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Abstract: In the presence of modeling uncertainties and input saturation, this paper proposes a
practical adaptive sliding mode control scheme for an underactuated unmanned surface vehicle
(USV) using neural network, auxiliary dynamic system, sliding mode control and backstepping
technique. First, the radial basis function neural network with minimum learning parameter method
(MLP) is constructed to online approximate the uncertain system dynamics, which uses single
parameter instead of all weights online learning, leading to a reduction in the computational burdens.
Then a hyperbolic tangent function is adopted to reduce the chattering phenomenon due to the sliding
mode surface. Meanwhile, the auxiliary dynamic system and the adaptive technology are employed
to handle input saturation and unknown disturbances, respectively. In addition, a neural shunting
model is introduced to eliminate the “explosion of complexity” problem caused by the backstepping
method for virtual control derivation. The stability of the closed-loop system is guaranteed by the
Lyapunov stability theory. Finally, simulations are provided to validate the effectiveness of the
proposed control scheme.

Keywords: underactuated USV; trajectory tracking; neural network; adaptive technology;
sliding mode control; input saturation

1. Introduction

With the development of marine technology, unmanned surface vehicle (USV) has attracted
great attention in the field of ocean. This is mainly due to its advantages of being fast, small volume,
low cost, and the ability of autonomous navigation. Based on the above advantages, USV has been
widely used in many applications, such as oil and gas exploration, ocean surveillance, search, rescue
and military [1-5]. However, the performance of the system is significantly decreased due to the
influence of external factors, particularly in the presence of the uncertain system dynamics and external
disturbances. Therefore, it is very important to design a controller with the anti-interference capability
and higher precision for USV.

In recent years, trajectory tracking has been a hot topic of research due to its practical importance.
Trajectory tracking is defined as a vessel being required to follow a reference path with spatial and
temporal constraint, namely, a reference path with an associated time law [6,7]. At present, a variety
of control schemes associated with trajectory tracking control design for surface vessel have been
developed in literature. Global smooth controllers are designed in [8], which achieve the practical
stabilization of arbitrary reference trajectories. In [9], a state feedback based backstepping control
strategy is proposed, which can enhance the steady state performance and control precision of USV.
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However, in actual voyage, the model of USV may change due to external disturbances and other
factors. In order to overcome this difficulty, an adaptive tracking controller based on backstepping
and neural network is developed in [10], in which neural network is hired to handle the unknown
dynamics. Based on the sliding mode control and the minimum learning parameter (MLP) technique,
an adaptive tracking control scheme is proposed in [11], where dynamical uncertainty and time-varying
ocean disturbances are centrally compensated by employing neural network MLP. In addition, for the
trajectory tracking problem of the underactuated USV, the biggest challenge is that the number of
actuators is less than the degree of freedom, which increases the design difficulty of the controller.
Some previous solutions have been published in [12,13]. A trajectory tracking controller is applied to
underactuated surface ships in [12], where the model is represented by numerical methods. Its main
advantage is that the calculation of control actions are obtained, solving a system of linear equations.
In [13], three modified dynamic inversion methods are proposed to solve the tracking control problem
of the underactuated ship , which can remove some of its inherent limitations, making it applicable to
a wide variety of underactuated systems. Based on the above analysis, there are still many problems to
be solved for tracking control of the underactuated USV.

