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Abstract The present study investigates the position tracking control of the underactuated
autonomous surface vehicle, which is subjected to parameters uncertainties and external dis-
turbances. In this regard, the backstepping method, neural network, dynamic surface control
and the sliding mode method are employed to design an adaptive robust controller. Moreover,
a Lyapunov synthesis is utilized to verify the stability of the closed-loop control system. Follow-
ing innovations are highlighted in this study: (i) The derivatives of the virtual control signals are
obtained through the dynamic surface control, which overcomes the computational complexi-
ties of the conventional backstepping method. (ii) The designed controller can be easily applied
in practical applications with no requirement to employ the neural network and state predictors
to obtain model parameters. (jii) The prediction errors are combined with position tracking er-
rors to construct the neural network updating laws, which improves the adaptation and the
tracking performance. The simulation results demonstrate the effectiveness of the proposed
position tracking controller.

1. Introduction

In the last few decades, the motion control of autonoumous surface vehicles (ASVs) has at-
tracted many scholars. Since ASVs have good flexibility, multipurpose applications and strong
endurance, they can be employed to monitor the environment, explore marine sources, replen-
ish the energy for other vehicles and so on [1-4]. However, most of the ASVs are underactu-
ated, which indicates that the number of control inputs is less than the degrees of freedom. This
can be interpreted as the existence of strong couplings between the degrees of freedom.
Moreover, strong nonlinear external disturbances are a main challenge for ASVs, which are
induced by ocean currents, waves and winds [5]. Therefore, the position tracking of the under-
actuated ASVs is a challenging problem in the marine structures.

In order to solve the motion control of the underactuated autonomous surface vehicles, differ-
ent control schemes have been designed so far for the tracking problem [6-11]. Bi et al. [12]
proposed a backstepping controller to solve the position tracking problem of the underactuated
ASVs on the horizontal plane. Moreover, Pan et al. [13] developed an adaptive robust controller
based on the backstepping method, single-layer neural network and the Lyapunov stability
theory for the underactuated ASVs. However, the nonlinear external disturbances are not con-
sidered in this study. In Ref. [14], an adaptive neural network control scheme was designed to
solve the position tracking problem of the underactuated ASVs. However, this scheme could
not reduce the computational complexities of the conventional backstepping method. In Ref.
[15], a neural-adaptive controller was proposed to track a desired trajectory for the underactu-
ated ASVs. However, only the unknown ocean currents were considered in the designed con-
troller, while other disturbances were neglected. Furthermore, Do et al. [16] proposed a global
robust adaptive controller to track a desired path for underactuated ASVs considering the time-
varying disturbances. They conducted simulation and experiments to prove the effectiveness of
the proposed controller. However, they didn’t consider uncertainties of parameters. Further-
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more, a global tracking controller was presented to track a
desired trajectory of underactuated nondiagonal ASVs in Ref.
[17]. However, the controller was only applied to small nondi-
agonal ASVs, so it ignored uncertainties of the parameters. Xie
et al. [18] proposed a cascaded control scheme to follow the
desired trajectory of the underactuated ASVs based on the
non-diagonal inertia and damping. However, the nonlinear
external disturbances were not considered in the control sys-
tem. Swaroop et al. [19] presented the dynamic surface control
(DSC) to avoid the explosion of complexities of the conven-
tional backstepping method so that the derivative of the virtual
variables are obtained by a first-order filter. Moreover, Wang et
al. [20] proposed an adaptive neural network tracking controller
to realize the trajectory tracking of the underactuated AUVs.
The radial basis function neural network (RBFNN) was
adopted to estimate and compensate uncertainties of model
parameters. However, errors between uncertain functions and
the estimation model were not taken into the consideration. In
Ref. [21], an adaptive sliding mode technique was designed to
solve the nonlinear external disturbances. Moreover, an adap-
tive nonlinear robust control scheme was proposed to realize
the path following for the underactuated autonomous underwa-
ter vehicles by employing backstepping method and sliding
mode control in Ref. [22]. However, the damping matrix was
only compensated by the adaptive law, while other uncertain-
ties of parameters were ignored. Zheng et al. [23] designed an
adaptive neural network controller to compensate uncertainties
of the parameters and input saturation of the underactuated
ASVs. However, the designed control scheme has unjustifiable
computational complexity. Wang et al. [24] designed a nonlin-
ear robust control scheme to follow the desired path of under-
actuated autonomous surface vehicles. Then, a feedback gain
controller was designed to track a desired path of the underac-
tuated ASV in the horizontal plane in Ref. [25]. However, the
controller can be carried out with accurate model parameters.
In Ref. [26], the command filtered backstepping method was
presented to follow the desired path of the underactuated
autonomous underwater vehicles. However, parameters uncer-
tainties and the nonlinear external disturbances were not taken
into consideration, which limits its real applications. Further-
more, a neural network robust controller was developed for
underactuated ASVs in Ref. [27]. The control system can be
effective to the dynamic uncertainties and external distur-
bances. In Ref. [28], an adaptive controller was designed to
realize the trajectory tracking of the ASVs. However, parame-
ters uncertainties were not considered. In Ref. [29], an adaptive
output feedback control scheme was proposed to track the
trajectory of the underactuated ASVs. The control system con-
sidered the underactuated ASVs model, where the mass and
damping matrices were not diagonal. However, the nonlinear
external disturbances were not taken into the consideration. Liu
et al. Ref. [30] presented a neural network control scheme to
track a desired trajectory of the underactuated ASVs. The neu-
ral network was constructed to provide an estimation of the
unknown disturbances. However, parameters parameters were

