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Abstract: Effectively addressing the formation control of ABS-assisted hovercraft systems with het-
erogeneities, unavailable leaders’ convex combination states, nonlinearities, and mixed disturbances
poses significant challenges. This paper proposes a distributed neuroadaptive formation tracking
strategy of ABS-assisted hovercraft systems for the first time, where aerial base stations (ABSs) are
composed of unmanned aerial vehicles (UAVs) for data distribution and computation offloading.
Firstly, UAVs are designed to track the virtual-leader while shaping a fixed formation, and the
observer is devised for each follower hovercraft to estimate the convex combination states of UAVs.
Then, output regulation equations are employed to transform heterogeneous systems into a compact
form via the Kronecker product, while neural networks (NNs) are introduced to compensate for
model nonlinearities. Furthermore, based on random differential equations (RDEs) combined with
Lyapunov theory, the noise-to-state practical stability in probability (NSPS-P) property of the error
dynamics under mixed disturbances can be obtained. Finally, simulation examples demonstrate
that the outputs of follower hovercrafts rapidly achieve a time-varying formation and rotate around
convex combination states of leader UAVs simultaneously.

Keywords: ABS-assisted hovercrafts; formation control; distributed observer; output regulation
equation; mixed disturbance

1. Introduction

Unmanned hovercrafts, also known as unmanned air cushion vehicles, are highly
versatile amphibious crafts that operate by generating a cushion of air beneath their hulls,
enabling smooth travel over various surfaces such as water, land, and ice with minimal
friction [1]. Their unique ability to glide across challenging terrains, combined with excep-
tional maneuverability, makes them an ideal choice for maritime transportation, scientific
exploration (particularly in polar or wetland regions) [2], environmental monitoring, and
disaster response operations. Compared to a single unmanned hovercraft, the coordination
problems involving multiple hovercrafts have captured considerable attention. Notable
studies include a multi-hovercraft wireless testbed for validating theories in coordination
and distributed computation [3], a bio-inspired pursuit law for multiple hovercrafts using
Lyapunov-based control to reduce energy consumption [4], and an embedded distributed
model predictive control applied to a team of hovercraft for collective point-to-point
transitions, trajectory tracking, and collision avoidance [5]. Moreover, research has also
addressed formation-containment control for underactuated hovercrafts, accounting for
ocean disturbances and model uncertainties [6].

Nevertheless, effective cooperation methods of multi-hovercraft systems engaged in
offshore tasks may encounter challenges, including marine reefs hindering clear transmis-
sion channels and heavy reliance on ground stations for information, leading to issues
like abnormal data and transmission delays. Aerial base stations (ABSs) are mobile or
stationary platforms deployed in the air with essential capabilities to support efficient emer-
gency communications, capable of maintaining stringent network coverage and capacity
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demands [7,8]. The main types of ABSs include low-earth orbit satellites; high-altitude
platforms such as airships, gliders, and balloons; and low-altitude platforms like un-
manned aerial vehicles (UAVs) [9,10]. In contrast to satellites and other high-altitude
platforms, which face challenges in achieving ultra-long-distance data transmission and
global broadband coverage, UAVs equipped with communication infrastructure can allevi-
ate transmission burdens within offshore unmanned marine vehicle (UMV) groups, due
to their ability to dynamically adjust low-altitude locations according to communication
demands. In [11], a UAV simultaneously broadcasted secondary information, safeguarded
primary transmissions, and optimized the transmission rate and power allocation for mar-
itime vessels. In [12], a UAV equipped with an intelligent reflective surface was deployed
to enhance wireless communication services and provide illumination for remote ship
users, thereby extending the communication coverage. In [13,14], UAVs served as edge
computing units for offshore offloading. In [15], the hovering UAV fulfilled the role of a
relay node to ensure timely end-to-end transmissions for ocean monitoring. In the afore-
mentioned literature, UAVs were employed as ABSs, expanding the wireless coverage
and providing communication relay solutions in a more energy-efficient and low-latency
manner. To the best of our knowledge, ABS-assisted hovercraft systems have not yet been
explored in existing research. Given the diverse and complex marine environments, it
is both practical and reasonable to consider the application of ABS-assisted hovercraft
systems for enhanced adaptability.

In the existing studies related to ABS-assisted operations in marine environ-
ments [10-15], most methods were optimum-oriented, aiming to solve the problems of
complex resource allocation and task offloading. The ABS-assisted hovercrafts for col-
laborative operations can be viewed as a formation control challenge for heterogeneous
multi-agent systems (MASs), wherein maintaining a specific distance between each agent
is essential. Numerous studies have concentrated on cooperative control strategies for
heterogeneous MASs. In [16-18], consensus control and formation control were achieved
successfully for linear UAV-UMYV systems, respectively. However, the more accurate mod-
els with the inherent nonlinearities should be considered. To solve this problem, in [19],
neural networks (NNs) were employed to estimate lumped uncertainties, and a fixed-time
terminal sliding formation control algorithm for the leader UAV and follower UMVs was
developed. Nevertheless, the separate control of heterogeneous leaders and followers
necessitates a redesign of the output reference signals for leaders. Output regulation equa-
tions that can transform heterogeneous MASs into a compact form using the Kronecker
product have garnered significant attention [20,21]. Although the aforementioned research
on output regulation equations has primarily focused on issues within heterogeneous
MASs, it remains highly significant for addressing formation control problems in het-
erogeneous ABS-assisted hovercraft systems. Moreover, collaborative operations require
hovercrafts not just to accomplish the given formation configuration but also to track the
states of UAVs based on communication topologies. In [22], UAV-UMV-AUYV systems
effectively completed the path-following task by employing the asynchronous planning
strategy and simulation experiments, with only a single UAV and a single UMV considered.
However, ABS-assisted hovercraft systems typically require multiple UAVs to accomplish
large-scale collaborative tasks, wherein unknown changes in interaction topologies, such
as the breakdown of certain leaders, may lead to instability for heterogeneous systems. To
address these challenges, the distributed observer was proposed in [23] to estimate convex
combinations within the convex hull formed by multi-leader. From another perspective,
each follower hovercraft is typically positioned on the sea surface beneath its correspond-
ing leader ABS, which serves as the tracking target. Through Laplacian matrix analysis,
the convex combinations formed by the remaining normal leader ABSs can be viewed
as the new rotational center, enabling the continuation of collaborative tasks under the
cases of topology changes. Therefore, introducing the distributed observer based on the
neighboring relative output information, rather than relying solely on the state information
of leaders, is essential for formation control in ABS-assisted hovercraft systems.
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It is noteworthy that ABS-assisted hovercrafts frequently operate in random marine
environments. The wave disturbances were typically regarded as bounded uncertainties
in [6,19,24,25] or white noise in [26]. However, ocean waves comprise a mixture of white
noise and the non-white noise, resulting in significant impacts on the control force and the
torque of hovercrafts, posing challenges for suppression or compensation using traditional
methods to overcome mixed disturbances. Random differential equations (RDEs) described
in [27,28] offered a more accurate depiction of the mixed noise with unevenly distributed
properties. Building on this, ocean waves were considered a stable random process in [29],
and the colored noise spectral density was employed to model the signals received by
the ship. Further, some researchers have focused on random MASs and demonstrated
the results of noise-to-state stability for error systems [30-32]. Based on RDEs, further
exploration on how to analyze and tolerate mixed disturbances in ABS-assisted hovercrafts
is challenging yet crucial.

