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Abstract

This paper investigates a formation tracking problem for underactuated surface vessels
(USVs) subject to collision avoidance and input saturation constraints. Many existing APF-
based formation-control approaches formulate collision avoidance using a single reference
point or an inter-center distance, which may provide insufficient geometric information
during close-range maneuvers. To improve navigation safety, an elliptical disk-based
collision avoidance mechanism is developed by introducing safety points at the bow, stern,
port, and starboard sides of each USV, such that multiple characteristic-point distance
constraints can be simultaneously enforced. To address unknown nonlinearities caused
by model uncertainties and external disturbances, a neural network-based observer is
designed to estimate unavailable velocity states and lumped disturbances. Distributed
control laws are synthesized by integrating artificial potential functions (APFs), the ob-
server, and a backstepping technique. Additional controllers are introduced to address
the input saturation and underactuated issues while preserving the collision avoidance
capability. Stability of the closed-loop system is rigorously established via Lyapunov theory.
Simulation results demonstrate that the proposed approach achieves safer close-range
maneuvering performance compared with conventional single-point methods.

Keywords: underactuated surface vessels; formation tracking; elliptical disk-based collision
avoidance; input saturation; artificial potential function

1. Introduction

Over the past two decades, unmanned surface vehicles (USVs) have been increas-
ingly employed in environmental monitoring, hydrographic and oceanographic surveying,
maritime surveillance, and search-and-rescue support owing to their autonomy, opera-
tional flexibility, and ability to perform missions in hazardous marine environments [1].
Formation control aims to coordinate multiple USVs to follow prescribed trajectories
while maintaining desired geometric configurations. Representative formation-control
architectures include behavior-based and virtual-structure methods [2,3], leader—follower
strategies [4,5], and graph-based distributed schemes [6-9]. Among them, distributed
graph-based approaches are particularly attractive because formation objectives can be
achieved using only local interaction information.

Collision avoidance is essential for safe USV operations, especially in confined
waterways, congested ports, and dynamic maritime environments where close-range
maneuvers are frequently required. Existing collision-avoidance schemes for USV
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formations and related multi-agent systems mainly include formation-reconfiguration
methods [10,11], prescribed-performance, error-transformation, or barrier-function-based
methods [8,9,12,13], and artificial-potential-function-based methods [3,14-17]. Formation-
reconfiguration methods avoid collisions by temporarily modifying the desired geometric
configuration or interaction topology [10,11], but their implementation requires an appropri-
ate switching or reconfiguration strategy. Prescribed-performance and error-transformation
methods enforce safety constraints through transformed tracking errors or barrier-type
functions; however, the required control action may increase significantly as the system
states approach the prescribed boundaries [18], which complicates their application to
systems subject to actuator saturation. In contrast, artificial potential function (APF)-
based methods provide a convenient means of incorporating repulsive interactions into
distributed formation controllers.

A common simplification in representative APF-based USV studies is to construct
collision-avoidance terms using vessel reference positions or inter-center distances [3,16].
Although this formulation facilitates controller design, a single reference distance does not
explicitly distinguish the clearances associated with the bow, stern, port, and starboard
regions during close-range encounters. Existing studies have accounted for vehicle dimen-
sions by approximating mobile agents or underactuated ships using elliptical shapes [19,20].
Ship-domain approaches have also introduced direction-dependent fore, aft, port, and
starboard dimensions to describe nonuniform navigational safety margins [21,22]. These
studies demonstrate the importance of incorporating vessel geometry and encounter orien-
tation into collision-risk assessment. Recent studies have continued to advance formation
and collision-avoidance control for multi-USV systems. Yoo and Park investigated dis-
tributed formation control with dynamic obstacle avoidance for uncertain underactuated
surface vehicles under a directed network [23]. Liu et al. developed an adaptive output
feedback event-triggered formation-control scheme with an obstacle-avoidance mechanism
for underactuated ships [24]. In addition, a recent bibliometric study provides an updated
overview of the development and research trends of multi-USV formation control [25].
Nevertheless, the existing studies, including these recent developments, do not jointly
incorporate multiple body-fixed characteristic-point constraints into observer-based for-
mation control of uncertain underactuated USVs subject to unmeasured velocities and
actuator saturation [6,8,9,15,17,26,27].

Motivated by this issue and building on established observer-based output feedback
architectures for uncertain underactuated surface vessels [26,27], this paper develops
a multi-point collision-avoidance measure based on an orientation-dependent virtual
elliptical reference geometry. The ellipse is introduced to characterize the directional
extent of a USV and to locate four representative safety points at the bow, stern, port, and
starboard directions; it is not intended as an exact geometric reconstruction of the physical
vessel hull. For two neighboring USVs, a point-based approximate proximity measure
is defined as the minimum of the 16 pairwise distances generated by their respective
characteristic safety points. This quantity is incorporated into the APFs to account for
orientation-dependent local proximity information instead of relying only on a centroid-
to-centroid distance. The resulting measure is used as a collision-risk indicator and is not
interpreted as the exact Euclidean minimum distance between two elliptical boundaries or
between two physical hulls.

Within the resulting control framework, an RBFNN-based observer is employed to
recover the unmeasured surge, sway, and yaw velocities and approximate the lumped un-
known dynamics arising from model uncertainties and environmental disturbances [26-28].
Distributed control laws are then constructed by combining the multi-point APFs,
observer-based compensation, dynamic-surface filters, and backstepping design. Auxiliary
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hyperbolic-tangent compensation dynamics are introduced to address underactuation and

actuator saturation while preserving the collision-avoidance capability. Lyapunov analysis

establishes the boundedness of all error signals in the resulting closed-loop system.

Figure 1 schematically illustrates the formation-tracking and collision-avoidance prob-

lem considered in this study, where four follower USVs are required to maintain prescribed

formation relationships with respect to a virtual leader while avoiding inter-vessel collisions

and static obstacles.

Static obstacle Q Q Static obstacle

Leader motion

Q USvo
Representative inter-vessel

collision-avoidance interaction

USV1 Q . - Q Usv2
USV3 Q Q USv4

Prescribed formation relationship

Figure 1. Schematic illustration of the formation-tracking and collision-avoidance problem considered

in this study.

)

@)

®)

The main contributions of this paper are summarized as follows.

A multi-point collision-avoidance measure based on an orientation-dependent virtual
elliptical reference geometry is developed for close-range USV formation maneuvers.
Four body-fixed characteristic safety points are assigned to each vessel, and the
minimum of the resulting 16 point-pair distances is employed as a point-based
approximate proximity measure in the APFs. Compared with a single-reference-point
representation, the proposed measure incorporates additional orientation-dependent
proximity information associated with the bow, stern, port, and starboard directions.
The proposed multi-point safety measure is integrated into a distributed observer-
based output feedback formation-control framework. The resulting controller si-
multaneously addresses formation tracking, static-obstacle avoidance, inter-vessel
collision avoidance, unknown dynamics, unmeasured velocities, underactuation,
and actuator saturation.

Lyapunov analysis proves the boundedness of all closed-loop error signals. Compara-
tive simulations conducted under identical initial conditions, disturbances, controller
parameters, and actuator constraints show that the proposed method maintains
the prescribed minimum safety-point distance in close-range encounters where a
conventional centroid-based method may provide insufficient safety-point clearance.
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2. Mathematical Preliminaries and Problem Formulation
2.1. Notation

The mathematical notation used in the subsequent analysis is specified as follows. The
subscripti € {1,..., N} is assigned to the individual USVs, with N being the total number
of USVs. The symbols | - | and || - || are used for the absolute value and Euclidean norm,
respectively. For a square matrix, Amin(+) and Amax(+) indicate its minimum and maximum
eigenvalues. The operators max(-) and min(-) give the maximum and minimum values
of a variable, respectively. A diagonal matrix is formed by diag{-}. The notation R"*"
refers to the m-dimensional Euclidean space with n elements. Finally, I,, and 0, stand for
the n x n identity matrix and zero matrix, respectively.

2.2. Graph Theory

Graph theory is employed to describe the directed communication topology among
the leader and follower USVs, following standard graph-based distributed formation-
control formulations [2,7-9]. The framework is defined by a directed graph G = {Vg, ®}.
Vg ={0,1,..., N} represents the set of all USVs. ® = {(i,]) € {1,...,N} x Vg} captures
directional communication links. An edge (i,j) € © indicates that the ith USV can access
information from the jth USV. Two USVs are termed neighbors if their spatial proximity
satisfies a predefined threshold. For the ith USV, its neighboring set at time ¢ is denoted as
Ni(t) = {j € Vg, (i) € ©}.

The following directed spanning-tree condition is commonly adopted to ensure that
the leader information can be transmitted to all follower USVs through the communication
network [7-9].

Assumption 1. At the initial time t = 0, the directed graph G contains a spanning tree oriented
toward the leader, which serves as the root node.

