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In this paper, we present an adaptive optimal control algorithm for solving the tracking
control problem of multiple autonomous surface vehicles under uncertain dynamics and
unknown external disturbances. The proposed control algorithm uses an adaptive dynamic
programming technique with optimal compensation terms. A disturbance observer is designed
to handle the problem of unknown time-varying external disturbances. It is proven that all the
signals in the closed-loop system are bounded. Simulation results are provided to illustrate the
effectiveness of the proposed control algorithm.

1. Introduction

In recent years, autonomous surface vehicle (ASV) research has attracted ever-increasing
attention in exploring natural resources in the ocean space. An ASV has unique advantages,
such as low energy cost and high intelligence, compared with traditional surface vehicles.() A
solitary ASV may not suffice to deal with complex tasks in some situations.”> Thus, the
coordinated control of multiple ASVs has become a burgeoning research topic.3~% Zhang et al.
investigated the event-triggered controller for maneuver control problems of multiple ASVs.®)
Considering environmental disturbances, limited communication resources, and input
saturation, an adaptive controller is designed on the basis of a radial basis function neural
network (NN). An event-triggered mechanism is adopted to decrease the frequency of
information transmission and conserve communication resources. Wu et al. investigated the
path-tracking control of an underactuated unmanned surface vehicle, considering model
uncertainties and unknown disturbances by adopting a wireless network.©® The research
mentioned above is effective; however, these control algorithms do not consider the issue of
optimal control.

Optimal control is a foundational design principle that can improve the control performance
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by minimizing the cost function.” In the control area of ASVs, optimal control has been widely
applied to achieve the control target with less energy consumption. Given the inherent nonlinear
characteristics of ASV systems, achieving optimal control for ASVs is a complex problem.® To
handle this problem, adaptive dynamic programming (ADP) techniques are adopted.®? This
framework employs a reinforcement learning (RL) system to dynamically approximate the
Hamilton—Jacobi—Bellman (HJB) equation.(!%!1) Gao et al. investigated ASVs’ optimal dynamic
positioning problem.(? The observer based on a fuzzy logic system (FLS) was given to handle
the problem of unmeasured states of vessels. Wang et al. presented a data-driven RL-based
controller for addressing the optimal control problem of a single ASV.(!3 A model-free control
method was formulated using a data-driven approach to achieve control optimality and
prescribed tracking accuracy concurrently. Wang et al. presented an optimal control scheme for
the RL-based optimal tracking control of a single ASV.() Unknown dead-zone input
nonlinearities and unknown disturbances are considered and handled by using an NN-based
identifier. These researchers can handle the optimal control problem of a single ASV; however,
the optimal tracking control problem of multiple ASVs cannot be handled directly using these
methods.

When an ASV operates in a sea environment, the control effectiveness of an ASV can be
affected by external disturbances such as wind and waves, potentially leading to a failure to
achieve the control target.(1>19 Furthermore, the issue of disturbance from external environments
is a crucial factor that requires attention, and it is important to adopt disturbance rejection
techniques. Thus, adaptive controllers with disturbance observers (DOs) are designed to
estimate and counteract external disturbances. In recent years, some DO-based controllers have
been reported.(2% Hu et al. investigated the problem of robust leader-follower synchronization
navigation for ASVs.(19) The problem of unknown external disturbances is solved by adopting
DOs. Using the dynamic surface control technique, Von Ellenrieder investigated the trajectory
tracking control problem of ASVs.?9 Time-varying disturbances were considered and estimated
by a proposed DO. These results are powerful and inspire the authors.

Motivated by the abovementioned studies, we addressed the optimal formation tracking
control problem of multiple ASVs in this study. We adopted an ADP algorithm based on
shipborne sensors’ feedback signal. First, an adaptive controller was designed using the
backstepping technique, transforming the optimal tracking control problem into an equivalent
optimal regulation problem. Subsequently, an optimal compensation term was formulated using
the policy iteration method. The final controller is the sum of the adaptive controller and the
optimal compensation term. It was proven that the proposed controller can guarantee that all
signals in the closed-loop system remain bounded. Simulation results were provided to
demonstrate the effectiveness of the proposed control algorithm.

