

− i,2

2�2
i,2

ϑ̂i,2FT
i,2Fi,2 − ∂�i,1

∂� i,1

�i,1 − ∂�i,1

∂� i,2

�i + �̇
d

i,1

⎞⎟⎠ (33)

Let us consider the Lyapunov function as Li,2 = ϒT
i,2ϒ i,2

2
+ wT

i,2wi,2

2
+

∼
ϑ

2

i,2

2κi,2
. By merging (32), we get

L̇i,2 = ϒT
i,2ϒ̇ i,2 + wT

i,2ẇi,2 +
∼̇
ϑ i,2

∼
ϑ i,2

κi,2

= ϒT
i,2

(
żi,2 − ẇi,2

)+ wT
i,2ẇi,2 +

(
ϑ̇i,2 − ˙̂ϑ i,2

) ∼
ϑ i,2

κi,2

= ϒT
i,2

(
∂�i,1

∂� i,1

��i,1 + ∂�i,1

∂� i,2

��i,2

)
− ϒT

i,2�̇
d

i,1 − ϒT
i,2ẇi,2 + wT

i,2ẇi,2 −
˙̂ϑ i,2

∼
ϑ i,2

κi,2

+ ϒT
i,2

∂�i,1

∂� i,1

�i,1 + ϒT
i,2

∂�i,1

∂� i,2

�i + ϒT
i,2

∂�i,1

∂� i,2

ϒ i,3 + ϒT
i,2

∂�i,1

∂� i,2

(
wi,3 + �d

i,2

)
(34)

Similarly, the RBFNN weight updating law is designed as

˙̂ϑ i,2 = κi,2ϒ
T
i,2ϒ i,2

2�2
i,2

FT
i,2Fi,2 − ξi,2ϑ̂i,2 − ςi,2ϑ̂

p
i,2 −�i,2ϑ̂

q
i,2 (35)

By applying Lemma 1 and Lemma 2, the inequality (36) is obtained:

ϒ i,2

(
∂�i,1

∂� i,1

��i,1 + ∂�i,1

∂� i,2

��i,2

)
≤ ϑi,2ϒ

T
i,2ϒ i,2FT

i,2Fi,2

2�2
i,2

+ �2
i,2

2
+ ||ϒ i,2||2

2
+ ζ 2

i,2

2

∼
ϑ ,2ϑ̂i,2 ≤ ϑ 2

i,2

2
−

∼
ϑ

2

i,2

2

∼
ϑ i,2ϑ̂

p
i,2 ≤ 2ϑ p+1

i,2

p + 1
−

∼
ϑ

p+1

i,2

p + 1

∼
ϑ i,2ϑ̂

q
i,2 ≤ 2ϑ q+1

i,2

q + 1
−

∼
ϑ

q+1

i,2

q + 1
(36)

By substituting compensative signal (29), virtual control signal (33), RBFNN weight updating law
(35) and the inequality (36) into (34), we get

L̇i,2 ≤ −τi,2||ϒ i,2||2 − χi,2||ϒ i,2||p+1 − λi,2||ϒ i,2||q+1 + τi,2ϒ
T
i,2wi,2 +μi,2ϒ

T
i,2wi,2||wi,2||p−1

+ λi,2ϒ
T
i,2wi,2||wi,2||q−1 − τi,2||wi,2||2 −μi,2||wi,2||p+1 − λi,2||wi,2||q+1 + �2

i,2

2
+ ζ 2

i,2

2

+ ϒT
i,2

∂�i,1

∂� i,2

ϒ i,3 + wT
i,2

∂�i,1

∂� i,2

(
�d

i,2 − �c
i,2

)
+ ξi,2

κi,2

⎛⎝ϑ 2
i,2

2
−

∼
ϑ

2

i,2

2

⎞⎠+ ςi,2

κi,2

⎛⎝2ϑ p+1
i,2

p + 1
−

∼
ϑ

p+1

i,2

p + 1

⎞⎠+ �i,2

κi,2

⎛⎝2ϑ q+1
i,2

q + 1
−

∼
ϑ

q+1

i,2

q + 1

⎞⎠ (37)

Step 3. According to Step 2, we express the third-order error for the follower i in terms of

zi,3 = �i,2 − �d
i,2 (38)
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The compensative signal wi,3 is developed as

ẇi,3 = −τi,3wi,3 −μi,3wi,3||wi,3||p−1 − λi,3wi,3||wi,3||q−1 (39)