Considering the ship motion control, several authors have contributed a set of novel ideas
and strategies. In [14], a robust adaptive control scheme based on modified function projective
synchronization is proposed, which can be used in various types of synchronization. Based on dynamic
surface control and neural network techniques, a concise adaptive neural network control scheme is
proposed in [15]. Its advantage is that the control law has a concise form and is easy to implement,
but its disadvantage is that it does not take into account control input hysteresis nonlinearity. In [16],
an adaptive fuzzy optimal control method is addressed, which not only guarantees the stability of
the system, but also achieves the optimal control performance. With the consideration of robustness,
sliding mode control [17] is a successful robust control algorithm, which has been widely used in
ship motion control [18-21], especially in practical engineering. Based on backstepping technique
and adaptive dynamical sliding control method, a novel adaptive algorithm is proposed to deal with
unknown disturbances and system uncertainties in [22]. However, there are too many assumptions
about the first derivative of the disturbance and the existence of the thruster. The paper [23] develops a
sliding mode controller based on proportional integral (PI) sliding mode control, in which an adaptive
term is designed to effectively solve the problem of system chattering. The main drawback is that
an integral term may cause the reduced stability margin due to phase lag [24]. In order to further
simplify the model and avoid the underactuation problem, a novel methodology is developed in [25].
Unfortunately, the tracking accuracy is low due to the use of a simple control law that achieves
asymptotic path following. Although there are various problems, the sliding mode control is still
an effective control algorithm to deal with nonlinear control problems. From a practical perspective,
the input saturation is unavoidable due to physical constraints in propulsion systems. If the input
saturation is neglected in control design, it will lead to the instability of the system and even the collapse
of the control system. In the presence of the input saturation, an adaptive impedance controller is
developed for an n-link robotic manipulator in [26], where an auxiliary system is adopted to handle
the input saturation. The paper [27] designs a novel robust adaptive ship trajectory tracking control
law for surface ships, in which the input saturation is approximated using a Gaussian error function.
Hence, the influence of input saturation should be considered in control design.

Based on the discussion above, considering actuator saturation and modeling uncertainties,
an adaptive sliding mode control approach is developed by employing sliding mode control, the MLP
technique, backstepping method and the auxiliary system, which accurately makes the underactuated
USV track a desired trajectory. The primary contributions of this paper are summarized as follows:

(1) A novel adaptive control strategy based on sliding mode control and backstepping method is
presented for the underactuated USV, in which the hyperbolic tangent function and the neural
shunting model are adopted to eliminate the chattering phenomenon and the “explosion of
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complexity” problem of the system, respectively. Comparing with the previous work [28],
it is more effective to implement the control scheme in real practice.

(2) Taking full account of the practical engineering, the input saturation is handled by designing
an auxiliary system. The MLP technique and the adaptive technology are used to deal with
unmodeled dynamics and unknown disturbance bounds, respectively, where the norm of all
the weights is estimated instead of estimating each element. Only two weight-norm related
parameters are required to be updated in the control law.

This brief is organized as follows. In Section 2, problem formulation and preliminaries are
presented. Section 3 illustrates a novel adaptive control scheme for the underactuated USV. The stability
analysis of the whole system is given in Section 4. The simulation results to illustrate the proposed
controller are shown in Section 5. Finally, Section 6 concludes this paper.

2. Problem Formulation and Preliminaries

2.1. Problem Formulation

In this section, two reference frames are considered to study the USV model. The horizontal
plane motion of USV is described by the position and orientation, namely, neglecting roll, pitch and
heave, as illustrated in Figure 1, in which XgOgYF is the earth-fixed inertial frame {i} and x,0;y} is the
body-fixed frame {b}. The position (x,y) in {i} represents the actual location of USV, and ¢ € (0,271)
is course angle. In addition, #, v and r denote the surge velocity, the sway velocity and the yaw rate of
USV, respectively.

X, A

>
Y

E

O, X

Figure 1. The earth-fixed inertial and the body-fixed frame.

