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Abstract: In this paper, a bio-inspired sliding mode control (bio-SMC) and minimal learning parame-
ter (MLP) are proposed to achieve the cooperative formation control of underactuated unmanned
surface vehicles (USVs) with external environmental disturbances and model uncertainties. Firstly,
the desired trajectory of the follower USV is generated by the leader USV’s position information based
on the leader—follower framework, and the problem of cooperative formation control is transformed
into a trajectory tracking error stabilization problem. Besides, the USV position errors are stabilized by
a backstepping approach, then the virtual longitudinal and virtual lateral velocities can be designed.
To alleviate the system oscillation and reduce the computational complexity of the controller, a sliding
mode control with a bio-inspired model is designed to avoid the problem of differential explosion
caused by repeated derivation. A radial basis function neural network (RBFNN) is adopted for
estimating and compensating for the environmental disturbances and model uncertainties, where the
MLP algorithm is utilized to substitute for online weight learning in a single-parameter form. Finally,
the proposed method is proved to be uniformly and ultimately bounded through the Lyapunov
stability theory, and the validity of the method is also verified by simulation experiments.

Keywords: unmanned surface vehicle; leader-follower; bio-inspired model; MLP-RBF neural network;
sliding mode control; cooperative formation control

1. Introduction

Recently, due to significant advancements in marine science and technology, such as
marine resource exploration, maritime casualty and ocean mapping [1-4], the intelligent
control of unmanned surface vehicles (USVs) has become a hot topic. As small intelligent
unmanned maritime carrier platforms, USVs can replace humans to perform various com-
plex tasks, particularly in harsh marine environments [5,6]. However, with the increasing
complexity and diversity of maritime operations, a single USV often struggles to efficiently
accomplish these tasks [7,8]. In response to this challenge, the cooperative formation of
multiple USVs has gained widespread attention [9,10]. One significant problem concerned
with multiple USVs is formation tracking control, which requires the USVs to keep a pre-
scribed formation while USVs are navigating along a given desired trajectory [11,12]. A
number of related research works on the autonomous cooperative formation control of
USVs have been carried out, and many valuable research results have been published.

A novel terminal sliding surface control (TSMC) was designed by [13] to solve the
cooperative formation control problem of unmanned surface vehicle-remotely operated
vehicles (USV-ROVs) subject to uncertainties under deceptive attacks. The USV’s dynamic
model was established by [14] for the leader—follower formation in polar coordinates,
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where a sliding mode control is employed to design the controller. Based on the leader—
follower framework, USV formation control was designed by utilizing the model predictive
control (MPC) algorithm [15]. Combined with the leader—follower formation strategy, a
deep reinforcement learning (DRL) algorithm was introduced in [16], where the follower
USVs can self-adjust even through deviating from the formation. A hierarchical sliding
mode control strategy was designed to solve the formation control problem of USVs based
on the sampling communication by [17], where a sign function was developed for the
sliding mode control. In [18], an adaptive sliding mode control was used to reduce system
oscillations, and the hyperbolic tangent function was employed to enhance the robustness
of the control system. A distributed control law was designed by [19] based on a novel
sliding surface in which the constructed sliding surface is capable of being reached in a
finite time.

On account of the time-varying external disturbances and mode uncertainties, two
novel distributed coordinated finite time-tracking controllers were proposed based on
the sliding mode control method in [20], and the radial basis function neural networks
(RBFNNs) combined with the minimal learning parameter (MLP) was applied in [21].
Combined with a lateral velocity tracking differentiator (LVID), a novel dynamic surface
sliding mode control (DSSMC) method was designed by [22] for the cooperative forma-
tion control of underactuated USVs with complex disturbances. The OAST-SMC with
backstepping method was employed to solve the external disturbances and enhance the
precision of formation control in [23]. An accurate disturbance observer (ADO) and a novel
fixed-time fast terminal sliding mode (FTFTSM) were designed for parametric uncertainties
and complex disturbances [24]. To investigate the formation tracking control problem
of networked USVs under a directed graph, a prescribed-time distributed cooperative
formation tracking control scheme was provided by [25], where the prescribed-time sliding
surface was designed based on the state observer.

Through the analysis of the above existing research results, it should be pointed
out that, in studies [14-16], the problem of cooperative formation control was addressed
based on the leader—follower framework. The cooperative formation control algorithms of
USVs were designed for fully actuated USVs in [19,24,25]; however, due to factors such as
system dynamic characteristics and physical constraints in the actual engineering practice, the
control system may become underactuated. Meanwhile, autonomous cooperative formation
control problems were solved by using the sliding mode method in [13,17,18,20,21], but the
problem of differential explosion was not discussed in these paper. This problem is caused
by repeated derivation during the sliding mode design process and may increase the
computational complexity of the controller and the system oscillation. Besides, although
the complex ocean environment disturbances were addressed in [22,23,25], the problem of
model uncertainties was not considered.

Motivated by the above analysis, to address the control problem of USV formation
with ocean environment disturbances and model uncertainties, a bio-inspired sliding
mode control (bio-SMC) method is designed in this paper. Based on the leader-follower
framework, the problem of cooperative formation control is transformed into a trajectory
tracking error stabilization problem for each USV, and then the virtual control laws of
the longitudinal and lateral velocities are designed by using a backstepping method to
stabilize the position error. A sliding mode control with a bio-inspired model is designed to
alleviate the system oscillation and reduce the computational complexity of the controller,
and then the problem of differential explosion caused by repeated derivation could be
avoided. Besides, a radial basis function neural network (RBENN) with the MLP algorithm
is adopted for estimating and compensating for the environmental disturbances and model
uncertainties. Compared with the existing research results, the main contributions of this
paper can be summarized as follows: (1) Based on the leader—follower framework, the
virtual longitudinal and lateral velocities are designed by using the backstepping method,
and then the controller design can become more convenient. (2) The second-order sliding
surface with an integral is constructed for reducing steady-state error, and a hyperbolic
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tangent function is employed in place of the sign function to reduce system oscillations.
(3) A bio-inspired model is designed to avoid the problem of differential explosion caused
by repeated derivation, and then the virtual velocities can be smoothed. (4) A radial basis
function neural network (RBFNN) with the minimal learning parameter (MLP) algorithm
is adopted for approximating the environmental disturbances and model uncertainties.