Input layer

Hidden layer  Output layer

Fig. 1. Structure of the three-layer RBF neural network.

ignored.

In the present study, it is intended to propose an adaptive
position tracking control scheme for the underactuated ASVs in
the presence of uncertainties of the parameters and nonlinear
external disturbances.

The rest of this article is arranged as follows. In Sec. 2, the
position tracking problem, kinematic model, dynamic model,
and error equations of underactuated ASVs are introduced.
Moreover, the neural network adaptive robust controller of
underactuated ASVs is designed in Sec. 3. Then, the
Lyapunov function is applied in Sec. 4 to prove the stability of
the closed loop control system. In Sec. 5, simulation results,
comparative analysis and the position tracking performance of
the designed controller are presented. Finally, the conclusion of
the article is presented in Sec. 6.

2. ASV modelling and problem formulation
2.1 The neural networks

The neural network has numerous intrinsic abilities in the
function approximation. Therefore, it plays an important role in
the robotic control. In this section, a radial basis function neural
network (RBFNNs) with linear parameterization and simple
mechanism [31] is introduced. Fig. 1 shows the typical three-
layer RBFNN, which is applied in the present study to solve the
model uncertainties

f(x)=WhXx)+¢
el (1)
h(x) = exp[ 2b§ J

where x, W and h(x) denote the input vector of the
RBFNN, the weight adjustment and the Gaussian basis func-
tion, respectively. Moreover, ¢, and b, represent a -
dimensional vector denoting the center of the /" basis function
and the standard deviation, respectively.

[ (x)=Wh(x)+e (2)

where W' indicates the optimal weight adjustment.

F(x)=Wh(x)+¢ (3)
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where 7 and W denote the NN output and the estimation
of the weight adjustment, respectively.

Assumption 1. The ideal weight matrix W™ and the ap-
proximation error ¢ are bounded so that there are w,, and

Evs "W"SWM and ¢<g, [21].

