IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 24 November 2022, accepted 11 December 2022, date of publication 15 December 2022,
date of current version 22 December 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3229776

==l RESEARCH ARTICLE

Event-Triggered Auto-Berthing Finite-Time
Control for Underactuated Surface Vessel

YANG LIU™ AND NAM-KYUN IM

Department of Navigation Science, Mokpo National Maritime University, Mokpo 58628, South Korea
Corresponding author: Nam-Kyun Im (namkyun.im@mmu.ac.kr)

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea Government
(NRF-2020R1F1A1050113) titled with “The Technology for Marine Traffic Hazard Control system using Ship navigation Big Data”.

ABSTRACT An investigation of the auto-berthing problem for underactuated surface vessels is presented,
considering dynamic uncertainties, finite time, transmission load, and environmental disturbance constraints.
It is proposed to integrate the finite time control technology with the event-triggered mechanism input
algorithm to develop a novel control scheme. Applying the differential homeomorphism coordinate method
transforms the vessel into a standard integral cascade form to solve the underactuated problem. A finite-time
technology and an event-triggered technology are then used to save time for the berthing vessel, decrease
the transmission burden between the controller and vessel, and reduce the acting frequency of the actuator.
Furthermore, the radial basis function network(RBF) is employed to approximate unknown nonlinear
functions, and minimum learning parameters(MLP) are introduced to reduce computational complexity.
Based on the Lyapunov stability theory, a sufficient effort has been made to verify the stability of the closed-

loop system. The simulation results demonstrate the effectiveness of the proposed scheme.

INDEX TERMS Auto-berthing control, finite-time, underactuated, event-triggered, RBF, MLP.

I. INTRODUCTION

The automatic berthing process refers to the operation of a
ship approaching the harbor at an appropriate speed and angle
as soon as it enters the port. Therefore, the vessel can stabilize
near the berth. It should be noted that the vessel sails at a low
speed during berthing. Most vessels are only equipped with
two independent stern thrusters or one main stern thruster
and rudder, without any thruster installed, further reducing
the vessel’s maneuverability. Due to this, the auto-berthing
control of underactuated vessels have become a relatively
complex and challenging task. For the purpose of satisfy-
ing the nautical practice and realizing automatic berthing of
ships, extensive research has been conducted [1], [2], [3], [4],
[5], [6], [7]. Artificial intelligence methods have been used
to achieve automatic berthing in [1], [2], [3], and [4]. As a
result of engineering considerations such as anti-jamming
and multi-port applicability, [1] and [2] realized automatic
berthing. Training data are essential in these studies, and
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it is impossible to control the time ships approach during
berthing. Unless the training data are correctly selected, or the
quantity is sufficient, automatic berthing cannot be achieved.
In [5], [6], and [7], the automatic berthing is implemented
utilizing the backstepping method framework in conjunction
with the Lyapunov stability principle. In [5] and [6], dynamic
surface control is combined to address the problem of the
differential explosion that may arise in the control scheme
design. As an additional benefit, in [5], the neural network’s
computational load was reduced using a minimum learn-
ing parameter(MLP). A safety-oriented control scheme was
developed by [7]. In the designing process, it is necessary to
introduce the obstacle Lyapunov function to limit the turning
angular velocity of the ship during berthing within a specific
range to achieve safe berthing However, this methods also
prolongs the time to approach the pier for ships. Nevertheless,
the above research does not address the issue of auto-berthing
finite time control, and communication resources may be
limited, impacting control performance.

