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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) In order 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):

.
xi = ui cos(ψi)− vi sin(ψi).
yi = ui sin(ψi) + vi cos(ψi).
ψi = ri

(1)


.
ui =

mvi
mui

viri − fui(ui) +
τui
mui

+ dwui
.
vi = −mui

mvi
uiri − fvi(vi) + dwvi

.
ri =

mui−mvi
mri

uivi − fri(ri) +
τri
mri

+ dwri

(2)

where ηi = [xi, yi, ψi]
T ∈ R3 denotes the surge, sway displacement and yaw angle in the

earth-fixed coordinate, respectively. vi = [ui, vi, ri]
T ∈ R3 describes the surge, sway and

yaw velocities in the body coordinate system, respectively. τui, τri indicate the inputs of
the control system: the surge force and yaw moment, respectively. dwui, dwvi, dwri are the
unmeasurable environment disturbance forces or moments caused by the wind, waves
and ocean current, respectively. mui, mvi, mri, dui, dvi, dri, du2i, dv2i, dr2i, du3i, dv3i, dr3i are all
considered as unknown parameters, and they describe the ships’ inertia, hydrodynamic
damping and nonlinear damping terms. The nonlinear functions fui(ui), fvi(vi), fri(ri)
denote the high-order hydrodynamic effect as outlined in Equation (3):

fui(ui) =
dui
mui

ui +
du2i
mui
|ui|ui +

du3i
mui

u3
i

fvi(vi) =
dvi
mvi

ui +
dv2i
mvi
|vi|vi +

dv3i
mvi

v3
i

fri(ri) =
dri
mri

ui +
dr2i
mri
|ri|ri +

dr3i
mri

r3
i

(3)
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Assumption 1. It is assumed that the environment disturbance terms satisfy |dwui| ≤ dwui,
|dwvi| ≤ dwvi, |dwri| ≤ dwri, where dwui, dwvi, dwri are all the positive unknown constants.
.
dwui,

.
dwvi,

.
dwri are all the continuous bounded functions satisfying

∣∣∣ .
dwui

∣∣∣ ≤ Cui,
∣∣∣ .
dwvi

∣∣∣ ≤ Cvi,∣∣∣ .
dwri

∣∣∣ ≤ Cri.

Assumption 2. According to the description in [27], the sway velocity vi 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 δ > 0 and any $ ∈ R [28].

0 ≤ |$| − $tan h
($

δ

)
≤ 0.2785δ (4)

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
Ωx ∈ Rm, 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) + ε(x), ∀ x ∈ Ωx (5)

where AT = [a1, a2, . . . , al ]
T donates the adaptable weight vector, S(x) = [s1(x), s2(x), . . . , sl(x)]

T

is a vector of RBF with the form of Gaussian function Equation (10) and ε(x) is the approximation
error constant with an unknown upper bound ε(x).

si(x) =
1√

2πhi
exp

(
− (x− µi)

T(x− µi)

2h2
i

)
, i = 1, 2, . . . , l (6)

where l > 1 is the node number of NNs, µi denotes the center of receptive field and hi 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
η1 = [xr1, yr1, ψr1]

T is defined as the position vector of the GVS-leader and v1 = [ur, vr, 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):

ρi =

√
(xr1 − xri)

2 + (yr1 − yri)
2 (7)

ηi = η1 + R(ψr1)ιi (8)

with

R(ψr1) =

cos ψr1 − sin ψr1 0
sin ψr1 cos ψr1 0

0 0 1

 (9)

ιi =

ρi cos λi
ρi cos λi

0

 (10)

where ρi and λi are the distances and angle between the GVS-leader and GVS-followers,
respectively, while ηi = [xri, yri, ψri]

T donates the position vectors of the GVS-followers.
R(ψr1) is the rotation matrix of the GVS-leader, and ιi denotes the offsets from the GVS-
leader to GVS-followers.
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Figure 1. The framework of APS-based leader–follower formation structure. 
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Figure 1. The framework of APS-based leader–follower formation structure.