This paper is organized as follows: the mathematical model of USV and error model
of USV formation are described in Section 2. In Section 3, the control law including the
surge force and the yaw moment are described. The stability of the controller is proved in
Section 4. The simulation experiments are presented to verify the accuracy and effectiveness
of the proposed method in Section 5. Finally, the conclusion is given in Section 6.

2. Problem Description
A coordinated formation control algorithm of USVs is designed in this paper, through

which the formation trajectory tracking issue can be addressed effectively. The formation
trajectory tracking problem can be described as shown in Figure 1.
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Figure 1. Formation trajectory tracking diagram.
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The formation trajectory tracking problem can be considered as how the USV forma-
tion should navigate along the desired trajectory under the influence of ocean disturbances,
where each USV is required to maintain the predefined formation relative to other USVs.
To achieve the problem mentioned above, the model of USVs and the tracking error model
of USV formation are built, as shown in Sections 2.1 and 2.2.

2.1. Mathematical Model of USV

As shown in Figure 1, assume that there exist N USVs in formation, which includes
one leader USV and N — 1 follower USVs. According to the literature [26], the mathematical
model of the it" (i=1,2,---,N) USV under the influence of ocean disturbances and model
uncertainties can be expressed as follows:

{ (¢i)vi 1)
Mii)i‘I‘Ci( )vl—I_D (vz) Ui = Tl'I'd _I—Afl

where 1; = [x;, 1, goz-]T is the position and heading angle vector of the i" USV, in which
x; is the longitudinal position, y; is the lateral position and ¢; is the heading angle.
vi = [u;,v;, rjIT represents the velocity vector of the it USV, in which u;, v; and r; are
the longitudinal velocity, lateral velocity and heading angle speed. 7.; = [1,;,0, Tn']T is the
control input vector of the it USV. d; = [dui, doi, dri]T represents the external disturbances

vector of the it" USV. Af; = [Afu;, Afo, A fri]T denotes the model uncertainties of the i"
USV. M; = diag(my;, mp;, m3;) is the inertia matrix including added mass of the ith USV.
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D;(v;) = diag(dy;, d;, d3;) represents the hydrodynamic damping coefficient matrix of the
i" USV. R(¢;),C;(v;) are the rotation matrix and the Coriolis-centripetal matrix of the i*
USV, specifically defined as follows:

cosg; —sing; 0 0 0 —My;V;
R(q’i) = |sin @i COs @; 0], C(ZJZ') = 0 0 myiu;
0 0 1 Mmpi0; MyiU; 0

According to Equation (1), the model of the i USV with three degrees of mathematical
freedom can be expanded as follows:

X; = U; COS @; — v; sin ¢;

Y; = u;sin ¢; + v; cos @;

b= k)
ui = fu, (i, 0, 17) + Tyi /M

v; = fo, (1,0, 7;)

i = fr, (Ui, 03, 17) + T/ M3

where the specific expressions of the f,. (u;, vi, 1), fo; (Ui, v, 1i), fr;(1i, v;, ¥;) are as follows:
fu; (ui, 03, 17) = (Mo /myg)viry — (dvi/mag)ui + dyi /ma; + Afy,

fvi (ui, Vi, 1’1') = —(mli/mzl-)uiri — (dzi/mzl‘)vi + dvj/m2i + Afvi 3)
fri(ui, 0, 17) = ((my — my;) /mai)uo; — (dai/m3;)r; + dypi/m3; + Afy,

2.2. Error Model of USV Formation

The leader—follower framework proposed in Figure 1 is designed to maintain a prede-
fined formation while USVs are navigating, as specifically described in Figure 2 below:

XJ\
X, P
’
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_________________ — ==~ Desired
Y trajectory
¢
Xigh————————
X
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Figure 2. Leader—follower framework.

As shown in Figure 2, the j(j = 1,2,...,N — 1) USV serves as the follower USV
for the leader USV. Y; = [x;,y,]" is the position vector of the leader USV. Y =[x, y]-}T
is the position vector of the j! follower USV. g, is the heading angle of the leader USV;
L; = [lyj, 1] T is the formation position vector from the j follower USV to the leader USV,
where I,; is the desired relative longitudinal position in the coordinate system of the leader
USV and I, is the desired relative lateral position in the coordinate system of the leader

USV. Y}y = [xj4, y]-d]T is the desired position vector of the j follower USV, where Xjq is the
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desired longitudinal position of the j follower USV and Yja is the desired lateral position

of the j™ follower USV. The desired position of the j follower USV can be expressed
as follows:

Y=Y +](¢) L 4)

where J(¢;) = C(.)S((Pl) —sin(g1) is the standard rotation matrix.
sin(¢;)  cos(¢;)
Based on the above analysis, the trajectory tracking problem of the j™ follower
USV could be transformed to design a suitable control 7; that ensures tracking error

Yj. = Y; — Y;; approaches zero.

3. Controller Design

As shown in Figure 1, to enable USVs to track a desired trajectory in a specified
formation, it is crucial to design an appropriate control algorithm. The flowchart of
cooperative formation control of USVs is designed as shown in Figure 3.
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Figure 3. Flowchart of cooperative formation control for underactuated USVs.