Due to the limitations of the port water conditions, ships
must ride the tide to enter and leave the port. Whether the tide
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ride time can be utilized reasonably will impact the operation
efficiency and the utilization rate of resources in the harbor.
Similarly, when avoiding obstacles in an emergency are nec-
essary, the avoidance cannot be completed within a limited
period. As a result of obstruction movements, the port’s pro-
ductivity will also be affected. The solution to this problem
is, therefore, reasonable. The hyperbolic tangent guidance
method was employed by [8] to control the vessel’s course
cooperatively, and the controller was designed using terminal
non-singular synovial technology. Lastly, the ship is capable
of completing the tracking control within a limited period
of time. Based on [9], a finite-time disturbance observer
estimates the composite disturbance composed of external
disturbances and uncertain terms. The virtual control is also
derived using finite-time command filtering. Combined with
the obstacle Lyapunov function, a trajectory tracking control
scheme is developed under total state constraints. According
to [10], the non-singular fast terminal sliding mode strategy
improves the speed of convergence and the ability of the
dynamic positioning system to minimize interference. As a
result of [11], synthetic uncertainty parameters and unknown
external perturbations were transformed into a linear param-
eterized form with a single parameter, and finite-time trajec-
tory tracking was solved. Overall, the successful applications
of finite-time control in trajectory tracking provide valuable
ideas for automatic berthing control in the future.

Autonomous navigation is inextricably linked to the infor-
mation exchange between the ship and the shore (controller).
Much communication will inevitably result in channel con-
gestion and adversely affect the controller’s ability to control
the ship. As disturbances in ship-to-shore signal transmission
may occur in heavy communication workloads, and most
navigation control systems use digital processors, it is more
appropriate to consider this constraint since it reduces the
communication load. By reducing the wear of the actuator,
the system can be improved. In [12], a set of control schemes
is developed to address this problem using fixed threshold
triggering.

On the other hand, [13] has developed a set of
event-triggering schemes with a relative threshold strategy,
which can relax monitoring restrictions on event trigger-
ing. Based on an event-triggered concept, [14] developed
a trajectory-tracking control system for surface ships that
reduced the computational complexity through MLP. A fault-
tolerant trajectory tracking control has been developed
by [15], which can ensure stable tracking under the condition
that the actuator’s action frequency is reduced.

It is imperative to do simulations, or experiments closer
to reality [16], [17], [18], [19]. This work focuses on an
event-triggered auto-berthing finite-time control approach
for underactuated surface vessels and considers the model
dynamic uncertainties and external disturbances. To solve
the underactuated problem caused by the ship maneuvering
model. The vessel is transformed into a standard integral
cascade form using differential homeomorphism. Further-
more, system state error variables are established based on the
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transformation. Combining the finite-time technique, radial
basis function network(RBF), MLP, and applying an event
trigger mechanism, an event-triggered auto-berthing finite-
time control scheme is derived. The stability of a closed-loop
control system is demonstrated. The main contributions of
this paper are as follows:

(1) By incorporating the finite-time technique in the con-
trol design, a viable control method is provided for the
auto-berthing control of underactuated marine surface ves-
sels. Compared with [5], [6], and [7], the convergence time of
the system manipulation state is significantly reduced. There-
fore, the control scheme enables practical implementation.

(2) Compared with auto-berthing control schemes [5], [6],
and [7], a relative threshold event-triggered auto-berthing
control scheme for underactuated marine surface vessels is
developed for the first time. As the communication load is
reduced, the wear on the actuator is also reduced, making it
more practical to implement.

Following is a summary of the remainder of this article.
The second part of the report describes the research questions
and preliminary results. The third section provides a detailed
discussion of differential homeomorphic coordinate changes.
In the fourth part, the controller is designed, and its stability
is analyzed. In the fifth section, simulation experiments are
presented.

Il. PROBLEM FORMULATION AND PRELIMINARIES

A. PROBLEM FORMULATION

According to [20] and [21], vessel model is described
as (1) which composed of kinematics and kinetic equations,
as shown in FIGURE 1.

X = ucos(y) — vsin(y)
y =usin(y) — vcos(y)
i=r
. m d, dyi T T4
= —yr— 2 — ?:2 u w4+ — 4+ =
mi mi mi mi mij
mi d, d; . T4
V= ———vr— — — ?z iy 4 =
myo myp mo2 map
. mip —mpp d d,i . T
F=— gy — — — Z?:z "y + =
mi ms3 ms33 mii
Tdr
mii
(D

where (x, y) represents the vessel ‘s position, { represents the
vessel ‘s heading angel. u, v, and r denotes the surge speed,
sway speed, and yaw rates. 7, and 7, denotes the control
input. dy, dy, d,, dy;, dy;, and d,; are hydrodynamic damping.
Tdu, Tdv, and T4 are environment disturbance.