In marine practice, the reference path is often generated by the waypoints W1, W2, . . . , Wn
with Wi = (xi, yi), 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:

.
xr1 = ur cos ψr1.
yr1 = ur sin ψr1.
ψr1 = rr

(11)

φi−1,i = arctan
(

yi − yi−1

xi − xi−1

)
(12)

Ri =

{
Rmax, |∆φi| ≥ π/2
(Rmax−Rmin)∆φi

sgn(∆φi)π/2 , |∆φi| < π/2
(13)

Figure 1 presents the basic principle for generating a GVS reference path by a GVS-
leader. The GVS reference path is Wi−1PinWi → arcWi → PoutWiWi+1 . Typically, the surge
speed (ur) is a positive constant determined by the ship operator or based on the estimated
time of arrival (ETA), while the yaw velocity (rr) is an order signal that changes with time.
With the turning radius (Ri), the relevant time (tr) can be figured out. For the straight routes
Wi−1PinWi and PoutWiWi+1, rr = 0 and tr = distance/ur, where distance is the length of
the corresponding straight route. For the arc routes PinWiPoutWi, rr = ur/Ri is a constant
that can be calculated, and tr = ∆φi/rr, where ∆φi is defined as ∆φi = φi,i+1 − φi−1,i 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 Ri, resting
with |∆φi| in [−π/2, π/2], is determined by interpolation in [Rmin, 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 GVS-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
GVS-followers, and the GVS-followers will be ready in new positions. Then, under the guidance of
the APSs, the USVs are derived to the corresponding GVS-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 USVs with a good ship
maneuverability, approximately double the ship length is selected as their safety zone radius.
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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). ηdi = [xdi, ydi, ψdi]

T is defined as
the position vector of the APSs, and vdi = [udi, vdi, rdi]

T is defined as the velocities vector of
the APSs. Then, the distances and relative velocity can be calculated as Equation (15).

Uatti(ρ, v) =
1
2

kaρρ2
gi +

1
2

kavv2
gi (14)

ρgi =
√
(xri − xdi)

2 + (yri − ydi)
2

vgi =

√
(urxi − udxi)

2 +
(

uryi − udyi

)2 (15)

where Uatti(ρ, v) are attractive potential fields; vgi and ρgi are the relative velocity and
distance between the APS and GVS; and kaρ and kav 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. uξxi, ξ = r, d are the surge velocities along the earth-fixed
coordinate framework’s X-axis, and uξyi, ξ = r, 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 Uatti(ρ, v) as in Equation (16):

Fatti = ∇Uatti(ρ, v)
= Fattρi + Fattvi

= kaρρgi
→
n ρgi + kavvgi

→
n vgi

(16)

where Fattρi 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 Fattρi 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.

→
n ρgi Fattvi is 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 Fattvi 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

→
n vgi.

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

Urepi =

{
1
2 krρ

(
1

ρij
− 1

2ρ0

)2
ρ2

gi, ρij < 2ρ0

0, others
(17)

where Urepi is the repulsive potential fields, krρ is the gain factor of the repulsive potential

fields and ρij =

√(
xdi − xdj

)2
+
(

ydi − ydj

)2
are the distances between two different APSs.

ρ0 is the radius of the safety zones. If ρij > 2ρ0, 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 (Urepi) as per Equation (18):

Frepi = ∇Urepi
= Frep1i + Frep2i

= −krρ

(
1

ρij
− 1

2ρ0

) ρ2
gi

ρ2
ij

→
n repi + krρ

(
1

ρij
− 1

2ρ0

)2
ρgi
→
n ρji

(18)

where Frep1i is the repulsive force generated by the relative positions between two different

APSs.
→
n repi is the unit vector, and the direction is from the other APSs to the main APS.