2.2 The underactuated ASV model

The kinematic and dynamic models are presented in this
section. In order to simplify the derivation of the equation, the
mass and the damping matrices are regarded to be diagonal.
Moreover, external disturbances are taken into consideration
for the underactuated ASV model. The kinematic and dynamic
models are described as follows [32]:

{'I J(y)v @

My+C(v)v+Dv=r1+r,
where

n=[xyyl" v=[uvrl

=7, 0 r,_]T T, =[7, 1 T”]T

eu “ev

cosy —siny 0
J(y)=|siny cosy O (5)
0 0 1
m—X, 0 0 m, 0
M= 0 m-Y, 0 |=10 m, O (6)
0 0 m—N, 0 0 my,
0 0 -m,v
Cv)=| 0 0 mu (7
my,v —m,u 0
X, + X |ul 0 0
D= 0 Y +Y, v 0 ()
0 0 N, +N,,|r]

where x , y and y denote positions and orientations of un-
deractuated ASVs in the earth fixed frame, respectively. More-
over,u ,vand r denote the surge, sway and yaw velocities in
the body fixed frame, respectively. X,, Y, N,,,XHM ,Yv‘v‘ and
Ny, denote the hydrodynamic parameters. m, (i =1,2,3) de-
note the combined inertia and added mass terms in the body
fixed frame. z, and ¢, denote control force and control force
moment, respectively. z,, , 7, and z, denote the ocean dis-
turbances induced by ocean currents, waves and wind.

Assumption 2. The ocean disturbances are bounded
when|r, |<z,, where k=u,v,r and 7. represents an un-
known positive constant [35].

Assumption 3. The yaw angle of the underactuated ASV is
bounded so that || <y, <7/2 to ensure the system stabil-
ity in the controller [12].

*

max

Fig. 2. The ASV frames in the position tracking problem.

Assumption 4. #, =[x, y, v,]" is a smooth desired trajec-
tory and its derivatives are time-varying bounded [12].

Assumption 5. The velocity of the underactuated ASV in the
sway is bounded so that sup|v|<v,, and the error of v is not
stable in the epilogue [35].

2.3 Error dynamics of the position tracking
problem

In order to facilitate the problem formulation, the frame is de-
signed to position the tracking of underactuated ASV. Fig. 2
shows the designed frame. It should be indicated that
{0,,X,,Y,}and {0,,X,,Y,} denote the earth fixed frame and
the body fixed frame, respectively. Moreover, {x,,y,} and
{x,y} denote the desired position and the coordinate of Qin
the geodetic fixed frame, respectively. Furthermore, {x,,y,}
and {e,e,} represent the errors of the position tracking in the
earth fixed frame and in the body fixed frame, respectively.

The position tracking errors in the earth fixed frame are de-
fined as follows

X=Xy =X YV, =Vg =Y 9)

Then, Eq. (6) can be converted to the following equations:

{ex =X, cosy + y,siny (10)

e, =—x,siny + y, cosy

where e and e, denote the position tracking errors in the
body fixed frame.

Eq. (10) indicates that errors of the earth fixed frame and the
body fixed frame are equivalent, which is described as the
following:

x,(H)=0 [e()=0
{ye(t) —07 {e‘,(t) =0 (1)

The control object is designing control inputs 7, and <, ,
where the aim is approaching tracking errors e and e, to zero.
Differentiating Eq. (10) along with Eq. (4) yields:
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(12)

e =—u+v cosy,+re
v n e 'y
¢, =-v+v,siny, —re,

where v, =/x; + ..
3. Controller design

In this section, a position tracking controller is designed
based on the backstepping method, adaptive control tech-
niques and neural network. It is indicated that the position
tracking, surge velocity, auxiliary variable and yaw velocity
errors are stabilized in steps 1, 2, 3, and 4, respectively. More-
over, adaptive control laws of the neural network are designed
in step 5.