Thus, the derivative of zi,3 becomes

żi,3 = �̇i,2 − �̇
d

i,2

=
3∑

k=1

∂�i,2

∂� i,k

�̇ i,k − �̇
d

i,2

=
2∑

k=1

∂�i,2

∂� i,k

(
�i,k +��i,k

)+ ∂�i,2

∂� i,2

�i + ∂�i,2

∂� i,3

ufi − �̇
d

i,2 (40)

The non-affine item �i,2 takes partial derivatives of � i,1, � i,2 and � i,3 respectively, we have

∂�i,2

∂� i,1

= −�i,2 ⊗ [
100

]
hs

(41)

where ⊗ means the Kronecker product.

∂�i,2

∂ i,2

=

⎡⎢⎢⎢⎢⎢⎢⎣

� i,3(1)ρi� i,2(1)Si

mi

0 0

� i,3(2)ρiSi

2mi

0 0

� i,3(3)ρiSi

2micos� i,2(2)

� i,3(3)ρiSi� i,2(1) tan� i,2(2)

2micos� i,2(2)

0

⎤⎥⎥⎥⎥⎥⎥⎦ (42)

∂�i,2

∂� i,3

= diag

⎛⎜⎜⎜⎜⎝
ρi�

2
i,2

(1)
Si

2mi

+ sech2
(
� i,3

(1)

)
,
ρi� i,2

(1)
Si

2mi

+ sech2
(
� i,3

(2)

)
,

ρi� i,2
(1)

Si

2micos� i,2
(2)

+ sech2
(
� i,3

(3)

)
⎞⎟⎟⎟⎟⎠ (43)

Similarly, define ��3 = ||∑2
k=1

∂�i,2

∂� i,k
��i,k||, exploit RBFNN to compensate the deviation:

�
−
�3 = �T

i,3Fi,3 + εi,3 (44)

where Fi,3 is the basis function vector, �T
i,3 is the weight vector,

∣∣εi,3

∣∣≤ ζi,3. Define ϑi,3 = ||�i,3||2, then
the estimation error

∼
ϑ i,3 can be written as

∼
ϑ i,3 = ϑi,3 − ϑ̂i,3, where ϑ̂i,3 is the estimation of ϑi,3.

We devise the consensus control protocol �c
i,3 of the follower i as

�c
i,3 =

(
∂�i,2

∂� i,3

)−1

⎛⎜⎝−τi,3ϒ i,3 − χi,3ϒ i,3||ϒ i,3||p−1 − λi,3ϒ i,3||ϒ i,3||q−1 − ϒ i,3

2
−ϒ i,3

2�2
i,j

ϑ̂iFT
i,3Fi,3 −∑2

k=1

∂�i,2

∂� i,k

�i,k − ∂�i,2

∂� i,2

�i + �̇
d

i,2

⎞⎟⎠ (45)

In terms of the designed real-time continuous control law �c
i,3 causing unnecessary waste of

communication resources, a dynamic event-triggered controller is developed as

fi (t)= �c
i,3 (t)−

∂�i,2

∂� i,3

ϒ i,3η̂
T
i η̂i/

√(
η̂T

i

∂�i,2

∂� i,3

ϒ i,3

)2

+�2 (46)
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Assumption 9. fi (t) is continuously differentiable, and there is a positive upper bound �f satisfying
||ḟi (t) || ≤�f when t ∈ [tn, tn+1).

Considering the specific format of the error variables as ei (t)= fi (t)− ufi (t), define ei =[
ei,1, ei,2, ei,3

]T , we accessorily design the dynamic event-triggered condition as{
ufi (t)= fi (tn) , t ∈ [tn, tn+1)

tn+1 = inf
{

t ∈,
∣∣ei,k (t)

∣∣≥℘i,ktanh
∣∣∣ ufi,k(t)

�i,k

∣∣∣+ ηi,k (t) , k = 1, 2, 3
}

,
(47)

in which ℘i =
[
℘i,1,℘i,2,℘i,3

]T , �i =
[
�i,1, �i,2, �i,3

]T , both are positive parameter vectors to be set; η̂i =
℘i + ηi (t),ηi (t)=

[
ηi,1, ηi,2, ηi,3

]T satisfies

η̇i,k (t)= −∂i,kηi,k (t)− Bi,kη
p
i,k (t)− ℵi,kη

q
i,k (t)+℘i,ktanh

∣∣∣∣ufi,k (t)

�i,k

∣∣∣∣− ∣∣ei,k (t)
∣∣ (48)

In (48), ηi (t) means a dynamic internal trigger variable with ηi,k (0) > 0; ∂i =
[
∂i,1, ∂i,2, ∂i,3

]T , Bi =[
Bi,1, Bi,2, Bi,3

]T , ℵi =
[ℵi,1, ℵi,2, ℵi,3

]T , they denote positive design parameter vectors.