The main contribution of this work can be summarized as follows.

(1) Unlike Refs. 4-6, 21, and 22 that focused on the tracking control problem of multiple ASVs
without considering optimality, we considered optimality when designing the tracking
controller. Since the tracking control problem of ASVs often needs to face the tasks related to
ocean transportation or deep-sea exploration, it is necessary to consider the energy-saving
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issue. The control method proposed in this paper exhibits an advantage regarding energy

consumption.

(2) Unlike Refs. 13 and 14, an advantage of this study is that we investigated the optimal tracking
control problem of multiple ASVs. In contrast, in Refs. 13 and 14, only a single ASV’s
optimal tracking control problem was explored. Therefore, the control task in this paper is
more challenging than in the previous studies.

The rest of this paper is organized as follows. The control problem is formulated in Sect. 2.
The adaptive controller and optimal compensation term are introduced in Sects. 3.1 and 3.2,
respectively. Stability analysis is provided in Sect. 3.3. Simulation results are presented in Sect.
4. Finally, conclusions are given in Sect. 5.

2. Problem Formulation

To achieve the tracking control problem of multiple ASVs, a body-fixed frame B and an
carth-fixed frame E are adopted,>3% as shown in Fig. 1.

Considering the optimal leader-follower formation control problem of multiple ASVs, the 3
degrees of freedom (3-DOF) system with uncertain dynamics can be described as(2:23)

=R (v )v;
My, ==C;(vi)vi =Dy (vi)vi + A(mv; ) + 7+ d; > M
i=12,..m

where 7; =[x;,y;,¥; ]T, with x; and y; indicating the position of an ASV in the earth-fixed frame,

X

Fig. 1.  (Color online) Reference frames.
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y, is the heading angle in the earth-fixed frame, v; =[u;,v;,7;]" denotes the velocity of an ASV in
the body-fixed frame, 7, =[;,7,5,7;3] denotes the control input, and d; =[d,;,d;,,d;;]" denotes
the unknown time-varying external disturbance. Assume that the time derivative of unknown
external disturbance d; is bounded, i.e., d,- <d,,, where d;,, is bounded. A(?]l-,vi) e R*! denotes

the uncertain dynamics. R, (l//l-)e R>? is the rotation matrix from the earth-fixed frame to the
body-fixed frame, which is given as

cos(y;) —sin(y;) 0
R (w;)=|sin(y;) cos(y;) 0]. (@)
0 0 1

M; e R*>? is the inertia matrix, including the hydrodynamially added inertia, D; (vl-)e R is
the damping matrix, and C; (vi) e R¥3 is a matrix of the centripetal and Coriolis terms. Readers
can check related references to find the details of these three matrices and the parameters inside.
(12)

From Eq. (1), we can obtain the following equation:

n; =Y
O; = £ (10, + R (wi )M (7, + ;). 3)
i=1,2,...,m
where
v =R (v )v, @)
and
Fi(mi0) =Ry (v )M (=C (v )vi = D, (v )vi + A(7,0,) ) + Ry (w ) v, - ®)

Since A(7;,0;) is unknown, we cannot directly obtain f;(;,0;). Therefore, an FLS is
adopted to obtain f; (7;,; ), an approximation of f; (7;,0; ).

3. Controller Design
3.1 Design process for the adaptive controller

The proposed adaptive controller is designed on the basis of the backstepping technique.
First, the change of coordinates is given as

Zj =1 =g » (6)
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Zi2 = Ui —0!,- Py (7)

where 1,;,=n,+ R(w)pi 1y = [xd VW ]T is %he reference signal of the leader. ¢; is the virtual
controller for design purpose. p; =| p;, p;y,0 | ; pjc and p;, denote the relative position between
the ith ASV and the leader in the X and Y directions, respectively. We define ;' as the
adaptive virtual control and a; as the optimal compensation term, where the actual control is
composed of these two terms, i.e., @; =a; + a; .