Frep2i is the repulsive force generated by the relative positions between the APSs and their

corresponding GVSs.
→
n ρgi 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):

.
xdi = udi cos ψdi.
ydi = udi sin ψdi
ψdi = θFi
udi = um + k‖Fi‖

(19)

where Fi = Fatti + Frepi is the resultant force and θFi is the USV’s yaw angle in the next
moment as shown in Figure 1. um 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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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 ui and ψei are
chosen directly: xei

yei
ψei

 = J(ψi)

xdi − xi
ydi − yi
ψdi − ψi

, J(ψi) =

 cos ψi sin ψi 0
− sin ψi cos ψi 0

0 0 1

 (20)

where J(ψi) 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):

.
xei = −ui + udi cos ψei + riyei.
yei = −vi + udi sin ψei − rixei.
ψei = −ri + rdi

(21)

According to Equation (21), choose the virtual controls for ui and ψei in Equation (22):

αui = kxei xei + udi cos ψei

αψei = −arctan
( kyei yei−vi

ud0i

) (22)

where αui αψei are the virtual controls; kxei , kyei are two positive control parameters; and
ud0i is an immediate reference surge velocity for virtual control design, which is shown in
Equation (23):

ud0i =

{ √
u2

di −
(
kyei yei − vi

)2,
∣∣kyei yei − vi

∣∣ ≤ udi
udi,

∣∣kyei yei − vi
∣∣ > udi

(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:

εui

.
βui

+ βui = αui , βui (0) = αui (0)

εψei

.
βψei

+ βψei = αψei , βψei (0) = αψei (0)

εri

.
βri

+ βri = αri , βri (0) = αri (0)

(24)

where βui , βψei and βri are three first-order filters; εui , εψei and εri are time constants; and
αri is the virtual control for ri, which will be designed later.
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If we define qui = αui − βui , qψei = αψei − βψei and qri = αri − βri as DSC errors and
uei = βui − ui, ψ̃ei = βψei − ψei and rei = βri − ri as kinetics errors, the derivative of the
DSC errors can be described as per Equation (25):

.
qui

=
.
αui −

.
βui

= Bui

(
xei,

.
xei, ψei,

.
ψei

)
− qui

εui.
qψei

=
.
αψei −

.
βψei

= Bψei

(
yei,

.
yei, vi,

.
vi
)
− qψei

εψei.
qri

=
.
αri −

.
βri

= Bri −
qri
εri

(25)

where Bui , Bψei , Bri are all the continuous bounded functions satisfying |Bui | ≤ Mui ,∣∣Bψei

∣∣ ≤ Mψei , |Bri | ≤ Mri , respectively.
Since the output of the USVs are ui surge velocity and ri yaw velocity, the virtual

control αui and αri are required in the next step. So, to obtain the time derivative of ψ̃ei, we
use the following equation:

.
ψ̃ei =

.
βψei

+ ri − rdi

=
.
βψei

+ αri − qri − rei − rdi
(26)

From Equation (26), the virtual control αri is chosen as per Equation (27), and kψ̃ei
is a

positive control parameter.

αri = −kψ̃ei
ψ̃ei + rdi −

.
βψei

(27)

Step 2: Take the time derivative of the kinetics errors uei = βui − ui and rei = βri − ri
as per Equation (28):

.
uei =

.
βui
− .

ui

=
.
βui
− mvi

mui
viri + fui(ui)− τui

mui
− dwui

.
rei =

.
βri
− .

ri

=
.
βri
− mvi−mvi

mri
uivi + fri(ri)− τri

mri
− dwri

(28)

where the unknown nonlinear functions fς(ς), ς = ui, ri can be approximated by NNs as:

fς(ς) = AT
ς Sς(ς) + ες (29)

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

.
uei =

.
βui
− mvi

mui
viri + AT

ui
Sui (ui) + εui −

τui
mui
− dwui

.
rei =

.
βri
− mui−mvi

mri
uivi + AT

ri
Sri (ri) + εri −

τri
mri
− dwri

(30)