Remark 1: On the basis of switching condition (47), it can be delivered when t ∈ [0, +∞), always
satisfy ℘i,ktanh

∣∣∣ ufi,k(t)

�i,k

∣∣∣− ∣∣ei,k (t)
∣∣>−ηi,k (t). Then, (48) can be expressed alternatively as η̇i,k (t) >

− (∂i,k + 1
)
ηi,k (t)− Bi,kη

p
i,k (t)− ℵi,kη

q
i,k (t). According to the fixed time theory, lim

t→Ts

ηi = 0, lim
ηi→0+

η̇i = 0.

By utilising switching condition (47), it has
∣∣ei,k (t)

∣∣<℘i,ktanh
∣∣∣ ufi,k(t)

�i,k

∣∣∣+ ηi,k (t) < ℘i,k + ηi,k (t) when

t ∈ [tn, tn+1). Define ufi (t)= fi (t)− τi (℘i + ηi (t)), where τi = max
{

fi,k(t)−ufi,k(t)

℘i,k+ηi,k(t)

}
, k = 1, 2, 3 is contin-

uous meeting |τi|< 1. Then, choose the Lyapunov function Li,3 = ϒT
i,3ϒ i,3

2
+ wT

i,3wi,3

2
+

∼
ϑ

2

i,3

2κi,3
, we take the

derivative of Li,3 combining (21) and (40) as

L̇i,3 = ϒT
i,3ϒ̇ i,3 + wT

i,3ẇi,3 +
∼̇
ϑ i,3

∼
ϑ i,3

κi,3

= ϒT
i,3

(
żi,3 − ẇi,3

)+ wT
i,3ẇi,3 +

(
ϑ̇i,3 − ˙̂ϑ i,3

) ∼
ϑ i,3

κi,3

= ϒT
i,3

(
2∑

k=1

∂�i,2

∂� i,k

(
�i,k +��i,k

)+ ∂�i,2

∂� i,2

�i

)
+ ϒT

i,3

∂�i,2

∂� i,3

�c
i,3

− ϒT
i,3�̇

d

i,2 − ϒT
i,3ẇi,3 + wT

i,3ẇi,3 −
˙̂ϑ i,3

∼
ϑ i,3

κi,3

+ ϒT
i,3

∂�i,2

∂� i,3

⎛⎝−τi (℘i + ηi (t))− ∂�i,2

∂� i,3

ϒ i,3η̂
T
i η̂i/

√(
η̂T

i

∂�i,2

∂� i,3

ϒ i,3

)2

+�2

⎞⎠ (49)

The RBFNN weight updating law is designed as

˙̂ϑ i,3 = κi,3ϒ
T
i,3ϒ i,3

2�2
i,3

FT
i,3Fi,3 − ξi,3ϑ̂i,3 − ςi,3ϑ̂

p
i,3 −�i,3ϑ̂

q
i,3 (50)
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With the help of Young’s inequality and Lemma 2, we get

ϒT
i,3

2∑
k=1

∂�i,2

∂� i,k

��i,k ≤ ϑi,3ϒ
T
i,3ϒ i,3FT

i,3Fi,3

2�2
i,3

+ �2
i,3

2
+ ||ϒ i,3||2

2
+ ζ 2

i,3

2

∼
ϑ i,3ϑ̂i,3 ≤ ϑ 2

i,3

2
−

∼
ϑ

2

i,3

2

∼
ϑ i,3ϑ̂

p
i,3 ≤ 2ϑ p+1

i,3

p + 1
−

∼
ϑ

p+1

i,3

p + 1

∼
ϑ i,3ϑ̂

q
i,3 ≤ 2ϑ q+1

i,3

q + 1
−

∼
ϑ

q+1

i,3

q + 1
(51)