In light of the challenges posed by ABS-assisted hovercraft systems in offshore op-
erations, this paper presents a distributed neuroadaptive formation control protocol that
addresses heterogeneous issues, the unavailability of leaders’ convex hull states, nonlinear
dynamics, and mixed disturbances for the first time. This approach enables UAVs to track
the virtual-leader and maintain a fixed formation, while each hovercraft is responsible
for tracking the convex combination states of the UAVs and achieving a time-varying
formation configuration. The major contributions of this work are outlined as follows:

(1) Tackling heterogeneous collaboration formation in offshore operations. Output regu-
lation equations are employed to tackle heterogeneous challenges by transforming
models into a compact form using the Kronecker product for ABS-assisted hovercraft
systems. Additionally, to ensure the desired distances for information reception, a dis-
tributed formation tracking protocol is proposed, with follower hovercrafts designed
to shape a time-varying formation pattern and encircle leader UAVs.

(2) Designing distributed observers and nonlinearity compensation. Distributed ob-
servers are devised for follower hovercrafts to estimate the output convex combina-
tion states of leader UAVs, where each convex combination state is considered as the
formation center of the corresponding hovercrafts, effectively circumventing the un-
predictable changes in interaction topologies among heterogeneous MASs. Moreover,
NN are employed to compensate for model nonlinearities, thereby broadening the
applicability of more accurate actual hovercraft models.

(3) Addressing mixed disturbances with RDEs. Mixed disturbances acting on hovercrafts
are characterized a mixture of white noise and the non-white noise, providing a more
accurate description of perturbations compared to solely white noise or precisely
observable signals. Furthermore, based on theoretical results of Lyapunov stability for
RDEs, the formation error system of hovercrafts is demonstrated to exhibit noise-to-
state practical stability in probability (NSPS-P) property.

The structure of this article is organized as follows: Section 2 provides the relevant
preliminaries and problem formulations. The proposed formation control protocol and
stability analysis are discussed in Section 3. Section 4 gives simulation results. Section 5
offers conclusions and future works.

2. Preliminaries and Problem Formulation

Before presenting the main results of this article, Section 2.1 presents the mathematical
symbols employed throughout this paper. Section 2.2 provides the mathematical models
of the virtual-leader, ABS, and hovercraft that characterize the leader-follower systems,
as well as assumptions regarding disturbances and heterogeneities. Additionally, the
graph theory describing the communication relationships between agents, along with the
relevant assumptions and lemmas is introduced in Section 2.3. Assumptions addressing
nonlinearities are given in Section 2.4, and the control objectives of the entire system are
provided as preliminaries in Section 2.5.
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2.1. Mathematical Symbols

Throughout this paper, define Apyin(-) and Amax(+) as the minimum and maximum
eigenvalues of the relevant matrix. Oy and I represent N X N dimension zero and identity
matrices, respectively. 0 and 1 denote column vectors of appropriate dimensions, with all
elements being zero and one, respectively. ® is used to define the Kronecker product. R
stands for real numbers. R™ denotes the set of positive numbers. R"*? represents the n x p
dimensional real matrix. The trace of a square matrix is defined as tr(-). || - || stands for
the two-norm of a matrix or a vector. diag(-) represents a diagonal matrix. The positive
definite matrix P is denoted as P>0. For any matrix A, c(A) denotes as its spectrum,
ie,o(A) = {A]|det(A—AI) =0}.

2.2. Mathematical Model Description
2.2.1. The Scenario of ABS-Assisted Hovercrafts

As depicted in Figure 1, a scenario for ABS-assisted multi-hovercraft within the context
of collaborative offshore operations is studied in this paper. A specific number of UAVs is
deployed in the ABS plane to assist hovercrafts on the sea surface. The roles of each device
are delineated as follows:

e  Ground station: functions as the command center, transmitting control signals to
the virtual-leader, organizing and overseeing the operational scope, controlling the
positions of all agents.

e  Virtual-leader: determines the motion position of the entire heterogeneous system,
serves as the fixed formation center and generates the desired trajectory for the
leader ABSs.

e  ABSs: consist of multi-UAVs that act as relay stations, receiving commands from the
virtual-leader, conducting preliminary data processing, and transmitting the processed
data to hovercrafts to alleviate communication burdens of the latter.

e  Hovercrafts: navigate the sea to monitor the marine environment, gathering data
from neighbor hovercrafts and ABSs to acquire formation instructions. Specific forma-
tions or distances must be maintained between each hovercraft and ABS to facilitate
information transfer.

ABS plane

- - hovercraft UAV
LY i i <> >
=== hovercraft # UAV o information communication link communication link
&
- d stati irtual- ] i
2 virtual-leader ground station — virtual leat.ler to mixed disturbances ground station
= link leaders link

Figure 1. An illustration of the scenario for ABS-assisted hovercraft systems involved in collaborative
offshore operations.

In this article, we consider the situation that the virtual-leader has already received
command signals from the ground station. Our focus lies in addressing the control issue
where the virtual-leader transmits information to UAVs, and UAVs relay this information
to hovercrafts, which will execute the formation missions.
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2.2.2. The Mathematical Model of the Leader ABS
The kth UAV can be described as follows [33]
Xi(t) = ni(t) )
() = oy xi(t) + aymic(t) + ug(t),
then (1) can be rewritten as
Xpx = A Xy + Bug @)
Yix = CLXpx-

The matrix pairs (Ar, B) and (C, Ay ) are stabilizable and observable, respectively. The
symbols in (1) and (2) are defined in Table 1.

Table 1. The definitions of symbols in (1) and (2).

Definitions Symbols
T
the position state vector Xk (t) = Xk = {ka, Xkyr sz} eR3
T
the velocity state vector Me(t) = e = | Miews ks sz} €R3
known damping constant matrices oy € R3S, oy € R3X3
the control input ur(t) £ up € R3
the output state Y € R3
the position and velocity vector Xk = [XE, nkT ] T € R®
coefficient matrices A= 03 I ,B= O3 ,Co=[ I3 O3 |
Ky &y I3

2.2.3. The Mathematical Model of the Virtual-Leader ABS

The virtual-leader serves as the formation center for the leader UAV, and the dynamics
model is designed as

{ Xo(t) = no(t)

. (©)
fo(t) = (aox + ax)xo(t) + (aoy + ay)o(t) + uo(t),
then (3) can be rewritten as
XO = (AL + BKy) X + Bug )
Yo = CXo,

where matrix K, is used to regulate Xy by adjusting the system matrix to (A; + BK,, B),
which allows the eigenvalues to be positioned at desired locations [32]. The matrix pair
(Ar + BKy, B) is stabilizable. The symbols in (3) and (4) are defined in Table 2.

Table 2. The definitions of symbols in (3) and (4).