Based on the above analysis, the kinematics and dynamics mathematical model of the three
degrees of freedom [29] can be described as

i=10)0 o
Mo+ C(v)v+Dv=1+d(t)
cosyp —siny 0
where 7 = [x,y,9]", v = [u,0,7]7, J (¢) = | sing cosyp 0 | is the rotation matrix from {b} to
0 0 1
n1q 0 0
{il, M = 0 myy mo3 | is the inertial matrix, and C (v) € R®*? is the matrix of Coriolis and

0 mzp m33
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d1 O 0
centripetal terms; D = 0 dyp dys | isthe damping matrix; T = 1,0, T,]T, in which 7, and 7,
0 ds ds3

denote the surge force and yaw moment, respectively. In practice, the amplitude and change rate of
the equivalent control resultant force and moment are possibly constrained due to physical limitations
of the propulsion system, which can be described as

Tj max/ if Tej > Tj max
T = Tejs if Timin < T¢j < Tjmax (2)
Tj min/ lf Tej < Tjmin

where T max and Tjmin (j = #,7) are the maximum and the minimum control forces or moments, 7; is
the commanded control calculated by adaptive sliding mode controller. In addition, d (t) = [dy, dy, d;] T
represent unknown time-varying ocean disturbances.

Assume that USV is symmetrical, the origin of the attached coordinate system and the barycentre
of USV are coincident [10,30,31]. (1) can be rewritten as the following state-space equations

X =ucosyp —uvsiny

y=usinyp +vcosy 3)
p=r
Afll Ty dy
= fut A] m11+m11
U_fz; 4)

A fzz mzz i
Tr r
r=frt ms3 m33 + ms3

. om d _ m d _ my—my) d . .
where f, = mﬁv —mllllu fo = —mgu — mZ;ZZJ fr = %ur—m%gr, in which

Af = [Afu, Afy, A fr] represents the uncertain system dynamics.

Assumption 1. The reference trajectory (x4,Y4) is smooth and differentiable, x4, %4, y4 and y 4 are all bounded.

Assumption 2. [32] The external disturbances d; (i = u, v, r) are bounded by |d;| < d, where d} are unknown
positive constants.

Control objective: Considering model uncertainty and input saturation, the USV accurately tracks
the reference path (x4,1,;) according to the design of the surge force 7, and the yaw moment ;.
All state variables are proved to be semi-globally uniformly ultimately bounded.

2.2. Neural Network MLP Method

In control engineering, neural networks are used to approximate unknown uncertainties [33,34],
especially radial basis function (RBF) neural network, which has a strong self-learning ability. The RBF
neural network consisting of input layer, hidden layer and output layer, which can be written as

fu(z) = WnTG) (z) + en (5)

where z = [u,0,7]" and fn (z) (n = u, m) are the input and output of neural network, respectively.
W, denotes weight vector, and © (z) represents Gaussian Function. In addition, ¢, is approximation
error and |e,| < &,,&, > 0, where &, is an unknown positive number [35,36].

However, all weight vectors need online learning by using the adaptive law in [37-39], which
increases computational complexity. MLP with single parameter online learning takes the place
of RBF neural network to reduce the computational burdens, and it is easy to be implemented in
practice. The principle is to transform the weights of neural network into single parameter, that is,
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8 = ||W|]%, where 8 is a positive number. In addition, @ is the estimate of ¢, and & = ¢ — @ represents
estimation error.

3. Control Design

3.1. Structure of the Proposed Adaptive Control Scheme

In this subsection, a novel adaptive sliding mode trajectory tracking control strategy is proposed
for the underactuated USV with unmodeled dynamics and unknown time-varying ocean disturbances.
In Figure 2, the virtual control laws are designed to stabilize the position errors, and a neural shunting
model is introduced to handle the “explosion of complexity” caused by the differential of the velocity
tracking errors. Meanwhile, in order to enhance the stability of the system, the neural network is used
to approximate unmodeled dynamics, and the adaptive technology is used to estimate the bounds
of unknown time-varying disturbances. In addition, the input saturation issue is solved by hiring an
auxiliary design system.

speed feedback

===
(xdayd) (ue,ve) Neural | i :
: shunting |
model I |
' |

Adaptive l |—>ch In . __>Tj

technology : saturation
|
Neural |
network |
(u,v,7) Y yaw rate feedback

Figure 2. The structure of the proposed adaptive sliding mode control scheme for the underactuated
Uswv.