B. PRELIMINARIES

Definition 1 [22] : Nonlinear system x = h(x), #(0) = 0,x €
R", where x is the state variable, y, is a sphere containing the
origin. h(x) is a continuous function, for any initial condition
X, if there is a constant ¢ > 0 and an adjustment time function
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FIGURE 1. Simplified vessel maneuvering coordinate system.

0 < T (xg) < oo, make ||x(?)|| < c, time variable r > T (x,),
T is the time under initial conditions. Then, i(x)can be said
to be stable in finite time.

Assumption 1: parameters dyi(x = u, v, r) are uncertain.

Assumption 2: disturbances 74;(i = u, v, r) are bounded,
and satisfy 74 < 74.

Lemma 1 [11]: For x = h(x), h(0) = 0, x € R", where
h(x) is a continuous function, suppose there is a continuous
Lyapunov function V : D — R that the following conditions
can be established: V is a positive definite function, there exist
k1 > 0,k2 > 0,0 < o < 1, and an open loop field near the
origin satisfies V(x)+k1V(x)+k2Ve(x) < 0, then the system
is stable in finite time, and the stable time is bounded by

1 1 k1 VA= (x0) + k2
n .
T k(1 — ) K2

(@)

Lemma 2 [7] and [23]: For any unknown nonlinear
function f(x), the following RBF network can be used for
approximation:

fx)=Wh+e 3)

where x is the input of RBF; W is an ideal matrix representing
the neural networks’ weights. & = hj(G = 1,2---n) is the
output of the hidden layer, 4; is the activation function that can

—HH i

of the activation function, b; is is the width of the activation
function. ¢ is the approximation error for RBF network.

Lemma 3 [24] and [25]: For any constant a > 0 and any
scalar ¢ € R the following inequality holds:

be described as #; = exp , ¢j is the center vector

2
0<lol— ———— <a )

/QZ +a2
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1Il. COORDINATE TRANSFORMATION

Inspired by the literature [26], this paper adopts the differen-
tial homeomorphic transformation to solve the underactuated
problem of the system (1).

h=J ) ®)

where b = [hi,ho,3]Y, n = [y yvlh, J@) =
cos(y) —sin(yr) 0
sin(y) cos(y) O

0 0 1
Taking the time derivative of (5) yields
hy =TT+ T W (6)
J () satisfies the following properties:
T @) =TS () @)
0—-ro0
where S(r)=|r 0 O
000
Then (1) can be written as:
hl =u+ hr
ilz =V — hlr
hs = r
d
h:gvr—iu—z — u+ Tu L
mi mi myp - myp
d d . T
pm Uy - B2 53 Dty g T
my) m my) my)
. my—mp ds3
f=———"uv— —r
ms3 m33
_ 23 |1 1 r 4 l Tdr
mip - mpp
(8)
Let Yo, sful™lu = e 30, hipitly =
S 3 dy 1 _ [ _ _ _
mudZ' 2 my It = mp> = i3 = r,ﬁ—ﬁ -
}‘, ﬁ = B, (8) can be written as
ill =u+ hr
iiz =V — hlr
s =r
=1 ©
Vv = —Aur — By — f + tdy
my  mp
F=10
Further, (8) can be transformed as a chain struc-

ture system with general nonlinear characteristics by
introducing the following variable substitution and feedback
transformation [7], [27]

v
=h — 10
Po=hy+ 3 (10

Then, Bz is give

. . ) 1
ﬁg:hz—l—ézv—hlr—i—ﬁ(—Aur—Bv)
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_ (m + éAu) , (1)