Obviously, −τi (℘i + ηi (t))= −τiη̂i. Based on Lemma 4 and Lemma 5, one obtains

ϒT
i,3

∂�i,2

∂� i,3

⎛⎝−τi (℘i + ηi (t))− ∂�i,2

∂� i,3

ϒ i,3η̂
T
i η̂i/

√(
η̂T

i

∂�i,2

∂� i,3

ϒ i,3

)2

+�2

⎞⎠
≤ ϒT

i,3

∂�i,2

∂� i,3

[∣∣̂ηi,1

∣∣ ,
∣∣̂ηi,2

∣∣ ,
∣∣̂ηi,3

∣∣]T − ϒT
i,3

∂�i,2

∂� i,3

ϒ i,3η̂
T
i η̂i/

√(
η̂T

i

∂�i,2

∂� i,3

ϒ i,3

)2

+�2

≤� (52)

Substituting Equations (39), (45) and (50-52) into Equation (49) yields

L̇i,3 ≤ −τi,3||ϒ i,3||2 − χi,1||ϒ i,3||p+1 − λi,1||ϒ i,3||q+1 + τi,3ϒ
T
i,3wi,3 +μi,3ϒ

T
i,3wi,3||wi,3||p−1

+ λi,3ϒ
T
i,3wi,3||wi,3||q−1 − τi,3||wi,3||2 −μi,3||wi,3||p+1 − λi,3||wi,3||q+1 +�+ �2

i,3

2
+ ζ 2

,3

2

+ ξi,3

κi,3

⎛⎝ϑ 2
i,3

2
−

∼
ϑ

2

i,3

2

⎞⎠+ ςi,3

κi,3

⎛⎝2ϑ p+1
i,3

1 + p
−

∼
ϑ

p+1

i,3

1 + p

⎞⎠+ �i,3

κi,3

⎛⎝2ϑ q+1
i,3

1 + q
−

∼
ϑ

q+1

i,3

1 + q

⎞⎠ (53)

3.3 Stability and feasibility analysis

Theorem 1. For the nonlinear GHGVs system containing one leader and K followers described in (3)
subjected to multisource mismatched uncertainties ��i,1 and ��i,2, under Assumptions 1–8, Lemmas
1–6 and Definitions 1–2, if there exist virtual control signals (23), (33), (45), error compensative signals
(22), (29), (39), RBFNN weight updating laws (25), (35), (50) and DETM (46), (47), the semi-global
practical stability of the closed loop system can be guaranteed and the output tracking error of followers
exponentially converge to a small neighbourhood within a fixed-time Ts.

Proof. Firstly, based on Equations (27), (37) and (53), we build the Lyapunov function as

Li =
3∑

k=1

Li,k =
3∑

k=1

ϒT
i,kϒ i,k

2
+ wT

i,kwi,k

2
+

∼
ϑ

2

i,k

2κi,k

(54)
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Combined with the above analysis, we have

L̇i ≤∑3
k=1

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−τi,k||ϒ i,k||2 − χi,k||ϒ i,k||p+1 − λi,k||ϒ i,k||q+1 + τi,kϒ
T
i,kwi,k

+μi,kϒ
T
i,kwi,k||wi,k||p−1 + i,kϒ

T
i,kwi,k||wi,k||q−1 + �2

i,k

2
+ ζ 2

i,k

2
−τi,k||wi,k||2 −μi,k||wi,k||p+1 − λi,k||wi,k||q+1

+ ξi,k

κi,k

⎛⎝ϑ 2
i,k

2
−

∼
ϑ

2

i,k

2

⎞⎠+ ςi,k

κi,k

⎛⎝2ϑ p+1
i,k

p + 1
−

∼
ϑ

p+1

i,k

p + 1

⎞⎠+ �i,k

κi,k

⎛⎝2ϑ q+1
i,k

q + 1
−

∼
ϑ

q+1

i,k

q + 1

⎞⎠

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
+ (li + di)ϒ

T
i,1zi,2 + (li + di)wT

i,1

(
�d

i,1 − �c
i,1

)
+ ϒT

i,2

∂�i,1

∂� i,2

ϒ i,3 + wT
i,2

∂�i,1

∂� i,2

(
�d

i,2 − �c
i,2

)+�

(55)

