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Abstract: This paper focuses on the intervehicle security-based robust formation control of unmanned
surface vehicles (USVs) to implement the formation switch mission. In the scheme, a novel adaptive
potential ship (APS)-based guidance principle is developed to prevent intervehicle collisions, which
is common and threatening when maneuvering a formation switch. By employing the artificial
potential field (APF), the APS can program the real-time attitude reference for USVs by using the
security intervehicle distance while achieving the path-following task. As for the control part, a
robust adaptive formation control algorithm is proposed to effectively stabilize the USVs to the APS
via the fusion of the disturbance observer (DOB) and by using the robust neural damping technique.
Regarding the merits of the improved design of the DOB, the weight compression of the neural
networks can effectively simplify the structure of the DOB and enhance the observation accuracy of
the external disturbance. This can facilitate the avoidance of intervehicle collisions and guarantee
the application of the theoretical algorithm in engineering practice. Considerable effort has been
made to obtain the semiglobally uniform ultimate bounded (SGUUB) stability via theoretical analysis.
Finally, with the sailing scene in a narrow channel, the simulated experiment is illustrated to verify
the security performance of the proposed strategy.

Keywords: unmanned surface vehicle; robust neural control; formation control; APS-based guidance

1. Introduction

In the past few decades, multiple unmanned surface vehicles (USVs) have drawn in-
tense attention because of their good maneuverability, exceptional versatility and low cost.
Building on different formation guidance principles, e.g., a leader—follower approach [1],
topology-based approach [2], virtual structure approach [3], behavioral-based approach [4]
and so on, USV formation control has been studied actively, and the study of formation
tracking has made significant progress [5,6]. However, in marine practice, it is unpractical
for USVs to maintain an unchanged formation structure due to different navigation scenar-
ios. Therefore, the switch of the USV formation has attracted more and more attention.

The switch of the USV formation is widespread in practical applications, e.g., coopera-
tive transportation, channel crossing, the formation avoidance of obstacles, etc. Generally,
graph theory is a popular method to deal with multiagent tracking control problems [7].
Additionally, a topology-based formation is more flexible than a leader—follower approach
in terms of a formation switch. In [8], the USV formation shape was changed by switch-
ing the topology and applying a distributed nonlinear model predictive control (NMPC)
solution. In [9], a flexible multigroup adaptive time-varying formation algorithm was
presented on the basis of graph theory. In [10], a group of underactuated ships with a
shrunk pentagon formation was demonstrated based on the undirected graph. Further-
more, a multi-USV system under swarm center position (SCP) guidance and an improved
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artificial potential field (APF) achieved a formation switch while avoiding a collision with
obstacles in [11]. By utilizing model predictive control (MPC) and the alternating direction
of multipliers method (ADMM), three autonomous surface vessels (ASVs) used for cooper-
ative transportation performed formation transitioning and obstacle avoidance in [12]. In
the above studies, topology and MPC were used to solve the formation switch problems,
while the leader—follower approach was neglected. Though the leader—follower approach
is less flexible, it is a simpler and more visualized method. Taking full advantage of the
leader—follower approach and developing an improved leader—follower method that is
suitable for formation switch problems is necessary.

Typically, the leader—follower method for USV formation navigation is functionally
divided into two parts: guidance and control. Regarding the traditional leader-follower
guidance principle, followers are supposed to track the leader with a certain position and
orientation errors [13,14]. As for the traditional leader—follower approach, intervehicle
communication is the most serious challenge when dealing with a formation switch. By
switching the distance between the leader and followers, the USVs performed a formation
shrinking task in [15]. Obviously, the traditional leader—follower approach is not flexible,
and it is only resultful for a small-range formation switch. Thus, designing an extra
guidance program is vital to guide USVs toward the switched formation. Still, intervehicle
collision avoidance is a significant problem in terms of formation switches, which require
USVs to share their kinematic data with each other. The briefest method for avoiding
collisions is using the APF, which is a real-time obstacle avoidance approach affected by
virtual forces [16]. The basic idea of an APF is to vividly abstract the environment as two
different artificial force fields, which are attractive potential fields and repulsive potential
fields. In the collision-avoidance scenario, the target generates an attractive potential field,
while obstacles generate repulsive potential fields. The robot is inevitably affected by those
artificial force fields composed of attractive force and repulsive forces. As a result, the
robot is able to track the target and avoid obstacles. Because of the profit from its concision
and strong logic, APFs have been widely employed in USV research fields. A real-time
guidance principle based on an improved APF and dynamic virtual ship (DVS) for USVs
was developed to track targets and avoid obstacles in [17].

As for the control part, the robust neural damping technique based on the neural
networks (NNs) technique and minimal learning parameters (MLP) technique was highly
used [18-21]. The NNs approximation technique and MLP technique can be used to deal
with the unknown nonlinear terms reasonably and reduce the number of parameters
efficiently. However, to improve the control accuracy ulteriorly, a better control algorithm
against disturbances is necessary. Ordinarily, there are two main methods used against
disturbances, namely stabilizing disturbances [5] and estimating disturbances [22]. A
disturbance observer (DOB) was introduced to estimate the disturbances in ship-path-
following control in [23]. On the basis of [23], a DOB used to estimate the unknown
time-varying disturbances was extended in a ship dynamic positioning task [24]. In [25], a
new NNs-based DOB was developed for autonomous surface vessels (ASVs) formation
control. Compared with former DOBs, the NNs-based DOB is combined with the robust
neural damping technique. The controller and DOB can share the same NNs to transform
unknown disturbance items to known estimation items. Such a design contributes to a
simpler and more concise structure in controller design.