Definitions Symbols
the position state vector Xo(t) £ xo € R3
the velocity state vector no(t) £no € R?
known damping constant matrices Kyy € R3%3, &y € R3%3
the control input uo(t) = upg € R3
the output state Yo € R3
the position and velocity vector Xo = [x&. 1] Tere

the controller gain matrix Ko = [moy, &oy] € R3®
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Assumption 1. The control input ug of the virtual-leader satisfies ||uo|| < 8, where § € R*.

2.2.4. The Mathematical Model of the Follower Hovercraft
The ith follower hovercraft model [34] subject to mixed disturbances is given by:

(5)

M;i;(t) + Ci(7:)7;(t) + Di(7;) 03 (t) = a;(t) + &ii(t),

{ Xi(t) = Ri(pi)vi(t)
1%

where ¢; affects the ith hovercraft due to mixed wave disturbances, which cannot be
precisely modeled as white noise. The symbols in (5) are defined in Table 3.

Table 3. The definitions of symbols in (5).

Definitions

Symbols

the position state vector
(in the earth-fixed frame)
position states and the yaw angle
the velocity state vector
(in the hovercraft-fixed frame)
velocity states and the yaw angular velocity
the control input
the random noise
the noise intensity matrix
the rotation matrix
Coriolis and centrifugal matrix
the inertia matrix
the damping matrix

_ _ T
Xi(t) 2 %i = [Xxir Vi Xyi] € R

Xxir Xyir Yi .
7i(t) £ 7 = [vyi, wi, vy € R

Vxis 1'/‘1/1'/ Wi T
ai(t) £ a4 = [uyi, uyi, uyi]T eR’
gl(t) £ (:l' = [gxir Cl[Ji/ gyi] € R?
8i = diag{gui gy, gyi} € RV
Ri(y;) = R; € R
Ci(v;) £ C; € R¥
M; €R3x3
D;(v;) £ D; eR*?

In Table 3,
cos(¢;) 0 —sin(y;) 0 —m(xgw; + Vy;) 0
R, = 1 0 ,Ci= | m(xqw; +vy;) 0 m(ygw; — vyi) |,
sin(¢;) 0  cos(y;) 0 —m(ygw; — Vy;) 0
m —mygy 0 g}/xi Qlwi 9
M; = | —myg J2 mxg |,Dj=— Dy D vai ,
0 mxq m 0 @;i @;yi

where m is the mass. J; is the moment of inertia about the yaw rotation. x¢ and y, are the
distances from the origin along the body-fixed surge and sway axes to the center of gravity,
respectively. The coefficients {Q(,),Dl(i),ig’(’_)} are hydrodynamic parameters [35].

To facilitate the analysis of nonlinear dynamics and disturbance effects in a matched
manner, and to more precisely characterize the influence of control inputs and external per-
turbations, the unmanned surface vessel model typically incorporates the transformation
M, RT within the control channels [36]. Given that hovercrafts are a high-performance class
of unmanned surface vessels [1], (5) can be accordingly reformulated as:

Xi = Riv; ©)
M;7; = —C;v; — D;; + Ml‘RiT(ﬂi —+ g‘lél)

Then, it can be inferred from (6) that

Xi =1 v
{ i = fi+ui+ g @
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Subsequently, (7) can be reformulated as
Xpi = ApXpi+ B(fi + &i€i + ui) ®)
Yri = CrXFi,

where the matrix pair (Af, B) is stabilizable, and the pair (Cp, Ap) is detectable. The
symbols in (6)—(8) are defined in Table 4.

Table 4. The definitions of symbols in (6)—(8).

Definitions Symbols
the transformed state vector i = Riv; = [Wxirﬂtpir Wyi]T
the nonlinear state Ffi(0i, ) = [fxir foir fyi]T 2 f;
= Qif — RiM; *(C; + D;)RT7;
the coefficient matrix Q; =10,0,—w;;0,0,0; w;,0,0] € R3%3
the transformed position vector Xi = [Xxir Xyir ¥i] Terd
the transformed velocity vector i = [1xis Myis thi]T e R3
the transformed nonlinear state fi = [fxis fyir fyir ]TeRr3
the transformed control input u; = [uxi, Uyi, uwi] T € R3
the transformed general noise &i = [Cxis Cyir Cyi Terd
the transformed noise intensity matrix i = diag{gxi, gyis gui } € R
the output state Yr; € R3
the position and velocity vector Xri =[x} n}] T eRo
coefficient matrices Ar = 8§ (I):; },CP =[Iz O3]

For mixed disturbances, the following assumptions are required to ensure that both
the noise intensity g; and the mean square of the random process ¢; are bounded.

Assumption 2. The intensity matrix g; is bounded and satisfies ||g;||, < gim, where iy, > 0.

Assumption 3 ([27]). The process vector ¢ is Fi-adapted and piecewise continuous. Moreover,
there exists a constant ¢ > 0 such that

sup E[|¢])* < ¢. )

>ty

The following assumption is a standard condition for the regulator equations in
heterogeneous MASs.

Assumption 4 ([37,38]). The following regulator equation:

(10)

0O AL = ArQ); + BU;
CL = CrOy

has the solution pair (Q);, U;).

2.3. Graph Theory

The communication relationships between agents are described as follows. Consider
a group of N + M + 1 agents in ABS-assisted hovercraft systems. Let 0 label the virtual-
leader,i = 1,2, - -, N represent hovercrafts as followers,andk = N+1,N+2,--- , N+ M
signify ABSs as leaders. Define F = {1,2,...,N}andL = {N+1,N+2,...,N + M} as
the follower set and the leader set, respectively. Let N + M + 1 agents communicate over

a static and undirected graph G(V,T, A), where V = {Uo, V1, O(N M)} is the node set,
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I = {(vn,v)) :on,0; € V,n #j} CV xVis the edge set of two neighbor nodes v, and

vj, and A = [an]-] (N4 M1)x (N+M-+1) is denoted as the adjacency matrix, respectively. The

element a,; > 0 if and only if (v,,v;) € T. This paper assumes that G has no self-loops.
The degree matrix of the graph G is labeled as D = diag{zjl\g)M agj, -, Z],I\E}M “(N+M)j}-

Denote £ = D — A € RINTM+DX(N+M+1) it lyj = —auj(n # j) and Ly, = Zjlfgxén pnj
as the Laplacian matrix of G.
The communication among the virtual-leader, ABSs, and hovercrafts can be described
as follows:
01x1  O01xn O1xm
L= Onx1 El _£2 c R(N+M+1)X(N+M+l), (11)
—Ly Opmxn L3

where dimensions of subsections are selected as £, = (ny,...,ny) € RN*M £, ¢ RMx1)
Ly = Lhyy+IM diag(n) € RNXN, £3 = 24, +diag(Ly) € RMM £1
and L), represent the Laplacian matrices for the follower hovercrafts and leader
ABSs, respectively.

Assumption 5. The graph G is connected. The virtual-leader is the root node, and there is at least
one ABS with a path to every hovercraft.

2.4. Neural Networks

Drawing upon the Stone-Weierstrass approximation theorem [39], NNs have the
capability to approximate the unknown smooth function f;(x;), (i € F). To proceed, we
introduce the following assumption.