As seen in Figure 3, the cooperative formation control process of USVs can be divided
into two main parts: the controller of the lead USV would be designed by a backstepping
method and the bio-inspired sliding model method. Then, the actual trajectory of the
leader USV and formation information are used to generate the desired trajectories for each
follower USV, and the controllers of the follower USVs would be designed the same as for
the leader USV, which includes the design of the virtual velocity control law in Section 3.1,
the design of the surge force controller in Section 3.2 and the design of the yaw moment
controller in Section 3.3.

3.1. Design of Virtual Velocities

As seen in Figure 3, it is crucial for the controller to design virtual velocities based
on the position errors. The position errors of the jth follower USV could be proposed

as follows:
xf]-e _ ij:Xf].d (5)
Yfe Y —Yfa

where x Yy, are the actual longitudinal position and lateral position of the jth follower

USV and x fid: Yfa are the desired longitudinal position and lateral position of the j

follower USV. x fier Y fre aTE longitudinal position error and lateral position error of the j
follower USV.
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Combining this with Equation (2), the derivation of Equation (5) could be written

as follows:
[ xf].e ] B [cos((pfj) —sin((pfj)] l uf, 1 B [ kajd 1 ©)
Yre | |sin(ep)  cos(ey) || vf Y
where u £,/ Uf; are the actual longitudinal velocity and lateral velocity of the j follower
USV. ¢y, is the actual heading angle of the ™ follower USV.
To stabilize the position errors of the j follower, the Lyapunov function could be
designed as follows:
Vig, = x3,/2 + y7,/2 7)

Combining this with Equations (2) and (6), the derivation of Equation (7) can be
obtained as follows:

: Vi ax. | Vg s
Vi = ax;{, a9 T 8%1(‘{, 3
= XﬁEXﬁe +yf13yf,€ (8)
= xpe(uf cos(@p) —vp sin(@f) — Xfa) + Y (g sin(@p) +vp cos(pr) —yry)

Generally, the values of virtual velocities « fiu and « fio are related to the position errors,

and based on the backstepping method, the virtual velocities « fiu and a fio of the jt follower
USV could be designed as follows:

. - 2 )
l Xy ] _ l cos((pf],) sm((Pfj)} Xfid _klﬂxj}e/\/xf}e+yfje+cjtj ©)
Xf.p —sin(gy) cos(¢f,) ]./'f],d_szjyfjg/1/x%e+yjzrjg+cfj

Based on the above analysis, the trajectory tracking problem of the j follower USV
could be transformed to design a suitable control 7; that ensures errors of the virtual
velocities and actual velocities approach zero.

where k; fir ko fir C £, are positive numbers.

3.2. Design of the Surge Force
Utilizing the virtual longitudinal velocity «f,, designed in Section 3.1, the surge force

of the jt follower USV could be designed based on the bio-inspired sliding mode method.
Define the longitudinal velocity error u, as follows:

uf]_e:ufj—txf],u (10)

To reduce the steady-state error, the integral sliding surface s; fi with u fe could be

designed as follows:
t

Sif; = Ufe —l—)tlfj/o uf].e(s)ds (11)

where A f, is a positive number.
Combining this with the Equation (2), the derivation of Equation (11) could be obtained

as follows:
élf]- = l/lf] — ‘Xf]u + Alfjuf]-e

. 12
= frulug, vg,p) + T/ maj — &gy + Aftife 12
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] ., l—sin(%fj) cos(¢y;) ] [ kffd_klﬁwf;leje
j

In order to avoid differential explosion caused by repeated derivation and smooth the
virtual velocity &g, the bio-inspired model could be designed [27], where the virtual longi-

tudinal velocity derivative af,, in Equation (12) is transformed into /8 fur shown as follows:

:Bf]-u = *Blfj.iju + (lej - ﬁf]u)f(“fju) - (lej + ABf]u)g(D‘fju)

Ky, 0y >0 0,a¢, >0 (13)
_ fjur S fju = _ 7B fiu
flagu) 0,5, <0 /8 fu) { —8fu Xpy <0

where fu 18 the output of the bio-inspired model. B; f, represents the model of the
attenuation rate and is the positive constant. Cy, and Dy, denote the upper and lower
bounds of the By, f(a f],l,) and g(« fj”) are linear threshold functions.

To prevent the system oscillation caused by using the sign function, Equation (14)
could be designed with a hyperbolic tangent function, listed as follows:

élfj = —slfjtanh(slfj) — Ulfjslfj (14)

where €1 fi and oy f, are positive numbers.

Combining this with the Equations (12)—(14), the surge force of the j follower USV
could be obtained as follows:

Tpu = mij[—fru(ug, vp,rp) + :iju — Mpfe — eiptanh(sig) — 015517 (15)

3.3. Design of the Yaw Moment
Utilizing the virtual lateral velocity a ¢, designed in Section 3.1, the yaw moment of

the jt follower USV could be designed based on the bio-inspired sliding mode method.
Define the lateral velocity error v fre @S follows:

Uf]-e:Uf,-_“fjv (16)

where v, is the actual lateral velocity of the ™ follower USV.