Motivated by the aforementioned discussion, a novel intervehicle security-based
formation control strategy is proposed for USVs to carry out waypoints-based formation
keeping and switching. The main contributions of this paper can be summarized as the
following two aspects:

(1) A novel adaptive potential ship (APS)-based guidance principle is developed to
implement the real-time path planning of formation keeping and switching, whereby
the intervehicle security can be guaranteed in the meantime. In this principle, the
leader and followers are all assigned as guidance virtual ships (GVSs) to generate the
references for USVs. Regarding the operation of the formation switch, the formation
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structure of the GVS would be transformed. By employing the APF method, the APSs
can be derived according to the relative attitudes of USV-GVS and USV-USV, which
always guide USVs toward the reference of GVSs. Different from the existing results,
the proposed guidance can make the leader-follower formation a flexible structure.
Thus, the APS guidance provides a new method to deal with the formation switch
and intervehicle security problem.

(2) Inorder to lower the energy consumption, this paper focuses on the precise estimation
of marine environment disturbances. A robust adaptive formation control algorithm
with a NNs-based DOB is proposed. By estimating the disturbances, the USV is able
to distribute outputs as the variation in the marine environment. Compared with the
former DOB, the NNs-based DOB requires fewer model parameters’ data information
to estimate the disturbances. Different from [10,25], the observational objects in this
paper are much more complex and disordered. The disturbances in nautical practice
are illustrated to verify the feasibility of the NNs-based DOB.

Specifically, the main content of this paper can be divided into four parts. Useful
lemmas and basic knowledge about USV formation are cushioned in Section 2 for subse-
quent studies. An original guidance strategy for formation keeping and switching along
with intervehicle collision avoidance is introduced in Section 3. To further enhance the
safety of intervehicle navigation, Section 4 provides a control algorithm with a higher
accuracy. Additionally, a numerical simulation is illustrated to verify the performance of
the proposed strategy in Section 5.

2. Problem for Formulation and Preliminaries
2.1. USV Formation Modeling

Consider a fleet of n USVs with n APSs and n GVSs; USVs are driven by propellers
for surge motions and rudders for yaw motions. The surge motion, sway motion and yaw
motion are the most influential motions when it comes to formation-tracking issues. So,
based on the Newtonian and Lagrangian mechanics [26], a 3-degrees-of-freedom (3DOF)
nonlinear kinematic model of each USV can be established as Equations (1) and (2):

x; = u;cos(y;) — v; sin(;)
y; = u;sin(y;) + v; cos(y;) (1)
1]’:' =T

ili = mz; it — fui(ui) + %ull + dwui
U = _ﬁu ri — fvi( ) +dwvi (2)
7.’1' = mu, mmu iV — frz(rz) Tri, + dwri

l’l

where ; = [x;, i, lpi]T € R3 denotes the surge, sway displacement and yaw angle in the
earth-fixed coordinate, respectively. v; = [u;, v;, ri]T € R? describes the surge, sway and
yaw velocities in the body coordinate system, respectively. T7,;, T,; indicate the inputs of
the control system: the surge force and yaw moment, respectively. dy,,i, dupoi, dipri are the
unmeasurable environment disturbance forces or moments caused by the wind, waves
and ocean current, respectively. m,,;, My;, My, dyi, Aoi, Ayi, diyi, dui, droi, Ayzi, dpsi, drai are all
considered as unknown parameters, and they describe the ships” inertia, hydrodynamic
damping and nonlinear damping terms. The nonlinear functions f,;(u;), f,i(vi), fri(ti)
denote the high-order hydrodynamic effect as outlined in Equation (3):

fui (7) ml;ly ui + duZi |”z |ui + + i ”3

for (0)

v: uz+ v21|vl|vl+ v3fv3 (3)
d
frz( i) = mr, ”z + W;f: |7’z|r1 W:il 7’?
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Assumption 1. It is assumed that the environment disturbance terms satisfy |dyui| < duwui,

|dwoil < dwois |dwri| < duri, where dyyi, duwoi, duwyi are all the positive unknown constants.
< Cuif < Cvif

Awui, Awoir Ayri are all the continuous bounded functions satisfying ‘dwui

dwvi

dwri

< Gy

Assumption 2. According to the description in [27], the sway velocity v; is passive bounded
for USVs.

The objective of this paper is to design a formation guidance strategy and a formation
adaptive controller for n USVs with Equations (1)—(3) such that the USVs converge to a safe
and efficient reference path while achieving the formation switch along the reference path.

Lemma 1. The following inequality is established for any 6 > 0 and any ¢ € R [28].

0< o] - Qtanh(%) < 0.27856 )

2.2. RBF-NNs

The radial basis function neural networks (RBF-NNs) are efficient and concise tools
that can be used to model nonlinear functions, and they have good capabilities in terms
of approximating unknown functions [18]. In this paper, the RBF-NNs approximator is
used to deal with the uncertain nonlinear terms of the USV kinematic model, and the
approximated unknown nonlinear terms are available for weight compression. Therefore,
a useful lemma is introduced for later control design.

Lemma 2. For any given real continuous function f(x) with f(0) = 0, defined in a compact set
Q) € R™, when the RBF-NNs approximator and the continuous function separation technique are
used, it can always be approximated as follows [29]:

f(x) = ATS(x) +¢(x), Vx € O (5)

where AT = [ay, a5, ..., a;)" donates the adaptable weight vector, S(x) = [s1(x),s2(x),...,s; ()"
is a vector of RBF with the form of Gaussian function Equation (10) and e(x) is the approximation
error constant with an unknown upper bound &(x).

— .T —_ .
s,'(x)—\/zlinh‘exp<—(x ‘ul;hgx V’)>,i—1,2,...,l (6)

where | > 1 is the node number of NNs, u; denotes the center of receptive field and h; indicates the
width of the Gaussian function.

3. APS-Based Guidance Principle with Intervehicle Security

To achieve the formation switch and guarantee the intervehicle security, the APS
guidance is designed in this section. There are two layers in the proposed guidance
principle: the GVS guidance and the APS guidance. According to the waypoints-based
reference path, the GVS guidance is designed to program the desired formation structure
and the reference path. Regarding APS guidance, the APSs are developed to generate APS
reference paths for USVs converging to their corresponding GVSs and to prevent the USVs
from colliding with each other.