2.3. USV Model and Control Problem

A formation composed of N underactuated USVs is considered. Figure 2 illustrates
the coordinate frames and motion variables associated with the ith USV. The sensing and
communication hardware layers are not explicitly modeled in this study. The proposed
control framework is formulated in terms of available position-heading measurements,
control inputs, leader/neighbor information, and obstacle information. Therefore, the
controller does not depend on a specific acoustic, ultrasonic, or electromagnetic sensing
frequency. Following the standard three-degree-of-freedom (3-DOF) marine-craft kinematic
and dynamic model presented in [29], the horizontal-plane motion of the ith USV is
described by

i =Ji(i)vi
v, =0 + Mi_lTi, 1)

where x;, y;, and ; specify the longitudinal position, lateral position, and yaw angle in
the earth-fixed frame XgOgYE, respectively, and these variables form the position vector
i = [xi, vy, gbi]T. In the body-fixed frame XpOpYp, the surge, sway, and yaw angular
velocities are represented by u;, v;, and r;, respectively, which are collected into the veloc-
ity vector v; = [u;,v;, 7i]T. The mass distribution is characterized by the inertial matrix
M; = diag{m; 11, m; 22, m; 33}, whose diagonal elements m; 11, 1, », and m; 33 are associated
with the surge, sway, and yaw inertial masses, respectively. The lumped uncertain term
{; represents the uncertain and unmodeled hydrodynamic dynamics together with time-
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varying environmental disturbances. The control input vector 7; = [1;,,0, Ti,r}T includes
the surge thrust 7;,, and yaw moment 7; .. The rotation matrix J;(¢;) is given as

cos(y;) —sin(y;) 0
Ji(p:) = | sin(y;) cos(y;) O
0 0 1

0, Y, [m]

Figure 2. Reference frames and motion variables of the ith USV.

Assumption 2. The derivative v; is norm-bounded by an unknown positive constant v}, i..,
. *
vil| < vy

Assumption 3. The time derivative of F; is norm-bounded by an unknown positive constant F},
ie., |E| < Ff.

As illustrated in Figure 3, p;; specifies the relative distance from the ith USV to leader
j- The associated kinematic relations are expressed as:

Pij = \/ (xj = xi = pije)® + (vj — yi — pije)% )

pij = —u;jcos(p; — Ajj) + ujcos(ip; — Ayj)
+ v; Sin(l[)l’ — )\Z]) — Uj Sln(lP] - /\1]>
— Pijc[cos(Ajj) + sin(Ay)], 3)
where pj;c is an artificial potential function used for collision avoidance, which will be
defined later.

A

O, >

Figure 3. Leader—follower structure.
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The relative angle A;; for the ith USV with respect to leader j is obtained from
Ajj = atan2(y; — yi, X; — x;) 4)
Differentiating A;; with respect to time yields
Aij = plij{_ui sin(y; — Ayj) + ujsin(y; — Ajj)
—vjcos(P; — Ajj) +vjcos(y; — Ajj) }. (5)

The desired formation behavior requires the ith USV to maintain the prescribed relative
position with respect to leader j, expressed by

lim |pji — 0 4] <
tjrpwlpz, pijal < c1,

tETOOMij — Aijal < 2, (6)
where p;; 5 and A;; ; are desired distance and angle, ¢; and ¢ are tunable positive constants
that can be set arbitrarily small.

In practical USV systems, both operational velocity limits and actuator constraints
should be considered. Accordingly, the surge, sway, and yaw velocities are assumed to
satisfy the following bounds, whereas the available surge force and yaw moment are subject
to actuator saturation [9,26,30,31].

\ui| <, |vi| <05, |ri] <7

uj| <, lvj| <0, |ri| <7 7)

where ii;, 7;, 7; are the bounds of u;, v; and r;, respectively, while ij, 0j, Tj are the bounds of
uj, vj and ri, respectively.

The command generated by the distributed controller is denoted by 7;c = [Tj 4, 0, Ti,rc]Tr
where T; . and T; ;. correspond to the surge force and yaw moment, respectively. The actual
control input after saturation is expressed as 7; = [1;,,,0, Ti,r}T- The effect of actuator satura-
tion is quantified by the mismatch @; = [®@; ,,, 0, wi,r]T = T;c — T;. Accordingly, the relation
between the commanded and saturated control inputs can be written as 7; = 7;. — @;.

Elliptical representations have been employed to account for the non-negligible dimen-
sions and heading-dependent geometry of mobile agents and underactuated ships [19,20].
In the present work, the ellipse is introduced as a virtual orientation-dependent reference
geometry rather than an exact representation of the physical USV hull. Four body-fixed char-
acteristic safety points are placed at the endpoints of the major and minor axes of this virtual
geometry, corresponding to the bow, stern, port, and starboard directions, respectively.

Lemma 1. Let the elliptical disks i and j be represented by bounding ellipses centered at (x;,y;)
and (xj,y;), respectively. Their heading angles are 1p; and ;, while the corresponding semi-axes are
(ai, b;) and (aj, bj). The geometric configuration is illustrated in Figure 4. The generalized distance
pije associated with the two elliptical disks is defined as

https://doi.org/10.3390 /jmse14161557
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where A; = a; cos(y;)
B]‘ =a; Sil’l(l[]j), C] =

XE

OE

A

A

Vi =3+ A= AP+ (i — g+ Bi - B)?,
V= X+ A+ A2+ (i — v+ Bi+ B2,
\/(xi—xj—i-Ai Cj)2+ (yi —y; + B; — D;)2,
V(& — X+ A+ )2 + (yi — y; + Bi+ D)2,
\/(xi—xj—Az—Aj)2+(}/i—yj—Bi—B])Z/
\/(xi —xj—Ai+Aj)*+ (vi —y; — Bi+ Bj)%,
\/(xl- —xj—A;—Cj)? + (yi —y; — Bi — Dj)?,
. — min V(i —xj— A+ C)? + (i —y; — B+ D)2, /
V(i =% +Ci = AP+ (i —yj + Di — By,
\/(xl-—x]+Ci+A]-)2+(yl—yj+Di+B])2,
\/(xi—xj+cz Cj)*+ (yi —yj + Di = Dj)?,
\/(xl—x]+Ci+C])2+(yl—y]+Di+D])2,
Vi =% =G~ AP+ (i —y; — Di By,
\/(xi_x] Ci+Aj)?+ (vi —y; — Di+ Bj)?%,
/(i =% = G = > + (v —y; — Di — D))?,
\/(xl—xj Ci+Cj)2 + (yi —yj — D; + D;)?

a;sin(y;), C; = —b;sin(y;

’(x»/. +a;cosy,,y; +a, sint//_l.)‘
1

’(x./ —a;cosy,;,y; —a,sin '/’_i /
\

, Bi =
—b] Sin(lp]') and D]' = —b] COS(lP]' .

), D; = —b; COS(I/JZ'), A] =aj COS(I[J]'),

‘(xi —a;CoSY;, Y, — g, Sin‘//i)

\/

Figure 4. The generalized distance.

2.4. Obstacle Avoidance

Artificial potential functions (APFs) are widely used to incorporate obstacle avoidance

into motion and formation control. Following common APF-based formulations [3,32],

the kth static obstacle is modeled as a circular object surrounded by a repulsive potential

field. The repulsive potential remains inactive when the ith USV is sufficiently far from the

obstacle and increases as the USV approaches the prescribed safety boundary. Accordingly,
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the repulsive potential function between the ith USV and the kth static obstacle is defined
as follows:
ao(Phy—Piko)* 5
ik TR0 if pa. < R
P = 2Py P Piko = e
0, otherwise

(8)

where «, is a positive constant, and R, specifies the collision range associated with the
obstacles. The relative-position vector between the ith USV and the kth obstacle is expressed
as pix = pi — Pok, while its norm py, = ||pik|| (k = 1,...N,) measures the corresponding
separation distance.

2.5. Collision Avoidance

APF-based repulsive interactions have been widely used in distributed USV formation
and swarm control to maintain inter-vessel separation [3,9,14,16,27]. In this paper, the inter-
vessel repulsive potential is constructed using the proposed multi-point safety measure
and is defined as follows:

(Pl —Pijp)

pi=9q 2l v ©)
0, otherwise
where the relative-position vector is expressed as p;; = p; — p;, and p;j, = [|p;j|| gives the

corresponding separation between the ith USV and the jth USV. The parameter R, specifies
the collision radius associated with the jth USV, whereas «. is a positive constant.

2.6. Integrated Collision and Obstacle Avoidance Coordination

The control laws for the ith USV are constructed using a synthesized reference trajec-
tory obtained by jointly considering the target position and the integrated potential fields
for collision and obstacle avoidance. A coordination strategy is embedded in the resulting
composite potential fields, whose mathematical form is given by

Z =1 1]p1]+2k 1 kalk

(10)
Z =1 z]pz]+zk 1 lkplk

E—
Pik =
where cj, ciyk, 03 and oiyk specify the coordination directions adopted for collision and

obstacle avoidance, with their expressions given by

j; = sign(dpy, /0x;)

y o .

1] = sign(9p;;/ dy;) (11)
k = sign(dp, /0x;)

0, = sign(apy,/ay;)

At each control update, the relative information of neighboring USVs and static ob-
stacles is first used to evaluate the corresponding proximity measures. When a proximity
measure enters its prescribed activation range, the associated repulsive potential is acti-
vated; otherwise, the corresponding potential term remains zero. The directional terms
in Equation (11) determine the repulsive directions along the earth-fixed coordinates, and
all active collision- and obstacle-avoidance terms are combined through Equation (10).
The resulting avoidance term is then incorporated into the formation-error dynamics and
subsequently affects the virtual and actual control inputs.

https://doi.org/10.3390 /jmse14161557
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Incorporating the total potential fields into the formation task leads to the following
control objective:

Lim ||p; — pj — piia — Pill < co, 12
Hmllpl Pj = Pija — Pill 0 (12)
where ¢y € R is selected as a small positive constant.

For pjt, > R,, the APF remains inactive and the USV continues to maintain the
prescribed formation p;; 4, as indicated in Figure 2. The parameter 0;, however, determines
the encounter direction between the USV and obstacles.