Assumption 6 ([40]). In a sufficiently large compact set Y; C R, arbitrary accuracy can be
achieved in approximating the unknown smooth function f;(x;)

fi(xi) = WZ-TTZ'(XI') +€;, VXi S Yi/ (12)

where W; € R°*1 is the ideal weight matrix satisfying |Wi|l, < Wy, ¥i(xi)) =

(Wi (), Yio(xi), - .., ¥is(x;)] : RY — RS is the basis function vector satisfying I¥ill, < ¥m
2

with ¥i, (x;) = exp(Hxi - op/ypH> and p = 1,2,---,s. The center of the receptive field is

denoted as op. The width of the basis function is represented as p,,. €; € R is the approximation

error vector confined within ||€;||, < €.

2.5. Control Objective

In this paper, ABS-assisted hovercrafts engaged in collaborative offshore operations
are described as a formation tracking problem. Leader UAVs are designed to form a
fixed formation and track the virtual-leader, while follower hovercrafts are required to
accomplish a given time-varying formation pattern and simultaneously rotate around the
convex combination states of leader UAVs.

The desired fixed formation for each UAV and the time-varying formation for each
hovercraft are specified by the vectors iy € R®(k € L) and h;(t) £ h; € R%(i € F),
respectively. h; and its derivatives are both bounded, piecewise continuous and locally
Lipschitz in t. hy = Crhy € R31 and hy,; = Ch; € R3*! represent the output of the
formation vectors. The two definitions of the control objectives are presented as follows.

Definition 1. For the kth leader UAV in (2) and the virtual-leader in (3) with any given bounded
initial states, if
tli_)m ”YLk — ho — Y()H =0,kel, (13)

then the kth leader UAV is said to achieve the fixed formation tracking target.
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Definition 2. Define ©® = [0y = L1 L2 with each entry 8y > 0,(i € F,k € L). 04
satisfies Zi\ljﬁl 0ix = 1. For the ith follower hovercraft with any given bounded initial states,
such that

lim E[| Vg — hos = CuSi[|* < x, (14)

where S; = ZkNjﬁl 0 X1k Siis the estimation of S;. Then, hovercrafts (8) with mixed distur-
bances are said to achieve the distributed time-varying formation target, where xr is called the mean
square of the formation error bound.

3. Main Results

This section presents the control protocols for the leaders, the distributed observers,
and the control protocols for the followers, respectively, ensuring the successful completion
of the formation task. The fixed formation tracking protocol for leader UAVs is proposed in
Section 3.1 firstly. Then in Section 3.2, the convex combination states of leaders are obtained
by introducing distributed observers for follower hovercrafts. Subsequently, the formation
tracking protocol and the NN adaptive law for the follower hovercraft are presented in
Section 3.3. The structure of the whole designed algorithm is illustrated in Figure 2.

Remark 1. The algorithm diagram Figure 2 is described as follows. First, in the light blue section,
each leader UAV acquires the fixed formation structure hy and the virtual-leader state Xy, forming
an aerial fixed formation according to the designed control law uy. Next, in the yellow section,
follower hovercrafts obtain the UAV's’ state Y| via the distributed observers Sg. Then they shape
a time-varying formation hr and the UAV states are transformed by the hovercraft controller up
through the output regulation equation. Finally, despite the presence of mixed disturbances CF,
hovercrafts successfully form a formation centered on the convex combination states (five stars) of
the UAVs.

[——— L
fixed formation /4, u, i
- —=— UAV models
structure UAV | 4
controllers ——
virtual-leader X, |'F:@~c es ‘;8:'|
statesty) @Y #—————— =1
mixed disturbances
hy. Qh,
formation configurations —— —E ey
output regulation } &e }
AN 78, Eqtation: QS hovercraft _| 4 hovercratt | ¥,
—:» distributed observers  +— —— feonnoies] | models ,__.
N I
| | W, | a8 ,,, =0 }
L NNs \\_ E e
e
T XY, [

Figure 2. Diagram of the proposed distributed neuroadaptive formation control algorithm for
ABS-assisted hovercrafts.

Under the framework of the formation control scheme, to accomplish control objec-
tives (13) and (14), the following lemmas on RDEs, stability analysis, and graph theory
are required.

Lemma 1 ([28]). For an RDE satisfying Assumption 3, there exist constants g, 01, 02,7, A € RT
and a function V € C! such that

ale(OF < V(o) < eafo(1) -
V(9(t) < —eV(9(t)) + [l + A,
where 9(t) = & is the state. Then, (15) exists a unique global solution that is said to be noise-to-state

practical stability in probability (NSPS-P) and lim;_,c EV (8) < ki 3 A'
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Remark 2. Random differential equation (RDE) means a differential equation with random noise ¢
and the noise intensity g(9) like

b= f(9) +3(9)¢,

where functions f(0) and g(9) are piecewise continuous and locally Lipschitz in 8. If A = 0in (15),
we can conclude that the RDE system is NSS-P. When the error systems are RDEs, Lemma 1 will
be applied in the stability analysis to demonstrate that the closed-loop system is stable.

Lemma 2 ([41]). Suppose 2 is Hurwitz and B(t) : [0, +c0) — R", then the dynamical system
V(t) = BV(t) + B(t) satisfies lim;_,co V(t) = 0 if limy_,00 B(t) = 0.

Lemma 3 ([42]). For any vectors X,) € RY, one has
2xTy < xTzx 4+ yTz-1y, (16)
where Z € RYY, and { is a positive integer.

Lemma 4 ([43]). The eigenvectors of the Laplacian matrix Ly, and L), 1 with O as their
eigenvalues are 1x and 1y, respectively.

Lemma 5 ([44]). All elements of matrix L L £, are non-negative, with the sum of each row equaling
one. Furthermore, matrix £q and L3 are symmetric positive definite, and all their eigenvalues have
positive real parts.

Remark 3. Brief explanations for Assumptions 1-6 and Lemmas 1-5 are given as follows:
Assumptions 1 and 2 ensure the control input of the virtual-leader and the noise intensity are
bounded for stability analysis. In Assumption 3 [27], the variance reflects the average power
of a stochastic signal. The signal’s second moment must be bounded for physical realizability.
Assumption 4 [37,38] enables the models of multi-agent with different coefficient matrices to per-
form matrix multiplication operations. Assumption 5 ensures the connectedness of the graph G.
Assumption 6 [40] implies that NNs can approximate continuous functions on compact subsets.
Lemma 1 [28] shows RDE stability under Assumption 3. Lemma 2 [41] helps with stability analysis
by using constants that approach to zero. Lemma 3 [42] is a modified version of Young's inequality.
Lemmas 4 and 5 [43,44] describe the properties of the connected graph for stability analysis.