Due to the lack of a controller in the lateral direction for the underactuated USV, the
second-order integral sliding surface with the lateral velocity error v, could be designed
as follows:

t
Saf, = Z'Jf].g + /\ijvfje + )\3],/0 chje(s)ds (17)

where A, £ and A3 f, are positive numbers.
Combining this with the Equation (2), the derivation of Equation (17) could be obtained
as follows:

éij :i}fj—IIJ.cf].v-i-Azfj(Z.)fj—liéfjv)—l-)\gj(vfj—l)cfjv) (18)

To obtain a fio in Equation (18), the derivation of Equation (9) is proposed as follows:

+

—cos(p)  —sin(p)| | ¥pa— Koy e
. . —1_ 3.2 3 ~
cos(pp)  sin(pp) ] [ Xpa —kup(wp’ —wp s )xpe +kigwe xpey ey,
_Sin<¢fj) COS(ng],) yf/d —szj(w;jl _wE3y%€)yﬁ€+k2fjwf;3xfjfyfjfxfjf
_ rf;l &fo ] N [ cos(¢p)  sin(gy)

1
]
“ag | = sin(ey) cos(ey)

; (19)

. . 73 . 3 .
iff]-d —klfj(wf,l _wfjsxzfjex{’ferklﬁw/‘j ;ije]/f]-e]/fje ]
Yfa _szj(wfj — Wy, yf]ve)yfje +k2fjwf]. XfieY fieX fie

where wy, = /xj%]_e +yj%je +C,.
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Thus, combining this with Equation (19), « fo could be obtained as follows:

D(f]v = *i’f],le],u *Tf‘]ﬂ(f]? +ng3 . \ . .
8f; = ~¥pa — kg (Wp" — W )X e + ki X oy el ] sin(@; )+ (20)

[ — ko, (wr ! = w2 2y3 g, +hagwp X pey e pe] cos(py)
According to Equation (20), Equation (18) could be rewritten as follows:

Safy = Zij = (—rpapy — g, +gf{) + Aog (0, —ééjfjv) anj(U,g — o)
= oy, 7.[7(ffj,(ufj,vfj,rf],) + mTjTrj)“fju —TRlfy +gf]_) (21)
HAap(0f; — dp) + As (v, — apo)

By utilizing the bio-inspired model, the virtual lateral velocity derivative a fo N

Equation (21) is transformed into ,3 fior shown as follows:

'ij” - _Bzfjﬁfj” + (szj - ﬁﬁv)f(“ﬁv) - (szj + ﬁf].v)g(txfjv)

Kfp, Qry >0 0,ary >0 (22)
o f]v/ f]v = _ ’ f]v
f(“fjv) o { O,Iijv <0 '8 [Xffv { _‘Xf/-v/“fjv <0

where S, is the output of the bio-inspired model. By, represents the model of attenuation
rate and is the positive constant. C, £; and D, f; denote the upper and lower bounds of B .
f(a f]-u) and g(a f]-u) are linear threshold functions.
The sliding mode reaching law with a hyperbolic tangent function could be designed
as follows:
s'zfj = —szf].tanh(szfj) — OfSof, (23)

where ¢, f; and o, 5 are positive numbers.

Combining this with Equations (21)~(23), the yaw moment of the jt follower USV can
be obtained as follows:

7 = el = Aag (b = Bra) = Ay (0= Bro) = 7B (24)
+gf] _ €2fjtanh(52fj) — (TijSzfj] — m3jffjr(ufj,vfj, T’f])

3.4. Design of RBF Neural Network

According to Equations (15) and (24), the functions fr., (uf, vf, 74) and ff, (ug, v, 15,)
are defined as unknown functions, which represent the ocean disturbances and model
uncertainties. As shown in Figure 3, the RBF neural network is proposed to approximate
the functions f,, (ufj, v/ rfj) and ff],r(uf],, o, rf].). The structure diagram of the RBF neural
network with multiple inputs and a single output is described in Figure 4.

layer e

Figure 4. The structure diagram of the RBF neural network.
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As seen in Figure 4, the RBF neural network is a three-layer feedforward network,
which includes an input layer, a hidden layer and an output layer. Based on the Gaussian
basis function, the RBF neural network can approximate the uncertain terms without the
need for complex mathematical theoretical analysis. The expression of the RBF neural
network could be designed as follows:

ff] (uf, 1 Ofs 1’](]) (zf])+51f151f]<(5f]

Firlgeesesy) = fj’ (zﬂ)+‘52ﬂ Oaf; < OfiR (25)
2

h(zf) = exp(— Hzf]. —ckH /2b2), b, >0, (k=1,2,--- ,n>

where 6, fi and 4, £, are the approximation errors of the neural network. § fu > Oand ¢ fiR > 0
are the upper bounds of J; fi and 4, £ 2f, = [u Fir Vfi T f].] Tis the input vector of the RBF neural

network, h(z f].) = [hi(z f].), hy(z fj)’ s hy(z f/,)]T represents the radial basis function vector
of the neural network. by is the width of the Gaussian basis function. The positive integer k

kth

represents the k™ node in the hidden layer of the neural network.cy = [c1,¢2,- - -, Cn]T € R"

denotes the center value of the k™ hidden neuron. I/V}iju = [wj*,jurl, lel,Z’ e, wZu,n]T € R"
and I/V;Z L= [w ;Z]_r,l, w;‘[jr,2, e, w}?jr,n]T € R" are the weights associated with the kth hidden

neuron, which are designed as follows:

I/V;E = argmm{

WEeR"

sup ’ffu if, 0, rf]) Jz],uh(zfj)‘}

zr€Q)

(26)
sup ’ff] Llfj Z)f] rfj) W}]rh(zfj)‘}

z¢.€Q)

W} , = argmm{
WeR"

Since W’} and I/V} . are often unattainable in practical applications, the estimated val-

ues iju and ijr are designed to replace I/V;] and I/V;i + Combining this with

Equations (15) and (24), the surge force and the yaw moment of the j follower USV could
be rewritten as follows:

A .
Thu = mlj[*ffu(ufj/vfj/rfj).+ Bru—Mplfe — €1ijtan1}(51jfj) — o1f517]
T = zxf“[ v, = Aag (0 = Bro) = A3,(0f = Bro) =75 (27)

. A
+ng — €2f],tanh(52fj) - 0'2f],52f],] — m3jffj7’(ufj’vfj’rfj)