3. Distributed Output Feedback Control Design

The overall procedure of the proposed distributed output feedback control method is
summarized in Figure 5. The measured position-heading signals and control inputs are
first processed by the RBFNN-based observer to estimate the unavailable velocity states
and lumped unknown dynamics. Meanwhile, the inter-vessel and obstacle information is
used to construct the collision- and obstacle-avoidance potential terms. These quantities
are then incorporated into the formation-error dynamics and the recursive backstepping
design. Dynamic-surface filters and auxiliary compensation dynamics are employed to
avoid repeated differentiation and to address underactuation and actuator saturation,
respectively. Finally, the surge force and yaw moment are generated and applied to each
follower USV.

Measurements and interaction information
Position-heading measurements, control input, leader/neighbor information, and obstacle information
I

Y
RBFNN-based observer Collision and obstacle avoidance evaluation
Velocity and unknown-dynamics estimation Multi-point safety measure and APFs
L]
[ Formation-error and virtual-control design

!

Dynamic-surface filtering and auxiliary compensation
Underactuation and input-saturation handling

{

f Distributed control inputs ]

Feedback|

Surge force and yaw moment

Underactuated USV system J

\

Figure 5. Flowchart of the proposed distributed output feedback formation-control method.

3.1. RBFNN-Based Observer Construction

Accurate modeling and output feedback control of underactuated USVs are often
complicated by model uncertainties, unmodeled nonlinear dynamics, environmental distur-
bances, and unavailable velocity information [33,34]. Moreover, the relative configurations
between neighboring vessels continuously vary during formation maneuvers, which fur-
ther complicates an exact description of close-range interactions. In the present work, these
uncertain single-vessel dynamic effects are treated as lumped unknown dynamics and are
estimated by the proposed observer. Detailed near-field hydrodynamic coupling between
neighboring vessel hulls is not explicitly modeled and is beyond the scope of this study.
For observer design, the USV model in Equation (1) is rewritten as

https://doi.org/10.3390 /jmse14161557


https://doi.org/10.3390/jmse14161557

J. Mar. Sci. Eng. 2026, 14, 1557

10 of 32

i = Ji(i)vi,
Myv; =1, -, 13)

where the vectors are specified by 17; = [x;,y;, ¢;]T and v; = [u;,v;,7;]T. The model
uncertainties and environmental disturbances are represented by f; = [fi1, fi2, fis]®
and d; = [d;1,d;», di,_o,]T, respectively, and their combined effect is expressed through
Ci = [0i1,Ci2 i3]t = —f; — d;. The inertia properties of the ith USV are characterized by
M; = diag{m; 11, m;2, m;33} € R¥*3. The rotation matrix J;(¢;) takes the form

cos(yp;) —sin(y;) 0
Ji(i) = | sin(y;) cos(y;) O
0 0 1

The universal approximation property of RBF neural networks over compact sets [28]
enables the lumped unknown dynamics {; to be approximated by a radial basis function
neural network (RBFNN). Following the recorded input-output-data construction in [27,35],
the control input 7; and the current and delayed output signals of #; are used as inputs to
the RBFNN. Specifically,

Zi = Wlhij(ci) + &i(ci), (14)

where the RBFNN input vector is constructed as ¢; = [75, 71 (t — t4), 7} (t — 2t4), TF]T, with
t; > 0. The basis-function vector satisfies hi]-(gl-) € R", where j = 1,...,m indexes the
hidden-layer neurons. The weight matrix belongs to W; € R"*3. The approximation error
is bounded according to ||¢;(g;)|| < &;, where g; is a positive constant.

Motivated by neural network-based output feedback observer designs for underactu-
ated surface vessels [26,27], the RBFNN-based state observer is designed as follows:

i = Ji(¥i)0; — Kot 7, (15)

M;d; = 1 — W hij(c:) — Koo ] (i), (16)

where K1, K,jip € R3*3 are selected as positive definite observer gain matrices. The state
estimation error is expressed as 7j; = #; — #;, where the estimated state and velocity vectors
are collected as #; = [%£;,9;, §;]T and 0; = [1;,9;,#;]T, corresponding to the estimates of #;
and v;, respectively. The estimate associated with W; is denoted by W;, whose adaptation
rule is specified by

Wi = il ()T Ti (1) — i Wi, (17)

where p; ,, 7; € R are chosen as positive constants.

For clarity, the implementation procedure of the RBFNN-based observer is summa-
rized in Algorithm 1. At each sampling instant, the measured position-heading signals,
current observer estimates, and applied control input are used to construct the RBENN
input vector. The position-heading estimation error and RBF activation vectors are then
evaluated to obtain the estimate of the lumped unknown dynamics. Subsequently, the
position-heading estimates, velocity estimates, and adaptive neural-network weights are
updated according to (15)-(17).

https://doi.org/10.3390 /jmse14161557


https://doi.org/10.3390/jmse14161557

J. Mar. Sci. Eng. 2026, 14, 1557 11 of 32

Algorithm 1 RBFNN-Based Observer for the ith USV

1: Input: measured position-heading 7; and applied control input 7;

2: Initialization: 7;(0) = #;(0), 9;(0) = 0,and W; ;,(0) = 0,9 = 1,2,3

3: for each sampling instant ¢, do

4: Calculate the position-heading estimation error 171 =1fj —

5: Construct the RBENN input vector g; = [17Z ,171T 07, 1T]

6: Calculate the body-fixed estimation-error signal A; = ] (i)

7: forqg=1,2,3do

8: forj=1,...,mdo

P 2
9: Evaluate the RBF activation ;,(¢;) = exp(— lg’;;””)
iq

10: end for
11: Define ;5 = [hi14, .- -, b m,q}T
12: Estimate the gth component of the lumped unknown dynamics {; g = W h iq
13: Calculate the adaptive weight derivative W,,q = Yighigliq — p,/q
14: Update Wi,q(tk+1) = Wi,q(tk) + TsWi,q(tk)
15: end for

16:  Construct §; = [{;1,{in Cis]T

17: Update #j; according to Equation (15)

18: Update 7; according to Equation (16)

19: Provide ?; and {; to the distributed controller
20: end for

For the subsequent control construction, the component forms of the relevant quan-
tities are introduced as W; = [Wy ;, Wo i, W3], hij(ci) = [l1,i(6:), 1o, (Gi), i3,i(6:)] T, and
Koin = diag{K1 pi2, K2 pi2, K3 pi2 } - Accordingly, (16) can be written componentwise as

.1 A
Ui = ——(Tju — Wi,ih1,ii(6i) — Kie2B1,), (18)
mi11
; 1 A
0j = —— (=Wh,ihpi(Gi) — Kaeina,i), (19)
mi22
Fi = ——(Tiy — Wi ihs,ii(6i) — Kaoi2si), (20)
mi33
where the auxiliary terms are A;; = cos(4;)X; + sin(y;)¥;, Ap; = —sin(y;)%; + cos(y;)7;
and AS,z’ = l[;l'.
Using (15), (16), and (13) together yields the following observer error equations:
i = Ji($i) Vi — Ko i, (21)
Mt = —=Whij(c:) + €i(i) — KoioJF (i), (22)
where the velocity estimation error is expressed as 7; = ; — v;.
For a compact representation, the observer errors are stacked into X; = [7], 7]]T.
Accordingly, (21) and (22) are written in matrix form as
Xi = AiX;i + Bi(—=W/hij(ci) + €i(ci), (23)
i = CoiXi, (24)
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where

Aj =

—Koit i) | g | 05
~M; 'K JE (i) 03 | Mt
Cpi = [ I, 05 }

Because A; depends nonlinearly on J;(¢;), a direct stability analysis of the observer
is difficult. Therefore, a change in coordinates is adopted according to x; = T;X;, with
T; = diag{]iT(i,bi), I3}, yielding

Xi = (Aio +riSt)xi + Bi( =W hij(ci) + i(ci)), (25)
where
Ky I
A — o0il 3 ,
0 ~M; 'K, 03
and St = diag{Sy, I3} with
0O 1 0
Si=1| -1 0
0O 0 0

R’
Lemma 2. If 2%’1 — L > 0 and symmetric positive definite matrices Q;, P; € R®*® can be found
such that the inequalities below are satisfied, then the observer estimation error X; is bounded:

AjP; + PiAj + PiB;BI P, + Q;

+ F,EF +7,(STP, + P;St) <0, (26)
AjPi + PiAig + PBiB{ P + Q;
+ F,EF — 7,(STP; + P;St) <0, (27)

where F; = CL. — P;B;, while ; € R specifies an upper bound for r;.

Proof. The analysis is carried out using the Lyapunov function:
1 7 1 Tk
Vio = 5xi Pixi + T%tr(wi Wi). (28)
Taking the time derivative of V}, gives

. 1
Vio :EX?(PiAiO + ALP; +1:PiST + 1,STP:) X
+ X PiBi(— W/ hij(gi) + €i(ci)))
1 s
+ —tr(W'W))

Yi
1
SEX;F [P;Ajg + AYP; + 1:P;ST + 1:STP; xi
+ X FEWhii(ci) + x PiBiei(gi)
—%MWW» (29)
i

Observe that —tr(WIW;) < —3|Will} + 3lIWill3, —x] EW[hij(si) < 3xTEF xi +
3 W hij(¢i)hfi(¢i)Wi, and x[ PiBiei(ci) < 3x[PiBiB] Pixi + 3€7(ci), which yields
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R
V. < mln(Ql) 2 (PP Tif W 2
o < [l (2% > )IWille
Pi 2 1o
+ T,;HWI‘HF +5¢i(6i)

< —cnVip +cin, (30)
where ¢;; = %||Wl||% + 3lEi(ci) 1% cia = min{ mm(P’)),pl - ’yll_ilzj}. Inequality (30) implies

that the state x; remains bounded. Given that TlT land X; = TiT Xi, the boundedness

of the estimation error signal X; is ensured. [

3.2. Controller Design

The subsequent control development employs the following representation of the
kinematic model for the ith USV:

pi = Rz, (31)
i =r1i (32)
where
o [ cos(p) —sin()
l sin(y;)  cos(y;) |
zi = [u;, 0]".