3.1. The Basis Framework of Guidance Principle

In this paper, GVSs are divided into a GVS-leader and n — 1 GVS-followers, whereby
1 = X1, Y1, l[)rl]T is defined as the position vector of the GVS-leader and v; = [u,, v;, rr]T
is defined as the velocities vector of the GVS-leader. GVS-followers are generated by a
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GVS-leader with certain angles and distances between the GVS-leader and GVS-followers;
see Figure 1. The distances between the GVS-leader and GVS-followers’ position vectors
can be formulated as Equations (7) and (8):

pi = \/(xrl — %)+ (Y — yni)? 7)
fi = 11+ R(pr)i ©)
with

cosy,; —siny,; 0
R(yy1) = |singy;  cosyp; O 9)

0 0 1

0i COS A;
1j = |p;icosA; (10)
0

where p; and A; are the distances and angle between the GVS-leader and GVS-followers,
respectively, while #; = [x,, Vi, l[)ri]T donates the position vectors of the GVS-followers.
R(1,1) is the rotation matrix of the GVS-leader, and ¢; denotes the offsets from the GVS-
leader to GVS-followers.

> GVS-leader E> Real ship
“>» GVS-follower @ Adaptive potential ship

Velocity vector

Safety zone
—> Force vector

GVS-leader path  —— Uit vector

— — — GVS-follower path — — — Waypoint-baesd reference path

I+l

O yi ydj ydi yri YV

<
)

Figure 1. The framework of APS-based leader—follower formation structure.

In marine practice, the reference path is often generated by the waypoints Wy, Wa, ..., W,
with W; = (x;,y;), which guide the real ship sailing on the open sea [30]. The waypoints-
based reference path is made up of straight lines. So, a GVS-leader in the form of
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Equation (11) could automatically follow the waypoints-based reference path with a desired
speed under the GVS guidance, and generating a GVS reference path is required:

Xp1 = Uy COS Pyq

y.rl = Ursinipp (1)
lprl =Tr
) - YVi—Vi
i1, arctan<x1 x11> (12)

(Rmax—Rmin) Ad; |Ap;| < 7/2 19

R — Rimax, |A¢z| > /2
sgn(Ag;)t/2 7

Figure 1 presents the basic principle for generating a GVS reference path by a GVS-
leader. The GVS reference path is W;_1Pi,wi — arcwi — PoyswiWip1 . Typically, the surge
speed (u,) is a positive constant determined by the ship operator or based on the estimated
time of arrival (ETA), while the yaw velocity (r;) is an order signal that changes with time.
With the turning radius (R;), the relevant time (¢,) can be figured out. For the straight routes
Wi_1Ppwi and PoyswiWitq, rr = 0 and t, = distance/u,, where distance is the length of
the corresponding straight route. For the arc routes P, wiPy,wi, r = ur/R; is a constant
that can be calculated, and t, = A¢; /7, where A¢; is defined as A¢; = ¢; ;11 — ¢;—1, and
indicates the course error of two adjacent straight routes. Additionally, the bearing angle of
the straight routes can be obtained as Equation (12). Then, the turning radius R;, resting
with |[A¢;| in [—7/2, /2], is determined by interpolation in [Ryin, Rmax], which depends
on the ship’s maneuverability and is given by Equation (13).

Remark 1. For GVS-followers, since they are generated by the GV S-leader as in Equation (5),
the distances and bearing angles between the GVS-leader and them could be reset by the ship
operator. Once the resetting is performed, the formation switch signals will be transmitted to the
GV S-followers, and the GV'S-followers will be ready in new positions. Then, under the guidance of
the APSs, the USV's are derived to the corresponding GV S-followers’ positions.

3.2. Design of the APS Guidance and Formation Switch Principle

The APF is a convenient and efficient path-planning method because of its simple and
clear mathematical calculations. Based on the idea of an APF, this paper presents a virtual
ship named APS that is used to enhance the navigation and intervehicle collision avoidance
of USVs. Additionally, the USV formation structure is transformed by redefining the
positions of GVS-followers as per Figure 2. To guide the USVs towards the corresponding
GVSs, each GVS generates an attractive potential field for its own relevant APS. Affected
by the attractive potential fields, the APSs sail toward the GVSs via the attractive force.
To avoid collisions with each other, a safety zone is designed for each APS. Once the
different safety zones become intersected, the repulsive potential fields become effective
and separate them. Affected by these repulsive potential fields, the APSs generate reference
paths that clear others via repulsive forces. Overall, with attractive potential fields and
repulsive potential fields, APSs can program efficient and safe reference paths for USVs.

Remark 2. In engineering practice, the ship’s dimension data, e.g., the ship’s length and breadth,
are non-negligible in the design of intervehicle collision-avoidance mechanisms as these can add to
the complexity and augment the computation of the safety judgment. One can set a circular safety
zone to simplify the collision-avoidance mechanism. The radius of safety zones usually depends on
the ships” maneuverability and the distances between different ships. For USV's with a good ship
maneuverability, approximately double the ship length is selected as their safety zone radius.



J. Mar. Sci. Eng. 2023, 11, 1020

7 of 23

GVS-leader
GVS-follower
GVS reference path
APS reference path

Real ship
Adaptive potential ship
Waypoint-based reference path

GVS-follower path

—— Virtual force

Safety zone

\ V. Jpted
N . i u;
u
di

Figure 2. The processes and details of formation switch.

When constructing attractive potential fields, the attractive potential fields are defined
as a function of the distances between the GVSs and their corresponding APSs and the
relative velocity of the GVSs to APSs, as in Equation (14). 44 = [x4i, Yai, l/)di]T is defined as
the position vector of the APSs, and vy; = [ug;, v, rdi]T is defined as the velocities vector of

the APSs. Then, the distances and relative velocity can be calculated as Equation (15).

1 1
Uatti(p, v) = Ekappéi + Ekuvvﬁi (14)

Pgi = \/(xri —x41)” + (yri — Yai)”
P 2
Ugi = (Urxi — Ugyi)” + (uryi - udyi)

where Uy(p, v) are attractive potential fields; gi and pgi are the relative velocity and
distance between the APS and GVS; and k,p and kg, are the positive gain factors of the
attractive potential fields for the positions and velocities, respectively, which determine
the proportion of the positions and velocities” attractive potential fields in the combined
attractive potential fields. ug;,§ = r,d are the surge velocities along the earth-fixed
coordinate framework’s X-axis, and uzyi, G =1, d are the surge velocities along the earth-
fixed coordinate framework’s Y-axis.