Step 1: In order to stabilize the position tracking errors, a
Lyapunov function is defined as the following:

= +ed) (13)

Differentiating Eq. (13) along with Eq. (12) yields the equa-
tion below:

Vi=eé veé
=e (-u+v,cosy, +re)+e (-v+v,siny, +re)  (14)

=e (-u+v,cosy,)+e (—v+v,siny,)

In order to facilitate the formula derivation, a new auxiliary
variable is defined as follows:

v=v,siny, (15)

To ensure V1 <0, uand » are considered as virtual vari-
ables and their desired values are designed as:

u,=he +v,cosy,
{ ) (16)
v, =—le, +v,siny,
where 1 and A, are positive constants.
Substituting Eq. (16) into Eq. (14) yields:
Vi=—hel ke (17)

In order to avoid the computational explosion, u_ (¢), v, (¢)
and r(¢) should pass the following first-order filter [33].

ki, (8) +u, (£) = u (1)
ko, () +v,.(0)=0,(0) (18)

v ef

k7 () + 1, (0)=r.()

where k, , k,and k, are positive constants, which are selected
later, and u,,(0)=u,(0), v,(0)=0,(0) ,7,(0)=r(0) u, (1),

v, () and r,(¢) denote the filtered signals.
Step 2: The error variables are defined as:

e =u—u, €=0v-0, C,

=u, —u, (19)
Then, Eq. (17) can be converted to the following equation:
V,=-hel —he —ee +ee +(.C, (20)
Then, a new Lyapunov function can be defined as:
Vo=tao(e4d) @1)
Differentiating Eq. (21) along with Eq. (20) yields:

Vi=Vi+es, +(L,

=—hel —le +e,(é,—e)+tee +(.(, @)
Step 3: The error variables are define as:
e,=v-v, {,=v,-0, (23)
Then a new Lyapunov function can be defined as:
=t (e +¢2) (24)

Differentiating Eq. (24) along with Eq. (22) yields:

V.=V, +ee +(.C,
=-hel—he +e,é,—e)+ L, +( L, (25)

e, (v, cosy, (v, —r)+v,siny, +e, —v,)
Toensure ¥, <0, the following desired signals are selected:

v, e te, —0,

r=y, 2+ (26)
vm vm cos l//y

where 1, is a positive constant.
Substituting Eq. (26) into Eq. (25) yields:
Vi==hel —he; = ke + (0 +EL, (27)
Step 4: The error variables are defined as:
e.=r—r, { =r-1, (28)
Then, a new Lyapunov function can be defined as:
m:m+gg+¢) (29)
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Control Model

Kinematic Firsteorder U, U
Controller Filter
l NN Prediction Model

Kinetic
Controller

Neural Network
System | x|y

Fig. 3. The block diagram of the proposed method.

Differentiating Eq. (29) along with Eq. (27) yields:

V.=V, +eé +((,
=-he —he —he +{ 0+ 0L+ 0L,

+e,(e,—e )+e (e —ev,cosy,)

(30)

Step 5: The RBF neural network is used to approximate the
unknown function. The unknown functions of underactuated
ASVs are expressed as follows:

K, =my,vr— X u— XuMu ‘u‘ +my i, 31)

+myr,

i, = (m,, —my)uv— N r— N’_Mr‘r
The prediction error between the system state and the serial-
parallel estimation model [34] is considered to improve the
tracking performance of the underactuated ASV. The state
prediction errors are defined as:
-k (32)

Z =K K Z3 =R 3

The control inputs are designed as:

t, =—m (e, +e)+
Wh(x,) + 42 —6, tanh(v3,¢, / 7,)
7, =—my(ae +eyv, cosy,)+

v'm

Wh(x,) + .2, = 6, tanh(v6.¢, / 7,)
where o, , i, , 7, , o, , i , y, are positive constants.

The prediction errors are used to construct the learning de-
sign, so the NN updating law are selected as:

W, =4[ (e, +82)h(x,) - W, ]

W, =4[ (¢ +0.2)h(x,) - £, W, ]

where 8,,6,, x,, B, 6, , x, are positive constants.