The distributed formation controller is developed recursively using the backstepping
methodology [36]. A stepwise design procedure is presented below.

Step 1: Based on the kinematics (31) and (32), modified error functions incorporating
neighbors and obstacles information are defined as

Pie = [Pi,elr pi,eZ]T
n
=R{[Y aij(pi — pj — Pija — Pix)]- (33)
=0
where a;; = 1 indicates that the ith USV has access to the position information of the jth

USV, in the absence of such information, ajj = 0.
Differentiating p;, and using (31) yields

Pie = — 1iSPie + asizi — Rl a,,Rjz;
— Riagi(pija+ ), (34)
where a,; = Z?:o ajj,
S= 0 1 .
-1 0
The vector B; = [Bi1, ,Bi,z]T is introduced as the virtual input associated with (34).

Accordingly, B; is selected at the kinematic level according to

Bi :[_Ki,lpi,e + RiTas zR Z + R as z(plj d+ sz)]/ﬂs ir (35)

with K; ; € R2*2 chosen to be diagonal.
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Introduce pj = pf; — P} Since R;, as; and pj; are bounded, a positive constant 1 can
be selected such that )} ; ||R;Fas,i Picll < pa.
Step 2: The next error variable is introduced as

Yie =i —Yig, (36)

The line-of-sight (LOS) guidance law [27,37,38] is employed to determine the desired
heading angle ¢; , as

Vi =i —f, (37)

f = atan(ﬁi/ﬁj) — atan(Piez/A), (38)

where A > 0 denotes the LOS look-ahead parameter. In the numerical implementation,
follower-dependent look-ahead parameters are adopted, and their values are summarized
in Table 1.

Table 1. Main settings of the simulation environment.

Item Setting
Simulation platform MATLAB R2022b
Simulation horizon 300s

Numerical step 0.01s

Integration method for USV dynamics

Formation system

Vessel model

Observer gains

RBFNN hidden nodes
RBFNN adaptation gain
RBENN leakage coefficient
Initial RBFNN weights

Controller gains

Auxiliary-compensation parameters
Dynamic-surface-filter constants
External disturbance

Disturbance bounds

Surge-force constraint
Yaw-moment constraint
Static-obstacle centers
Static-obstacle radius

Ellipse semi-major axis
Ellipse semi-minor axis
RBFNN basis-function widths

LOS look-ahead parameters

Classical fourth-order Runge—Kutta (RK4)
One virtual leader and four follower USVs

CyberShip 11

Koir = Kpip = 3013
9

1000

0.1

Wi(o) = Ogx3

Ki,l = diag{4, 4}, ki,2 = 4:, ki,3 = 20, ki,4 = 0.5,
kis =12

T, =10,T, =20,v1 =20
lig=1lip=13=01

Bounded deterministic sinusoidal disturbance
|di,| <048N, |d;,| <0.44N,

|d; | <0.491 N-m

[-2, 2] N

[-1.5, 1.5] N-m

[20,3]T m and [20, —3]T m

2m

0.75m

0.35m

bip =Dbip =bj3 =30

A =1m, Ay =03m, A3 =05m;

Ay =02mfort <150sand Ay = 0.5 m for
t>150s

Differentiating ; , and using (32) yields

ll}i,e =r; — l”i,a' (39)

For the controller design, the stabilizing function f; 5 is selected in the following form:

Biz = —kiaie +2+f, (40)

Here, k; » represents a positive constant.
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Step 3: Introduce the velocity errors as

Ui = — Bin — yitanh(a;1), (41)

Vie = 0i — Bip — tanh(a;p), (42)

rie = i — Piz — 7itanh(a;g), (43)

where 7 is a positive constant, and &;;, (h = 1,2,3) denotes an auxiliary control term
introduced to address the underactuated nature and input saturation. To avoid the repeated
differentiation of virtual control laws in the backstepping procedure, a first-order dynamic-
surface filter [39] is introduced: ll-,h,éi,h + Bin = Bin h =1,2,3, where [;, is set to a positive
filter constant.

Differentiating (41)—(43) and substituting (18)—(20) yields

. 1 A
Uie = ——[Tiuc — @iy — W,ih1ij(6i) — Ki,0281,1]
mi1
= Qi1
— R., — 7’, 44
:Bz,l T COSh2 (0(1‘,1) ( )
. 1 o .
i = [—Wa,iha,ij(6i) — Ko pinBa,i] — Bi
m; 22
&ip
L R 45
cosh?(a;5) (#5)

. 1 A
Fio = ——[Tire — @iy — W3 ih3,ii(Gi) — K3 012103,]
;33

- &3

By — i3 46
Bis ’YlCOShZ(DCZ',g) (46)

Following the auxiliary compensation structure in [27], the update laws used to
address underactuation and actuator saturation are given by

i1 = cosh®(a; 1) (= Tutt1 — @, /mi11)/ 71, (47)
iip = cosh?(aip){—Wa,ihaij(6i) / mino + kigvie
+asipier — Bin}, (48)

i;3 = cosh?(a;3) (— T3 — @, /miz3) /71, (49)

The parameters k; 4, T, and T, are chosen as positive constants.
Step 4: The kinetic control laws for stabilizing the system are formulated as

Tiue = i1 (—Kigthio — Tutti1 + Bi1 — as,Pie1)
+ Wh, i i (ci), (50)
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Tire = M;33(—kisrie + Bi,3 —Trj3 — Pie)
+ Wsihsii(gi)- (51)

Theorem 1. For a system of N USV's affected by input saturation, suppose that the distributed
control laws (50) and (51), the observer described by (15) and (16), and the auxiliary control terms
(47)—-(49) are implemented. With the proposed output feedback control scheme, every error signal of
the resulting closed-loop system is bounded.

Proof. A composite Lyapunov function is selected to simultaneously characterize the
formation-position error, heading error, velocity errors, dynamic-surface-filter errors, ob-
server estimation error, and the collision/obstacle-avoidance potential term. This structure
is consistent with the recursive backstepping and observer-based design and facilitates the
treatment of the coupling and cross terms among the corresponding subsystems. Accord-
ingly, the Lyapunov function is defined as follows:

n

1 1 1,
V:Z( p16p13+ ltble+2ule+zvle+zrle

i=1

+ Z Wiy, + Vio + pix) (52)

For h = 1,2,3, w; j, represents the discrepancy between Bi and Bin and is written as:

wi1 = Bi1 — Bi, (53)
wip = Binr — Bia, (54)
wiz = Biz — Pis- (55)

Differentiating V along (30), (34), (39), and (44)—(46) generates

n

V= Z (ng (a5 (zie + Bi +wi+a —Z;) — RiTas/iRjzj
i=1
— Riagi(pija + P5)] + Yie(ri — $ia)
1 A
+ i o d ——[Tiue — @i — Wa,il,ij(6:)
m;11
. &1
—Ki oAl —Biq — b
10281l — Bi1 —m cosh? (ary) }
1 A -
- [~ Wh,ih,i(6i) — Koeinla,i] — Bia
1

@; 1
12 } + ri,e{ [Ti,rc - wi,r

a coshz(zxirz) m; 33
— Ws,ihs,4i(ci) — K, oi2A3i] ~ i3
0(13 .
7 cosh2(0cl3)} Z in(Bin — Bin)
72
= Amin (Q0) 13l = (£ = DR +cir + ). (56)
Yioo 2
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Moreover, substituting the virtual controls (35), (40), update laws for the auxiliary
controls (47)-(49), and control laws (50) and (51) into (56), we obtain

n
V< Z{_/\min(Ki,l)p;l:epi,e - ki,leze
i=1

+ plos,i(wi + & — 2) + plRiag iR[Zj + i (wis +Fj — 7;)

K

2 2 2 1,0i2

—kizuj, —kiqvi, —kisri, — o Ay itde
i,

K302 K302 A
- 2,i0ie — 3,itie
mi22

, L

— Z wlh h +,Bzh) min(Qi)”Xin
T -
= (5, = IWillE +ein + pak 7

Here, 2; = [#1;,9;]", while 2; = 2; — z; and #; = #; — r;. From lihﬁih + Bin = Bipn, it follows
that B — Bin = ﬁlh ﬁ”’ —Bin = wl " — B; . Inaddition, culh( Sih L+ Bi 1) can be absorbed

into pi, s iw; and 4’1,3601,3/

n
V <Y {=Amin(Kin)piopie — kio$7,
i1

+ ploas (& — 2) + pZeRias/iRTZj + i (Fj — 71)

K
2 2 2 1,0i2
—kiguj, — kiavi, —kisri, — - Ay itte

i11
K2,0i2 K3,0i2
= RN U — =g
M2 m;,33
3 w? w?, O?
ih ih™ ik 2
— i AR Y . .
hZ::l( L 20; ) min (Qi) 1 Xl
Pi }_112] Qz .
—(*27, _7)” Wil + > + i+ Pi} (58)
1
For subsequent analysis, introduce ;1 = 4a,;pie1 — ﬂi,lz Qin = agipie — [;l.’z and

13 = ;. +Pis. Applying Young’s inequality gives, for any ¢; > 0, thth <
291 w?, 0%, + . Next, consider the sets [T; := {¥}, PlePie T3, + 15, + 07, + 13, +
Zh:1 w?y, + XX+ Htr(WIW;) < 205} and O, = {ngno + 1370 < 15 }, where 0o and
15 denote positive constants. Since []; x O, is compact in R!8%¢, a positive constant s; ;, can
be selected such that |Q); ;| < s;j, throughout this set.