The corresponding attractive force can be obtained by calculating the negative gradient
of the attractive potential fields Uy;(p, v) as in Equation (16):

(15)

Fari = vuﬂtti(p/ U)
= Lattpi + Fattoi (16)
— —
= kuppginpgi + kzwvginvgi

where Fyy; is the attractive force component of the relative positions, which urges the
APSs to generate the shortest reference paths to the GVSs for the USVs. Additionally, the
value of Fyyy; is directly proportional to the distances between the APSs and GVSs. The
force direction refers to the positions from the APSs to GVSs, which is expressed by the
unit velocities. Zpgl- Ft1vi 1s the attractive force component of the relative velocities, which
leads the APSs close to the GVSs’ velocities, and finally they become the same as the GVSs’
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velocities. The value of F,,; is directly proportional to the relative velocities. The force
direction is the motion direction of the GVSs relative to the APSs, which is expressed by
the unit velocities 7%.,».

Construction of repulsive potential fields: the repulsive potential fields are defined as
a function of the distances between different the APSs p;; as per Equation (17).

2

1 1 1 2

Ui = | ¥ (35 =) 5P < 200 a7
0, others

where U,,; is the repulsive potential fields, k, is the gain factor of the repulsive potential

2 2
fields and p;; = \/ (xdl- — xd]-> + (]/di — yd]-) are the distances between two different APSs.

po is the radius of the safety zones. If p;; > 2po, that means the two different APSs’ safety
zones are not intersected, and collision avoidance is not in consideration.

The corresponding repulsive force can be obtained by calculating the negative gradient
of the attractive potential fields (U,.;) as per Equation (18):

Frepi = vurepi
= Lrepli + Prepzi (18)

2 2
- _ 11 \Peir 11 g
- krp(Pij ZPO) [ W repi krp(Pi/ 2P0) Psi™ pji

where Fy,,1; is the repulsive force generated by the relative positions between two different

APSs. ﬁrepi is the unit vector, and the direction is from the other APSs to the main APS.
Frepoi is the repulsive force generated by the relative positions between the APSs and their

corresponding GVSs. Zpgi is the unit vector from the APSs to GVSs. Regarding the APS
related to the GVS-leader, which is under the effect of the attractive potential field only, the
repulsive potential fields are not working on it in order to generate a standard reference
path along the smooth global reference path.

Overall, considering the attractive force and repulsive force, a resultant force is syn-
thesized. Finally, the desired paths generated by the APSs are obtained according to the
resultant force as per Equation (19):

Xgi = Ug; COS Py

Yai = OF; (19)
Ugi = tm + k|| F||

where F; = Fyi + Fyp; is the resultant force and 0f; is the USV’s yaw angle in the next
moment as shown in Figure 1. u,, is a base value of the USV’s surge velocity and k is the
gain factor of the resultant force; such a design can make sure that the USV’s surge velocity
is self-adaptive to the virtual forces.

4. Controller Design

To reduce the consumption and distribute the outputs, a robust adaptive formation
controller with an NNs-based DOB is designed in this section, referring to Figure 3. Bene-
fiting from the ideas of DSC robust neural damping techniques, the robust adaptive neural
controllers are designed in Section 4.1. Motivated by the same NNs, we developed a DOB to
stabilize the disturbance items that exist in the controllers in Section 4.2. Then, the stability
of the closed system is analyzed in Section 4.3.
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Figure 3. The block diagram of the proposed robust adaptative formation control scheme.

4.1. Adaptive Formation Control Design

Step 1: At this step, the following errors for the USVs and APSs are introduced as
per Equation (20). Referring to the following errors, the virtual controls for u; and ¢,; are
chosen directly:

Xpi Xgi — Xi cosy; siny; O
Yei | =J(Wi) | yai —yi | J(¢;) = | —siny; cosy; 0 (20)
Pei Yai — ;i 0 0 1

where J(1;) is the rotation matrix derived from Equation (1). Applying the derivation
operation to Equation (20), the following errors can be obtained as per Equation (21):

Xoj = —Uj + Ugj COS Yei + TiYei
Yei = —0i + Ugi SN Pei — TiXei (21)
Y, = —ri+rg

According to Equation (21), choose the virtual controls for u; and ¢,; in Equation (22):

Xy, = kxgixei + Ug; COS Py
ky,;Yei—vi ) (22)

Nyp, = —arctan( e

where ay;ayp,; are the virtual controls; ky,;, ky,; are two positive control parameters; and
u40; is an immediate reference surge velocity for virtual control design, which is shown in

Equation (23):
2 2
Ugoi = { \/“di - (kyeiyEi - Ui) ’
Ui | Ky, Yer — 0i| > Ui

kyeYei — 0] < tg; (23)

To avoid redifferentiating the virtual controls in the next step, which leads to the
so-called “explosion of complexity”, the DSC technique [31] will be employed next. The
following three first-order filters with time constants are introduced:

el{i.Bui + Bu; = auy, Pu; (0) = 2, (0)
elpeiﬁw?i + nBlPei = “lpei’ ﬁl/’ei (O) = “lpei (0) (24)
Efi:Bri + Br; = ar, Br,(0) = ar, (0)

where By, By, and B, are three first-order filters; €,,;, €y,; and €, are time constants; and
«;, is the virtual control for 7;, which will be designed later.
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If we define q,, = ay, — Bu;, 9y,; = Ay, — By,; and qr, = ar, — By, as DSC errors and
Uei = Bu; — Ui, Yoi = By, — Pei and r,; = By, — 1; as kinetics errors, the derivative of the
DSC errors can be described as per Equation (25):

qui = b‘ui - ABu,-
= By, (xei, Xeis Weis %‘) N Z%
Q.. = Ny, —,B .
_lp‘” ¥ . Yei . Tipe; (25)
= Blpfz‘ (yei/yei' is vi) ey
= lxr, ﬁr
- B,l_ .

where By, By,, By, are all the continuous bounded functions satisfying |Bu,| < My,
’B%.‘ < My,,, |By;| < My,, respectively.