From Eq. (16), we can obtain the time derivative of z;; as

Zy =1 = Mg

a . * ®)
SZptop Ho; -
To obtain the control objective, consider the following Lyapunov candidate:
1
Va =5 %% - ©)
We can obtain the time derivative of V;; as
; T a * .
Vii=z3 (ZiZ ta;p ta; - 77id) : (10)
The adaptive controller ¢ can be designed as
o =1z + 175 an
where r;; = diag(r;1, 7,12, ¥;13) 18 the positive design parameter vector. Thus, we can obtain
; T T T %
Vi=—Thznzy + 212 + 20 - (12)
The time derivative of z;, can be expressed as
. -1 .
zl.zzfi(ni,ui)JrRi(t//i)Mi (Ti+dl~)—ai. (13)
To handle the unknown dynamic of f,(;, v;), an FLS is adopted; one has
1i(1501) = 6 9, (1:,0;) + ;. (14)

g; denotes the minimum approximation error, i.e., |lg| < &4,, Where g, e R>? is a constant
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matrix. We can obtain the approximation of f;(#;, v,) as
fi(ﬂian):é’ifl’i(Uian)- (15)

To handle the problem of external unknown disturbance, a DO is given; we define the
auxiliary vector g; as

= di - KiUi 5 (16)

where ¢; =[¢;1,9;2.43,] »and K; € R¥? is a positive definite design matrix. The time derivative
of g; can be described as

==K, (10 + R () M7 (54, Ky a7

Since d; is unknown, g; is also unknown. We can obtain the approximation of ¢; using the
following equation:

K, (fi () + R (w )M (2, + 4, + Kooy ))- (18)

Thus, we can obtain the estimation of d; as

~

d;=q;,+Ku;. (19
We can obtain d; = d, — c;’l- = g;; the time derivative of ¢; can be described as
zdi_Kig’iCDi(ﬂisUi)_KiRi(‘//i)Mi_l(‘//i)qz'- (20)
We design the following Lyapunov function as

1
Vo =Va+52hin +501 6,234 @1

Using the fact é, = 6’,-* - éi, we can obtain the following equation:

ViZ = Vil +ZiT22i2 +é'T§' J"éz‘TqLi
- 11+212(f(771’ z)+R (l/lz) (T +d) 1)_éiTéi (22)

+@T (di _Kz‘éi(/’i(ﬂian)_KiRi(‘//i)Mi_lqi)~
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According to Young’s inequality, we can obtain

oo 1 ~ 1
Gid; << 1lg; I +5d,$n (23)
and
T 5 I ~02 1 25 =~ 5
q; K,-é’icoi(n,-,u,-)s5||qi|| oK 161 24)

We define #; (Ziz)é fi (ni,ui)—fl- (ai ), where Z;, = [ni,ai]T; one has

ViZSVil_’_ZiTZ(hi(Z' )+6A’i¢'(ai)+éi(pi(ai)+€i+Ri(Wi)Mi_l(Tia+T;+di)_di)

1 1

=070~ (KRM; (v,)-1) 14, P +%d5n %K?w,%n 16:1 >
We can design the adaptive controller and adaptive law as
7= MiRiT (‘//i )(_Zil ~Zjp ~h2Zip — éi(pi (“i ) +a; ) —g; — K (26)
and
0= zh0i(0;) 0~ 6, 10,11 @7)

where 7, = diag(r,»;, 722, 7j23) 18 the positive design parameter vector. According to Young’s
inequality, we can obtain the following equations:

T .1 7 1

Zi&; S521'221'2 +58im , (28)
~TA 1 ~ 2 1 * 00
6; 9;'5—5”91'” +§||9,~ -, (29)

and

. 1~ 1 .
070,110 1P<——16. 1" +=116" |*. 30
2 0; 116; | 1OIIZII 2II,II (30)
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Thus, we can obtain

. 1, = 1 1 5
2 4 2 2 2

1 _ ~
—(K;R;(y;)M; ! _ERi(‘//i)Mi lMiRiT(‘//i)—l)||qz'”2

1, €y

TIPS
+—l G IP+=1l &1 +=¢
2 2 2

im

13><3 03><3 Ol*T
+z! E(Zi){ I (R
O35 Ri(y;)M; T

where F;(Z;)= [03X3,hi (zi )}T, v = [rﬂT,r,-;T, Z; = |:Zi—1r;Zj—£:|T.