Letw = — <h1 + %Au), one can get

=2 )+ u
1= Z(w 1)+ Bar 3

5 fv Tdv
Br=owr——+ ——
i dy dxn
h3 =r (12)
. fv Tdv
v=B(w-+h)r—Bv— +
mp maa
=T,
= 3

Let ¢y = hi, 92 = B2, 3 = h3, ¢4 = v, ¢5 = 0, P6 =
r,u; = T,, Uy = i = 13, the (12) can be written as

. B 1
¢1 = 2 (1 +1¢>5) + P2t — E¢4¢6
‘1‘52 = ¢5¢6 + d_ (Tay _fv)

2

¢.53 = %6 | (13)
$s = B(d1 + ¢5) p6 — Bds + — (tay — f)

. mao

P5 = uj

d6 = >

Theorem 1 [28]: For (13), when ¢t — oo, if ¢;(i = 2, 5, 6)
converges to zero, then, lim;_, o, ¢; = 0(i = 1, 4)

¢ = ¢sZs
3 = do (14)
¢s = u
P6 = u
Let x; = ¢3, X2 = 6, X3 = ¢2, X4 = ¢p5 yields
X1 =x
562 = Uup
(15)

X 1
X3 = x4x2 + — (tav — f)
dx»

X4 = ug

IV. CONTROLLER DESIGN AND STABILITY ANALYSIS

A. CONTROLLER DESIGN

In this article, the control system for underactuated marine
surface vessels is devised in FIGURE 2. Only at trigger-
ing instants control signals of the finite-time controller will
be sent to the ship. Based on this frame, the following
part of this section proposes an adaptive neural network
automatic berthing control considering finite time and an
event-triggered mechanism. It ensures the final bounded con-
sistency of all signals in the closed-loop control system
of an underactuated vessel, which is affected by dynamic
uncertainties and external disturbances. By selecting the sys-
tem error and constructing an appropriate Lyapunov func-
tion, a finite-time automatic berthing control law that can
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FIGURE 2. Frame of the control system.

reduce the communication load is designed for the system.
According to (15), define the following error variable

21 = X1 — X1d (16)
22 =X — pi o))

where z;(i = 1,2) is the defined systematic error. xj4 rep-
resents the expected state x;, which is a constant. p; is a
intermediate control variable.

Take the derivative of z1, and using (17) yields

1=zn+p1 (18)

Design the Intermediate control variable p; as
21

,/z%—l—éf

where k1, k11 is a positive parameter waiting to be set, 61 >
0 is a constant.

To stabilize the error variable z; and zp, We choose the
intermediate control adaptive state variable 6, as in (20) and
control input 7, where g = %uv— %r, ki, ki1, ka2, 82,
and o, positive parameters, ;r(ﬁ) is the scalar associated with
the hidden layer in the RBF network, which have specific

expressions in the stability analysis of the system.

p1 = —kizi — ki (19)

T(t) = T(t); V1 € [t, try1]
~ X2
Tt =m33 | —g —kixo —kjj—— — 1
Vi + 82
22 )
—kopp——— —1220,57(v) — kzZz) (20)
,/z% + 8%
ér = ch%é‘rz(V) - Grér
Iky1 = inf{r e R; le] > 'y |7.(t)| + D,}
e = fr — Tr;
Define the following error variable
723 = X3 — X3d 21
U =X4— P2 (22)
where z;(i = 3,4) is the defined systematic error. x34

represent the desired state x3, which is a constant. p; is a
intermediate control variable.
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Take the derivative of z3, and using (23)

1
3= 1(z3+ p2)x2+ T (tav — 1) (23)
2

Design the intermediate control variable p; as
3X3

P2 = —k3zzxy — kjp———
,/z% + 8%

where k3 and ki, are positive parameters.
To stabilize the error variable z3 and z4, we choose the
adaptive state variable 6, as (25) and control input t,, where

(24)

f = (di — 1) u — P2, ka, k33, and o, are positive parame-
ters, ¢,(v) is a scalar related to the hidden layer in the RBF
network, and will be stated explicitly in the stability analysis
of the system.