3.1. Fixed Formation Tracking Protocol Design for Leader UAV's
In this part, a formation tracking protocol will be designed for the kth leader UAV to

track the virtual-leader and shape a fixed formation simultaneously.
Define the formation tracking errors as follows:

ex = Xpx — hx — Xo,

N+M (17)
Pk = Z ayj(ex — ej) + axoer, k € L,
j=N+1

where gy > 0 if and only if the kth UAV can obtain the information from the virtual-leader.
Next, consider the following tracking protocol for the kth leader UAV:

u = a3Kzpp + Ko Xo — Bap(¢x), (18)

where a3 > 0, K3 = —BTP;1 € R3%6 and P; > 0 € R®*® remains to be devised. K,
is defined to solve the heterogeneity between the leader and the virtual-leader. p(¢y)
is utilized to mitigate the impact of the bounded control input ug of the virtual-leader,
defined as

BTp; 1
p(er) = s Pk

= . (19)
HBTPglqokH + eze et
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Theorem 1. If Assumption 1 and 5 are valid, scalars B3, 05,06, €3,€4 € R, control parameters are
appropriately adjusted to meet az > 1/2(05/An11), K3 = —BTP§1, and the subsequent linear
matrix inequality (LMI) condition is satisfied as:

ApPs + P3AT — osBBT +0gP3 < 0, (20)

where Py = 0 represents the solution of (20). Then, the formation tracking issue (13) for the virtual-
leader (4) and leader UAV's (2) can be accomplished under the formation tracking protocol (18).

The symbols in (17)—(20) are defined in Table 5.

Table 5. The definitions of symbols in (17)-(20).

Definitions Symbols
the global formation error er € R®
the local formation error @r € RO
the element in matrix £4 (11) axo
the feedback effect gain a3
the feedback again matrix K3 € R3x6
the solution of LMI (20) P; € R6%6
the matrix defined in (4) K, € R3%6
constants in controller (18) Bs € R
the nonlinear function mitigated 1 (19) p(gx) € R3
constants in nonlinear function (19) 3,64 € RT
designed parameters in LMI (20) 05,06 € RT
coefficient matrices in (2) Ap € RO*6 B € R6*3 C; e R3%6

Proof. See Appendix A. O

3.2. Distributed Observers for Follower Hovercrafts

To ensure that followers remain within the leaders’ influence and preserve formation
integrity despite the loss of leader position information, the positions of UAVs can be
represented by their convex combination states. Due to the unpredictable changes in
interaction topologies among agents, not all follower hovercrafts can receive the convex
combination states from leader UAVs directly. Therefore, an observer constructed by using
the neighboring relative information for the ith follower is essential.

The following distributed observer $; € R® can be constructed

N . N . . N+M .
Si=ALSi+aoKo | Y ai(Yri—Yri) + ) au(Yei — Yii) |, (21)
=1 k=N+1
where Yr; = C.5;, Yrj = C1Sj, a9 > 0, K, = =P, 'C] € R®®, and P, > 0 € R®*¢
satisfies the following LMI:
ArP, + P AT — oy Clcp + oP, <0, (22)

where scalars o7 and 0, € RT.

Theorem 2. Suppose Assumption 5 is valid and the LMI (22) holds. The observer parameter w,
and matrix K, are appropriately tuned to satisfy ay > 01/2A1 and K, = —P;'CI. Then, the
distributed observer (21) will converge to the same convex combination states of leader UAVs, i.e.,

. N+M
lim (S — Y 64Xy | =0i€eF kel (23)
o0 k=N+1
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The symbols in (21)—(23) are defined in Table 6.

Table 6. The definitions of symbols in (21)-(23).

Definitions Symbols
the convex combination state (14) Si = Z,I(\]jl\]]\il O X1k
the estimate of Y; (8) Yri € R3
the estimate of Yf; ij e R3
the estimate of S; S; € R®
the positive gain constant ao
the feedback effect gain o3
the feedback again matrix K, € R3*6
the solution of LMI (22) P, € R6x6
designed parameters in LMI (22) 01,00 € RT
coefficient matrices in (2) Ap € RO*6 Cp € R3%6

Proof. See Appendix B. [

3.3. Distributed Neuroadaptive Formation Protocol for Follower Hovercrafts

Within this section, the formation tracking control scheme and the NN adaptive law
for the ith hovercraft (8) will be devised, and the NSPS-P property of the error system will
be analyzed based on the RDEs.

Firstly, the formation tracking errors of the ith hovercraft are given as follows:

e; = Xpi — Qihi — ;5
N+M (24)

Qi = Z {Ili]‘(ei —Ej),i €T,
j=1

Then, the formation tracking protocol and the NN adaptive law for the ith hovercraft
can be formulated as

ui =a1Ky @i + Kyhy — WY (Xp;) — Brp(oi) + KeiSi, (25a)

W, =, [\Fi(xﬁ)q)f PrlB - ziWI}, (25b)

wherea; > 0,K; = —BTP[! € R3¢, and P, = 0 remains to be devised. K, € R3*® for
the formation configuration is determined to satisfy

lim [fai — (Ap+ BKh)I_al} ~0, (26)

t—00
where h; = Q;h;, K = U; € R3%6, p(@;) € R3 is defined as

BTP g
BTP g

p(gi) = ‘ (27)

4
+ et

and By, 71, 1, €1, €2 € RT.

Remark 4. The controller (25) consists of five components. a1Kj@; acts as the feedback term,
guiding the ith hovercraft to rotate around the convex combination state of leader UAVs and
maintain the desired formation. WiT‘-I’i(X Fi) tepresents the NN compensation component to address
the nonlinearities of the follower. Kyh; serves as the compensation term to meet the formation
condition (26). B1p(¢;) is utilized to mitigate the impact of the NN approximation error.
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Theorem 3. If Assumptions 2—6 are valid, the distributed neuroadaptive formation tracking
problem (14) for hovercrafts (8) with mixed disturbances can be solved utilizing the distributed
observer (21), the formation tracking protocol (25a), the NN adaptive law (25b), and the subsequent
LMI condition:

ApP; + PlAIY,: - 0’3BBT +o4P; <0, (28)

where Py = 0 represents a positive definite matrix, scalars By, 7t;, 1;, €1, €2, 03,04 € R, and control
parameters can be appropriately adjusted to meet ay > 1/2(03/M +d3/4) and Ky = —BTP[ L.

The symbols in (24)—(28) are defined in Table 7.

Table 7. The definitions of symbols in (24)—(28).

Definitions Symbols
the global formation error e; € R®
the local formation error @; € RO
the solution of the regulator equation (10) Q; € RO%6 11, € R3%6
the position and velocity vector (8) Xri € R®
the time-varying formation vector h; € RO
the element in matrices £1 and £; (11) ajj
the control input (25a) u; € R3
the feedback effect gain oy
the feedback again matrix K € R3*6
the feedback again matrix for the formation configuration K, € R3x6
the formation configuration vector h; € R®
the estimation of W; € R**3 W; € R7*3
the NN basis function vector Y (XF;) € RS¥1
the designed constant (25a) B € R

the nonlinear function mitigated error (27) p(gi) € R?

the transformed vector of the formation configuration h; € R®
the transformed matrix K,; € R3x6

the observer defined in (21) S; € RO
designed constants in nonlinear function (27) e1,60 € RT
designed parameters in NNs (25b) i, 1 € RY
the solution of LMI (28) P; € R6%6
designed parameters in LMI (28) 03,04 € RT

coefficient matrices (8) Ap € R6%6 B ¢ R6*3

Proof. See Appendix C. O

Remark 5. In comparison to the heterogeneous linear multi-agent systems [23], the actual heteroge-
neous ABS-assisted hovercraft systems in our study are addressed using output regulation equations.
Unlike the linear UAV-UMYV models for cooperative problems [16—18], the nonlinearities and the
unavailability of leaders’” output convex combination states in ABS-assisted hovercraft systems are
studied by introducing NNs and distributed observers. Compared with [6,19,24,25] where wave
disturbances were typically regarded as bounded uncertainties, a combination of white noise and
non-white noise is studied in this paper, and RDEs are utilized to model and analyze the systems.