A
where ffu(”f] S Ofs rf]) = W};uh(zfj) is the estimated value of ffju(uf],,vfj,rfj) and

ff] (uf] S Of,s rfj) fjr (zf],) is the estimated value of ffjr(ufj,vf/.,rfj).
Meanwhile, to simplify the calculation, the MLP algorithm is utilized to substitute

for online weight in a single-parameter form. Specifically, and H H could be

W}k.]'ll

designed as follows:

o7, = | Wi

(28)
tar, = | W,
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where ¢4, and ¢y, are positive constants. And by defining ¢ fi and ¢, f, as the estimated
value of ¢ £ and ¢, fir the adaptive parameters could be designed as follows:

! ; A
4’1f,-:Clﬂ(s%ﬁhﬂhﬂ/z—%ﬁq;lfj) o

oy, = gzjfj(sgjfjhﬁhﬁ /2= 125,$27)

where (15, {of, V17, V25, are positive numbers.
Combining this with Equations (27) and (29), the surge force and the yaw moment of
the jth follower USV could be designed as follows:

Thu = m1j[—51f]-431f]-h£hfj/2 + :iju — Mpufe — e tanh(siy) — 015517
Ty = ;%[*% = Aof (0 = Bro) = A3 (v = Bro) =15 Bru (30)
+gf] — Szfjtanh(Sij) — szjSzfj] — Tﬂ3]82f](]52f]h;€hf]/2

4. Stability Analysis

To verify the stability of the designed controller, combining with the errors in sliding
mode controller design and estimation error of the RBF neural network, the Lyapunov
function could be designed as follows:

Vag, =51 /2+ 855 /24 Y3, /24 5,/ 2+ 815 / (20ap) + b3/ (202p)
Zfﬂ ::Bf]-u_‘i‘f]-ur%f]-v :ﬁfjv_‘i‘f]-v (31)
P1f; = P15, — 1y P2f, = P25 — Poy;

Combining this with Equations (13), (14), (22), (24) and (31), the derivation of the
Lyapunov function V, £ could be presented as follows:

Vay = s1551f, + 525525 T Vgl g+ Ysol g0 — P1pbag /Cup — bapar /o,
=sif, [W;ZjuTh(zfj) +01f, — slfjcf)lfjhﬁhfj/Z - £1f].tanh(s1fj) - 01f].S1f/.] + sz[W;ierh(sz) + o,
—sa,Pag iy, /2 — eagtanh(sag) — agsap] + Ysu(Bry — i) +Vgo(Bro — dpo)
=15,b15/ C1s, — Pabay / Lo,
= —0’1ij%fj — ‘TijS%fj + 517,017, + 525,025, — s15€15tanh(sif) — sap.€aptanh(syy)
—0—51f].Wj[erh(zf],) - sﬁ(j;mhghﬁ/zﬂzﬁw;fh(zﬁ) - sgﬁ@ﬁh}jhﬁ./z +Yful=Bug Bru
+(Cry = Bru) flagu) = (Digy + Bru)(@gu) = dpul +ygol=BagBro + (Cop — Bro) f(af0)
—(Day, + Bro)g(@fo) — gl — P brs / Cap, — op b / Lo
< —alfjs%fj —azfjsgfj + 515015, + 525005, — €15,|17 | — €2 |27, —|—51ij/V;§],rTh(zf].)
—S%fj@mh}jhﬁ/z+Szf]-"Vj‘cerh(ij) - S%ﬁfﬁzﬁh};hfj/z T Yful=BigBru+ (Cif, = Bru) f(apu)
~(Dig + Bru)8(@gu) = agul + Y ol=BagBro + (Cofy = Bro) faf0) = (Dagy + Bro)g(as)
—tpol = i brp / C1p, — g bar / Cap

According to Equations (25) and (28), the following inequalities could be presented
as follows:

(32)

2 2 2 2
Szf/.ézf]. §S2f//2+52f]/2§52f]/2+5f]1{/2

(33)

251, Wp Ty <53 Wy, ZthjHZ 1= gughEhy 1

ZH’%

25, Wt Th, < g2 Pi1—g hWlhe +1
52 W 1f; = %, tL=sypdaphphy +

I/V}jr
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As seen from Equations (13) and (22), there exists f(ar,) > O, f(ar,) > 0 and
fi fi
8§(agu) 2 0,8(ago) > 0, and then Equation (32) could be simplified as follows:

Vij < —alfjs:%f ‘72f52f +51f /246 u/2+s2f /246 R/Z &1, ’slf ’ €2f]‘82f]‘
+S1fj¢1f,‘h};hf]/2 + Szfl(l)zfjhfjhf]/z + 1 +yfj (— iju,Bf]u + le Xfu — Qfu w)
+Y50(=BroBgo + Cogtpo — o) = brpdag /ap, — <P2f]-<P2fj/€zf,- (34)
Cif, = Dif, Cof; = Doy,
s.t. ijuzBlfj —l—f(le],u)—Fg(Dcfju) >0
ijv = BZf]- "’f(“fjv) "’g(“fjv) >0
Combining this with Equation (29), and assuming B fu = o} £ and B fo = Gy fir then
the Equation (34) can be written as follows:
: ~ T
Vs, < —(%alij— 1)s§f//2 — (2%.2— 1)s§ﬁ(2+5]%ju/22+ (%.R/Zf sifrphphy, /2
+S~2fj¢2fjhf]-hfj/2 +1-=Bruys, ~ Yfulfu = BoYfo — Yfolfo
—<P1f]-(51f,-hﬁh];/2 m£P1s) — Pas, (Szfjh};hfj /2= 125.02) (35)
—(20'1f - )Slf /2 — (20'2f )SZf /2+ 5%”/2 + 5%.13/2 - ijuyjzfju “Yfulfu — ijvyjzfjv
—Yfolfo + 71fj¢1f]¢1f] + Va5 bap oy,
Since the desired trajectories of USVs are smooth and bounded, the control inputs and

velocities of USVs are bounded, it leads to:

