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ABSTRACT

In this paper, we study the control problem of auto-berthing marine surface vessels (MSVs) within a predefined, finite
time in the restricted waters of a port, in the face of internal and external uncertain dynamics and actuator faults. We
first use radial basis function neural networks to reconstruct the internal uncertainties of the system; then, using the
minimum learning parameter method, we transform the weights of the neural networks, the external disturbances of the
system, and the bias fault factors into an indirect single-parameter neural learning mode. We also apply a robust depth
information adaptation technique to estimate the upper bound on the composite disturbances online. Dynamic surface
control technology alleviates the burden of virtual control derivative calculations. Finite-time convergence of the system
is guaranteed by a predetermined finite-time function based on a time-based generator (TBG). Based on these methods,
we design a finite-time fault-tolerant auto-berthing control scheme based on TBG. The stability of the system is analysed
based on Lyapunov stability theory. Finally, we verify the effectiveness of the proposed control scheme through simulation.
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Actuator faults

INTRODUCTION

In recent years, with the continuous development of the marine
economy, the problem of auto-berthing control (ABC) of marine
surface vessels (MSVs) has received widespread attention [1].
When MSVs undergo automatic berthing, the systems rely on
the force and torque of the propeller and propulsion system
to work together [2]. The development of automatic berthing
technology has promoted the continuous deepening of research
on vessel motion control. In the related field of port logistics
management, the development of automatic berthing technology
has been related to port utilisation, and is an important factor
in promoting environmentally sustainable development [3,4].
With the increasing expansion and complexity of the global trade
system, the requirements for efficiency in port operations in
related industries are constantly increasing [5]. Traditional manual
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operation methods have certain limitations in terms of accuracy,
efficiency and environmental friendliness. The issue of how to
develop advanced automatic berthing technology for surface vessels
has therefore become a hot topic for both academia and industry.

The complex dynamic process of the movement of MSVs is
affected by uncertain dynamics caused by external disturbances,
and these external interference factors pose a huge challenge to the
stability and safety of vessels. UnpredicTable environmental factors
not only increase the complexity of vessel motion control but also
impose higher requirements on the steady-state performance of
the vessel control system. In this context, the use of disturbance
observers (DOs) has become an effective way to solve the problem
of external disturbances. Xia et al. [6] and Yang et al. [7] designed
passive observers and nonlinear DOs for a control scheme. Passive
observers estimate and compensate for perturbations through
dynamic input from the system itself [6], and this approach offers
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significant advantages in regard to energy efficiency and system

simplification. In contrast, a nonlinear DO has greater advantages

in dealing with complex disturbance problems caused by the
nonlinear characteristics of vessel dynamics [7], but can only
handle slowly changing perturbations. To solve this problem,

Meng et al. [8] developed an adaptive DO that could adapt to

changes in the environment and system dynamics by adjusting

the observer parameters in real time. This method enhanced
the adaptability of the system and its robustness to unknown
disturbances and parameter changes. Yu et al. [9] developed
an FTDO to further improve the efficiency of disturbance
reconstruction, which ensured that the system could accurately
estimate and compensate for disturbances within a finite time.

However, it should be pointed out that this was a control scheme

designed by combining radial basis neural networks (NNs) with

FTDO, and the problem of the huge computational load imposed

by such a solution was not addressed.

In practical applications, the steady-state performance and
transient response of a vessel control system are crucial. Finite
time control (FTC) technology can ensure that high-precision
control tasks are completed within strict time limits, which
enables MSVs to achieve rapid and accurate state adjustment
within a finite time. This technology can also enhance an MSV’s
adaptability and response speed to sudden disturbances. Zhu et al.
[10] and Zhang et al. [11] developed finite-time control schemes
under internal and external uncertain dynamics. However, the
introduction of NN technology increases the computational load
of the system, and an indirect NN approximation scheme is more
closely aligned with the actual needs of the application. Meng
etal. [12] and Deng et al. [13] aimed to reduce the computational
load of the system by introducing minimum learning parameter
(MLP) technology. Ma et al. [14] developed an error-driving
function to compensate for the control accuracy loss in norm
calculation reported in [12] and [13]. However, this scheme did
not have finite-time convergence characteristics. In addition,
most of the studies described above did not consider limitations
due to actuator faults.

Inspired by the above work, we develop a TBG-based
predefined finite-time ABC scheme under actuator failure.
The main contributions of this article are as follows:

(1) We solve the actuator fault problem in the ABC problem
for the first time. Unlike the authors of [11,14], we consider
the limitations arising from actuator faults by considering
dynamic uncertainties and external disturbances. Unlike the
studies in [12][17], the control scheme designed in this paper
actively compensates for the loss-of-effectiveness (LOE) fault
factor of the system.