Then, the robust neural damping terms can be constructed as:

−mvi
mui

viri + AT
ui

Sui (ui) + εui

≤ mvi
mui

(
v2

i +r2
i

2

)
+
∥∥∥AT

ui
Sui (ui) + εui

∥∥∥
2

≤ max
{

mvi
mui

,
∥∥∥AT

ui

∥∥∥
2
, εui

}(
v2

i +r2
i

2 + ‖Sui (ui)‖2 + 1
)

≤ 1
mui

ϑui ϕui

(31)



J. Mar. Sci. Eng. 2023, 11, 1020 11 of 23

where ϑui = muimax
{

mvi/mui,
∥∥∥AT

ui

∥∥∥
2
, εui

}
is the unknown parameter and

ϕui =
(
v2

i + r2
i
)
/2 + ‖Sui (ui)‖2 + 1 is the damping term. Similarly, we can obtain:

−mui −mvi
mri

uivi + AT
ri
(ri) + εri ≤

1
mri

ϑri ϕri (32)

where ϑri = mrimax
{
(mui −mvi)/mri,

∥∥∥AT
ri

∥∥∥
2
, εri

}
, ϕri =

(
u2

i + v2
i
)
/2 + ‖Sri (ri)‖2 + 1.

Based on the above analysis, Equation (28) can be rewritten as:

.
uei =

.
βui

+ 1
mui

ϑui ϕui − τui
mui
− dwui

.
rei =

.
βri

+ 1
mri

ϑri ϕri − τri
mri
− dwri

(33)

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

τui = kuei uei + muiβui + ϑ̂ui ϕuitanh
(

ϑ̂ui ϕuiuei
δ

)
−mui d̂wui

τri = krei rei + mriβri + ϑ̂ri ϕritanh
(

ϑ̂ri ϕrirei
δ

)
−mri d̂wri

(34)

where τui and τri are the control inputs; kuei and krei are positive control parameters; and
d̂wui and d̂wri are the estimation of dwui and dwri, respectively. In order to stabilize the
closed-loop control system, the corresponding parameters’ update laws are taken as per
Equation (35):

ϑ̂ui = Γϑui

{
ϕuiuei − σϑui

[
ϑ̂ui − ϑ̂ui(0)

]}
ϑ̂ri = Γϑri

{
ϕriuri − σϑri

[
ϑ̂ri − ϑ̂ri(0)

]} (35)

4.2. NNs-Based Disturbance Observer Design

We designed the disturbance observer as follows:
.
dwς = ζς + kςς
.
ζς = −kς

(
ζς +

λ̂ςΦς d̂wς

mς
+ τς + kςς

)
(36)

where ς = ui, ri, ζς is the auxiliary state variable in the disturbance observer and kς is a
positive DOB parameter to be determined. λς = ϑ2

ς and Φς = ϕ2
ς/4b with |Φς|ΦMς, and b

is a positive constant. λ̂ς is the estimation of λς and updates according to the following
update laws:

.
λ̂ς = Γdς

{
kςΦςd̂2

wς

mς
− σdς

[
λ̂ς − λ̂ς(0)

]}
(37)

Choose the following Lyapunov candidate:

V1 = ∑
ς=ui ,ri

(
1
2

d̃2
wς +

1
2Γdς

λ̃2
ς

)
(38)

Taking the time derivative of V1:

.
V1 = ∑

ς=ui ,ri

(
d̃wς

.

d̃wς + Γ−1
dς λ̃ς

.
λ̂ς

)
= ∑

ς=ui ,ri

(
d̃wς

.
d̂wς − d̃wς

.
dwς + Γ−1

dς λ̃ς

.
λ̂ς

) (39)
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Substituting Equations (2) and (36) into d̃wς