. . o K K Ko
To simplify the subsequent design, define K;, = ml"lllz Ky = 3222, K3o = 5227 and
i, i,

=y (cin+ % + pir)- By Young’s inequality, it holds that

1 17
pzeaw(a_zl) <asz(ngpze+2 21 ) (59)

. g T
preRias iR} Z; < ;l<P}:gPi,e+Z}Zj)/ (60)

lpi,é‘( ) <¢1e 77/ +; ]/ (61)
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KioAq jutje <Kiyouie(|%i| + |7i])
K K _
SR+ K, ©)
K20A2,ivie <K200ie(|fi| + |gl|)
K K _
SR+ S+ Rt 3
K30A3itie =K3oitie
Kz, - _
STOVJ? + KSorizg- (64)
Substituting (59)-(64) and X; = Tl-T x; into (58), we obtain
V<Y A (Kip) — D51 kip—1)?
Z{ [Amin(Ki1) — 5 1PiePie — (ki —1)¢;,
i=1
- (k13 - KlO)uze - (k14 - KZO)vlz,e
3 W w2, 02
(K —K o ih i,h"“%i,h
( 1,5 30)7’16 h:1( li,h 291 )
0; R2
— A N — A 2 — (2l Iy
[Amin(Qi) — Mol Xl (2% 5 Wil
Ao s

where Ay, = max{@, %ras,ir 1}.
By selecting 1/1; ), = sl%h/ (20i) + I7;, where I7; is a positive constant, the following
result is obtained:

. n 3a;
V <Y {—[Amin(Ki1) — %}PEEM,@ — (kip — 1)y7,
i=1
- (k' — Kyo)up, — (kg — Koo) 07, — (kis — K3o)17,
3 Q2 wz 52
. I* w ih i,h°ih
Z ihYih hgl Slz,h ) 291.
2 Pi }_112]
= Pmin(Q1) = Mol 1117 = (- = D) IWillE}
Yi
+ 12, (66)
where pip = p1 + 37 us’
Substituting the bound | | < sij into (66) yields
V < —uoV + o, (67)

where 19 = min{z[ mm(Kl z) %]rz(ki,Z —1),2(kiz — Kio),2(kia — Kao),2(ki5 — Kso),

Hence,

V(t) < (V(0) — E2yermor 4 B2 (68)
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The definition of V implies the boundedness of every error signal in the closed-loop
system. [J

4. Simulation Results
4.1. Simulation Environment and Setup

All numerical simulations were implemented in MATLAB R2022b with a fixed numer-
ical step of 0.01 s over a simulation horizon of 300 s. The kinematic and dynamic equations
of the USVs were numerically integrated using the classical fourth-order Runge-Kutta
(RK4) method, while the controller and observer states were updated at the same sampling
interval. A formation system consisting of one virtual leader and four follower USVs was
considered to evaluate the proposed control strategy. Under the directed spanning-tree
condition in Assumption 1, a single rooted leader is sufficient to propagate the reference
information to all follower USVs [7-9]. Introducing multiple leaders would instead lead
to a multi-leader or containment-control formulation [33], which is beyond the formation-
tracking objective considered in this study.

The vessel model and its principal parameters were based on the CyberShip II model
ship developed at the Norwegian University of Science and Technology [40]. CyberShip II
is adopted as a benchmark model because its dynamic parameters are well documented and
have been widely used in marine-control studies, which facilitates reproducible controller
evaluation and comparison with related work. The proposed control framework is not
restricted to this specific platform and can be applied to other underactuated USV models
satisfying the stated assumptions after replacing the corresponding vessel parameters. The
simulation configuration, including the initial positions of the virtual leader and follower
USVs, the locations of the two static obstacles, and the leader-motion direction, is illustrated
in Figure 6. The main simulation settings are summarized in Table 1.

y[m]
A
. @ Usv4
Static obstacle 1, r =2m
5 F__Usv4

= @ Usv2 :
Usv2 E (m>) USV0 '
Leader motion ! E

0t (Ei‘)usvo Usvl
7(Virtuul leader) UsVv3
USVl1
Scenario 1
S USV3 Static obstacle 2, r = 2m
1 1 1 1 1 1 1 >
0 5 10 15 20 25 30 x[m]
i @ ysvy P @ US4 i
| USV2 Lo ) ;
! @ Usvo P @ ysvo ;
i @ UsvI Usvi1 i
USV3 P USV3
i Scenario 2 | : Scenario 3 E

Figure 6. Initial simulation configuration of the case study.

Neural network-based observer schemes have been employed to compensate for
uncertain dynamics in underactuated surface vessels [26,27,34]. In the present work, the
RBENN is used specifically as an online function approximator within the state observer
to estimate the lumped unknown dynamics, rather than as an independent high-level
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decision-making controller. Its principal implementation parameters are summarized in
Table 1.
The inertia and damping matrices used for all follower USVs are

2 0 0
M; = diag{23.8, 33.8,2.764}, D;= [0 7 0.1].
0 01 05
The virtual leader starts from 7(0) = [2.6 m, 0 m, 0 rad]” and moves with con-

stant velocities uy = 0.1 m/s, v9 = 0 m/s, and rp = 0 rad/s throughout the simulation.
Accordingly, its reference trajectory over the considered 300-s simulation interval is

xo(t) =2.64+0.1¢, yo(f) =0, lpo(t) =0.

The initial position and heading vectors of the follower USVs are selected as

71(0) = [1m, 1m, Orad]’, 1712(0) = [1m, —1m, Orad]’,

73(0) = [-2m, 4m, Orad]”, 74(0) = [-2m, —4m, O rad]”.

The initial velocities of all follower USVs are set to zero, i.e., v;(0) = 03,i = 1,...,4. The
initial position-heading estimates are set equal to the corresponding actual states, while
the initial estimated velocities and RBFNN weights are selected as

7:(0) =7;(0),  0:(0) =03,  W;(0) =09x3, i=1,...,4

The observer, RBFNN, controller, auxiliary-compensation, dynamic-surface-filter, and
LOS-guidance parameters are summarized in Table 1. Unless otherwise specified, the same
parameter values are used for all four follower USVs and throughout the three simulation
scenarios. The follower-dependent LOS look-ahead parameters are explicitly listed in
Table 1.

To evaluate the robustness of the observer and controller, bounded deterministic
time-varying disturbances are applied to all follower USVs. The disturbance vector is
selected as

—0.13 — 0.20sin(0.12¢) — 0.15sin(0.06¢)
di(t) = | 009 —0.20sin(0.08t — 77/6) — 0.15sin(0.06t) |,  i=1,...,4,
0.10sin(0.09 + 7t/3) + 0.40 sin(0.05¢)

where the first two components represent generalized disturbance forces in N, whereas
the third component represents a disturbance yaw moment in N-m. Accordingly, the
disturbance components satisfy the conservative bounds

di ()] 048N,  |dio(t)] <044N,  |d;, ()] <0491N-m.

The same disturbance signals are applied to all follower USVs and are used consistently in
the proposed and comparative simulations.

The surge forces and yaw moments are constrained by |7; ,| < 2Nand |7;,| < 1.5 N-m,
respectively.

Two circular static obstacles, each with a radius of 2 m, are centered at [20 m, 3 m] T
and [20 m, —3 m|”. For the proposed multi-point safety measure, the same virtual elliptical
reference geometry is assigned to all follower USVs, with the semi-major and semi-minor

axes selected as
a; =0.75m, b; =0.35m, i=1,...,4.

These parameters are used to determine the locations of the four characteristic safety points
and are not intended to provide an exact geometric reconstruction of the CyberShip II hull.
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The initial simulation configuration considered in the case study is illustrated in
Figure 6. The figure shows the initial positions and headings of the virtual leader and four
follower USVs, the locations and sizes of the two static obstacles, and the motion direction
of the virtual leader. This configuration is used as the common initial environment for the
comparative simulation scenarios considered below.

Six simulations are conducted under three desired formation geometries. In Scenario 1,
the desired relative-position offsets are

P10d = [0 m, —4 m]T, P20,d = [0 m, 4 m}T,

P31,d = [O m, —4 m]T, Papa = [0 m, 4 m}T.
In Scenario 2, the desired relative-position offsets are

P04 = [—2m,—4 m]T, P204 = [2m, 4 m]T,

P31,4 = [_2 m, —4 m]T, Pad = [2 m, 4 m]T.
In Scenario 3, the desired relative-position offsets are
P04 = [~3m,—4 m]’, P20,4 = [3m, 4 m]T,

P31,d = [_3 m, —4 m]T, Pad = [3 m,4 m]T.

4.2. Comparison and Analysis

For each scenario, the proposed multi-point collision-avoidance method is compared
with a conventional centroid-based single-point method. In Figures 7-12, panels (a) and (b)
correspond to Scenario 1, panels (c) and (d) correspond to Scenario 2, and panels (e) and (f)
correspond to Scenario 3. Panels (a), (c), and (e) show the results obtained with the proposed
method, while panels (b), (d), and (f) show those obtained with the conventional method.

For a fair comparison, the two methods are evaluated under the same nominal
vessel model, initial states, virtual-leader motion, external disturbances, obstacle con-
figuration, observer and controller parameters, actuator constraints, and numerical set-
tings. The principal difference between the two methods lies in the inter-vessel prox-
imity measure used in the collision-avoidance APF. Specifically, the proposed method
employs the minimum of the 16 pairwise distances generated by the bow, stern, port,
and starboard characteristic points of two neighboring USVs, whereas the conventional
method employs the centroid-to-centroid distance. Therefore, the comparison evaluates
the effect of incorporating orientation-dependent characteristic-point information into the
collision-avoidance mechanism.