Since the output of the USVs are u; surge velocity and r; yaw velocity, the virtual
control &, and a,, are required in the next step. So, to obtain the time derivative of 1;581-, we
use the following equation:

ez': ﬁl/’ei +ri =g (26)
= 'Blﬁei + &y — Gr; — Tei — T4

From Equation (26), the virtual control «,, is chosen as per Equation (27), and k% isa
positive control parameter.

- _k{l’vei {l}igi + Tai — 'Blpei (27)

Step 2: Take the time derivative of the kinetics errors u,; = By, — u; and r,; = By, — 1;
as per Equation (28):

Ui = Bu,- uj
=B, xwv ri+ fuilui) — HZ— — dopyi 28)
Tei = ﬁri 7.’1

= B, — " uv; + fri(ri) = G — duri
where the unknown nonlinear functions f.(¢), ¢ = u;, r; can be approximated by NN as:

fe(g) = Agsg(g) + & (29)

So, Equation (28) can be obtained as follows:

— 3 Mg T ‘ _ T _ ‘
ei = lBu,' My 0;r; +AuiSui(ul) + Eu; i dwul

m

- R . (30)

ei = By, — U0 + ALSy (1) € — 3 — duyi
Then, the robust neural damping terms can be constructed as:
— kot + AL Sy, (1) + &y
Snm/l:zzl(i) +T’>—|-HAHSH )+£”i 5
(31)
. T _ 0242

< max{gi 41 2} (7 Il 1

< i Buiui
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where l9m' = muimax{mvi/mui/ A};i o

Eu,} is the unknown parameter and

@ui = (07 +712) /2 +||Su,; (1) ||, + 1 is the damping term. Similarly, we can obtain:

My — My; - 1
— 0+ AL (1) + 8, S i (32)

rt rt

where 8,; = mrimax{ (my; — my;) /my;,

H e} o = (2 +0) /2418 () + 1
Based on the above analysis, Equation (28) can be rewritten as:

ﬁu, uz(Pul - m7m dwui

ﬁri mn rz(Prz - m, - dwri

(33)

The actual control variables chosen for Equation (34) for the surge force and the yaw
moment are as follows:

kue, Upi + muz,Bu, + 19m (Puztanh(im%l u) — Myidyui

~

(34)
kre, Tei + mrlﬁr + ﬂrzfprztanh< = qjmrm) - mridwri

where 7,; and 7,; are the control inputs; k,,; and k;, are positive control parameters; and

dyyi and dy,,; are the estimation of dy,,; and dy,;, respectively. In order to stabilize the

closed-loop control system, the corresponding parameters’ update laws are taken as per

Equation (35):

= rﬁui {q)”iuei By [19 197/” <0)} } (35)

ri (0

bri = 0ri(0)] }

vi = Lo { @rittri — (7197, [0, —

S D
g

4.2. NNs-Based Disturbance Observer Design
We designed the disturbance observer as follows:

dwg ={c+ kgG
. 36

where ¢ = u;, 7, (¢ is the auxiliary state variable in the disturbance observer and k is a
positive DOB parameter to be determined. A, = 19 and &, = ¢¢ 2 /4b with |D¢| Dy, and b
is a positive constant. A is the estimation of A, and updates according to the following
update laws:

; kD d> N
Ag = rdg{g,;wg — g [Ae = A¢(0)] } (37)
¢
Choose the following Lyapunov candidate:
vi= Y (1&2 + 17\2) (38)
¢ \2 Yo 2yt

Taking the time derivative of Vj:

Vi= ¥ (iwgiwg+rdgligﬁg>
quiri{ . o . (39)
= ¥ (dw,;dwg — dycduwc +r;;/\g)\g)

C=Ui i
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Substituting Equations (2) and (36) into c?wngwg, it turns out to be:

~ n ~ ~ ku /\u d?'u :
dwuidwui = dwui{ku,-dwui 7,%1 wi + kul [ Z; VT *fui(”i)} }

. - kA (40)
Ayridwri = dwrz{ krldwn - % + ky, [MV 0j — frl(rz)] }
where
- Ky @2 A @, kb
k”’dwm{ i — fuilu ’)} = HZT T g 41
7 My —Myi k’z dwﬂ/\r, (D’ k'i b
kridwrl[iu Ui — frz( l):| = Tm + My
Under Assumption 1, —Jwgdwg can be transformed into:
T 2 72
_dedWQ dwg + r)’ldwg < rc + 71dwg (42)
According to Equations (40)-(42), Jwggwg can be derived as:
- = n kg’/ig@g&%; k /\ () dw d-w kcb 2
g = = (kg —m1)dye — =5 = — =757 e +47] .
"2 kg/N\ch)Q‘i%) k /\ () dw du) kg/\gq)z dwgdwg
< _(k )d wg g £ = Tflg 4+ 4mg72 (43)
72dwg Cé
+== + + e
L . . 157 % .
Substituting Equation (37) into I'; “AcA:
15 5 kAPl 12 3 A
Lighere = ng A — Taghe [Ae — Ac(0)]
S kg)‘gq)gg wg + kg)‘QVZQ we + Zkg/\gq;ggdwgdwg (44)
A 2
M | dac[Ae—Ac(0)]
-5+ 2
where .
kA Dcd?, < keyaA 2@y, | kePicdng
me mg 5 mgr3 (45)
kg/\gq>gdwgdwg < kg%i/\ ‘DMdeg kgq)Mgdwg
Mg mg Mgy
Substituting Equation (43)—(45) into Equation (39), it holds that:
=2
¥ k@ \ 7 o4 (3 +7)kePrcdue | 52
Vi sggr{ (ke = - m§—4mn§)dwg—[zg—mg”s ’
iri U 6
+k§/\2<1>2 dfug + k€q>Mg ng + ng [/\g,;\g(o)] + gb + C2 ( )
4mc')’2 meys 2 71

4.3. Stability Analysis

On the basis of the control design process in Sections 4.1 and 4.2, the main result is
presented as follows.