The sliding mode control is combined with adaptive tech-
niques to compensate the nonlinear external disturbances. The
adaptive laws are selected as:

‘i-u =ple|-pd (éiu —0,) (35)
0, =P ‘er‘ -p%(6,-0,)
where p,, 3 ,0,,,p,,9% ,0,, are positive constants.
Substituting Eq. (33) into Eq. (4) yields:
mye, =-m, (ae, +e.)+ Wh(xu) +uz K+
7, —6,tanh(vé,e, /7,) ) (36)
mye, =—m(ae, +ev, cosy,) +Wh(x,) + u,z,
—K,+1,—6, tanh(vé,e, /y,)
where y, , y, are positive constants.
Substituting Eg. (36) into Eq. (30) yields:
V:t = _%ef - j'zei - ’lse: - alef - a3er2 + Cué-';u + (néu + (r‘é;r‘
—¢,Wh(x,) ¢, tanh(vd,¢, /3,) —e,(z, +2)  (37)

—e,Wh(x,) - ¢, tanh(vé,e, /7,) —¢,(z,, +5,)

Fig. 3 provides the block diagram of the designed position
tracking control scheme for an underactuated ASV.

4. Stability analysis of the overall control
system

In this section, the Lyapunov stability theory is employed to
prove the stability of the closed-loop control system.
A new Lyapunov function is defined as the following:
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V=¥, + WIW 4 WIW 4 1 P 1 5.2 Then, the following equations are obtained:
1 mllﬂ] 1 2m33 3 (38) ,
—F+ 5‘2 W W _ X w|* 1 «|[?
2mop "t 2map, WIW = WIW, =W, - W,
, (45)
Differentiating Eq. (38) yields: W/W, —W/W, =W, - ‘Z‘ + iHW_j '
. W'W, VVZVV3 . . 06,0, 0,0,
VsV mmp moaA m0an — = = (39) substituting Egs. (44) and (45) into Eq. (43) yields:
The state prediction errors can be expressed as: V,=-lel -, e — kel — e+, C+CC+CC
- —e¢o, tanh(voe, /7,)—e(z, +¢,)
4 =r m = VR +a, =0 (40) ~ed, tanh(vi,e, /)~ e (r, +é,)
z,=k, -k, =Wh(x,)+¢ —0,z, ~u(&“ _O-u(])_ 5 le. ~r(6-r _O-rO)
2
Then, the correlations can be obtained as: - XI[ W, Wi _lHW( 21
4
zz = zl\ijlh(xu) +2z¢, -0z 1) Aw W (46)
z,z2, =z, W,h(X ) + z,6 — 53232 3 L)
Substituting Egs. (34), (37) and (41) into Eq. (39) yields: &2
2u1 4/11 o
V,==hel —he —hel —le +(.0 + 08+ L
: 2
— (e, +0,2)Wh(x,) + 7, W/W, ( Q,J Ap, &
—eo, tanh(vé e, /y,)—e, (7, +¢,)
- (e’f 5323)‘73]1()‘") LWV, 42 Lemma 1. The relation |x| < xhtanh(vhx / 1,) ensures that
—éo fanh("”rer /7)=e(z, +) foranyu, >0 and forany Vxe R,he R, v satisfies v=e",
+3,z2Wh(x,)+0,2,6 — 9,z ie.v=0.2785[20].
+0,z Wh(x,)+53z353 —0,2 According to lemma 1, the following inequality can be ob-
66, 60, tained:
P Ps
é,le|<ed, tanh(vae, /y,)+u, )
Moreover, substituting Eq. (35) into Eq. (42) yields: 6 le|<ed tanh(vée /y)+pu
VS =-je -1 ez—/Le —le el tei +ed,
—e6. tanh(vd.e /1)~ (z. +2) According to assumptions 1 and 2, the external disturbances
ol and the approximation errors are bounded. It is assumed that:
—eo, tanh(vae /y,)—e(t, +¢,) @3)
e Wh(x,)+ ,W'W, + e W,h(x,) + y, W/ W,
+0,26 =02 +8,z,6,— 6,23 (48)
~u (&u - O-ul)) - 5-r e, ~r (&r - O-rn)
Based on Eq. (43), the following correlations can be ob- According to Shojaei’s study [35], it is obtained as:
tained:
) | o, (Uu - O_u()) <-q, o, 0,0y (49)
z,E, — M2 ——u,[z, —ij +—c 6,(6,-0,)<-4,0, 0,0,
2 4
, (44)
&, — IZ) =—,u3[z3— & ] + ! g where g, =1-0.5/0* ,4,=0.5/¢*and (>~/2/2.
2uy ) A Substituting Egs. (47), (48) and (49) into Eq. (47) yields:
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V<=l = e, ke, = Ael + (0 + 0L+ (L