T,(t) = Tu(t); Yt € 1y, tip1])

21
Ja+ 82
é\u = 63242;92(") - Uuéu

tk1 = inf{t € R; |e| = T'y|t,(8)| + D,}

ey =Ty — Ty

Tu(tx) = dp | f + kaxy — k33 + 3246, 2(v)

(25)
Synthesizing (20) and (25), one can obtain
A Z4 A~ 2
Ty =dn | f + kaxs — k33— + 32460, (v)
Jai + 82
A X2
r=m33 | —g—kix —kjj—— -z
V73 + 82
2 A
—kpy e — €1220,C2 (V) — k222
V3 + 82
(26)
with adaptive control scheme
ér = Clzgé‘rz(") - arér 7
Oy = 6324214}2(") — ouby
and event-triggered mechanism
Ti(t) = T (k) 3 V1 € [t tey1]
Tk+1 = inf{t € R; le| > I'j|t (1) + Di} 28)
e =T1T,—T
i=(u,r)

where 0 < I'; < 1, D; is a positive parameter that will trigger
the rules and the performance of the automatic berthing con-
trol for underactuated vessels. Constructing a new Lyapunov
function for stability analysis of closed-loop systems:

1, 1, 1,5 1,5 1 1 1
V= EZI +§ZZ+EZ3+§Z4+§QM +§9‘, +§9r (29)
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Taking the derivative of V, and using (18) and (24) one can
get

1%
2
z T
=Z122—k12%—k11—1+22<g+ - Jr
/Z%+512 m33  m33
2.2

Td X2
=Ttk th ——— | — ks3] — ke
ms3 J2+ 82 3+ 63

Tay — wtfu—rt | P
+23< dv fv)+z4 |:f_ u fu du:|__9u9u
dy dx

1~ x 1.2
—EOVQ - Eerer (30

fr

According to lemma 2, using RBF to approximate — P

— L% and L% , and combined with MLP technology, the exter-

nal disturbance. Then, we can write the external disturbance
and uncertain dynamics as

Twi

Hw;-*s,-(v) + & +
ms33

= 0iavi=v,r) (3l

T
i e 22
m33

< 0u&u(v) 32)

where 6; = max {w:" &+ ni—”;g} i=v,r), &) =ISiWI +
1= v, r), 6, = max {wj, e — 2 | 5,00 = IS0 + 1.
Combine (26), (27), (28), (30), (32), and apply the follow-
ing Young’s inequality [7]: z20,¢-(v) < c19r§,2(v)z§ + 4%,
230G < 20,02 B+ 125, 2bubu(v) < 30,020+ 1,
Gby < 162 + 162, 0,6, < —L82 + 162, and 6,0, <

—%6‘? + %6,2 where ¢y, ¢2, and c3 are the parameters to be

designed. Then, (30) can be written as

. z2
V < —kizf — ki L

,/z%—i—éf

2 2,2

2
— kozy — k2

z 25X

—k4Z421—2 _ k3Z%x§ —kpp—2

VB +83 Z+8
k332 1oy 1 1
Ckem ls s 1

2673 + czev{‘,z(v)zg

u r
J2+8 2 2

6, 6, 0, I, 1, 1,
— + — 4+ — + =0, -0 -0 33
+4C3+462 4C]+2U+2r+2v (33)

On the right side of (33) adding and subtracting

éu 7%57'

1
z

,%‘év‘ and using Young’s inequality [11]

éi)f%

9}‘ + i—{(i = u, v, r), where /; is a positive
2
Zl <

,/z%-i—élz -

= 33 - |Z3|»

. I
yields, :

parameter. According to lemma 3, we can get —

2 2
Z Z
22 2 S 32 - |Z2 | s 23 2
25+65 3+63

31 - |Z1|» -
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2
—\/% < 84 — |z4], then (33) can be written as
4

V < —kiz] — kots — ksdixs — kazj

1 lu ) 1 lr ~2 1 lV A2
—(z—2)2 (L) (=-2)d
(2 4)“ <2 4)r 2 4)