Theorem 1. Consider the closed-loop system consisting of USVs. Equations (1) and (2) satisfy
Assumption 1 and 2, the error dynamic system of Equation (21), the virtual control law of Equations
(22) and (27), the actual inputs and update laws of Equations (34) and (35), the distance observation
of Equation (36) and its update laws in Equation (37). For all the initial conditions satisfying x2(0)

+ Y5(0) + 95(0) + 4. (0) + g, (0) + 7, (0) + 13, (0) + 72,(0) + 8,(0) + 8,(0) + 2,0
+d2 (0) + )‘%1 (0) + /\%i (0) < 2A with any A > 0, all the signals in the closed-loop system are

wri
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14

semiglobally uniform ultimate bounded (SGUUB) by tuning the design parameters ky,;, ky,., k
klle,'/ k}’e,'/

lT’ei/
Ty ., rz&‘ 7 00,0 00,0 Cavir Taris Oauir Oari-

ui ui

Proof. Constructing the following Lyapunov function candidate:

1.2
+§q7’i 2q¢1+2 ez+2 ei
+1p 1&2 11‘ 1A2 +1rdr})‘2>

2 wul wrz dui

1 o~
v = .Zl<%x§z + 3y + 3V + 20,
i=

1, 1r-132 1, —1r-132
amy Ty O+ amy Ty 05+

(47)

Taking the time derivative of V:

It

(xezxel + Yeilfpi + ¢ezl/)e1 + qu; qu + qr,qr, + qlPe;qlpl + Ueithei + Teiei

i

+m711—' lﬁuzﬁm + mill—‘ 1191‘11971 + dwmdwuz + dwrzdwrl + qull/\ Aul + rdr})\ /\

) (48)

Substituting Equations (22) and (23) and the DSC errors into Equation (21), we

can obtain: .
XeiXei = —kx Xoi Xoi 5+ Xeiu; + Xeillei + ViXeiYei
(49)
< —lky, — i)xei + ‘Iu,- + uei + TiXeiYei
Yeilloi = Yei(—0i + tgi SIN Wi — TiX,;)
= yez( v; + ”dz sinay,, + ”di\Pyi - rixei) (50)
< —kyyz; + dlye' + Yz — TiXeilei
where
¥yi = [cos(qy, + ¢ei) — 1] sinay, —sin(qy, + i) cosay, (51)
From Young’s inequality, the following inequalities can be obtained:
2
. qu; Mu' 1 2 Yu;
g <gu(My, - =)< —-[-——"+— ! 52
qulqul‘ — qul ( Uj eui> - < Z,Yui + €u; ) qu,' + 2 ( )
G < M qri < M% 1 2 T 53
Tridy; = 9r; TP T 677, = _2,)/71 +— €r, qr, + b3 (53)
2

- ql/’ei Ml/)ei 1 2 ,ylpe/
. < gy, | My, — < - = 54
qlpequ[lﬁ' — ‘7%( Pei 61#@1') = ( 27¢m~ + — € qlpez 2 ( )

Substituting Equation (27) into Equation (26):

Boilp = i (g i — 0 — 1) < = (K B Fr- . S (55)

ei¥ei — vel Py TEL dr; ei | = bei 2 l)bel qr; ei

Combining the actual inputs of Equation (34) and updating the laws of Equations (35)
and (33), we can obtain:

. 13 A
Ugilpj + m,; r 19111'19111'
< _ (k“ei
- my;

< _(k“iez
- My

_%) Jr02785(>4r i Duity; D=0 (0)]

My My

(56)
L9w [19141' 73141' (O)}Z
2mmy;

1 2 2 172 0.27850
- f)uei - ZmLZ, wi T2 3 + +

wui My
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Similarly,

. 1r—13 A
Teitei + m.; rgﬂ. 191’1' 7-97’1'

5 2
kg 1Y,2 _ %z 17 027858 | 0, [%i—0(0)]
= - (WTZ - f)uri - Zmr:,- 1‘9ri dwrz + My + 211,

(57)

Based on the above analysis and Equation (46), V can be expressed as Equation (58):

~ 1 . M2
14 S E {_(kxei - %)xgi - (kyei - M)yzl - <_27u‘< + % - ]‘) q%l,

M7 2 Mj 2
727’: + ; - 1) qri — ( Z’Ylpt‘l + e )qtpai - ( l/}u )1‘/)51

ky. @
g — X2 THEMu N g — X2 DEMry ) 2
k”i T My 4myiva ) wui kr,- g My 4m,l'y4 )dwrl

o (strky D2, Udm 2 _ 7(73+'Y4)k1’iq>Mrldwm adm /\2
My (58)

My Ui
S 2
T T M 027850 027850 4 T, [ﬁllzi*élli(o)}
My My 5
Tari[Ar; = Ar, (0)]
2 + 2
+ku,'¢)M.uidwui + kriQMridzari + kui? + kri?
my;7Y3 MyiY3 Wlu} My

9. [071 ﬂrz (0)]2

2
A=A
0dut[ ,2 1( )]

c |
—ui ri
) ) T m T 7
kﬁi)‘%iq>%\/1lzidwzzi k%,-)‘%i@%wridwri

4myiv2 4myiv2

Furthermore, Equation (58) can be rewritten as:
V< -2V +a (59)

where k=min{ (K, —1/2), (ky,, — ai/4),( = M2, /27, +1/eq, —1),(~ M2 /2y +1/e,-1),
(_Miei/zrywei + 1/€¢ei), (k{ﬁei o 1/2), (k”ez‘/mui - 3/2)’(krez‘/m1’i - 3/2)/ Uﬂui/zl Ul9ri/2’
(ku, =r1—r2/mui—kr Pum,, /4mri’Y4) s (krp=v1i—v2/myi—kuy; Pum,, /4mui74) ,
(0aui /2= (V3 + Y4) Ky @at,, @2,/ i | [ad”-/z — (13 +74)kr, P, ~§,,,/mm-] and
o 2 _
g_g_r_{vg/zwdg[/\g—/\g(o)] /2409, [8 — B(0)] 2 /2me+k2A2 DYy d wg/4mgyz+
124 772
Ke@ucdug/meys+0.27856 /mg + kb /me + C2/ 1} + 7y, /2,
One can integrate Equation (59), and the following equation can be derived.