. Ly, 0 .
Zi=Z,TLF,-(Z,~)+{ - N }Ui], (32)

033 R; ('//i)Mfl

1

i 5T

T *
] . From Egs. (31) and (32), it can be seen that when the controller U;

where U;k =[a
stabilizes the system [Eq. (32)], Z; (and ;) becomes negative.?>27) Therefore, V;, becomes less

than zero, which shows that all the error signals in the closed-loop system are uniformly
ultimately bounded (UUB). In the following section, z'l-* will be designed to stabilize the system
[Eq. (32)] optimally.

3.2 Design process for optimal compensation term

Consider the following system

Z;=F,(Z,)+GU; , (33)

1

where F;(Z; )= [03X3,hi (Z;, )]T and G, = diag(13x3,Rl.M[1 (v; )) The cost function is described
as

Ji=["n(Z ()] (1))t (34)

0;(Z;)eR is a positive semidefinite penalty function
and R = R, >0 penalizes and controls input. We define a Hamiltonian function as

17172

where 7,(2,,U7 )= 0,(2,)+ U " RU;
H,(2,01) =1 (2.0;)+(V1i(2)) (F(z)+GUy), (35)

optimal controller U;k (Z,-) can be obtained by applying the condition 0H,; (Zi,U,j / aU; =0; one

has

where U, is associated admissible control and VJ;(Z;) is the gradient of J; (Z,-; about Z;. The



Sensors and Materials, Vol. 36, No. 11 (2024) 4673

Ui (2) =BGV (7). 36)

1

where VJ l* (Z,-) denotes the gradient of J; (Z,-) about Z;. The HJB equation can be described as

0,(2,)+(vJ; (7 ))T F(Z,) —%(VJZ.* (z, ))T GR (VI (7)) =0 (37)

with J; (0)=0.
To obtain the approximation of the optimal cost function, an FLS is designed as

J; (Zi ) = 9;;%'17 (Zi ) + & (38)

where H;, is the ideal parameter, ¢y, (Zi) is the fuzzy basis function, and ¢, is the fuzzy
minimum approximation error. The gradient of the optimal cost function is

oJ; (2;)10:2; =V (Z;) Gy + Vg, » (39)

I

where Vgol-T (Zl.) and Vg, are the gradients of qol-—g (Zl-) and &, respectively. The optimal
controller and the Hamiltonian function can be expressed as

U} (2) =~ B (0} (2)6)+ V2). 4

H; (Zi’eiZ): O (Zi)+ 6’;’? (V%Z (Zi))T H, (Zi)+ EinuB

1 sr(o T Tl To T * )
_Z ib (V(/’ib (Zi )) GR,"G; Vo, (Zi )Hib'
We can obtain the following equation:
EHIB = (Vgib )T (F,. (Zi ) + GiU;k ) + %(Vgib )T GiRi_lGiTvgib . “2)
We can obtain the approximation of the cost function by an FLS, which is described as
ji (Zz' ) = 912% (Zi) > 43)

where éib is the approximation of #;,. The estimation of the optimal controller can be rewritten as
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A~k 1