Remark 6. A nonlinear hovercraft model with mixed disturbances is applied to better reflect real
navigation conditions in this paper. The scenario is also designed based on practical applications,
where a base station transmits information to an offshore unmanned system via UAV's to enhance
transmission reliability. Given the extensive equipment required for this simulation and due to
current limitations in our experimental hardware, data relevant to real-world conditions could
not be obtained for ABS-assisted hovercraft systems at this time. Our future work will involve
real-experimental tests to further validate the algorithm’s practicality.
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Remark 7. The control protocols in these three sections are executed simultaneously to ensure
the successful completion of the formation tracking task for the heterogeneous system. The task
is divided as follows: First, leader UAV's form a formation around the virtual-leader based on the
control protocol in Section 3.1. Next, follower hovercrafts estimate the convex combination of the
UAVs’ states using the observer from Section 3.2. Finally, hovercrafts complete the formation task
based on the control protocol in Section 3.3 and rotating around the states obtained from Section 3.2.

4. Simulation Studies

For this section, numerical simulation results of the proposed distributed neuroad-
aptive formation tracking method applied to ABS-assisted hovercrafts will be presented,
where one virtual-leader, leader ABSs comprising four UAVs (M = 4), and six follower
hovercrafts (N = 6) are considered, labeled as 0, k = 7,8,9,10,and i = 1,2, - - - , 6, respec-
tively. Follower hovercrafts are deployed on the sea surface for detecting water quality and
receiving data from leader UAVs, while hovering UAVs serve as relay nodes to collect data
from the virtual-leader. The communication topology among the virtual-leader, UAVs, and
hovercrafts is depicted in Figure 3.

A
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Figure 3. The communication graph among ABS-assisted hovercrafts.

For the virtual-leader system, choose K, = diag[—3, -3, —2; —4, —4, —3] and the
bounded control input as 1y = [150c0s(0.05t), 150sin(0.05¢),90 — 0.8¢]T, ensuring the
system remains stable while allowing for the broad movement. In leader UAV sys-
tems, the damping constant matrices are selected as &) = [—0.005,0,0;0,0,0;0,0,0] and
ay = Os. The designed parameters in leaders’ controllers are set as 05 = 1,06 = 4,¢3 = 0.5,
€4 = 1,03 = 10.2, B3 = 150, K3 = diag[—42.04313, —16.219313]. As 0j increases, the system
error decreases but the response time slows down. The desired fixed formation structure for
each UAV is given as h; = [-10,2,0,0,0,0]7, hg = [4,8,0,0,0,0]7, hy = [10,—4,0,0,0,0]7,
hyo = [-3,-9,0,0,0,0]T.

The observer parameters are selected as 07 = 2,0p = 2.8. The minimum eigen-
value of £q can be obtained as A1 = 0.8577. ag should be large enough to stabilize
the leader UAV systems and satisfy a9 = 1.2 > 07/2A;. ¢ determines the accu-
racy of the observer. K, is denoted as the feedback gain matrix and can be solved as
K, = [diag(—20.0405, —19.9487, —19.9487); diag(—51.7779, —51.4939, —51.4939)]. The ini-
tial values are given by 5;(0) = [0.1,0.1,0.1,0,0,0]7,i € F.

For follower hovercraft systems, the matrices C;, M;, and D; in model (6) are selected
with the same values as in [34]. The general noise ¢; can be generated by a second-order
filter as described in [45]: & + ¢1& + ¢o& = ¢3N;(t),&(0) = 0, where N;(t) £ N; =
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[Nl-x, Niy, iw] T ¢ Rr3 represents the white noise process. The filter parameters can be
chosen as g1 = 0.4,6p = 0.4474, and g3 = 0.1964. The noise intensity matrix is set as
gi = 2I3, which is chosen to correspond with the model’s mass and values of the damping
matrix. A higher noise intensity may increase forces and torques on the hovercraft, which
can potentially affect system stability if excessive. The desired time-varying formation
pattern h; for each hovercraft has the expression of

hixy = 15sin(0.15¢t 4 (i — 1)7t/3),

hiy = 30c0s(0.15t + (i — 1)7/3),
hit/} = atanZ(hiy, hix)r

hivx = hix/
hivy = hiyr
hi = i,

In consideration of the practical challenges that require systems to tolerate mixed distur-
bances, the feedback effect gain ; should be large enough. We opt for 03 = 1,04 = 3, with
ap chosen as a1 = diag(34,34,34) > 1/2(03/A1 +d3/4). Ky, representing the feedback
gain matrix for the controller, is solvable as K; = [—17.789613, —9.837113]. The solutions
of the regulator (10) are Q); = I, Kg; = U; = [—0.005,0,0;0,0,0;0,0,0; O3],i € F. Choose
the feedback gain matrix Kj, = [—31I3, —4I3] to ensure that (Ar + BK}) is Hurwitz. The
other designed parameters in the controller are selected as 1 = 6,61 = 0.5, = 1.
B1 determines the ability to eliminate the neural network approximation error. The
Gaussian function is chosen as the radial basis function, and 71; = 2,i; = 8 are se-
lected in NNs with initial values are given by 0. The selection of NN parameters
follows the guidelines in reference [40]. The initial states of each agent are defined
as Xp(0) = [30(@ — 0.5);30(@ — 0.5);12;0;0;0], X;7(0) = [20;12;20;0;0;0], X;5(0) =
[—4;8;15;0;0;0], X19(0) = [15;—3;14;0;0;0], X10(0) = [—3;—8;13;0;0;0]. Xr1(0) =
[10;20;0;0;0;0], Xr(0) = [7,—1, —7/6;0;0;0], Xp3(0) = [7;—30;7/5;0;0;0], Xp4(0) =
[-5; —10; —7t/4;0;0;0], Xp5(0) = [—10; —10; 7t/3;0;0; 0], Xre(0) = [—5;30;0;0;0; 0], where
the random value @ € [0, 1].

The simulation results of the position snapshots at different time instants
(t=0s,5s,50s, 80 s) for ABS-assisted hovercrafts in three and two dimensions are
shown in Figures 4-6. Figure 4 depicts the trajectory of the virtual-leader, which determines
the positions of the whole heterogeneous systems. Figure 5 illustrates that the leader UAVs
form a fixed formation structure while tracking the virtual-leader, and snapshots in Figure 6
indicate the outputs of six follower hovercrafts form a time-varying ellipse shape around
the different output convex combination states (depicted as hexagons with different colors)
of four leader UAVs.

Figures 7 and 8 illustrate the control inputs of all UAVs and hovercrafts, indicating
that forces and torques can quickly converge to the desired values and keep within bounds,
demonstrating the fast response of the control system.
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Figure 4. Position trajectories of the virtual-leader in three dimensions.
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Figure 5. Position trajectories of ABS-assisted hovercraft systems in three dimensions.
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Figure 6. Position trajectories of ABS-assisted hovercrafts in two dimensions. (a) t=0s. (b) t=5s.
(c)t=50s. (d) t=80s.
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Figure 7. The forces curves of leader UAVs.
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Figure 8. The forces and moment curves of follower hovercrafts.