(2) We integrate MLP with NNs and deep information robust
adaptive technology to integrate the system’s fault factors,
external disturbances, and NN weights into a simple
neural single-parameter form. Compared with [9][16], the
processing method proposed in this paper reduces the system’s
computing load more effectively. Moreover, the designed
scheme is concise and easy to apply in actual projects.

(3) We develop a novel FTC scheme. Unlike in [8][10], no
additional proportional or differential terms are added to
the structure of the control law; this ensures the conciseness
of the controller structure and compensates for the loss of

control accuracy in norm calculation.

PROBLEM FORMULATION
AND PRELIMINARIES

PROBLEM FORMULATION

In general, a mathematical model for MSV's can be expressed
as [18]:

X= uCOS(l//)—VSil’l(l//)

y=usin(y)+vcos(y) @)

w=r

ti=f,(v) + 5= (Fr, + Fg)

v=f,(v) + 7= (Fr, + Fg) @
7= f(v) + 5= (Fy, + Fg)

where x, y, y represent the position and course angle of the MSV,
respectively; u, v, r represent the surge velocity, sway velocity
and yaw velocity, respectively; f,(v) = 1-(m,,ur—d,,u~d,|ulu),
) = s=(=myur—d,v=d |v|v), f,(v) = 5=[(m,—m,,)uv-d;u-
d |r|r] are nonlinear dynamics; m,,, m,,, my;are inertial masses;
Fa, Fa, Fq represent external interference items; and Fr, Fr,,
Fr represent control inputs subject to actuator fault constraints.
Two types of actuator faults, known as LOE faults and bias
faults, are considered in this work. The specific mathematical
expressions for these are as follows [15]:

Fr =Fp 1, + Fy,
FTv = FPVT'V + Fav ®
Fr=F,1,+F

where 7,, 7, and 7, represent control inputs; 0 < F, < 1,
0 < Fp, <1, 0<Fp <1are LOE faults; and Fp, # 0, Fy, # 0,
Fj, # 0 are bias faults.

Assumption 1: f,(v), i = (u, v, r) are unknown. Interference
items outside the system external interference Fg, i = (u, v, r)
are unknown and bounded. That is, there are unknown positive
constants 0, such that Fg satisfies |[Fd | < 6.

Assumption 2: A reference trajectory X ¥, Wy X Y Vi Xp Voo
Y, is available.

PREDEFINED FINITE-TIME FUNCTION WITH TBG

TBG is a nonlinear time-related function whose initial
and final values satisfy specific constraints. For the following
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properties, if they are assigned (¢*) , the function can be called
TBG [19].
(1) [£H0)] = 1, (%), (#*), () are continuous and bounded.
(2) (t*) =1 for Vt* > 3, where f3 is the predefined setting time.
(3) The first and second derivatives of (t*) exist, and are
continuously decreasing for V* < [0, S].
The following are some clear examples of (¢*):

B-t] %

(=1l B ] (p=2)"<p )
0 >3
Bt *

(- [ ol erpear<p o
0 >3
[M]PA(t*)(p>z)t*</3

=1l A - ©)
0 >3

where A(t*) is a continuous and non-increasing time-dependent
function, and A(0) = 1. A(¢¥) is second-order differentiable. In
addition, the function itself and its first and second derivatives
are bounded.

According to the nature of TBG, we constructed the
predefined finite-time function with TBG as follows:

n(t*) = [(1-0)(t*) + o] )

where 0 € (0,1) is a positive definite design parameter.

Lemma 1 A predefined finite-time function with TBG has the

following properties:

(1) n(t*) and 72(¢*) are continuously differentiable and bounded.
7(t*) is continuous and bounded.

(2) For all t*& [0, B], n(t*) is a strictly increasing function.

(3) Let w = 7(t*) m'(t*), where w > 0 and its derivative is
continuous and bounded.

CONTROL DESIGN
AND STABILITY ANALYSIS

First, we define the tracking error as follows

X, X=X,
ye = y_yd ®)
1//6 Y=y,

where x,, y, are the reference positions of the system, and v, is
the reference heading.