2 2

& &

-0 . u ||z —-——| +|z,——=
minMmin |ﬁ 1 Zﬂlj ( 3 2/13] }

2 2

. W . W’
—X.m{wl—zl + W3—73 1
-qJ, 65 -qJ, &3

0,
4 Cmax 8;1 + X;ax W,;
2 2

+(’]1‘71]1 0,=0y, +Q3J3 0, =0,

Differentiating Egs. (19),(20) and (25) yields:

{=u, —i,==C, 1k, +du,/dt
{ =0, -0, ==, 1k, +dv, /dt
(=i, —i==C [k +dr | dt

¢

According to Shojaei’s study [35], it is obtained as

|du, | di|<w,,

dv, | di| <@,

dr. | di| <@,

where w, , @, , @, are positive constants.
Substituting Eq. (52) into Eq. (51) yields:

-k, +o, ‘wu‘ <=k, +( 40250

é1144:11 S
06 <Clk +a ‘wn \ <=k +(7+0250°
(C <=0k +o o |<-C 1k +C+0250°

Moreover, substituting Eq. (53) into Eq. (50) yields:

Vs < _llef _/«he)z, _2363 _’1465 _%Jl —q3J3

1 1 1
N (N T T I R e I D
( kujgu ( kUJCU [ kr Jcr
2 2
& &
0. ) _  Cu + _ &
(o) )]
2
_Xmin[ Ws_Tz ‘|

o
g2 4 Lo W, +0.25(f+f+f_)
2, 2

+qd,

~2
o
»

~2
o
u

« |12

W

+

W
w -
2

2
o,—0,

»

2
+q.J,

0,0y

u

Then, the 7, can be expressed as the following:
V, <28V, +®

where

—_
a
(=]

=

(51)

(52)

(53)

(55)

4: = min{/‘l.l,jzgjgajuaqllg[’q}lg}’

1 1 1

1—*91_*,1_*:5@;\ ‘min > A min
. Z k Honins Xomin }

5

0= gy Kom e 4 005(a? + 3 +a?)
2t 2
+a,9

2 2
+4,9, +u, U,

0,0y,

u

o,—0,

»

Eq. (55) can be converted to the following equation:

) o] ,,
14 szé{V(O)zJe (56)

The equality can be obtained as:

limp =2 (57)
2¢

1>

In summary, all error signals for the overall closed-loop con-
trol system are uniformly bounded in the abovemetioned re-
sults. The position tracking errors converge to a small
neighborhood of the zero.

5. Simulation and comparative analysis

In this section, the efficiency of the proposed robust control-
ler is discussed by comparing it with the conventional back-
stepping method using the MATLAB software environment. In
order to prove the performance of the designed controller, the
simulations are performed on an underactuated ASV designed
by the University of Western Australia. It is assumed that the
mass and the damping matrices are diagonal. Model parame-
ters are shown in Ref. [36].