The states of mixed disturbances affecting each hovercraft are depicted in Figure 9.
The curves for errors e and observer estimation errors S are given in Figures 10-12, where
it is noticeable that errors e, and ¢; rapidly converge toward neighborhoods near the origin,
while S; can asymptotically converge to the origin at a fast rate, highlighting the quick
convergence of both tracking and estimation errors. Figure 13 illustrates the curves of the
NN adaptive weights, which quickly converge and are maintained within a small bound.
Thus, from Figures 5-13 and (A28), one can conclude that the distributed neuroadaptive for-
mation tracking protocol for ABS-assisted hovercrafts with mixed disturbances is achieved
by tuning d1, dy, d3, 03, 04, 7 large enough and «,, dy, €; small enough. This presents a valu-
able solution for addressing the control challenges of ABS-assisted hovercrafts engaged in
monitoring sea surface operations.
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Figure 9. Curves of mixed disturbances effect on follower hovercrafts.
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5. Conclusions

A distributed neuroadaptive formation control scheme has been developed for ABS-
assisted hovercrafts in collaborative offshore operations. The designed formation control
schemes incorporate output regulation equations, distributed observers, NNs, and RDEs
to address challenges such as system heterogeneities, unavailable convex combination
states of the leaders, nonlinearities, and mixed disturbances in ABS-assisted hovercraft
systems, enabling successful formation tracking. Based on Lyapunov stability analysis,
it has been verified that the error systems exhibit the NSPS-P property. Building on the
above findings, future research will focus on employing improved artificial potential field
methods, distributed optimization theory, and energy-saving algorithms to address internal
collision, deadlock, and energy consumption challenges with multi-constraint conditions
for formation tracking in heterogeneous ABS-assisted hovercraft systems.
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Abbreviations

The following abbreviations are used in this manuscript:

ABS Aerial base station

UAV Unmanned aerial vehicle

NN Neural network

RDE Random differential equation

NSPS-P  noise-to-state-practical stability in probability
UMV Unmanned marine vehicle

MAS Multi-agent system

Appendix A. Proof for Theorem 1

In this part, all leader UAVs are proven to shape a fixed formation and track the
virtual-leader under the protocol (18).
To analyze in a compact form, define X; = [XK]H, XK]H,. .., X{HM]T € ROMx1 o —

X1 N elpml” € ROV @ = [9h 40 @10 om] T € RO, Ligr) =

T T
[PT((PN+1)IPT(§9N+2)r‘ o IPT(¢N+M)] € R3M><1, hL = [h}\"]+1rh}\"]+zr' o rh}\"]+M} €
RE6Mx1

Through the expressions of (17), one sees

ep = Xp — hy — 1y ® Xo,

Al
QL = (Ea & 16)3L- (AD)

Based on (A1), substituting (18) into (1), the compact form can be yielded as

Xy = (I ® AL) XL + (a3L3 ® BK3)ep — (1 ® BKy)Xo — (B3Ip @ B)L(er). (A2)
Then, the derivative of the formation tracking error can be obtained as

ér = (Im® Ap +a3L3 @ BK3)er — (B3Im ® B)L(@r) — (Im ® B)(1m ® Bug).  (A3)

Consider V3 = e{ (Eg, ® Py 1)6L ; the time derivative of V3 is given by

V3 = 26{(,&3 & P3_1AL)€{ — 20636{(£3£3 X PngBTP?J_l)(?L

_ _ (A4)
—2¢f (L3 @P;'B) (1 @ o) — 2Bse] (L3 P5'B)L(qv).
Select B3 > 6, one has
—2¢] (L3@P; 'B) (1m @ o) — 2Bse] (L5 © P5 'B) (1)
N+M N+M HBTP*1 ?
+ + (pkH
<2 ¥ HBTpglfpk"—Zﬁ3 y > (A5)
Tp—1 —eyt
k=N+1 k=N+1 HB Py (pkH+£3e 4
< 2Mdeze 4t
Define H; € RO*® as a unitary matrix that satisfies 7—[3T LiHs = A3 =

diag(An+1,AN+2,- -  ANsm) € RMXMIn light of Lemma 5, the diagonal entries of
Aj satisfying 0 < Re(Any1) < Re(Any2) < -+ < Re(Anym). Letep = (1M®P3_1)€L

and ¢; = (H! ® Is)eL. Choose aj sufficiently large such that a3 > 1/2(05/An41). Then, it
follows from (20) and (A4) that
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2ef (L3 @ Py AL — a1 £3L5 @ Py 'BBTPS ey

el [L3® (ALPy+ PsAT ) — 2a3L5L5 @ BB |o;

N+M (A6)
= Z Aké]z(ALpg + PgA}: — 20(3)\kBBT)ék
k=N+1

< - 0'662 (E3 & P:,,_l)eL.
According to (A5) and (A6), (A4) can be rewritten as
V3 < —06V3 + 2Mdeze 4. (A7)

In light of Lemma 2, one can conclude that

. T T -1 _
}LTO V3= thﬁr?o e; (L3 ® Py )er =0, (A8)
which implies
tim [C g} = lim Yy — Ao — Yol| = 0,k € L. (A9)

Therefore, all leader UAVs can shape a fixed formation and track the virtual-leader
simultaneously by using protocol (18). This completes the proof of Theorem 1.

Appendix B. Proof for Theorem 2

In this part, the designed distributed observer (21) for follower hovercrafts is proven
to obtain UAVs’ convex combination states.

Let §p = [ng, §T,. ..,SAIE}T € RON*1  Then, the compact form of the distributed
observer (21) can be expressed as

$p = [IN @ A; — (/:1 ® Po—lc{cL) } S+ (52 ® Po—lc{cL) X;. (A10)

Define the compact form of the observer errors as Sp=8p— ([{ I, ® 16) Xj, then

the time derivative of Sp can be written as

8r = (IN® AL)SF — a0 (£1 ® P;lc{cL) [SF - (c;lcz ® Ié)XL]

K (A11)
= [IN ® AL — o (El ® P;lc{cL)] Sr.
Take into account the following Lyapunov functional:
V, = SE(L1 ® P,)SE. (A12)

Follow the same steps as in (A6), and define H; € R®*® as a unitary matrix that
satisfies H1 L1H1 = Ay £ diag(A1, Ay, ..., AN) € RN*N where 0 < Re(A1) < Re(Ap) <
-+ < Re(Ay). Let Sp = (HT ® 1) Sp, then (A12) can be expressed as

Vo < F |1 @ (PoAL + ALPy ) — 20083 @ CTCL | Sk
N ) (A13)
— Y AST (POAL +ATp, - 2%/\,-CLTCL) 5.
i=1

Let a, be sufficiently large such that a, > 01/2A4, then substituting the LMI (22)
into (A13) yields

Vo < *0’2511;(/\1 & PO)S_F = 70.25711;(£1 (9 Po)gp = —0nV,. (A14)
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One can obtain from (A14) that lim; e Sp = limy_se0 {SAF — (ﬁ;lﬁz ® 16)XL} = 0.