To provide a consistent comparative assessment, the two methods are evaluated in
terms of inter-vessel separation, formation-tracking error, control-input behavior, and
collision occurrence. The corresponding inter-vessel distance responses, tracking errors,
and control inputs are presented comparatively in Figures 8, 9 and 12, respectively, while
the quantitative tracking-error indices and collision status are summarized in Table 2.

The proposed method constructs the inter-vessel repulsive potential terms using
the point-based approximate proximity measure, i.e., the minimum of the 16 pairwise
distances generated by the bow, stern, port, and starboard characteristic safety points of
two neighboring USVs. The conventional method instead evaluates inter-vessel proximity
using the centroid-to-centroid distance. Therefore, the comparison evaluates the benefit
of incorporating additional orientation-dependent characteristic-point information into
collision-risk assessment. The proposed measure is not interpreted as the exact hull-to-hull
or ellipse-to-ellipse minimum distance.
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Table 2. Quantitative comparison of formation tracking performance under the three simulation

scenarios.
Scenario Method Error Max. Error Mean Error Steady-State Error Collision

€10 3.59 1.04 0.93 No
Proposed method 20 2.53 0.78 0.69 No
e31 3.34 1.01 0.90 No
€42 2.13 0.82 0.77 No

1
€10 2.02 N/A N/A Yes
Comparative method €20 297 N/A N/A Yes
€31 2.05 1.86 1.96 Yes
€42 2.38 N/A N/A Yes
€10 3.45 0.93 0.88 No
Proposed method 20 1.82 0.35 0.27 No
€31 3.38 0.95 0.82 No
€42 3.24 0.40 0.16 No

2
€10 2.49 N/A N/A Yes
Comparative method €20 .74 N/A N/A Yes
€31 2.71 2.04 2.09 Yes
€42 2.93 N/A N/A Yes
€10 4.03 1.14 1.18 No
Proposed method €0 1.42 0.58 0.62 No
€31 3.90 1.23 1.16 No
€40 3.14 0.67 0.46 No

3
€10 3.01 N/A N/A Yes
Comparative method €20 4.03 N/A N/A Yes
e31 3.31 2.30 2.37 Yes
€40 3.41 N/A N/A Yes

Note: N/A indicates that the corresponding mean and steady-state tracking errors cannot be meaningfully
evaluated because collision occurrence causes the associated tracking errors to diverge. Here, ¢j, e, €31, and
egr denote the formation-tracking errors associated with the desired relative-position relationships between
USV 1-USV 0, USV 2-USV 0, USV 3-USV 1, and USV 4-USV 2, respectively.
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Figure 7. Formation trajectories with collision avoidance. (a) Formation control with Proposed
method, Scenario 1. (b) Formation control with a conventional single-point collision avoidance
method, Scenario 1. (¢) Formation control with Proposed method, Scenario 2. (d) Formation control
with a conventional single-point collision avoidance method, Scenario 2. (e) Formation control
with Proposed method, Scenario 3. (f) Formation control with a conventional single-point collision

avoidance method, Scenario 3.
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Figure 8. Inter-vessel proximity responses. (a) Formation control with Proposed method, Scenario 1.
(b) Formation control with a conventional single-point collision avoidance method, Scenario 1.
(c) Formation control with Proposed method, Scenario 2. (d) Formation control with a conventional
single-point collision avoidance method, Scenario 2. (e) Formation control with Proposed method,
Scenario 3. (f) Formation control with a conventional single-point collision avoidance method,
Scenario 3.

To further complement the comparative evaluation with quantitative performance
indices, the maximum, mean, and steady-state values of the formation tracking errors
€10, €20, €31, and ey, are summarized for the three simulation scenarios. In addition to the
tracking-error indices, the collision status is also reported because collision avoidance con-
stitutes a primary performance requirement of the considered formation control problem.
The quantitative results are presented in Table 2.

As shown in Table 2, the proposed method maintains collision-free formation motion
in all three scenarios, and all four formation tracking errors remain bounded throughout
the simulations. In contrast, collisions occur when the comparative method is employed.
After the collision, the tracking errors eqp, ey, and e4p diverge, and therefore their mean and
steady-state values cannot be meaningfully evaluated and are denoted by N/A in Table 2.
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Figure 9. Formation tracking errors. (a) Formation control with Proposed method, Scenario 1.

(b) Formation control with a conventional single-point collision avoidance method, Scenario 1.
(c) Formation control with Proposed method, Scenario 2. (d) Formation control with a conventional
single-point collision avoidance method, Scenario 2. (e) Formation control with Proposed method,
Scenario 3. (f) Formation control with a conventional single-point collision avoidance method,
Scenario 3.

For the tracking error e31, for which the mean and steady-state values remain available
for both methods, the proposed method yields mean errors of 1.01, 0.95, and 1.23 in
Scenarios 1-3, respectively, compared with 1.86, 2.04, and 2.30 for the comparative method.
Similarly, the corresponding steady-state errors obtained with the proposed method are
0.90, 0.82, and 1.16, whereas those of the comparative method are 1.96, 2.09, and 2.37.
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Although the comparative method exhibits smaller maximum values of e3; in the three
scenarios, these transient values do not imply successful formation operation because
collisions subsequently occur. The results therefore demonstrate that the proposed method
achieves a more favorable balance between collision avoidance and formation tracking,
allowing temporary formation deviations when necessary while preserving collision-free
and bounded formation motion.

Figure 7 presents the formation trajectories under the three desired formation geome-
tries. As shown in panels (a), (c) and (e), the proposed method enables the follower USVs
to complete the prescribed maneuvers while passing the two static obstacles and main-
taining inter-vessel separation. During close-range encounters, the formations temporarily
deform because the repulsive potential terms modify the nominal formation references.
After the obstacle region has been passed, the followers gradually recover the desired
relative configurations.

In contrast, the conventional-method trajectories in panels (b), (d) and (f) do not
complete the prescribed maneuvers in the presented simulations. This behavior is consis-
tent with the limitation of using only a centroid-based distance to represent close-range
geometric separation. Ship-domain studies have emphasized the importance of direction-
dependent navigational safety margins associated with different regions around a ves-
sel [22,41]. In the present comparison, the centroid-to-centroid distance does not explicitly
encode vessel-heading information or distinguish the local clearances associated with
the bow, stern, port, and starboard regions. Therefore, the centroid distance may remain
relatively large even when a pair of representative vessel extremities is already close during
turning or crossing maneuvers. The corresponding repulsive action may consequently be
activated later than that generated from the minimum safety-point distance. By evaluating
all 16 safety-point pairs, the proposed measure responds to the closest pair among the
selected bow, stern, port, and starboard characteristic points, rather than relying only on
the distance between the two vessel centers.

Figure 8 presents the inter-vessel proximity responses. Panels (a), (c), and (e) show
the minimum characteristic-point pairwise distances employed by the proposed method,
whereas panels (b), (d), and (f) show the centroid-to-centroid distances used by the con-
ventional method. During approximately the first 40 s, the vessels undergo an initial
formation-adjustment transient. During this interval, the collision-avoidance terms tem-
porarily have a higher priority than the formation-tracking objective, leading to evident
variations in some distance responses. The collision-avoidance action is governed by the
inter-vessel proximity measure defined in Section 2.5 together with the activation condition
of the repulsive APF in Equation (9). When the corresponding proximity measure enters the
prescribed activation range, i.e., Pijp < R, the inter-vessel repulsive potential is activated;
otherwise, the corresponding potential term remains inactive.

During approximately 120-230 s, the follower USVs pass through the obstacle region
and perform evident avoidance maneuvers. The distance variations during this interval
are consistent with the temporary formation deformation observed in Figure 7. Since the
left and right panels of Figure 8 use different distance definitions, their numerical values
should not be compared directly. In particular, a centroid-to-centroid distance does not
directly quantify the local clearances associated with the bow, stern, port, and starboard
regions. Therefore, satisfaction of a centroid-distance condition alone does not necessarily
indicate that all representative local vessel clearances are sufficiently large.
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Figure 10. Velocity recovery performance of USV 1.(a) Formation control with Proposed method,
Scenario 1. (b) Formation control with a conventional single-point collision avoidance method,
Scenario 1. (c) Formation control with Proposed method, Scenario 2. (d) Formation control with
a conventional single-point collision avoidance method, Scenario 2. (e) Formation control with
Proposed method, Scenario 3. (f) Formation control with a conventional single-point collision
avoidance method, Scenario 3.

The corresponding formation-tracking errors are shown in Figure 9. For the proposed
method, the errors decrease after the initial formation adjustment and temporarily increase
during the close-range avoidance interval. This increase occurs because collision and
obstacle avoidance are assigned priority over formation tracking while the vessels pass the
obstacle region. During approximately 230-300 s, the avoidance effects gradually decrease,
and the formation-tracking errors approach small neighborhoods of zero.
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Figure 11. Unknown dynamics estimation performance of USV 1. (a) Formation control with Pro-
posed method, Scenario 1. (b) Formation control with a conventional single-point collision avoidance
method, Scenario 1. (¢) Formation control with Proposed method, Scenario 2. (d) Formation control
with a conventional single-point collision avoidance method, Scenario 2. (e) Formation control
with Proposed method, Scenario 3. (f) Formation control with a conventional single-point collision

avoidance method, Scenario 3.