According to the finite-time function n(t*), the tracking
error in (8) is converted as follows

X=T.X,
y=17y, ©
V=m,y,
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Taking the time derivative of Eq. (9), we obtain
X=mx+7m(x-x,)= 1 [wx,+ucos(y)-vsin(y)]
y=nyAm,(y-y)= 1wy tusin(y)+vcos(y)] o)
Y=,y +m,(V-y,)= 7 o, pq+7]
Based on Eq. (10), the virtual control law is designed as
follows:
d,=cos ' (y)[-¢,x,~w x,+vsin(y)]
8,=cos (Y)[-¢y,~w,y,~usin(y)] (12)
0,=-p:y.~w, Y,
where ¢,, ¢,, ¢, are positive definite design parameters.
The structural velocity tracking error is as follows:

(12)

where 8, 8,, 8, are the approximate values of virtual control
after dynamic surface filtering. The specific form of the dynamic
surface is as follows:

/115” + Su = 814
ud +8,=4, 13)
ﬂSSr + Sr = 6r

where y,, y,, 4, are positive definite filter parameters.
According to the finite-time function 7(t*), the tracking
error in Eq. (12) is converted as follows:

u=m,u,
v=m,v, (14)
r=m,r,

Taking the time derivative of Eq. (14), we obtain:
fi=rt,u 47, (1-8) =1, [ @, +f, (V)4 (Fr 4 Fa )-8, ]
b=, 47, (-0 ) =11, [ @,y Af, (V) +5(Fr +Fg ) -3
Pttt (70 =1 [ w1t (V)45 (Fr +F) -0

(15)

where £,(v), f.(v), f,.(v) are unmeasurable. We use RBFNNs to
reconstruct it. The specific process is as follows:



WS (v) +¢,

fv) =

) =

fv) =
where v is the input vector of the NNs; S, (v), S,(v), S,(v) are

central functions; and W,", W,", W." are the weights of the NNs.
The Lyapunov function is constructed as follows

WS (v) + ¢, (16)

WIS (v) + ¢,

1,72 12,12
L —2x +2y +5 Y +2u +5V + 57 17)

From the time derivative of Eq. (17), we have:
Lv = _¢lﬂx2xez_ ¢2ﬂy2y ez_ ¢37T1[/2V/132+

ueﬂu2 [xenx2cos(1//)+wuue+ﬁ4(v)+ miu (FTM"'qu)_Su] +

v 2Ly 2cos(y) v,y Af,(V+ 5 (FrtFa)-0,]+

n’ [werenw2+wrre+ f (v)+ m%} (Fr,+Fd,)—(§,] s

Substituting Egs. (3) and (16) into Eq. (18), and combining
the MLP technology, we obtain

ro_ 2,.2 2,,2 2., 2 2 2
Lv__¢1ﬂx X, _¢27Ty Ve _¢37T1// We TU,T, Pu+ueﬂu FPuTu+

2 2 2 2
v, Py Fy T 41w Prr o Fy T, (19)
where

P =x 1 2cos(y)+w,u+W,'S (v)+e, +m,  Fy +m 'F4 -0,
Pvzyenyzcos(l//)+wvve+ WVTSV(V)+£V+m22'1Fay+m22'1de—(§v,

P=y 1, +wr+ WS (v)+e+my, " Fy+m,, ' Fi-0,.

and
SHIWTIS. O
IIPVIISI%I ﬂfcos(llf)|+|wvllvel+||WVTII [IS,0)[I+
'lFaV+m22'
IPJI<lvel |, [+ I +HIWTITS W)+
'lFay+m33'

(20)
Then, Eq. (18) becomes

IVS_¢1ﬂx2xez_

2~ 2 2= 2
VL 00 AV Fp T AT 0,0+ 11 F)p T, (1)

2,,2 2.,,2 2 — 2
¢27Ty Y. _¢37Tw l//e +ueﬂu wu“u+ueﬂu FPuTu+

where

&, =max{|rcos(y) oo, | W, e+, o tm,; Fa, -0, I},
&, =max{|72cos(W) e | W, e,y Fo b, Fa -0},
& =max{|m 2w WL, =4I, +1,
a =y Hu+HIS. W1, a=ly IS, )] +1.

Based on this, the following control law is designed for the
MSV automatic berthing system:

T,= U]~ G0,
= -0y, (22)
= P A-0ar,
and the adaptive law

]:Iu = YI1(¢4uez_YI2’:Iu)

ﬁv: YZ1(¢5vez_y22ﬁv) (23)
= V(B =Ysall)

a)i Ay (ula,~ 1,0,

évz A, (v2a~A,,Q,) 24)

0, = ASl(reZ“r_ Asz‘ﬁr)

Where ¢4’ ¢5’ ¢6’ yll’ yZl’ y3l’ Y12’ y22’ y32’ /\‘ll’ AZI’ A’Z’)l’ A12’ A’ZZ’ A}Z
are positive definite parameters; 11u, 11V, 11,, @, w @, are estimates
of 1, 1, 1 @ @, @3 and 1,=Fy, ", n,=Fy", n,=Fy"