Ui (2)==5R GV oy (2)6y. @

1

We can obtain the approximate Hamiltonian function as

11,(2,.0,)=0/(2)+ 0} (voy () F(z10)) "
—%@ (V%I (Zi ))T GiRi_lGiTV(piT (Zi )Hib’
where 1?, (Zi | éi ) = [J}n (Zil 10, )»fiz (Ziz 10, )""’fin (Zin | ém )T’
];il (Zn | éil) = jil (xn | 951)‘]21 (xz‘ld 160 ), fij (Zij | éij) = fij (xij | éij)_fij (xijd | gij)’
j=2,3, .., n. We choose the parameter updating law of é,-b as
by =\ (voi (2)) E(2,8)-3(ver (2) GR'GIV o} (2)0s)
01248 (vor (2) E(z,0) (6)

1A T -
—2‘9; (V@g (Zi)) GR GV, (2:)6, }

We define 671 = 91-* - é,- as the estimation error of the optimal cost function parameter. We can
obtain

[:[i (Zi:é'ib) = %QZ (V(Dg (Zz‘ ))T GiRi_lGiTV%g (Zi )9;7 - ézg (V(/’; (Zi ))T E (Zi)

Lor(o T T A laTo T2\
_Zeib (V(Pib (Zi)) GiR; "G Vo, (Zi)eib ~&HIB-
The error dynamics of Eq. (45) can be written as
5 TN 5 TN B T\ o laToaT (75
Op ==\ Veu (Zi)) Zi— (V¢ib (Zi)) F(Z;)+ (V¢ib (Zi)) GiR; "G; Vo, (Z;)0,

.
+=(Voi 2) G,-R,-‘IG,-TWI-,?(Z»}

1
2
{02-2 (Vo (2)) Z+0} (Vou(2)) Ez) @)

- T 5
+ZH;)|— (V¢l—l:(zz)) GiRi lGiTv¢i—l:(Zi)'9ib

1

1~ T _
+5‘9; (Vwi—l: (Zi)) GiR7'G'Vey(Z) +giHJBj|’

2
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where £;(2,)=F(2,)-£(16,)
3.3 Stability analysis

Theorem 1: For multiple marine vessel systems [Eq. (1)], the adaptive parameter is determined
by Eq. (27), the adaptive controller is defined by Eq. (26), the optimal compensation term is
provided by Eq. (44), and the updated law for the cost function is specified by Eq. (46). By
selecting the design parameters appropriately, the entire control scheme ensures the boundedness
of all signals in the closed-loop system, and the system outputs can optimally track the reference
signal.

Proof: Consider the following Lyapunov function:

1 1 1~~~ 1 1 1.
iz mmn g + 50 0+ 500 + 50 G )

We can obtain

V:’ :Zi—er.iI +Z;£Z.i2+9~i—r§i+9 9b+ ql qZ : (50)
From Egs. (46) and (48), we can obtain

03, =| 03 (Vo3 (2)) 2

w05 (vl (2)) F(2)-05 (Voh (2)) GGVl (2)0,

—%QZ (V(D; (Zi))T GiR G/ Ve, (Zi)}

{932 (V(P;(Zi)) Z+ 0y (V(/’lb (Z: ))Tﬁi(zi) )
201 (Voy () GR'G/ Vol ()8,

20} (Vou (7)) G GIVay (2)+(vay (4)) (£ (2)+GU)

+%(Vg,.b (2)) GR'G Ve (2 )}.

i ibm >

Assume that (Vgo,g( )) Vo, (Z)<ms, F(Z)+U; <c\Z;, Ve (Z)<g
V(f’lb ( ) < @ Where (5, ¢;, €, and g;,, are positive constants. We can obtain

Vi S—00Z7 + 052 =30 + 0,407 = 0,504 + 0,60,7 — 11257 + U, (52)
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11 4 1 4 4
Ly =7 _Zci _Eci Eibm (53)
£i2 = 201-281%”1 ’ (54)
1 7 4
i3 :E_E‘S‘im ) (55)
m zlSz%n +29i*bgzén _l, (56)
4 2

1 5 99 4 ap-12 77 4

giSZZﬂ-iS_:s_z(Dim i R; Tg Pim> (57)

3 90 4p-122 1 2 4,12
6[6:§¢imGi R; 5ibm+§¢imGi R, (58)