From Lemma 1, it can be derived ϒT
i,kwi,k ≤ ||wi,k ||2

2
+ ||ϒ i,k ||2

2
, ϒT

i,kwi,k||wi,k||p−1 ≤ ||ϒ i,k ||p+1

p+1
+

p||wi,k ||p+1

p+1
,ϒT

i,kwi,k||wi,k||q−1 ≤ ||ϒ i,k ||q+1

q+1
+ q||wi,k ||q+1

q+1
,ϒT

i,1zi,2 ≤
(
||ϒ i,1||2 + ||ϒ i,2||2

2
+ ||wi,1||2

2

)
, ϒT

i,2
∂�i,1

∂� i,2
ϒ i,3 ≤ −

�

||ϒ i,2||2+||ϒi,3||2
2

. Define ||�d
i,k − �c

i,k|| ≤ ιi,k, where k = 1, 2. Then it obtains wT
i,1

(
�d

i,1 − �c
i,1

)≤
||wi,1||2+ι2i,1

2
,wT

i,2
∂�i,1

∂� i,2

(
�d

i,2 − �c
i,2

)≤ −
�

||wi,2||2+ι2i,2
2

.

Finally, Equation (55) is further simplified as

L̇i ≤ −
3∑

k=1

τi,k

2
||ϒ i,k||2 −

3∑
k=1

(
χi,k − μi,k

p + 1

) (||ϒ i,k||2
) p+1

2 −
3∑

k=1

(
λi,k − λi,k

q + 1

) (||ϒ i,k||2
) q+1

2

−
3∑

k=1

τi,k

2
||wi,k||2 −

3∑
k=1

μi,k

p + 1

(||wi,k||2
) p+1

2 −
3∑

k=1

λi,k

q + 1

(||wi,k||2
) q+1

2

−
3∑

k=1

ξi,k

∼
ϑ

2

i,k

2κi,k

−
3∑

k=1

ςi,k

p + 1

2
p+1

2

κ
1−p

2
i,k

⎛⎝ ∼
ϑ

2

i,k

2κi,k

⎞⎠
p+1

2

−
3∑

k=1

�i,k

q + 1

2
q+1

2

κ
1−q

2
i,k

⎛⎝ ∼
ϑ

2

i,k

2κi,k

⎞⎠
q+1

2

+
3∑

k=1

(
�2

i,k

2
+ ζ 2

i,k

2
+ ξi,k

κi,k

ϑ 2
i,k

2
+ ςi,k

κi,k

2ϑ p+1
i,k

p + 1
+ �i,k

κi,k

2ϑ q+1
i,k

q + 1

)

+ (li + di)

(
||ϒ i,1||2 + ||wi,1||2 + ||ϒ i,2||2 + ι2i,1

2

)

+ −
�

||ϒ i,2||2 + ||ϒ i,3||2 + ||wi,2||2 + ι2i,2

2
+� (56)

By defining

 i,1 = min
{τi,k

2

}
,  i,2 = min

{
χi,k − μi,k

p + 1

}
,  i,3 = min

{
λi,k − λi,k

q + 1

}
 i,4 = min

{
μi,k

p + 1

}
,  i,5 = min

{
λi,k

q + 1

}
,  i,6 = min

{
ξi,k

}
 i,7 = 2

p+1
2

p + 1
min

⎧⎨⎩ ςi,k

κ
1−p

2
i,k

⎫⎬⎭ ,  i,8 = 2
q+1

2

q + 1
min

⎧⎨⎩ �i,k

κ
1−q

2
i,k

⎫⎬⎭
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 i,9 =
3∑

k=1

(
�2

i,k

2
+ ζ 2

i,k

2
+ ξi,k

κi,k

ϑ 2
i,k

2
+ ςi,k

κi,k

2ϑ p+1
i,k

p + 1
+ �i,k

κi,k

2ϑ q+1
i,

q + 1

)

+ (li + di)

(
||ϒ i,1||2 + ||wi,1||2 + ||ϒ i,2||2 + ι2i,1

2

)

+ −
�

||ϒ i,2||2 + ||ϒ i,3||2 + ||wi,2||2 + ι2i,2

2
+� (57)

we get

L̇i ≤ −  i,1

3∑
k=1

||ϒ i,k||2 −  ,2

3∑
k=1

(||ϒ i,k||2
) p+1

2 −  i,3

3∑
k=1

(||ϒ i,k||2
) q+1

2

−  i,1

3∑
k=1

||wi,k||2 −  i,4

3∑
k=1

(||wi,k||2
) p+1

2 −  i,5

3∑
k=1

(||wi,k||2
) q+1

2

−  i,6

3∑
k=1

∼
ϑ

2

i,k

2κi,k

−  i,7

3∑
k=1

⎛⎝ ∼
ϑ

2

i,k

2κi,k

⎞⎠
p+1

2

−  i,8

3∑
k=1

⎛⎝ ∼
ϑ

2

i,k

2κi,k

⎞⎠
q+1

2

+  i,9 (58)