”f, u 2 fu

_yfjuo.cfju > yfu + Zaf “f]u = yfu + 2¢7f uf]max
) . 2
_yfjvafjv < Tyfjv Tgfjv fjv = Tyfjv ZU'fjv fjmax (36)

25?51]3(13% = (¢15, — 1s)P1s, +<E1g(¢1g - @fj) = ¢ip — Py — <P1f] <P1f] <P1f]
2025 has, = (P25, — Pap)Pas, + Par. (Paf, — dor) = 4’§fj = 432f] <sz] ¢2f] <sz]

where U fimax is the maximum value of « fiu and V fimax is the maximum value of & fro-
Combining this with Equation (36), Equation (35) could be simplified as follows:

sz]. S—(ZU’lf.—l)S%f/z—(zng, )Szf/z (Bfu Uf”/z)yfu (va O'fjv/z)yfv

2
71f]¢]f /2 — r)/Zf(sz /2494 U/2+ R/2+ufmax/(zafu)+meax/(20fv)
+71f]¢1fj/2+72f]¢2fj/2

< uVap + G (37)
§= min{(2(71fj —1)/2,(2027, = 1)/2, B — 05.4/2,Bro — 050/2, 117, /2, "yzfj/Z}
.2 -2
s.t. C3 = 5]%].11/2 + (512‘]'1?/2 + uf]-max/(zo’fju) + ijmax/(zo'fjv) + 71f]¢%f]/2 + 72)"]4)51‘}/2 +1

iju — U’fju/z > O/ijv - o*f].v/z >0
By solving Equation (37), it leads to

0 < Vo (t) < C3/p+ [Vap (0) — Ca/ple™ (38)

According to Equation (38), V; f; (t) converges within a ball of radius C3/, so that it is
ultimately uniformly bounded. By choosing appropriate control parameters, the convergent
limit of V,, (t) is inclined to zero. And it can be demonstrated that the designed sliding
mode controller finally tends to be stable at t — co with x fre = 0, Ye = 0, u fe = 0 and
[ fie — 0.
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5. Computer Simulation

To highlight the advantages of the proposed bio-inspired sliding mode control (bio-
SMC) method and the radial basis function neural network (RBF), four experiment cases
including circular trajectory, straight line trajectory, sinusoidal trajectory and combination
trajectory of straight line and circle are set in this section, and three USVs are taken as an
example, where one is the leader USV, and the other two are the follower USVs. The USV
model parameters are presented by [28], and the specific parameters are shown in Table 1.

Table 1. USVs model parameters.

Parameter Value (Unit) Parameter Value (Unit)
My; 33.8 kg doj 17 kg/s
ms; 2.76 kg.m? d3; 0.5 kg.m? /s

The simulation time interval is 0.1 s and the external environmental disturbance is
dj = [2sin(0.1¢),0.2sin(0.01¢), sin(O.lt)]T. The model uncertainties of USV are considered
as Af; = [=02dvju?/my; — 0.1dyju? /myj, —0.2d07 /my; — 0.1da;0? /1y, —0.2d3;17 /s
_0.1d3j7’?/1’H3]‘]T

Considering the constraints of the actuators on USVs in practical engineering, limita-
tions are set on the control input, especially described as follows:

{ Tumax = 90N, Trmax = 30N -m (39)

ATymax = DON/S, dTymax = 50N -m/s
In order to intuitively describe the tracking effect of the USV, the longitudinal position
error of the USV is defined as x,; = ‘xj - xdj‘ and lateral position error of the USV is
defined as y,; = ’y]- — Ydj ‘ And the longitudinal velocity error and lateral velocity error
are uj, = uj — &jy and vVj, = Vj — &jy.
Case 1. Circular trajectory

The desired circular trajectory of the leader USV is described as: x; = 30sin 0.05¢,
Y4 = —30cos 0.05¢. The initial state information for each USV in the formation system is
presented in Table 2.

Table 2. USVs initial state (Case 1).

Parameter Leader USV Follower USV1 Follower USV2
1 [—5(m), —35(m),45(°)]"  [=6(m), —32(m),45(°)]"  [~6(m), —42(m),45(°)]"
v [0,0,0]" [0,0,0]" 0,0,0]"
L [0(m), 5(m)]" [0(m), —5(m)]"

A
The input of the RBF neural network f fiu (u i Ofir f],) is 3; the number of nodes in the
hidden layer is 9; the width of the Gaussian basis function is 2 and the vector values for
the center points are normally distributed in the range of [-15, 15]. The input of the RBF
A
neural network f £ r(u fir Ot fj) is 3; the number of nodes in the hidden layer is 9; the width

of the Gaussian basis function is 4 and the vector values for the center points are normally
distributed in the range of [-0.3, 0.3]. The controller parameters are presented in Table 3.
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Table 3. USVs controller parameters (Case 1).
Parameter Leader USV Follower USV1 Follower USV2

C 50 40 50
kq 3 2 3
ko 5 2 6.5
M 0.002 0.002 0.002
Ao 6 45 5
A3 0.05 0.05 0.05
€1 0.01 0.001 0.01
& 0.01 0.01 0.01
o) 0.5 0.5 0.5
o3 0.01 0.01 0.01
By 2 1.5 2
B, 4 4 4

C1,Dq 34 25 3.75

Cy, Dy 4 4 4
’1 20 60 10
e 0.01 0.015 0.015
7 0.0005 0 0
Y2 0.001 0.001 0.001

The simulation results of Case 1 are shown in Figures 5-11.