We choose the following Lyapunov function for the closed-
loop system:
ﬂszpvﬁvz-i-%YSl_lnrzFPrﬁrz-i-

_ 1, -1_2 ~2,1, -1
MV_LV+§)}11 T[u Fpuﬂu +Ey21

1y -1..2 2,1y -1_2 =2,1y -1_2 =3
§A11 T, Fpuwu +E)L21 T, vawv +§A31 T, Fprwr

(25)
Where ’714 rlu ’71,4’ ’71/ 1/’1' ’7v’ ﬂr }1r ’1)" u= (;) a;) a_‘)v_(jv’ w;rzar_a_}r
are estimation errors.
Taking the time derivative of Eq. (25), we get
2 2.,,2 2= 2
¢1 ¢27T Ve _¢3ﬂw We TUJ, W 0 TUT, FPuTu+
v oo +v o Fy T 4rm oo +rm F, T~
ety Wty TVt B D By TR P TR S D
-1 2 ~ 2 -1._.2 ~ A -1..2 ~ A
Yu 7, Fpﬂuﬂu_)/n TT, Fpﬁﬂf)’al T, Fprnrﬂr_
1.2 Y 1.2 S 1.2 =
)Lll T[u Fpuwuwu_/\ﬂ ﬂv vawku_kfvl ﬂr Fprwrwr
(26)
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D=

Substituting Egs. (22)-(24) into Eq. (26) gives
y 2.2 2,2 2.2 22
MVS_(plﬂx xe _(pZT[y ye _¢37Tw l//e _¢4T[u ue -

2,,2 2,2 2 - 2 -
¢57Tv Ve _¢67Tr te +y12ﬂu Fpurlunu-l-))ZZﬂv varlvﬂv-i-

V3ot Fp 1AM 71, Fp 0,0,+ A0y, Fp 0,00,+

) =~
/\32‘01’7-[7 Fprwr
@7
From Young’s inequality, we obtain

y 2,.2 2,,2 2,2 2,,2
MVS_(plﬂx xe _(pZT[y ye _¢37Tw l//e _¢4T[u ue -
2 2 ~2
¢5ﬂv V ¢6 T %Y12ﬂu Fpul/lu +YI2FPu7Tu
2 ~2 2 2 ~2 2
%Yzzﬂv K pv”/v +V22F pvﬂv _%Y327Tr K Prrlr +V32F prﬂr -

%AIZT[MZF pu“;)uz"')tle P T, _%Azzﬂsz pv‘ﬁvz"')LzzF pvﬂ‘l/

3 2 A2 2
Z)L327Tr F prwf’ +/\32F prﬂr

<kM+M,
(28)
where
K= min{gbl, by b3 b bs5 Do %Yn’ %Yzza %)@z’ %ALZ’ %/122’ %/132}5

M, =y, Fp 70,45, Fp 71,4y, Fp 1A Fp 71,4 A, Fy 1.4, By 12
Theorem 1. According to the assumptions introduced in this
article, the automatic berthing control strategy developed based
on TBG can allow the MSV to reach the expected target position
(x5 ¥ w,)" within a finite time ¢*, and all signals in the closed-
loop system are bounded.

Proof: Solving Eq. (28) gives

M <[M (0) - ]exp( kt¥) + == M (29)

where M (0) is the initial value of M.

Remark 1: From Eq. (40), we can see that M, is bounded.
Furthermore, accordlng to Egs. (17) and (25), we know that x, y,

Uy UV, 1, 1], ], 1],» @, @, @, are bounded. From the boundedness

bounded. Since u,, v,, r,are bounded, then §,, §,, §, are bounded.

Finally, by combining Assumption 1, Assumption 2 and the

properties of TBG, it can be concluded that all signals in the

closed-loop system are bounded.

Remark2 From Eq. (29) M, < MK + M,(0) can be obtained. Let
=(% 595 then 2||Ez|| < M < MK + M,(0). It can then be

shown that E, < V2[M. + M (0)] Ifwe let ® =V +M ,(0)]
then ||E, || < ®. From Eq. (9), we can get

|E,|| < (1 - 0)®(t*) + 0@ (30)

From the properties of w, we know that when t* > T %
w(0) =0 then ||E, || < 0 ®. Hence, the MSV will reach the target
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location within a finite time T, *. Since w is a TBG, the user
can define the final value of the system and the predefined
time T, *offline. Hence, T ,* is predefined offline by the user.
Finally, by combining Remark 1 and Remark 2, Theorem 1
is proved.