Herein, we introduce L =∑K
i=1 Li, it can be obtained that

L̇ ≤ −c1L − c2L
p+1

2 − c3L
q+1

2 + δa (59)

with c1 = min
{
 i,1,  i,6

}
, c2 = min

{
 i,2,  i,4,  i,7

}
, c3 = min

{
 i,3,  i,5,  i,8

}
, δa =∑K

i=1  i,9.
Therefore, all signals of GHGVs system (3) are SPFTS on the basis of Lemma 6. An upper bound on

the convergence time is given by the following form:

Ts ≤ max
{

2

c2�ε(1 − p)

}
+ max

{
2

c1�ε(q − 1)

}
(60)

Additionally, by using Lemma 6 we obtain the tracking error vector zi,1 is bounded satisfying

||zi,1|| ≤ min

{
δa

(1 −�ε) c1

(
δa

(1 −�ε) c2

) 2
p+1
(

δa

(1 −�ε) c3

) 2
q+1

}
(61)

Proof completed. �
Theorem 2 Consider the GHGVs described in (3), we have a fixed positive lower bound Ti

p that drives
the event time interval Ti

n = tn+1 − tn meeting Ti
n ≥ Tp > 0 based on the DETM (46),(47), where Tp =

min{T1
p , . . . , TK

p }. Then Zeno behaviour is prevented.

Proof. Based on the DETM (46), (47) and Assumption 9, we get the following inequality in the interval
[tn, tn+1):

d
∣∣ei,k (t)

∣∣
dt

= ∣∣ḟi,k (t)− u̇fi,k (t)
∣∣= ∣∣ḟi,k (t)− ḟi,k (tn)

∣∣= ∣∣ḟi,k (t)
∣∣<�f (62)

with �f > 0. It is known that
∣∣ei,k (tn)

∣∣= 0,
∣∣ei,k (t)

∣∣≤ ∫ t

tn
�f dt, which means

∣∣ei,k (t)
∣∣≤ (t − tn) �f .

Ulteriorly, when the event trigger condition
∣∣ei,k (t)

∣∣≥℘i,ktanh
∣∣∣ ufi,k(t)

�i,k

∣∣∣+ ηi,k (t) is destroyed, the control

signal will be updated. It means that lim
t→tn+1

∣∣ei,k (t)
∣∣=℘i,ktanh

∣∣∣ ufi,k(t)

�i,k

∣∣∣+ ηi,k (t). According to Equation

(62), it gets

Ti
n ≥ ℘i,ktanh

∣∣ufi,k (t) /�i,k

∣∣+ ηi,k (t)

�f

(63)
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Table 1. Initial conditions of the HGVs in Example 1

Leader-0 Follower-1 Follower-2 Follower-3 Follower-4
(xi, yi, zi) /km (4.74, 49.83, 0) (3.6, 50.4, –3.3) (4.3, 50.85, 2.44) (4.33, 50.3, 3) (3.3, 50.65, –2.54)
Vi/ (m/s) 2491 2585 2516 2562 2601
θvi/

◦ −2 −2.65 −3.9 −1.7 −5.4
σi/

◦ 0 3.5 −3 −2 2

0 1 2

3 4

leader followers

Figure 2. Communication topology for a leader and four followers.

Therefore, for Ti
p > 0, there exists Tp = min{T1

p , . . . , TK
p } that satisfies Ti

n ≥ Tp > 0, where i =
1, 2, · · · , K. Then Zeno behaviour can be avoided. Proof completed. �

4.0 Simulations
In this work, we use GHGVs system consisting of one leader and four followers to help demonstrate the
validity and superiority of the developed distributed consensus strategies.

4.1 Effectiveness verification
To validate the efficacy of the formation control strategy developed in this study, two experimental cases
were implemented under identical operational conditions, differentiated solely by their distinct initial
state configurations.

Example 1. Assume that the leader HGV is designed to equilibrium glide to increase range. The initial
flight conditions of the leader and followers are shown in Table 1.