3.2. Adaptive Sliding Mode Trajectory Tracking Control Design

3.2.1. Virtual Control Law

Define the position errors

Xe =X —Xg4 ©)
Ye=Y—VYa
Differentiating the position errors (6), we have
Xe =ucosyp —vsiniyp — xy %
Ye =usinyp +vcosth — yy
Define the velocity errors as
U = U — Ny
{ Ve =0— 0ty ®)

where a;, and &, represent virtual control laws.
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In order to stabilize the position errors, the virtual control laws are designed as

. . AXe AYe 3
&y = X,;COS sinyp — —=2%— cos ) — ——=L.—sin
u=XgCosP+yasmy Y3 +M 4 Z+y2+M v )
Axe siny — A

Ny = —J'CdSian—Fy'dCOSl/J‘Fm
e e

Ye
——=—————CO0S
x%-&-y%-ﬁ-M l/J

where A and M are positive constants.
Substituting (9) into (7), we obtain

Xe = Ue COSY — Ve SINY —

. ' x2+y2+M (10)
Ye = UeSINY + Ve COS Y — m
Therefore, when u, and v, converge to zero, define the Lyapunov function V; = %x? + %yg,
the time derivative of V; is written as
VI = XeXe + YeYe
_ A (¥ +y2) <0 (11)

VrZ+yz+M T

According to the above analysis, as long as we can stabilize the velocity errors u, and v,
the position errors x, and y. asymptotically converge to zero.

Remark 1. In [11], when |x.| and |y, | are relatively large, the virtual control laws can exceed the velocity range
of USV, and they can lead to system instability or controller crash. However, the designed virtual control laws of
this paper can avoid the above problem.

3.2.2. Surge Motion Control Law

In this section, the main purpose is that the surge control law is designed to stabilize u,.
Meanwhile, the neural network MLP, the adaptive technology and the auxiliary dynamic system are
used to handle unmodeled dynamics, unknown disturbance bounds and input saturation, respectively.

Define the velocity error sliding surface s; as

ot
51 =Ue+ 71 /0 ue (1) di (12)

where 7 is a positive constant.
To avoid the differential expansion, a neural shunting model is introduced to realize the differential
of w;, which is expressed as

Bu=—AuPu+ (Bu — Bu) f (au) — (Du + Bu) g (au) (13)

where B, denotes the output of the neural shunting model.

Remark 2. Neural shunting model [40] originally belonged to the biological category, which has been applied
to the field of robot control [41,42], and it can be expressed in the following form

Bi=—AiBi+ (Bj—B)) f () — (Dj + By) 8 () (14)

where Aj, Bj and D; (j = u,r) denote three design parameters, a; and B; represent the input and output of
the system, respectively. In addition, f («;) and g («;j) represent the threshold functions of model, in which

N (Xj,D(jZO N 0, CK]‘>0
f@ﬂ_{o,%<o’gw»_{-wﬁ%<o'
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The derivative of sq is written as
. 1 ;
51:a(mllfu+Afu+TLz+dtt)_ﬁu+7l (”_“u) (15)

To reduce the chattering problem and the influence of disturbances, a sliding mode control law
with hyperbolic tangent function is adopted to make the sliding surface converge to zero, which can
be written as

$1 = —d; tanh (s1 /1) — p151 (16)

where p; and ¢; represent two design parameters, d; is the estimate of 4} bound. In addition,
the corresponding estimated error is d; = di — d’, and the adaptive law with “k-correction”
is proposed as

cff, =T (31 tanh (s1/¢€1) — K1 (Jf, — :0)) (17)

where I'1 and x; are positive design parameters, ' is the initial value.
Then the surge motion control law is designed as