SIMULATIONS

For the simulations, we used the model vessel parameters
reported in [20]. Their specific values are shown in Table 1.
The external disturbance suffered by the system was set to
F4,=0.2+0.015[cos(-t) +sin(-0.5t)], Fg = 0.002[sin(-0.15¢) +
0.5sin(-0.2t)], F4, = 0.15 + 0.01[-sin(3#)] -2cos(t), and the
system’s LOE faults were set to F,, =05+ 0.2exp(-0.1t),
F,, =0.3 + 0.5exp(-0.21), F, = 0.2 + 0.1exp(-0.1¢). The bias
faults were set to Fy = 0.1 +0.5c0s(0.2¢), Fy, = 0.2 +0.3cos(0.1¢),
Fa,=0.3 +0.25sin(0.1t). The controller parameters were selected
as ¢ =0.2,¢,=0.1, ¢, = 0.8, y, = 0.01, u, = 0.01, p, = 0.02,
¢ 05¢5_12¢6 06)/11_03))21_05)}31_01%2‘003
Y, =0.07,y,=0.01,4,,=1,1,,=3,1,,=2.1,4,,=0.01,1,,=0.05,
A, =0.01.

Tab. 1. Model parameters

3 o) 3

° L o Y ° L

£ c £ £ £ c

= = & = i >

< I <

=9 (=% =%
my, 25.8 d, 0.725 d, -1.33
my, 33.8 d,, 0.89 d, -36.47
My 2.76 dy, -1.9 d, -0.75

The results obtained from the simulation experiment are
shown in Figs. 1 to 6. From Fig. 1, we see that in a complex
environment where actuator faults and internal and external
dynamic factors are affected, the MSV can successfully reach
the established berth within a finite time. This proves that the
proposed control scheme has excellent fault adaptability and
efficient operation capabilities. Fig. 2 shows the evolution of the
MSV’s actual position and heading angle over time. It can be
observed that the MSV’s lateral position successfully reached
the predetermined berth after 18 s, while a precise berthing was
achieved after 133 s by finely adjusting the propeller power to
alter its longitudinal position. In addition, the heading angle of
the MSV eventually stabilised at 90° as time progressed, and no
overshoot was experienced during the berthing process. This
indicates the excellent steady-state performance of the system
under this control scheme.

Fig. 3 shows that the system speeds reach sTable values at 10's,
30 s, and 40 s, respectively. This indicates that the system can
use the inherent inertia of the MSV to complete the remaining
navigation operations, and demonstrates the excellent dynamic
response characteristics of the system under this control scheme.
Fig. 4 shows the changes in the system control input. The
control input eventually stabilises to within a relatively small
interval as time progresses, which verifies the effectiveness of
the control strategy and the high level of adaptability of the



Fig. 1. Trajectory of the MSV in (x, y) -plant

Fig. 2. Curves of the actual position and heading angle

Fig. 3. Curves of the surge velocity u, sway velocity v and yaw rate r

Fig. 4. Curves for the control input

Fig. 5. Curves of ,, 1], 1,

system. Fig. 5 shows the dynamic changes in the LOE failure
factor compensation process. Over time, this compensation
mechanism effectively combats the adverse effects caused by
LOE failures, which ensures safety during berthing. Fig. 6 shows
the performance of the approximator in estimating uncertain
dynamics. We can see that the approximator can accurately
estimate the system dynamics under the influence of complex
environmental factors, which further confirms the effectiveness
of the proposed control scheme in handling uncertain dynamics.
In summary, the MSV successfully completed the berthing task
using the control scheme designed in this article.

CONCLUSION

In this paper, we have addressed the issue of the dynamics
of internal and external uncertainties faced by vessels in

Fig. 6. Curves of @,, @, @,

port-restricted waters and the effects of actuator faults. We
also developed and verified an efficient TBG-based finite-time
fault-tolerant ABC scheme, in which RBFNNs were used to
reconstruct the uncertainty dynamics accurately within the
system, and MLP was used to transform the system’s internal
and external deterministic dynamics and bias faults into a neural
single-parameter learning model. Subsequently, a robust adaptive
technique incorporating depth information was used to establish
an online approximator to estimate an upper bound consistent
with uncertain dynamics. Through the use of DSC technology,
the complexity of the virtual control derivative calculation was
reduced. A predetermined finite time function based on time
TBG ensured the finite time convergence of the system. Finally,
we verified the effectiveness of the control scheme through
simulation experiments. The proposed control scheme was
found to meet the requirements for accurate berthing under
the influence of actuator faults and uncertain dynamics.
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