The uncertainty is chosen as��i,1 = [3.8 × 10−5� i,1(1) , 1.5 × 10−4� i,1(2) , 4.6 × 10−3� i,1(3)

]T ,��i,2 =[
2.5 × 10−3� i,2(1) , 0.8 × 10−4� i,2(2) , 7 × 10−3� i,2(3)

]T .
The gains in the virtual control signals are set as τi,1 = χi,1 = λi,1 = 0.03, i = 1,3, 4; τ2,1 = χ2,1 =

λ2,1 = 0.06; τi,2 = χi,2 = λi,2 = 0.05, τi,3 = χi,3 = λi,3 = 0.08, i = 1, 2, 3, 4; p = 7/9, q = 9/7; Choose
the design parameters in error compensative signals as μi,k = 0.03, λi,k = 0.01, i = 1, 2, 3, 4, k =
1, 2, 3. The parameters in adaptive update laws are designed as κi,k = 0.5, ξi,k = 0.02, ςi,k = 0.05,�i,k =
0.03,i = 1, 2, 3, 4, k = 1, 2, 3; parameter vectors in DETM equation are ℘i = 0.015I3×1,�i = I3×1,∂i =
0.03I3×1,Bi = 0.04I3×1,ℵi = 0.02I3×1. The filter parameters are selected as �τ = 0.1.

Considering the communication frequency to be 100Hz, we set the simulation step as�t = 0.1s. The
communications topology graph R used in the simulation is shown in Fig. 2.

The GHGVs cluster tight-formation configuration is shown in Fig. 3.

Example 2. In order to verify that the system convergence time is irrelative to the initial state, example
2 provides a numerical simulation with the initial flight conditions shown in Table 2, and the other
parameters same as in example 1.
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Table 2. Initial conditions of the HGVs in Example 2

Leader-0 Follower-1 Follower-2 Follower-3 Follower-4
(xi, yi, zi) /km (4.74, 49.8, 0) (3.7, 50, –1.65) (4, 50.65, –2.85) (4.5, 50, 2.56) (4.4, 50.94, 2)
Vi/ (m/s) 2490.7 2616.66 2542 2542 2496
θvi/

◦ −2 −5.7 −3.6 −2.9 −4.72
σi/

◦ 0 1.76 4 −1.77 −3.23

Figure 3. GHGVs cluster formation configuration view from behind.

Figure 4. The formation of flight trajectories in Example 1.

Figures 4 and 5 show the formation of flight trajectories in two examples. Obviously, by employing
the proposed dynamic event-triggered control law, the follower HGVs can track the leader HGV within
a safe distance to achieve the desired formation configuration.

Figures 6 and 7 shows the norm of position tracking error for each follower varying with time in two
examples. Figure 8 displays the adaptive RBFNN parameters in Example 1. From Fig. 6, we discover
that during a total flight of 300s, the formation configuration has basically been formed before t = 100s.
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Figure 5. The formation of flight trajectories in Example 2.
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Figure 6. The norm of position tracking error varying with time in Example 1.

By comparing the simulation results in Figs 6 and 7, it can be proved that despite distinct initial relative
distances of 3500 m (example 1) and 5000 m (example 2), the convergence time of the formation is
consistently constrained within 100s. This observation empirically validates the independence of the
fixed-time control strategy from the initial state of the system. The invariance property demonstrates the
robustness of the prescribed-time stability framework, where the upper bound of convergence duration
remains decoupled from initial configuration parameters through the designed time-base generator. In
more detail, the tracking errors ||ωi −ωd|| are limited in 15m and no longer increase after the formation
is formed. This phenomenon demonstrates that the proposed control method can handle multi-source
uncertainties, ensuring the stability of the formation.

The simulation results presented in Figs 9, 10, 11, 12, 13 and 14 demonstrate the temporal evolution
of critical control parameters, including elevator deflection angle δe,i, angle-of-attack αi, and bank angle
υi, under the proposed control strategy. As is evidenced that the speed brake deflection angle δe,i for four
follower HGVs is bounded within [0◦, 45◦], the angle-of-attack αi maintains adherence to the [0◦, 30◦]
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Figure 7. The norm of position tracking error varying with time in Example 2.
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Figure 8. ϑ̂i varying with time in Example 1.

envelope, and the bank angle υi operates within the [−80◦, 80◦] range. These signals exhibit smooth-
ness without high-frequency chatter and are consistent with practical engineering requirements, which
demonstrates the potential application value of the designed control approach.