Teu = _mllfu - Afu + mll,Bu — Y1miiUe — dAZ tanh (51/51) — P151 (18)
where Af, = %sl #,07@ is the estimate of f,, the corresponding adaptive law is
R 1, 1 R
1.91 =G1 551@ O — 471191 (19)
where ¢ and ¢, are positive constants. In addition, the estimated error is 8 =0 — b4

In order to deal with the problem of input saturation (2), an auxiliary dynamic system [43,44]
is constructed as

2
—Kzulu — [5187u|+0.587; Tut AT, |10 > ou

gu = Hg%H (20)
0, [Zull < ou
where (, is a state variable, A, = T, — Ty, Kz, is a positive constant, and ¢, > 0 is a small
design constant.
The surge motion control law 1., can be modified by
1 X
Ty = —Eslﬂl(@T@ + hy — d tanh (s1/€1) — p151 + ke1Qu (21)
where ] = mHBu — y1mi1ue — m11 fu, kg1 is a positive design parameter.
3.2.3. Yaw Motion Control Law
A second-order sliding surface is defined as
$2 = Ve + Y20e (22)

where 7, is a positive constant.
The time derivative of (22) is

SZZﬁ_dv+72(v_av) (23)
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where &, = x — ray, in which

X=- (J'c'd —A (;Fl — ;f?’xg) Xe + Ay*3xgygy'e> sin¢
(50 = A (W7 = 172) e+ Ap e ) cos (24)

where u = \/x2 4+ y2 + M.
From Remark 2, to further avoid the computational explosion in the time derivative of x, let x pass
a neural shunting model, which can be written as

Br=—ABr+ (B — Br) f (X) — (Dr + Br) & (X) (25)

where f3, denotes the output of the neural shunting model.
Then the time derivative of &, is

iy = By — faey — ity (26)

Combining (4), (13), (25) and (26), we have

. ; ; . n A
Sp = 1Py — Br+72 (v*“v)+ - (m33fr+7cr+dr)+ﬂ (27)
msz3 ms3

where Afy, = mzs30 + ayAfr.
Similarly, a hyperbolic tangent function is used to reduce the chattering problem, and we have

$p = —d; tanh (sp/€2) — paso (28)

where p, and ¢, are two design parameters, d; is the estimate of d;, and the estimated error is
d: = df — d¥. The adaptive law with “k-correction” is selected as

(ﬁ =15 (52 tanh (Sz/ez) — K2 (d?: - d:fo)) (29)

where I'; and x, represent positive constants, 47, is the initial value.
Then the yaw motion control law is designed as

T = % (m33 ([Sr — 1By — 72 (0 — fy)) — Afy — df tanh (sy/e3) — p252> — mz3fy (30)
where Af,, = %52192®T®, the corresponding adaptive law is
4 = ¢ (;S%@T@) - <le§2> (31)
where ¢y and ¢, are positive constants, and the estimated error is 0y = 0y — .
For the input saturation problem of the yaw motion control, the auxiliary dynamic system

is designed as

AT, |+0.5AT?
—Kz:0r — % Ot AT, |Gl = o

0, 1G] < o7

ér = (32)

where (, is a state variable, AT, = T — Ty, K¢ is a positive constant, and 0; > 0 is a small
design constant.
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The yaw motion control law 7., is modified by

1 1 . A
T = o (h2 — 552192®T® —d; tanh (Sz/&z) — P2S2 + k52€y> - H’Z33fr (33)
u

where hy = m33 (By — rBu — 12 (0 — &), ks is a positive design parameter.

Remark 3. In practice, the surge velocity satisfies u > 0. From (30), T, will produce singular value when
ay = 0. Through the assumption mypa, — myqu > 0 in [28], we have ay, # 0.