—k11 |z1] — k22 |z2] — klzxg |z3] — k33 |z4]
. 1~
=5 10| = 5 |0 = 5 V(123
6, 6, 6 1, 1, 1,
—_— [7) (7] 6
4C3+4cz+4 MR A

L+, +1
+k1181 4 k22ép + k12x283 + k336y + ———L

<~V — VI 4D (34)
where ¥ = min {kl,kz,k3x§, ky, (% — %”) , ( )
(% - %‘)} ¥ = min {kll, k2, ki2x3, k33, %} v o=
(CQQVCVZ(V)Z3 + Z + Z -I— k1181 + kapé2 + k12x§83+
k3334+21) i=uv,rj= 1,2,3;)

=
E A

B. STABILITY ANALYSIS

For the underactuated model (1), by designing a control
scheme (26), an adaptive control scheme (27), and an event-
triggered mechanism (28), which can make the vessel auto-
matically sail (x, y, ¥) to (xg, ya, ¥a), and the error variable
21, 22, 23, and z4 gather in a minimal range within a limited
time, which shows that in a closed-loop system all signals are
bounded. Through (34) we can get V< —11V 4+ that shows
the designed Lyapunov function V is uniformly bounded,
zi(i=1,2,3,4)and 51-(1' = u, v, r) are all bounded. Since x4
and x34 are constant and combine (16) and (21), we can see
that x1, x3, and p; are all bounded, then x, bounded, On this
basis, combine Equation (24) we can see that p; is bounded.
To sum up, it can be concluded that 7, and t, composed of
the above variables are also bounded. Therefore, all signals
in a closed-loop system are bounded. Recalling (34), one can
get

V<oV (l—whV—oVi+s (35

where 0 < u < 1,if V > %V, we have

V< —(1— )V —9,V2 (36)

According to lemma 1, V settles within the residual set

= {V < %}, and the settling time is
1
4 1 —uwhVa0)+
T < In (I =W Vz0) + v 37)
(I — vy U2

where V(0) is the initial value of V. During the trigger hold
phase of the system [#, tx11), the control scheme 7, and 7,
will be kept as a constant value. Take the derivative of e¢; =
7; — 7;(i = u, r) one can get

dle)] d . .
= (e; x e;) = sign (e;) &; <

i e

131872

TABLE 1. Model parameters and design parameters.

Indexes Items value Items value
Model m 17.6 kg m3s3 80 kg
Parameters | L 1.19m d11 70kg/s
mi1 200 kg doo 100 kg/s
moo 250 kg d3s3 50 kg - m? /s
Design k1 0.5 c1 0.00014
Parameters | ko 0.12 () 0.001
k3 2 or 0.00001
kg 4.1 ou 0.00002
o1 150 T 0.4
b2 150 T 0.3
I3 150 Dy, 0.3
d4 150 D, 0.013

where 7; is a function that composed of z;,xi(i =
1,2,3,4), p1, p2, 64, 6. From the previous analysis, it can
be seen that 7; is bounded. Take the derivative of 7; yields

. BIM of 8,02 T, . T, . 81’,,

T, = — 3+ X4+ —2za+ 9
u Bf 002 823 0x4 0z4 8914 (39)
2 T, T, . T, 0T, *
L =—X2+—20+—22+—F0
0x2 971 022 6

r

From formula (39), it can be known that, éi(i = u,r)is
a smooth differentiable function, 7; is a continuous function.
From (16)-(18), (22), (23), (27), it can be seen that z;(i =
1,2,3,4) and él-(i = u,v) are bounded. So there exists
T > 0, and satisfys |7;] < 7. Using proof by contradiction,
assume that events trigger control scheme (28) exists the Zeno
phenomenon that is to say, when At = 41 — tx = O,
dlel M does not exist. However,
as 111ustrated in (38), At ;é 0 exists. Therefore the trigger
mechanism does not trigger the Zeno phenomenon.