Thus, it can be concluded that S¢ asymptotically approaches the convex combination
states of the leaders, implying that each follower hovercraft can obtain the UAVs’ convex
combination states through the distributed observer (21). This completes the proof of
Theorem 2. [

Appendix C. Proof for Theorem 3

In this part, follower hovercrafts are proven to form the given time-varying formation
while tracking convex combination states, which are estimated by distributed observers
under protocols (25).

Let Xp = [XF, XP, -, XEy]" € RN, &p = [elel, - ef]" e RN,

G = diag(glngI"'rgN) S R3NX3N/ er = [e{/e;/"'/e{]]’r S R6NX1/ q)F =
T T

[pl. @3, o8] € RN Ligr) = [o7(@1).0"(92), - 0" (pn)] € RN,

he = [WLKL-1T]T € RONXL O = diag(Qy, Q-+, Q) € RONXON ] —
diag(Uy, Uy, -+, Uy) € R3NXON Wp = diag(Wy, Wy, -+, Wy) € RNSN Yp(Xp) =
(Y1 (Xp1), Y5 (Xp2), - ,‘Y{](XFN)]T e RN ep = [e] €], - ,GKI]T e R3Nx1,

Define W; = W; — W, one has

W, =7 [‘I’i(Xpi)qoiT PlB - [iwi]. (A15)

Substituting the controller (25) into (8), the compact form of hovercraft systems can be
obtained as

Xp = (IN X A]:)XF + (Délﬁl & BKl)eF — (IN X BKh)hF
- R Al6
— (In © B) [T (Xp) — €] + (I © B)GEr — (il © B)L(pr) — (In @ B)USr. 8

In light of the output regulate Equation (10) and the distributed observer error sys-
tem (A11), the compact form of the dynamics of ¢; can be further expressed as

ér = Xp — Qhp — QS
= (IN ® Ap + a1 L1 ® BKy)e + (Iy ® B)GEr — (I ® B) [WI_T‘YF(XP) - ep} (A17)
— (B1In ® B)L(@F) + A, + As,

where A, = [IN & (Ap + BKh)]QhF - th and Ag = —DCOQ(El & P;1C{CL)§F.
Considering the following Lyapunov functional as

V=V,+W, (A18)
where V] is defined as
N 1 o
V) = e} (ﬁl ® P;l)eF + Ztr<7PWiTWi), (A19)
i=1 i

and V, is devised in (A12).
Since K; = —B TP; L along with (25b) and (A17), the time derivation of V; shows

Vi = 2T (ﬁl ® P Ap — 01 L1L1 ® P;lBBTpfl)eF — 2T ([5151 ® P;lB)L(goF)

+2¢f (L1 @ Py 'B) Ger — 2¢f (L1 @ PUB) [WEWE(Xr) — e
+2 % tr W3 (Xpi) @] P B — W W]+ 2¢F (L1 @ PY) Ay + 2e (L1 @ P ) .
i=1

(A20)
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Select 1 > €y, one obtains
—2¢T (/3151 ® P;ls) L(gF) + 2] (51 ® Pl—lB) er < 2Neyere 2!, (A21)

Since tr(Z1Z,) = tr(Z,Z1) holds for any matrices Z; and Z;, one can obtain that

N
2] (£1@ P 'B) Wl ¥r(Xp) = —2 ) tr [ W ¥r(Xe) o] Py B (A22)
i=1

Considering (A20)-(A22), let er = (I N®P 1) er, then (A20) can be rewritten as:

v <t [51 ® (AFpl + plAg) —201L1L1® BBT} er — ZIi tr(liWiTWi) (A23)

+2¢F (cl ® p;l) Ap, + 2¢f (£1 ® P;l)As +28F (L1 ® B)GEr + 2Nemere 2,
According to the Young’s inequality and Lemma 3, one has

Amax (El @ Pl_l) HAhHZ
d ’

T -1 T -1 /\SHSNFH2
2er <£1®P1 )AS < doer (£1 ® P )EF+T, ( )
A24

2 2
25};(51 ® B)G¢r < d3€_£ <£1£1 & BBT)E_F + ngiH,
3

2ef (L1 P )by < dref (L1 @ P )ep +

N (T NN
JE&(HWI. W) < - (2 - (,-14) b tr (W] W;) + datn W,

where ¢ = max{gim,Som "+ ,gNm} = ||Glly, tm = max{i1, 12, -+ ,in}, W = tr(WEWE),
As = Anax{a2 (1@ P [ (L1£1 @ PyICTCLCICLP )] . Thus, it can be obtained
from (A24) that

. 1
Vi < é; {[11 ® (APpl + P1A1]:-) — 2(0(1 — 2d3>£1£1 & BBT:| er

)\max(£1®P1_1)||AhH2 /\SH§FH2
dl * dy

+ g2lIgr | (A25)
d3

1)\ & s
— (2 — ) Y (g Z.Twi) +2Nepere 2 4+ dyty W,
i=1

Let ér = (HlT ® Ig)ep. Choose a; sufficiently large such that a; > 1/2(03/A1 + d3).
Then, it follows from (28) and (A25) that

1
el [cl ® (4rPr + PLAF) -2 <¢x1 - ng) L1L1® BBT} e < ~auef (L1@ P )er. (A26)

Select 04 > dq + dy, then the time derivation of V; can be given as follows:
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V=V, +W
< —[0'4 — (dl + dz)]eg(ﬁl ®P;l>€p — U2§£(£1 & PO)SP + g USElL

L e L 1Y
dy dq

< —V +r)gl* + A,

(A27)

—eot 1 N AT 1A
+2Nepere 2 — (2 - =— Z’fl‘(liwi Wi)

) 2 Amax (L1 ® Po) — As/da 1
where ¢ = mm{m — (d1 +do), Ao (L1 B2) , (Tontm) (2 — d4> }, Tt
max{m, 7, -+, AN}, r = §2/d3, A = /\SHSFHZ/dz + Amax <£1 ®Pfl) A2/ dy +
dytmWep + 2Nepyere 2!, From Lemma 1, it can be deduced that the mean square of
the solution for error systems (A15) and (A17) are NSPS-P.

From Theorem 2, one can obtain lim;_,., Sp = 0. Since lim;_,0o 2Nee1e %2 = 0, and
condition (26) holds, we can conclude that lim;_,. Aj, = 0. Therefore, the formation error
er satisfies lim; o0 E|leg||* < (rN¢ + Aw)/ [Q)\min (El ® Pl_l)} = &g, where ¢ = YN, ¢2,
Aw = dgt;yWgy,. Thus,

NtM |2 , )
tlimE YFi — hoi - Z eikYLk = ||C1:|| tlim E|\el~|| < KF, (A28)
e k=N+1 oo
where xr = ||Cp||*&p, which can be reduced to small values of the origin by tuning

dq,dy,ds, 02,04, i large enough and «,, d4, €; small enough. Hence, this leads us to conclude
that follower hovercrafts can form the given time-varying formation while tracking convex
combination states that are estimated by distributed observers. This completes the proof of

Theorem 3. [
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