For the conventional method, several response curves terminate before the prescribed
simulation interval is completed, while the remaining formation-tracking errors do not
approach zero. The combined results in Figures 7-9 indicate that the proposed method can
complete the avoidance maneuvers and subsequently recover the desired formation under
all three relative-position configurations.

https:/ /doi.org/10.3390/jmse14161557


https://doi.org/10.3390/jmse14161557

J. Mar. Sci. Eng. 2026, 14, 1557 29 of 32
2 2 T T ™ T T
Tu Tiu
e LI w1 z ! T2u
G': Tau ;’\» Tau |
g0 Taw ﬂ' 0 Taul
1"
Cj Cj
2 = ]
2 . . . . . 2 . . . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
1[s] t[s]
T T
z Tar _ Tir
- Tor £ T
£ . = -
= - e 3r
B Tar H Tar| 4
i T
& = 1
L L
0 50 100 150 200 250 300 50 300
t[s] ts]
(a) (b)
T1u Tiu
z 1 Tou | zZ Tou
< N 3 < 3
S0 Tyu = Taw |
I u
=5 S
e 1 = 1
0 50 100 150 200 250 300 200 250 300
ts] t[s]
2 ! T T T T T
—_ — T
£ 1 £ Tor |4
Z Z -
< F 3r i
P o Tar| ]
i o
L u
=1 = 1
[S S
0 50 100 150 200 250 300 0 50 100 150 200 250 300
sl ts]
(c) (d)
2 m 2 - T T ;
Tiu T1u
z 1 T2u| | z1 T2u
< Tau < Tau |
g0 Tau [ S0 Tau)
" n
=5 l b
2 . . . . 2 . . . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
s t[s]
—_ —_ Tie
£ 1 £ 1 el A
4 E Tir
= = v
X Yo ]
7 hy
= -1 =1 4
2 . . . . 2 . . . . .
0 50 100 150 200 250 300 o 50 100 150 200 250 300
1[s] tfs]
(e) €3]

Figure 12. Control inputs. (a) Formation control with Proposed method, Scenario 1. (b) Formation
control with a conventional single-point collision avoidance method, Scenario 1. (¢) Formation control
with Proposed method, Scenario 2. (d) Formation control with a conventional single-point collision
avoidance method, Scenario 2. (e) Formation control with Proposed method, Scenario 3. (f) Formation
control with a conventional single-point collision avoidance method, Scenario 3.

Figure 10 presents the velocity-estimation performance for USV 1. The estimated
surge, sway, and yaw velocities closely follow their corresponding actual signals over
the available simulation intervals. Small transient deviations appear during the initial
formation adjustment and the obstacle-avoidance maneuvers, but the estimated signals
remain bounded and rapidly approach the actual velocity responses. These results support
the effectiveness of the proposed observer in recovering the unavailable velocity states
from position-heading measurements.
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Figure 11 presents the unknown dynamics estimation performance for USV 1. The
estimated signals closely follow the corresponding actual lumped unknown dynamics
signals, including during the initial transient and the close-range avoidance maneuvers.
This indicates that the RBFNN-based observer can approximate the lumped effects of model
uncertainties and external disturbances within the considered simulations.

Figure 12 presents the surge forces and yaw moments of the follower USVs. Relatively
large control-input variations and temporary saturation occur mainly during the initial
formation adjustment and the close-range avoidance maneuvers, when greater control effort
is required to modify the vessel trajectories. Nevertheless, the applied surge forces and
yaw moments remain within the prescribed actuator limits. The corresponding panels also
provide a direct comparison of the control-input behavior of the proposed and conventional
methods under the same actuator constraints.

Overall, the simulation results show that the proposed controller can complete the
formation maneuvers in all three scenarios while simultaneously accounting for formation
tracking, static-obstacle avoidance, inter-vessel separation, unavailable velocities, unknown
dynamics, and actuator saturation. Compared with a centroid-only representation, the pro-
posed multi-point measure provides additional information about orientation-dependent
local vessel clearances during close-range formation maneuvers.

5. Conclusions

This paper has investigated the formation tracking control problem for underactuated
USVs subject to unknown dynamics, external disturbances, inter-vessel collision risks,
and input saturation. To improve the orientation-dependent geometric information avail-
able during close-range formation maneuvers, an elliptical disk-based collision-avoidance
strategy has been developed by introducing a virtual elliptical reference geometry and
four characteristic safety points corresponding to the bow, stern, port, and starboard direc-
tions of each vessel. Based on these characteristic points, APFs were constructed using the
minimum of the corresponding point-pair distances as an approximate proximity measure,
rather than relying only on centroid-to-centroid distances.

An observer-based distributed output feedback control scheme has been proposed
by integrating a neural network-based observer, APFs, backstepping design, and auxil-
iary compensation terms. The observer was employed to recover unavailable velocity
information and estimate lumped unknown dynamics using position-heading measure-
ments only. Meanwhile, the auxiliary compensation terms were introduced to handle input
saturation and underactuated dynamics without compromising the collision avoidance
capability. The boundedness of all closed-loop error signals was rigorously established
through Lyapunov analysis.

Comparative simulation results have demonstrated that the proposed controller can
achieve formation tracking, obstacle avoidance, inter-vessel collision avoidance, and input
saturation handling simultaneously. More importantly, compared with the conventional
single-point collision-avoidance method, the proposed elliptical disk-based strategy main-
tains the prescribed characteristic point-based proximity threshold during the simulated
close-range maneuvers, while no collision is observed in the considered simulations under
the adopted characteristic point-based collision-avoidance criterion. This indicates that
incorporating the bow, stern, port, and starboard characteristic-point information enables
the controller to respond to orientation-dependent close-range collision risks that may not
be adequately reflected by a centroid-based distance measure. Future work will focus on
extending the proposed framework to dynamic obstacles, COLREGs-compliant encounter
scenarios, and experimental validation on real USV platforms.

https://doi.org/10.3390 /jmse14161557


https://doi.org/10.3390/jmse14161557

J. Mar. Sci. Eng. 2026, 14, 1557 31 of 32

Author Contributions: Conceptualization, X.X. and Y.G.; methodology, Y.G. and X.X.; software,
Y.G.; validation, Y.G. and X.X,; formal analysis, Y.G. and X.X.; investigation, Y.G.; writing—original
draft preparation, Y.G.; writing—review and editing, X.X. and Y.G; visualization, Y.G.; supervision,
X.X.; project administration, X.X. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Liu, Z; Zhang, Y;; Yu, X; Yuan, C. Unmanned Surface Vehicles: An Overview of Developments and Challenges. Annu. Rev.
Control 2016, 41, 71-93. [CrossRef]

2. Oh, K.K,; Park, M.C.; Ahn, H.S. A Survey of Multi-Agent Formation Control. Automatica 2015, 53, 424-440. [CrossRef]

3. Yan, X, Jiang, D.; Miao, R.; Li, Y. Formation Control and Obstacle Avoidance Algorithm of a Multi-USV System Based on Virtual
Structure and Artificial Potential Field. J. Mar. Sci. Eng. 2021, 9, 161. [CrossRef]

4. Cui, R;Ge,S.S.; How, B.VE,; Choo, Y.S. Leader-Follower Formation Control of Underactuated Autonomous Underwater Vehicles.
Ocean Eng. 2010, 37, 1491-1502. [CrossRef]

5. Jin, X. Fault Tolerant Finite-Time Leader-Follower Formation Control for Autonomous Surface Vessels with LOS Range and
Angle Constraints. Automatica 2016, 68, 228-236. [CrossRef]

6. Xia, G,; Sun, C.; Zhao, B.; Xia, X.; Sun, X. Neuroadaptive Distributed Output Feedback Tracking Control for Multiple Marine
Surface Vessels with Input and Output Constraints. IEEE Access 2019, 7, 123076-123085. [CrossRef]

7. Dong, W. Cooperative Control of Underactuated Surface Vessels. IET Control Theory Appl. 2010, 4, 1569-1580. [CrossRef]

8.  Park, B.S,; Yoo, SJ. An Error Transformation Approach for Connectivity-Preserving and Collision-Avoiding Formation Tracking
of Networked Uncertain Underactuated Surface Vessels. IEEE Trans. Cybern. 2019, 49, 2955-2966. [CrossRef] [PubMed]

9. Xia, G;; Xia, X,; Zhao, B.; Sun, C.; Sun, X. Distributed Tracking Control for Connectivity-Preserving and Collision-Avoiding
Formation Tracking of Underactuated Surface Vessels with Input Saturation. Appl. Sci. 2020, 10, 3372. [CrossRef]

10. Dai, Y; Kim, Y.,; Wee, S.; Lee, D.; Lee, S. A Switching Formation Strategy for Obstacle Avoidance of a Multi-Robot System Based
on Robot Priority Model. ISA Trans. 2015, 56, 123-134. [CrossRef] [PubMed]

11.  Tran, V.P; Garratt, M.A,; Petersen, I.R. Switching Formation Strategy with the Directed Dynamic Topology for Collision Avoidance
of a Multi-Robot System in Uncertain Environments. IET Control Theory Appl. 2020, 14, 2948-2959. [CrossRef]

12.  Dai, S.L.; He, S,; Lin, H.; Wang, C. Platoon Formation Control with Prescribed Performance Guarantees for USVs. IEEE Trans. Ind.
Electron. 2018, 65, 4237-4246. [CrossRef]

13. He, S.; Wang, M.; Dai, S.L.; Luo, F. Leader-Follower Formation Control of USVs with Prescribed Performance and Collision
Avoidance. IEEE Trans. Ind. Inform. 2019, 15, 572-581. [CrossRef]

14. Liang, X.; Qu, X.; Wang, N.; Li, Y.; Zhang, R. Swarm Control with Collision Avoidance for Multiple Underactuated Surface
Vehicles. Ocean Eng. 2019, 191, 106516. [CrossRef]

15. Peng, Z.; Wang, D.; Li, T.; Han, M. characteristic point-based Cooperative Formation Maneuvering of Autonomous Surface
Vehicles with Connectivity Preservation and Collision Avoidance. IEEE Trans. Cybern. 2020, 50, 2527-2535. [CrossRef] [PubMed]