.
d̂wς, it turns out to be:

d̃wui

.
d̂wui = d̃wui

{
−kui d̃wui −

kui λ̂ui Φui d̂wui
mui

+ kui

[
mvi
mui

viri − fui(ui)
]}

d̃wri

.
d̂wri = d̃wri

{
−kri d̃wri −

kri λ̂ri Φri d̂wri
mri

+ kri

[
mui−mvi

mri
uivi − fri(ri)

]} (40)

where
kui d̃wui

[
mvi
mui

viri − fui(ui)
]
≤ kui d̃2

wuiλui Φui
4mui

+
kui b
mui

kri d̃wri

[
mui−mvi

mri
uivi − fri(ri)

]
≤ kri d̃2

wriλri Φri
4mri

+
kri b
mri

(41)

Under Assumption 1, −d̃wς

.
dwς can be transformed into:

−d̃wς

.
dwς ≤

1
4γ1

.
d

2
wς + γ1d̃2

wς ≤
1

4γ1
C2

ς + γ1d̃2
wς (42)

According to Equations (40)–(42), d̃wς

.

d̃wς can be derived as:

d̃wς

.

d̃wς ≤ −(kς − γ1)d̃2
wς −

kςλ̃ςΦς d̃2
wς

mς
− kςλ̂ςΦς d̃wςdwς

mς
+

kςb
mς +

C2
ς

4γ1

≤ −(kς − γ1)d̃2
wς −

kςλ̃ςΦς d̃2
wς

mς
− kςλ̃ςΦς d̃wςdwς

mς
+

k2
ςλ2

ςΦ2
Mς d̃wςd

2
wς

4mςγ2

+
γ2 d̃2

wς

mς
+

kςb
mς +

C2
ς

γ1

(43)

Substituting Equation (37) into Γ−1
dς λ̃ς

.
λ̂ς:

Γ−1
dς λ̃ς

.
λ̂ς =

kςλ̃ςΦς d̂2
wς

mς
− σdςλ̃2

ς − σdςλ̃ς

[
λς − λ̂ς(0)

]
≤ kςλ̃ςΦς d̃2

wς

mς
+

kςλ̃ςΦςd2
wς

mς
+

2kςλ̃ςΦς d̃wςdwς

mς

− σdςλ̃2
ς

2 +
σdς[λς−λ̂ς(0)]

2

2

(44)

where
kςλ̃ςΦςd2

wς

mς
≤ kςγ3λ̃2

ςΦMςd
2
wς

mς
+

kςΦMςd
2
wς

mςγ3

kςλ̃ςΦς d̃wςdwς

mς
≤ kςγ4λ̃2

ςΦMςd
2
wς

mς
+

kςΦMς d̃2
wς

mςγ4

(45)

Substituting Equation (43)–(45) into Equation (39), it holds that:

V1 ≤ ∑
ς=ui ,ri

{
−
(

kς − γ1 − γ2
mς
− kςΦMς

4mςγ4

)
d̃2

wς −
[

σdς

2 −
(γ3+γ4)kςΦMςd

2
wς

mς

]
λ̃2

ς

+
k2

ςλ2
ςΦ2

Mςd
2
wς

4mςγ2
+

kςΦMςd
2
wς

mςγ3
+

σdς[λς−λ̂ς(0)]
2 +

kςb
mς

+
C2

ς

γ1

} (46)

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

ei(0)
+ y2

ei(0) + ψ̃2
ei(0) + q2

ui
(0) + q2

ψei
(0) + q2

ri
(0) + u2

ei(0) + r2
ei(0) + ϑ̃2

ui(0) + ϑ̃2
ri(0) + d̃2

wui(0)

+ d̃2
wri(0) + λ̃2

ui
(0) + λ̃2

ri
(0) ≤ 2∆ with any ∆ > 0, all the signals in the closed-loop system are
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semiglobally uniform ultimate bounded (SGUUB) by tuning the design parameters kxei , kyei , kψ̃ei
,

kuei , krei , Γϑui , Γϑri , σϑui , σϑri , Γdui, Γdri, σdui, σdri.