V(t) <a/2x+ (V(0) —a/2x) exp(—2kt) (60)

According to the closed-loop gain-shaping algorithm [32], the V(t) could converge
into ¢/2x with t — oo, and the bounded variable ¢ could be closed to zero by turning the
design parameters. Thus, all the error variables and the control inputs in Equation (34) are
SGUUB under the proposed control system. [J

Remark 3. Though such a design may lower the consumption, the controller is able to distribute
outputs according to the NNs-based DOB estimation signals. The non-negligible disadvantage of
the proposed algorithm is that it is in high demand because of the precision and transmission rate of
the sensor. Additionally, it takes time before the NNs-based DOB can obtain accurate estimations
of the maritime environment disturbance, which may burden the main engine within a short time.
Those mentioned shortcomings may cause instability to the actual system in practical engineering.
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5. Numerical Experiment

In this section, two numerical simulative experiments are conducted to illustrate
the superiority and effectiveness of the proposed guidance principle and control algo-
rithm. Hence, the underactuated ship used in [18] with the length of 38m and the mass of
118 x 10°kg is chosen as the experimental subject.

5.1. Experiment under Restricted Water Area and Marine Environment

A waypoints-based path-following experiment was performed in fields of the narrow
waterway and simulated marine environment. For this purpose, the reference path was gen-
erated by setting four waypoints: Wy (700m, —500m), W, (700m, 550m), W3 (2500m, 2550m )
and W4 (2500m, 3800m ). To navigate through the narrow waterway, the formation in the
abreast structure needs to switch to a single file structure before sailing into the narrow wa-
terway and then switch back to an abreast structure after sailing from the narrow waterway.
For the guidance part, this process involves switching the bearing angles and distances
between the GVS-leader and GVS-followers. The initial states of the USVs are expressed as
[x1(0),y1(0),91(0),u1(0),v1(0)r1(0)]=[670m ,—700m,7v/4rad,0m/s,0m/s,0rad/s],
[%2(0) ,12(0),12(0),u2(0),v2(0) 2(0)]=[520m ,—700m,7r/4rad,0m/s,0m/s,0Orad/s],
[x3(0) ,y3(0),93(0),u3(0),v3(0) r3(0)]=[880m ,—~700m,7r/4rad,0m/s,0m/s,0rad/s].
The surge speed of the GVS-leader was chosen as u; = 8m/s, u,; = 5m/s, and the con-
figuration vectors for the GVS-followers were set as (1= [150 cos(71/2) m,150sin(7/2)m,
orad]”,i,= [150 cos(—71/2) m,150 sin(—7r/2)m,Orad]". After considering the ship length
and the formation structure, pp = 60m was selected as the radius of the safety zones. The
USVs were ordered to switch the formation structure before crossing the narrow channel
and to reshape the structure once they were through the channel.

In the simulation, to verify the robustness of the proposed control algorithm, the
external disturbances in nautical practice (sea wind and irregular wind-generated waves)
were considered. The physical-based mathematical model based on the NORSOK (Norwe-
gian Standards Organization) wind spectrum and the JONSWAP (Joint North Sea Wave
Observation Project) wave spectrum was employed for a marine disturbance simula-
tion [26]. Specifically, the main wind speed Uy, = 12.25m/s and the main wind direction
Py = 3/8rad. The JONSWAP wave spectra were introduced to generate the time-varying
wind-generated waves spectra with a sixth level sea state. The 2D sketch of the wind and
3D view of the waves are shown in Figure 4.

(a) 300 (b)
AR A AR O AN
R NRNC L SRR N
250 O NS AN RN
Mo AN NN N 5
A R D T R 2(m)
AN L Y 0
SO RS NNN -5
100 RN \\ N\ AN \\\ N
AN NN NN AN 10
N\ AL LSRRGS 300
50 NN AN RO —

P =
SRR R R N N R RN RS

SNNANANNNNNRNNNN
0 50 100 150 200 250 300

x(m) ¥{m)

Figure 4. The simulated marine environment: (a) 2D sketch field of surface wind; (b) 3D view of the
wind-generated waves.

Figures 5-12 describe the main numerical results of the proposed algorithm under the
marine environment. Figure 5 describes the planar formation switch trajectories using the
proposed scheme under the narrow waterway. Tracking errors of the position and direction
can be seen in Figure 6. Obviously, the tracking errors were small enough compared with
the scale of the formation route. Figure 7 describes the velocities of each USV. It shows that
all the USVs reached the expected surge velocities in the formation-keeping period. While
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in the formation switch process, USV No. 2 and 3 regulated their surge velocities in order
to adapt to the new formation structure. Additionally, for the purpose of sailing on the
planned route with expected attitudes, the USVs’ sway and yaw velocities varied rapidly
against the disturbances of the wind and waves. Figure 8 shows the control inputs 7, T, of
the USVs. Figures 9 and 10 give the adaptive learning parameters ¢, &, A, Ar.

Waypoints-based path
USV No.1's trajectory
USV No.2's trajectory
USV No.3's trajectory
APSs reference path

4000

B> USV shape

USV No.1's safety zone
USV No.2's safety zone
USV No.3's safety zone

3000
2200

2000
1800 ¢

2000 ]

1200

-1000
0

Figure 5. The formation switch performance under the narrow waterway and simulated ocean environment.
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0 100 200 300 400 500 600
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E o L fomsy
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—20 ‘ . . v . 1
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Figure 6. Tracking errors of USVs in position and orientation: (a,b) error curves of position; (c) error

curves of orientation.
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Figure 7. Velocities of USVs: (a) surge velocities; (b) sway velocities; (c) yaw velocities.
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Figure 8. Control inputs of USVs: (a) control inputs of the propeller; (b) control inputs of the rudder.