_1 1 2 2 1
£i7=KiRi(l//i)Mi (‘//i)—E_ZKiCDim _EAI': (59

3 8,14 4 3 4,-12.4 1

lig= EGz‘ R; 8ibm+§Gi R; gibm+5‘9im

(60)

1 1« B
- di N0+ 116

If the following equations hold:

or

or

7> —Lis +\/£122 +40,0 3 61)

! 20,

g >\/—fi4+\/f%4+4€i3fi8 ©2)

i 25
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205

SR S A Y
VVI->\/ i6 i6 i5%i8 (63)

or

3 /f.
g > |5 (64)
€i7

We can get V,g <0. Thus, it can be concluded that all the signals in the closed-loop system are
bounded.

4. Simulation

In the simulation part, a multiple-ASV system consisting of three ASVs is adopted, named
ASV,, ASV,, and ASV;. The details of the simulation model can be found in Ref. 28. The initial
positions of the three ASVs are x;(0) = 0, y1(0) = 0.7, w1(0) = 0, x,(0) = —0.5, y,(0) = —0.5,
w,(0) = 0, and x3(0) = 0.5, y3(0) = —0.5, w3(0) = 0, respectively. The desired tracking signal of the
leader is chosen as 7, = [1Osin(0.02t),10(1—cos(0.02t),0.02tJT. The relative position
parameters are chosen as p;, = V272 , Py =0, pyo = —0.5, py, = =0.5, p3, = —0.5, and p3, = 0.5.
The design parameters are chosen as r;; =diag(10, 10, 10), r,, =diag(10, 10, 10), and
K; = diag(5, 5, 5). The time-varying external disturbance is adopted as d;; = 5(0.5c0s(0.257) +
0.5sin(0.15t)), d;» = 5(=0.5c0s(0.15¢7) — 0.5sin(0.25t)), d;3 = 5(0.5c0s(0.25¢) + 0.5sin(0.15t)). The
fuzzy parameters in the FLSs are settled randomly in (0, 1), and the fuzzy membership functions
of the FLSs are designed as

2
o (x1>=exp{—%} (65)

and

2 2
1 (51.5%,) :exp[_@}exp{_@} (66)

where / =2, -1, 0, 1, 2. x; and x, denote the inputs of FLSs.

The simulation results are given in Figs. 2—4. The tracking trajectory and system states of
ASVs are given in Figs. 2(a) and 2(b), respectively. Control inputs of the ASVs are shown in Fig.
3. The estimation of the disturbances of the ASVs is shown in Fig. 4. From the simulation results,
it can be concluded that the proposed optimal algorithm can handle the control task and that the
proposed DO can handle the estimation task of an unknown external disturbance.
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50 100 150 200 250 300
@

Fig. 4.

5. Conclusions
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Tracking trajectory of ASVs
(@ (b)
Fig. 2.  (Color online) (a) Tracking trajectory and (b) system states of ASVs.
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(@) (b) ©
Fig. 3. Control outputs of (a) ASV, , (b) ASV,, and (c) ASV;.

dz

o - dy

0 50 100 150 200 250 300

0 S Z A o d32

3 - = dp

0 E) 100 150 200 250 300
ds3

o - dy

[ 50 100 150 200 250 300

©

External disturbances and their estimations of (a) ASV/, (b) ASV,, and (c) ASVs.

In this paper, we provided an adaptive fuzzy optimal controller for the tracking control
problem of multiple ASVs with uncertain dynamics. FLSs have been employed to handle the
uncertain dynamics of the ASVs. We utilized the ADP algorithm, incorporating a technique
based on optimal compensation terms, to ensure the optimal achievement of the control
objective. Additionally, a DO has been proposed to address unknown disturbances. The
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proposed controller has been proven to guarantee that all signals in the closed-loop system are
bounded. Simulation results have been provided to illustrate the effectiveness of the proposed
algorithm. The future work of this paper is to solve the control problem of multiple ASVs with
unmeasured states and investigate the output-feedback control algorithm by adopting the state
observer technique.
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