Proof. Constructing the following Lyapunov function candidate:

V =
n
∑

i=1

(
1
2 x2

ei +
1
2 y2

ei +
1
2 ψ̃2

ei +
1
2 q2

ui
+ 1

2 q2
ri
+ 1

2 q2
ψei

+ 1
2 u2

ei +
1
2 r2

ei

+ 1
2 m−1

ui Γ−1
ϑui

ϑ̃2
ui +

1
2 m−1

ri Γ−1
ϑri

ϑ̃2
ri +

1
2 d̃2

wui +
1
2 d̃2

wri +
1
2 Γ−1

duiλ̃
2
ui
+ 1

2 Γ−1
dri λ̃

2
ri

) (47)

Taking the time derivative of V:

.
V =

n
∑

i=1

(
xei

.
xei + yei

.
yei + ψ̃ei

.
ψ̃ei + qui

.
qui

+ qri

.
qri

+ qψei

.
qψei

+ uei
.
uei + rei

.
rei

+m−1
ui Γ−1

ϑui
ϑ̃ui

.
ϑ̂ui + m−1

ri Γ−1
ϑri

ϑ̃ri

.
ϑ̂ri + d̃wui

.

d̃wui + d̃wri

.

d̃wri + Γ−1
duiλ̃ui

.
λ̂ui + Γ−1

dri λ̃ri

.
λ̂ri

) (48)

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

xei
.
xei = −kxei x

2
ei + xeiqui + xeiuei + rixeiyei

≤ −
(

kxei − 1
2

)
x2

ei + q2
ui
+ u2

ei + rixeiyei
(49)

yei
.
yei = yei(−vi + udi sin ψei − rixei)

= yei
(
−vi + udi sin αψei + udiΨyi − rixei

)
≤ −kyei y

2
ei +

u2
diy

2
ei

4 + Ψ2
yi − rixeiyei

(50)

where
Ψyi =

[
cos
(
qψei + ψ̃ei

)
− 1
]

sin αψei − sin
(
qψei + ψ̃ei

)
cos αψei (51)

From Young’s inequality, the following inequalities can be obtained:

qui

.
qui
≤ qui

(
Mui −

qui

εui

)
≤ −

(
−

M2
ui

2γui

+
1

εui

)
q2

ui
+

γui

2
(52)

qri

.
qri
≤ qri

(
Mri −

qri

εri

)
≤ −

(
−

M2
ri

2γri

+
1

εri

)
q2

ri
+

γri

2
(53)

qψei

.
qψei
≤ qψei

(
Mψei −

qψei

εψei

)
≤ −

(
−

M2
ψei

2γψei

+
1

εψei

)
q2

ψei
+

γψei

2
(54)

Substituting Equation (27) into Equation (26):

ψ̃ei

.
ψ̃ei = ψ̃ei

(
−kψ̃ei

ψ̃ei − qri − rei

)
≤ −

(
kψ̃ei
− 1

2

)
ψ̃2

ei + q2
ri
+ r2

ei (55)

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

uei
.
uei + m−1

ui Γ−1
ϑui

ϑ̃ui

.
ϑ̂ui

≤ −
( kuei

mui
− 1

2

)
u2

ei +
0.2785δ

mui
+

d̃2
wui
2 −

ϑ̃uiσϑui [ϑ̂ui−ϑ̂ui(0)]
mui

≤ −
( kuei

mui
− 1

2

)
u2

ei −
σϑui
2mui

ϑ̃2
ui +

1
2 d̃2

wui +
0.2785δ

mui
+

σϑui [ϑui−ϑ̂ui(0)]
2

2mui

(56)
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Similarly,

rei
.
rei + m−1

ri Γ−1
ϑri

ϑ̃ri

.
ϑ̂ri

≤ −
( krei

mri
− 1

2

)
u2

ri −
σϑri
2mri

ϑ̃2
ri +

1
2 d̃2

wri +
0.2785δ

mri
+

σϑri [ϑri−ϑ̂ri(0)]
2

2mri

(57)

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

.
V ≤

n
∑

i=1

{
−
(

kxei − 1
2

)
x2

ei −
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(58)

Furthermore, Equation (58) can be rewritten as:

.
V ≤ −2κV + a (59)

whereκ=min{(kxei − 1/2) ,
(
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)
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}
+ γ ψ e i / 2 .