g g
= =
= =~
_10l ~10}
- - - reference(leader) R - - - -reference(leader)
20} - - - reference(follower) . 201 - - - reference(follower)
’ .
leader 5 leader
—30 follower —30 ¢ follower
- L o ‘
—50 —40 -30 —-20 -—10 0 10 20 30 40 —50 —40 -30 —-20 -10 0 10 20 30 40
x/m x/m
() ®)
30 -
20
10
0 leader
g | followerl
£
= follower2
~10
- - - ‘reference

—20

—30F

—40

-50 —40 -30 -20 -10 O 10 20 30 40

x/m

(©)

Figure 5. Diagrams of USVs trajectory (Case 1). (a)with SMC; (b) with SMC and RBF; (c) with

bio-SMC and RBF.
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Figure 6. Diagrams of USVs’ tracking error (Case 1). (a) longitudinal position error; (b) lateral
position error.
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Figure 7. Diagrams of USVs’ control input signals (Case 1). (a) surge force; (b) yaw moment.
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Figure 8. Diagrams of USVs’ velocity variables (Case 1). (a) Leader USV; (b) Follower USV1;
(c) Follower USV2.
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Case 2. Straight line trajectory

The desired straight line trajectory of the leader USV is described as: x; = t, y; = t.
The initial state information for each USV in the formation system is presented in Table 4.

Table 4. USVs initial state (Case 2).

Parameter Leader USV Follower USV1 Follower USV2
1 [=5(m), —2(m),0]"  [=12(m), —15(m),90(°)]" [—4(m), —20(m), —90(°)]"
v [0,0,0]" [0,0,0]" 0,0,0]"
L [~5(m),10(m)]" [~5(m), —10(m)]"

The parameters of the RBF neural network are same as for Case 1, besides the width
of the Gaussian basis function, and the width of the Gaussian basis function is 2. The
controller parameters are presented in Table 5.

Table 5. USVs’ controller parameters (Case 2).

Parameter Leader USV Follower USV1 Follower USV2
C 50 50 40
k1 3.5 3.5 2
ko 6 6 3
A 0.012 0.012 0.001
Ao 6.5 5 5
A3 0.001 0.05 0.05
€1 0.05 0.05 0.05
& 0.01 0.01 0.01
o 0.05 0.1 0.1
o) 0.01 0.01 0.01
B, 25 5.5 55
B, 4 4 4

Cy,Dq 4 7 7

Cp, D 4 4 4
0 3 8 8
9 0.01 0.025 0.025
7 0.008 0.08 0.001
Y2 0.1 0.1 0.1

The simulation results of Case 2 are shown in Figures 12-18.
Case 3. Sinusoidal trajectory

The desired sinusoidal trajectory of the leader USV is described as x; = f,
Y4 = 25sin(0.05¢) — 35. The initial state information for each USV in the formation system
is presented in Table 6.

Table 6. USVs' initial state (Case 3).

Parameter Leader USV Follower USV1 Follower USV2
1 [—5(m), —35(m),45(°)]" [—6(m), —32(m),45(°)]"  [—6(m), —42(m),45(°)]"
v [0,0,0]" [0,0,0]" 0,0,0]”

L [0m), 5(m)]" [0(m), =5(m)]"
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Figure 12. Diagrams of USVs’ trajectory (Case 2). (a)with SMC; (b) with SMC and RBF; (c) with
bio-SMC and RBE.
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Figure 13. Diagrams of USVs’ tracking error (Case 2). (a) longitudinal position error; (b) lateral
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The parameters of the RBF neural network are same as for Case 2, and the controller

parameters are presented in Table 7
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Table 7. USVs’ controller parameters (Case 3).

Parameter Leader USV Follower USV1 Follower USV2
C 30 30 40
ky 2 95 9
ko 3.5 4 5
M 0.0001 0.0001 0.0001
Ay 12 12 12
A3 0.001 0.01 0.001
£ 0.01 0.05 0.05
€ 0.01 0.01 0.01
0 0.02 0.01 0.01
o 0.1 0.01 0.01
By 4 4 4
B, 4 6.7 7.75

C1,D; 4 4 4
Cp, Dy 4 4 4
{1 1 0.01 0.1
0 0.015 0.01 0.006
Y1 0.0005 0.0005 0.0005
Y2 0.001 0.001 0.001

The simulation results of Case 3 are shown in Figures 19-25.

20 -
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) 40
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followerl
follower2
- - = reference

—60 L

x/m

(©)

Figure 19. Diagrams of USVs’ trajectory (Case 3). (a)with SMC; (b) with SMC and RBF; (c) with
bio-SMC and RBE
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Figure 21. Diagrams of USVs’ control input signals (Case 3). (a) surge force; (b) yaw moment.

Case 4. Combination trajectory of straight line and circle

The desired sinusoidal trajectory of the leader USV is described as follows:

Xg=1t—90,y;=—250<t<90s
xg = 255in(0.05(t — 90)), y4 = 25 cos(0.05(t — 90)), t > 90's

The initial state information for each USV is presented in Table 8.

Table 8. USVs' initial state (Case 4).

Parameter Leader USV Follower USV1 Follower USV2
o\1T o\1T o\1T
1 [—90(m), —30(m),0(°)]" [-95(m),—20(m),0(°)]"  [-95(m), —40(m),0(°)]
v [0,0,0]" [0,0,0]" 0,0,0]"

L [0m), 5(m)]" [0(m), =5(m)]"
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Figure 25. Approximation results of USVs’ (Case 3). (a) surge dynamic damping; (b) yaw dynamic

damping.

The parameters of the RBF neural network are same as for Case 1, and the controller
parameters are presented in Table 9.

Table 9. USVs’ controller parameters (Case 4).