= lim;, Te+1

V. SIMULATIONS

In this part, the effectiveness of the proposed con-
trol scheme is evaluated using a simulation using
CyberShip I. A set of initial parameters is chosen
for the ship as [x(0), y(0), ¥(0), u(0), v(0), r(0)] =

[-10L,—10L, 7;, 0.2, 0, 0]. Berthing goals are designed as
[x4, ya, ¥al = [0 L, 0 L, Orad]. According to assumption 2,

the disturbance of [d,, d,, d,] is designed as[0.001 *cos(0.8
7w xt+0.2,0.001 % sin(0.8 x 7 x t + 0.4, 0.001 * cos(0.8 *
7 xt 4 0.2]. Model parameters and design parameters can be
found at [29], as well as listed in TABLE 1.

A group of comparisons are provided to evaluate the per-
formance of the designed control scheme among plan 1,
plan 2, and plan 3.

Plan 1 (FT+ET+RBF+4+MLP): Control scheme (26)
proposed in this paper, in which finite-time control(FT),
event-triggered mechanism(ET), RBF, and MLP are adopted.

Plan 2 (ET4+RBF+MLP): The continuous control
scheme (26), based on plan one but without an event-triggered
mechanism(28), only adopts FT, RBF, and MLP. The proof
of the stability of the continuous control scheme is omitted.
One can refer to the evidence of the proposed control scheme
in this paper.
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TABLE 2. Stabilization time.

Indexes Plan 1 Plan 2 Plan 3
z/L 15.06s | 15.04s | 16.2s
y/L 16.4s 15.05s | 27.46s

P 15.28s | 14.47s 17.4s

Plan 1: ET+FT+RBF +MLP
Plan 2: FT+RBF+MLP
Plan 3: RBF +MLP

12 L L L
-12 -10 -8 6 -4 -2 0 2

yiL

FIGURE 3. Comparison of vessel trajectorys among plan 1, plan 2, and
plan 3.

Plan 3 (RBF4+MLP): Control scheme (40), which only
uses RBF, and MLP technology, as shown in (40).The sta-
bility proof process of control scheme (40) is similar to that
described in [5] and [7].

_ di A
T, =dxn [(E - 1> u+ kseq + C39u5uz(v)e4]
— d
mi—m s
m33 m3z - (40)

T, =m33 | —kaex — kixo —

—e1 — 10,2 (V)ea
Ou = c357(V)€f — Puba
é\r = C]EE(V)@% - ,Brér

Through the comparisons between plan 1 and plan 2, the
effect of the event-triggered mechanism on the system can be
known. By comparing plan 1, plan 2, and plan 3, the impact
of finite-time technology on the system can be known. The
initial state of the contrast object is the same when simulating,
so the comparison can be guaranteed to be fair. A summary
of the results can be found in FIGURES 3-9 and TABLE 2.

FIGURE 3 illustrates the trajectory under control plan 1
(red), plan 2(dark blue), and plan 3(light blue). As can be
seen, all the control schemes make the ship achieve automatic
berthing, but the ship under the control of plan 2 is ahead of
other vessels, then is the ship under plan 1, and the last one is
the ship under plan 3.

In addition, to quantitatively analyze the performance of
the underactuated marine surface vessels under finite-time
control and without finite-time control, the duration curves
of the ship states x, y, and v are plotted in FIGURE 4,
and the detail stabilization time is listed in TABLE 2.
In FIGURE 4, x/L represents the vessel’s movement in the
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Plan 1! ET+FT+RBF +MLP
Plan 2: FT+RBF +MLP
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FIGURE 4. Comparison of x,y, and ¥ among plan 1, plan 2, and plan 3.
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FIGURE 5. Comparison of u,v, and r among plan 1, plan 2, and plan 3.

vertical direction, y/L represents the movement in the hor-
izontal direction, and ¥ represents the change curve of the
ship’s heading from /3 to 0. As can be seen, both the dark
blue curve and the red curve convergence to the target position
faster than the light blue curve, which verifies the effec-
tiveness of our proposed control schemes as they converge
faster. In other words, the ship, with the control of plan 1 and
plan 2, can stabilize at the pier faster. Moreover, we found
that the dark blue curve converges faster than the red curve
because the closed-loop system summarizes the continuous
control scheme, which can take advantage of the position
information provided by the ship in real-time to achieve a
more effective control effect. The above phenomenon has
also been validated in the trajectory tracking research of [12]
and [14].