(@) 10,
: i
o Of ll;:‘
|G -
0 L ‘«—/ - 7!‘“/,; Vgl A0
1 A 1 1 1 1
0 100 200 300 400 500 600
(b)  x10*
4 i 1
— 2 I .I"|| |‘ n
> O‘H_ :\“h l.‘f' ..
—2F e ‘ ‘ ‘ .
0 100 200 300 400 500 600

Time(s)

Figure 9. Adaptive parameters 9, and @, of USVs: (a) adaptive parameters for surge motion;
(b) adaptive parameters for yaw motion.



J. Mar. Sci. Eng. 2023, 11, 1020

18 of 23

a C T B T T T ]
(@) 150 R
100 1 "_'
\ i
<<<=’ 5 | (W
50 f ‘\\ ,,".' i
0 Bt et s O A
0 100 200 300 400 500 600
(b) & x10%
4+ T T
3 ,’ ___________________ an )
S 2t I/:’ 1
(A ,”,’ .
0« ———

0 100 200 300 400 500 600
Time(s)

Figure 10. Adaptive parameters A, and A, of USVs: (a) adaptive parameters for surge motion;
(b) adaptive parameters for yaw motion.

Figure 11 shows the distances between different USVs and if the USVs were at collision
risks. In the proposed model, the collision avoidance is activated once the distances between
two different USVs is less than 2py. Additionally, it is assumed that the USVs are at high
risks of collision when the distance is less than py. It is clear that all the USVs performed
intervehicle collision avoidance well, and no USV was at a high risk of a collision. To clear
the effectivity of the NNs-based disturbance observer, the marine disturbances dyy, dwr
and their estimations dy,,, dy, are exhibited in Figure 12. For clarity, we only illustrate
the results of USV No. 1 in the following figures. Apparently, the USVs approximately
followed the main wind direction of W, W3, so the disturbance in the sway moment of the
force was smaller. This indicated that the simulated marine environment and NNs-based
disturbance observer were effective.

distance between USV No.1 and 2
- distance between USV No.1 and 3
————— distance between USV No.2 and 3
......... 20, 0
400 : i 2 : :
A
\
300
E
3 200
c
8
(7]
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100 ¢
O 1 1 1 1 1

0 100 200 300 400 500 600
Time(s)

Figure 11. The distances between different USVs.
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Figure 12. The performance of NNs-based DOB: (a) marine disturbances dy;, and its estimation oous
(b) marine disturbances dy,; and its estimation Aoy

5.2. Comparative Experiment

In this subsection, the proposed adaptive neural formation control algorithm is com-
pared with the results of [15] in order to verify the superiority in terms of energy effi-
ciency, robustness and control accuracy. Two underactuated ships consistent with the
previous experiment are introduced in the comparative experiment. The curve path is
generated by the desired yaw velocities as per Equation (61) and the desired surge velocities
uy = 10[1 — 0.8 exp(—2¢t)]m/s. The initial states of the two underactuated ships are set as
[x(0),y(0),¥(0),u(0),v(0),r(0)] = [-20m, — 10m,7t/4rad, Om/s,0m/s, Orad/s|:

Orad/s, t € [0,30], (40,80], (90,120]
rg =4 —0.078rad/s,t € (30,40] (61)
0.078rad /s, t € (80,90]

Therefore, the main comparative results are shown in Figures 13-15. Figure 13 shows
the path-following trajectories under two control algorithms. Both of the control algorithms
performed reference path tracking with a satisfactory tracking accuracy. Still, the proposed
control algorithm had a higher tracking accuracy. The comparison of the position and
orientation errors under the two algorithms are displayed in Figure 14. Moreover, Figure 15
presents the control inputs under the two algorithms.

For further quantitative analysis, three useful performance indexes are introduced
to evaluate the two algorithms as per Equation (62). The mean absolute error (MAE), the
mean absolute control inputs (MAI) and the mean total inputs variation (MTV) describe the
stabilization ability of the system, the energy consumption and the smoothness properties
of the controllers, respectively. Detailed quantitative results are illustrated in Table 1. From
the results, though the value of item 1, in the proposed algorithm was larger than the value
in [15], the values of the proposed algorithm were smaller than the related values in [15]
on the whole. Therefore, the proposed algorithm has the superior advantages of a higher
tracking accuracy, lower energy consumption and smoother energy variation:

tL’Vl
MAE = 1 [y |e(t) dt

MAT = L foend | (#) |dt (62)

MTV = L [o¢ |2t +1) — (1) |dt
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Figure 13. The tracking path under different control algorithms.
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Figure 14. The tracking errors of two control algorithms: (a,b) error curves of position; (c) error

curves of orientation.

Table 1. Quantitative results for the proposed scheme and the one in [15].

. The
Indexes Items The Proposed Algorithm Algorithm in [15]
Xe(m) 0.9742 1.5472
MAE Ye(m) 0.0142 0.0593
e (deg) 0.0153 0.0042
MAI 7, (N) 2.9455 x 10° 2.9952 x 10°
(N -m) 7.6075 x 10° 1.2304 x 107
MTV (N 135.4431 7709.2
(N -m) 2.2678 x 10° 8.5352 x 10°
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Figure 15. Control inputs of two control algorithms: (a) control inputs of the propeller; (b) control
inputs of the rudder.

6. Conclusions

This paper proposed a formation structure switch strategy for USVs while considering
intervehicle collision avoidance. Unlike existing formation switch research that focuses
on topology, the proposed guidance principle fully exploits the advantages of the leader—
follower formation structure. By employing APSs, flexible and safe paths are planned
for USVs without using the unknown velocity information of the GVS-followers. The
DOB-based robust neural formation control algorithm performed formation tracking excel-
lently. Moreover, profiting from the NNs-based disturbance observer, the unmeasurable
marine disturbances can be estimated accurately, which can lower the actual inputs and
energy consumption.

In future work, we will focus on gradually changing the vehicle’s velocity while
performing a formation switch task.
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