Parameter Leader USV Follower USV1 Follower USV2
C 30 30 30
k1 5 0.8 14
ko 3 2 1.94
M 0.002 0.002 0.002
A 2.5 3.1 2
A3 0.001 0.001 0.001
€ 0.01 0.01 0.01
& 0.05 0.05 0.05
o1 0.1 0.01 0.01
1) 0.01 0.01 0.01
By 2.5 5.5 6
B, 4 4 4

C1,Dq 4 6.7 7.75
Cy, Dy 4 4 4
l1 1 60 60
e 0.015 0.01 0.05
Y1 0.0005 0.0005 0.0005
Y2 0.001 0.0001 0.001
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The simulation results of Case 4 are shown in Figures 26-32.
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Figure 26. Diagrams of USVs’ trajectory (Case 4). (a) with SMC; (b) with SMC and RBF; (c) with
bio-SMC and RBE
5[ =F==8MC =7=;SMC-RBF —— bio-SMC+RBF ] 5k, T ==FSMC - -+ -SMCHRBE-—bio-SMC+RBF ]
E 4+ 7 o\, Pl B 4 A ke \\ +
s 3l - . TN ] = af o s N ]
km 2 E— - Seaem S S, - v Hl . ,.' o P
§ N kV4 N ot — et B LS
0 20 40 60 80 100 120 140 160 180 200 0 60 80 100 120 140 160 180 200
t/s t/s
5 e — o o 5 e A o o
£ IR === SMC = = = *SMC+RBF —— bio-SMC+RBF | E 48 Tz SMC - = = *SMCHRBF ——bio-SMC+RBF 1|
™~ r 1 ~ I ~, T
52 e - : S2H\ ST, ]
=1t e e ~et T e = FA - . e ~. .
0 ! - = Tie >\' 0 L o — L o PP L
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
t/s t/s
T T T T T T T T 5 T T T T T T T T T
E --=-==SMC - - - ‘SMC+RBF bio-SMC+RBF T E 4R ----SMC - - - SMC-RBF bio-SMC+RBF |
= = T Nemoman e 2T ) = (1)_ N e AN N
40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
t/s t/s

C)

(b)

Figure 27. Diagrams of USVs’ tracking error (Case 4). (a) longitudinal position error; (b) lateral

position error.
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Figure 29. Diagrams of USVs’ velocity variables (Case 4). (a) Leader USV; (b) Follower USV1;
(c) Follower USV2.
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Figure 30. Diagrams of USVs’ virtual velocity variables (Case 4). (a) longitudinal virtual velocity;
(b) lateral virtual velocity.
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Figure 31. Diagrams of USVs’ velocity error (Case 4). (a) longitudinal velocity error; (b) lateral
velocity error.
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The effectiveness of the RBF and the bio-inspired sliding mode control (bio-SMC) are
analyzed through the above four experiment cases, in which Figures 5a, 12a, 19a and 26a
show the trajectory tracking results of the traditional sliding mode control (SMC) without
RBF, while Figures 5b, 12b, 19b and 26b indicate the formation trajectories with RBFE.
Through comparative analysis of these figures, USVs are able to track the desired trajectory
with RBF under the influence caused by ocean disturbances and model uncertainties.
Combining Figures 6, 13, 20 and 27, after the formation system is stable, the tracking errors
of USVs are generally greater than 1 m without RBF, but the tracking errors are far less
than 0.5 m without RBF. Similarly, as seen from the velocity error plots, which include
Figures 10, 17, 24 and 31, the velocity errors of USVs are smaller with RBE. Meanwhile,
according to Figures 11, 18, 25 and 32, the RBF can accurately observe ocean disturbances
and model uncertainties of USVs, and the effectiveness of RBF can be intuitively verified.

Then, as shown in Figures 5c, 12¢, 19¢ and 26¢, which indicate the results of formation
trajectories with bio-SMC and RBE, it is found that the fluctuation of the bio-SMC trajectory
is smaller compared to Figures 5b, 12b, 19b and 26b in the early stage of trajectory tracking.
Meanwhile, as seen from Figures 9, 16, 23 and 30, where the virtual velocity variables can
be obtained, by utilizing bio-SMC, the virtual velocity changes become smoother within
the first 30 s. Also, by analyzing Figures 8, 15, 22 and 29, the bio-SMC has a significant
effect on stabilizing these velocity variables within the first 30 s.

According to Figures 6, 13, 20 and 27, the bio-SMC has no adverse effect on USVs’
trajectory tracking accuracy when the formation system is stable. Figures 7, 14, 21 and 28
illustrate that within the first 30 s, the controllers of USVs designed by bio-SMC can obtain
smoother control inputs. Therefore, based on the above analysis, the bio-SMC has better
control capability compared to the traditional sliding mode control.

6. Conclusions

To address the cooperative formation control problem of underactuated USVs with
external environmental disturbances and model uncertainties, a bio-inspired sliding mode
control (bio-SMC) and the RBF neural network with minimal learning parameter (MLP)
have been designed in this paper. The virtual control laws of the longitudinal and lateral
velocities are designed by using a backstepping approach, and the controller design has
become more convenient. The sliding surface has been designed with a hyperbolic tangent
function to avoid excessive oscillations. Meanwhile, a bio-inspired model has been pro-
posed to smooth the virtual velocities successfully and to avoid the problem of differential
explosion caused by repeated derivation. Furthermore, the RBF neural network with MLP
algorithm has been adopted to compensate for the ocean disturbances and uncertain system.
The effectiveness and reliability of the proposed method have been verified by simulation
experiments, and all the conclusions are verified by simulation experiment results. This
paper is highly focused on the theoretical aspects with less emphasis on practical deploy-
ment, and future research will be devoted towards extending the current framework into
real-world applicability.
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