Assume that the tracking trajectory of the underactuated
ASV is as follows:

=10sin(0.01£)m /
) P (58)
v, =10c0s(0.01)m / s

In order to realize the position tracking and gurantee the ap-
plication in practice, the initial conditions of the underactuated
ASV are selected as the following:

x(0)=—=5m, y(0)=5m ,w(0) = Orad

u(0)=0.4m/s ,v(0)=0m/s,r(0)=0rad /s

In practical underactuated ASVs system, the control inputs
are constrained so that the control input system can be pro-
tected. For the selected underactuated ASVs system, the input
constraint are described as the following:

0<|t,|<30N,0<|r,[<20N -m

In order to represent the tracking error clearly, a new trajec-
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x(m)

Fig. 4. Position tracking of the underactuated ASV.

tory tracking error variable is defined as:

Loy (59)

To verify the control performance and effectiveness of the
designed control system, the nonlinear external disturbances
are selected as:

d()+ Pd(t)=Tw (60)

where d(¢)=[z,,,7,,7,] . Moreover, P, o and T denote
the time constant matrix, the white high frequency measure-
ment noise and the gain parameters matrix, respectively. Con-
sidering the worst case, P = diag{100,100,100}, =1 and
T =diag{10, 5,10} are selected.

In this numerical simulation, the control parameters are given
by 4=05, 4, =04, A4=03, 4=02, a=1, y =0.1,
y.=01, y =01, =02, 5 =02, p =03, p,=02,
J,=02, 4=02.

Moreover, the parameters of the RBF neural network with
five hidden nodes designed in the present study are given by
B =30, B,=30, =01, x,=0.1, 6,=02, 6,=02.
The standard deviation and the centre vector are se-
lected as », =15 and ¢, =[-1.0 —0.5 0 0.5 1.0], respec-
tively.

Finally, to express the control performance, the simulation
time is set to 1000 s. Figs. 5-8 show the simulation results of
the proposed method, the conventional backstepping method,
and sliding mode control [37].

Figs. 4 and 5 illustrate that the proposed method has better
tracking performance than the backstepping method and the
sliding mode control method in the presence of the parameters
uncertainties and nonlinear external disturbances for the un-
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Fig. 5. The errors of the position tracking of the underactuated ASV.
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Fig. 6. The errors of the velocity tracking of the underactuated ASV.

deractuated ASV. Moreover, the absolute value of tracking
errors can be obtained every 40 s from 200 s to 1000 s. The
average tracking error of the backstepping mehod, sliding
mode control and the proposed method are 0.0060 m,
0.0055m and 0.0042 m, respectively. Furthermore, Fig. 6
shows that the velocity can track the desired variables rapidly.
It should be indicated that the velocity tracking errors of pro-
posed method are significantly smaller than those of the back-
stepping method and sliding mode control.

Fig. 7 shows the control inputs of the underactuated ASV.
The absolute value of control inputs can be obtained every
40 s from 200 s to 1000 s. The average control forces of the
backstepping method, sliding mode control and the proposed
method are 9.2 N, 8.5 N, and 8.1 N, respectively. Moreover, it
is observed that the average control moments of the backstep-
ping method, sliding mode control and proposed method are
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Fig. 7. The control force and moment of the underactuated ASV.
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Fig. 8. The estimated uncertainties with the RBF neural network.

6.3 N.m, 5.0 N.m and 4.5 N.m, respectively. It should be indi-
cated that the chattering is obviously reduced in the control
force and control moment.

All unknown model parameters can be approximated accu-
rately by employing the RBF neural network and state predic-
tors in Fig. 8.

6. Conclusion

In the present study, the position tracking control problem of
the underactuated ASV is investigated in the presence of the
model parameters uncertainties and the nonlinear external
disturbances. Moreover, an adaptive neural network robust
control scheme is proposed to deal with the multiple uncertain-
ties and the nonlinear external disturbances. The derivative of
virtual control variables are obtained by applying the dynamic
surface control, which avoids the computational complexities of
the conventional backstepping method. Furthermore, the stabil-
ity of the closed-loop control system is proved by the Lyapunov
stability theory. Finally, the reasonable robustness and effec-
tiveness of the designed controller are shown in the simulation
results.
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