16. Jo, HJ.; Kim, S.R.; Kim, ]J.H.; Park, J.Y. Comparison of Velocity Obstacle and Artificial Potential Field Methods for Collision
Avoidance in Swarm Operation of Unmanned Surface Vehicles. |. Mar. Sci. Eng. 2022, 10, 2036. [CrossRef]

17.  Tang, X,; Yu, J.; Li, X.; Dong, X.; Ren, Z. Distributed Formation Control with Obstacle Avoidance for Multiple Underactuated
Unmanned Surface Vehicles. J. Frankl. Inst. 2024, 361, 107008. [CrossRef]

18. Tee, K.P; Ge, S.S.; Tay, E.H. Barrier Lyapunov Functions for the Control of Output-Constrained Nonlinear Systems. Automatica
2009, 45, 918-927. [CrossRef]

19. Do, K.D. Formation Control of Multiple Elliptical Agents with Limited Sensing Ranges. Automatica 2012, 48, 1330-1338. [CrossRef]

20. Do, K.D. Formation Control of Underactuated Ships with Elliptical Shape Approximation and Limited Communication Ranges.
Automatica 2012, 48, 1380-1388. [CrossRef]

21. Wang, N. An Intelligent Spatial Collision Risk Based on the Quaternion Ship Domain. J. Navig. 2010, 63, 733-749. [CrossRef]

22. Deng, F;Jin, L.; Hou, X.; Wang, L.; Li, B.; Yang, H. COLREGs: Compliant Dynamic Obstacle Avoidance of USVs Based on the
Dynamic Navigation Ship Domain. J. Mar. Sci. Eng. 2021, 9, 837. [CrossRef]

23. Yoo, S.J.; Park, B.S. Distributed dynamic obstacle avoidance design to connectivity-preserving formation control of uncertain

underactuated surface vehicles under a directed network. Ocean Eng. 2023, 273, 113872. [CrossRef]

https:/ /doi.org/10.3390/jmse14161557


http://dx.doi.org/10.1016/j.arcontrol.2016.04.018
http://dx.doi.org/10.1016/j.automatica.2014.10.022
http://dx.doi.org/10.3390/jmse9020161
http://dx.doi.org/10.1016/j.oceaneng.2010.07.006
http://dx.doi.org/10.1016/j.automatica.2016.01.064
http://dx.doi.org/10.1109/ACCESS.2019.2938067
http://dx.doi.org/10.1049/iet-cta.2009.0362
http://dx.doi.org/10.1109/TCYB.2018.2834919
http://www.ncbi.nlm.nih.gov/pubmed/29993596
http://dx.doi.org/10.3390/app10103372
http://dx.doi.org/10.1016/j.isatra.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25497595
http://dx.doi.org/10.1049/iet-cta.2020.0502
http://dx.doi.org/10.1109/TIE.2017.2758743
http://dx.doi.org/10.1109/TII.2018.2839739
http://dx.doi.org/10.1016/j.oceaneng.2019.106516
http://dx.doi.org/10.1109/TCYB.2019.2914717
http://www.ncbi.nlm.nih.gov/pubmed/31180878
http://dx.doi.org/10.3390/jmse10122036
http://dx.doi.org/10.1016/j.jfranklin.2024.107008
http://dx.doi.org/10.1016/j.automatica.2008.11.017
http://dx.doi.org/10.1016/j.automatica.2012.04.005
http://dx.doi.org/10.1016/j.automatica.2011.11.013
http://dx.doi.org/10.1017/S0373463310000202
http://dx.doi.org/10.3390/jmse9080837
http://dx.doi.org/10.1016/j.oceaneng.2023.113872
https://doi.org/10.3390/jmse14161557

J. Mar. Sci. Eng. 2026, 14, 1557 32 of 32

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Liu, S.; Zhang, G.; Guo, G.; Li, ]. Adaptive output-feedback event-triggered formation control for underactuated ships with
obstacle avoidance mechanism. Ocean Eng. 2024, 299, 117373. [CrossRef]

Xue, J.; Song, Y.; Hu, H. Formation Control of a Multi-Unmanned Surface Vessel System: A Bibliometric Analysis. J. Mar. Sci.
Eng. 2024, 12, 1484. [CrossRef]

Park, B.S.; Kwon, ].W,; Kim, H. Neural Network-Based Output Feedback Control for Reference Tracking of Underactuated
Surface Vessels. Automatica 2017, 77, 353-359. [CrossRef]

Xia, G.; Xia, X.; Sun, X. Formation Control with Collision Avoidance for Underactuated Surface Vehicles. Asian J. Control 2022,
24,2244-2257. [CrossRef]

Seshagiri, S.; Khalil, HK. Output Feedback Control of Nonlinear Systems Using RBF Neural Networks. IEEE Trans. Neural Netw.
2000, 11, 69-79. [CrossRef] [PubMed]

Fossen, T.I. Handbook of Marine Craft Hydrodynamics and Motion Control, 2nd ed.; John Wiley & Sons: Chichester, UK, 2021.
[CrossRef]

Zheng, Z.; Huang, Y.; Xie, L.; Zhu, B. Adaptive Trajectory Tracking Control of a Fully Actuated Surface Vessel with Asymmetrically
Constrained Input and Output. IEEE Trans. Control Syst. Technol. 2018, 26, 1851-1859. [CrossRef]

Fu, M; Yu, L. Finite-time extended state observer-based distributed formation control for marine surface vehicles with input
saturation and disturbances. Ocean Eng. 2018, 159, 219-227. [CrossRef]

Kowalczyk, W.; Michatek, M.; Kozlowski, K. Trajectory Tracking Control and Obstacle Avoidance for a Differentially Driven
Mobile Robot. IFAC Proc. Vol. 2011, 44, 1058-1063. [CrossRef]

Ghommam, J.; Saad, M.; Mnif, F. Prescribed performances based fuzzy-adaptive output feedback containment control for
multiple underactuated surface vessels. Ocean Eng. 2022, 249, 110898. [CrossRef]

Wu, G.X,; Ding, Y.; Tahsin, T.; Atilla, I. Adaptive neural network and extended state observer-based non-singular terminal sliding
modetracking control for an underactuated USV with unknown uncertainties. Appl. Ocean. Res. 2023, 135, 103560. [CrossRef]
Peng, Z.; Wang, J.; Wang, D. Distributed Containment Maneuvering of Multiple Marine Vessels via Neurodynamics-Based
Output Feedback. IEEE Trans. Ind. Electron. 2017, 64, 3831-3839. [CrossRef]

Krstic, M.; Kanellakopoulos, I.; Kokotovic, P.V. Nonlinear and Adaptive Control Design; John Wiley & Sons: New York, NY,
USA, 1995.

Wang, N.; Ki Ahn, C. Hyperbolic-Tangent LOS Guidance-Based Finite-Time Path Following of Underactuated Marine Vehicles.
IEEE Trans. Ind. Electron. 2020, 67, 8566—8575. [CrossRef]

Fossen, T.L; Breivik, M.; Skjetne, R. Line-of-Sight Path Following of Underactuated Marine Craft. IFAC Proc. Vol. 2003, 36, 211-216.
[CrossRef]

Swaroop, D.; Hedrick, ] K,; Yip, PP; Gerdes, J.C. Dynamic Surface Control for a Class of Nonlinear Systems. IEEE Trans. Autom.
Control 2000, 45, 1893-1899. [CrossRef]

Skjetne, R.; Fossen, T.I.; Kokotovi¢, P.V. Adaptive maneuvering, with experiments, for a model ship in a marine control laboratory.
Automatica 2005, 41, 289-298. [CrossRef]

Wang, Z.; Huang, W.; Im, N. Physics-Driven Collision Risk Evaluation of Autonomous Surface Vehicles Using Quaternion Ship
Domain and Geometric-Temporal Indicators. J. Mar. Sci. Eng. 2025, 13, 2146. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/jmse14161557


http://dx.doi.org/10.1016/j.oceaneng.2024.117373
http://dx.doi.org/10.3390/jmse12091484
http://dx.doi.org/10.1016/j.automatica.2016.11.024
http://dx.doi.org/10.1002/asjc.2620
http://dx.doi.org/10.1109/72.822511
http://www.ncbi.nlm.nih.gov/pubmed/18249740
http://dx.doi.org/10.1002/9781119575016
http://dx.doi.org/10.1109/TCST.2017.2728518
http://dx.doi.org/10.1016/j.oceaneng.2018.04.016
http://dx.doi.org/10.3182/20110828-6-IT-1002.03567
http://dx.doi.org/10.1016/j.oceaneng.2022.110898
http://dx.doi.org/10.1016/j.apor.2023.103560
http://dx.doi.org/10.1109/TIE.2017.2652346
http://dx.doi.org/10.1109/TIE.2019.2947845
http://dx.doi.org/10.1016/S1474-6670(17)37809-6
http://dx.doi.org/10.1109/TAC.2000.880994
http://dx.doi.org/10.1016/j.automatica.2004.10.006
http://dx.doi.org/10.3390/jmse13112146
https://doi.org/10.3390/jmse14161557

	Introduction
	Mathematical Preliminaries and Problem Formulation
	Notation
	Graph Theory
	USV Model and Control Problem
	Obstacle Avoidance
	Collision Avoidance
	Integrated Collision and Obstacle Avoidance Coordination

	Distributed Output Feedback Control Design
	RBFNN-Based Observer Construction
	Controller Design

	Simulation Results
	Simulation Environment and Setup
	Comparison and Analysis

	Conclusions
	References