4. Stability Analysis

Define the errors ®, and ®,

{ gf _ 5, . (34)
The time derivative of ®,, is
D, = pu — iy
= — (Au+ f () + g (aw)) Bu + (Buf (au) — Dug (au)) — Xu (35)
where X, = gi“ X+ B“uy + aaiif +2 Bzxu thu lp

Accordmg to the nature of the neural shuntmg model, if B, = D,,, we have
= *911,314 + By, — Xy (36)

where 0, = Ay + f (ay) + g (ay).
Similarly, if B, = D, the time derivative of ®, is

&, = —0,8, 4+ Bx — X, (37)

Whereer :Ar+f(X)+g(X)/X - ax Xd+aX yd+ axxg %ye+§%¢

Remark 4. [10] X,, and X, are bounded by | X,,| < Xy, and | X;| < X,, where X,, and X, are normal numbers.
Lemma 1. [45] For any € > Q0 and { € R, the following inequality can be satisfied

0 < [¢| - Ctanh (/e) < K3e (38)
where K3 is a constant that satisfies k3 = e~ (ks t1),

Theorem 1. Consider the underactuated USV model (3) and (4) in the presence of unmodeled dynamics and
unknown disturbances, suppose that Assumption 1 and Assumption 2 are satisfied, under the surge control
law (21) and the yaw motion law (33), together with the adaptive laws (17), (19), (29) and (31), from the
appropriately chosen parameters A, M, y1, v2, 01, p2, €1, €2, ['1, T2, k1, %2, {1, 2, 61, 2, Kzu, Ky, ksy and ks,
all signals in the closed-loop system are guaranteed to be semi-globally uniformly ultimately bounded (UUB).

Proof of Theorem 1. Consider the following Lyapunov function

1
V= *111115% +

1 2, 1 50 1_1~2 12 2
5 fm3352+51’1 da;, +§I“2 ay-+ 251 o7 + 2g2 —l— Z (@ +§l) (39)

2
1ur
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The time derivative of (39) is

V = mysi$1 + magsasy + Ty \dody + Ty ' didl + 671010 + ¢y 10 + Y (@i + 4idi) (40)

i=u,r

Substituting (15), (17), (27), (29) into (40) yields
. 1 . X
V=s (W};@ +é&y— 551191®T® —pP151 + dZ — d:i tanh (S] /81) + k510 + ATu)
1 . N
+ S2 (Wg;@ +&m— 552192®T® — 0252 + d;,k — d: tanh (52/82) + ko Cr + ATy)

—d; (tanh (s1/e1) =11 (d; — i) ) — d; (tanh (s2/e2) =2 (5 — dig) )
For b+ + Y (i + Cidi)

i=u,r
< siWIO + s — 731191®T® 153 +d’: (|s1| — s1 tanh (s1/€1)) + ks151u
+ 5 WO + emsy — *S 50,070 — ps3 + d; (|s2| — sz tanh (s2/€2)) + k2524
t (d;; —Ii;;) (d;; - uo) + o (dj —d;‘) (d: - ,0) oy Bt + ¢y 18y,
+ ATyus1 + ATsy + Y (Pidi + i) (41)

i=u,r
According to Young’s inequality, we have

25 WO < 20,070 +1
25, W10 < 36,070 + 1

a (- dy) (41— i) < % (- ci*)z 5y — diy)?
o (4 ) (d — i) < —% (4 d*> R — ds)?

From Lemma 1, (42) and (43), we obtain

(42)

(43)

V < eysy —p15s + 751191(9 O + dxkzeq + ks1510u + EmS2 — P255 + 752192®T®

b drser +kasaly — (g —dp) Dy~ dig)? 2 (dp — &)+ 2y - )’