One can integrate Equation (59), and the following equation can be derived.

V(t) ≤ a/2κ + (V(0)− a/2κ) exp(−2κt) (60)

According to the closed-loop gain-shaping algorithm [32], the V(t) could converge
into $/2κ with t→ ∞ , 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. �

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× 103kg 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: W1(700m,−500m),W2(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) ,ψ1(0) ,u1(0) ,v1(0) r1(0)]=[670m ,−700m ,π/4r a d ,0m/s ,0m/s , 0r a d/s] ,
[x2(0) ,y2(0) ,ψ2(0) ,u2(0) ,v2(0) r2(0)]=[520m ,−700m ,π/4r a d ,0m/s ,0m/s , 0r a d/s] ,
[x3(0) ,y3(0) ,ψ3(0) ,u3(0) ,v3(0) r3(0)]=[880m ,−700m ,π/4r a d ,0m/s ,0m/s , 0r a d/s].
The surge speed of the GVS-leader was chosen as ud = 8m/s, um = 5m/s, and the con-
figuration vectors for the GVS-followers were set as ι1= [150 cos(π/2)m,150 sin(π/2)m,
0rad]T,ι2= [150 cos(−π/2)m,150 sin(−π/2)m,0rad]T. After considering the ship length
and the formation structure, ρ0 = 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 Utw = 12.25m/s and the main wind direction
ψtw = 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.
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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 τu, τr of
the USVs. Figures 9 and 10 give the adaptive learning parameters ϑu, ϑr, λu, λr.
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Figure 10. Adaptive parameters λ̂u and λ̂r 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 2ρ0. Additionally, it is assumed that the USVs are at high
risks of collision when the distance is less than ρ0. 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 dwu, dwr
and their estimations d̂wu, d̂wr 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 W2W3, 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.
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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
ud = 10[1− 0.8 exp(−2t)]m/s. The initial states of the two underactuated ships are set as
[x(0), y(0), ψ(0), u(0), v(0), r(0)] = [−20m,− 10m,π/4rad, 0m/s, 0m/s, 0rad/s]:

rd =


0rad/s, t ∈ [0, 30], (40, 80], (90, 120]
−0.078rad/s, t ∈ (30, 40]
0.078rad/s, t ∈ (80, 90]

(61)

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 ψe 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:

MAE = 1
tend−0

∫ tend
0 |e(t)|dt

MAI = 1
tend−0

∫ tend
0 |τ(t)|dt

MTV = 1
tend−0

∫ tend
0 |τ(t + 1)− τ(t)|dt

(62)
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Table 1. Quantitative results for the proposed scheme and the one in [15].

Indexes Items The Proposed Algorithm The
Algorithm in [15]

MAE
xe(m) 0.9742 1.5472
ye(m) 0.0142 0.0593

ψe(deg) 0.0153 0.0042

MAI
τu(N) 2.9455× 106 2.9952× 106

τr(N ·m) 7.6075× 106 1.2304× 107

MTV
τu(N) 135.4431 7709.2

τr(N ·m) 2.2678× 105 8.5352× 105
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Table 1. Quantitative results for the proposed scheme and the one in [15]. 

Indexes Items 
The Proposed 

Algorithm 

The  

Algorithm in [15] 

MAE 

( )mex  0.9742  1.5472  

( )mey  0.0142  0.0593  

( )dege  0.0153  0.0042  

MAI 
( )Nu  62.9455 10  
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71.2304 10  

MTV 
( )Nu  135.4431 7709.2  

( )N mr   52.2678 10  
58.5352 10  

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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