Figures 15 and 16 show the event triggering time of all follower HGVs in example 1. It is clear that the
event triggering time of each HGV is not at the same time, which verifies that the triggering mechanism
designed in this paper is distributed, which will reduce the burden of network communication. What’s
more, we find that the event triggering interval becomes smaller after the system is stabilised. This is an
interesting result, mainly because the virtual signals of the system tend to 0 after the stabilisation, then
the actual input υi tends to 0 according to the inverse solution in Equation (2). If the virtual signal is not
updated in real time, a small deviation will cause jumping change of υi, which is not in line with the
engineering practice.
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Figure 9. The deflection angle of speed brake δe,i varying with time in Example 1.
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Figure 10. The deflection angle of speed brake δe,i varying with time in Example 2.

Table 3 provides the event-triggered times and ratio for follower HGVs. Statistical analysis indicates
that each vehicle maintains a total number of triggers below 2500 during the interval t ∈ [0, 300] s,
which demonstrates that the introduction of dynamic event-triggered mechanism can save at least 74%
of communication resources.

4.2 Superiority verification
In this section, we choose the fixed-time ETM control strategy in Yang and Niu [33] as a comparison to
declare the superiority of the strategy proposed in this paper. For both methods, we use the same initial
flight conditions and control parameters as in example 1. The consistent tacking errors of followers in
the two methods are shown in Figs 17 and 18. The comparison of event-triggered times and ratio of the
two methods are shown in Table 4.
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Figure 11. The angle-of-attack αi varying with time in Example 1.
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Figure 12. The angle-of-attack αi varying with time in Example 2.

This is evident from Figs 17 and 18 that the stabilisation time of the proposed method is Ts = 100s,
and that of the control strategy presented in Yang and Niu [33] is Ts = 128 s. The consensus tracking
error of the proposed method is restricted to 15m, and that of the control strategy presented in Yang
and Niu [33] is 50m. The comparison reveals that the control approach presented in this paper exhibits
superior tracking performance and achieves a quicker convergence rate.

Upon reviewing Table 4, it is clear that the introduced method reduces the event-triggered times for
each follower by 25% approximately compared to the approach outlined in Yang and Niu [33]. In other
words, the method in this paper saves 10% more communication resources than that in Yang and Niu
[33]. Synthesise the above analysis, the effectiveness and the advantages of the proposed distributed
fixed-time dynamic event-triggered formation control method can be verified.
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Table 3. Event-triggered times and ratio for follower HGVs in Example 1

Number Number of Triggers Total Number Total Number Total Trigger
of HGV uf 1 Channel uf 2 Channel uf 3 Channel of Triggers of Samples Ratio
Follower-1 266 303 1,633 2,202 9,000 24.47%
Follower-2 365 412 1,533 2,310 9,000 25.67%
Follower-3 349 477 1,489 2,315 9,000 25.72%
Follower-4 311 405 1,596 2,312 9,000 25.69%
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Figure 13. The bank angle υi varying with time in Example 1.
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Figure 14. The bank angle υi varying with time in Example 2.
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Figure 15. Triggering moment and triggering interval for follower 1 and 2 in two control methods.
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Figure 16. Triggering moment and triggering interval for follower 3 and 4 in two control methods.

5.0 Conclusion
In this paper, a distributed fixed-time dynamic event-triggered tight formation control has been imple-
mented for hypersonic gliding vehicles with multisource external disturbances. By introducing several
RBFNNs, the unknown internal uncertainties have been effectually compensated. Furthermore, an FCF
has been used to solve the explosion of complexity (EI), and the proposed compensative signals have
offset the impact of the filtering errors. Additionally, a unique DETM has been designed to facilitate
seamless transitions between two distinct dynamic threshold strategies. Analysis based on Lyapunov
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Table 4. Event-triggered times and ratio for follower HGVs in two methods

Total Number of Triggers Total Trigger Ratio
Number of HGV Total Number of Samples Method 1 Method 2 Method 1 Method 2
Follower-1 9,000 2,202 3,134 24.47% 34.82%
Follower-2 9,000 2,310 3,523 25.67% 39.14%
Follower-3 9,000 2,315 2,991 25.72% 33.23%
Follower-4 9,000 2,312 3,216 25.69% 35.73%
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Figure 17. Consistent tacking errors of follower 1 and 2 in two control methods.
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Figure 18. Consistent tacking errors of follower 3 and 4 in two control methods.
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function illustrates that the closed-loop system is semi-global practical fixed-time stable. In the mean-
while, the Zeno behaviour has been proved to be avoided. Finally, the numerical simulations have verified
that the suggested control approach can save at least 74% of communication resources and increase
the convergence rate. In our future work, agile formation control for heterogeneous unmanned systems
cluster with switching topologies and collision avoidance will be investigated.
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