~ (1 N
_ & (25%@T@_¢1191) ( 5070 — 4)2192> +ATus1 +ATsa + ) (P +Gil) +

l u,r
N2
< eus1 — pls% + dixzer + ks1518u + emso — pzs% +dirsen + kepsolr — 5> (df, — df,)
K K ~\2 K <A A
o — o) = 2 (dr —dr )"+ 27— dig)’ + 19181 + 4o
+ATyS1 + ATsy + Y (P +ili) +1 (44)

i=u,r
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Define 6; = B;, substituting (34), (36) and (37) into (44) yields
V < eys1 — p15] + ems2 — p2s5 + dyiser + dysen + kasiZu + keasals
K1 * P 2 K2 * T 2 K1, o * \2
- E(du - du) - ?(dr - dr) - 9M®%¢ - 911@227 + 3(du - uO)
K - A ~ A
+ 2 (d = dig)? + 1910 + padads + ATusy + ATrs — By X — D Xo
+ ) (Giti) +1 (45)
i=u,r
Itis clear that {uly = —Kg, (2 — % .22 4+ AT, Ty, 20T, 8 < AT2 4 2. Similarly, Z, also
satisfies the above conditions. Thus we have
V < eys1 — p15T + ems2 — 0255 + dykaer + dyxaen + ks151§u + k25207
K * T 2 * *
- %(d* d*) 2 (d d,) — 0,0% — 0,0% + (d )2
K * * 3.9
+ Ez(dr - rO)2 + ¢1191191 + 4)2192192 - o, Xy — P X,
1 1
(K- 3) 8- (ko) @ 46)
Through inequality 26,8 < 92 — 82, 26,8, < ¥3 — 82 and Young's inequality, we obtain
. 1 1 K1 * T * T 2
V<=5 —ka —1)s%—§(p2—ksz—1)s%—?(du —du) - —(d d,)
~ ~ 1 1 1
_4;119§_4’219§_<9u—)@ﬁ—(@,—z)@f—@gu— )gu
1 * 2 * * 1
Kgr €2 ( uO) (d ) + 47719%
2 2
1 1
"’219 + X2 + 2X2 + Esi + Es%n + dKseq + diser 4+ 1 (47)
SetS; = (o1 —kai—1) >0, =3 (pa—ko—1)>0,8=9,8,=%,8 =%,5 =%,
S; =0,—% >0,8 =0, 1

A= S(d =) + S (dr —dy) + G 07 + o3+ 1X2+ 1X2+ 1

2>0r59:(K§u* yks1 — %)>05102(K0*1k —%) > 0,
+ 1.
Then (47) can be written as

+ 1e2 o+ dixser + dinzer +

V < —S157 — Sp53 — S3di? — Sudi? — S587 — SB3 — S;0% — Sg@2 — Sol2 — S10l2 + A (48)

Define S := min {Sl, 52, S3, 54, 55, S(,, 57, Sg, 59, 510}, we have

V< -2SV+A (49)
Solving (49), we obtain the following inequality
AN st A
< B el
V< (V(O) 25) +ZS
st A
<V(0)e + g vt >0 (50)

Based on the above analysis, it is clear from (50) that V is bounded by % Thus, the formation
errors are guaranteed to be uniformly ultimately bounded. [
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5. Numerical Simulation

In this section, the main purpose is to verify the effectiveness of the proposed method.
For the sake of comparison, the proposed scheme is compared with a sliding mode robust
controller (Zhu, et al., 2012) [28]. The underactuated USV is selected as a 1:70 CyberShip II [46,47],
and the corresponding parameters of the dynamics are described in Table 1. Meanwhile, the control
parameters and initial conditions are illustrated in Table 2.

Table 1. Parameters of CyberShip II.

Parameters  Value

miq 25.8
Mmoo 33.8
ma3 2.76
dn 0.72
dxn 0.8896
dss 1.9

Table 2. Initial conditions and controller parameters.