Remark: x /L and y/L are dimensionless processing of ship
maneuvering coordinates so that the influence of units can be
avoided.

FIGURE 5 plots u, v, and r versus time, and it can be seen
that they are all bounded. Through the analysis of FIGURE 4,
it is easy to imagine that the change regulation of the curve in
FIGURE 5 should be the same as in FIGURE 4. The value of
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FIGURE 7. Comparison of fy and 6, among plan 1, plan 2, and plan 3.

TABLE 3. Number of events.

Tu

Tr

Plan 1/Plan 2

161/5544

437/5544

the dark blue curve is the largest at a specific moment before
reaching the stable position, followed by the red and light blue
curves.

FIGURE 6 illustrates the curve change of control input
under plan 1, plan 2, and plan 3. The top half of FIGURE 6
and the bottom half of FIGURE 6 represent the control input
of surge force t, and sway yaw moment t,, respectively.
The red curve in FIGURE 6 is composed of many straight-
line segments, which demonstrates that the event-triggering
mechanism we set has played a role. The control input will
have a new updated value only when the trigger condition is
met; otherwise, it will remain a constant value, which proves
that our control scheme is valid.

FIGURE 7 shows the curve of the adaptive param-
eters, as can be seen that all parameters are bounded.
In FIGURES 8 and 9, the abscissa position of the blue line
represents the moment when the event occurs, and the length
of the blue line represents the time interval between two
adjacent trigger events. Statistics reveal that the minimum
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FIGURE 9. Events moment and the time interval between adjacent events
of r.

trigger interval of 7, is 3.3e — 16 seconds, and the maxi-
mum is 19.42 seconds; the minimum trigger interval of 7, is
le — 14 seconds which happened in the initial stage, and the
maximum is 118 seconds. From the above analysis, we can
see that the control scheme we designed avoids the Zeno
effect. TABLE 3 shows the statistics regarding the events that
be triggered. In 200 s, the real events are 161 and 437 in
channel 7, and channel 7,, respectively. Under the event-
triggered control, besides completing the automatic berthing
process, the ship also saves a lot of communication load and
reduces the wear on the actuators. which in turn, saves 97% of
the communication resources and 92% of the communication
resources, respectively. Compared to [5], [6], and [7], the
communication load decreases significantly.

VI. CONCLUSION

A finite-time auto-berthing control scheme that considers the
communication load has been proposed for an underactuated
vessel with uncertain model dynamics and external distur-
bances. To solve the problem of underactuated, we are using a
differential homeomorphism transformation approach. Based
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on the backstepping framework, we propose an event-
triggered auto-berthing finite time control scheme combining
finite time control theory, RBF, MLP, and event-triggered
mechanisms. RBF provides an efficient means of approximat-
ing uncertain dynamics. In addition, MLP is used to increase
the calculation’s efficiency. Since the convergence time of
this method is faster than the auto-berthing control scheme
without considering finite time theory, it has been able to
realize relatively efficient berthing operations compared with
the auto-berthing control scheme without considering finite
time theory. In contrast to the auto-berthing control scheme
without an event-triggered mechanism, the performance of
the berthing controller can be guaranteed by our method.
Meanwhile, it reduces the communication load and reduces
actuator wear. According to the Lyapunov-based theoretical
analysis, all signals within the proposed auto-berthing control
scheme are bounded.

In this paper, the event-triggered mechanism has been used
to address the issue of communication load in this work.
However, the impact of communication delay or transmission
error on the control in actual practice is also an essential fac-
tor. Further studies will be conducted to investigate solutions
for automatic berthing control if an actuator fails.
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