Initial Condition Controller Parameters
x(0) = 0m Ay =1,A =1, Tymax = 250, Ty min = —250
y(0) = om Trmax = 450, Ty min = —450, Kz, = 4, 0, = 0.1
¥ (0) = Orad Kiy=4,00=01,A=45M=2,91 =01
u(0) =0m/s Y2 =01,¢ =1,6,=0.05p; =0.1,p, =01
v (0) =0m/s I'y =28, =0.06,I, =2,k =0.005,6, =10,d};, = 0.1
u (0) = Orad/s ¢$1=08,62=5,¢2=05kq =1,kp =1,d}, =0.1

In the simulation, the desired trajectory is described as x; = 300sin (0.03t), y; = 300 cos (0.03t),
and the unmodeled dynamics are selected as

Afu —O.Zdnuz — 0.1d111/l3
Afy | = | —02dyv? — 0.1dp0? (51)
Afy —0.2d331% — 0.1d337°

Meanwhile, the time-varying ocean disturbances are chosen as

dy 14 1.5sin (0.2t) + 0.5 cos (0.5t)
dy | = | 1+12sin(0.1t) +0.1cos (0.4¢) (52)
d, 1+ 1.3sin (0.5¢t) + 0.2 cos (0.3¢)

In addition, in order to further verify the superiority of the proposed controller, MIAC index [27]
is hired to quantify the tracking errors j, (j = x,y), which can be expressed as

t
MIAC = — [ e @)l (53)
tr—to Jig

where t; represents simulation time.
The simulation results are depicted in Figures 3-10, and the performance indices are summarized
in Table 3.
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Table 3. Performance index of MIAC.

MIAC Value

MIAC,, = 0.318
MIAC,, = 17.11
MIAC,, = 2.259
MIAC,, = 29.45

the proposed scheme

(Zhu, et al., 2012)

Figure 3 shows the simulation results for circular tracking trajectory with the uncertain system
dynamics and time-varying ocean disturbances. From Figure 3, it is obvious that two controllers can
track the given trajectory accurately. However, the proposed scheme converges faster than that of
(Zhu et al., 2012). Figure 4 demonstrates the position tracking results. It is evident that the proposed
scheme provides better tracking performance than that of (Zhu, et al., 2012). The results of the tracking
errors and the velocity errors are presented in Figures 5 and 6, respectively. As shown in Figures 5
and 6, it is clearly observed that the tracking errors and the velocity errors of the proposed scheme
converge to zero quickly and still keep at the balance point. However, the tracking errors and the
velocity errors of (Zhu, et al., 2012) have fluctuations and steady-state errors. Figure 7 depicts the
control inputs 7, and 7, of two controllers. We can see that the surge force 7, has reached saturation
at the beginning. This is mainly because a large gain or differential produces large initial value that
exceeds the limit of the propulsion system. However, 7, and 7, of (Zhu, et al., 2012) also have the
problem of input saturation in the control process, and the moment 7, has the chattering problem
due to saturation function. Figure 8 shows that the designed adaptive law can accurately estimate
the bounds of the unknown disturbances. Figure 9 depicts that the approximation errors of neural
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network converge to zero. In addition, the virtual control law «,, is shown in Figure 10, and it is clearly
observed that &, is not equal to zero.

From Table 3, we can see that the performance index of the proposed scheme is [0.318,17.11],
and it is only [14.08%, 58.09%]T of (Zhu et al,, 2012). Based on the above analysis, in terms
of tracking precision, convergence speed and control efforts, the proposed scheme has the best
control performance.

6. Conclusions

In this paper, a novel adaptive sliding mode control scheme is developed for tracking control of
the underactuated USV. Combining neural network, adaptive technique, auxiliary dynamic system and
sliding mode control, a robust adaptive tracking controller is presented subject to the uncertain system
dynamics and unknown external disturbances, in which the neural network is used to approximate
unmodeled dynamics. In order to get closer to practical engineering, both the unknown disturbances
and actuator saturation can be solved by constructing adaptive technique and auxiliary dynamic
system, respectively. Meanwhile, a hyperbolic tangent function and neural shunting model are
adopted to handle the chattering phenomenon and the differential explosion problem, respectively.
In addition, the proposed method is then verified according to computer simulation and compared
with another method. In the future, the proposed algorithm can be further improved, and collision
and obstacle avoidance may also be considered in control design.
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